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Preface

In the 21s' century, scientific progress and technological innovation, particularly in the
fields of information, bio-, and materials-based sciences, will be more crucial in maintaining
economic growth and stable standard of living. The complexity of key materials in these
sciences and technologies has ever been increasing, and therefore there is always an ongoing
need for tools that reveal the microscopic origins of their physical, chemical, and biological
properties. Neutrons, along with other techniques such as X-rays, are the essential probes to
extend the frontiers of science and technology. Today, new bright neutron source facilities
with both the great improvement in the neutron fluxes and the innovative instrumentation are
strongly required.

For such demands, at the beginning of the 21st century, our dream is to have the
accelerator based on MW-class pulsed neutron sources which can generate about two orders
of magnitude higher peak fluxes. Such sources can offer the exciting prospects for the future
and open the new era of neutron science. In fact, the next generation of pulsed spallation
neutron source, SNS - Spallation Neutron Source project of 2MW, is under construction in
the United States. Japan and Europe have also proposed the similar projects, named the
High Intensity Proton Accelerator project and the ESS project respectively.

The Fifteenth Meeting of International Collaboration on Advanced Neutron Sources
(ICANS-XV) was held at Tsukuba International Congress Center, Epochal Tsukuba, Japan,
on November 6-9, 2000. The subtitle of ICANS-XV was "Neutron Source toward the Next
Century", in order to put emphasis on the importance of developments for high power
accelerators and intense spallation sources. We strongly believe that the ICANS-XV has
provided a good opportunity to exchange information, knowledge, and experience to the
participants, and these exchanges and discussion will eventually contribute to realize our
dreams of the MW-class spallation source projects currently planned in the world.

We would like to thank all the participants for their important and serious discussion, and
also thank both KEK and JAERI for their kind supports.

Susumu Ikeda, KEK
And
Yukio Oyama, JAERI J^
December 2000
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ICANS-XV AGENDA
November 6th 9:20-13:00 Plenary Room# amf. Hau 300

9:20 1. Opening IkedaSusumu
KEK

9:30 2. Welcome Address Kimura Yoshitaka KEK
Maeda Mitsuru JAERI

9:50 3. Science at Advanced Neutron Sources (Tentative title) Taylor Andrew
RAL

10:30 4. JAERI/KEK Joint Project for High Intensity Proton Accelerator/JSNS Nagamiya Shoji KEK
Oyama Yukio JAERJ

11:30 5. The ESS project Clausen Kurt
ESS

11.50 6. Highlights of the ESS instrument development program Mezei Ferenc
HMI/LANL

12:10 7. Experimental facilities at the Spallation Neutron Source Mason Thomas
SNS

12:35 8. Overview of the SNS Accelerator System Galambos John

November 6th 14:20-15:30 Plenary Room# conf. Han 300

14:20 1. Guidance to the Meeting Furusaka Michihiro
KEK

14:30 2. Invited talk: Accelerator Yamazaki Yoshishige
KEK

15:00 3. Innovative Approach Toward new Generation Source (From Accelerator to Instrument) Watanabe Noboru
JAERI

November 7th 9:00-10:00 Plenary Invited talk Room# conf. Hail 300

9:00 1. Target stations for High Power SNS (Tentative Title) Bauer Guenter
PSI

9:30 2. Neutron Scattering Instrumentation - A Guide to Future Directions Crawford R. Kent
SNS/ANL

November 8th 9:00-10:00 Plenary Status Reports Room* conf. Hail 300

9:00 1. Status Reports (5min Oral with Poster)

November 9th 9:00-9:30 Plenary Invited talk Room# conf. Hail 300

9:00 1. Asian Neutron Sources Fujii Yasuhiko
ISSP

November 9th 9:30-10:40 Plenary Summary Room# conf. Hail 300

9:30 1. Summary Report-Acclerator (Linac) Yamazaki Yoshishige

KEK

9:45 2. Summary Report-Acclerator (Storage Ring and RCS) Yokomizo Hideaki
JAERI

10:00 3. Summary Report-Target Engineering Bauer Guenter
PSI

10:20 4. Summary Report-Target-neutronics Carpenter John
ANL

November 9th 11:00-13:00 Plenary Summary Room# conf. Hail 300

11:00 1. Summary Report-Instrument (Inelastic) Steigenberger Uschi
RAL

11:20 2. Summary Report-Instrument (Elastic) Crawford R. Kent
ANL
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11:40

12:40

3.

4.

Summary Report-Instrument (Optics, detector, data analysis, etc.)

Closing Remarks

November 6th 16:00-18:20 A Linac

16:00 1. Linac Design for the KEK/JAERI Joint Project

16:20

16:40

17:00

17:20

17:40

18:00

2.

3.

4.

5.

6.

7.

Ion Source and RFQ for JKJ

JKJ 60 MeV linac

Progress in Design of the SNS Linac

Robert Hardekopf and the SNS linac design team

The SNS Superconducting Linac Architecture

J. Galambos, J. Stovall, S. Nath, H. Takeda, J. Billen, L.Young, J. D. Jeon,
J. Wei, and K. Crandall

Superconducting Linac

Ronald Sundclin

Measurements on the H- Ion Source and Low Energy Beam Transport Section for the
SNS Front-end System

R. Thotnae, R. Gough, J. Greer, R. Keller, K. N. Leung and M. Monroy

November 7th 10:30-12:10 A Storage Ring and RCS-1

10:30

10:50

11:10

11:30

11:50

1.

2.

3.

4.

5.

New Developments on the e-p Instability at PSR

Robert Macek and the PSR Instability Collaboration

The SNS Accumulator Ring Issues

Yong Yung Lee

Overview of 3GeV rapid cycle synchrotron for JAERI-KEK joint project

Hideaki Yokomizo

Technical issues of 3GeV synchrotron for JAERI-KEK joint project

Michikazu Kinsho

RF Accelerating System for 3-GeV and 50-GeV Proton Synchrotrons of JKJ Project

C.Ohmori

November 7th 14:00-16:00 A Storage Ring and RCS-2

14:00

14:20

14:40

15:00

15:20

15:40

1.

2.

3.

4.

5.

6.

Development of Long-Lived Hybrid Carbon Stripper Foils for High Energy, High
Intensity Ion Beams

Laser Stripping Method (Tentative title)

Laser and Undulator Charge Exchange Injection

Symmetric Painting into a Dual Harmonic Bucket and Barrier Bucket

KenTakayama

Induction Synchrotron for a High-Intensity Rapid Cycle Synchrotron and Proton
Accumulator

Ken Takayama and Jun-ichi Kishiro

Induction Acceleration Modules for Induction Synchrotrons

J. Kishiro, K. Takayama, and E. Nakamura

November 8th 11:30-12:50 A Monitor

11:30

11:50

1.

2.

Beam Monitoring System for Intense Neutron Source

Alexander Tron

A novel prompt and integral-type beam loss monitor with photostimulable phosphor
and light fibers

T. Nakamura, M. Katagiri, M. Mizumoto, K. Sakasai, K. Toh, H. Takahashi,
and M. Nakazawa

Johnson Michael
RAL

Oyama Yukio
JAERI

Room# 403

Hasegawa Kazuo
JAERI

Ueno Akira
KEK

Naito Fujio
KEK

Hardekopf Robert
LANL

Galambos John
Jefferson Lab

Sundelin Ronald
Jefferson Lab

ThomaeR.
LBNL

Room# 403

Macek Robert
LANL

Lee Yong Yung
BNL

Yokomizo Hideaki
JAERI

Kinsho Michikazu
JAERI

Ohmori Chihiro
KEK

Room# 403

Sugai Isao
KEK

Yamane Isao
KEK

Suzuki Yasuo
IDX

Takayama Ken
KEK

Takayama Ken
KEK

Kishiro Jun-icbi
KEK

Room# 403

Tron Alexander
MEPhI

Nakamura Tatsuya
JAERI
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12:10 3. Loss Monitors of the KEK-PS (Tentative title) Kawakubo Tadamichi

KEK

12:30 4. Thermocouple Beam-Profile Monitor (Tentative title) SatoTakahiro
KEK

November 8th 14:00-14:40 A Beam transport Room#406

14:00 1. Study on 3-GeV Proton Beam Transport Line for JSNS Meigo Shin-ichiro

S. Meigo, M. Harada, C. Konno, Y. Ikeda, N. Watanabe, S. Sakamoto, S. JAERI
Muto, Y. Miyake, K. Nishiyama, K. Shirnomura, and M. Furusaka

14:20 3. SNS Transfer Lines Raparia Deepak
BNL

November 8th 16:30-17:50 A & I Chopper control Room# 406

16:30 1. Design Issues of Chopper Control System Itoh Shinichi
KEK

16:50 2. JKJ Accelerator Timing System Ohmori Chihiro
KEK

17:10 3. Shifting Gears for Timing at SNS? Nelson Ronald

Ron Nelson, Rob Merl, and Chris Rose LANL

17:30 4. Timing Reference Generators And Chopper Controllers For Neutron Nelson Ronald
Sources LANL

Ron Nelson, Rob Merl, and Chris Rose

November 6th 16:00-18:10 I Neutron Optical Components Room* conf. Hail 300

16:00 1. Development of optical devices based on neutron refractive optics Oku Takayuki

T.Oku, S.Morita, S.Moriyasu, Y.Yamagata, S.Ohmori, T.Adachi, RIKEN
H.M.Shirnizu, T.Hirota, Y.Kiyanagi, and J.Suzuki

16:20

16:40

16:50

17:00

2.

3.

4.

5.

First Experimental Results from the Neutron Silicon Lens

Michael Johnson and Mark Daymond

New Beam Line for Practical Neutron Optical Devices

Jun-ichi Suzuki

Development and application of small d-spacing multilayer mirror by ion Polishing

Neutron Mirror Development for VCN/UCN sources

Y.Kawabata, S.Tasaki, M.Hino, M.Suzuki, K.Sotnemiya, A.Wakata, and
M.Nakayama

Johnson Michael
RAL

Suzuki Jun-ichi
JAERI

Soyama Kazuhiko
JAERI

Kawabata Yuji
KUR

17.10 6. A New Large Angle Cold Neutron Bender Using Sequential Garland Reflections Ebisawa Toru

Torn Ebisawa, Seiji Tasaki, Kazuhiko Soyama, and Jun-ichi Suzuki KUR

17:20 7. Test Experiment of Disk Chopper with Supermirror Converging System AizawaKazuya
JAERI

17:30 8. The Drabkin Energy Filter Applied to Time-of-Flight Experiments at a Spallation Klose Frank
Neutron Source SNS/ORNL

A.A. Parizzi, G.P. Felcher, and F. Klose

17:50 9. The Monte Carlo Simulation of Neutron Transmitted and Scattered by Disk Choppers Baek Inseok
of Various Compositions ANL

I. Baek, E. B. Iverson, and J. M. Carpenter

November 7th 10:30-12:30 I High Resolution Instrument-1 Room# conf. Hail 300

10:30 1. New capabilities in spectroscopy at pulsed spallation sources: adjustable repetition rate, Russina Margarita
resolution and line shape LANL

M. Russina, F. Mezei, and F. Trquw

10:50 2. Monte Carlo simulation of crystal monochromators/anarysers-Applications for Zsigmond Geza
tiine-of-flight backscattering spectroscopy with high resolution HMI

G. Zsigmqnd, F. Streffer, D. Wechsler, and F. Mezei

11:10 3. Cold Neutron Scattering Spectrometers and Moderator Matching for Short Pulse Suzuki Jun-ichi
Spallation Sources JAERI

Jun-ichi Suzuki

17
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11:30 4. Coupled Moderator and Pulse-Shaping for Inelastic Spectrometers at Pulsed Neutron

Sources

F. Trouw, R. McQueeney, and F. Mezei

TrouwF.
LANL

11:50

12:10

5.

6.

Quasielastic High-Resolution Time-of-Flight Spectrometers Employing Multi-Disk
Chopper Cascades for Spallan'on Sources

R. E. Lechner

Doppler-Musical instrument

November 7th 14:00-15:40 TN & I Pulse Shape

14:00

14:20

14:40

14:50

15.00

15:20

1.

2.

3.

4.

5.

6.

How to Optimize Pulse Shape

Y. Kiyanagi

Sharp or Broad Pulse Peak for High Resolution Instruments?

Masatoshi Arai

A Proposal of Use of Mercury as a Reflector Material for Decoupled Moderator System

Makoto Teshtgawara, Masahide Harada, Noboru Watanabe, Tetsuya Kai,
Hideaki Sakata, and Yujiro Ikeda

Calculation Studies of a Muti-Layer Decoupler System for a Decoupled Hydrogen
Moderator

M. Ooi and Y.Kiyanagi

A Structure Analysis on Simulated Powder Diffraction Pattern From a Proposed
Moderator in J-SNS

Kenichi Oikawa, Takashi Kamiyama, and Makoto Teshigawara

Target Station II: Preliminary Target and Moderator Simulations

S.M. Bennington, S.I.Campbell, T.I. Broome, D.J. Picton, and T.D. Beynon

November 7th 14:00-15:40 I Biology

14:00

14:20

14:40

1.

2.

3.

Instrument Optimization Using MC

JZhao

General View for Spectrometer Dedicated to Biology.

N. Niimura

Design of a Neutron Diffractometer on Biological Macromolecules

I. Tanaka and N. Niimura

November 8th 10:00-11:10 I Reflectometer

10.00

10:20

10:35

10:50

1.

2.

3.

4.

Real Time Neutron Reflectometry Using Neutron Optical Imaging

Gregory S. Smith and Jaroslaw Majewski

A New Thermal Neutron Reflectometer for Free Surface at KENS -- ARISA -

N. Torikai, M. Shibayama, A. Takabara, M. Takeda, S. Tasaki, M. Furusaka,
H. Matsuoka, Y. Matsushita, and H. Yamaoka

Status Report on Reflectometer Group in Japanese Joint Project

Masayasu Takeda

A Shared Reflectometry Beamline at the Spallation Neutron Source

F. Klose and J.F. Ankner

November 8th 10:00-11:00 I Chopper

10:00 1. MAPS: First Results from the New ISIS Spectrometer

C.D.Frost and T.G.Perring

Lechner Ruep E.
HMI

Satoh Taku
NRIM

Room# Conf. Hall 300

Kiyanagi Yoshiaki
Hokkaido Univ.

Arai Masatoshi
KEK

Teshigawara Makoto
JAERI

Ooi Motoki
Hokkaido Univ.

Oikawa Kenichi
KEK

Bennington Steve
RAL

Room# 404

Zhao Jinkui
SNS/ORNL

Niimura Nobuo
JAERI

Tanaka Ichiro
JAERI

Room# Conf. Hall 300

Smith Gregory
LANL

Torikai Naoya
KEK

Takeda Masayasu
Tohoku Univ

Klose Frank
SNS/ORNL

Room# 406

Frost Christopher
RAL

10:20 2. Estimation of Pulse Shape Functions for High Resolution Chopper Spectrometers by Ohoyama Kenji
Means of Simulation Calculation Program, McStas Tohoku Univ.

K. Ohoyama, S. Itoh, T. Otomo, T. Osakabe, J. Suzuki, M. Matsuda,
K. Kuwahara, and M. Arai

10:40 3. Recent Progress on the Chopper Spectrometer INC

S. Itoh, M. Arai, and M. Kawai

Itoh Shinichi
KEK
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11:50 2. Small-angle Neutron Scattering Instruments at Short Pulse Spallation Sources
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12:10 3. Monte Carlo optimisation ofSANS Spectrometer at IBR-2 Reactor

A. V. Belushkin and S. A. Manoshin

Thiyagarajan Papparman
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Suzuki Jun-ichi
JAERI

Belushkin Alexandre V.
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November 8th 11:30~12:50 Data-Aquisition, Format and
Analysis

Room# Conf. Hall 300

November 8th 14:00-15:20 I Residual Stress

Hirota Kazuma
Tohoku Univ.

Worlton Thomas
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11:30 1. Summary Report on Data-Aquisition, Format and Analysis Working Group Session
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Dongfeng Chen, Chun Loong, Dennis Mikkelson, Alok Chatterjee, and ANL
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Kyoto Univ.

November 8th 16:30-17:50 Diffraction Room# 403

16:50 2. Andersen Ken

16:30 1. HIPPO.The High-Pressure Preferred Orientaiton Diflractometer at the Lujan Center for Bennett Kristin Ann
Characterization of Bulk Materials LANL

Kristin Bennett and Robert B. Von Dreele

The OSIRIS Diffractometer and Polarisation Analysis Spectrometer at ISIS

K. Andersen and D. Martin y Marero

3. POW-GEN3: A High-Resolution Third Generation Powder Diffractometer Hodges Jason P

Jason P Hodges ORNL

17:30 4. Powder Difrractometers for JSNS Kamiyama Takashi

Takashi Kamiyama

17:10

November 6th 16:00-17:30 TN Moderator Neutronics-1 Room# 404

16:00 1. Renewal of KENS TMRA

M. Kawai, M. Furusaka, T. Ino, N. Torikai, S. Yasui, and Y. Kiyanagi

16:20 2. Measurements ofNeutronic Characteristics of the KENS Target-Moderator-Reflector
Assembly

T. Ino, M. Ooi, M. Kawai, S. Yasui, M. Furusaka, and Y. Kiyanagi

3. Pulse Shape Measurement of KENS Thermal Neutron Source in the eV Region by
N-RAS

H. Noda, S. Yasui, Y. Ogawa, T. Kamiyama, Y. Kiyanagi, and S. Ikeda

Kawai Masayoshi
KEK

Ino Takashi
KEK

16:35

November 7th 10:30-12:10 TN Moderator Neutronics-2

Noda Hirofiimi
Hokkaido Univ.

Room# 404

Iverson Erik
SNS/ORNL

Kai Tetsuya
JAERI

10:30 1. Neutronic Performance of the Spallation Neutron Source Moderators

Erik Iverson and B. D. Murphy

10:50 2. Optimization Study of Coupled Hydrogen Moderator with Extended Premoderator

Tetsuya KAI, Makoto TESHIGAWARA, Noboru WATANABE, Masahide
HARADA, Hideaki SAKATA.Yujiro IKEDA

11:10 3. Optimization of Decoupled Hydrogen Moderator Harada Masahide
M. Harada, M. Teshigawara, T. Kai, H. Sakata, N. Watanabe, and Y. Ikeda JAERI

11:30 4. The effects of reflector material, size, cooling water and existence of other moderator Sakata Hideaki
with beam holes on neutronic performance of coupled hydrogen moderator with JAERI
extended premoderator system

Hideaki Sakata, Makoto Teshigawara, Tetsuya Kai, Masahide Harada, Noboru
Watabnabe, and Yujiro Ikeda

11:50 5. Premoderator and Reflector Effect on the Neutronic Performance of a Decoupled Liquid
Hydrogen Moderator

M. Ooi, H. Iwasa, T. Kamiyama, M. Furusaka, and Y. Kiyanagi

November 7th 17:00-18:30 TN Beamline Shield

Ooi Motoki
Hokkaido Univ.

Room# 402

) 7:00 1. Shielding Design Study for the JAERI/KEK Spallation Neutron Source

Fujio MAEKAWA, Makoto TESHIGAWARA, Chikara KONNO, Yujiro
IKEDA and Noboru WATANABE

17:20 2. Neutron Beam-Line Shield Design for the Protein Crystallography Instrument at the
Lujan Center

Gary J. Russell, Phillip D. Ferguson, Eric J. Pitcher, and Guenter Muhrer

Maekawa Fujio

Russell Gary J.
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17:40 3. A 3-D Model of the Beam Line Shield for the HIPPO Instrument at the Lujan Center Muhrer Guenter

and Comparison with 2-D Results. LANL

G. Muhrer, G. J, Russell, P. D. Ferguson and E. J. Pitcher

November 8th 10 :00-11 :00 T N Moderator Neutronics-3 Room#4O4

10:00 1. JESSICA, the ESS-Like Target/Reflector Mock-up and Cold moderator Test Facility Conrad Harald

H. Tietze-Jaensch, D. Filges, C. Pohl, B. Haft, H. Conrad, N. Paul, J. l
Dietrich, D. Prasuhn: for the international JESSICA collaboration

10:20 2. Proton Energy Dependence of Slow Neutron Intensity Teshigawara Makoto

Makoto Teshigawara, Masahide Harada, Noboru Watanabe, Tetsuya Kai, JAERI
Hideaki Sakata and Yujiro Ikeda

10:40 3. Neutron Scattering Cross sections of Cryogenic Moderator Materials: Some Results Granada Rolando
From the Synthetic Model Argentine AEC

J.R. Granada, V.H. Gillette, M. M. Sbaffoni, and M, E, Pepe

November 8th 11:30~13:00 TN Codes and AGS Experiment

11:30

11:45

12:00

12:15

12:30

12:45

1.

2.

3.

4.

5.

6.

ASTE (tentative)

Measurement of Spectrum for Thermal Neutrons Produced born H2O Moderator
coupled with Mercury target

S. Meigo, F. Maekawa, H. Takada, Y. Kasugai, H. Nakashima, Y. Ikeda, N.
Watanabe, T. Ino, S. Sato, and ASTE collaboration

Analysis of the AGS Experiment on Mercury Target with Lead Reflector Bombarded
by GeV Energy Protons

F. Maekawa, K. Niita, S. Meigo, Y. Kasugai, H. Takada, T. Ino, S. Sato, Y.
Ikeda, and ASTE Collaboration Team

Measurement of induced radioactivity in a spallation neutron field of a mercury target
for GeV-proton bombardment

Y. Kasugai, H. Takada, H. Nakashima, F. Maekawa, T. Kai, Y. Ikeda, E. Jerde,
and D. Glasgow

High Energy Particle Transport Code NMTC/JAM

K. Niita, H. Takada, S. Meigo, and Y. Ikeda

Code (Tentative Title)

Room# 404

Hastings Jerome
BNL

Meigo Shin-ichiro
JAERI

Mackawa Fujio
JAERI

Kasugai Yoshimi
JAERI

Niita Koji
JAERI/ROIST

Filges Detlef
Juelich

November 8th 14:00-16:00 TN & TE New Moderator, New Source-1 Room# 4OSA+B

14:00 1. Generating a high intensity pulsed neutron source with a small phase-space using a
laser-enhanced dtm molecular formation.

Hiroshi Takahashi

Takahashi Hiroshi
BNL

14:20 2. Giant Pulses of Slow Neutrons in the LHC Beam Dump Stavisski Joury
INR

14:40 3. Neutronic studies of a liq.H2, H2O composite moderator IversonE.B.

E. B. Iverson, J. Allen.Crabtree, A. Trevor. Lucas, T.Tahara, M. Ooi, H. Iwasa, SNS
and Y.Kiyanagi

15:00 4. Neutronic Performance of Decoupled Poisoned and Unpoisoned Composite Moderators Kai Tetsuya
for High Resolution Experiments JAERI

Tetsuya KAI, Masahide HARADA, Noboru WATANABE, Makoto
TESHIGAWARA, Hideaki SAKATA, Yujiro IKEDA

15:20 5. Experimental studies on neutronics of CH3D and HD cold neutron moderators Sasaki Keita
K. Sasaki, M. Konno, F. Hiraga, H. Iwasa, T. Kamiyama, Y. Kiyanagi, E.B. Hokkaido Univ.
Iverson, and J.M. Capenter

15:40 6. An Advanced Cold Moderator Using Solid Methane Pellets Foster Christopher

C.A. Foster, Presented by J.M. Carpenter Cryogenic AF, Inc.

November 8th 16:30-18:10 TN & TE New Moderator, New Source-2 Room# 4OSA+B

Beliakov Alexandra A.16:30 1. First experience with the new solid methane moderator at the IBR-2 reactor

A. A. Beliakoy, 1. T. Tretyakov, E. P. Shabalin

16:50 2. Moderator Design and Testing Progress

Trevor Lucas
Lucas Trevor

SNS/ORNL

- 11 -



JAERI-Conf 2001-002

ICANS-XV AGENDA
17:10

17:30

17:50

3.

4.

5.

Thermal-Hydraulic Experiments and Analyses on JSNS Cold Moderator

Tomokazu Aso

Conceptual design studies of a neutron source at the BNL HFBR facility

H. Ludewig, J. Hastings, P. Montanez, and M. Todosow.

Design Validation Test Stand Guide Inserts for the Spallation Neutron Source (SNS)

D.M. Williams, J.L. Bailey, and T. Fomek

November 7th 17:00-18:30 TN & I UCN

17:00

17:25

17:30

18:15

18:40

19:05

1.

2.

3.

4.

5.

6.

Spallation UCN source for KEK-JAERI joint projec

Yasuhiro Masuda

PSI-UCN project

Guenter Bauer

Munich UCN project

Erwin Gutsmiedl

Solid state UCN detector

Toshio Kitagaki

Target moderator configuration for UCN production in He-II

Yoshiaki Kiyanagi

Optimization for a vertical He-II UCN source

Kenji Mishima

November 6th 16:00-17:40 TE Target Engineering-1

16:00

16:20

16:40

17:00

17:20

1.

2.

3.

4.

5.

SNS Target Systems Overview

Tony Gabriel

SNS Target Systems Design Status

SNS R&D Overview / Hg Thermal Hydraulics R&D

Mercury Target Design / Hg Tests in Pulsed Accelerators and Comparison with
Computer Simulations

Dave Lousteau

Structural Analysis of the Hg Target Module

Bemie Riemer

November 7th 10:30-12:10 TE Target Engineering-2

10:30

10:50

11:10

11:30

11:50

1.

2.

3.

4.

5.

Overview of the ESS Target and Moderator R&D

Harald Conrad and Hans Ullmaier

Spallation Materials Workshop report

Bauer Guenter

Present and Future Work on Radiation Damage Effects in ESS Target Structural
Materials

F. Carsughi, J. Chen, and H. Ullmaier

The MEGAPIE project

Guenter Bauer

A Conceptual Study on a Material Irradiation Experimental Facility with a
Lead-bismuth Spallation Target for the Accelerator-driven System Development

Toshinobu Sasa, Kenji Kikuchi, Hiroyuki Oigawa, and Yujiro Ikeda

November 7th 14.00-15:40 TE Target Engineering-3

14:00

14:20

14:40

1.

2.

3.

Present status of spallation target development for JSNS

Ryutaro Hino

JSNS Mercury Target Thermal Hydraulic Design

Masanori KAMINAGA, Atsuhiko TERADA, Katsuhiro HAGA, Hidetaka
KINOSHITA, and Ryutaro HINO

Analytical Study on Structural Integrity of Target Container

Hiroyuki Kogawa

Aso Tomokazu
JAERI

Ludewig Hans
BNL

Williams D. M.
SNS/ORNL

Room# 403<

Masuda Yasuhiro
KEK

Bauer Guenter
PSI

Gutsmiedl Erwin
Munich

Kitagaki Toshio
Tohoku

Kiyanagi Yoshiaki
Hokkaido

Mishima Kenji
Osaka

Room# 405A+B

Gabriel Tony
SNS/ORNL

McManamy Tom
SNS/ORNL

Haines John
SNS/ORNL

Lousteau Dave
SNS/ORNL

Riemer Bernie
SNS/ORNL

Room# 405A+B

Conrad Harald
Juelich

Bauer Guenter
PSI

Carsughi Flavio
Universita' degli
Studi di Ancona

Bauer Guenter
PSI

Sasa Toshinobu
JAERI

Room# 405A+B

Hino Ryutaro
JAERI

Kaminaga Masanori
JAERI

Kogawa Hiroyuki
JAERI
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15:00

15:20

4. Neutron Targets of Moscow Meson Facility. Status, Problems, Prospects

S. F. Sidorkin, A. D. Perekrestenko, Y. Y. Stavissky, V. I. Trushkin, and N.
M. Sobolevsky

5. The RADEX facility as a tool for studies of radiation damage under proton and
spallation neutron irradiation

E. A. Koptelov, S. G. Lebedev, V. A. Matveev, N. M. Sobolevsky, Yu. S.
Strebkov, and A. V. Subbotin

November 8th 10:00-11:00 TE Target Engineering-4

10:00

10:20

10:40

1. Computational Thermal-hydraulic Evaluation for Improved Mercury Target

H. Tagawa, M. Murase. Y. Ogawa, M. Kaminaga, K. Haga, and R. Hino

2. JSNS Target Materials Program Overview

Kenji Kikuchi

3. Conceptual Design of Proton Beam Window

Takuji Teraoku

November 8th 11:30-12:30 TE Target Engineering-5

11:30

11:50

12.10

1. Update on Nuclear Facility Safety Analysis

Tom McManamy

2. Safety Concept of JSNS Spallation Target System

Kaoru Kobayashi

3. Conceptual Design of the Remote Handling System for a Spent Target Container

Junichi Adachi

Status Report
(5min Oral with Poster)

01. BNL Status Report

02. FLNP (JINR) Status Report

03. INR (RAS) Status of Neutron Complex at INR RAS

04. IPNS (ANL) IPNS Status Report

05. ISIS (RAL) Status Report

06. Jeulich Status Report

07. KENS (KEK) Status Report

08. Lujan Center: Users, Science and Technology

09. PS1 Status Report (Oral only)

10. TRIUMF Status Report

11. Current Status of AUSTRON Project (Tentative title)

Poster Asia-Oceania Report

01. Status of Neutron Scattering in Thailand

02. Current Status of Neutron Scattering Research In Indonesia

03. Neutron Beam Research at BARC, India and International Collaboration

M. Ramanadham and R. Mukhopadhyay

Sidorkin Stanislav
INR

Koptelov Edouard
INR

Room# 405A+B

Tagawa Hisahito
Hitachi, Ltc.

Kikuchi Kenji
JAERI

Teraoku Takuji
JAERI

Room# 405A+B

McManamy Tom
SNS/ORNL

Kobayashi Kaoru
JAERI

Adachi Junichi
JAERI

Room# Foyer

Hastings Jerome
BNL

FLNP (JINR)

Koptelov Edouard
INR (RAS)

IPNS (ANL)

ISIS (RAL)

Jeulich

Dceda Susumu
KENS (KEK)

Roberts Joyce A.
Lujan Center
(LANL)

PSI

TRIUMF

Lechner Ruep E.
HMI

Room# Foyer

Sangariyavanich Archara
OAEP

Syarofie Ridwan
TATAN

Mukhopadhyay Ramaprosad
BARC
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04. Neutron Beam facilities at the Australian Replacement Research Reactor

05. Neutron Scattering facilities at China Institute of Atomic Energy
—Present and future

Kennedy Shane
ANSTO

Ye Chuntang
CIAE

06. Present Status of Neutron Beam Facilities at the Research Reactor, HANARO, and its Lee Chang-Hee
Future Prospect KAERI

Chang-Hee Lee, Young-Hwan Rang, and D-Hiun Kuk

07. Status and future prospect of neutron beam utilization in Korea Lee Chang-Hee

Chang-Hee Lee, Young-Hwan Kang, and Il-Hiun Kuk KAERI

Poster Accelerator Room# Foyer

01. Lattice design of 3GeV synchrotron for JAERI-KEK joint project Noda Fumiaki
JAERI

02. RF Accelerating System for 3 GeV Proton Synchrotron in JAERI-KEK Joint Project

M. Yamamoto, E. Ezura, Y. Hashimoto, Y. Mori, C. Ohmori, and M. Yoshii

Yamamoto Masanobu
JAERI

Poster Instrument (Poster)

01. Progress at ISIS

Uschi Steigenberger

02. ESS instrument development programme - activities and results

Room# Foyer

Steigenberger Uschi
RAL

Gutberlet Thomas
HMI

Takahashi Miwako
Univ. Tsukuba

03. Single Crystal Spectrometer FOX at KENS

Miwako Takahashi

04. Structural Studies of Perovskites, High Temperature Superconductors and Zeolites on
the KSN-2 High Powder Neutron Diffractometer

S. Vratislav, M. Dlouha, V. Bosaek, and Z. Jir k

Vratislav Stanislav
Czech Technical
University

Argyriou Dimitri
ANL

Kamiyama Takashi
Hokkaido Univ.

Granada Rolando
CNEA

Todate Yoshiei
Ochanomizu Univ.

05. A Magnetism and Diffuse Scattering Spectrometer for the Long Wavelength Target
Station at SNS

Dimitri Argyriou

06. Two-dimensional Thermometry by Using Neutron Resonance Absorption Spectrometer
DOG

Takashi Kamiyama, Hirofumi Noda, Yoshiaki Kiyanagi, and Susumu Ikeda

07. On the analysis of deep inelastic neutron scattering experiments

J. J. Blostein , J. Dawidowski and 5. R. Granada

08. A method of precise profile analysis of diffuse scattering for the KENS pulsed neutrons

Y. Todate, T. Fukumura, and H. Fukazawa

09. A high - sensitivity non - destructive trace element analysis

M. Oshima, Y. Toh, T. Hayakawa, Y. Hatsukawa, and N. Shinohara

10. Performance of the Prisma supermirror neutron guide

Oshima Masumi
JAERI

BullMartyn
RAL

11 A Novel Optical Insertion Device for Removing the Time tail from Spallation Neutron
Pulses

Langan P
LANL

P. Langan, L. paemen, and B. P. Schoenbom

12. Neutron simulation of multilayer focussing device

13. Comparison of Reasonance Spin Echo Method and Mieze Method

Tom Ebisawa,Seiji Tasaki, Masahiro Hinq and Norio Achiwa

14. MC simulation of NSE at spallation sources

G. Zsignonda, D. Wechslera, and F. Mezeia

15. A large area neutron imaging method using rectangular scintillators with WLS fibers

K. Toh, M. Katagiri, K. Sakasai, T. Nakamura, H. Takahashi, and M.
Nakazawa

16. A SrBPO5:Eu 2+ phosphor for neutron imaging

K. Sakasai, M. Katagiri, K. Toh, T. Nakamura, H. Takahashi and M. Nakazawa

17. Possible Implementation of Focusing Based on Bragg Diffraction Optics for TOF
Neutron Scattering Instrumentation

P. Mikula, P. Lukas and M. Vrana

CaoBin
JAERI

Ebisawa Torn
KUR

Zsigmond Geza
HMI

Toh Kentaro
JAERI

Sakasai Kaoru
JAERI

Mikula P
NPI, Czech
Republic
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POSter Target Room# Foyer

01. Thermal-Hydraulic Study on JSNS Cross-Flow Mercury Target Terada Atsuhiko
JAERI

02. Water Flow Experiment using the PIV Technique and the Thermal Hydraulic Haga Katsuhiro
Analysis on the Cross-Flow Type Mercury Target Model JAERI

Haga Katsuhiro

04. Experimental Study on Mercury Target and Proton Beam Window Kinoshita Hidetaka

HjdetakaKinoshita JAERI

07. System Dynamic Analyses on the JSNS Mercury Target and the Cold Moderator Takahasi Toshio
Systems J A E R 1

08. Conceptual Design of a Spallation Target for the 24 GevBNL-AGS Montanez Paul

Paul A. Montanez, Hans Ludewig, Jerome Hastings, and Michael Todosow BNL

09. Analytical Study of Volumetric Scroll Pump for the Cold moderator System Kritmaitree Phichai
JAERI

10. Status of the cold and hot neutron source at the research reactor FRM-II Munich Gutsmiedl Erwin
Use of Zircaloy-4 material for cold and hot neutron source Technical

E. Gutsmiedl, and A. Scheuer University Munich

11. Current Status for TRR-II Cold Neutron Source Facility Lee Chien- Hsiung

C. H. Lee, T. C. Guung, K. C. Lan, C. H.Wang, Y. K. Chan, and D. J. Shieh Taiwan Research
Reactor (TRR)

12. Self-regulating characteristics of cold neutron source with annular cylindrical moderator Kawai Takeshi
cell KUR

T. Kawai, H. Yoshino, Y. Kawabata, M. Hino, 1 Chien-Hsiung Lee, Yea-Kuang
Chan, and Tai-Cheng Guung

November 7th 17:00-20:30 Working Group Sessions

1. Neutron Beamline Shield Y. Ikeda
and G. Russell

2. Spallation UCN Source Y. Masuda

3. Neutron Optics and Detector C. Loong
and H. Shimizu

4. Code system, cross section library and Kernel D. Filges

5. Collaboration on data acquisition, format and analysis T.Walton
and K. Hirota

6. S(Q) measurements by chopper machine T. Otomo

7. ICANS contact meeting

8. Asian-Oceanian neutron facilities
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1.1
Status of Spallation Neutron Source Program
in High Intensity Proton Accelerator Project

Yukio Oyama1*, Susumu Ikeda2, JAERI-KEK Joint Project Team

1 Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan
" High Energy Accelerator Research Orj
*E-mail: oyama@cens.tokai.jaeri.go.jp

2 High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan

Abstract

Japan Atomic Energy Research Institute and High Energy Accelerator Organization are
jointly designing a 1MW spallation neutron source as one of the research facilities planned
in the High Intensity Proton Accelerator Project. The spallation neutron source is driven by
3GeV proton beam with a mercury target and liquid hydrogen moderators. The present
status of design for these spallation source and relevant facility is overviewed.

1. Introduction

In the Joint Project Team organized in 1999 from Japan Atomic Energy Research Institute
(JAERI) and High Energy Accelerator Research Organization (KEK), the Neutron Group
was also organized under the joint team for designing Spallation Neutron Source. [1-3] The
neutron group consists of several teams that are of target station, instrumentation
(spectrometer), advanced device, scientific demand and proton beam transport. Scientific
demand team is seeking attractive proposals, and the last one works jointly with the muon
team. The instrumentation team was organized with more than 100 researchers of Japan.

The scope of spallation neutron source design includes target-moderator-reflector system,
bio-shield-shutter-neutron line, system utility&safety, remote handling, proton beam
transport and facility building layout.

The target station team has been continued extensively to develop a conceptual design of
target-moderator-reflector (TMR) system, handling and safety schemes, facility layout,
proton beam transport line. [4] The spallation source is designed for 1MW proton beam
injection with 3GeV of proton energy and 333)j.A of current. Pulse duration is 25 Hz in
which two 100ns bunches are injected with 400ns interval. At the front of the neutron

- 1 9 -
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source two muon targets will be placed and then a proton beam passes through those targets
before reaching the spallation neutron target. This arrangement produces extra technical
issues of a scraper for beam spill due to muon targets and shield for neutrons from the spill.
Operation requirement for this facility is 4500 hrs beam time in a year, so that an exchange
period of the TMR system is desired to be a half of a year at least. For neutron beam lines,
the number of beam lines is desired as many as possible from users, although shield design
will limit the number. Thus the design team is strongly communicating with the
instrumentation team that will make necessary concept and specifications for the target
station design.

A conceptual design study is being performed to complete by March 2001, and then the
detailed design will start at the mid of 2001. The research and development is also
performed in parallel to the design study. These R&D are the target experiment using AGS
at BNL(ASTE) and material irradiation by SINQ at PSI by international collaboration, and
experiments of mercury flow, corrosion, erosion, cavitation, and remote handling by
mockup test devices installed at JAERI-Tokai site. Most of the R&D items are expected
to be concluded by the mid of 2002.

2. Target-Moderator-Reflector Design

The target station designed for the present spallation neutron source is shown in Fig. 1. The

Cold
moderator
Hg target ."

Manipulator

Beam shutter
duve

Ehith riiul I . Hg supply
Moderator mo i=-ator Modontor •eflector plug /

Shield

Neution beam \ \ /
shuher \ \ Target ttollev

/ ""V Neutron beam

Proton beam
Beam

window Reflector containing moderator tarrjet

Fig. 1 Target Station and Target-Moderator-Reflector system
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Target-Moderator-Reflector design are now being focused on the following items.
1) TMR configuration optimization

neutronics comparative study of configuration and shape
material combination of reflector and moderator type
method for fabrication

2) Mercury target system design
heat removal to assure steady flow (flow control)
confirm pressure wave related phenomena (cyclic stress, cavitation)
chemical reactions of mercury with container material (erosion, corrosion)

3) Moderator system design
remove heat generated by nuclear heating (several W/cm3 at maximum)
assembling and piping scheme

4) Maintenance scenario
disassembling/assembling scenario

5) Safety consideration
- system scenario for off-normal event

To fix a basic design concept, neutron energy and time spectra from moderators were
calculated by changing their size and configuration, with the combined Monte Carlo
simulation code system of NMTC/JAERI and MCNP. [5-7] The uniqueness of the present
design is adoption of concepts of cross flow target and pre-moderator. The cross flow
concept assure the mercury flow to distribute ideally, and the pre-moderator increases cold
neutron intensity from the cold moderator and decreases nuclear heat inside the moderator
at the same time. The premoderator can increase neutron intensity by extending to neutron
view window. It is so called the extended pre-moderator. The calculations also show that,
adopting the extended pre-moderator, two moderators can be replaced by one moderator

He Vessel
Jumper pipe

Hn J
? - «. , Remote flange

' \ •<* ' D2°
Hg Container - I, * *

Outer v ' •
container

\

He [
Beam I \

window p | o w

guide

Fig. 2 Target assembly
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with neutron view windows attached to the both sides. It makes significant benefit that the
moderator cost and hydrogen inventory become lower.

Hg D?O

He

D2O

Outer contains

Flov. separator

Ouicr container

Guide blade

Boam window

The concept of the target
assembly is shown in Fig.2 and
the inner structure of the cross
flow target shown in Fig.3. [8]
Thermo-hydraulics design showed
it could be persistent to
3GeV-lMW beam power with 1
m/s mercury flow. The present
design showed the temperature
distribution inside mercury is less
than 115 degree C and the
maximum temperature at the front
window of the container is 176
degree C by adopting cross flow
scheme. Now the design effort is
focused to decrease inventory of mercury and simplify the structure of flow distributors. [9]

Proton beam
Beam Size/Current Density
(13x5cm/25.64/JA/cm2)

Fig. 3 Cross flow target

Pressure wave is one of most important issue in mercury target concept. The design
calculation indicated that the maximum pressure of around 200 MPa takes place at front
end of target container and it is lower than the design limit of 414 MPa for 316LN stainless
steel. Another issue is the
generation of cavitation at
inside of the container wall.
This was being studied by
Hopkins method.

D2O for reflector cooling

Multiple pipe for moderator cooling

Material persistence against
radiation damage is also an
issue to keep the life of target
container longer. A stainless
steel of SS316 is adopted at
the present. This is expected
to be confirmed by a radiation
damage study using SINQ.
[10]

For a cold moderator, a
coupled moderator of liquid
hydrogen at 20 K was adopted
with pre-moderator of H2O.
Thermal- and epithermal

Pre-moderator

Neutron beam hole

Neurton beam hole

Fig.4 Assembling of Target-Moderator-Reflector system
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moderators were extensively studied for a decoupled moderator with respect to background
tail in the emitted neutron time spectrum. Thermo-hydraulics of super-critical liquid
hydrogen flow under nuclear heat generation was investigated by computation. The flow
distribution was tested by mockup model with water instead of hydrogen. The present
design with 1.5 litter/sec can be used up to 2MW target within 3 degree K increase.[11]

3. Handling and Safety Scheme

Assembling and disassembling concept of piping structure and flow systems with safety
hull, as shown in Fig. 4, should be investigated by fabricating a scaled model. Remote
disassembling scheme for handling with manipulator is being developed by full-scaled
mockup test bench. Various schemes and procedures for assembling and disassembling the
TMR system will be tested by using this bench. [9]

Radio-activities were estimated by the Monte Carlo codes including all types of solid,
liquid and gas phase. This estimation is a base of scenario making for exhausting system,
removal system and shielding structure to reduce them. Consideration of waste
management and storage scenario include transport path, disassembling and packing of
used targets.

Lite & Material Science
Research Facility

Conticl ncj

Neution Scattering Facility

'• Target Station

4 , . Muon Fcic lit/
3GeV pro'on

beam

Fig. 5 Facility Layout
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For safety consideration, a concept of multiple barriers with three barriers is adopted to
contain the radio-activities estimated by the above calculation. Effects of off-normal
operations, such as mercury container destruction, vacuum window destruction, etc. are to
be considered by combining the estimated radio-activities.

4. Facility Layout

The facility concept is shown Fig. 5. Two muon targets will be placed finally at the front
space of the neutron target station. Radioactive-control area located at center zone of the
building is commonly used for maintenance of both the facility. This center zone includes
proton beam transport line, spallation neutron target, handling and supporting cell for the
neutron target, and muon target.

Neutron beam lines are distributed to booth sides of the central area. The areas are 60m x
35m and 60m x 25m each. The height of the measurement hall is 14m. Beam scraper for
beam spread due to the muon targets is placed just behind the muon target. This scaraper
arises the most crucial problem in proton beam transport because more than lOOkW beam
power deposits there. There must be much effort to be paid for countermeasure of
radioactive gas production.

Bio-shield is designed as 5m iron and 1 m concrete shield. For beam shutter, we are
considering an up-down type with at least 2 m thickness of Fe or W. A shutter and beam
line shielding study is now under way. The
beam line shield design is also strongly
connected to interface devices with
spectrometers such as to-chopper and
mirror guide tubes that affect the number
of possible lines.[12]

10̂

Coupled H ; with EPM"
in Pb (tO%020)

\

10" r

Typical energy and time spectra for
moderators that will be the candidates
were provided as the initial condition for
instrumentation design as shown in Fig. 6.
On the basis of these conditions,
instrumentation groups organized from all
researchers in Japan who have interest in
the present SNS program have started
conceptual designs of spectrometers and
development of necessary technology for
them as shown in Table 1.

10'=

10" ,'

10",

10"

Decoupled H2(Ed=1eV)

• with EPM in Ph!
in 3f

Poisoned H2Center (2.5

10"4 10"3 10' 10° 10'

Energy(eV)
Fig. Neutron spectral intensities from various moderators
*EPM: extended PM

Fig. 6 Typical energy spectra expected to be
obtained from the moderator
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Table 1 Organization for development of spectrometer and devices

\ . Spectrometer
^ s . concept

Device ^ \ ^
development ^ \

Computer
simulation Group
Data Analysis Group
Neutron beam line
group
Chopper Group
Mirror Group

Polarizer Group

Detector Group

Diffracto-
neter
Group
(Powder
crystal)

Total
Scattering
Group

• •
Inellastic
Scattering
Group
(Chopper
Spin echo)

Small
Angle
Scattering
Group

Biology
Group

Radio-
graphy
Goup

Funda-
mental
Physics
Goup

Promt
Gamma
Spectros-c
opy
Group

Cooperation with moderator design ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 1

Cooperation with Shielding dsign

* Colored columns show the groups already established.

5. Summary

The conceptual design of the TMR system in the Japanese spallation neutron source was
almost completed. The facility, handling and safety analysis are under investigation. The
R&D for the target and moderator are continued and the mockup test for confirming remote
maintenance scheme will start 2001.

Proton beam transport line is being designed with developing concept of scraper for the
muon target. Neutron beam line shielding study has started together with beam shutter. For
instrumentation, a large team of concept development has been organized and computer
simulations started for designing neutron optics and detector with the initial energy and
time spectrum conditions calculated by neutronics design team.

The concept development will be continued by April in 2001 and then move to the detailed
design work before a fabrication starts in 2002.
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Abstract

The European Spallation Source (ESS) is a proposal for a next generation neutron source in
Europe. The first phase of the project - establishing the scientific case and the technical
feasibility - is now followed by an intensive period of R&D activities. Three target station
options: 1) a 5 MW 50 Hz short pulse station, 2) a 1 MW 10 Hz short pulse station and 3) a 4
to 5 MW 16 2/3 Hz 2.5 ms long pulse station, and the use of novel advanced cold moderators
will be studied. A superconducting option for the accelerator will be investigated in a Europe-
wide feasibility study for a multipurpose facility (CONCERT) with potential applications in
areas such as neutron scattering, high power irradiation, R&D on transmutation and
radioactive beams. It will explore possible synergies of such a facility compared with a stand-
alone solution for the ESS.
The milestones for the next three years are: June 2001 - Decision on neutron parameters and
target station options, June 2002 - Conclusion of the Concert multipurpose accelerator study
and June 2003 - Proposal ready for submission to funding agencies. The facility could be
ready for operation around 2010.

1. Introduction

In the Large Facilities Report to the Commission of the European Community (CEC) in 1990,
the Neutron Study Panel underlined the continuing need for neutron scattering and recognised
that a major initiative was necessary to secure an effective ongoing neutron science
programme in Europe for the year 2000 and beyond. Through a joint initiative of FZ-Julich
and Rutherford Appleton Laboratory, a series of meetings in 1991 and 1992 explored options
for such a next generation European Neutron Source. These meetings formed the basis for the
specification of the ESS - the European Spallation Source.

The initiative was joined by a number of European laboratories. A Council of representatives
from the partner laboratories together with observers from France and Spain was formed to
oversee the study, which began in June 1993, and continued from December 1994 with CEC
and ESF support. In early 1997, the result of the study was published in 3 volumes :
ESS - A next generation Neutron Source for Europe - Volume 1: The European Spallation
Source, volume 2 : The Scientific Case and volume 3: The ESS Technical Study.
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2. The ESS Memorandum of Extension

The first phase of the project - establishing the scientific case and the technical feasibility - is
now followed by an intensive period of R&D activities to achieve the objective of the new
Memorandum adopted in May 2000 by 13 European partners: " to design and construct a
European next generation spallation source, that upon completion will be the best neutron
source world-wide for all classes of instruments". New technical options such as a
superconducting linac and the feasibility of a long pulse target station will be explored to
realise this high ambition.

With the appointment of a new Chairman of the ESS Council the ESS project has entered this
new phase of concerted activities. A Central Project Team has been set up at the
Forschungszentrum Jiilich (FZJ), Germany, headed by a new Project Director. The central
team will be responsible for the overall progress of the project and will provide the link
between the three technical R&D tasks: accelerator, target systems and instrumentation.

These three tasks are managed by lead laboratories: the ISIS Facility, UK and FZJ for the
accelerator R&D, the FZJ and the Paul Scherrer Institute, Switzerland, for the target and
moderator development, and the Hahn Meitner Institute, Germany and the ISIS Facility for
the instrumentation design.

A Science Advisory Committee under the stewardship of the ESS Science Executive is acting
as a focus for the users' points of view and will guide the project towards the optimal solution
for the next generation Neutron Source in Europe.

15 MoU Partners
10 Europ. Countries

ESS R&D Council
Chair: P. Tindemans

Neutron
User
Community

ENSA

Science Executive
D. Richter (FZJ / D)

ESS Executive Committee

Project Director
K. Clausen (Risa/DK)

Secretary: U. Steigenberger (RAL / UK)

Policy Executive
P. Tindemans (NL)

Scientific
Advisory
Committee

Central Project Team
c/o Forschungszentrum Mich GmbH, D-52425 Jtilich

Contact: k.clamen@fi-iuelich.de
ch. hakefafz-iuchch. de

Instrumentation
F. Mezei (HMI / D)

R.S. Eccleston (RAL/UK)

Moderator & Targets
H.Ullmaier(FZJ/D)
G. Bauer (PSI/CH)

Accelerators
I. Gardner (RAL/UK)

R. Maier(FZJ/D)

Figure 1: Organisation of the ESS study
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3. CONCERT - the feasibility study of a multipurpose accelerator

For the accelerator the superconducting option will be investigated in a Europe-wide 2 year
feasibility study for a multipurpose accelerator driven facility (CONCERT). The CEA in
France and the ESS have invited the science communities considering the use of high power
proton accelerators to participate in a study on the feasibility and cost-effectiveness of an
accelerator design that allows the accelerator to be used simultaneously for a number of
different purposes such as 1) a neutron spallation target or targets for neutron scattering, 2) a
target station or stations for the production of radioactive beams or neutrinos, and 3) a high
power irradiation station or stations for materials irradiation, isotope production and R&D
required for developing a demonstrator for transmutation of nuclear waste.

The study will be co-ordinated by a team at CEA in Paris under the leadership of Jean-Louis
Laclare, and will explore the feasibility and possible synergies of such a facility compared
with a stand-alone solution for the ESS and address issues like reliability, R&D needs,
construction and operating costs and compatibility both technically and in the mode of
operation required by the different user communities. The scope of the study and the number
of participants will be finally decided by the end of 2000.

4. The activities of ESS technical teams

In the paragraphs below the status of the work and the planned activities of the technical
teams are shortly described

4.1 ESS instrumentation activities

The ultimate goal of the instrument groups is to produce instrument suites for the different
target stations. In order to reach the June 2001 milestone - freezing the ESS neutron
parameters - the instrument groups together with the SAC science working groups will
elaborate on the task to match the identified scientific challenges in different scientific
disciplines with instrument and source concepts. This mainly concerns the selection of
optimal pulse structures, power distribution and moderator layouts for the different target
stations.

At present the main issue concerns the performance of a long pulse target station as compared
to the low repetition rate short pulse option. The SAC working groups will propose a series of
generic scientific problems from their fields of science to be studied at the ESS. The
instrumentation groups will compare the performance of a suite of key instruments at the 3
different target stations in solving these problems. Comparison should also be made with
existing instrumentation in order to access new opportunities and scientific impact.

This information will then be used to guide the optimisation of the target stations and select
the target station(s) to be included in the proposal. The comparison will be based on scientific
capability, expected performance, technical risk plus construction and operation cost. The
comparison of instrument performance on the low frequency short and long pulse target
stations is a priority.

The instrumentation group will also evaluate the potential of ESS for applications other than
neutron scattering: fundamental physics, nuclear physics, muon-resonance, radiography,
tomography, irradiation, etc. According to the ESS terms of reference, opportunities for these
applications should be maintained, without including this set of applications in the
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optimisation criteria of the basic source parameters. An informal working party of expert from
the various fields concerned will be convened to evaluate new opportunities of this kind.

4.1 ESS target station activities

Shortly after the completion of the Technical Study by the end of 1996, it was generally
recognized that solid methane moderators could offer dramatic gains in cold neutron flux and
pulse shape. Development of Advanced Cold Moderators is hence a key goal in the ESS
study. The work will encompass a study of the moderator materials methane hydrate and solid
methane and look at pellet production, pellet transport systems plus radiation effects,
neutronic performance and scattering kernels of these two materials.

Another topic to be studied is the impact on the target station design and cost of new cold
moderator systems, advanced shutter design with in shield neutron optical components, and
an optimised reflector design. The long pulse target station albeit very similar to the short
pulse target station will however require substantial phase space tailoring of the neutron
beams by neutron optical methods and choppers and another reflector design.

The target pressure wave issue will be subject to a theoretical and experimental assessment of
the magnitude of the stress problem including an investigation of the onset and possible effect
of cavitation in the mercury, the effect of impact on the wall surface and mitigation studies.

All 4 types of candidate structural materials (austenitic and martensitic steels, Ni- based high
strength alloy and pure Ta) will be investigated using high energy particle transport (HET)
codes and structural mechanics codes, and extensive post-irradiation testing of samples
irradiated for doses up to 10 dpa (corresponding to 2 months of full power ESS operation.

The mercury loop design and manufacturing studies will include both computational
(thermohydraulics and fluid dynamics), experimental and conceptual work, such as the
evaluation of newly developed components, safety considerations (e.g. recovery from spills),
manufacturing techniques, remote handling concepts, etc.

4.3 ESS accelerator activities

Phase 1 of the ESS design study was completed with publication of a report in November
1996 [2]. Since then the R&D phase has started to tackle the problems identified in the study,
to rectify weak links in the original design and to consider alternative ideas. The current status
of the design and the progress are outlined in a short ESS report [3] and in Figure (2).

The linac design [4] has evolved to a normal conducting coupled cavity linac (NCCCL)
operating at 560 MHz. Studies of the beam funnel showed that the beam energy had to be
increased to 20 MeV to obtain short enough bunch lengths for effective funnelling. The
reduction in operating frequencies from 175, 350, 700 to 280, 560 MHz is a good compromise
for various linac stages. The peak bunch current in the main part of the accelerator is reduced
by a factor of two compared with the original reference design as each rf cycle now contains
beam. Complete beam tracking with space charge effects has now been carried out from the
RFQ to the exit of the CCL. The final beam emittances are a factor of two lower in the
transverse planes and a factor three lower in the longitudinal plane in comparison with the
earlier design [5].
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The Compressor Ring design has also evolved to reduce the very high temperature predicted
for the H" to proton beam stripping foil. In the current reference design the chopping duty
factor has been increased from 60% to 70% and the circumference has been increased by
34.6% compared with the original reference design.

70mA 280MHz

Funnel 560 MHz 560 MHz
CCDTL NCCCL

IS RFQ Chopper DTL

20 MeV 100 MeV70 mA 2.5 MeV

Figure 2: The current Linac reference design.

In the coming month the above reference design will be fully documented and two new
options will be studied: 1) a superconducting version of the high energy Linac and 2) the
changes to the present design required to deliver additionally a 2.5 msec long pulse
interleaved on the accelerator after every 3rd pulse (16.67 Hz) directly to a long pulse target
station. The accelerator work will be done in close collaboration with the CONCERT team -
it will be an essential part of the ESS contribution as partner in this study.

5. Milestones

The main aim of the ESS study is to examine and compare the relevant options for the
realisation of ESS and have a proposal for funding ready in 2003. In June 2001 we will start
to select options i.e. make a decision on the neutron parameters and target station options, by
June 2002 a conclusion of the Concert multipurpose accelerator study will be made and a
proposal for submission to European governments and other funding agencies will be
prepared for June 2003. The facility could be ready for operation around 2010.
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Abstract

Tecnical problems are summarized and discussed in order to further increase the intensity of the

proton accelerators. Even for the planned project, we have many problems to solve for achieving

the design intensities.

1. Introduction

High-intensity (typically higher than 0.1 mA), high-energy (higher than 1 GeV, but lower than

100 GeV) proton beams are required in various fields of science and industry, including pulsed

spallation neutron experiments (materials science, life science), muon spin

rotation/resonance/relaxation experiments, high-energy and medium-energy physics experiments,

and nuclear-waste transmutation.

The 2-MW SNS project has been started, while the 1-MW JAERI/KEK Joint (JKJ) Project is

about to be funded. Even higher-intensity like 5 MW is requested as the ESS project is proposing.

Similarly, both the SNS and JKJ are keeping the upgradability to several MW. The parameters

for these projects are summarized in Table 1. We have various possible accelerator schemes for

these purposes. The necessary R&D items are summarized by listing the advantages and

disadvantages of the parameter choices.

It should be emphasized that the beam current to be accelerated is actually limited by the amount of

beam loss, which is critically dependent upon the amount of beam halo, both longitudinal and

transverse. The optimum design is also dependent upon the future performances of the key
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components, such as high-intensity, low-emittance ion sources, high-pwer RF components.

Thus, we should concentrate our efforts on the development of these components and innovative

invention in order to realize these machines. Some examples of the efforts being made in this

direction are also presented.

Table 1

Examples of the existing and planned high-intensity, high-energy proton accelerators for

spallation neutron sources. The first two columns show the operational machines, while the

others are planned. The MMF linac is partly operational.

ISIS LANSCEMMF SNS JKJ JKJ-UDI JKJ-UD2 ESS SNS-un

Energy (GeV) 0.8

Injection Energy (GeV) 0.07

Repetition Rate (Hz) 50

Average Current (mA) 0.2

Total Power (MW) 0.16

ISIS: Rutherford Appleton Laboratory, United Kingdom

LANSCE: Los Alamos Neutron Science CEnter, USA

MMF: Moscow Meson Factory, Institute for Nuclear Research, Russia

JKJ: JAERI/KEK Joint Project for High Intensity Proton Accelerator

JKJ-up: Upgrade plan to be optimized/ Phase II

ESS: European Spallation Source

SNS: Spallation Neutron Source, Oakridge, USA

2. Time Structure of a Beam

The optimum design of an accelerator is dependent upon its detailed specifications. In addition to

the intensity and energy of the beam, the time structure and the emittance are very important

factors. For example, the beam with a pulse length of a few 10 ns is required by muon spin

rotation/resonance/relaxation experiments in order to study mainly materials science.

The beam with a pulse length of a few 100 ns is required by spallation neutron experiments with

a high energy resolution, based upon the time-of-flight method. The CW or nearly CW beam is

required by nuclear-waste transmutation/incineration and nuclear-physics experiments.

In contrast to electron guns a peak current of a few 10 A cannot be obtained directly from an ion

source, the maximum peak beam current of which is on the order of 100 mA In order to obtain

the beam with a pulse length less than 1 us, the typical schematic accelerator complex comprises
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an injector linac and a synchrotron/storage ring with a revolution time of a few 100 ns. The

highest possible beam current will be filled up in the ring, and will then be fast-extracted. The

ring is used as a compressor with a pulse length equivalent to its revolution time in this case.

Additional bunch compression with a bunch rotation is possible down to a few 10 ns in a storage

ring by applying a high voltage.

If what one needs is only a high average current, for example a few 100 mA, a unique solution

would be a CW proton linac. However, if the necessary average current is much lower than the

possible peak beam current in a linac, the CW proton linac scheme is extremely expensive. The

best choice is again the accelerator complex comprising a linac and a ring, where the ring is used

as a stretcher. The beam is slowly extracted from the ring in this case.

If the necessary energy exceeds around several GeV, one more ring should be built as in the case

of JKJ Project.

3. Beam Loss

The beam current to be accelerated is really limited by the amount of beam loss. Beam loss in the

high-energy region not only gives rise to a radiation-shielding problem, but also to

the radioactivity of the machine itself. The radioactivity should be reduced to a certain level which

would allow hands-on maintenance (at worst around 5 nA/m/GeV or 5 W/m hopefully, much less,

for example 1 nA/m/GeV or 1 W/m).

At present it is believed that the behavior of the beam core can be well controlled during the

injection, acceleration, and extraction processes. Also, we perhaps understand some mechanism

concerning the growth of rms-emittance during the acceleration in linacs. However, beam loss at

a level of 10" /m/GeV arises from the beam halo. The difficuli

gives rise to controversy for determining the optimum design.

a level of 10" /m/GeV arises from the beam halo. The difficulty to reliably estimate the beam loss

For this reason, considerable efforts have been devoted to a theoretical study of the beam-halo

generation mechanism. For example, it was shown that the halo is formed from particles

interacting with the core oscillation or breathing (Bob Jameson). "Parametric resonances can

occur between single particle tunes and the frequency of the oscillating mismatched beam core."

(Klaus Bongardt, LINAC98)

Many computer-simulation results have shown that a beam with a hard core eventually results in a

soft beam during the course of acceleration in a proton linac. Since a halo comprising a fraction of
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10*4 of the total beam current grows far beyond the Gaussian tail, these kinds of halos can not be

recognized by watching only the rms-emittance growth.

It is quite common that non-linear phenomena are strongly influenced by the error field, such as a

deviation from the ideal focusing or accelerating system in the present case. It has been

theoretically known that emittance growth arises due to the following mechanisms: the charge-

redistribution from the given one to a uniform one, the energy transfer among the longitudinal

and transverse oscillations, rms-mismatching and structure resonances. The latter two

mechanisms imply the effect of a deviation from the ideal focusing and/or accelerating systems

within the framework of non-linear space charge dynamics, which is perhaps common in both

halo-formation and rms-emittace growth.

Theories exist, but have never been empirically tested yet, since the existing machines have too

large imperfections to be used for this purpose.

4. Rapid-Cycling Synchrotron (RCS) versus Storage Ring

The yield of the spallation neutrons is approximately proportional to the beam power, if the beam

energy exceeds several hudred MeV. Then, there are two ways of obtaining MW proton beams

with a JAS pulse duration: combining a full-energy linac and a storage ring, or combining a low-

energy linac and a rapid-cycling synchrotron (RCS). The former option is advantageous

regarding 1) the space charge limit in a ring and 2) a relatively short stay of the beam in the ring.

The RCS option requires 3) a larger number of powerful RF cavities in order to rapidly accelerate

the beam, and 4) ceramic vacuum chambers with RF shields to eliminate any eddy current which

would otherwise be induced by rapidly changing magnetic fields. The latter option is

advantageous regarding 1) the lower beam current, if the energy of the ring is higher, and 2) the

higher beam loss is allowed during the injection process. A beam loss of approximately an

order of magnitude higher will be allowed in 200-MeV injection than in 1-GeV injection.

One may partly attribute the success of ISIS to its low injection energy (70 MeV) to RCS. Since

the beam-loss mechanism in a ring is another, or more difficult problem, to understand, it is not

yet a settled problem which is more advantageous between the two options.

Also, technological developments are influencing the conclusion of this problm. The following

the examples of the developments which have been recently done for RCS.
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1) One innovation overcoming one of disadvantages of RCS came from a new type of

accelerating cavities loaded with magnet alloys(Yoshi Mori et al., KEK). This new cavity system

will replace all the cavities in a proton synchrotron.

2) Another innovation may be the realization of a negative, or extremely small,

momentum compaction factor, by which no transition needs be crossed during acceleration. The

beam loss otherwise arising from the transition crossing will be drastically eliminated. This kind

of lattice has been extensively and carefully tested in Super ACO, showing the validity of the

theory.

3) Barrier-bucket acceleration

4) Flat-bottom elongation in the sinusoidally oscillating magnetic field of the RCS. The injection

time will be lengthened by this.

5. Ion Source

If one has to inject the beam into the ring for an order of several hundred us or turns, it should

comprise negative hydrogen ions. In contrast to positive ions negative ones can be injected with

the same condition as that of circulating positive ions (until the time is limited by other effects,

such as the space-charge limit and/or beam instabilities and/or Coulomb scattering in a charge-

exchange foil).

At present we are about to realize the ion source which meets all the requirements simultaneouly

for MW machines: a peak current of several 10 mA, an emittance of 1 TC mm#mrad (90 %,

normalized), a pulse length of several 100 \is, and a repetition of several 10 Hz. It is very difficult

to predict what will be the current limit of a single negative hydrogen ion source in the future.

This is another reason for controversy regarding choosing parameters.

At first, the volume-production type of ion sources was considered to be advantageous regarding

not only high brightness, but also the elimination of Cs vapors. There are some indications that

the Cs vapors reduce the discharge limit, possibly being harmful to the high-field operation of the

following RFQ. Since it has been indicated that the introduction of a very small amount of Cs

vapor drastically (approximately by a factor three) improves the beam current, even in the

volume-production type, it is important to empirically test the effect of this small amount of Cs on

the discharge limit in the RFQ for a long term operation. It seems to be quite possible that a small

amount of Cs vapor is practically harmless. Some development is noted concerning the driving of

the ion sources. The RF drive is replacing the filament drive which has a finite lifetime.
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For either option of compressor ring or RCS, the higher peak current is required, since the

maximum injection time is limited even in the compressor ring. The higher order resonance

becomes harmful due to the non-linear space charge force, as the storage time gets the longer.

The funneling technique may be necessary to effectively realize the high peak current, although

this technique is not yet feasible even by any computer simulation.

6. Frequency Issue

The frequency is another important parameter which needs to be determined. Conventional

proton linacs have been using around 200 MHz for the drift-tube linac (DTL). Most of the

recently proposed designs have suggested the use of a higher frequency (300 MHz to 400 MHz)

for the following reasons.

1) If one doubles the frequency, it is possible to halve the number of particles per bunch. In

addition, the focusing period becomes more frequent both longitudinally and transversely. As a

result the space-charge effect would be approximately halved.

2) The best advantage of the higher-frequency scheme is the use of klystrons, which are the most

powerful and stable rf power sources, and having mature engineering techniques.

3) The discharge limit is increased approximately in proportion to a square root of the frequency.

Thus, the higher is the frequency, the more stable is the operation.

4) The shunt impedance is also proportional to a square root of the frequency.

5) The sizes of components is inversely proportional to the frequency. Easy handling and more

inexpensive.

It is difficult to increase the frequency of the low-energy front DTL further, if one wishes to

contain quadrupole electromagnets in drift tubes in order to keep the flexibilty for the future

upgrade of the peak beam current. Also, the optimum focusing parameters are not established yet,

at least empirically (This is the reason why we choose 324-MHz DTL to accelerate the beam from

3 MeV.).

7. Radio-Frequency Quadrupole (RFQ) LINAC

An RFQ linac is an ideal device, in which both longitudinal and transverse focusings are

incorporated together with the ideal adiabatic bunching. Therefore, it is preferable to use

the RFQ up to the highest-possible energy. However, the field of a conventional four-vane RFQ

is difficult to stabilize if the RFQ is elongated over four wavelengths in order to accelerate the

beam up to typically 3 MeV. The Jt-mode Stabilizing Loop (PISL)
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(invented by A Ueno, KEK) is easy to water-cool while keeping similar beam stabilizing

characteristics to that of the vane coupling ring (VCR). The PISL will be used for both the SNS

and JKJ. Together with a recent further development for elongating the RFQ, the 7-MeV RFQ

has been realized for LEDA

The transition energy from an RFQ to a DTL should be carefully chosen by taking into account

the detailed design of the medium-energy transport (MEBT) for matching the beam both

longitudinally and transversely. In addition we should find the optimum space for installing the

chopper.

In the ESS design the 5-MeV RFQ was once separated into two parts, between which the chopper

is located at 2 MeV. The beams of the two RFQ's are funneled together into the DTL by choosing

the frequency of the two RFQ's as one half of that of the DTL. In this case one should find some

means to minimize the emittance growth and halo formation during the funneling process.

8. Accelerating Structure

8. 1. Medium Energy: drift-tube linac (DTL)

In a conventional DTL the focusing magnets are contained inside the drift tubes, while in a

separated DTL (SDTL) the focusing magnets are located outside the drift tubes. The following

factors should be taken into account for choosing the SDTL and DTL.

1) The shunt impedance of the SDTL can be optimized even further, since the drift tubes become

free from the constraint of containing the quadrupole magnets.

2) The drift tubes become significantly easier to fabricate by removing the magnets, resulting in a

drastic reduction in the cost of the DTL.

3) The focusing quality of the SDTL is inferior to that of the conventional DTL (the focusing

period of the SDTL is longer than that of the DTL). If one wishes to have a better quality in

order to overcome various space-charge effects, one should choose a higher transition energy

from DTL to SDTL (50 MeV for the JKJ).

There may be several versions of SDTL: a single SDTL to be used for JKJ, a Bridge-Coupled

DTL (no example, so far), and a Coupled-Cavity DTL. Pros and cons of these versions should

be discussed in more detail, but are omitted here.
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8. 2. High fi structure

The transverse electric kick existing in the side-coupled structure (SCC) gives rise to a slight

amount of continuous transverse oscillation of the beam core, possibly resulting in halo

formation. If this is really significant, the annular-ring coupled structure (ACS) is the one which

has the balanced characteristics of both the shunt impedance and the field symmetry.

8. 3. At what energy should one make the frequency jump or any other abrupt transition ?

1) The frequency jump at lower energy is preferable from a power-saving point of view. In

addition, the beam loss arising from the frequency jump at a lower energy can be managed

more easily than that at a higher energy.

2) The ratio of the acceptance to the emittance is higher in the case of a high-energy frequency

jump due to adiabatic damping, favoring the high-energy option from the beam-loss

viewpoint.

It should also be noted that a low-energy, high-frequency structure is difficult to fabricate,

particularly to equip it with water-cooling channels for a high-duty machine.

9. Super-Conducting Cavity (SCC) versus Normal Conducting Cavity (NCC)

It appears to be energy-saving to use a super-conducting cavity (SCC) structure. This is true

only if the beam pulse is longer than a few ms, since the filling time of the typical super-

conducting structure is of several 100 \is under practically "reasonable" beam loading. In a long

beam-pulse machine the SCC approach implies the following additional advantages over the

normal-conducting cavity (NCC) scheme (sometimes referred to as room-temperature cavity).

1) It is possible to use a low peak current in order to ease the space-charge problem by increasing

the beam pulse length.

2) We can use large bore radii, which are unpractical in an NCC scheme due to the increase in

power dissipation. This is advantageous regarding a reduction in the beam loss. (This is only

true if the present theories concerning the halo formation correctly predict the behavior of the

halo, which is characterized by a saturation in the halo-envelope development. Otherwise, the

large bore radii may give rise to a delay in beam loss to the high-energy region, resulting in

more radioactivity.)

3) We can use a higher field gradient, at lowest 5 MV/m and hopefully several 10 MV/m, than that

of the NCC (typically around 1 MV/m for CW). The field gradient in the SCC is determined by

the power capability through input couplers or by the refrigerator power consumption, while

that in the NCC is usually determined by optimizing both the capital and operational costs.
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Since the RF power becomes expensive both capitally and operationally as the pulse is

elongated, the total shunt impedance must be increased by elongating the NCC s, that is, by

decreasing the field gradient.

4) The stored energy in the SCC system is extremely higher, being immune against any variation

of the beam loading, as in the case of beam chopping.

However, the SCC approach implies the following disadvantages. Lorentz detuning and

microphonic detuning of the SCC in the pulse mode operation makes the amplitude-phase control

much more difficult than the NCC scheme. In order to meet the tolerance of the amplitude-phase

control, one cavity has to be fed by one klystron. As a result, the SCC scheme becomes more

expensive than the NCC scheme for the pulse mode operation. It is noted that the tolerance of the

amplitude-phase control in proton accelerators (typically 1 % and 1°, respectively, for each

cavity) is much more severe than in electron accelerators.

The longer the beam pulse, the more advatageous the SCC scheme. However, if one wishes to

inject the beam into a ring, there is a limit in the number of turns by which higher-order

resonances can be excited. The number can be significantly reduced by the tune spread due to the

space-charge effect, being the same order of magnitude as that of the typical filling time, as

mentioned above. In addition, the beam instability and the Coulomb scattering by the charge-

stripping foil effect limit the number of possible turns for injection.

A careful study is still necessary in order to settle the problem of whether the SCC scheme is

really advantageous if the injection to a ring is required.

10. Injection Schemes to a Ring

We have two schmes for the longitudinal capture in a ring: an adiabatic capture and a chopper.

The chopper system should be more advantageous than the former regarding beam loss during

the capture process. However, we have no established chopping scheme for the several-MeV

RFQ, although there are some proposed schemes. For example, a travelling wave chopper will

be used for the SNS, while a low-Q deflecting cavity will be used for the JKJ linac. The latter is

under investigation with the same frequency as those of the RFQ and DTL, in between which the

chopper is located. It is most important to eliminate the beam during the beam-chopped period

rather than the nominal values of the rise and falling time of the chopper. Both are suffering from

similar problems: power sources with fast rising and falling times.

- 4 0 -



JAERI-Conf 2001-002

Also, a prechopper at the LEBT is necessary in order to ease the beam load on the scraper, which

stops the deflected several-MeV beam. Without the prechopper the scraper cannot stand either the

heavy thermal load or the sputtering due to the heavy beam load. Two methods are under

development: the SNS-type (deflection by the electric focusing system of the LEBT) and the

JKJ-type (energy modulation for the injection beam to the RFQ).

The painting is also necessary in the ring acceptance, both longitudinally and transversely, in

order to suppress the space-charge effect. In addition the bunching factor should be decreased by

some means, such as 2nd-harmonics cavities or barrier cavities which was first realized by the

cavities loaded with magnetic alloys. The beam test was successful at AGS in BNL. So far, the

barrier cavities could not incorporate the acceleration after the injection. The recently proposed

scheme of the barrier-bucket acceleration (induction synchrotron) will make the acceleration

possible.

Anew charge exchange scheme may be necessary for increasing the beam current in a ring, such

as a laser stripping method.

11. Conclusion

After LANSCE and ISIS were built, extensive studies were performed in order to improve the

design of high-intensity, high-energy proton accelerators. The experience obtained by operating

these accelerators has been playing an important role in the studies. However, since no such

machine has been built afterwards, we have had only a few chances to test the new theories and

shemes. This is the main reason why we have so many controversial issues.

It is really necessary to build and to operate new machines with improved designs and with newly

invented devices such as PISL, SDTL, Chopper, ACS, SCC, magnetic alloy cavities, and so on

in order to further upgrade the neutron sources to several MW. Also, many more innovations are

necessary to reach several MW machines, such as Fixed Field Alternating Gradient (FFAG)

accelerators.
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Abstract

The world neutron community needs more neutrons and more opportunities at a much less
expense. A worldwide neutron net work proposed here would be a future dream of the
community. A neutron source being able to satisfy such requirements is the innovative
neutron source. A new FFAG synchrotron will be the best candidate to realize such a network
consisting of various spallation sources ranging from kW to MW in beam power. There
would be many advantages with this accelerator. The next are the target issues: how to
accept a higher beam-power beyond 5 MW. Some thoughts are discussed here. Various
moderators are discussed in connection with the requirements from the instruments proposed
for JSNS, mainly focussed on the performance and utilization of a coupled hydrogen
moderator with optimized premoderator, aiming at more efficient use of neutrons. A new idea
for pulse shaping, "mechanical poisoning" is proposed. At an existing spallation source the
number of instruments is much smaller than at a reactor. In order to install as many
instruments as possible, the beam extraction and branching methods become very important.
However, even at a reactor, where mainly monochromatic neutrons are used, the neutron-
intensity losses due to beam multiplexing uses are significant This problem becomes more
serious in case of a pulsed source, where in many cases polychromatic beams are required.
This issue is also discussed.

1. Introduction

The world neutron community needs more neutrons at much higher intensity and
efficiency with much more opportunities but at much lower costs. An innovative neutron-
source must satisfy such requirements. The proton beam powers in intense pulsed spallation
sources recently projected or under construction are in a range of 1- 5 MW. When we
consider next generation sources beyond this level, what power level could be expected in
future technically and financially? Tentatively assuming a level of 5-10 MW, what major
difficulties would exist and how we could solve them from accelerator and target technical
points of view?

Next important issue would be "more efficient use of neutrons". Neutrons produced at a
target and its vicinity must be converted to useful neutrons for experiments more efficiently.
Those neutrons must be extracted and delivered to various instruments more efficiently.
When we look around the existing sources and scattering facilities, still we could find a room
for improvements.
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The number of neutron users is rapidly increasing, especially including industrial
applications. It is well recognized that the number of operating small and medium power
neutron sources (reactors) is quickly decreasing, the so-called "neutron gap", which is
bringing about much less opportunities for R&D of neutron techniques, educational uses, RI
production, etc. We are convinced that the important mission of such sources is not only for
the purposes mentioned above but also to make the neutron scattering technique more useful
in various fields of research, condensed matter science, life science and basic technology
R&D in industries.

Figure 1 shows the author's dream of the worldwide neutron opportunities in future. The
existing reactors, of course, are important constituents of the neutron sources and ranked as
equivalent spallation sources of the same neutron flux in effectiveness. Intense and super
intense sources at national and world centers are very important, but small-medium power
ones at regionalAocal centers, respective universities, laboratories and industries are
indispensably important. By forming such a world neutron network the neutron scattering
research could contribute for a wide range of sciences, eventually to the welfare of the
mankind. In order to make such network realistic, neutron sources must be much less
expensive than the presently operational or projected ones. In a spallation source the most
expensive component is the accelerator system. An accelerator system consisting of a full
energy linac with compressor rings is adopted in SNS and ESS, while in JSNS in phase-1 a
synchrotron with a lower energy injector linac is adopted. Such systems would be orthodox
and technically sure but very expensive, although we are really supporting such a system in
the present project. What breakthroughs could be considered for a future accelerator system?
That is one important issue in the present paper.

The next issue is whether a higher proton beam power as 5-10 MW could be acceptable at a
target in near future? Prior to discussing this problem we would consider what proton energy
is optimal, not only from the neutronic point of view but also from other view points. We also
consider what pulse repetition rate is more useful for each experiment or how is the efficiency
of a measurement as a function of repetition rate. It is also important to know how much
relaxed proton-pulse-duration could be acceptable for each experiment, since the pressure
wave effect on a target container strongly depends on the proton-pulse-duration.

How efficiently the neutrons produced at the target and its vicinity can be converted to
useful neutrons for experiments? A new approach toward a high-efficiency target-moderator-
reflector system becomes important. A high-efficiency coupled-hydrogen- moderator has
already been proposed. We discuss how to use neutrons from such a moderator more
efficiently.

For "more efficient use of neutrons" an efficient beam-extraction and delivery method
becomes very important. The number of instruments in a pulsed spallation source is much
smaller than in a reactor. In order to install as many instruments as possible, various beam
multiplexing methods have so far been adopted in reactors. However, beam-intensity losses
due to such multiplexing uses are significant. In a pulsed spallation source, in which
polychromatic beams are mostly utilized, such losses would become more serious than in a
reactor. Such issues will be discussed here.

The present paper discusses some technical aspects toward innovative-neutron sources.

2. Toward innovative accelerator for neutron scattering

We have been looking for an accelerator system suitable for future pulsed spallation
neutron sources. Such an accelerator type must satisfy the following requirements; (1) much
less expensive in the construction and the operation; (2) a wide coverage in the beam power
ranging from small to super intense; (3) more flexibility in the pulse repetition rate and
duration; (4) easy operation and maintenance; (5) simple and compact for high reliability, etc.
We found that a new type of FFAG (Fixed Field Alternating Gradient) synchrotron recently
proposed by Mori, et al. [1] could be a promising candidate. Generally, for an FFAG
synchrotron a high-voltage and wide-band RF cavity capable of a high-speed frequency
modulation is indispensable.. However, it has so far been difficult to develop such an RF
cavity.

Recently, Mori and his collaborators have developed a new RF cavity, which could satisfy
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above requirements, using a new metal having a high magnetic permeability, as known by
commercial names of FINMET, METGLAS, etc. A 1 MeV prototype FFAG synchrotron has
already been built and successfully operational at KEK. Furthermore, the budget for the
construction of a 200 MeV machine has already been authorized and the construction will be
completed within 2 years. The construction costs for those FFAG synchrotrons were
unbelievably cheap. Mori is convinced that a 10 MW FFAG synchrotron aiming at the
application for ADS (Accelerator Driven nuclear energy System) will be feasible in near
future. For this application a CW or quasi-CW beam is more important than a pulsed one. The
repetition rate of the proposed FFAG for this purpose is 700-1000 Hz. Such a high repetition
rate is essential for this accelerator to realize a higher beam power and not to give thermal
shocks to ADS. We discussed about the possibility for applying a new FFAG synchrotron to
an accelerator system for a future intense pulsed spallation source. If there exists a useful way
to reduce the repetition rate keeping the time-average proton-beam-power, an FFAG
synchrotron could be the best candidate. We found a very positive answer to this question. A
bunched beam accelerated up to the final energy circulates the outer orbit (accumulating orbit).
By stacking succeeding bunches on the circulating one in the accumulating orbit, a lower
repetition rate as 10-20 Hz would become feasible. Of course, various R&D would be
necessary for this purpose. The minimum repetition rate in a high-power FFAG will be
determined by a space charge limit in the accumulating orbit. This limit is much higher than
in a conventional synchrotron, since the final energy in FFAG is much higher than the
injection energy in the latter. Even compared to a compressor ring it will be higher due to a
longer bunch length in FFAG. With an orthodox accelerator system a lower repetition rate is
only possible under the condition that the beam power per pulse is constant, while with an
FFAG it would be possible to realize a lower repetition rate keeping the time-average power.

For an FFAG synchrotron the choice of the final proton energy is quite flexible: Of course,
1-1.5 GeV, where the energy cost for the neutron production exhibits the minimum, is
feasible, but a higher energy, say about 3 GeV, is more feasible from the accelerator technical
point of view. We studied the proton energy dependence of slow neutron intensities from
various moderators designed for JSNS [2]. The result is shown in Fig. 2. It is found that up to
about 3 GeV the penalty in the slow neutron intensities is acceptable, i.e., slow neutron
intensities are almost unchanged up to about this energy. Thus, 3 GeV is quite acceptable also
from the neutronic point of view.

What pulse repetition rate, f, is more useful? Of course, it depends on the experiments. It is
believed that a lower f as 10 Hz is much useful than a higher f as 50 Hz in most cold neutron
experiments and high-resolution powder diffraction experiments. This is due to the reason
that the useful band-width of incoming neutrons is proportional to l/(L]f), where Lj is the
incident flight path length, which is usually large for high-resolution experiments. Here, one
question arises: Are the neutrons far from the peak value in the phase space density (at much
longer wavelengths than the peak) equally useful as those in peak region? In powder
diffraction experiments, those neutrons are equally useful, since the diffraction intensity is
proportional not to incident neutron spectrum l(k) but to 1(X) X . How are for other
experiments? Generally, in a scattering experiment the data rate for a given resolution is
proportional to the phase space density. If we choose the best k-range such that the integration
of the phase space density over the k-range gives the maximum value, we have a result as
shown in Fig. 4. The k-range for this integration can be determined from the useful band-
width. In case of a longer L, (say, 100 m), a higher f than about 10 Hz does not give any merit,
but for a shorter L[ (say, 20 m) a higher f is still useful. If a relatively small q-co space is more
important, a higher f is useful even in case of a longer Lj, including powder diffraction
experiments. This means that even for cold neutron experiments a lower repetition rate as 10
Hz is not always better than the higher rate. High-resolution powder diffraction is only one
exception being able to take full advantage of a lower repetition rate. Taking into account the
above discussions, we think that the optimal repetition rate would be in a range of 15-25 Hz
when a dedicated FFAG synchrotron is allocated for these experiments.

The size of an FFAG synchrotron is fairly small compared with a conventional
synchrotron or a compressor ring of the same energy and the same power. A typical size of a
10 MW FFAG synchrotron proposed for ADS is about 70 m in diameter, which could be
reduced to about 25 m by adopting superconducting magnet [1]. It could be possible to install
an FFAG at the same building with a target station and an experimental hall. In the
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experimental hall for JSNS illustrated in Fig. 4 we tried to insert the simple drawing of 10
MW FFAD synchrotron mention above, just to show the approximate size of this accelerator..

Important advantages of FFAG are as followings;
(1) No proton (H ) linac is necessary with its building, resulting in a large cost saving;
(2) A dedicated FFAG synchrotron for each target station could be considered as shown in
Fig. 2, provided that the accelerator is much less expensive.
(3) Thus, expensive proton-beam-transport-line with associated tunnel becomes no longer
necessary, resulting in another cost saving;
(4) The electric power required for accelerator operation would be much lower than for the
conventional accelerator system due to a higher RF to beam-power conversion-efficiency in
FFAG synchrotron, resulting in a lower operation cost;
(5) The structure of an FFAG synchrotron is simple, resulting in a higher reliability;
(6) A full remote handling in accelerator maintenance might become possible due to a very
compact accelerator size.

Thus, a dream towards a neutron network depicted in Fig. 1 would become more realistic.
We would propose a strategy for constructing a neutron network starting from small/medium
power neutron sources based on FFAG synchrotrons, of course, considering a future
possibility for super high-power sources.

3. Target issues

If we assume the maximum beam power in a range of 5-10 MW for future sources, the
most important issue for the target engineering would be the pressure wave effect on a target
container, especially on an incident beam window. Intensive R&D efforts for finding useful
methods to mitigate the pressure wave are most important. In addition to such efforts a
combination of following approach would also, more or less, be useful.
(1) A longer proton-pulse-duration for a low-repetition target-station dedicated for cold
neutron experiments;
(2) A higher repetition rate for a high-repetition target station dedicated for epithermal
neutron experiments;
1. A larger beam footprint to reduce the beam-current-density; if the penalty in the
slow-neutron intensities is acceptable.

Firstly, let's consider the approach (1). We studied the stress level on a Hg target
container as a function of proton-pulse duration assuming a beam power of 100 kJ per pulse,
which corresponds to 5 MW at 50Hz. The calculated result is shown in Fig. 5 with a target
model used for this calculation [3]. The maximum peak to peak stress appears at the inner
surface of the beam window center. With increasing pulse duration the maximum stress level
decreases slowly. If we assume a proton-pulse duration equal to the cold neutron pulse width
(about 230 (as for a coupled hydrogen moderator with optimized premoderator) is acceptable,
the maximum stress level can be reduced by a factor of about 2.5, although it is not so drastic.

Let's consider the approach (2). For most epithermal neutron experiments, a higher
repetition rate as 200 Hz could be acceptable, if a dedicated target station for such
experiments can be considered, provided that the accelerator is much less expensive. Thus, we
can expect a lower stress level by a factor 4 due to a lower energy deposition per pulse
compared to the 50 Hz case.

Let's consider the approach (3). The issue is whether the increase in the beam footprint,
accordingly the reduction in the maximum beam-current-density could mitigate the stress
level to some extents. This issue is still not clear and we have to continue the measurements
using AGS accelerator in BNL under the international collaboration ASTE. Prior to having an
answer to this question we studied the effect of proton beam size on slow neutron intensities.
The calculated result tells us that the penalty in the intensity with increasing beam size is
rather modest as shown in Fig. 6 [4], suggesting the increase of the beam size to some extent
might be acceptable from the neutronic point of view. Therefore, If we have a positive answer
from the pressure wave experiment, this approach would also be useful..

4. Moderator issues

Figure 7 shows spectral intensities from five different moderators listed in Table 1. The
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moderator layout assumed is the same as for JSNS, where one coupled H2 moderator with two
viewed surfaces is located above the target and two decoupled moderators of any kinds, each
has two viewed surfaces, below the target.
The coupled one, (A), gives the highest time-integrated intensities, I int, in the entire energy
range shown in the figure; in cold and sub-thermal energy region, approximately 20 and 100
times higher intensities compared with the decoupled poisoned H2 moderators, (C) and (D),
respectively. The result suggests that if one could take full advantage of higher I int, and peak
intensities, I peak, from the moderator (A), a large breakthrough might be expected for certain
class of experiments.

Pulse shapes from those moderators are compared in Fig. 8 at three different energies, 2,
50 and 100 meV. Pulse widths and I peak are also plotted in Fig. 7 as a function of neutron
energy. Figure 9 shows I int, I peak and pulse widths in full width at half maximum (FWHM)
at 2 meV from a decoupled moderator as a function of a Gd poison position (distance from
the viewed surface). The poison position of 5 cm means a simple decoupled H2 moderator
without poison. Some years ago we (Kiyanagi and Watanabe) studied various H2 moderators
experimentally and found that a wide variety of pulse widths could be obtained by adjusting
the premoderator thickness, adopting decouplied premoderator (decoupler outside the
premoderator) and poisoning premoderator, as reproduced in Fig. 10 [5]. The results in Fig's
9 and 10 tell us that the pulse width of cold neutrons could be controlled over a wide range of
pulse widths, by trading off, more or less, I int and. I p e^. Thus, the most important issue
becomes the choice of the moderators to be installed within the maximum acceptable number
of moderators. This will be the user-oriented task. For user's reference with respect to the
Japanese project, we arranged Fig.l 1, where the cold neutron pulses at 2 meV from various
H2 moderators listed in Table 1 are compared in linear and semi-logarithmic scales as a
function of reduced emission time t*. Here, t* is defined as,

t* = tL 1 0 /L, ,
where t is the real emission time from a given moderator, L ] is the required path length which
satisfies a required incident-neutron time-resolution with this moderator and L10 is that with a
reference moderator. Here, we assumed a decoupled H2 moderator poisoned at the center,
moderator (C), as a reference moderator and a required time-resolution of 0.1%. The values of
Lj required for respective moderators are listed in Fig. 11. It will be interesting to see that all
pulses from a wide variety of moderators (from the coupled H2 to the decoupled and heavily
poisoned one) exhibit similar shapes in the t* space. The pulse widths in FWHM are the same
due to the definition of t*, but the decay characteristics are also very similar. This means that
the decay time is almost proportional to the pulse width in spite of the large difference in the
moderator type.

Generally, the data rate is proportional to I eak in direct-geometry instruments as a
chopper spectrometer. While it is proportional to I int in inverted-geometry instruments,
utilizing the pulse width as a resolution element, as a crystal-analyzer-type spectrometer,
although the useful band width is inversely proportional to the required path length satisfying
the required resolution. Therefore, in case that a wider band-width is not so important, the use
of the type (A) moderator gives a great advantage for the high data rate capability, as if the
pulse shapes and peak intensities are the same as shown in Fig. 11. If a wider band-width is
more important than the data rate, the use of another moderator of an appropriate pulse width
becomes important. For those instruments not using the time structure as a resolution element
directly as spin echo machine, MUSICAL type, etc., the use of the type (A) is essential. Also
for those instruments not requiring a higher time (wave-length) resolution as SANS
instruments, reflectometers, single crystal diffractometers for protein structure analyses, etc.,
the type (A) moderator is the best.

For JSNS we designed a target-moderator-reflector system, assuming that the number of
neutron beams which view the moderators of types (A), (B) or (C)/(D) (originally the third
one was a 3 cm thick decoupled H2O moderator) were even. In other ward, the beam
extraction angles allocated for each moderator were even. At the user's meeting recently held
at JAERI to discuss instrument suite for JSNS, the moderators required for those instruments
were intensively discussed. The selected moderators are summarized in Table 2. It was quite
surprising that among 38 proposed instruments in class A (the highest priority), about 58%
(22 instruments) selected the moderator (A).

The present result is quite different from those at other projects. We think that careful
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comparisons on the instrumental performances between similar instruments but with different
moderators selected at the other projects are indispensable. Such efforts with extensive
computer simulations are under progress..

Pulse widths of cold and thermal neutrons from a decoupled moderator are controllable by
moderator poisoning at a penalty in Iinl and Ipeak, but at higher energies approaching the cut-
off energy, the effect of poisoning is gradually diminishing. On the other hand, the decay
characteristics of long-time pulse tails can be controlled by the choice of the reflector material
and the decupling energy. In MW-class spallation sources one important technical issue is that
the use of a B4C decpupler becomes difficult due to the serious radiation damage. If cadmium
(Gd) is only one material for a decoupler at intense spallation sources, the pulse
characteristics at higher energies are not adequate. In order to solve this problem we are
considering a composite material. The use of a mercury reflector is another solution [6].

5. Toward efficient neutron use

As already mentioned in the previous section, if one could take full advantage of the
moderator (A), the highest Iint and Ipeak, will bring about a breakthrough for "more efficient use
of neutrons ". Some instruments on this end have been discussed in the previous section but
no useful approach for white neutron uses. A poisoned moderator can satisfy a required time-
resolution but at a large penalty in intensities, especially in Iint. On the other hand the use of
the moderator (A) with a pulse-shaping chopper can provide a much narrower pulse,
especially at a longer wavelength region, but the useful band width becomes much narrower
due to a finite pulse width from the moderator. In order to solve this problem we propose to
use a special disc chopper having mulch slots. With two discs rotating to the counter
directions each other at a peripheral speed of about 400 m/s, a chopper burst width of about
20 u.s in FWHM could be obtained with a slot aperture of about 1.6 cm and more ambitiously
about 10 u,s with 0.8 cm. The slot spacing on the first disc is approximately same as the
moderator pulse width at corresponding energies. The idea is illustrated in Fig's 12 and 13.
The first multi-slot disc-chopper (pulse shaping chopper) is installed at a distance of about 7
m from the source and another disc chopper, which rotate phased to the first one, is located in
front of sample to define the band width of each chopped beam. At the sample position a train
of beam-on and beam-off can be obtained as shown in a time-space diagram shown in Fig. 13.
To cover a complete band-width a separate run with a different phasing, just to fill up the
beam-off portions, becomes necessary. The lengths of the beam-on time are to be adjusted to
have an appropriate overlap with adjacent beam-on times of the separate run. The pulse
widths from various moderators listed in Table 1 are shown in Fig. 14 as a function of neutron
energy by smooth curves. The pulse widths from the moderator (A) could be shortened as
(A') (for the case of the chopper burst width of 10 pis) with this technique. At higher energies
where natural pulse widths from the moderator are shorter than the copper burst width, the
disc has a longer aperture so that the neutron beam can pass through the chopper. The
effective values of Ipealf, which are obtained by multiplying Ipeak labeled (A) by a factor of 1/2,
is shown in the lower figure compared with other moderators. The factor of 1/2 comes from
the fact that two independent runs are indispensable to cover an entire band-width, assuming
that there is no intensity loss in the conversing and diverging beam transmission across the
choppers by super mirror guides. This technique is under development at JAERI. If the
technique for a low loss beam transmission through the chopper is established, it becomes
possible to obtain narrower pules than a poisoned moderator but with a higher Ipeak at lower
energies. We named this technique "mechanical poisoning"

This technique will especially be useful for low energy instruments utilizing
polychromatic beam and pulse width as a resolution element, such as a back scattering
spectrometer. Even for high-resolution powder diffraction in some applications, in which data
at very small d-range are not so important as residual strain analyses, the mechanical
poisoning method will provide a large advantage.

6. Neutron beam extraction

Neutron beams are very valuable but very expensive. In most neutron facilities
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all neutron-beams have eventually been filled up by instruments. In order to install as many
instruments as possible various efforts have so far been devoted. The best example can be
seen at the high-flux reactor in ILL, Grenoble, where about 60 instruments are installed,
mostly on the cold neutron guides. At JRR-3M in JAERI the situation is similar, although the
total number of instruments is not as many as at ILL. The number of instruments at any
pulsed-spallation-neutron facility is much smaller than at a reactor, suggesting that there still
exists a large room for the former to improve the situation. After ILL it has traditionally been
adopted to share the same beam from one guide by several instruments. Here, one question
arises, how is the beam intensity at each instrument compared to the case of only one
instrument.

In order to answer this question we obtained interesting data on the real situation at JRR-
3M guide hall as shown in Fig. 15 [7]. The neutron beam intensity at the instrument Tl-4
decreased as listed in the attached table with the installation of other instruments at the
upstream. The result is very shocking: The intensity losses are significant. The reasons are
due to the scattering and absorption of neutrons by inserted monochromators , super mirror
guides with a relatively high bending angle for beam splitting for other instrument, etc.
Generally, in time-of-flight experiments using a pules source, most instruments need white
(polychromatic) beams rather than monochromatic ones, making such beam line multiplxing
as adopted at reactors more difficult. An effective approach to solve this problem is strongly
desired.

We are considering a following approach for JSN, although it may be too much
straightforward. The point is to install as many neutron guides as possible at the source. For
example, if a beam extraction angle of 1 radian is available, at least, 10 (hopefully more)
guides could be installed to view one emission surface of a moderator, corresponding to an
average angular separation of 0.1 radian between adjacent instruments. Figure 16 shows an
example of such a guide layout. The angular separation shown in the present example may be
acceptable for those instruments having relatively long incident flight-path-lengths, especially
viewing the moderator (A): The separation between adjacent guides is about 3 m at 30 m
position from the source. Beam shutters couldn't be installed inside the bulk shield, but could
be located in the bank for guide shield outside the bulk shield, if necessary with To choppers.

7. Discussions and conclusions

For the future world neutron community, a neutron network consisting of small to super
intense sources is essentially important. The neutron network discussed here could provide
much more opportunities to a wide range neutron users and make the neutron scattering
technique more useful in various fields of research from basic sciences to industrial
technologies, eventually contributing to the welfare of the mankind. A realistic path to this
goal is "innovative approach". In order to realize such an innovation, neutrons must be much
less expensive. A new FFAG synchrotron is considered to be the most promising candidate
for this end. If accelerators become very cheep in future, the concept of accelerator-target
station may drastically change; one dedicated accelerator for one target station. Since the
repetition rate and pulse width become more flexible, the optimal parameters should be
reconsidered only from the neutron point of view, being free from accelerator technical
constraints. More efficient use of neutrons is also very important. Some ideas are presented
here for this end. Finally, we would stress that there still exists a large room to improve the
present situation of the world neutron community toward much better, or hopefully
"innovative" opportunities.
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Table 1 Moderator description used for calculation

Moderator type main moderator size premoderator Interleave poison (position

from viewed surface)

(A) Coupled H2

(B) Decoupled H2

(C) Decoupled H2

(D) Decoupled H2

12 x 12x5 cm

12 x 12 x 5 cm

12 x 12 x 5 cm

12 x 12 x 5 cm

(E) Decoupled H2O 1 0 x 1 0 x 3 cm

Optimized* H2O
 N o n e

Optimized* D2O
 N o n e

Optimized* D2O Gd (2.5 cm)

Optimized* D2O Gd(lcm)

None None

*Optimized" means of optimal thickness and optimally extended for respective moderators.

Table 2. List of moderators selected for instruments for JSNS

Type of instrument Selected moderator type Number of Instrument

Powder diffractometer
Single crystal diffractometer

Total scattering

SANS

Biology

Reflectometer

Copper spectrometer

Non-chopper spectrometer

Spin echo

Radiography

Prompt gamma

(C)or(D)
(A)

(B)
(A)

(A)

(A)

(A)

(B)
(A)

(B)

(A)

(A)

(A)

5

1

3

5

2

4

1

2

4

4

3

1

1

Total (A)

(B)

(C)or(D)

22

11

5
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Neutron World (Nework or High way)

World centers
(5-10 MW)

(< 1 kW)
Movable sources
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National centers
(~1 MW)

Regional centers
(100-200 kW)

Univ's, Lab's, Industries
(1-10 kW)

Fig. 1 A future neutron network worldwide mainly consisting of FFAG synchrotron based

neutron sources of various beam powers (the author's dream).
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5m

Fig. 4 Illustration of a 10 MW FFAG installed at a neutron experimental hall, just for giving

an image of a dedicated accelerator for one target station.
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Fig. 7 Spectral intensities, pulse widths in FWHM and Ipeak from five different moderators
listed in Table 1.
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Fig. 8 Pulse shapes from various moderators at 2, 50 and 100 meV.

- 5 5 -



JAERI-Conf 2001-002

peak
x5

200

o

1
I

SNS case
(FWHM=45 iisec)

lpeak/3

0

0 1 2 3 4 5 6

Possion distance from veiwed surface (cm)
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Fig. 10 Pulse shapes of cold neutrons from various H2 moderators with decoupled
premoderator, poisoned premoderator, etc. (reproduced from ref.[5]).
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Fig. 16 One example to increase the number of guides (a straight forward method).
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Abstract

Many of the neutron scattering instruments being designed or built now are the first
generation of pulsed source instruments to provide nearly optimal scattering angle coverage
with good spatial resolution in a single setting of the instrument while making full use of
modern optics to maximize the useful flux on the sample. Spectacular gains have resulted
from such optimization, but in most of these cases there is little room for further large
improvements. However, other types of pulsed source instruments are currently less well
optimized, and there is room for significant improvements in these types of pulsed source
instruments. Several examples will illustrate these points.

In the longer term, we can expect source strengths to continue to increase, but only
slowly. However, we can expect new science and new ways of doing experiments to emerge.
Many of these changes will be driven by enhancements in sample environment capabilities
leading to more innovative sample conditions and to efficient parametric studies. Kinetic
studies and parametric studies will take on much greater roles with the high data rates now
available. Implications of these trends will be discussed.

1. Overview

It is useful to explore where we are and how we got here before trying to assess where the
community may be headed in the future. Therefore, I will spend a little time in providing the
historical perspective on development of neutron scattering instrumentation for pulsed
spallation neutron sources. I will then attempt to assess the current state of instrument
development, and from this to discuss some near-term trends. Finally, I will attempt to
discuss what the situation is likely to be in the more distant future. Any attempt to predict the
future is necessarily subjective, and all predictions made here are strictly my own.

I have limited the discussion here to instrumentation for accelerator-driven short-pulse
sources, since instrumentation for pulsed reactors and steady-state sources is rather different
and may be following different trends. Also, most of the discussions here refer to
performance of instruments alone, independent of source performance.
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2. Historical Perspective

1970s

There were several pulsed neutron sources based on electron linacs operating in the
1970s, and the 1970s saw the development of the first prototype pulsed spallation neutron
sources. Both types of sources served as test beds for development of neutron scattering
instrumentation. Among the facilities developing neutron scattering instrumentation were the
Tohoku linac (Tohoku Univ., Japan), the Harwell linac (Harwell, UK), the Hokaido linac
(Hokaido Univ., Japan), ZING (ANL, USA), and WNR (LANL, USA). The work at these
facilities led to working, if somewhat rudimentary, instrumentation for neutron powder
diffraction, crystal analyzer spectroscopy, liquids and glasses diffraction, chopper
spectroscopy, and single crystal diffraction, and a start was also made on developing
instrumentation for small angle neutron scattering (SANS).

The technology used in developing these basic instrument concepts was relatively simple.
Virtually all instruments relied on ' He detectors, frequently hard-wired in parallel to provide
an extended detector bank. The bank of detectors was often placed on a particular locus
designed to provide geometrical time-focusing to meet the specific instrument requirements.
None of these instruments provided very extensive solid angle coverage with their detector
arrays.

1980s

The 1980s saw the advent of neutron scattering facilities dedicated for user science. These
included KENS (KEK, Japan, 1980), IPNS (ANL, USA, 1981), ISIS (RAL, UK, 1985), and
the Lujan Center (LANL, USA, 1988). These facilities were not heavily instrumented at the
start, but they began a period of rapid development of neutron scattering instrumentation that
continues today.

Many of the techniques in current use were introduced into pulsed source instrumentation
in the 1980s. These include software control of the grouping of detector pixels, software
control of time-focusing, use of scintillation detectors, and use of neutron guides.

Neutron reflectometers were also developed in the 1980s, and there was an extensive
effort to produce instrumentation for the efficient study of excitations in single crystals. This
led to MAX (KENS), PRISMA and ROTAX (ISIS), and Constant-Q (Lujan Center). For
various reasons, none of these has been entirely successful, and this remains an area needing
instrumentation development.

Above all, the 1980s saw the pulsed spallation neutron sources come into their own as
important tools for carrying out real science!

1990s

By the 1990s, the various facilities were already developing the second or third
generation versions of many of the instrument types. Such second or third generation
instruments included MAPS, GEM, and OSIRIS (ISIS); SIRIUS and SWAN (KENS); SAND
(IPNS); and SMARTS and HIPPO (Lujan Center).

The 1990s also saw significant advances in sample environment equipment. Reliable
high-temperature furnaces became the norm. A wide variety of high pressure cells with
different pressure media, different pressure ranges, and different geometries were developed
and routinely used. Initial experiments were carried out using levitation for containerless
study of difficult samples.
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The 1990s were also the decade in which the power of the pulsed spallation neutron
sources for cold neutron studies became evident. The development of cold neutron
instrumentation made possible much more extensive research in soft-matter science at the
pulsed sources. By the end of the 1990s it was universally (almost) recognized that cold
neutron scattering studies were no longer the exclusive domain of the steady-state sources.

3. Current Status

Because of all the development outlined above, many types of instruments now being
proposed or constructed have reached a state of nearly full optimization, based on the
component technologies now available. This optimization includes coverage of most of the
useful scattering solid angle range with detectors and the use of advanced neutron optics to
maximize the useful flux on the sample. Such optimization has led to predicted gains that
represent spectacular improvements over previous instruments.

An example of detector coverage optimization is the GEM diffractometer at ISIS, shown
in Fig. 1. The GEM diffractometer has medium resolution (0.2% in backscattering) and
collects data much faster than any other ISIS diffractometers (useful data in 1-10 sec). GEM
also provides a much greater coverage of Q-space as well.

An example of neutron optics optimization is the liquids reflectometer shown in Fig. 2,
which is planned for construction at SNS. The estimated data collection time for this
instrument is a factor of 6 shorter than for collection of comparable data at the best current
reactor reflectometer, and a factor of -200 shorter than the current best pulsed source
instrument. This reflectometer will also enable data collection down to lower reflectivities
than can currently be accessed.

In cases where the current generation of instrumentation has already reached such a state
of optimization, further spectacular gains from instrument improvement are unlikely without
technological breakthroughs. Instead, any further gains from instrumentation improvement
are likely to be only incremental. An example is the case of the MAPS spectrometer at ISIS.
This instrument already has detectors covering the most important range of solid angle. Thus
the design of a similar chopper spectrometer at SNS can show only small gains over MAPS
(disregarding the differences in source strength). This is indicated in Table 1.

Table 1. Comparison of MAPS and the SNS Chopper Spectrometer

Moderator
Moderator-sample distance
Sample-detector distance
Angular coverage

Intensity at sample
AE/Ej = 2%
AE/E; = 5%

MAPS
water (poisoned)
12 m
6 m
±20° horizontal
±20° vertical
1 bank to +60°

5xl03 n/cm2/s
2xlO4 n/cm2/s

SNS Chopper Spectrometer
water (poisoned)
17.5 m
6 m
±30° horizontal
±30° vertical
1 bank to +60°

6xlO4 n/cm2/s
4xlO5 n/cm2/s
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Figure 1. The GEM instrument at ISIS, showing the banks of detectors surrounding the
sample position. Moderator-sample distance is 17 m and detector coverage is 3.5 ster (5° -

170°). Drawing and parameters courtesy of the ISIS web site www.isis.rl.ac.uk.
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Figure 2. The proposed SNS Liquids Reflectometer, illustrating the use of advanced optics.
The inset shows the full optics schematically. The beam bender eliminates line-of-sight

between the moderator and the sample and detector, providing better background conditions
for such a short instrument (moderator-sample distance 13 m). The tapered guide provides a

broad angular divergence to permit the use of different incident angles on the horizontal
liquid surface. Bandwidth choppers permit operation in different wavelength frames with no

frame overlap.
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4. Areas for Improvement

In some areas the current pulsed source instrumentation is still not very mature. Large
gains may still be possible from appropriate optimizations of some 'traditional" instrument
types:

• SANS

• Instrumentation for excitations in single crystals

• Spin-dependent techniques

• polarization handling and polarization analysis on broadband instruments
• spin-echo
• other spin-manipulation techniques

Improved technology may also produce some significant gains in the performance of
"traditional" instruments.

• Neutron detectors (better resolution, better efficiency, higher speed)

• Neutron optics (better reflectivity, better designs)

• Polarization handling (high angular divergence, shorter wavelengths)

In many cases more innovative instrumentation ideas will be required to produce further large
performance gains.

5. Current Trends

Hybrid instruments combining traditional pulsed-source and steady-state techniques are
starting to appear and will become more common. An example is the SNS liquids
reflectometer (Fig. 2). This instrument requires many more angular settings than does a
"traditional" broad band pulsed source reflectometer, but the number of discrete incident
angles used is still far fewer than at a typical steady-state instrument. The SNS reflectometer
is able to use fewer angles because it still utilizes a relatively wide bandwidth instead of a
monochromatic beam as on a steady-state reflectometer. The operation and performance of
this reflectometer is shown in Fig. 3.

Such hybrid instrument ideas make optimal use of higher source repetition rates. Use of a
series of automatically phased bandwidth-limiting choppers leads to an easily-adjustable,
cleanly-defined incident wavelength band for such instruments. In order to make such
choppers work well in the spallation source environment, appropriate neutron optics must be
used to allow at least some of these choppers to be placed beyond the direct line-of-sight to
the source. Otherwise, the fast neutrons transmitted through such choppers would lead to
unacceptable backgrounds at the detectors.
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Figure 3. Simulated data from 10-A SiO2 layer atop Si. The SNS liquids reflectometer utilizes
12 incident angles &, to measure out to <2max > 0.9 A"1 in Zr < 5 hours (18,000 s). Values for It

required to measure over smaller Q ranges are also indicated.

Yet another trend is the progression to even more sophisticated sample environment
equipment. An example of this is the ultra high vacuum sample handling system for in situ
preparation of thin film samples. Such a system, as proposed for the SNS magnetism
reflectometer, is shown in Fig. 4.

Transfer Rod

Main
Chamber

Sputter
Chamber

Sample

Figure 4. The ultra-high-vacuum sample environment proposed for in situ preparation of thin
film samples for the SNS Polarized Beam Reflectometer.

One unfortunate consequence of the trends outlined above, including the trend to fully
optimized instrumentation, is the trend to higher costs for pulsed source neutron scattering
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instruments. This has led in many cases to the search for alternative methods for funding such
instruments. One approach is to include instruments within the source construction project,
on the theory that the instrument costs represent a relatively small increment to the total
project costs. Another approach is to strive for multi-laboratory or multi-agency funding, so
that the costs can be shared among several groups. An extension of this approach is to
provide international funding, with researchers from several countries participating in the
utilization of the resulting instrument.

The high costs of instruments and neutron sources have another consequence. Very high
performance must be achieved from the instrumentation in order to justify the costs. This
high performance can take the form of "important" new science (i.e., just doing new science
is not enough - this new science must also be perceived to be "important"). The high
performance can also take the less glamorous form of high throughput so that the cost per
unit of science (experiment, publication, etc.) is still relatively low.

6. More Distant Future

What does the future hold for neutron scattering science and instrumentation? At this
point the crystal ball is rather cloudy, but I will venture a few predictions. One prediction is
that the move into areas other than the traditional physics base of neutron scattering will
continue and accelerate. One such area in which neutron scattering will continue to assume
greater importance is the study of soft matter (biological systems and chemical systems such
as micelles, surfactants, etc.). Another area of science in which neutron scattering will play a
much greater role is complex systems. This includes structure and dynamics of large
molecules, artificial structures, molecules in "natural" environments, and complex dynamics
(non-linear behavior, or at least the approaches to such behavior). A third area that will be
enabled by the more powerful sources and better instrumentation is the extensive use of
parametric studies involving physical parameters such as temperature and pressure, or even
involving time (e.g., kinetics of reactions, phase changes, etc.).

These moves into different types of science will require different instrumentation. This
may come in a variety of forms, ranging from addition of new capabilities to existing
instrumentation to the development of innovative completely new instrumentation to meet
specific scientific needs. In some cases, it may be as simple as developing new ways of
looking at the data from existing instruments. If the above predictions are correct, a premium
will be placed on providing some of these capabilities:

• Structures and dynamics over larger length scales

• Difference measurements with very high precision

• Sophisticated data handling and data analysis, including "data mining" for previously
ignored information content

• Better theoretical interpretations to allow extraction of more subtle information from the
data. This may in turn lead to different instrumentation designs to match the data to these
theories.

• Totally new types of instrumentation.

One question that will continue to be pervasive is "Why neutrons?" Why do we need
neutron scattering to get the answers? To date the answer to these questions has been that
neutrons provide unique capabilities that cannot be duplicated or replaced with other
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techniques. However, the capabilities of other techniques are rapidly advancing - just look at
what has happened to synchrotron x-ray capabilities in recent years. Continuing advancement
of neutron scattering science and instrumentation will depend on whether the community can
continue to successfully answer the question "Why neutrons?" each time it is posed. This is a
challenge that will have to be met time and again by the neutron scattering scientists, the
instrument developers, and the source builders of the future.

In continuing to respond to this question, we need to bear in mind that the real strength of
neutrons as a probe is in extracting those subtleties in structure or dynamics responsible for
the functional properties of materials systems (crystalline, amorphous, chemical, or
biological). The places where neutrons have made a real impact are mostly of this nature
(e.g., soft mode mechanisms for phase transitions, site occupation fractions in high-Tc

superconductors, etc.). We should continue to keep this unique role of neutrons in mind as we
look forward to the design and construction of new pulsed sources and associated neutrons
scattering instrumentation in the coming decades.
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Abstract

The neutron complex of INR RAS consists of two sources of neutrons, beam stop, lead
slowing down spectrometer and solid state spectrometers. The description of objects and their
condition, the program of planned researches, co-operation with other institutes of the
Moscow Region, progress reached for last two years are introduced in the article.

1. Introduction

The Moscow Meson Factory (MMF) of the Institute for Nuclear Researches of the Russian
Academy of Sciences (INR RAS) provides experimental studies in many directions of modern
physics and applications.
The basic objects of the MMF are:
• Linac of protons and FF.
• Complex for production of medical isotopes at a mark 160 MeV.
• Experimental complex of MMF, including:

• a building and facilities,
• a storage ring,
• a system of distributing of a beam,
• power sources,
• a radioactivity protection,
• a cooling system, water treating and special ventilations.

• Multi-purpose neutron target complexes of MMF including.
• the trap of a beam of protons,
• a spectrometer on time of slowing-down in lead,
• an Intensive pulse neutron-source,
• multi-purpose target complex in the second cell of a neutron source,

• Equipment of neutron channels and spectrometers for researches in the field of physics of
a condensed state and nuclear physics:
• a universal multifunction spectrometer of INR-Physical Institute RAS,
• a spectrometer of RSC 'Kurchatov's Institute",
• a spectrometer of Institute of a Crystallography of RAS,
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• other spectrometers and proposals on the equipment of neutron channels,
• TOF spectrometers for researches in nuclear physics.

• Meson target and reference directions of researches.
• Spectrometer for research of exotic nuclei (experiment MAJXMC).
• Complex of proton therapy.
The current situation at these objects is discussed below.

2. High current Linear accelerator of hydrogen ions of MMF.

The Injector Complex consists of two injectors of H+ and H" to energy 750 keV on the base of
accelerator tubes and high-voltage pulse transformers. At the output of accelerator tubes the
pulse current is 100-200 mA (with the project value 100 mA) and frequency of repetition 50
Hz. A system of three rotary magnets provides with coincidence of these beams at one point
of the final part in the injector channel. At this part, in addition to the initial project, a booster
accelerating RFQ section is deposited to accelerate the beams from 400 keV to 750 keV at
frequency 198.2 MHz. The RFQ section [1] gave a possibility to increase reliability of
injectors' work at energy 400 keV up to the maximum repetition frequency of injector beam
pulses 190 us avoiding saturation of iron in the high-voltage pulse transformer. At the output
of the RFQ each micropulse of the beam includes about 3.6xlO4 bunches with a duration of
the order of 0.8 ns. Coordination of 6D phase volume of the beam with the acceptance of the
Linac is done by a system of four quadruple lenses and a storage at frequency 198.2 MHz. To
increase the capture at the input of the RFQ the second storage is installed at the same
frequency.
The coordinated beam is injected into the initial part of the Linac, which consists of five
resonators with drift tubes operating at the frequency 198,2 MHz and accelerating hydrogen
ions till energy 100.1 MeV. At this energy the beam is injected into the main part of the
accelerator, which includes 27 accelerating resonators. These resonators have accelerating
structure with disk and washer and operate at 991 MHz. They are gathered to three sectors of
9 resonators with energies at the output 247.32 MeV, 423.04 MeV and 602.03 MeV. The
high-frequency feeding of resonators at the initial part is given by 6 triode generators, and at
the main part - by 32 booster accelerating RFQ section generators with a pulse power 5 MW
and 4.7 MW.
At energy 160 MeV there is an intermediate injection of a bunch in an accumbent hall with
the trap on 0.1 mA of a mean current. The focusing of an accelerated beam is done by 196
quadrupole lenses in drift tubes and 120 quadrupole doublets between accelerating sections of
a main body of a booster. The mean vacuum in an accelerating channel is 5x10 "8 mm Hg.
Overall length of the Linac is 450 m. The design value of a mean output current of a booster
is 0.5 mA. Maximum rating of space factor of a beam is 1.9 %.
Now adjustment and exploitation of the Linac are conducted with usage of the injector of
protons. The tests of the injector of ions H' with a beam are conducted also.
During instalment adjustment the proton beam is accelerated up to energy 500 MeV. In the
present moment the energy is limited by quantity of available powerful amplifying klystrons
KHY-40 and capabilities of the firm - supplier. The staff of the Linac conducted adjustment in
a nominal mode of the subsequent resonators with usage of a removed klystron.
The automated system for measurement of ions losses is put into action, that has allowed to
lower integral losses to a level 0.1 % and has enabled to increase a mean current of protons up
to 120 uA. The maximum value of an impulse current at energy 500 MeV reaches 20 uA.
The slide control of energy of an accelerated beam is run in at a measurement accuracy of
energy by a time-of-fiight method ±0.2 %. The unique device [2] for measurement of
longitudinal density of fragments in a bunch and absolute value of speed of a beam, being
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know-how of the INR RAS, is successfully used in the Linac of MMF. Such designed by
specialists of our institute devices are built for a number of foreign labs in Germany, USA,
Japan and CERN.
The conditioner of short impulses of the beam with duration from 0,1 mcs up to 1,0 mcs is put
into operation and used in time-of-flight experiments with neutrons on the basis of delay lines
allocated in an injecting channel.
The channel for injection of a beam with energy 160 MeV to the target for isotopes
production [3] is designed and constructed. With the help of two focalising doublets
correcting magnets and matching resonator, which compensate power dispersion of particles,
on the isotope target the beam with dimensions 20 mm in horizontal direction and 17 mm in
vertical direction, keeping 98 % of a mean current 100 uA is formed.
The nuclear physics experiments are carried out in a temporary experimental zone at the end
of the tunnel of the Linac at energies from 160 MeV up to 423 MeV at a mean current of the
beam up to 1 uA and duty factor 1.7 %.
In 1999 and in the first half-year of 2000 the cycle of activity of the Linac consisted of 8 day-
night sessions by duration from 2 up to 6 weeks each. The general burn-time with a beam in
1999 has compounded 2305 hours.

3. The Experimental Complex of the MMF

The Complex includes
• a tunnel, which is connecting Linac with a hall,
• an experimental hall with the sizes 60 x 130 m and two cranes by bearing capacity 32
tons,
• an addition, where physics - experimenters have places with processing instrumentation,
technological staff and technological systems ensuring functionability of the equipment and
trial types in a hall.
The program of researches on the MMF was formulated in activity [4]. The course of its
construction was repeatedly discussed on conferences and seminars.
From a beginning of construction of the Experimental Complex about 20 years had passed.
For this time the program has changed also accents, which are shifted in area of fundamental
and applied researches with neutrons. The channels of a proton beam and installations of a
Neutron Complex are now built - on.
For beam transport to the installations the nonperishable radiation resistant equipment is built
- on.
The first channel of protons on the basis of this equipment was built in 1992 in the beginning
of the tunnel connecting the Linac to the hall. Its successful start has shown functionability of
the made equipment. At the end of a channel the beam with a diameter 3 mm with energy up
to 350 MeV was obtained. On the beam a number of physical installations was located and
the physical outcomes before start of the basic beams in an experimental hall are obtained [5],
Now 253 m of a proton channel for beam transportation to the complex of a pulse neutron
source are built - on and launched.
In a structure of the beam channel the automated management systems of parts of the channel,
measurement of parameters of the beam and losses work. In the channel 24 beam profile
recorders with thirty two channels with a step of 2 mm and 4 mm, 60 ionization chambers for
measurement of beam losses at its transportation and set-up are established.
The first channel of the beam transportation was launched in 1995 on the trap of the complex
of the neutron source. In the channel the place in front of the trap of the beam for realization
of experiment on research of meson~x-ray - spectra in up, TTD and mild mesonic atoms on a
two-crystalline diffraction spectrometer is stipulated. The geometrical parameters of the beam
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in the place of targets for this installation, measured at beam transportation to the trap,
confirm the requirements of experiment.
In 1997 the pulse neutron source was put into operation. The spectra of neutrons are obtained
and the functionability of all system is demonstrated. On the basis of experimental transport
of the beam the optimal mode of operation with a proton beam permitting without input of
padding transformers to convey the beam from the Linac with energy up to 600 MeV to all
installations of the experimental complex is designed.
Preparations for start of a proton channel to a 100-ton spectrometer by time of slowing down
in lead [6] are now almost completed.
The equipment of the storage ring of protons is largely made [7]. The storage ring is intended
for maintenance of a Neutron Complex by qualities indispensable for its successful activity in
XXI century. To the present time all problems, bound with injection of the beam and fast
extraction, are resolved. The electromagnetic equipment is done and ready to mounting, the
vacuum chambers of magnets, kicker-magnet for a fast extraction are made. At maintenance
of sufficient financing there are no insuperable problems in manufacturing of the remaining
equipment.
In the storage ring the capabilities of 100 % stretching of the bunch in time and pulsation with
large frequency are stipulated, which one are difficult for realizing in the nearest future [8].
The channels of beams of secondary particles, pions and muons, are designed and also
indispensable equipment is made. The structure of channels should include: a channel of a
beam of surfaces muons, a channel of muons with the superconducting solenoid, a short
channel of mild pions. The trap of the beam is made. The power supply system, a cooling
system are built - on for channels, all communications are delivered to a place of mounting of
channels.
Input in operation of muonic beams will allow expanding capabilities of researches on solid-
state physics, since a promising capability here will be realized to mate techniques on a
neutron source and a faSR-method.
In the experimental complex the implementation of experiment on [i-e conversion [9] is
stipulated.
In the nearest future a capability of a performance of experiments on research of nucleons -
nuclear reactions on proton and neutron beams in the experimental hall [10] is planned to
consider.

4. Neutron Complex

A complex of experimental installations for neutron researches includes pulsed neutron-
source (PNS), irradiation facility for nuclear materials investigations RADEX (RADiation
Experiment) and super-sensitive neutron spectrometer on slowing-down in lead (LNS).
The basis of neutron sources of this complex is the high-current Linac of protons of the MMF
and solid-state targets from heavy metals (in PNS and RADEX of a tungsten, in LNS ~ lead).
The physical launch of PNS and installation RADEX was made at the end of 1998 at energy
of a proton beam 209 MeV, mean current no more than 0.1 mkA, duration of a proton pulse
60 mcs and frequency 1 Hz. During launch of PNS and RADEX their infrastructure was
tested, a system of transportation of the proton beam from the Linac up to targets, the
measurements of background conditions in an experimental hall were conducted and the time-
of-flight spectra of neutrons are gauged.
Earlier, in 1995 the small (14-ton) prototype of a large (100-ton) neutron spectrometer on
slowing-down in lead was launched.
Pulsed Neutron-Source (PNS)
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Under the project PNS consists of two independent neutron-sources arranged each in the cell
in general biological protection, and capable to work simultaneously. The difference is
determined by pulse duration of protons dropping on the neutron target. In the first cell the
tungsten target with a water moderator is placed, on which one a beam of protons with
parameters controlled by the Linac moves. The foreseen possibility of using of the proton
storage ring, which is ready today on 80-90 %, will allow to generate pulses of neutrons by
duration up to 320 ns with mean intensity in solid angle 4TI ~1016n/s, that will essentially
expand capabilities of the source for realisation of basic researches in the field of condensed
matter physics, nuclear physics, biology, chemistry etc.
This neutron source by a natural mode indemnifies closing of research reactors in Moscow
and is the basis for creation of new experimental base in the nearest part of Moscow Region,
approximately in hour of driving distance from the majority of the interested institutes of the
Russian Academy of Sciences (RAS) and the Ministry of Atomic Energy (MAE). The part of
scientific community of Moscow already now is transferring here the experimental
installations.
The development of the neutron source of the INR RAS with the purpose of increase of a
neutron flux, in respect to one initial proton, guesses creation of the target with the beryllium
reflector and propagating target with restricted multiplying <10, which one under the project
is supposed to be placed in the second cell.
It is necessary to mark, that if the multiplying target is in numerical modelling - designing
stage, the tungsten target with the beryllium reflector is already created for about 50 %. For its
full manufacturing it is necessary about $15 thousand. The introducing in exploitation of this
target will allow increasing of neutron flux twice.
The program of activities on the pulse source can be sectioned into three parts:
(i) the ascent of a pulse source to design parameters;
(ii) maintenance of PNS by the equipment, instrumental park and corresponding

infrastructure, Creation of a Scientific Centre for research of condensed matter;
(iii) work out of the scientific program of researches.
For the purpose of (i) the schedule of current activities is prepared. Most labour-consuming
and expensive on financing (~M$1.5) of this unit is the completion of activities and mounting
of the storage ring together with Research Institute of Electro-Physical Apparatus.
In (ii) for the extraction of neutron beams from a decelerator to experimental devices the
source has seven channels with diameter 204 mm. Thus four channels are directed to the
experimental hall, and three - out of limits of the experimental hall. The small number of
channels superimposes the specific requirements to the installations and conditions of the
ascent of neutrons: multifunctionality of the installations and, whenever possible, dualization
of beams of neutrons for increase of quantity of the used installations.
The maintenance of the source by the equipment and devices is parted into two stages.
The first sequential queue includes mounting in the INR RAS of the installations, designed
and built early in other institutes, together with collectives of these institutes. The installation
DIAS, mating a powder diffractometer, diffractometer of high-resolution of return geometry
with a temporary focusing and spectrometer of inelastic scattering of return geometry, which
is designed and built in RSC "Kurchatov's Institute", is one of them. This installation will
allow to conduct researches both of structure and dynamics of the miscellaneous class of
matters in different aggregate states and under different physical conditions.
Other installation is the powder diffractometer of the Institute for Physical Problems of RAS,
on which one it is possible to conduct researches of structure both at normal conditions, and at
cryogenic temperatures, strong pulse magnetic fields and at high pressures.
Specially for PNS together with Physical Institute of RAS there is a multifunction neutron
spectrometer including four diffractometers, intended for research of members substructures
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of a different level (with the spatial sizes from units up to thousand lobes of angstrom) and
three spectrometers for definition of dynamic parameters in a broad band of transferred
energies, sensitivities. For increase of range of investigated energies of neutrons and reduction
of their losses in air, the mirror neutron guide is built. Now in an experimental hall the part of
a multifunction neutron spectrometer, including a neutron guide, the adjusting desktop for the
installation and diffractometer of high-resolution of return geometry with a temporary
focusing, is installed.
Except for the listed installations, which one are already in stage of mounting, usage of such
installations as DN-500 (Moscow Physical-Engineering Institute, Institute for Crystallography
of RAS) and specialized diffractometer for research of structure of single crystals (Institute
for Crystallography of RAS) is considered also.
For successful first-order implementation of the Scientific Centre for research of condensed
matters, the special attention is required to problems of registration, collecting and analysis of
the information going from the installations, creation of a computer network for
communication with other Centers, data exchange. Together with Neutron Physics Laboratory
of the JNR, a project is drafted on creation of xy position sensitive detectors of the large area.
The second sequential queue of PNS for research of condensed matter guesses realization
together with Peterburg Institute of Nuclear Physics of activities on the equipment of channels
by mirror neutron guides with their dualization for increase of quantity of the installations.
This stage of activities actuates also completion of creation of a multifunction neutron
spectrometer.
The design of the project, on creation of a unique spectrometer of neutrons of a direct
geometry mated with a small-angle diffractometer, finishes. The capability of creation of
other modern effective installations, development of methods of registration, collecting and
analysis of the information is esteemed.
For effective implementation of capabilities of PNS in realization of neutron researches in
concerns of different areas of science and engineering, rather urgent question is engaging
organisations of the RAS, MAE and other centres to creation of the unique installations.
The scientific program of researches look as it follows.
Macroscopic properties of materials determining their operational use, such as the electrical
conductivity, strength, elasticity etc., depend on atomic, supramolecular structure, and also, in
a number of cases, are determined by thermal mobility of nucleus, molecules and their
clusters. The major role thus is played by structural elements with the reference sizes from
lobes of units up to hundreds of nanometers.
The analysis of structure and dynamic features consists in a data analysis of dissipation of
radiations in matter. Capacity of neutrons to penetrate deeply into material allows studying
samples under different conditions: temperatures, pressure etc.
Major property of a neutron is the availability of its magnetic moment, that affords broad
capabilities in research of magnetic phenomena. Last years the neutrons are ever more applied
to analysis of systems with strong magnetic correlations, namely: of low-dimension of
magnetic, superconductors, heavy fermions, etc.
The special attention is given to research of nanocrystals. The realisation of measurements in
real time is of interest that will give the information on such processes as oxidation, different
relaxations, etc.
The disordered materials, including disordered crystals, glasses, liquids, often have best, as
contrasted to crystalline, the mechanical and magnetic characteristics and consequently are of
interest for their analysis with the help of neutrons.
One of the most developing areas of usage of neutrons is the research of high-molecular
systems, the polymers, block copolymers, liquid crystals, micellar solutions, lyotropic
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mesomorphic phases, colloidal suspensions, paps, gels, surface-active agent. The brightest
property of such systems is their broad polymorphism.
Usage of neutrons in structural chemistry will allow to create materials with given properties
(ceramics, magnetic materials etc.), to investigate processes of interactions in a system metal -
hydrogen. The measurements in real time will allow studying a chemical kinetics, solid-state
reactions, phase transitions, relaxational processes.
A biology and biotechnology are the most perspective fields of application of neutrons.
Capacity of neutrons to feel hydrogen, both in statics, and in dynamics, allows successfully to
determine parts structure and operation of biological systems. However for the solution of
these problems the high neutron fluxes are demanded, more long-wave portion of the
spectrum of neutrons (the mirror neutron guides are necessary) and effective detectors of
neutrons are indispensable for this purpose.
In separate area of researches with the help of neutrons the materials technology is excreted,
which one is connected to analysis of properties of matter with the help of change of a
microstructure. The point defects, dislocations, interphase borders, inner joins with
microcracks, etc. concern to such microstructures. Activity on analysis of internal stresses and
texture by a diffraction method of neutrons, and also related with these problems the problems
of a plasticity and fatigue of materials is intensively developing last years. Thus, the neutron
dissipation gives unique capabilities of analysis of an actual industrial component and
elements of designs.
New area is the application of neutrons in sciences about the Earth. The experimental
researches consist in analysis of texture of rocks and minerals, and also influencing of
external pressure on structure is modelling. The structural researches allow receiving the
information on geology of planets, prediction of earthquakes and belching of volcanoes.
Multi-purpose target complex in the second cell of a neutron source
The second cell in the given moment is free. In this cell the creation of the multi-purpose
installation for implementation of following activities is supposed:
- Analysis of different aspects of transmutation, electro-nuclear way of energy production;
- Realization of experimental activities, bound with generating of tritium on the basis of a
high-current proton beam;
- Manifacturing of neutron-exuberant and neutron-deficient isotopes for medicine;
- Development and maintenance of neutron therapy;
- Creation of additional experimental base on external beams for researches in the field of
physics of a condensed state, nuclear physics and biology.
On the basis of the operating in INR high-current Linac of protons and built infrastructure of a
neutron source, it is possible to create an adjustable bench with a mean power up to ~ 6 MW
for realisation by research organisations of the MAE and RAS for a cycle of researches in the
field of an electronuclear way of energy production and transmutation of radioelements. The
purpose of these investigations may be a complex check of the different concepts as well as
running time of technological experience. Such bench built from special plug-in modules,
would have simultaneously features of a Large physical bench and reactor BR-10. The
availability of such demonstration bench in frame of MAE and RAS would allow to
systematise separate scientific researches in this area, to keep scientific staff and to suggest
them a real activity, substantially related to practice and ensuring the fundamentals for one of
probable directions of power engineering of the future. Vertical channels, intended for
irradiation of samples, could be utilised for development of the new "know-how" of tritium
production and manifacturing of isotopes for the medical purposes. The creation of such
bench would stimulate the ascent of parameters of the Linac on design parameters.
Simultaneous usage of this bench as a neutron-source with large pulse duration will allow to
add at least five beams to seven neutron beams of a pulsed neutron-source arranged in the first
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cell. It essentially would expand capabilities of the neutron complex and ensured research
institutes of the Moscow Region with additional neutron beams and experimental base for
researches in the field of physics of condensed matter and nuclear physics.
2. Spectrometer on time of a neutron slowing-down in lead
Created in Troitsk the 100-ton neutron spectrometer on time of slowing down in lead (LSS) is
further development of LSS the PYTHON working in the INR since 1995. These installations
represent LSS of third generation, in which one the neutrons are generated at the expense of
spallation processes generated by an intense proton beam. This LSS can be utilised for
researches in the field of fundamental and applied physics and in radiation medicine.
Besides such leaden cube can serve as the prototype of a nuclear-power plant with a spectrum
of slowing-down (one of the proposals of Rubia for realisation in CERN).
By activity on power - 30 kW, a usage of the liquid-metal leaden-bismuthic target is
supposed. Russia possesses priority and unique experience as in creation of LSS (in the RAS),
and in activities with liquid-metal targets (in organisations of the MAE). The affiliation of
these two capabilities in one installation would allow deducing researches on an in essence
new level.
A low gamma - background and the rather small sizes of the installation allow to organise a
medical channel for neutron therapy.
The most massive LSS of the third generation is the installation TARC (300-ton LSS),
launched in CERN in 1997. LSS of the third generation have the best, among neutron
spectrometers, luminosity with an effective range of energies 1 eV - 30 keV. Notably losing
in resolution to a method on time-of-flight, the LSS gives a scoring in intensity of neutron
flux to 103 - 104 times (at the same power of a neutron source). The program of measurements
on TARC, is practically directed on finding - out of capabilities of a burning out of a
radioactive waste, and the luminosity of this spectrometer is rather insignificant (source of
1010 n/s). At the same time it is necessary to mark, that at the expense of usage of a storage
ring of protons, the installation TARC provides record instantaneous densities of fast (E> 100
keV) neutrons permitting research of R-processes (double neutron capture).
The 100-ton LSS of the INR can appear outside of a competition in researches of cross-
sections of rare reactions and reactions with microsamples (radioactive and rare nuclei),
presenting more broad scientific interest in those experiments, where the power resolution is
not determining. Thus there is a capability to have high flows of fast neutrons (at usage of a
storage ring). Obtaining of neutron-deficient and neutron-exuberant isotopes and the
manufacturing of radioactive targets directly in place will open unique capabilities of activity
with nuclei, which have a half-life about several days.
Directions of researches on LSS of the INR

1. Measurement of cross-sections and also resonance integrals of capture, fission, treble
segmentation, and also emitting of alpha-particles and protons for radioactive nuclei of
interest from the point of view:
- transmutation of a radioactive waste, including far transactinides;
- design of a thorium fuel cycle;
- accumulation in structural and fission materials of gaseous helium and hydrogen
(embrittlement);
- production of specific isotopes for medicine and industry;
- check of the different scripts of nucleosynthesis in the Universe, in particular, S- and R-
processes in stars;
- experimental research of problems of "order" and "chaos" in neutron resonances.
There is a new trend of researches - neutron spectroscopy of nuclei removed from a band of
beta - stability. This will be promoted also by a capability of secure arrangement, during
measurement, of radioactive samples inside the eaden decelerator - protection.
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The power range of LSS successfully overlaps the main power range of Maxwell's spectra in
stars. The data on speeds of capture of neutrons at temperatures kT = 10-12 keV are now
especially relevant for selection of the script of nucleosynthesis in stars (check of a role of
reacting 13C (a, n) during generating neutrons in stars). Research of rare processes with
resonant neutrons.
For the first stage of creation of LSS in INR the following steps are offered.
Simultaneously to construction of LSS on a beam of protons and analysis of its
characteristics, to create detectors of neutrons, of segmentation and radiative capture of
neutrons (not sensitive to the shape of a gamma-spectrum of decay), and also detectors of
alpha-particles and protons. To find out a capability of creation of spectrometers for alpha-
particles and protons working in intensive fields of a gamma-radiation (gamma rays from
capture of neutrons in lead and impurities) and at pulse overloads at the moment of a proton
pulse.
Designing of a fast (not overstrained) electronics for the collecting and analysis of
experimental data (including multidimensional spectra) should be done. It becomes specially
actual, because already in experiments, which one were conducted on LSS the PYTHON, it
was remarked, that the miscalculations in analogue and digital channels of registration of
events result in unpredictable systematic unremovable distortings of spectra of reactings, that
is a common problem of usage of superintensive neutron spectrometers.
System development of computer programs for corrective action on distorting of a neutron
field by a sample, on a resonant self-shielding and neutron capture after resonant dissipation
in samples is necessary. Besides the programs of precise calculation of spacing of a neutron
density in miscellaneous points of LSS in time dependence are indispensable. As against
power area with E < 10 keV, in the field of 10-50 keV speed of neutron moderation and their
spacing in LSS have a composite time and spatial dependence. The availability of such
programs will allow essentially increasing a measurement accuracy of neutron resonances and
measurements of integral cross-sections in the field of stellar temperatures.
Obtaining of ultra-pure samples of fissionable nuclei and of samples for research of neutron
capture would be done. LSS of a third generation can work with samples of weight 1-10 fig. It
is specially important at researches of such processes, as under-barrier fission, where even the
small impurity of an extraneous isotope essentially distorts outcomes of experiment.
Some of techniques for researches in these directions are designed together with LNP of JINR
and with IPPE.
It is necessary to mark, that the first experiments on LSS TARC (leaden cube on a beam of
protons at 2,5 GeV), have shown capabilities of a burning out with usage of a method ARC
(ARC-Adiabatic Resonance Crossing Method in a nomenclature of CERN) plenties of such
segmentations as 99Tc and 129I with speeds superior rates of their generation.
3. Installation for irradiation of structural materials
The installation for irradiation of structural materials RADEX consists mainly of tungsten
water-cooled layers. It has a vertical channel for irradiation of objects with diameter ~ 50 mm
and altitude of 100-150 mm. RADEX is intended for irradiation of samples of structural
materials in mixed proton and neutron fields with their subsequent delivery in hot labs of
IPPE (Obninsk) for post-irradiation researches.
In the modified installation with a special insert usage of liquid-metal cooling (Pb-Bi, Na or
Hg) of standard tubular samples of structural materials is possible. In this case samples will be
simultaneously in constant mechanical stress in medium of metal and in radiation fields. Thus
density of heat release in samples of stainless steels from a narrow beam of protons (~ 1 cm in
diameter) can reach ~ 1-1,5 kW / cm , that practically is impossible to achieve with the help
of nuclear reactors.
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High damaging capacity of protons and high local density of heat release open a capability of
reduction of terms of irradiation of materials up to a given level of displacement per atom and
to elaborate methods of proximate analysis of structural materials in concerns of development
of nuclear power engineering and recent trends in the field of accelerator-controlled systems
and thermonuclear power engineering. Besides on the installation RADEX the operating time
of neutron-deficient isotopes for the medical purposes is probable.

5. Conclusion

The presented above information about the current situation at the Neutron Complex of the
INR RAS clearly demonstrates that there is an obvious progress in developing of the neutron
targets and preparations for researches at secondary beams of spallation neutrons. The
Neutron Complex of the INR RAS is considered as a perspective center for joint activity of a
number of centers of the Academy and the Ministry of Atomic Energy in the Moscow Region.
The progress is ensured by the stable operation of the Linac. The project parameters may be
definitely reached if reasonable financial support would be available. The Complex may
provide possibilities for perspective studies of fundamental and applied problems.
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The Initial part of the Linac of MMF

The Main part of the Linac of MMF
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The Pulsed Neutron Source of the INR RAS

General view to installations of the Neutron Complex in the Experimental Hall of
MMF
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The 100-ton Lead Spectrometer of the Neutron Complex of the INR RAS

The RADEX facility of the Neutron Complex of the INR RAS
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Abstract

IPNS operates its user program 25 weeks/year and has a call for proposals every 6 months for
11 instruments. A significantly upgraded quasielastic neutron spectrometer (QENS) was
commissioned in 2000. An enhancement plan that would approximately double the scientific
throughput of IPNS was recently reviewed and highly recommended to an advisory commit-
tee of the Department of Energy, the funding office for IPNS. IPNS has lead responsibility
for neutron scattering instruments for the Spallation Neutron Source (SNS) being built at Oak
Ridge National Laboratory (ORNL). We also have the lead role in developing a proposal for
a long wavelength target station (LWTS) for the SNS, including instruments, to be submitted
in January 2001 to the National Science Foundation.

1. User Program

There are currently 11 instruments in full user mode and 2 instruments with less user support,
but active scientific programs. IPNS operates 25 weeks with just over 200 users coming to
IPNS for one or more experiments each year. Proposals are solicited every 6 months, with
75% of the beam time for most instruments allocated by a Program Advisory Committee. The
36th round of approved user experiments will begin in Jan. 2001. The over-subscription ratio
remains at more than 2.

IPNS User Statistics

Fiscal year 88 89 90 91 92 93 94 95 96 97 98 99 00

Number of experiments
performed 257 323 330 273 210 248 281 279 320 353 384 328 397

Visitors to IPNS for at least one experiment:
Argonne 57 60 61 60 53 48 49 55 58 60 66 65 68
Other govt. labs 18 16 19 15 14 18 13 16 18 29 33 21 21
Universities 89 94 120 92 62 64 63 83 85 91 97 93 103
Industry 20 24 36 18 20 16 15 12 7 6 6 6 10
Foreign I 2 _ 2 6 _ L 8 ^ 7 _ 1 4 2 5 J 2 - 3 3 3 3 4 2 2 3 . 2 3 2 8

201 220 254 212 163 171 172 199 201 228 225 208 230

The IPNS accelerator system has maintained its excellent (> 95%) reliability, with improved
operation in recent years. Reliability and average current figures are shown below. Key to
the outstanding reliability is the ability to identify subsystems that are responsible for down
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time. Also shown below are historical records of time lost for various systems. It is clear that
attention given to those systems most responsible for lost time resulted in improvements.

Over the past two years there were two unscheduled changes in the target-moderator system: a
target was replaced in April 1999 (275 mA-hrs on old target, and all three moderators were
changed out during Summer 2000 (two solid-CH4, one liquid-CH4). All changes were carried
out with minimal lost time. At the time of the moderator change, an automated anneal system
was installed for the solid-CH4 moderators; this will allow annealing on a schedule dictated by
the needs of instruments rather than the availability of technical personnel.

2. Recent Meetings Organized by IPNS

IPNS continues to run one of the most active user programs at a U.S. neutron scattering
source and to foster scientific interactions with the user community, as evidenced by the
many meetings organized by IPNS in the past three years:

Workshop on Chemical Spectroscopy, Protein Folding, and Polymer Dynamics, ANL
(Oct. 10-11,2000)

Structure, Dynamics & Charge Transport in Polymeric Materials, ANL (June 19-23,.
2000)

Workshop on Long Wavelength Powder Diffraction, ANL (May 12, 2000)

Workshop on Magnetic Neutron Scattering, ANL (April 27-28, 2000)

SNS-LWTS Workshop, ANL (Jan. 24-27, 2000)

Workshop on Inelastic Neutron Scattering, ANL (Nov. 1, 1999)

Workshop on Disordered Materials, ANL (Oct. 16-17, 1998)

Workshop on Advanced Materials for Extreme Environments: New Experimental Op-
portunities in Neutron Scattering, ANL (Sept. 11-12, 1998)

SNS-ORNL Workshop, ANL (June 1998)

ICANS XIV, Starved Rock Lodge, Utica, IL (June 14-19, 1998)

3. Instrument Upgrades underway

IPNS has a program of continuous instrument upgrades. Activities since the last ICANS were
focussed on QENS and HRMECS.

PENS - An upgrade, representing a complete re-construction of the original instrument, was
completed in 2000. Enhancements include expanded analyzer and detector coverage, im-
proved energy resolution, expanded Q range (x3), and higher data rate (x5). The inclusion of
LN2 cooling of Be filters, now underway, will give an additional factor of x2 in data rate, with
a total gain of 10 times. QENS is a crystal-analyzer inelastic scattering instrument with 90
ueV elastic scattering resolution and inelastic scattering resolution of approximately 3-4% of
the energy transfer. QENS is useful for quasielastic scattering measurements that determine
the diffusion rates of both molecular rotation and translation on the typical time-scales of sim-
ple liquids, adsorbates etc. The momentum transfer range (0.5-2.5 A'1) probes length scales
ranging from about 1-10 A, typical of molecular rotation and translation. QENS is also capa-
ble of measuring vibrational excitations up to a few hundred meV, providing access to both
external and internal vibrational modes for hydrogenous systems.

HRMECS - A major upgrade is nearly complete, and will give HRMECS full detector cover-
age from -20 to +140°, with Linear Position Sensitive Detectors (LPSDs) at low scattering
angles. HRMECS now generates S(Q,E) data in Q and E ranges for which it was originally
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designed. LPSDs at low angle make possible the study of collective motions and relaxation
processes of atoms in glasses and liquids by neutron Brillouin scattering over a wavelength
regime inaccessible by light scattering and dielectric spectroscopy. Improved Q resolution
allows determination of spectral features in S(Q,E) such as Fermi-liquid-like exponents in
strong-correlation systems, Haldane gaps in one-dimension Heisenberg antiferromagnets, and
flux lattice dynamics in superconductors.

3. IPNS Enhancement Project

IPNS is proposing a program to enhance the productivity of IPNS and expand and broaden the
user community for SNS. Plans include increasing operation, significant instrument en-
hancements, an accelerator upgrade and maintenance program, an expanded research program
in MSD coupled with the instrument improvements, and direct funding to universities for en-
hanced collaborations. Elements of this plan are highlighted below.

Accelerator upgrade and maintenance - IPNS accelerator systems continue at the remarkable
level of 95% reliability, but have not had proper funds or effort to maintain and upgrade the
aging facility. Accelerator improvements and proper levels of spare parts would increase the
proton current by 30% and are necessary to maintain the 95% reliability for at least the next
ten years. A program of replacing and upgrading equipment will phase in over several years,
as existing spares are expended or failed units replaced with new. Critical components will be
acquired in the first couple of years to support increased operation, and then replacements
completed over the succeeding years before existing spares are exhausted.

Target/moderator/reflector improvements - We have evaluated the prospect for increasing the
intensities of all neutron beams by replacing the present H2O coolant with D2O and the present
inner graphite reflector with beryllium. Calculations indicate 20-30% gains. Appropriate be-
ryllium parts are on hand, which will require machining to required shapes. A new "clam shell"
design will facilitate changes in the moderators as this is periodically necessary, and enable re-
use of the reflector, contrary to practice with the graphite which must be replaced each time.
Minor changes to the cooling circuit will preserve D2O.

We will evaluate the benefits of changing the "C" solid methane moderator to a "coupled"
configuration, with substantial gains for SANS instruments. This depends on successful im-
plementation of means for trimming the resulting long-time tail on the pulses in the two re-
flectometers, through use of "Drabkin" filters. The beryllium, D20 and moderator improve-
ments will result in no penalty for instruments and will multiply those gains from the accel-
erator improvements discussed above.

Additional operation - Increasing IPNS operation from the current 25 weeks/yr. to 30
weeks/yr. requires additional scientific staff, scientific support, accelerator staff, M&S and
electricity. This buildup can be achieved very quickly and will almost immediately increase
scientific throughput by 20%.

Instrument Enhancement - Taken together, this project will lead to a large increase in scien-
tific capabilities at IPNS. Increased data rates will allow us to serve more users and carry out
more demanding experiments. Instrument modifications will provide scientific capabilities
not previously available, in anticipation of the needs of future SNS users. Many of these en-
hancements simply involve purchase and installation of "off the shelf equipment, and so en-
tail little or no technical risk. This development plan will address all aspects of the IPNS fa-
cility felt to be amenable to improvements that are cost-effective and capable of yielding tan-
gible gains in the short-term. These gains will be in scientific throughput (more science) and
new scientific capabilities (new science).
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Typical data rate gains, which multiply those gains discussed above, anticipated for scientific
problems addressed by the enhancement plan are:

Instrument
GPPD
SEPD
GLAD
HIPD/Midas
SCD

Projected Gain
5
9
2
12
6

Instrument
LRMECS
HRMECS

QENS
SAD

SAND

Projected Gain
6
2
32
9
3

This will result in new scientific capabilities:

• Full S(Q,E) measurements on single crystals, glasses and liquids
• Polarized neutron SANS studies of magnetic nanostructures
• SANS on polymer and magnetic thin films
• Parametric studies on single crystals
• Powder diffraction studies of complex materials, e.g., Pharmaceuticals
• Dynamics of low-dimensional magnetic systems
• Diffuse scattering
• Magnetic structures and large cells
• Increased detail for probing in magnetic layers and interfaces

4. Neutron / X-ray School (at ANL)

During the two-week period of August 14-26, 2000 Argonne National Laboratory once again
hosted the National School on Neutron and X-Ray Scattering funded by the DOE. The suc-
cess of the previous year was so overwhelming that additional funds were provided by DOE
to increase the size of the school from 48 to 60 graduate students. Additional funding was
provided by the National Science Foundation. This school fulfills a continuing need for
training graduate students in the utilization of national user facilities, and it is our intention to
offer this course at Argonne in the future. To that end, many students from last year's school
are currently utilizing national user facilities not only at ANL but also throughout the country.

The formal program included 32 hours of lectures given by an internationally known group of
scientists recruited from universities, national laboratories and industry.

The scope of the school was formative with a robust background of scattering theory pre-
sented by Sunil Sinha, as well as lectures given on x-ray instrumentation (Michael Hart) and
neutron instrumentation (Thorn Mason). Jim Rhyne spoke extensively regarding access to
neutron facilities, in his role as President of the Neutron Scattering Society of America.
Hands-on portions of the school were quite extensive. Initially, computer based training was
emphasized in order to provide genuine exercises in the complementarity of real and recipro-
cal space. Students had extensive tours of the Advanced Photon Source (APS) and IPNS,
followed by experiments at these facilities. Experiments were designed to demonstrate the
diverse properties of neutrons and x-rays as manifested by scattering experiments. The pro-
gram included experiments in either "soft matter" (neutron reflectivity, SANS, and EXAFS),
in "materials science" (neutron powder diffraction, standing waves and x-ray reflectivity) or
solid state physics (single crystal x-ray diffraction, inelastic neutron scattering and inelastic x-
ray scattering). Implementing the practical aspects of the program for 60 students was an
enormous coordinated effort. More than forty instructors, from APS, IPNS, SNS, Materials
Science and Chemistry Divisions at ANL, and several Collaborative Access Teams (CATs) at
APS gave generously of their time.
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We are proud to report that from all indications, both verbal and on the written survey form,
the students ranked the components of the school quite favorably and indicated their intention
of returning to ANL or other national user facilities. It is our intention to hold the school
again in the summer of 2001.

6. IPNS Involvement With the Spallation Neutron Source (SNS)

SNS, a 2 MW spallation neutron source, is under construction at ORNL and is scheduled for
competition in 2006. Argonne has lead responsibility for the neutron scattering instruments
and a team of approximately 50 scientists, engineers and designers has been formed under the
leadership of Kent Crawford (Associate Division Director at IPNS). Scientists are being hired
by ORNL to work at IPNS during the R&D, design and procurement phases of the instru-
ments; moving to ORNL with the instruments. Based on the fact that IPNS is the DOE's most
active pulsed neutron user facility and technology center, we will continue the role of training
the user community as we will lead the development and construction of neutron scattering
instruments.

ANL scientists are deeply involved in the development of a proposal for construction of a
second target station at SNS. If successful, this construction project would be funded by the
U.S. National Science Foundation (NSF). IPNS and Materials Science Division (MSD-ANL)
scientists co-organized numerous workshops defining the scientific case, and engaged in con-
ceptualization and preliminary designs of instruments for the LWTS. The target and mod-
erator group from ANL, including scientists in IPNS and elsewhere at ANL, is preparing a
conceptual design for the target station.

Involvement of IPNS and ANL in this project is expected to continue through the construction
of instruments, and potentially to future operation of instruments.

The LWTS is currently proposed for 10 Hz operation, with a solid metal target, and solid and
liquid methane moderators. Dramatic gains in per pulse flux are predicted from independent
optimization of the LWTS target station / moderator system. This is expected to generate
time-average fluxes at long wavelengths comparable to those at the 60 Hz High Powered Tar-
get Station (HPTS-SNS).
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2.3
Status report on the Julich ESS related activities

Harald Conrad

ESS Project
Forschungszentrum Julich GmbH

Introductory remark

The ESS related work being performed at Forschungszentrum Julich (Research Center Julich)
or by its contractors more or less comprises the entire field of research starting from the ion
source of the accelerator down to the neutron scattering instruments. The major topics are:

- accelerator physics and technology
- materials problems with target and moderator systems
- liquid metal target engineering
- spallation related nuclear studies and code development
- neutronics experiments with JESSICA, the Julich spallation source
- neutron scattering instrumentation

Accelerator physics and technology

Negative hydrogen ion sources
The original requirements for the ESS were: a low noise level, low emittance, high reli-

ability source delivering 1.2 ms lasting pulses at a rep rate of 50 Hz and a time average cur-
rent of 70 mA H~ ions. The latter was based on the assumption that the necessary 110 mA can
only be achieved by using two sources and a subsequent funneling section. Researchers at the
University of Frankfurt, Germany eventually came up with the development of a single source
producing 120 mA over so far 15 to 20 days of operation. This feat might even enable the
omission of the funneling concept.

Superconducting linacfor ESS
An attractive option for the high energy part of the ESS linac is the use of a superconduct-

ing (sc) multi cell cavity accelerator. Loss free injection into the compressor rings, however,
requires rf amplitude and phase errors of each sc cavity to be less than ±1% and ±1° respec-
tively. These errors for pulsed operation are caused by Lorentz force frequency detuning and
microphonics noise. The Lorentz force detuning is due to wall deformations caused by the
pulsed accelerating field. In order to investigate these problems of pulsed operation an sc test
stand with a 500 MHz, P = 0.75 elliptical five cell cavity has been set up in Julich recently.
The cavities are operated at 5 MV/m minimum accelerating gradient employing a 20 kW peak
rf power unit. The goal of the test program is to study the excitation of multi-cell modes up to
100 Hz rep rate keeping rf amplitude and phase oscillations below ±1% and ±1°, respectively,
during every individual 1.2 ms flat top pulse with only 20% nominal rf power increase.
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Materials problems with target and moderator systems
The integrity of these components will be decisive for the duration of uninterrupted opera-

tion periods of the entire facility. The extraordinary loads on the mercury target are on the
container proper and its secondary enclosure, in particular the respective proton beam win-
dows. These loads have mainly two causes. First, the stress waves, which are due to the
shock-like energy deposition into the target and its multiple shells. Stress waves within the
container walls are generated by the direct heating of the beam window as well as by the pres-
sure waves due to the pulsed heating of the mercury. The second major concern is radiation
damage and foreign atom production (mainly hydrogen and helium) induced by the high en-
ergetic protons and neutrons.

The stress wave problem
Experiments on the stress wave problem are being performed at the Alternating Gradient

Synchrotron (AGS) at Brookhaven with the mercury target of the international ASTE (AGS
Spallation Target Experiment) collaboration. A recently developed laser interferometric tech-
nique for measuring pressure waves in liquid metal targets provided reproducible results.

The comparison of experiments with results from numerical calculations (employing finite
elements) of the expected stress and pressure waves within the ASTE target subject to high
power proton pulses is satisfactory only for the time interval between power input and arrival
of the pressure wave front at the target container wall. For a quantitative description of the
pressure wave at later times a more sophisticated modeling of the pressure sensor is needed
and being developed.

Numerical calculations show that the time dependence of the pressure wave within a mer-
cury target for a given total energy deposition strongly depends of the proton beam profile.
This way may offer a means of mitigating the impact of pressure waves on the target struc-
ture.

Radiation damage
Radiation damage and foreign atom production are investigated with proton accelerators.

Life time estimates of components are made by analyzing long term irradiated targets and
proton beam windows of already operating medium power spallation sources (LANSCE, Los
Alamos and ISIS, Rutherford Appleton Lab).

The mechanical tests and micro-structural investigations of samples cut from components
of existing spallation sources are nearly finished. The results show a remarkable strengthening
and embrittlement with all three investigated materials classes (austenitic and martensitic
steels as well as nickel-based alloys). The residual ductility observed with specimens subject
to the highest available dose of 10 dpa (corresponding to about 2 months of operation of ESS)
are, however, sufficient for being employed as structural materials of ESS targets.

Cryogenic moderator development
Cold moderators have gained increasing importance in the past. Quality and quantity of

neutrons produced with a pulsed source can be particularly improved, if cold moderators can
deliver and sustain short pulses over a broad energy range. The ideal slowing down medium
for that purpose is methane because of its high proton density and many low lying rotational
vibration modes. Unfortunately, in the radiation field of a target, highly active radicals are
formed in methane, in particular CH3" und H+. In liquid methane (100-K-moderator) this
gives rise to the formation of higher alkane homologues, which is eventually clogging the
piping. In its solid state (20-K-moderator), in addition to radiolysis, crystal defects like inter-
stitials are generated. The stored energy together with recombination of radicals can lead to
spontaneous energy release ("burping"), which in turn may destroy the moderator vessels.
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Within the present ESS R&D phase several paths for developing radiation resistant or at
least better manageable cold moderators are being followed. One way is the production of
small methane pebbles (2 to 3 mm diameter), which as a bed are cooled by flowing liquid hy-
drogen. A second possibility is the inclusion of methane in porous substances (e.g. zeolites) or
clathrates (e.g. from water ice), both again as small pebbles. Radiation damage and energy
release will thus be restricted to small particles. A timely and regular exchange of the pebble
beds would prevent the destruction of the vessel and sustain the neutronic quality of the mod-
erator. A third way would be the utilization of different hydrocarbons (with many freely ro-
tating methyl groups), which do not exhibit the unfavorable radiolysis behavior of methane.

Irradiation behavior of moderator media in particular with respect to the burping behavior
are being performed at the Tandetron accelerator in Julich and the IBR-2 reactor in Russia.

The neutronic properties (intensities and pulse shapes) of the different variants will be
studied in a to scale mock-up of the ESS target-moderator-reflector module (see below).

Liquid metal target engineering

Mercury and water loops, heat transfer and computational fluid dynamics (CFD)
Strong thermo-mechanical loads are expected on the proton beam window of the mercury

target container due to temperature gradients as well as transients due to accelerator tripping.
Temperature gradients will arise due to the fact that the window is planned to be actively
cooled only from the mercury side. Therefore, extended test programs for investigating the
heat transfer conditions have been performed. Measurement techniques for determining trans-
fer coefficients have been developed and experiments conducted, which were compared to
computational fluid dynamics results. For the heat transfer experiments a mercury loop in-
cluding a target test section with HETSS (Heat Emitting Temperature Sensing Surface) sen-
sors has been employed at the Institute of Physics of the University of Latvia in Riga.

A mercury laboratory in Julich is now under construction and will be available in the
summer of 2001. A mercury loop will be installed, which is going to be used mainly for com-
ponent tests and flow measurements using ultra-sonic Doppler velocimetry. Other purposes
include the study of gas bubbles in streaming mercury.

In addition a water loop is being manufactured for use of flow mapping by particle image
velocimetry.

Advanced welding techniques
The internal welding structure of the ESS mercury target container with its flow baffles

and potential pressure wave mitigation devices is very complicated and has to sustain large
stresses reliably. It seems to be reasonable to take into account sophisticated joining tech-
niques. Therefore, an extended test program for laser beam welding of container structures to
be manufactured from martensitic steels is being performed at the Forschungszentrum Julich.

Spallation related nuclear studies and code development
Experimental studies are being performed at the cooler synchrotron COSY in Julich within

the NESSI (NEutron Scintillator Silicon detector) collaboration. Reaction and production
cross sections for neutrons, hydrogen and helium have been measured with 1.2 and 1.8 GeV
protons on thin targets of Fe, Ni, Ag, Ta, W, Au, Pb and U. The data have been compared
with different intra-nuclear cascade models combined with evaporation models. It has been
found that the calculated charged particle production cross sections are particularly sensitive
to the high energy tail of the excitation energy distribution, whereas neutron productions cross
sections are less sensitive. Best agreement for production cross sections for H and He has
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been obtained with the INCL code, while the LAHET and HERMES codes show large devia-
tions for heavy nuclei.

Whereas the above mentioned thin target experiments are particularly useful for code vali-
dation, neutron production measurements for thick targets are essential for the design of spal-
lation sources like ESS. On the other hand, these data are valuable from a theoretical point of
view, because the inter nuclear cascade can develop properly in those targets. The results can
adequately be compared to high energy transport codes like HETC. A large number of thick
targets of W, Pb and Hg with varying lengths and diameters have been measured with proton
energies of 0.4, 0.8, 1.2, 1.8 and 2.5 GeV.

A careful analysis of the data taking into account the energy of the emitted evaporation
neutrons has been made allowing comparison with simulations using the HERMES code sys-
tem developed in Julich. The latest development of the code were based on the above men-
tioned experiments. Two additional collision kernels have been implemented, parts of the ex-
isting models have been revised and the data bases and codes for radioactivity estimates have
been updated.

Neutronics experiments with JESSICA, the Julich spallation source
JESSICA (Julich Experimental Spallation target Set up In COSY Area) has been designed

for experiments to optimize the target/reflector/ moderator system of the ESS. A to scale
mock-up of the ESS lead reflected mercury target has been installed in a dedicated experi-
mental room at the COSY proton accelerator in Julich. Moderators can be inserted into any
one of four voids, two on each side of the target. A major goal of the facility is the investiga-
tion of the neutronics and technical feasibility of advanced cold moderators like pebble beds
of solid methane cooled by liquid hydrogen. Another aim is the validation of simulation
methods of particle interaction and transport (mainly HERMES, MCNP-X, CALOR, LCS
etc.).

The installation of JESSICA is complete. Recently, with proton pulses from COSY the
300 kg mercury target has produced the first neutrons. COSY delivered 300 ns long pulses of
1.3 GeV with approx. 510 protons per pulse at a repetition rate of 0.1 Hz. The neutron spec-
trum emitted from a water moderator has been measured using a 6LiJ single crystal scintillator
neutron detector. The data could be well represented by a slowing down spectrum at higher
energies and a Maxwell spectrum representing room temperature as expected.

Neutron scattering instrumentation
Spectrometers utilizing the continuous flux at reactors usually do not gain a lot from puls-

ing, in particular those instruments exploiting a broad wavelength band like small angle scat-
tering or neutron spin echo (NSE) spectrometers. In order to nevertheless make the most of
the pulsing, conceptual design studies and model calculations for pulsed NSE instruments are
being performed recently in Julich. Five different generic designs are evaluated ranging from
the "classical" type with longitudinal precession coils to zero field spin echo solutions. Except
with the last example, all design have to cope with the problem of developing broad band spin
flippers. The wavelength dependence of the flipper operation for two of the selected designs
can be solved either by synchronous ramping of the currents or employing broad band flip-
pers. Despite the fact that at low repetition rates (e.g. 10 Hz) the useful wavelength band is
larger, higher rep rates (e.g. 50 Hz, at the same average source power, of course) turned out to
be advantageous due to the absence of technical complications and the possibility of consecu-
tively utilizing the wavelength band. It turned out that either the "classical" design or a 27t-in-
strument with a radially symmetric field around the sample position will be the most appro-
priate ones.
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The KENS pulsed neutron source was firstly constructed in 1980 with both of the

thermal neutron moderator (H2O moderator at 300K) and the cold neutron moderator (solid

methane moderator at 20 K). Since 1980, it has been operated with a 20 Hz-proton beam of

500 MeV and 2-6 U.A. In 1998, absolute measurements of the neutron fluxes were made at

various neutron beam lines by a gold foil activation method as well as a fission detector. It

suggested that the sub-cadmium neutron flux of the cold neutron moderator was about 30% of

the nominal design value although the epi-thermal neutron fluxes (E > 0.5 eV; cadmium cut-

off energy) were nearly equal to the nominal value. It had been considered that the flux

reduction below 0.5 eV was caused by a part of cadmium-liner in the neutron beam line. In

November and December in 1998, by the direct inspection, the swelling of the cadmium-liner

was found in the neutron beam line. We seriously discussed several methods to repair the

liner. Since it was very difficult to repair the liner under the high radiation level and possible

hazards due to chemical poisoning of beryllium compounds, we decided to replace the whole

target-moderator-reflector assembly (TMRA) by a fully new one. In order to obtain better

neutronic performances, such as the source intensity, the pulse width of thermal neutron beam

while saving on the fabrication cost, so much neutronic calculations were performed by using

the Monte Carlo radiation transport code system LCS-2.7 developed at LANL. Proton and

higher energy neutron behaviors were calculated with the LAHET code. The neutron behavior

below 20 MeV was calculated with the HMCNP code modified from the MCNP/4A code and

with the neutron cross sections based on the ENDF/B-V. Based on the calculation results, a

composite reflector with graphite and beryllium was proposed, which makes it possible to

recover the cold-neutron source intensity within 90% of the nominal value of the old KENS

(the reflector in the old KENS was made of beryllium) and to save the fabrication cost. The

total amount of beryllium in the new KENS was only 34.8 kg (about 200 kg in the old

KENS).

A 0.3 mm-thick gadolinium-plate was put in the center plane of the ambient-temperature

moderator, in order to make a thermal neutron pulse sharper in the energy region below 100

meV. The new KENS can give a faster decay of the pulse and a smaller FWHM than the old

KENS. 0.5 mm cadmium plates were adopted as the de-coupler in the cold moderator, and the
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B4C de-coupler plates were used for the thermal neutron moderator. The de-coupling energy

was determined taking into account the neutron pulse shape over a wide energy range from 10

meV - 10 eV. Finally, the de-coupling energy was determined to be 100 eV for the B4C de-

coupler plates between the ambient moderator and the target, and 50 eV for B4C de-coupler

plates in the other parts. These values are fairly smaller than those of the old KENS (488 eV

and 95 eV, respectively). Furthermore, the tantalum-clad tungsten target was successfully

fabricated by the HIP method and installed instead of the old tantalum target. This can

increase the neutron intensity by about 20 %.

The actual replacement of the TMRA has been made during August 31 to September 21.

The neutron pulse beams from the new TMRA were ejected on November 1, 2000. Just after

November 1, the neutron spectra of the thermal and the cold neutron beams were measured.

The measured spectra well agreed with those calculated values, and it was confirmed that the

KENS cold source was perfectly recovered by this renewal. The performance of the thermal

moderator was prominently improved by using gadolinium poisoning, which provided a

higher peak intensity and sharper pulse beam. In the 21st century, we will construct new MW-

class pulsed neutron sources. In these design works, the neutronic calculation codes are

indispensable. The KENS-renewal works indicates how accurate those codes are in the actual

system. From this point of view, the works in KENS was very important.

The primary flight path of the chopper spectrometer (INC) in KENS is 8.2 m, and the

secondary path is 2.5 m for low angles and 1.3 m for high angles. A guide tube with NiC/Ti-

super-mirrors was recently installed in the primary flight path. The guide tube is a straight

guide with a cross section of 8 cm x 8 cm and a length of 4 m, and located between the shutter

and the Fermi chopper. In the wave-number ( 0 dependence of the neutron reflectivity from

the super-mirror used in the present assembling, the reflectivity shows more than 90% at Q =

0.063A"1 near to the critical point. We assembled super-mirror pieces with a typical coating

area of 8 cm x 20 cm (thickness of glass is 2 mm or 5 mm) into a guide tube with a square

cross section. The tolerance of the glass substrate was ±0.05 mm, and the SUS frames were

manufactured with a typical tolerance of ±0.05 mm or ±0.1 mm. Consequently, the super-

mirrors were assembled into a guide tube with a parallelism of ±0.7 mrad between the right

and left mirrors and ±0.4 mrad between the upper and lower mirrors in a SUS frame section

of 40 cm with respect to the neutron beam line. We also performed a Monte-Carlo calculation

to evaluate the intensity gain for installing the guide tube. It indicated that the guide tube is

effective at neutron energies less than approximately 80 meV, a gain factor of 3 can be

expected at 20 meV and of 6 at 10 meV. The actual installation has been done in the summer,

2000, in the same period of the KENS source renewal. The performance of INC was

drastically improved. A huge intensity gain at low energies due to installing the super-mirror

guide tube and a gain of factor 2 at high energies due to changing the characteristics of the

neutron source were observed without any increase in the background noise. The observed

gain of the guide tube was in very good agreement with a calculation. This, for the first time,

demonstrated the effectiveness of a super-mirror guide tube for higher energy neutrons than
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cold neutrons for which a guide tube has been known to be effective. Moreover, the poisoning

of the ambient-temperature H2O moderator provided INC more symmetric energy resolution

function as well as an increase in the peak intensity in the TOF spectra. The present

construction resulted in a great improvement concerning all aspects of the performance.

A new neutron reflectometer (ARISA) with vertical scattering-plane geometry for

studying free surface was installed at a thermal neutron port viewing an ambient-temperature

water moderator at KENS. ARISA is a unique reflectomer using thermal neutrons at a pulsed

spallation neutron source as well as the first neutron reflectometer with vertical scattering-

plane geometry in Japan. An inner iron collimator with two beam holes and a neutron beam-

line shield were installed to minimize high-energy neutrons directly coming from the neutron-

target due to the shield loss produced by beam holes themselves. The inner collimator makes

two independent downward beam holes with different angles, 0° - 0.47° and 1.4°. The neutron

beam-line shield has function of an additional beam-shutter as well. The designed

specifications for the covered range of neutron momentum transfer, c ,̂ in the vertical

direction are 0.008 A1 - 0.61 A1 and 0.008 A"1 - 2.8 A"1 for liquid and solid samples,

respectively, using the neutrons with 0.5 A - 4 A wavelengths.

On Oct 2, 2000, Memorandum of Understanding for the KENS/IPNS Collaboration

was assigned, with the spirit modeled by the previous agreement of KENS/ISIS (1996) and

KENS/Lujan Center (1998). We expect to realize international collaboration between KENS

and IPNS on four areas: neutron moderator/target system, instrumentation/devices, and

software development and sciences. Those are keys of the MW-class pulsed neutron source

facility which US and Japan will realize at the beginning of the 21st century.

On KENS existing instruments, several developments and useful trials were done.

One of those is a residual stress measurement with TOF method. Residual stresses are

responsible for unexpected destruction of structures due to fatigue failures or stress corrosion

cracking. In industries such as nuclear reactors and aerospaces, failures of components are

unacceptable. In these cases finite element calculation has been utilized widely, but the

reliability of the calculations cannot be examined easily by direct measurements of stress

distribution deep within the components. Neutrons evidently penetrate deep into the

components, and then have the potential for a major break through in this field when a next-

generation pulsed source are realized. However, only several pulsed instruments for this

purpose currently exist world-wide. Therefore, basic studies on TOF strain diffractometers for

various kind of applications are indispensable for designing strain diffractometers in the

future project. In this study, neutron residual strain measurements were carried out in the

unidirectionally solidified A12O3/Y3A15O12(YAG) composites (See figure). Polycrystal A12O3,

polycrystal YAG and polycrystal A12O3/YAG were also measured for a comparison. The

neutron diffraction data were collected with a high resolution diffractometer Sirius at the

neutron science laboratory (KENS) in the high energy accelerator research organization

(KEK). As a result of the comparison of the diffraction peak, YAG phase in the composite

A12O3/YAG was compressional state while A12O3 phase in tensile state.
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TOP data for each pixel are also stored. From this data together with TOF data,

orientation relation of the two phases and strains of both phases are precisely determined.

The KENS has delivered 500 MeV protons to the Neutron Science Laboratory and

Meson Science Laboratory as well as to the Proton Medical Research Center (University of

Tsukuba). However, at July , 2000, the proton Medical Research Center in KEK was shut

down because the center had already constructed the dedicated accelerator inside of the

University. The total operation time in FY1999 was about 5500 hours. Figure shows the

history of the average beam intensity delivered to the neutron and meson experiments.

NML Average Beam Intensity

81 82 83 84 85 86 8? 89 90 91 92 93 94 95 96 97 98 99
Fiscal Year
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Abstract

The current status of the AUSTRON spallation source project is described with reference to
the need for neutrons in Europe and - due to a certain West-East imbalance of large research
facilities - especially in Central Europe. A short overview about technical aspects of proton
accelerator, rapid cycling synchrotron, storage ring, target and instrumentation is presented.

1. Introduction

End of August 1998 the Federal Government of Austria has decided to promote the project
AUSTRON, a pulsed neutron spallation source, to establish a medium to large scale research
facility in the eastern part of Austria. The promotion of AUSTRON also includes the decision
to raise a third of the funds necessary to construct the facility which is considered to be a
generous offer of a small country like Austria. As a consequence Austria seeks international
partners to co-finance the project, a mission which Ambassador Jankowitsch was entrusted by
the Federal Government of Austria. As a juridical means an International Organisation is
suggested to allow for an optimum adaption to the needs of the organisation and the wishes of
the partners.

The need for neutrons in Europe is unquestioned since many of the existing 16 sources will
have to be closed due to the expiration of their natural life time. Until 2015 it is envisaged that
only 4 reactors will be in service. The leading role of Europe in neutron research should be
maintained, first intentions to build a neutron source in Central Europe have been expressed
already 1991 in the framework of the Pentagonale (now the Central European Initiative).

Looking at the European scientific map geographically, a West-East imbalance of large
research facilities can be observed. By including all the direct and indirect neighbour
countries of Austria into a partnership for the establishment of such a scientific facility, a site
in East - Austria is suggested as a Central European location. Also, on forefront scientific
grounds, the envisaged enlargement of the European Union could take place by creating such
a centre of excellence in the region which is in line with the recommendations of the 5th

framework programme suggesting the integration of scientists of member candidates. A
recent visit"in Brussels has reconfirmed this opinion. Moreover, the intentions to create a
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"European Research Area" are signalling that the need of support for research infrastructure
on a European level is fully recognised.

On an international scale the project AUSTRON was incorporated in the global plans to
counteract the occurring "neutron gap" by the OECD - Megascience Forum. The major
projects of neutron sources of the next generation are the ESS in Europe, the SNS in USA and
JJP in Japan. New sources in Europe are the projects FRM II (under construction) in Munich
and AUSTRON. Also, the upgrade of ISIS, ILL, NIST etc. are necessary measures to
maintain a network of neutron research facilities satisfying the demand for neutrons. As it
exists since some 20 years with ILL and ISIS at their scale, FRM II and AUSTRON could
build up such a new pair of a continuous and a pulsed source in Europe.

AUSTRON is not considered to be in competition with the European Spallation Source ESS,
which will be in service not before 2015. ESS is planned with a beam power one order of
magnitude higher than AUSTRON (5 MW versus 500 kW). However, the 10 Hz version of
AUSTRON, as described below, gives rise to Vi the energy per pulse planned for ESS. It is
one of the most important future research projects for which the technology of the accelerator
and the target have yet to be defined within several research projects to be launched.
AUSTRON is based on known technology and could also serve as an experimental field for
ESS. As an earliest date AUSTRON could be in service by 2006. The recent suggestions to
incorporate the ESS project into an even more powerful multipurpose machine will now be
analysed in the next couple of years.

The technical concept of AUSTRON comprises a linear proton accelerator (130 MeV H") with
a repetition rate of 50 Hz and a rapid cycling synchrotron accelerating to an energy at
extraction of 1,6 GeV and 500 kW beam power. 4 pulses are stored and confined to a bunch
in a storage ring, the 5th pulse is sent directly together with the bunch of 4 pulses to the target
giving rise to 5 times the energy per bunch deposited on the target at a rate of 10 Hz. This
unique type of construction allows for a 15 - 20 times higher peak flux (~3.7*10l6 n/cm^s )
than obtained today at the only existing neutron spallation source in Europe, ISIS in UK.
Together with optimised moderators ideal conditions for cold neutron experiments are
foreseen. Special sample environment, like ultra-low vibration, clean room and extreme
temperature conditions are planned. When taking up service, 6 - 8 instruments will be
installed. In a final stage 21 instruments have been suggested including some unique
experiments so far nowhere installed. The financing of the additional instruments is planned
for within the operational cost of the facility and by EU-projects.

The investment cost of AUSTRON was carefully estimated to be 340 Mill EUR of which
Austria has envisaged to contribute a third or 113 Mill EUR. The operative cost will be some
37 Mill EUR (roughly 10% of the investment cost and in line with a rule of thumb for large
scale facilities). The creation of this international research centre will need a workforce of
about 280 newly employed on a site of about 20 ha. The cost estimates are based on the
condition that AUSTRON will be built "on the green field". Good infrastructure is found in
the region of East Austria with the nearby universities of Vienna, Graz and Linz and those of
Bratislava, Ljubliana and Budapest, all of them within a circle of a 3 hours drive. The existing
infrastructure also provides for schools, hotels, hospitals and recreation areas nearby.

It is important to outline as well the project of Med - AUSTRON which is a cancer research
and therapy centre with the unique possibility to apply proton and ion beams at the same unit
to treat malign tumors. The accelerator is designed to produce an optimised beam for medical
treatment. Proton and ion gantries are planned and a research institute for radiation planning.
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The cost has been estimated to 90 Mill EUR and once in service the operative cost will be
some 14 Mill EUR. In case AUSTRON and Med - AUSTRON are built at the same time,
major effects of synergy can be foreseen as well for the investment as for the operation.

In course of the efforts to win partners for the project, in all the capitals visited a warm
welcome of the scientific community was sensed. Countries from the EU like Italy, France
and Germany, Central European countries like the Czech Republic, Hungary, Poland,
Romania, Slovak Republic and Slovenia and non-EU countries like Switzerland and Turkey
have been approached, with other contacts like Bulgaria, and Spain under way. For some
internal reasons, France and Germany have declared that they are not able to participate for
the moment being, however, in July 1999, all other countries were convoked to a meeting on
ministerial level by the Austrian Minister of Science. At the meeting, two working groups
have been installed to investigate financial and legal matters best suited to the project needs of
AUSTRON. A broad field of topics has been tackled and a common report by the two
working groups was delivered to the coordinator of the mission, Ambassador Jankowitsch.
Further decisions will now have to be made at a minister's meeting to be called for.

As a summary AUSTRON is planned timely to counteract the foreseeable neutron gap. The
impact on education, the possibility to train PhD's and post doctoral students will also
contribute to avert the existing brain-drain in the region. It is aimed to create an international
organisation using a well tried model of an organisational chart thereby allowing for the
efficient control of scientific and financial goals. With the envisaged location of AUSTRON
this centre of excellence will play an important regional role in the scientific landscape of
Central Europe stimulating new basic and applied research in a multidisciplinary way in many
fields of science and life science.
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2. The proposed AUSTRON instrumentation

Some striking features of the proposed AUSTRON instrument suite comprise the emphasis on
instruments which gain from the 10 Hz operation of the neutron source, the emphasis on
instruments which use cold neutrons (3 out of the planned 4 moderators are cold neutron
moderators), the recognition of the importance to develop new instruments and experimental
methods in relation to optimal exploitation of the given neutron flux, the tremendous potential
of polarised neutrons, the availability of extreme sample environment and the special
environmental conditions provided by a clean-room area which covers about one quarter of
the AUSTRON instrument hall (clean-room type environment, temperature stabilisation,
ultra-low vibration levels, ultra-low temperature experiments, high sensitivity quantum optics
experiments). In total, 21 instruments were proposed to be installed at the AUSTRON facility
(see Table and Figure).

Table. Proposed AUSTRON instruments and their characterisation; see Figure for details

Instrument

Powder diffractometers
High resolution diffractometer

General purpose diffractometer

Single crystal diffractometers
Single crystal diffractometer

Diffractometer for polarised nuclei

Diffractometer for liquids and
amorphous materials
Engineering diffractometers
Strain measurement instrument

Texture instrument

SANS instruments
3D-SANS instrument

Spin echo small-angle scattering
instrument

Reflectometers
General purpose reflectometer

Phase reflectometer

Characteristics

Very high resolution, covers a
very large detector solid angle
Recommended in the Autrans-
Report, wide Q-range, low- and
small-angle detectors, polarised
neutrons

High resolution, large area
position sensitive detector,
Special environment
Polarised neutrons,
Special environment

Very large Q-range, emphasis on
low- and small-angle scattering

Dedicated instrument, large
sample space, various supporting
equipment,
industrial users
Dedicated instrument,
industrial users

Combined small- and wide-angle
scattering, oriented samples

New development, direct
measurement of the real space
correlation function

Flexible instrument set-up, large
Q-range
Special environment

Polarised neutrons :3-dim.
polarisation control and analysis
Special environment

10 Hz
type

X

X

X

X

X

X

X

X

X

X

Scientific Highlights

Analysis of materials of extreme
complexity
Long range order phenomena in
condesed matter

Protein crystallography
In-situ crystal growth studies

Neutron scattering from highly
oriented nuclei at ultra-low
temperatures

Study of deformation processes
in real components under real
conditions

Geophysical materials under
extreme conditions

Long and short range
correlations in single-crystalline
specimens

In-situ formation of surface
structures under ultra-clean and
ultra-low vibration environment
conditions
Model-independent and unique
reconstruction of surface profiles
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TOF-spectrometers
Single-chopper spectrometer

Multi-disk chopper spectrometer

Phase space transformation
spectrometer

TOF-spectrometers
Molecular spectrometer

High resolution spectrometer

Neutron spin echo instruments
SANS+MffiZE instrument

Multi-purpose NRSE instrument

Neutron optics instruments
Neutron optics research station

Neutron optics development beam
line

Radiography/Tomography
facility

General development beam line

Direct geometry instruments
Recommended in the Autrans-
Report, large detector area,
emphasis on small- and low-
angle detectors
Continuously variable energy
resolution (4 orders of
magnitude), large diversity of
application areas
High resolution spectroscopy
studies, selective increase of used
neutron intensity
Crystal analyser spectrometers
Recommended in the Autrans-
Report, multiple analyser crystals
for molecular spectroscopy
/xeV-resolution, includes
diffraction option at
backscattering and low-/small-
angle positions, polarised
neutrons

High resolution spectroscopy at
small angles; operation mode as
standard high resolution SANS
instrument possible
New development with special
operation modes for a pulsed
source by using the full neutron
bandwidth

Flexible instrument set-up for
various neutron optics
configurations, polarised
neutrons
Special environment
Developments for phase space
manipulations and advanced
beam tailoring (optically active
elements)
Element identification via
resonances and Bragg-edges in
TOF mode possible

Flexible beam line for
development of methods,
components, detectors and
ancillary equipment, polarised
neutrons

X

X

X

X

(x)

X

X

Magnetic excitations and
vibrational spectroscopy

Dynamics of high-Tc supercon-
ductors, protonic conductors,
glasses, gels, biological macro-
molecules and membranes
Excitations in complex materials

Dynamics of non-hydrogenous
systems, coherent scattering in
vibrational dynamics
Local structure and long range
order studies in solid state
reactions, dynamics of complex
soft solid systems,
macromolecular dynamics

Structure and dynamics of
proteins

Study of the neutron as a
quantum optical object,
phase- and micro-tomography

Neutron beam
monochromatisation by energy
focusing

Element-sensitive real-time
radiography

Development of the spin echo
SANS and the NRSE instruments
for use at high peak flux neutron
sources
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Neutron optics research station.

Cleaii room

lighisolation specStotmkr

10 20

Figure : Proposed Layout of AUSTRON instruments; see Table for details
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Abstract

SINQ, in its fourth year of operation is fully committed to serving a large community of users from all over the
world. It experienced significant improvements of performance through both, an increase in proton current on
target and the replacement of Zircaloy by lead as target material. The present service life of a target is two years
with the highest charge accumulated being 6.8 Ah on the last Zircaloy target and 5.8 Ah on the present lead target
after its first year of service. This makes SINQ the most powerful spallation neutron source by a large margin and
this fact is taken advantage of in an extensive materials irradiation program with a large number of specimens
placed inside the target. The results will be of significance not only for future research neutron sources but also for
accelerator driven systems (ADS) which are expected to play a role in the future of nuclear technology. At present
a liquid metal target is under development at SINQ in collaboration with the ADS community. The anticipated
gain in neutron flux is about a factor of 1.5.

SINQ as a Neutron Source for Users

Since the last ICANS meeting, when SINQ was looking back at its first 500 mAh of beam on
target, the facility has matured into a neutron source with a full user program. Currently eight
neutron scattering instruments are fully operational (2 triple axis spectrometers -one of them
with polarization analysis-, 1 high resolution time of flight spectrometer, 4 diffractometers and
one small angle scattering machine). Two more, a reflectometer and a strain diffractometer are
in the process of commissioning. Non-diffractive uses of SINQ include two radiography
facilities, a prompt gamma analysis machine, a nuclear physics installation with cold neutrons,
two isotope production rigs, two installations for neutron activation analysis and a fission
product extraction facility.

SINQ is operated as a user facility with proposals being evaluated and beam time allocated
twice a year by the SINQ Science Committee. On an average, some 60 % of the total beam
time is assigned to experiments proposed by Swiss scientists (including PSI's strong in-house
group), the remainder being split in roughly equal shares between proposals coming from the
rest of Europe and from outside Europe. Beam time requests run at roughly twice the available
instrument time, with the degree of overbooking varying among the different types of
instruments. Although SINQ serves the traditional reactor clientele, the users are coping well
with the particularities of an accelerator based spallation source.
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Figure 1 Floor plan of the SINQ halls showing instrument layout, instrument floor space and
shielding

Facility Operations

In general the performance of the PSI accelerator system was highly satisfactory during most of
the past two years with a steady increase in charge delivered per week. However, even on good
days (an example is shown in Fig. 2) the number of short beam trips runs at roughly 50 per day.
In Fig. 2 the current has been averaged over 3 minutes, which results in trips seemingly not
going all the way to zero. This is, however an artefact because the shortest trips are only 20 sec
long. This duration has been set for the rise time of the beam after a trip in order to avoid too
rapid heating on the rotating, radiation cooled graphite target "E" upstream of the SINQ target.

SINQ: feeant on target ©n March 2SS 2000

Total Chaifle:

•+H- ** -+•

II

# ,# j£ J#

Hour of the day

Figure 2: Beam current recording for the SINQ target on a good day. Each dip indicates a
total loss of beam for 20 sec or more (the plot shows an average over 3 min).

During the past years the proton current delivered to the SINQ target has been continuously
raised from its value of 800 |iA in 1997. This was due to ongoing improvements of the
accelerator current on the one hand and to a reduction of the length of Target "E" from 6 cm to
4 cm on the other. This shortening of the graphite target upstream of SINQ in October 1999
(week 44) resulted in a 25% increase of the current on SINQ and an even higher increase of the
peak current density, which is now about 30 (^iA/cm2)/mA.
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Figure 3 Charge history of the SINQ target in 1999. The target was removed after the end of
this period having received a total of 6.76 Ah of protons, 4.7 of which were delivered
in 1999.

As can be seen from Fig. 3, the overall reliability of the facility was quite satisfactory,
averaging at 91% for the charge delivered by the accelerator and at 89 % for the charge
accepted by SINQ (ratio scheduled/actual). This shows that the availability of the SINQ target
and moderator system was as high as 98%. Periods of increased non-availability were either
caused by external events (e.g. river flooding in the spring wiping out the heat sink) or failure
of highly loaded beam line components such as a splitter used to peel off about 20 JJA for the
use in PSI's medical facilities.
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Figure 4 Charge history of the SINQ target in 2000. The total charge delivered was 5.6 Ah.
The target will remain in operation through 2001, unless some problem is detected
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In the last week of 1999 the current integral scored the record value of 180mAh. Although this
value was scheduled in several weeks in 2000, it was only exceeded once, in week 29/30, with
the all time high of 181.6 mAh so far (Fig. 4). Although the total charge delivered to the target
in 2000 was the highest ever (5.6 Ah), the average availability (86%) was down from 1999.
Much of this is attributed to the high "stress" some of the components are subject to when the
accelerator is run at a current level above 1.8 mA, which is what is needed to reach 1.2 mA on
SINQ. Yet again, the availability of the SINQ systems was as high as 98%.

It is worth noting that, while the accelerator control room is manned in permanence, the SINQ
facility including its cold source is running fully automated, with a member of the operations
crew being on call outside normal working hours.

Facility Development

While an important improvement in the neutron flux and fluence offered to the users resulted
from the increase in proton current on target, an equally important contribution came from the
ongoing target development efforts. After a Zircaloy rod target had been used up to the end of
1999, the target inserted in the beginning of 2000 is of a different design.

The Zircaloy rods had been welded into a hexagonal Zircaloy case - with the exception of those
that contained test samples, which were held in place by wires. With the more concentrated
beam profile resulting from the reduced length of Target E, it was not deemed necessary
anymore to have a hexagonal target cross section. Advantage could be taken of the easier and
cheaper fabrication of a square cross section target. At the same tine the Zircaloy rods were
replaced by lead filled steel tubes, which had been successfully tested in the second target.
Furthermore, the material of the case was changed to an aluminium alloy (AlMg3), the same
material from which the target container shells are made. All rods of Target Mark 3 are held in
place by wire locks, and hence are much easier to remove for post use examinations.

Figure 5: The second (Mark 2, left, after use) and third (Mark 3, right) targets used in SINQ.
The footprint of the beam is clearly visible on the second target.

As before, a large number of test specimens were incorporated in some of the target rods and
thermocouples were introduced to monitor the temperature in the rods. The gain in neutron flux
at the instruments from the new target was a factor of 1.45. Accounting for the fact that, for
reasons of availability austeitic stainless steel was used for the tubes rather than the originally
foreseen martensitic 9% Cr steel, this agrees well with theoretical expectations.
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Apart from the specimens included to build a materials database for future spallation target
design, there are also test rods in the target, again, which directly aim at the development of the
next generation spallation target, using liquid heavy metals. One test rod contains specimens
immersed in mercury for the SNS and ESS projects, and two more contain molten PbBi in
preparation for a liquid metal target experiment to be carried out at SINQ in 2004 (MEGAP1E,
see separate paper in these proceedings). A liquid metal target is expected to yield another flux
increase in the order of a factor of 1.5 over the present lead rods in steel tubes. In parallel, we
are busy examining the question whether Zircaloy tubes can be used instead of the steel tubes.
This would yield some 25 to 30 % flux gain, according to calculations. The problem might be
that, while the hydrogen generated in the lead most likely diffuses through the steel tubes, it
might lead to the formation of hydride lenses in the Zircaloy. Indications for this to happen
were found when examining steel rods that had been irradiated in Zircaloy tubes in Target
Mark 2 by neutron radiography.

Apart from improvements on the target side, we are presently also working on a cold moderator
container with a re-entrant hole, which should improve the cold neutron flux in our guide
system by a factor between 1.3 and 2.5, depending on wavelength. This new cold moderator is
expected to replace the old one starting in 2003.

Conclusions and Acknowledgements

During the past two years we were able to increase the neutron flux in SINQ by a factor of 2.2
and to provide neutrons to the users with high reliability. Further improvements are in the
pipeline. SINQ has thus shown that continuously operating spallation neutron sources can be
competitive with research reactors on virtually all accounts. This success is the result of a
dedicated operations and development crew on both, the accelerator and the target systems
side. It is a pleasure to thank everyone involved for their continuous efforts and readiness to put
in extra work whenever necessary, and to appreciate the ongoing support by the PSI
management, whose encouragement was the trigger to embark on the MEGAPIE project as a
real step forward.
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3. Asian-Oceanian Region
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In 1997 Yamada and Morii surveyed the status of neutron sources available mainly for
neutron scattering research in Asian and Oceanian region [1]. Totally 11 existing sources were
reported in 8 countries while 5 new sources were at the planning stage in 4 countries. Except for
Japan all other sources were based on MW-class research reactors. Since 1997 a remarkable
progress has been reported as successful funding for all of planned sources and for refurbishment of
the existing reactor in Taiwan.

By taking an opportunity of ICANS-XV, the Meeting on Asian-Oceanian Neutron Facilities
moderated by Y. Endoh (Tohoku University, Japan) was held for the purpose to update the current
status of existing neutron sources/facilities and future plans in Asian-Oceanian region and to find any
mechanism for regional collaboration. This is a brief summary report on the meeting contributed
from 8 participating countries/regions.

Australia (reported by R. Robinson, ANSTO)
To replace the existing 42 years old HIFAR reactor (10MW), the construction of RRR

(Replacement Research Reactor) was funded in 1999. It is planned as thermal power 20MW,
neutron flux 3xl014n/cm2/sec, cold source and guide hall, and it will be completed in 2005. A series
of very active workshops and committee meetings for installation of instruments have been held
domestically as well as internationally. ANBUG (Australian Neutron Beam Users Group) has been
rejuvenated with about 100 members (President: B. Kennedy, University of Sidney). Updated
information is available through http://home.ansto.gov.au/ansto/RRR/char.html for RRR and through
http://www.anbug.org for ANBUG.

China (reported by C. Ye, CIAE)
HWRR reactor has been operational since its criticality in 1958 and upgrade in 1980 under the

current performance as thermal power 10MW(max. 15MW), neutron flux 3.2xl014n/cm2/sec, cold
source and guide hall. The construction of the new higher flux reactor CARR started in 1998 and it
will be completed in 2006. Its performance is specified as thermal power 60MW, neutron flux
8xl014n/cm2/sec, cold/hot sources and guide hall. About 20 institutes and universities are the basis
of users although no formal users society is established yet. More detailed information is available
through Ye's paper in this Proceedings.

India (sent by M. Ramanadham and R. Mukhodpahyay, BARC, after the Meeting)
Two reactors have been operational, i.e. CIRUS since 1961 and DHRUVA. The

performance of CIRUS is as thermal power 40MW, neutron flux 6xl013n/cm2/sec while that of
DHRUVA thermal power 100MW, neutron flux 2xl014n/cm2/sec.(some data cited from [1]).
NFNBR (National Facility for Neutron Beam Research) is available for researchers from all over the
country. More detailed information is available through the contributed paper in this Proceedings.
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Indonesia (reported by S. Ridwan, BATAN)
RSG-GAS reactor has been operational since 1987. Its performance is as thermal power

30MW, neutron flux 2xl014n/cm2/sec. Some activities based on accelerator were also reported, but
not for neutron scattering. More detailed information is available through the contributed paper in this
Proceedings.

Korea (reported by Chang-Hee Lee, KAERI)
After TRIGA MARK-II(200kW) and TRIGA MARK-III(2MW) reactors, the new HANARO

reactor was built in 1995 with its performance as thermal power 30MW, neutron flux
2xl014n/cm2/sec. Currently it has been operated at 24MW and a cold source is planned to install
during 2002-2003. A series of active workshops and winter schools have been held to attract users
to neutron scattering research and to accommodate users requirements. HANARO Users Association
was formed in 2000 while the formation of KNBUG (Korean Neutron Beam Users Group) is now
under discussion. Also reported was a brief description of KOMAC project mainly for transmutation
and energy production based on an intense proton accelerator.

Japan (reported by Y. Fujii, ISSP)
Currently three neutron sources are available. JRR-3M reactor is a central facility for users

since its criticality in 1990 with its performance as thermal power 20MW, neutron flux
3xl014n/cm2/sec, cold source and guide hall. Two thermal guides are now replaced by supermirros.
KUR reactor has been operational since 1965 with its performance as thermal power 5MW, neutron
flux 8xl013n/cm2/sec, cold source. KENS is only one accelerator-based neutron source in Asia-
Oceanian region since its establishment in 1980 as the first dedicated pulse neutron facility in the
world. Its current performance is as proton beam power 3kW, peak neutron flux 9xl014n/cm2/sec,
cold source and guide hall. Currently total number of users are roughly 450 for JRR-3M, 50 for
KUR and 350 for KENS.

After the previous report by Yamada and Morii [1] where two accelerator-based neutron
sources were proposed as JHF by KEK and CENS by JAERI, these two projects were encouraged to
unite and to jointly promote as the "Joint Project" tentatively named. After a series of intematioal and
third-party reviews of this Joint Project during the last two years, the Government finally decided to
fund it from April 2001 (JFY-2001). Originally five major facilities of neutron beam, muon beam,
nuclear physics, high-energy physics and transmutation sciences/technologies are planned on the
basis of a common intense proton accelerator. Due to the current budget restriction, however, the
neutron beam and nuclear physics facilities out of these five are built firstly hopefully by 2006. Its
performance for neutron source (JSNS tentatively called) is as proton power lMW(3GeV/333jjiA,
25Hz) at the 1st phase (by 2006) and 5MW at the 2nd phase, short-pulse, various moderators around
a mercury target for about 30 instruments. A series of workshops and meetings have been held
actively under the auspices of the Joint Project Team organized between KEK and JAERI and
supported by the Neutron Scattering Association of Japan (350 members; President, Y. Fujii, ISSP).

Taiwan (reported by Chien-Hsiung Lee, INER)
There are a few kW-class reactors operational and two MW-class ones, THOR (1MW,

1.5xl013n/cm2/sec, I960-) and TRR (40MW, 6xl013n/cm2/sec, 1972-1988 shut-down). The
refurbishment of the TRR was funded in 1998 for the purpose of neutron source more dedicated to
beam experiments. Thus renamed TRR-II under construction is designed as its thermal power
20MW, neutron flux 2.7x1014n/cm2/sec, cold source and guide hall. It will be completed in 2006.

- 1 1 2 -



JAERI-Conf 2001-002

Thailand (reported by A. Sangariyavanich, OAEP)
The TRIGA MARK-III type TRR-1/M1 reactor is currently operational as its thermal power

2MW, neutron flux 3.1xl013n/cm2/sec. The new reactor has been under construction since 1997 and
will be completed in 2001. Its performance is as thermal power 10MW, neutron flux
2xl014n/cm2/sec.

As one can see these status reports from 8 countries/regions as summaried in the figure, a
large number of new neutron sources are funded or already under construction in Asian-Oceanian
region in contrast to the situation in North America and Europe. Most of them are aiming not only at
domestic use but also at regional/international use when they will become on-line around 2006.
Some of them such as RRR in Australia, TRR-II in Taiwan and Joint Project in Japan have formed or
will form the International Advisory Committee for reviewing the project from many aspects.

Finally discussion was made on a possible mechanism to coherently coordinate Asian-
Oceanian neutron sources and facilities and to further develop regional collaboration. Australia and
Japan, who already have formal users society as ANBUG and NSAJ, respectively, are expected to
take the initiative in forming the Asian-Oceanian Neutron Scattering Association (tentatively named)
in the next couple of years, similarly to ENSA (European Neutron Scattering Association) and NSSA
(Neutron Scattering Society of America). Both facility representatives and users community
representatives in each country/region will be contacted in several months for such a purpose. The
next important step will be at Bangalore in India where the next AsCA (Asian Crystallography
Association) Meeting is planned on November 18-21, 2001.

Y. Fujii (ISSP) also stated as Chair of Neutron Scattering Commission of IUCr (International
Union of Crystallography) that his Commission has planned to compile "Neutron Source Catalogue"
which collects basic information on reactors and accelerators available for neutron beam experiments
all over the world. He asked everybody's cooperation on such a project.

[1] Y. Yamada and Y. Morii: Present / future status of neutron scattering facilities in Asian and
Oceanian district, Physica B241-243 (1998) 22-29.
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HANARO (30MW) \

CARR
HWRR(1MW)

JSNS (1-5MW)
JRR-3M (20MW)

(3kW)

PARR(10MW)
New Reactor (10MW)

KUR (5MW)( TRR-1/M1 (2MW)

PRR-K3MK)

DHRUVA(100MW)
CIRUS (40MW)

TRIGA PUSPATI
(1HW)

RSG-GAS (30MW)

RRR (20MW)
HIFAR(IOMW)

Updated information on status of neutron sources in Asia-Oceanian region as of January
2001. Tlie map and information except for 8 countries/regions represented in the present
report are based on the original report by Yamada and Morii in 1997 [1]. The existing
neutron sources currently operational arc marked with % while the new sources already
funded or under construction with • • The underlined one only in Japan represents an
accelerator-driven spallation neutron source and others are research reactors.
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3.2

Status of Neutron Scattering in Thailand

Archara Sangariyavanich*, Somchai Pongkasem, Suriya Patchar and Pantip Ampornrat

Office of Atomic Energy for Peace
Vibhavadi Rangsit Road, Chatuchak, Bangkok 10900, THAILAND
*e-mail: archara@oaep. go.th; archaras@vahoo.com

Abstract

In 1992, the Office of Atomic Energy for Peace had established a spectrometer
upgrade program, the main objective was to improve the performance of the old double-axis
spectrometer which used to be situated at TRR1. At present, installation and alignment of the
upgraded diffractometer have been accomplished. This report gives brief description about
the current status of the facility.

In addition, the Office of Atomic Energy is in process of constructing a 10 MW
nuclear research reactor at the Ongkharak Nuclear Research Center site. The reactor will be
equipped with a High Resolution Powder Diffractometer which is anticipated to be in
operation soon after the commission of the reactor. Feature of the HRPD including its
potential utilization are presented in this report.

1. Introduction

The Thai Research Reactor TRR1 achieved its first criticality on October 27,1962. It
was a multipurpose 1 MW pool type using plate type HEU fuel. In 1968, the first double-
axis neutron spectrometer in Thailand was installed at one of its beam tubes. It was about a
decade that this diffractometer had served a number of magnetic materials researches, hi
1977, the reactor core was changed into TRIGA MARK III type with nominal power of 2
MW at steady state and pulsing capacity up to 2000 MW. It was designated as TRR-1/M1.
At present the reactor is normally operated at 1.2 MW for 3 days a week, about 12 hours a
day to meet 40 MW-hours per week as required by radioisotope production.

During the modification of TRR1, the diffractometer was dismantled. Since then
neutron scattering activities had ceased for many years. As the Office of Atomic Energy for
Peace recognized the important role of neutron scattering technique in broad areas of research
particularly in materials science, therefore in 1992, a spectrometer upgrade program has been
established. The purpose was to improve the performance of the obsolete existing
diffractometer. Implementation of the program included modification of the old
monochromator shielding, construction of a new in-pile collimator and a specimen table as
well as purchasing a new detection system. At present time, installation of the
diffractometer is completed and performance test is being carried on.
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2, Description of the Upgraded Neutron Powder Diffractometer

The upgraded diffractometer was aimed to have medium resolution. Optimization of
resolution and intensity was conducted through selection of 60° takeoff angle in combination
with 30', 30' and 20' for the first, the second and the third collimations, respectively. In order
to minimize the background, heavy concrete blocks more than 50 cm. thick were added
around the old monochromator shielding. The new detector shielding has been designed to
accommodate four He-3 detectors setting at 6° apart. This detector bank was surrounded by a
curved fixed-shielding made of 5% borated paraffin. At this moment, because of high
background intensity, only a single He-3 detector is in use to provide more room for
additional shielding. Automated data acquisition is accomplished by incorporating the motor
controller and the counter with a personal computer through the GPIB communication
controller system. Detail of the upgraded diffractometer is indicated in Table 1 and its layout
is illustrated in Fig. 1.

Table 1 Characteristics of the upgraded neutron diffractometer

Beam size
First coilimation
Second coilimation
Third collimation
Monochromator:

Take-off
Wavelength: Cu(l l l )

PG(004)
Neutron detectors
Neutron source to monochromator
Monochromator to specimen
Specimen to detector
Thermal neutron flux at specimen position

20 mm.x 100 mm.
30'
30'
20'

59°
2.0557 A
1.6524 A
4 x He-3 (4 atm.)
400 cm.
180 cm.
70 cm.
2x 104n.cm'2.sec"1

Soller collimator

rS*k detector shield

Sample tabli

Soller slit(20')

Neutron detector

Fig. 1 Layout of the upgraded neutron powder diffractometer
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3. Diffractometer Performance

Performance test has been carried out by running a standard silicon powder (NIST
Standard Reference Material 640b)and a high purity corundum powder samples (99.999%
A12O3, Aldrich Chemical Company) on the diffractometer. The silicon sample was contained
in small vanadium tubes, 10 mm. in diameter and 50 mm. high. In an attempt to gain higher
peak intensity, the sample size of corundum was increased to 13 mm. in diameter and 60 mm
high. Data were collected from 8° to 105° with 2° step size. The counting time was 5 minutes
per step. A 75mm.x75 mm.xl mm. pyrolytic graphite monochromator was employed to
provide thermal neutron flux greater than 2 x 104 n.cm^.sec"1 at the sample position.

The recorded data were refined by Rietveld method. The Voigt profile function was
assigned to fit the diffraction peak shapes. Since examination of the diffraction patterns from
silicon and corundum samples revealed severe contamination from 2X , 2/3A, and Vzk, thus in
the refinement both samples were treated as four-phase compounds. It was found that data
obtained beyond 100° were ambiguous, therefore they were not taken into account in the
analysis. The wavelength using in the refinement was 1.6537 A

4. Results of Analysis from Silicon and Corundum Diffraction Pattern

Fig.2 Rietveld refinement of silicon powder
sample showing contamination from
higher order beams.
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Rietveld refinement of corundum
showing contamination from higher
order beams.

Table 2 Results of Rietveld Analysis of silicon and corundum samples, data from OAEP ND

Parameters

Scale factor
Scale factor
ratio
Cell
dimension(A)

R*(%)

«-(%)
R«m(%)
GOF (%)
U
V

w

Silicon
X

0.32(1)
1

a=5.4300(4)

2.34

2X

0.96(8)
2.94

0.91

2/3X

0.035(3J
0.11

6.85

1/2X

0.003(1)
.009

7.28
13.07
16.91
15.28
1.22

.4986
-.2034
.2957

Corundum
51

0.165(3)
1

a=4.759(2)
c=12.997(3)

3.45

2X

0.41(11)
2.48

2.93

2/3X

0.019(3)
0.11

3.42

1/2JI

.0001(0)
.006

4.73
7.60
9.52
7.14
1.78

0.8712
-0.9201
0.5069
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Fig. 2 indicates the results of Rietveld refinement from silicon powder diffraction
pattern. The resulting reliability factors shown in Table 2 imply that the observed data do not
fit well the calculated values. Nevertheless, its observed cell dimension which is
a=5.4300(4) A agrees closely with the expecting 5.4309A.

RMolutiWI «KV» C* OUP NO

10 30 3D 40

2 THETA (ctag.)

Fig.4 Comparison of the observed and
calculated peak widths

The peak widths of silicon derived from the
Rietveld analysis were plotted in comparison with
the calculated values as indicated in Fig.4. It is
obvious that the observed and calculated peak
resolutions are consistent for scattering angles
below (20) 65°. At higher angles, the observed
peaks widths are comparable small.

Results of Rietveld refinement from
corundum diffraction data are shown in Fig. 3 and
Table2. Although more than three hundred peaks
produced from 2X , 2I3X and V2X. are observed,
there is a good agreement between the observed

and calculated profiles. The reliability factors obtained from the analysis are included in
Table2.

5. Future development of ND and its applications

From the scale factor ratio of the contaminants X:2X\2I2>X;V2X. indicated in Table2,
interference from the half lamda was less than 1% and could be neglected. Contribution from
2X was more than 250% but could be reduced by using small unit cell sample. It seemed that
contribution from 2/3 A, which was about 10% had significant effect on the analytical results
particularly on the reliability factors.

Besides the interference from the higher order beams, other significant problems are
due to low neutron intensity and high background. It is noted that the peak to background
ratio were about 9 at peak(l 11) of silicon and 7 at peak (113) of corundum.

To improve the neutron intensity at specimen position, the existing monochromator
may be replaced with a vertical focusing or a bent focusing crystals. The data acquisition rate
could be enhanced by adding more detectors. Meanwhile, better shielding for detectors is
needed. Alternatively, the diffractometer could be modified to serve residual stress
measurement, which requires smaller data range. However, at the present time the facility
could be employed for investigation of small unit cell samples and training university
students in the field of neutron scattering.

6. High Resolution Powder Diffractometer at the Ongkharak Nuclear Research Center

The Office of Atomic Energy for Peace is presently in process of constructing a 10
MW TRIGA nuclear research reactor at the Ongkharak Nuclear Research Center (ONRC)
site which is about 60 km. from Bangkok. The reactor is a multipurpose, pool type, cooled
and moderated by light water using low enriched uranium fuel. Reflectors are heavy water
and beryllium. The expecting maximum thermal neutron flux is 2xlO14 n.cm"2.sec"\ Six
horizontal beam tubes are available for beam experiment, four of them are allocated for
experiments in neutron scattering, neutron radiography, prompt gamma neutron activation
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analysis and BNCT. The rest are reserved for the future neutron guide tube and unforeseen
experiment. Configuration of the reactor core is illustrated in Fig. 5 [1]. Provision of a High
Resolution Powder Diffractometer has also been included as part of the ONRC project
contract. Installation of the HRPD shall be completed before the commission of the reactor.
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Fig.6 Layout of the HRPD at ONRC

Layout of the HRPD at ONRC is shown in Fig.6. The design basis of the proposed
HRPD involves the matching of a bent focusing monochromator, small sample and position
sensitive detector[2]. No collimators are required in this system. The monochromator is a
doubly focusing bent silicon perfect crystal, which is at 95° takeoff, could be adjusted to
provide four wavelengths, that is 2.41 A, 1.84 A, 1.54 A and 1.22 A, from diffraction planes
(311), (331), (511) and (533) respectively. To achieve high peak resolution, the sample
diameter needs to be less than 3 mm. The detector bank is consisted of 7 He-3 position
sensitive detectors assembled together with 20° horizontal and 6.27° vertical spanning at 160
cm. distance. The detector electronics provide position resolution better than 3 mm. An
oscillation collimator is positioned between the sample and the detector bank to reduce
background from the environment. The monochromator shielding is designed to provide
takeoff angles at 95°, 60 ° and 30°

RI«tv«M Raflnmint of Corundum (AI,O,), D t t i coll»cl»d on MURR HRPD

1- Li

Performance of the proposed
facility has been investigated by measuring
the diffraction pattern of a standard alumina
(A12O3) sample with the High Resolution
Neutron Powder Diffractometer at the
Missouri University Research Reactor,
which is a similar type diffractometer. It
took several hours to collect more than
2000 counts at peak (113) of alumina with
the peak to background ratio of 10. The
result of Rietveld refinement, which is
illustrated in Fig.7 shows good agreement
between the observed and calculated
profiles. The unit cell parameters obtained

from the analysis were a= 4.7589(4) A, c=12.9941(7) A with the reliability factors R«p =
6.89%, Rexp= 6.36%, RB=1.56% and Goodness of Fit =1.17%.

2tt«ti (d*grw»t)

Fig.7 Rietveld refinement of alumina sample
showing good agreement between the
observed and calculated profiles.
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The High Resolution Powder Diffractometer at the ONRC site would be dedicated for
broad range research areas. Potential applications would be in the area of advanced materials
research e.g. high temperature superconducting materials, PZT, magnetic materials, structural
transitions and training.

7. Neutron Scattering Research Program

At present, our Nuclear Material Science Group has a national joint research project
on gemstone enhancement with the Department of Physics of Kasetsart University and the
Department of Mineral Resources. We are taking parts in gemstone characterization and
coloration by irradiation. Two collaborative projects with Mahidol university in the
investigation on the atomic positions in RE-doped PZT and the study of the morphology of
elastomer under strain are being planned.

Besides the above projects, an international research program on the investigation of
high temperature superconductors is being proceeded in collaboration with BATAN,
Indonesia and Vietnam.

Acknowledgement

We would like to extend our sincere gratitude to the late R.L. Davis (ANSTO) for his
effort to design the in-pile collimator for our ND and for his kind supervision on our neutron
spectrometer upgrade program. We are in debt to N. Minakawa (JAERI) for his strong
encouragement and support, without him substantial improvement in the performance of our
existing neutron diffractometer would never be achieved. We are grateful to the IAEA and
JAERI for their continuous support and funding. Special thanks are given to the OAEP
Physics Division, Mechanical Workshop and the Reactor Operation Division staffs for their
kind contribution in the spectrometer installation.

References

1. A. Sangariyavanich, Proceedings of the 1997 Workshop on the Utilization of Research
Reactors, November 6-13,1997, Bandung, Indonesia.

2. W.B. Yelon, B. Berliner and M. Popovici, Physica, B241-243,237-239 (1998).

- 1 2 0 -



JP0150505
JAERI-Conf 2001-002

ICANS-XV

15th Meeting of the International Collaboration on Advanced Neutron Sources

November 6-9, 2000, Tsukuba, Japan

3.3
CURRENT STATUS OF NEUTRON SCATTERING RESEARCH

AND ACCELERATOR TECHNOLOGY IN INDONESIA

Ridwan, Abarul Ikram, and Wuryanto

Research and Development Center for Materials Science and Technology, National

Nuclear Energy, Kawasan PUSPIPTEK, Serpong-Tangerang 15314, Indonesia

ABSTRACT
The neutron beam generated from steady state reactor 30 MW RSG-GAS are used
mainly for neutron scattering studies and isotope production. There are seven neutron
scattering facilities under responsible and operated by Research and Development
Center for Materials Science and Technology of National Nuclear Energy Agency
(Batan) of Indonesia. In this report, current conditions of the facilities namely, DN1-M,
HRPD, FCD/TD, SANS, HRSANS, TAS and NRF and research activities will be
described. Also, a part of research activities by using accelerator technology at Batan-
Yogyakarta will be reviewed.

REACTOR
The G. A. Siwabessy multipurpose reactor (RSG-GAS reactor) is the only one

available neutron source used for neutron scattering activities in Indonesia. The reactor
is a pool type reactor operated on 30 MW with average thermal neutron flux about 2 x
1014 n/cm2/sec. This reactor is fueled with the MTR type fuel elements in the form of
U,Og-Al, where it has operated formally since August 20, 1987. Before the economic
crisis, the reactor had been operated with the power between 22-25 MW for 5000
hr/year. However, in the last two years the operation of RSG-GAS is reduced for only 3
cycles per year with the power around 15-20 MW, and the interval of operation and
shutdown are 12 days and 9 days, respectively. The rescheduling of the reactor
operation has been decided in order to economize the use of fuel as well as control
elements. Decreasing of reactor power automatically reduce the neutron flux and to
have an effect on the neutron scattering work, where the total beam time used in the
measurement become almost twice more longer than before. On the other hand, twelve
days operation of the reactor give an advantages to the neutron scattering group in
planning the experiments in advance and improve the reliability of the neutron
instruments.
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The reactor has an L-shaped beryllium block reflector surround one half of the core.

Six beam tubes-two tangential and four radials are available for experiments. One of the

beam tube has a larger diameter (<|> = 27 cm ) than the others (<(> = 24 cm) to accommodate two

then neutron guides to supply neutron beam for spectrometers in the neutron guide hall. The

neutron guide made from Boron glass coated with Ni58 in order to increase the critical angle.

The reactor has been completed by facilities as below :

• Five in core irradiation facilities for materials/ fuel testing and radioisotopes

production

• Seven irradiation holes in reflector area

• Five rabid system

• One Power Ramp Test Facilities for PWR fuel testing

• One wet neutron radiography

• Six beam tubes for beam experiments , NDT and radioisotope.

The schematic lay out of the reactor can be seen in the figure 1.

THE ACCELERATOR

The current status of research and development by using accelerator technology in

National Nuclear Energy Agency (Batan) can be divided in the two parts namely the R&D by

using the existing accelerator, and future program with the new facility. In this occasion only

the existing accelerator facility will be described.

Existing Accelerator

In the Research and Development Center for Advanced Technology of Batan at

Yogyakarta there are two accelerator facilities have been installed i.e., accelerator for ion

implantation and accelerator for neutron generator.

The accelerator for ion implantation. This facility can be used to accelerate many

kind of ions weather from gas or solid targets with ion dosys about 1018 ion/ cm2 and ion

energy can be reach 150 KeV. The research activities carry out by using this facility are :

• Surface Treatment

> Modification and enhancement of surface mechanic properties of the metallic

materials including surface hardening, wear resistance and corrosion protection.

> Modification and enhancement of optical properties of insulator materials

• Synthesis of Semiconductor Materials
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> Research and development of electronic devices, diode and transistor materials based

on silicon semiconductor.

> Research and development of cell photovoltaic.

The neutron generator is the one of ionic deuterons accelerator with low energy up

to 150 KeV equipped with Tritium 3H target. The deuteron ion beam resulted from the ion

sources accelerated in the accelerator tube up to 150 KeV, then bombarded to the tritium

target in order to get the fast neutron with energy 14 MeV through the nuclear reaction of
3H(d,n) 4He. The neutrons flux resulted from this reaction are about 107 n/ cm2 sec. These fast

neutron have been used to analysis the elements of materials by FNAA(Fast Neutron

Activation Analysis) method.

The research activities have been done as follow :

> Analysis on Environment Pollution

> Analysis of elements in mineral geology

> Analysis of elements on fertilizer and food nutrition

NEUTRON SCATTERING FACILITIES

The utilization of neutron beam research for neutron scattering technique has been

started at National Nuclear Energy Agency since 1992. At present neutron scattering facilities

consists of:

1. Powder Diffractometer which recently modified for Residual Stress Measurement

(DN1-M).

2. High-Resolution Powder Diffractometer (HRPD).

3. Four-Circle Diffractometer (FCD/TD) for texture analysis and single crystal structure

studies.

4. Small Angle Neutron Scattering (SANS) spectrometer.

5. High-Resolution Small Angle Neutron Scattering (HRSANS) spectrometer.

6. Triple Axis Spectrometer (TAS).

7. Neutron Radiography Facility (NRF) with real time experiment capability.

The layout of the instruments and thermal neutron guides are shown in figure 2. The powder

diffractometer that recently modified for residual stress measurement, the triple axis

spectrometer and the neutron radiography are installed at the beam ports S6 (tangential), S4

(radial) and S2 (tangential), respectively. The neutron guides are installed starting from S5

radial beam port, penetrating the reactor confinement building wall and going through a 35 m
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tunnel into the external Neutron Guide Hall. The neutron guide No. 2 has three beam ports

labeled as NG2-1, NG2-2 and Ng2-3 at which the four-circle diffractometer, the high-

resolution small angle neutron scattering spectrometer and the high-resolution powder

diffractometer are installed respectively. The neutron guide No.l is dedicated to the small

angle neutron scattering spectrometer, which is installed at the end of the guide.

Among the neutron facilities have been mentioned above, the high-resolution powder

diffractometer is the most intensively been used. In the last five years there are eight scientific

papers have been published in the International Scientific Journals. The topics are mainly

covering the magnetic structural studies of permanent magnets (R-FeI7-X series). These

research activities are apart of an intensive joint research on neutron scattering under Asia-

Pacific collaboration in the field of magnetic materials, involving researcher from Materials

Science Research Center (now Research and Development Center for Materials Science and

Technology) of Batan, State Key Laboratory for Magnetism-Chinese Academy of Science,

Chinese Institute of Atomic Energy and also Japan Atomic Energy Research Institute.

THE PRESENT STATUS OF NEUTRON SCATTERING FACILITIES AT BATAN

The slowed down of the reactor power due to the economic crisis in our country has

also been effected to the performance of neutron scattering facilities. As a consequence of

reducing the reactor power up to 15 MW the neutron flux also decreased, it was checked that

the time needed for measuring the powder of TiO2 standard sample by using HRPD was

increased almost 20% more longer than when reactor was operated on 25 MW. In this

present time the conditions of the neutron scattering facilities as follow :

1. Powder Diffractometer which recently modified for Residual Stress Measurement

(DN1-M). This powder diffractometer was the first instrument installed in the reactor

hall, in collaboration with Japan Atomic Energy Research Institute (JAERI) the

diffractometer was modified for residual stress measurement. On the beginning it was

used one-dimensional He3 detector (PSD) system, but recently was changed to the

point type detector. At the present, all the components of the system can be work

properly, however small setting is still needed in order to get more realistic measured

data. In this case, resetting the monochromator position and readjustment the first

collimator on the proper condition, following recalibration of all the system by using

standard sample from VAMAS are planned to be carry out.
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2. High-Resolution Powder Diffractometer (HRPD). This facility is equipped with

detector bank of 32 collimator backed by 32 He3 detectors moves on the air cushions.

In general this facility can be used properly, however small reparation is still needed

especially in order to increase the efficiency of detectors. As the HRPD was installed

since 1992, the most problem faced by this facility is decrease of laminar tension of

solar collimator which gadolinium coated thin film that caused reducing the neutrons

beam comes to the detector. Some of these collimators were readjusted, however in

the case of the 3rd collimator although it was changed by a new one the neutron beam

recorded by detector around this position is still inefficient. Up to now many afford

have been done in order to solve these problems.

3. Four-Circle Diffractometer (FCD/TD) for texture analysis and single crystal structure

studies. This facility on the mean time is not operated. The main problem faced by this

facility is related to the computer system especially in the hardware components.

Because the PC used in this facility is old enough, some of the spare parts are not

available in the marked. Therefore, it was planned to change the computer system with

a new one, parallel to this other alternative to control the facility was also studied.

4. Small Angle Neutron Scattering (SANS) spectrometer. This instrument is installed at

the end of the 48 m long guide No. 1, situated in the neutron guide hall, to benefit

from low background environment. The incident beam is monochromatized by a slot

type mechanical velocity selector having a rotational speed of 700 rpm and a

maximum rotational speed of 7000 rpm. The selector's tilt angle can be varied from -

3.9 ° to + 3.9°. By varying the rotational speed and tilt angle of selector, neutron

wavelengths of 2 - 5 A and a Q range of (0.001 < Q < 0.6)A"' can be obtained. The

collimator is placed in a 19 m long tube, comprises of four sections of movable guide

tube, and one section of a fixed collimator (non-reflecting tube). Collimation is made

by adjustable apertures (pin holes) at discrete distance of 1.5 m, 4 m, 8 m, 13 m and 18

m from the sample. The detector that can be moved continuously from 1.5 m to 18 m

in 19 m tube, is a 128 x 128 He3 to dimensional position sensitive detector (PSD)

made by Ris0, with beam stoppers of 40, 80, 140 mm in diameter. This facility at the

present time can be used fro the research activity. Some special care has been put to

the components of velocity selector to maintain this part run properly. It was proposed
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to use this facility through the CRP-IAEA programs in the field polymer science

research.

5. High-Resolution Small Angle Neutron Scattering (HRSANS) spectrometer. This

facility couldn't have utilized intensively. This due to the problem in performing the

calibration every time to start the machine. Even in the middle of running it, the

calibration should be done if there is an electric failure. However, at present this

problem became adapted with to place one of the staff fully responsible to this

machine, and research activities using this facility can be run as well.

6. Triple Axis Spectrometer (TAS). This spectrometer was not in operation since there is

some problem with the computer system. Many afford have been done in order to

bring this facility run properly, however not so much progress have been reached to

solved the problems.

7. Neutron Radiography Facility (NRF) with real time experiment capability. This

machine at present is ready to use, even though the high qualified researcher interested

working in this field is really needed.

CURRENT RESEARCH TOPICS

At the present the activities under going in the neutron scattering group are related to

the development of the system that can be used to control the machines (diffractometers or

spectrometers) which more adaptable to a new generation of computer and instruments

system. Continuing activities in calibrating the high-resolution small angle neutron

spectrometer using SiC>2 standard sample.

Carry out neutron scattering studies on the temperature treatment effects to the

mechanical properties of structural materials and residual stress measurement. The other

research activity is related to the study of physical properties and phase transition on super

ionic conductor glass by neutron scattering technique.

COLLABORATION RESEARCH ON THE NEUTRON SCATTERING
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The reactor and all the neutron scattering facilities as mentioned above, are owned and

operated by National Nuclear Energy Agency of Indonesia. These facilities are open to

scientists from the universities and national institutions in Indonesia, as well as from foreign

countries. Depending to the neutron scattering facilities condition as described above, the

collaboration research topics can be realized as follows :

> Crystal structure analysis by using HRPD

> Research on the residual stress measurement by using DN1-M machine

> Micro structure analysis and instrumentation calibration by using SANS

> Technical development of control system for diffractometers (FCD/TD and T AS)

SUMMARY

The neutron beam research activities in Indonesia in general can be separated into two

groups. For the neutron scattering activities the neutrons beam use are coming from the steady

state research reactor (RSG-GAS reactor ) situated at Batan-Serpong. Another one that use

the neutrons generate using accelerator are mainly use for study irradiation effects on

materials, where the activities are carry out at Batan-Yogyakarta about 600 km from Jakarta.

The most problems faced by neutron scattering facilities are due to the their component's age,

including the electronics and instrumentions parts that need to modify to accommodate the

current available softwear as well as hardwear in the market. Some facilities such as HRPD,

SANS, and DN1-M are in good condition and offer to the neutron scattering society in the

world to collaborate the real experiments at Batan.
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Fig.2. The layout of the neutron scattering instruments in the reactor
experimental hall (XHR) and in the neutron guide hall (NGH)
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Abstract

Neutron beam research started in India more than four decades ago. Presently, the National
Facility for Neutron Beam Research, NFNBR is located in Dhruva, a 100 MW research
reactor. The entire facility, including the development of neutron detectors, is the result of
indigenous efforts of the participating scientists from Bhabha Atomic Research Centre,
BARC. NFNBR is accessible to national and international collaborations, and about forty
research groups from various institutions have already availed this facility. Active
collaboration with ISIS started since 1984, when the day-1 spectrometer, built at BARC,
became operational at ISIS. The collaboration continued with the fabrication, at BARC, of
parts for OSIRIS spectrometer. Many neutron beam researchers from BARC have carried out
collaborative experiments using the neutron sources at USA, France, Germany, Switzerland,
and Japan.

Introduction

Neutron scattering at Trombay started with the facility at APSARA reactor (lOOkW) in 1956,
and then continued with CIRUS (40 MW), which became available in 1960 and then the
present reactor DHRUVA. Dhruva is a 100 MW natural uranium reactor with peak thermal
neutron flux of 1.8 x 1014 neutrons cm"2 s1, tailor-made for neutron scattering experiments

with tangential beam holes, through-tube, separate moderators for cold and hot neutrons,
guide-tube, etc. Various spectrometers, like triple-axis, polarization analysis, single-crystal
and powder diffractometers, Hi-Q diffractometer, QENS spectrometer, SANS instruments,
spin-echo spectrometer, reflectometer, etc., are installed. This facility is open for national and
international collaborations. All the instruments have been fabricated in the in-house
workshops, and are controlled by personal computers. State of the art technology was used to
design and fabricate the spectrometers. 1-D and 2- D position sensitive detectors (PSD), and
associated electronics have also been developed indigenously. Many of the spectrometers are
with PSDs, providing higher throughput required in a medium flux reactor. One of the
spectrometers (QENS spectrometer) is installed on 'Tanzboden' (air-cushion), also developed
in-house, facilitating easy maneuverability, which also has vertically curved monochromator
for focusing neutrons. Other than our own National Facility for Neutron Beam Research,
NFNBR, we have collaboration with ISIS facility at Rutherford Appleton Laboratory, UK
since 1984. Our perspective has been to carry out experiments at BARC, and then follow-up
with the ISIS collaboration for more sophisticated studies. This has worked very well, and
resulted in the fruitful BARC-RAL collaboration for last 15 years.
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Neutron scattering facilities at BARC

Figure. 1 shows the general layout in the reactor hall and the guide-tube laboratory. There are
four spectrometers at the tangential beam lines, two at the ends of the through tube, two at the
radial beam lines looking at the hot source, and four instruments in the guide laboratory.

Neutron Scattering Facilities at DHRUVA

Reactor Hall PotariaxJ
Neutron Analysis
Sp«ctromatBr

Neutron
Spin-Echo

Double Crystal
Small Angle
Neutron Scattering
Spectrometer

Polarized
Neutron
Reflectometer

Small Angle
Neutron Scattering
Spectrometer

Cold Source
Insertion
Une

DinVactometer
Guide Tube Laboratory

The present-day facilities include, single-crystal and powder diffractometers, polarization
analysis spectrometer, Hi-Q diffractometer, triple-axes & filter-detector spectrometers, quasi-
elastic scattering spectrometer, all installed in the reactor hall, and two small-angle scattering
instruments, spin-echo spectrometer and refiectometer (under commissioning) in the guide-
tube laboratory. Liquid methane at 100 K and graphite at 1800 K (achieved by nuclear
heating) are the cold and hot sources respectively, under development.

Inelastic scattering studies: The inelastic neutron scattering activities essentially involve (i)
experiments using the triple-axis spectrometer (TAS) at BARC, and (ii) extensive
international collaborations involving INS measurements using steady-state reactor sources at
the Brookhaven National Laboratory, Oak Ridge National Laboratory, USA, etc., as well as
spallation sources like the ISIS, RAL, etc. The systems studied find several useful
applications, such as, the measurements of the phonon dispersion relations and density of
states of several geophysically important minerals like forsterite Mg2Si04 [1], fayalite Fe2SiO4

[2], enstatite Mg2Si206 [3], the garnet mineral almandine Fe3Al2Si3012 [4], the aluminosilicate
A12SiO5, minerals sillimanite, andalusite and kyanite [5], and the mineral zircon ZrSiO4 [6],
the measurements of the phonon density of states in intermetallics like Zr2Ni, Zr2Fe, and the
studies of magnetic excitations in CeSn2In, CeSi2.xGax etc. INS measurements, backed by
theoretical lattice dynamics calculations have provided microscopic insights into the nature of
phonon dispersion relations and density of states in various mineral phases in the Earth's
mantle. The calculations have enabled planning, execution and analysis of the experiments
and have helped in an atomic level understanding of the experimental data.

Quasi-elastic scattering studies: The QENS spectrometer (in MARX mode, (_E/E = 4 %) is
novel in many aspects among the neutron spectrometers at Dhruva [7]; (i) It is the only
instrument installed on 'Tanzboden' (air cushion), (ii) vertically bent monochromator is used
to focus neutrons, (iii) monochoromators are located inside a cavity of the biological shield.
This medium resolution spectrometer (AE/E ~ 200u.eV) is used to study problems suitable for

it. The systems studied include, molecular motions in various molecular solids, namely,
reorientation of pyridinium ion in Pyridinium halides [8], molecular motions in liquid crystal
BBBA (40.4) [9], Ammonium ion reorientations in (NH4)2SbF5 [10], dynamics of water in
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porous medium like alumina gel [11] or silica gel, lignite coal [12], cement etc., and dynamics
of hydrocarbon in confined geometry like dynamics of Propane in Na-Y Zeolite, and benzene
in HZSM-Zeolite.

Single-crystal diffraction: All along, the research activities of single-crystal neutron
diffractometry were centered around the studies on hydrogen-bonded crystal structures.
Earlier experiments were on a number of inorganic hydrates, which rendered possible a
detailed analysis of the hydrogen bonding and lone-pair coordination around the water
molecule [13]. One of the most significant achievements during the late sixties and early
seventies was the determination of crystal structures directly from neutron diffraction data
using the direct methods of solving the phase problem, in spite of the presence of negative
scatters in the crystal structure [14,15]. Structural studies on amino acids and small peptides
were taken up since 1969, and a comprehensive H-bond analysis in bio-molecules was carried
out [16], using these and similar studies reported from BNL, USA and elsewhere. Results,
thus obtained, were used very effectively, in the interpretation of x-ray protein structures [17]
and ferroelectric phase transitions [18]. Present studies include those on protein and DNA
complexes, ferroelectrics and optoelectronic materials.

Powder diffraction: The profile analysis spectrometer (5d/d = 1.3%) has been used

extensively for the study of structural and magnetic phase transitions in a variety of oxides,
alloys and intermetallic compounds. Observations of unconventional ferrimagnetism in
disordered spinel ZnxCo,.xFeCrO4 (0.45<x<0.55) [19], transformation from metallic

ferromagnet to insulating antiferromagnet in La07Sr03Co1.yFeyO3 (0<y<l) with increase in Fe

content [20], superlattice reflection in Sr,.xCaxTiO3 (x > 0.12) and Pb,.xBaxZrO3 (x = 0.2 and

0.3) [21], non-collinear magnetic ordering in ErFe2Hx justifying the conjecture of fanning of
moments [22], long range ferromagnetic order in UFeMnSi2, collinear ferromagnetic ordering
in orthorhombic UNiSi2, coexistence of antiferromagnetic and spin glass order at low
temperatures in Cr60.xFe20Mnx [23] are some typical results.

Magnetic studies using polarized neutrons: A neutron polarization analysis spectrometer
(PAS) is used for magnetic scattering studies [24]. This spectrometer can be used in different
modes, such as (a) diffraction mode (2-axis configuration), (b) polarization analysis mode
(3-axis configuration in scattering geometry), and depolarization mode (3-axis configuration
in transmission geometry). It has been used on various magnetic systems such as anisotropic
U,.xThxCu2Ge2 intermetallic compounds [25], superparamagnetic Ce2Fe17 alloy [26],
disordered ferrites Zn,_xCoxFe2.yCryO4 (x ~ 0.5 and y ~ 0.9) [27], geometrically frustrated
KMnFeF6 system [28], amorphous re-entrant spin glass F e ^ R u ^ r ^ (x = 0, 1 and 5) alloys
[29], colossal magnetoresistance (CMR) materials such as, Lao^Ca^jMnosFeo^Oj [30] in
order to understand the magnetic nature of magnetic ordering in these systems.

Hi-Q diffractometer: Hi-Q diffractometer is a multi-PSD based instrument covering Q-range
up to 14 A"1. It is used for structural studies in amorphous and liquid systems. Typical recent
studies include, structural and Network connectivity in GexSe,.x glasses [31], hydrogen
bonded molecular clusters in liquid CD3OD [32] and diffraction studies of Rare Earth
Phosphate glasses [33] etc.

Small-angle scattering: A SANS diffractometer at the guide-tube laboratory has been
installed at the end of the guide Gl (Fig. 1). This guide has a cut-off wavelength, X = 2.2 A.
The neutron beam from the guide is monochromatized by the BeO filter. The average
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wavelength of the monochromated beam is 5.2 A and has a spread (AX/A,) of about 15 %. The
Q range of the diffractometer is 0.018 - 0.30 A"1 and it is suitable for inhomogeneities of the
sizes in the range 10 - 150 A. The structural aspects of a variety of micellar solutions have
been studied using SANS at BARC, which includes conventional surfactants [34-36], mixed
surfactants [37], gemini surfactants [38], block copolymers [39] and surfactants with multiple
head groups [40].

There is another double crystal based moderate resolution small-angle neutron scattering
instrument has been built and commissioned at the guide tube laboratory. The instrument
consists of a non-dispersive (1, -1) setting of (111) reflections of silicon single crystals with
sample between the two crystals. The used neutron wavelength is 0.312 nm. The analyzer
crystal rotates with smallest step size of 0.0012°. The accessible range of wave vector transfer
q is 0.003- 0.173 nm"1. This type of facility has found fruitful applications in ceramics and
cements [41].

International Collaboration

BARC has been collaborating with ISIS facility, Rutherford Appleton Laboratory, UK since
early Eighties. A spectrometer referred as 'AT window' spectrometer was designed, fabricated

and supplied to ISIS had been the day-1 spectrometer in 1984 [42]. The 'temperature
difference window' spectrometer was a high-resolution inelastic spectrometer. This was later
replaced by a high efficiency crystal analyzer spectrometer, IRIS being used at present. The
collaboration has been renewed with our participation in the OSIRIS spectrometer. It is a full
polarization analysis inelastic spectrometer cum diffractometer. Part components of this
spectrometer are fabricated in BARC. OSIRIS is funded by Spain, Sweden, Switzerland, Italy,
UK and other participating countries.

We have been a regular user of the ISIS facility for carrying out neutron experiments for last
15 years. This resulted to more than 50 publications in international journals [43]. At present
we have active collaboration with, 1) SINQ, Switzerland, 2) HMI, Berlin, 3) ANL, USA, 4)
ILL, France, 5) KEK, Japan towards various scientific problems which includes,
Interferometry, SANS, INS, QENS etc It has been our perspective to carry out experiments
with our own facility and follow-up with international facilities by submitting proposal
through peer review.
BARC have also collaborated with many third world countries since early sixties. Neutron
scattering instruments (designed and fabricated at BARC) were supplied to Philippines, South
Korea and Bangladesh. Scientists from various labs of southeast countries were trained by
exchange of visits of scientists and active scientific collaborations.
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Abstract

Australia is building a research reactor to replace the HIFAR reactor at Lucas Heights by the
end of 2005. Like HIFAR, the Replacement Research Reactor will be multipurpose with
capabilities for both neutron beam research and radioisotope production. It will be a pool-
type reactor with thermal neutron flux (unperturbed) of 4 x 1014 n/cm2/sec and a liquid D2
cold neutron source. Cold and thermal neutron beams for neutron beam research will be
provided at the reactor face and in a large neutron guide hall. Supermirror neutron guides will
transport cold and thermal neutrons to the guide hall. The reactor and the associated
infrastructure, with the exception of the neutron beam instruments, is to be built by INVAP
S.E. under contract. The neutron beam instruments will be developed by ANSTO, in
consultation with the Australian user community. This status report includes a review the
planned scientific capabilities, a description of the facility and a summary of progress to date.

Introduction

Neutron beam science began in Australia with the commissioning of the HIFAR research
reactor at the Lucas Heights Research Laboratories in 1958. Over its lifetime HIFAR has
operated with HEU fuel generating 10MW thermal power and a thermal neutron flux of
lxlO14 n/cm2/s and providing neutrons for science, radioisotope production and NTD silicon.
ANSTO is now working to replace the HIFAR research reactor by the end of 2005. The new
reactor is to be a multipurpose reactor operating with LEU fuel at 20MW thermal power and
a thermal neutron flux (unperturbed) of 4 x 1014 n/cm2/s. It will have improved capabilities
for neutron beam research and for the production of radioisotopes for pharmaceutical,
scientific and industrial use. The neutron beam facility is intended to cater for Australian
scientific, industrial and medical needs well into the 21st century.

The Scientific Capabilities

The scientific capabilities of the neutron beams at the replacement reactor were planned in
consultation with representatives from academia, industry and government research
laboratories to address the scientific priorities of the Australian research community. The aim
is to provide a facility for condensed matter research, not only in the traditional disciplines of
physics, chemistry and materials science, but also for the expanding areas of life sciences,
engineering and earth sciences. Cold and thermal neutron sources are to be installed from the
beginning, with provision for a hot neutron source in the future. Neutron guides will be used
to position most of the neutron beam instruments in a neutron guide hall outside the reactor
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confinement building. Eight instruments are planned for 2005, with a further three to be
developed by 2010. The initial suite of instruments will build on the traditional strengths of
the Australian neutron scattering community in the areas of crystallography, materials science
and polarised neutron techniques, and will expand into cold neutron techniques such as small
angle neutron scattering and reflectometry and instruments with an industrial focus, such as
residual stress. Subject to support from special interest groups in Australia and overseas,
other neutron beam instruments may also be developed.

Description of the facility

The reactor and the associated infrastructure, with the exception of the neutron beam
instruments, is to be built to ANSTO's specifications by an accredited reactor builder
MVAP, SE and their subcontractors in a turnkey contract. Subcontractors involved in the
construction of the neutron beam facility include St. Petersburg Nuclear Physics Institute for
the cold neutron source and Mirrotron for neutron guide systems. The budget for construction
of the facility is AU$278M, including cold neutron source and neutron guides. There is a
separate budget for construction of the neutron beam instruments. The cold neutron source
will be a vertical liquid deuterium thermosyphon. It will be -20 litres in volume, re-entrant in
the direction of the cold neutron guides and placed near the peak thermal neutron flux.
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Fig. 1 The neutron beam facility at the Australian Replacement Research Reactor

The layout of the neutron beam facility is illustrated in the fig. 1. Five neutron beam
assemblies will be installed with neutron beam tubes placed tangential to the core to reduce
background radiation due to fast neutrons and y-rays. One beam assembly will feed the two
thermal neutron guides (TGI & TG3) and another will feed the two cold neutron guides
(CGI & CG3) that lead to the neutron guide hall. Each pair of guides will be spaced 6
degrees apart to provide sufficient separation at the instrument locations, and in each case an
extra beam will be installed between the guided beams but will terminate at the reactor face.
The guides will be curved beyond line-of-sight of the moderator to further reduce background
radiation. The neutron guides will start -1.5 m from source end of the beam tubes. The
neutron guide hall will have initial capacity for 8 to 12 neutron beam instruments, depending
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on specific instrument requirements. The capacity is limited not by the guide hall dimensions
(~65m x 35m)but by the neutron guide capacity. Placement of the bulk of the neutron beam
facility in a neutron guide hall removes the space restrictions that tend to limit the
development of reactor face instruments and offers the benefit of substantial reduction in
background radiation levels. Separation of the neutron beam facility from the reactor
operations and from the irradiation facilities will also reduce congestion and access
restrictions that hamper scientific activities at the HIFAR reactor. As the facility is expected
to provide a basis for high quality neutron beam research for the first half of the twenty first
century, the design includes considerable flexibility to cater for potential changes in
utilization. Capacity beyond the initial suite of instruments will be achieved by building
neutron guides on the extra cold and thermal beam lines (CG2 & TG2) that terminate at the
reactor face between the pairs of thermal and cold neutron guides.

The neutron beam assemblies opposite those feeding the neutron guide hall will provide one
thermal beam (TG4) and one cold beam (CG4) at the reactor face. Provision has been made
in the design to modify these beams to allow for a more substantial expansion of the facility.
This could be achieved by replacing the single guides in each assembly with three neutron
guides to transport beams to a second guide hall in a space that has been left free outside the
reactor containment. In this way a doubling of the neutron beam capacity would be attained.
Provision has also been made for installation of a hot neutron source that would feed two
independent neutron beams at the reactor face (HBl & HB2), spaced 5 degrees apart. Initially
these beams will provide two thermal beams at the reactor face. In the event that hot neutron
science does not develop at the reactor, enhancement of the thermal beam flux or conversion
to cold neutron beams may be desirable. To allow for this provision will also be made for
later insertion of neutron guides into these beam tubes.

The Neutron Transport System and Beam Instruments

Efficient transportation of thermal and cold neutrons to the guide hall requires the use of
modern supermirror reflecting guides. By installing m=2 to m=3 supermirror guides we
expect to deliver beam fluxes to the instruments in the neutron guide hall that are comparable,
and in some cases exceed, those currently enjoyed at the world's leading neutron beam
facilities. To further enhance the capability of the reactor face instruments beam assemblies
TG4, CG4, HB1 and HB2 will be widened at the source end. This increase in source width
will facilitate more efficient use of double-focussing monochromators but will not
compromise use of these beams for other applications. The basic neutron guide
characteristics were determined in a detailed simulation study at ANSTO as part of the
development of specifications for the reactor. Neutron source flux estimates were based on
Monte Carlo source modelling and transport simulations used ray- tracing programs
developed at ANSTO for this project. Further refinement of guide characteristics has been
effected through consultation between ANSTO and Mirrotron. This refinement process is
expected to continue into 2001.

The characteristics of the neutron beam lines, ANSTO's estimates of neutron flux and the
location of the planned neutron beam instruments are summarised in table 1. The eight
instruments that are to be ready at reactor startup have a solid bullet and those that are under
review have an open bullet. The supermirror coatings listed in the table are the reference
design, but consideration is being given to tailoring the coating on the cold guides (CGI &
CG3) to enhance the shorter wavelength neutrons without reducing lond wavelength neutron
flux by increasing critical angle of the outer curved surface (garland side). The guide
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characteristics after the first break are not yet determined and are being considered in
conjunction with conceptual design of the downstream instruments.

The neutron beam instruments will be developed by ANSTO and other contracted
organizations in consultation with the user community and interested over-seas scientists.
The priority listing of instruments was initially developed in consultation with representative
from the Australian user community, and is currently being reviewed in a series of scientific
workshops. Conceptual design and recruitment of scientists for the instrument development
has begun and will proceed throughout 2001. Further information on the neutron beam
instrument development program can be found at the website http://www .ansto.gov .au

Table 1 Summary of the neutron beam lines planned for the replacement reactor

Beam
line

TGI

TG2
TG3

TG4

CGI

CG2
CG3

CG4

HB1
&
HB2

Planned Neutron Beam
Instruments

• High Intensity Powder
Diffractometer

• High Resolution
Powder
Diffractometer

° Neutron Radiography

(stop at reactor face)
• Residual Stress

Diffractometer
• Four Circle

Diffractometer
0 thermal neutron

Quasi-Laue
diffractometer

• thermal neutron Triple
Axis Spectrometer

• Polarisation Analysis
Spectrometer

• Small Angle Neutron
Scattering instrument

(stop at reactor face)
• neutron reflectometer
° cold neutron Quasi-

Laue diffractometer
° cold neutron Triple

Axis Spectrometer

Not decided

Guide characteristics
(at first guide break)

• 300mm x 50 mm
• m=3 supermirrors

top and bottom
• m=2.5 to 3

supermirrors on
sides

• radius of curvature
4.5km

• 150mmx50mm
• m=3 supermirrors
• radius of curvature

4.5km

• 200mm x 50 mm
• m=3 supermirrors

• 200mm x 50 mm
• m=3 supermirrors

top and bottom
• m=2 to 2.5

supermirrors on
sides

• radius of curvature
1.3km

• 200mm x 50 mm
• collimators only

(no reflecting
coatings)

Calculated
neutron flux
(n/cm2/sec)

-1.5 xlO9

-2.6 x 1010

~4xlO9

-1.3 xlO10

-3 x 1010

Wavelength
Peak (A)

1.3

1.1

3.9

3.3

1.1
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Abstract

The 15 MW Heavy Water Research Reactor (HWRR) at CIAE in Beijing is the only neutron
source available for neutron scattering experiments in China at present. A 60 MW new
research reactor, China Advanced Research Reactor (CARR), now is being built at CIAE to
meet the increasing demand of neutron scattering research in China. A brief description of
HWRR, the presently existing neutron scattering equipments at HWRR, CARR, and the
facilities to be installed at CARR are presented.

1. Introduction

Neutron scattering facilities at CIAE are centered on the 15 MW HWRR, which is the only
reactor available for neutron scattering experiments at present in China. In 1987, the
installation of a cold source in one of its beam tubes was completed. So far totally 5 neutron
scattering spectrometers are installed at 4 beam tubes. A 60 Mw new research
reactor—CARR, equipped with both cold and hot sources now is being built at CIAE to meet
the increasing demands of future neutron scattering research in China. A brief description of
HWRR and its neutron scattering facilities, as well as CARR and the neutron scattering
facilities to be built will be presented below.

2. HWRR and its cold source

The HWRR was designed and constructed under the aid of the former Soviet Union. It was
put into operation in September 1958 with a power of 7MW (maximum power 10 MW,
corresponding to a maximum thermal neutron flux of 1.2 X 1014 n/cm2 s). Uranium metal with
2% enrichment of U-235 was used as fuel. Heavy water was chosen as moderator and coolant
while graphite was used as reflector. The reactor was upgraded during 1979-1980, and went
critical again in June 1980. The upgraded new core was designed as neutron trap type, and has
a compact lattice, together with the change of the fuel enrichment from 2% to 3%, resulting
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an increase of maximum power from 10 to 15 MW and enhancement of the maximum
unperturbed thermal neutron flux to 2.8 X 1014n/cm2 s in the core.

The reactor provides six radial horizontal beam tubes and a thermal column for neutron
beam experiments. The maximum thermal neutron flux at the inner end of beam tubes is 3.2
X 109n/cm2 s per kW and 3.16X 105n/cm2 s per kW at the exit. 4 horizontal beam tubes are
used for neutron scattering experiments.

In 1987, a LH2 cold source^1'21 of $ 110 mmX 50 mm volume, was inserted into No. 4 beam
tube to a depth of 3.5m, located at the inner end of the beam tube next to the reactor core to
get more cold neutrons. The LH2 container is made of Al-Mg alloy A9C3 A thermal siphon
connected to a helium compressor system is used to keep the moderator temperature at about
2IK. Evaporated hydrogen from the moderator cell is re-condensed in the condenser through
heat exchange with cold helium gas from the compressor. The thermal load on the moderator
cell due to nuclear heating is estimated to be below 30 W at 10 MW reactor power.

A 32 m guide tube (27 m bent plus 5 m straight guide) installed at the exit of the cold beam
tube, transporting cold neutron beam to an experiment hall next to HWRR building. The
transported neutron beam of 22 mmX 52 mm area is divided into two sections of each 22 mm
X 22 mm area at the guide exit. At present only one of them is used for SANS.

The neutron spectra at the guide tube exit measured by time-of-flight method[3] for both
LH2 moderator on and off are shown in Fig. 1, indicating that the average multiplication for
neutrons with wavelength greater than 4 A is -12.

3. NEUTRON SPECTROMETERS AT HWRR

At present, five neutron scattering facilities are installed at the beam tubes:

(a) Powder neutron diffractometer
The powder diffractometer installed at beam tube 3 is a conventional 2-axis spectrometer

with 2 9 range of -130° . Neutrons of 1.18 A/1.16 A wavelength reflected by a PG(002) /
Cu(220) crystal are selected as incident beam. With first collimator of 20', A X / X =0.016
for 1.16 A neutrons and the incident neutron flux at sample position is < 106 n/cm2 s.

(b) Four-circle neutron diffractometer
The four-circle neutron diffractometer at beam tube 5 shares the beam with a triple-axis

spectrometer. Germanium or copper single crystal is used as monochromator. With 15°
fixed take-off angle, the corresponding incident neutron wavelength is 1.69A for Ge(lll) or
0.66 A for Cu(220). For X =1.69 A, A X / X =0.045 and the neutron flux at sample position is
^ 106n/cm2s.

(c) Triple-axis spectrometer
Although the triple-axis spectrometer at beam tube 5 originally was built for lattice

dynamic study, it also used occasionally as a diffractometer for structure study. Ge (111) and
PG (002) crystal is used as the monochromator and the analyzer respectively. The sample
table and analyzer table are moved by air-pad system. Cryogens and small oven as well as
magnetic field system can be added on sample table to control sample environment during
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experiment. Neutron flux at sample position is about 106n/ cm2 s (X = 1.8 A) with maximum
beam size of 40 mmX 90 mm. The incident wavelength can be selected between 1.3 A and 3.3
A.

A beryllium filter wide-angle detector system was designed and built to match the
triple-axis spectrometer, constituting an inverse geometry spectrometer for high frequency
phonon density of state measurements.

(d) Double-chopper time-of-flight spectrometer
The time-of flight spectrometer at beam tube 1 was designed with the purpose of lattice

dynamics study. The key components of the spectrometer contain two choppers, rotating
synchronously at a speed up to 13000 rpm. The neutron beam from the reactor is pulsed
roughly by the first chopper and then is reflected by a PG monochromator to get
monochromatic incident neutrons in the energy region of 5-200 meV with AE/E^(3-8)%.
The second chopper improves the rough-pulsed monochromatic neutrons to a fine pulse of
about 30 n s. Neutron flux at sample position is ~ 103n/cm2 s with signal to noise ratio
better than 20. The scattered beam is detected by 54 3He detectors simultaneously at 9
different scattering angles covering an angular region of 90° , located at 2 meters from the
sample. The data are stored by a time-of-flight coding unit and analyzed by a PC.

(e) Small angle neutron scattering spectrometer
A small angle neutron scattering spectrometer with a 64 X 64 element (each 1 cm2 area) BF3

area detector was installed at the end of the guide tube. The incident neutron beam from the
mechanical selector covers the wavelength region from 3 to 10 A with A X / X %0.15. The Q
value ranges from 0.001 A"1 to 0.1 A"'.

4. CARR and the equipment to be built around its beam tubes
According to the design, CARR f4] is a tank-in-pool inverse neutron trap type research

reactor with nuclear power of 60 MW. The fuel element is made from silicide uranium with
20% enrichment of U-235. The core is 70 cm high and 45.5 cm in diameter. Slightly
pressurized water is used as the primary cooling water as well as moderator. The core is
surrounded by a O2.5mX2.5m heavy water tank, in which the under-moderated neutrons
leaking out through the core surface would further be moderated to form a flux peak with
maximum unperturbed thermal neutron flux of 8x1014 n/cm2 s. 9 tangent beam tubes (some
of them have two beams outlets) are arranged. Among them 7 are allocated to neutron
scattering experiments,

The reactor body is immersed in a pool of 16 m diameter, and the core is located 12m
below the pool water surface.

CARR is due the year of 2005 to come critical.

5. Equipments to be installed at CARR

A liquid hydrogen cold source at 20 K and a 2000 K graphite hot source will be installed in
the reflector. Cold and hot neutron beams are each extracted from one beam tube. Four guide
tubes with beam cross section of 30 mmX 150 mm will be put into the cold beam tube for
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transportation the cold neutron beams to a 36 mX 60 m experimental hall. Two of the guides,
one nature Ni coated and one Ni-58 coated (or supermirror), are planned to come in use soon
after CARR becomes critical. The others will be installed in the future.

All of the spectrometers installed at HWRR will be upgraded and moved to CARR for
continue using. The triple-axis spectrometer, four circle spectrometer, time of flight
spectrometer, and the powder neutron diffractometer will be installed in the reactor hall, using
thermal neutron beams from the tubes. The SANS will be installed in the guide hall at the exit
of the nature Ni guide.

A high resolution powder diffractometer (Ad/d = 2X 10 *3, neutron flux at sample position
> 106 n/cm2 s), and a multi-purpose hot neutron beam spectrometer, which can be operated as
a diffractometer, a beryllium filter detector spectrometer or a triple axis spectrometer
according to different combinations of its components, will be built and installed at the
reactor hall; A horizontal scattering geometry polarize neutron reflectometer will be
constructed and accommodated at guide hall using cold neutrons from the Ni-58 (or
supermirror) guide tube.

Fig. 2 is the layout of the facilites at CARR.

6. Research activities

Since 1980's cooperation research on the crystal and magnetic structures of rare
earth-intermetallic compounds [5'6] have been made between CIAE, Physics Department of
Peking University, and Institute of physics of Chinese Academy. Single crystal structure
analysis of non-linear optical materials and the effect of neutron diffraction intensity
enhancement under applied DC voltage are studied. Crystal structures and phonon property
researches on high temperature superconducting materials [7'81 with the aim of learning the
mechanism have been another area in CIAE's neutron scattering programmer. Phonon density
of states of amorphous Invar materials^, shape memory alloys and metal hydrides ^lo'have
also been made. Topics of interest to petroleum industry, materials sciences and biology'"^
have been studied by SANS.
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Abstract

Korea has been operating its new research reactor, HANARO, since its first criticality in

1995. It is an open-tank-in-pool type reactor using LEU fuel with thermal neutron flux of 2X

10u nominally at the nose in the D2O reflector having 7 horizontal beam ports and a provision

of vertical hole for cold neutron source installation. KAERI has pursued an extensive

instrument development program since 1992 by the support of the nuclear long-term

development program of the government and there are now 4 working instruments. A high

resolution powder diffractometer and a neutron radiography facility has been operational

since late 1997 and 1996, respectively. A four-circle diffractometer has been fully working

since mid 1999 and a small angle neutron spectrometer is just under commissioning phase.

With the development of linear position sensitive detector with delay-line readout electronics,

we have developed a residual stress instrument as an optional machine to the HRPD for last

two years. Around early 1998 informal users program started with friendly users and it

became a formal users support program by the ministry of science and technology. Short

description for peer group formation and users activities is given.

1. Introduction

Since its foundation in 1959, the Korea Atomic Energy Research Institute (KAERI) has

made significant contributions to the nation's nuclear technology and power development. Its

first research reactor, TRIGA MARK-II of 200 kW, and the second one, TRIGA MARK-III of

2 MW, reached their criticality in 1962 and 1972, respectively. With above two reactors up to
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early 1992, most of research and development had been made internally and for internal

purposes. The multi-purpose research reactor project started in 1985 and it reached its first

criticality on February 8, 1995. HANARO, which is an acronym for the High-flux Advanced

Neutron Application ReactOr, is used for the application of neutrons to a variety of fields such

as physics, materials science, irradiation technology, biomedical technology, and neutron

activation analysis, etc. Neutron scattering facilities are expected to meet increasing demand

from both basic and applied researches that are of interest and relevance to science and

technology in Korea.

When our long-term instruments development plan was made in 1992, four neutron

spectrometers and a neutron radiography facility were selected to be the first phase

instruments with an emphasis on structural studies such as crystal structure, phase analysis,

magnetic structure, and microstructure in materials science. Since Korea has had financial

difficulties for the last 3 years and the users' demand increased for the same period, the

original plan was modified in late 1997 and strong demands from users were accommodated

such as a neutron reflectometer and a residual stress instrument. The first phase instruments

are the High Resolution Powder Diffractometer (HRPD), Four-Circle Diffractometer (FCD),

Small Angle Neutron Spectrometer (SANS), and Neutron Radiography Facility (NRF). NRF,

HRPD, and FCD have been in operation since 1996, 1997, and 1999 respectively, and SANS

is under commissioning since September 2000. SANS at the CN beam port uses a thermal

beam at present and it will be moved to a guide laboratory with proper modifications when

the cold neutron source is available.

The internal and the external users started measurements and research work on the

instruments in operation. Many external users have done their measurements regularly since

early 1998 and the number of users from various research fields has been being increasing

continuously. The first phase from 1992 to 2000 is said to be the period of the instrument

development, and the second one would be the new period of balance between research and

instruments development.

A brief description of the reactor, HANARO, and its cold neutron source with new activities

for accelerator will be followed by the outline of the status of the neutron beam instruments

development and their present utilization by the users and the other activities.

2. The Research Reactor, HANARO

The HANARO is an open-tank-in-pool type reactor cooled by light water, and moderated

by heavy water. Its compact core inside the inner shell is surrounded by a spacious reflector,

which accommodates a variety of experimental holes. The reactor core consists of 23
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hexagonal tubes for H-type fuels and 8 circular flow tubes for C-type fuel assembly inside

and gives room for driving a tube-type control or safety rod outside. The reactor fuel is low

enriched uranium of 19.75 w/o in U3Si dispersed in an aluminum matrix with 6.35 mm

diameter and 700 mm length. The core is surrounded by a heavy water reflector tank of 200

cm diameter and 120 cm height. At its maximum thermal power of 30MW, the maximum

thermal neutron flux is expected to be 5X 1014neutrons/cm2/sec at the central thimble. In the

reflector there are seven horizontal beam tubes and a total of 25 vertical holes. These holes

with different sizes are widely used for radioisotope production and neutron activation

analyses, and a large vertical hole for the future installation of a cold neutron source is

provided. The specifications of the reactor, HANARO, are summarized in Table 1.

Table 1. The reactor characteristics

Type Open-tank-in-pool

Maximum thermal power 30 MW thermal

Peak thermal neutron flux 5 x 1014 neutrons/cmVsec

Coolant/Moderator, Reflector Light water, Heavy water

Core Cooling Upward flow forced convection combined

with bypass flow

Fuel LEU 19.75 w/o 235U, U3Si in Al matrix

Horizontal beam ports / Vertical holes 7/36

Maximum thermal neutron flux 4.5x 1014 nv@core,

(< 0.625 eV) 2.1 x 1014 nv@reflector

Operation 28 day x 9 cycles/year _ ™ _

HANARO is equipped with seven horizontal beam tubes all in tangential geometry

extended from the highest thermal flux region in the heavy water reflector. Four standard

beam ports (ST1~4) have 70 mmX 140 mm source dimensions at the entrance and a rotating

shutter/collimator unit at their exit so that one of the four options - close, open, 20' or 30'

collimators - could be selected. The effective beam size at the solar collimator exit is 56

mm(W)X120mm(H).

A cold neutron beam port (CN) is equipped with a vertical channel of 160 mm diameter

with its beam tube nose of 60 mm(W)X 150 mm(H) for the installation of a liquid hydrogen

cold source in the future. The in-pile channel of the CN beam port is designed so that three or

four neutron guides of about 20 mm width X 150 mm height each could be installed reaching

up to about 150 cm to the cold source. The other two beam ports are NR for neutron

radiography and IR for Boron Neutron Capture Therapy.
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Cold neutron source installation project were decided to be postponed by 2003 after

evaluation and re-planning overall aspects including neutron guides and its laboratory, a set of

spectrometers and users community. Another activity for future neutron source is for

accelerator. KAERI has been performing a project named KOMAC (KOrea Multi-purpose

Accelerator Complex) and its final objective is to build a 20 MW (1 GeV and 20 mA) CW

proton accelerator for the accelerator driven transmutation system. In its second stage of R&D

focused on the study of ADS since 1997, the low energy part to 20 MeV accelerator is to be

constructed by 2003. The proposal for funding needed to build the higher energy is submitted

for reviewing. Discussion for its use as a neutron source is now under discussion.

3. Neutron Beam Facilities

3.1 The High Resolution Powder Diffractometer (HRPD)

To study the structure of technologically important materials such as ceramics, alloys,

superconductors, super-ionic conductors, non-crystalline materials, etc, the HRPD had been

developed as a first diffractometer. Its monochromator shield unit was designed so that the

two channels of the monochromatic beam can be each extracted for HRPD and FCD. It

consists of multi-blocks for easy handling during installation and maintenance.

The first collimator unit consists of four collimators 6', 10', 20', and open, from which any

one can be selected by rotation. A suitable filter can be installed before the monochromator in

order to avoid higher order contamination. A pseudo-bent type four fold monochromator unit

is adopted to select monochromatic neutrons and to focus the beam height from 200mm to

about 40 mm. Ge(331), Ge(335), PG(002) and Cu(220) monochromators can be selected by

rotation. Following the monochromator, there are four beam extraction units with nominal

take-off angles of 44, 65, 90 and 120 degree, which have a pneumatic quick shutter at the

inside face and a supplementary manual door shield at the exit face.

The Sample table, which consists of a 0s-table, a 20s-table for multi-detector bank, and a

20s-table for the position sensitive detector (PSD) can be rotated manually around the

monochromator to take one of the four take-off angles. This rotating table is strong enough to

accept heavy sample environment facilities up to around 1,000 kg. The detector bank,

consisting of 32 collimators of 10' and 32 cylindrical He-3 proportional counters separated by

5 degrees, moves on dance floor. Linear PSDs with 600 mm and 200 mm of active length are

also available. In addition to the main powder diffraction mode, the machine can be easily

converted for residual stress or texture measurement of industrial materials and real time

measurements of rapidly changing phenomena with the PSDs developed in the laboratory.

As for sample environments units, a low temperature sample environment using a closed-
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cycle refrigerator (CCR) down to 10 K and a furnace with a maximum temperature of 1,300

K are routinely available. During the last two years since early 1998, regular performance

tests and normal powder diffraction experiments supporting internal and external user's

research have been carried out. The fields of the users are physics, chemistry, metallurgy,

ceramics, and geology, etc. We have developed an optional unit to the HRPD for residual

stress measurements and the result is quite promising, and so now we are discussing with

outside users to decide if dedicated instrument for the residual stress measurement should be

installed.

3.2 The Four Circle Diffractometer

The two diffractometers, HRPD and FCD, share neutron beam from the ST2 beam port.

FCD is a conventional two-axis diffractometer with an Eulerian cradle and has been be used

for the structural study of single crystals and for the texture measurements for industrial

applications. Ge(331), Ge(311) or (004) monochromators with a fixed take-off angle of -45

degree could be mounted with a beam height of 40mm lower than beam center of HRPD. The

wavelengths of the neutron beam for the three monochromators are 0.99 A, 1.3 A or 1.08 A,

respectively. The effective beam size at the sample position is 20 mm in diameter.

A detector unit with a single He-3 counter is connected to the 20-table by a cantilever type

arm with a counter weight. The commissioning had been done by August 1999, and it is now

routinely used for single crystal diffraction experiments as well as texture measurements. Two

sample environments fitted with the Euler cradle such as a CCR-type low temperature

cryostat and a high temperature furnace are under development. As for neutron detection, we

have a plan to install a 2-D PSD and/or the image plate for fast and wide measurement in near

future depending on the characteristics of requested experiments.

3.3 The Small Angle Neutron Scattering Spectrometer

Until the cold neutron source is available, this SANS instrument would be operated at the

CN beam port in the reactor hall. Neutrons filtered by liquid nitrogen cooled beryllium are

monochromatized using a high speed Dornier velocity selector to obtain neutrons with a

wavelength range of 4 A to 7 A,. To avoid gamma radiation from the beam port in a

forward direction, a liquid nitrogen cooled Bi filter or neutron V-bender with 2.635 degrees,

an angular divergence of the transmitted beam, can be used in combination or independently

depending on the situation. The total length of the SANS is about 8.5 m due to the limitation

of the reactor hall space. The scattered neutrons is measured by using a large area 2-D

position-sensitive detector of 128 X 128 pixels with a resolution of 5 mmX5 mm.
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For the design goal of Q^^O-OOS A 1 and a neutron intensity of Is > 104n/cm2/sec at the

sample position, the instrumental parameters of the single-aperture collimation are optimized

at a wavelength spread of AX, IX = 0.1. The detector can be moved continuously from 1.5 m

to 5 m inside the detector chamber of 1.7 m diameter to change the available Q-range of the

instrument. The whole system including the sample chamber would be evacuated down to

about 10"3torr. The Qmax will be extended to 0.81 A ' by rotating the detector up to 30 degrees

around the sample stage. Its design characteristics are summarized in Table 2. The collimator

with the pinhole type apertures, which are changeable with different sizes, is about 4.2 m

long.

Table 2. The design characteristics of SANS

Source

Gamma/Fast neutron filter

Monochromator

Wavelength range

Wavelength resolution (FWHM)

Minimum beam divergence
Sample size

Sample to Detector distance

Q-range

Detector active area

Calculated neutron current (n/sec) at

the sample

Qmin(nm-') = 0.06

0.1

1.0

CN beam port without cold neutron source

Liquid Nitrogen cooled Bi/Be filter

Neutron V-bender

Neutron velocity selector with variable

speed

0.45 nm to 0.7 nm

10%

0.003 rad

5 to 20 mm in diameter

to 4.25 m

0.06 to 8 nm"1

65 cmx65 cm with 128x 128 pixels

2xl03

3xl04

3xl05

The performance test on major components and the neutron beam characteristics of the port

had been done mostly last year and an overall testing of the integrated system by SANS

experiments using a one-dimensional position sensitive detector done early this year, too. The

first 2-D SAS measurement had been made in August and is now under full commissioning

by first quarter of next year.

3.4 The Neutron Radiography Facility

The neutron radiography facility was installed at the NR beam port late in 1996, as the first

neutron facility at HANARO. It consists of an in-pile collimator with a Bi filter, shielding
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shutter and two exposure rooms. The Bi filter was put in the nose of the inpile collimator to

reduce the gamma ray component. The first exposure cell is for active objects from nuclear

engineering, and the second one is for general components or objects from diverse application

fields. Its characteristics are summarized in Table 3.

Table 3. The instrumental

Collimation ratio

Thermal Neutron Flux

(n/cm2/sec)

Beam uniformity (a)

Cadmium ratio

Neutron/y (n/mrem/cm2)

Effective beam size (cm)

ASTM Designation

characteristics of NRF

Exposure Room

1st

206

1.13xl07

- 7 %

-45

3.9xlO6

250x350

NC-H-C = 75-8-7

2nd

290

5.07 xlO6

350x450

NRF has been used for the nondestructive testing of components from general mechanics,

aerospace, ordnance industries, etc., using both the direct and the indirect methods. The

training of university students related to nuclear engineering or non-destructive test is also

one of the important utilization of the above instrument. The image plate usage and the real

time analysis technique by image processing are also being developed and applied. In addition

to this traditional radiography technique, neutron-induced auto-radiography using solid state

nuclear track detectors has also been used internally and externally, such as for boron content

and distribution in steel or fission fragments.

3.5 Others and Future Plan

Our design of the polarized neutron spectrometer at the ST1 beam port would have both a

triple axis and polarized neutron beam capability in its final shape. This instrument will

consist of a conventional monochromator drum which can be rotated from 10 to 60 degrees in

20, a filter, polarizing crystals or a PG(002), analyzers, and spin flippers. CoFe, Heusler

crystals or a polarizing mirror will produce polarized neutrons. All the tables of the sample,

analyzer, and detector move on the dance floor. We have completed the preparation works

such as installation of the monochromator drum and dance floor but major parts of the work

for instrument development will be done during next 3 years. This instrument will be used for

general test station for spectrometer component test and techniques development.
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In the second phase from 2000 to 2006, a neutron reflectometer and a triple axis

spectrometer, which are strongly requested by external users from universities and industries,

are to be realized to extend the activity to surface/interface structure and dynamics studies. A

medium resolution powder diffractometer, a dedicated instrument for residual stress

measurement, or a double crystal diffractometer complementary to the present SANS is under

intense discussion. In our next phase, we are going to develop several ways so that the

external users can actively participate in the development of spectrometers, sample

environments, and spectroscopic techniques.

4. Users Program and Activities

In the past before 1996, users of neutron scattering research were scattered around and not

organized. KAERI scientists had been developing instruments and doing research for

themselves without any serious connection with external researchers, and the number of

universities researchers who could be interested in neutron scattering were very few. But

since the time of reactor criticality in 1995, there had been many discussions among the

researchers in the institutes and the universities. As a result, the first neutron scattering

workshop could be held during June 12-13, 1997, before the commissioning of the HRPD.

More than 120 participants attended and many of them became the early users of the HRPD.

The 2nd workshop was held during June 11-12, 1998, before the commissioning of FCD, and

about 100 participants attended. Some of the early users presented their results in this

workshop.

With the increasing number of users, the first winter school focused on graduate school

students was organized in February 1999. As a result of many discussions and efforts by the

institute and outside users, a peer group of 15 members from universities, institutes and

industry was formed in October 1999. It is to accommodate the users' demand and to make a

body toward users' group or an association in the future if possible. Based on these activities

and the record of experiments on operational instruments, the Ministry of science and

technology decided to support the users outside the institute in December 1999 and 18 grants

were awarded mostly to the university groups. If this trial program worked successful, we

could expect a strong, long-term program, which would boost up the neutron scattering

research in Korea.

The 3rd neutron scattering workshop (February 16-17) and 2nd winter school (February 18-

19, 2000) were organized jointly by the KAERI, the Korea Advanced Institute of Science and

Technology (KAIST) and the Garcia Center at the State University of New York at Stony

Brook. The subjects were small angle neutron scattering and reflectometry from soft matter. A
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one-day tutorials on SANS and reflectometry in the winter school for about 100 graduate

students was given by the well-known experts in the field.

More and more researchers are now visiting the HANARO site and Pohang Synchrotron is

also available for them. We, therefore, could hope to make strong scattering research

community within a short time. By now most of the experiments have been limited to powder

diffraction and single crystal diffraction related fields. Small angle scattering works could be

included next year depending on the availability of the instrument and then the users'

community would be expanded more rapidly.
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4. Summary Report
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Abstract

The papers presented in the accelerator session are summarized for linacs.

1. Introduction

In the accelerator session, there are presented the following six papers for linacs.

1. Linac Design for the KEK/JAERI Joint Project, by Kazuo Hasegawa, JAERI,

2. Ion Source and RFQ, by Akira Ueno, KEK,

3. 60 MeV Linac, by Fujio Naito, KEK,

4. Progress in Design of the SNS Linac, by Bob Hardekopf, LANL,

5. The SNS Superconducting Linac Architecture, John Galambos, JLab, and

6. Superconducting Linac, by Ron Sundelin, JLab.

Kazuo Hasegawa, representing the Joint Accelerator Team, presented the summary of the

linac design for the KEK/JAERI Joint Project. The main parameters of the linacs for the SNS

and Joint are compared in Table 1.
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Table 1. Comparison of the main parameters of the linacs for the SNS and KEK/JAERI Joint

Project.

Energy

Peak current

Repetition

Beam pulse width

Duty

BEQ

Type

Energy

Frequency

DXL
Quadrupole Magnets

Energy

Frequency

CCDTL or SDTL

Type

Energy

Frequency

CCL (Coupled-Cavity Lipac)

Type

Energy

Frequency

SCC (SuDerconductme Cavitv)

Energy

Frequency

Chopper

SNS

lGeV

52 mA

60 Hz

1 ms

6%

Both Four-vane type

2.5 MeV

402.5 MHz

Partly Permanent

87 MeV

402.5 MHz

None

scs
186 MeV

805 MHz

lGeV

805 MHz

Traveling
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Joint Project

600 MeV

50 mA

50 Hz

0.5 ms

2.5%

with PISL's

3 MeV

324 MHz

Electromagnets

50 MeV

324 MHz

SDTL

200 MeV

324 MHz

ACS

400 MeV

972 MHz

600 MeV

972 MHz

RF
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2. Ion Source and RFQ

Akira Ueno presented the paper on the present status of the ion source and RFQ linac for the

Joint Project. They have obtianes the peak current of 11.5 mA without Cs (a pulse length of

600 [is, a repetition of 20 Hz, and an emittance of 0.43 n; mm mrad ( 4 rms normalized

emittance)), whiile they have obtained the peak current of 37.5 mA with Cs (a pulse length of

1 ms, a repetition of 50 Hz, and an emittance of 0.6 jt mm mrad ( 4 rms normalized

emittance)).

The RFQ linac for a peak current of 30 mA with PISL's is just installed. This was designed

for the Japan Hadron Facility. Its Q value was 83.5 % of MAFIA calculation. Design of the

RFQ for 60 mA is in progress for the final goal of the Joint Project.

3. 60 MeV Linac

Fujio Naito presented the paper on the 50-MeV DTL and the 60-MeV SDTL for the Joint

Project. Both the DTL and the SDTL are made of copper-electroplating on the steel. The PR

(Periodically Reversed) method was newly developed for the cavity application. The electric

conductivity and the outgas rate are excellent, being the same as those of OFC. The first

breakdown voltage is about four times as high as the other conventionally electroplated ones.

The electroformed hollow coil was also newly developed for the high frequency DTL.

The magnetic field centers of the quadrupole electromagnets thus fabricated deviated by less

than 10 \im, which is nearly the accuracy of the measurement, from their mechanical center.

The high-power test result of the prototype with six drift tubes (three for the lowest |3 and

three for the highest p) is excellent. The conditioning was very fast due to the excellent

quality of the PR electroplating method.

4. Progress in Design of the SNS Linac

Bob Hardekopf presented the paper on the progress in design of the SNS linac.

The CCDTL has been given up, since the funneling will not be done even in future.
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One 550-kW klystron is necesssary per one superconducting cavity. As a result, 92 klystrons

should be prepared in total for SCC.

The chopper with rise and falling times less than 10 ns becomes possible by a series of FET's.

5. The SNS Superconducting Linac Architecture

John Galambos presented the paper on the SNS Superconducting Linac Architecture.

The SCCs are classified into two sets of cavities, each of which has the same p value. These

two values are refered to as medium beta and high beta, respectively.

The optimization study has been done, regarding which p values should be chosen. Three 6-

cell cavities per one klyomodule is assumed for the medium beta, while four 6-cell cavities

per one klyomodule for the high beta.

The optimization is dependent upon the peak surface field. If a peak surface field of 25 MV/m

is chosen, a choice of p = 0.61 and p = 0.81 for the medium p and the high p, respectively, is

most efficient.

A large phase slip exists, since only two sets of p values are used. Although no beam loss is

predicted from the simulation, it is interesting to compare the halo formation for this case with

that for more sets of p.

6. Superconducting Linac

Ron Sundelin presented the paper on the study of the superconducting linac.

For the case of 6 % duty like the SNS, the capital cost of the SCC option is about the same as

that of the NCC (normal-conducting cavity, or room-temperature cavity) option (, which the

author does not agree to).

The peak surface field of 27.5 ± 2.5 MV/m, the number of cells of 6, and so on have been

determined from optimization and/or of many factors.
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Microphonic amplitude of 6a is approximately 100 , which is significantly smaller than a

band width of 1,103 Hz. The Lorentz detuning is approximately 390 Hz, which is also much

smaller than a band width of 1,103 Hz. Even so, the phase and amplitude control of each

cavity is necessary by having one klystron per one cavity.

No longitudinal cumulative instability is expected.

7. Conclusion

Both the SNS linac and JKJ linac are in progress on schedule.

Already some collaboration is under way between SNS linac group and Joint Project linac

group. For example, the SCC couplers of KEKB will be the base of those for the SNS, the RF

antennas for the ion Source of the SNS will be used for the Joint Project, and so on. More

close collaboration will be beneficial for both, since both of the linacs are very modern and

challenging theoretically and technically in many features.

Participants of the session are sure that the linac technology will make big progress by

constructing and operating both the facilities.
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Overview of Presentations

This summary covers five sessions: Instrumentation for Biology; Reflectometers; SANS;
Residual Stress Analysis; and Diffraction. Virtually all the talks in these 5 sessions were
neutron scattering instruments or suites of instruments. The talks fall broadly into three
categories: upgrades to existing instruments; new instruments being built or under
commissioning at existing sources; and plans for new instruments or suites of instruments at
the next generation sources SNS (USA) or JSNS (Japan).

Upgrades to Existing Instruments

Greg Smith discussed the upgrades underway on the reflectometer SPEAR at the Lujan
Center. Alexandre Belushkin talked about the upgrades planned for the SANS instrument at
IBR-2 at Dubna.

New Instruments at Existing Sources

Naoya Torikai presented details about the new thermal neutron reflectometer ARISA just
completed at KENS. Mark Bourke gave an overview of the residual stress diffractometer
SMARTS and Kristin Bennett gave an overview of the high-pressure and texture
diffractometer HIPPO. Both instruments are about to begin commissioning at the Lujan
Center. Ken Andersen discussed the status of both the diffractometer and inelastic scattering
portions of the new instrument OSIRIS at ISIS. The diffractometer part is operational, and the
inelastic scattering part will begin commissioning soon. Mark Daymond discussed the design
for ENGIN-X, the new residual stress instrument under design at ISIS. Anatoli Balagurov
talked about the new FSD Fourier diffractometer for residual stress measurements at IBR-2.

Instrument Designs for New Sources

There were a number of reports on instrumentation planned for the proposed Japanese
Spallation Neutron Source (JSNS - Tokai, Japan). These included plans for a protein
crystallography diffractometer (Ichiro Tanaka), reflectometers (Masayasu Takeda), SANS
instruments (Jun-ichi Suzuki), and diffractometers (Takashi Kamiyama). There were also a
number of reports on instrumentation planned for the Spallation Neutron Source (SNS - Oak
Ridge, USA). These included plans for reflectometers (Frank Klose), SANS instruments
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(Jinkui Zhao, Pappannan Thiyagarajan), an engineering diffractometer (Xun-Li Wang), and a
powder diffractometer (Jason Hodges).

In addition to these specific instrument talks, Nobuo Niimura gave a more general talk
about the importance of neutron protein crystallography for answering fundamental
biological questions.

General Themes

One general theme emerging from these presentations included the trend to much more
extensive use of advanced neutron optics, including the application of polarized neutron
capabilities to some of the reflectometers and diffractometers. Another general theme is the
planned use of much more sophisticated sample environment equipment, including very high
pressure cells (Bennett), ultra high vacuum chambers (Klose), and thousand-sample sample
changers (Kamiyama).

Most of the proposed instrumentation is based on extension of ideas used on current
instruments, with innovation being exhibited in much better optimization of optics, detector
coverage, etc. However, the extension of powder diffraction to long d-spacings and polarized
neutrons provided by OSIMS represents a departure from previous diffractometer
philosophy, as does the new approach to powder diffractometer design and data handling
proposed for the SNS powder diffractometer.

Overall the presentations for elastic scattering indicate that this is still a rapidly expanding
field. There was a lot of enthusiasm and healthy exchange of ideas, making at least this part
of ICANS-XV a great success.
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4.3
Summary of Spallation UCN Source Session

Y. Masuda

KEK, 1-1 Oho, Tsukuba-shi, 305-0801 Japan

yasuhiro.masuda@kek.jp

Spallation UCN source is discussed in a target and instrument session. Here is

the content of the spallation UCN source session.

Spallation UCN source

for KEK-JAERI joint project Yasuhiro Masuda (KEK)

UCN at PSI Guenter Bauer (PSI)

UCN at Munich Erwin Gutsmiedl (Munich)

Solid state UCN detector Toshio Kitagaki (Tohoku)

Neutronics calculation of cold neutron

in a He-II chamber Yoshiaki Kiyanagi (Hokkaido)

Optimization for a vertical He-II UCN source Kenji Mishima (Osaka)

The first three talks concern with new UCN sources for fundamental physics

experiments, for example, neutron electric-dipole-moment (EDM) measurements,

neutron |3-decay experiments, quantum mechanical tests and surface-physics

experiments. All the three UCN sources use the superthermal-UCN-production which

was proposed by Golub. The superthermal method uses phonon excitation for neutron

cooling. The neutron cooling is schematically shown in Fig. 1. The point of neutron

cooling is in an energy-momentum relation between neutron and interacting particle. If

the interacting particle has the same energy-momentum dispersion curve as the neutron,

the neutron energy and momentum is effectively transferred to the interacting particle.

The transfer efficiency is well explained by a parameter called lethargy <j;, which is
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(O

n He-II

Fig. 1 Neutron cooling by phonon

approximated by

(1)

M and m are the interacting particle and neutron mass, respectively. The lethargy is a

logarithm of an average neutron-energy loss-rate for one collision. Free protons or

deuterons in 300-K and 20-K moderators are used for neutron moderation from MeV to

meV region. Below 20 K, almost all materials freeze and therefore, neutrons in the

meV region can not excite free particle motion. It means the mass M becomes too large

to slow down neutrons. Below the cold neutron region, phonon excitation is used for

the neutron cooling. The phonon dispersion curves of He-II and solid deuterium

intersect at the cold neutron region with the neutron dispersion curve. As a result, cold
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neutrons can be further slowed down to a UCN region through the intersection points.

Large phonon phase-space is used at the neutron cooling. As a result UCN density is

greatly improved. Previous UCN sources used neutron deceleration by the gravity or

Doppler effect. In these methods, the UCN density was limited by the Liouville's

theorem. The UCN density does not increase upon the deceleration, since the phase-

space volume is invariant for the conserved system.

The UCN source presented by Masuda uses the phonon in He-II, while the

UCN sources presented by Bauer and Gutsmiedl use the phonon in solid deterium. The

produced UCN density is represented by the same equation as

puCN = TI dE o(E -> £
UCN

for the both methods. T is a neutron storage time, N nuclear number density and <P(E)

neutron flux at E. a is the UCN-production cross section which is obtained by the form

factor, S(q, co) of a quantum system as

= bc
2 k/k{ S(q, 60)

q - k, - kf

bc is the bound coherent scattering length. The neutron storage time is obtained by the

reciprocal of the sum of nuclear absorption, up-scattering and j3-decay rates. The up-

scattering is a reverse process, where a UCN goes back to a usual neutron. The

temperature of UCN source material is kept low to reduce the up-scattering rate by

phonon to the same order as the UCN loss rates. In Table 1, a comparison between He-

ll and solid deuterium as UCN source material is shown.

Table 1 Parameters of UCN source material

solid D2 He-II

operation T

K
S(<?, to)

200 ms

5K

6.67 fin

unknown

C O

0.8-1.2 K

3.07 fin

known
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The PSI-UCN source will use a 24-kW proton-beam for the production of

neutrons by the spallation reaction. The neutrons are moderated in ambient-temperature

heavy water and then converted to UCNs in 5-K solid deuterium. The expected UCN

density is several 1000 UCNs/cm3. The Munich UCN source will be placed in a 20

MW reactor. The UCN source material is also 5-K solid deuterium. The expected

UCN density is similar as the PSI-UCN source. The joint-project UCN source will use

a 12-kW proton-beam for the production of spallation neutrons. The neutrons are

moderated in ambient-temperature heavy water and 20-K heavy water and then

converted to UCNs in 1-K He-II. Mishima discussed cold neutron flux in a vertical He-

ll bottle. In his Mote Carlo simulation, 20-K heavy water was treated as the 20-K ideal

gas which comprises deuteron and oxygen with nuclear number density ratio of 2 : 1.

The expected UCN density is 105 UCNs/cm3 for the 12-kW proton-beam. If the neutron

temperature is 80 K, we should take a reduction factor of 1/8 into account. Kiyanagi

discussed cold neutron flux in a horizontal He-II bottle. He used 20 K deuterium as a

cold moderator material in his Monte Carlo simulation. The expected UCN density in

the He-II bottle is 4 x 105 UCNs/cm3 the 12-kW proton-beam.

The large difference in the UCN density between He-II and solid deuterium

UCN source is due to a difference in the neutron absorption rate, l/xabs. The phonon up-

scattering rate at the operation temperature become comparable to other dominant UCN

loss rates. The dominant UCN loss process is nuclear absorption and a spin incoherent

scattering for the solid deuterium UCN source, while the neutron p decay rate for the

He-II UCN source. The last loss rate is much smaller than the former two loss rates.

In Fig. 2, the history of UCN production is shown. The new UCN sources will make a

breakthrough for UCN production.

The operation of the superthermal source should be carried out very low

temperature to reduce the up-scattering rate, that contradicts the requirement to realize a

high intensity UCN source. We need high cold neutron flux near the neutron source

center where y heating is large. In this point of view, the spallation neutron source has

great advantage, since it has a lower y to neutron ratio than the reactor.

The spallation neutron source has another advantage for the UCN production.

A pulsed operation is rather easy, which will greatly improve background problems.

Almost all kinds of radiation promptly emitted from the source upon the proton beam

irradiation quickly disappear after switching off the proton beam.

Kitagaki discussed a UCN detector for the superthermal UCN sources. A thin

film of LiF or LiOH is used for the conversion of neutrons to charged particles. The

charged particles are detected by a Si-PIN diode. He showed UCNs whose energy were
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Fig. 2 History of UCN production

below the critical energy of the film material were detected by the UCN counter. It may

due to the surface structure of the lithium compounds. The UCN detector works at very

low temperature.

- 168 -



JAERI-Conf 2001-002

ICANS-XV

15th Meeting of the International Collaboration on Advanced Neutron Sources
November 6-9, 2000

Tsukuba, Japan

4.4

A Report of the Working Group Session on Neutron Optics and Devices

Chun Loong and Hirohiko Shimizu

aIPNS, Argonne National Laboratory, Argonne IL 60439, USA

institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-0198, Japan

A working group session on neutron optics and devices was held in parallel with other 5

working sessions. A total of 26 attendees participated in enthusiastic discussion. Four areas:

magnetic-field gradient based devices, material lenses and prisms, spin flippers and polarizers,

and reflective devices (mirrors, benders, etc.) were discussed, each led by a discussion leader.

• Magnetic-field gradient based devices

Hirohiko Shimizu (RIKEN) presented an overview of R&D activities of neutron optics at

RIKEN. Work has been concentrated on the sextupole magnet focusing lens and the

quadrapole magnetic refractive prism, mainly for cold neutrons application. A status report,

including test results on both devices using neutron beams at a reactor, was given. Future

directions include more evaluations especially in time-of-flight modes and upgrade to

employing superconducting magnets.

• Materials lenses and prisms

Takayuki Oku (RIKEN) showed the performance of a compound refractive lens made of

silicon dioxide as a focusing device. The present limitations in fabrication techniques and

material constraints were discussed. He presented some conceptual design of beamline optics

using various lenses for spin-echo small-angle scattering application.

• Spin flippers and polarizers
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Frank Klose (SNS) showed the design of the supermirror guide for a reflectometer to be

built at SNS and stressed the importance of mirror performance with respect to the overall

capability of the instrument. He introduced a Drabkin flipper device to be installed in an

upstream section of the guide, serving as a pulse sharpener/filter for polarized neutrons so as

to improve the resolution of the reflectometer. A prototype device exists already and will be

tested at IPNS in 2001. Some discussions were raised for possible modification of the device

for unpolarized neutron applications.

• Reflective devices (mirrors, bender, etc.)

Yuji Kawabata (Kyoto Reactor Institute) presented the activities in development of

supermirrors in Kyoto. He also showed plans of fabrication of mirrors at a new facility in

collaboration with RIKEN.

The group agreed to take follow-up actions:

1. Establish a network of communication, discussion and information exchange using email.

Anyone interested in neutron optics is welcome to join.

2. Set up a website (or interlinked websites) for information regarding neutron optics.

3. Continue cooperation for R&D activities such as joint efforts in fabrication and testing of

optics devices between various institutions.

4. At opportune moments, organize focused workshops or topical meetings.

The volunteered coordinators for the above actions are:

"Hirohiko Shimizu" <shimizu@riken.go.jp>

"Takayuki Oku" <oku@postman.riken.go.jp>

"Frank Klose" <FKlose@anl.gov>

"Yuji Kawabata" <kawabata@rri.kyoto-u.ac.jp>

"Thomas Gutberlet" <gutberlet@hmi.de>

"Chun Loong" <ckloong@anl.gov>

Currently we have a mailing list of over 60 people. Feel free to contact any of the

coordinators if you are interested.
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4.5
Summary report of the working group session:

"Code systems, cross sections and kernels"

D.Filgesa *
a Forschungszentrum Julich GmbH, Institut fur Kernphysik, D-52425 Jiilich, Germany

(November 28, 2000)

There was first an informal discussion and information exchange of recent workshops and MC
conferences on computer codes and models used in the design of spallation sources.

1. "Models and Codes for Spallation Sources" in SARE-5, July 17-18, 2000, Paris, France,
about 60 participants, the proceedings of this workshop will be published soon.

The main outcome of this meeting was:

New experiments above 1 GeV incident proton energy lead to differences
mainly: Bertini based codes as compared to new models.
There was decided to undertake an "International Benchmark" in year 2001. For this purpose
a webpage will be available soon!

2. Monte-Carlo 2000, Int. Conference in Lisbon, Portugal, Oct. 23-26, 2000,
about 300 participants, proceedings will be published in late spring 2001.

The conference was organized in three main topics:

• hadron

• electron/photon

• and neutron/photon

Monte-Carlo systems and their applications. In the hadronic session the mostly used MC-system
for designing spallation sources were discussed:

• HERMES code system - D. Filges, R.-D. Neef, H. Schaal and G. Sterzenbach, "The HER-
MES Monte Carlo Program Systems a Versatile Tool for Spallation Physics and Detectors"

• FLUKA code - A. Fasso, A. Ferrari, J. Ranft and P. Sala, "FLUKA: Status and Perspectives
for Hadronic Applications"

• MCNPX code - H.G. Hughes, "Status of the MCNPX Transport Code"

• MARS code system - N. Mokhov and O. Krivosheev, "MARS Code Status"

• NMTC/JAERI code - H. Takada, S. Meigo and K. Niita, "Present Status of Nucleon-Meson
Transport Code NMTC/JAERI.

'Corresponding author: Tel..+49-(0)2461-615232, e-mail: d.filges@fz-juelich.de
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• GEANT4 platform - M. Asai, "Generic Design of Physics Processes in Geant4"

• EA-MC code, coupling high energy physics of FLUKA with new low-energy MC transport
. routines including burn-up possibilities - Y. Kadi, "The EA-MC Monte Carlo Code Package

- A New Approach to the Design of Accelerator-Driven Systems"

• MCNP code, widely used in coupling high energy transport codes with neutron-gamma-
electron transport at energies below 20 MeV - E.C. Selcow, G.W. McKinney, MCNP Ca-
pabilities at the Dawn of the 21st century: Neutron-gamma Applications.

It was interesting to hear, that hadron MC development was mostly driven by spallation source
and ADS projects.

3. There was an interesting discussion with R.Granada about kernels for cold moderators. The
development of his expression for scattering functions could stimulate future experiments in this
field. There is a further need to investigate good benchmark experiments on cold moderators
and moderator data to validate the scattering kernels we have. We need additional data for
energies below 10~3 eV. There is still some confusion to fix the working print to optimize the
para-ortho H2 concentration.

4. A real highlight in model development is the GEM code (S. Furihata) based on the generalized
evaporation model and the RAL fission model—reproducing successfully the cross sections for
fission fragment production as well as 7Be and 9Li productions.
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4.6
Workshop summary: "S(Q) measurements by chopper machine"

T. Otomo

KENS, High Energy Accelerator Organization, Tsukuba, 305-0801, JAPAN

*E-mail: toshiya.otomo@kek.jp

Participants of this workshop

M. Arai (KENS, KEK), S.M Bennington (ISIS, RAL), C. Frost (ISIS, RAL), K. Andersen

(ISIS, RAL) and K. Ohoyama (MR, Tohoku)

Total diffractometers are used to measure S(Q) (S(Q): static structure factor, Q:

momentum transfer) of liquids and glassy materials. However, measured S(Q) are integration

of S(Q, E) along non-constant Q path and weighted by l(k) (see references). Therefore it is

almost impossible to obtain "real" S(Q) although many correction methods have been

developed. Especially, in liquid samples, which contain light atoms like hydrogen, inelastic

effect is not negligible and very careful data reduction is required. In a next generation pulsed

neutron source, S(Q) of liquids with very high accuracy will be very important and a quick

data reduction will be also required. One of the idea which can satisfy these requirements is to

measure S(Q,E) and integrate it to obtain accurate S(Q). Taking into account the required Q-

resolution and the high Q-maximum, direct geometry instrument (chopper machine) may be

the best choice. As far as now, this kind of spectrometer designed so as to balance energy

resolution against intensity and Q-resolution is not got enough for S(Q) measurements

because a large beam divergence caused by a large sample size. For S(Q) measurements, 1%

energy resolution is not required but 1% resolution at Q = 1 A"1 is required at least. This

means its intensity can be increased by large solid angle coverage with short distance of

sample to detector (L2) and sample size should be balanced against detector element size. The

energy resolution may be 3 - 5 %, which is the most popular resolution on MARI at ISIS. It

may be possible to choose 1.5 m for L2 to achieve such energy resolution with viewing sharp

- 1 7 3 -



JAERI-Conf 2001-002

pulse-shape moderator. Also, such compactness leads to increase total number of chopper

machine and allows vertical arrangements of detectors without digging the grand.

The other aspect of a compact and lower energy resolution chopper machine is a high

throughput S(Q,E) machine. It is also worth to consider needs of 10% energy resolution

experiments. One of an example of such kind of experiment was presented by Ken Andersen

is his study of 4He liquids on MARL In this study, first and second moment of S(Q,E) are

important but much more intensity is essential. A larger sample size and other devices like

super-mirror guide will gain intensity. It may be very nice to have 100 times intensity of

MARL

Conclusion

S(Q) measurements by chopper machine may be important in a next generation neutron

source. It will be very compact chopper machine and useful not only for S(Q) measurements

but also for other measurements of dynamics itself. This kind of S(Q) measurement is not

conventional as total diffractometers.

Therefore, more feasible design work of this machine should start.
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4.7
WORKING GROUP SESSION REPORT

Neutron Beam Line Shielding

Gary J. Russell1* and Yujiro Ikeda2

'Manuel Lujan Jr. Neutron Scattering Center, MS H805, Los Alamos National laboratory,
P.O. Box 1663, Los Alamos, New Mexico 87545 USA
2Center for Neutron Science, Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki-
ken 319-1195,Japan
E-mail: russell@lanl.gov

Summary

Neutron beam lines at spallation neutron sources can present different (and challenging)
shielding issues compared to neutron beam lines at fission reactors. Neutron beam line
shielding is going to become even more important for pulsed spallation neutron sources in the
1-5 MW class that are presently either funded or proposed worldwide. Neutron beam line
shielding includes shielding the following:

• beam shutters exterior to the bulk shield;
• collimators;
• neutron guides;
• To-Choppers, frame overlap choppers, etc.;
• experiment-caves; and
• beam stops.

Typically each of these neutron beam line components presents a different shielding
challenge and requires a different shield composition and thickness.

Until recently, calculational capabilities have been "lacking" for computing absolute neutron
and gamma-ray dose equivalent rates at the surface of neutron beam line shields at spallation
neutron sources. What has now made this problem tractable is the computing power of
modern workstations and the enhancements made to the Monte Carlo codes used in
performing spallation calculations.

As mentioned above, shielding at a spallation neutron source is much more difficult than
shielding at a nuclear reactor. This is because at a spallation source you not only have to
shield against "fast" neutrons (i.e., evaporation neutrons with a "fission-like" spectrum) but
also against high-energy neutrons (i.e., neutrons with energies up to the energy of the incident
protons). The former neutrons are more-or-less isotropic in angle, while the latter neutrons
have a strong angular dependence. Neutron beam line shielding issues will become more
difficult at the next-generation pulsed spallation neutron sources where proton energies in the
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few GeV range are envisioned. In addition to biological issues, we must start paying more
attention to neutron beam line shielding issues because of instrument background
considerations and neutron and gamma-ray cross talk between instruments.

At Los Alamos, as part of the Accelerator Production of Tritium (APT) project, selected
neutron cross section libraries have been extended to 150 MeV [1]. Also, the MCNPX [2]
code, which is a merger of the widely used MCNP [3] and LAHET [4,5] codes, has been
developed to use these libraries. The MCNPX code has the full complement of variance
reduction techniques that can be utilized in shielding calculations. This code and the 150-
MeV cross section libraries were used in three papers discussed in this Working Group
Session.

Maekawa-san, et al. discussed shielding design studies of neutron beam line shutters for the
JAERI/KEK spallation neutron source. Russell-san, et al. described the application of this
computational technique to the design of neutron beam line shields for several new scientific
instruments being built at the Lujan Center. These instruments have different beam line
shielding requirements. The paper of Muhrer-san, et al. compared the calculated results of
2-D and 3-D neutron beam line shields.

Figure 1 depicts a cross section through the neutron beam line shielding for the Protein
Crystallography Instrument on flight path number 15 (FP-15) at the Manuel Lujan Jr.
Neutron Scattering Center at Los Alamos. This figure depicts the kinds of issues that can
face the designers of neutron beam line shielding at spallation neutron sources such as:

• Minimizing the cost and weight of the shielding by contouring (stepping) the shielding.
The shielding can be made more efficient by laminating it and/or choosing the most
efficient shielding materials. Reducing the weight of the shielding can be important
because of possible floor loading issues.

• Perturbations in the shielding caused by T0-choppers, neutron beam shutter
mechanism, etc. that weaken the beam line shielding must be properly addressed.

• In may be important to pay attention to crane capacities/requirements and hook heights
of cranes.

The next generation pulsed spallation sources in the 1-5 MW range are expensive, costing
around $1.5 to $2 billion U.S. dollars. Consequently, the designers and builders of these
sources will want as many neutron beam lines and scientific instruments using the sources as
possible. The proton energy of these sources is the few GeV range, which will make neutron
beam line shielding problems more difficult compared to the existing pulsed spallation
neutron sources where the proton energy is in the 500-800 MeV range. Also, the high-
performance standards of these instruments will dictate low experiment backgrounds
requirements and minimal cross talk between instruments. In addition, the design criteria for
the biological total (neutron plus gamma-ray) dose equivalent rates at the surface of the
neutron beam line shielding is being set at 0.25 mrem or less. All of these factors plus cost
and the weight of beam line shielding will drive spallation neutron source designers to pay
much more attention to neutron beam line shielding issues for these next generation pulsed
spallation sources than heretofore has been done with the existing spallation sources.

In order to properly design neutron beam line shielding, the calculational tools and
approaches in hand must be verified against experiments. Also, the cross section libraries
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should be extended to higher energies or the next-event estimators used in the Monte Carlo
codes extended beyond the tabular region of the cross section libraries. In addition, the
overall calculational efficiencies for doing neutron beam line shielding computations must be
improve (e.g., enhancing the Monte Carlo codes to do parallel processing, faster computers,
employing more efficient Monte Carlo models and variance reduction techniques, etc.).
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4.8
Workshop summary report on

TARGET ENGINEERING

G.S. Bauer,
Paul Scherrer Institut

CH 5232 Villigen
guenter.bauer@psi.ch

The 21 presentations in the target engineering workshop covered a very wide range of topics
ranging from facility design via safety issues, materials problems and designs of mercury
targets all the way to the spallation target facility at the MMF in Troitsk and ADS Studies
including the MEGAPIE project at PSI.

Design of new facilities.
There are many similarities in the general layout and design of the three new facilities
presented in the workshop, namely SNS (USA), JSNS (Japan) and ESS (Europe). All of them
chose horizontal beam injection into a liquid mercury target, which can be moved to a hot cell
located downstream of the proton beam line. There is a physical separation between the
experimental floors on both sides of the target block from the high bay area above the target
block reserved for operations and manipulations of target system components (shutters,
moderators, reflector units, etc.), which is not the case in existing facilities. According to the
different phases the three projects are in, the degree of detail in the presentations varied, with
SNS (2MW beam) being most advanced and ESS still looking at several R&D issues that
need to be resoved to demonstrate the feasibility of their ambitious goal of a 5 MWb short
pulse target. These issues mainly relate to the consequences of the thermal shock generated in
the target during the pulse. A considerable amount of thought has been given to remote
handling issues by the JSNS team, who presented a complete procedure for the target shell
replacement. New ideas were developed by the SNS group in the design and handling of
beam shutters as they successfully developed a concept to incorporate neutron-optical
components into the targe shielding up to about 1 m from the moderators. Moderator systems
located above and below the horizontally extended targets use either ambient temperature
water or supercritical hydrogen. Much work has been reported by the JSNS team in
optimizing moderator geometry and premoderators to make optimum use of the neutrons
generated in the target.
Conforming with the spirit of ICANS, presentations were generally very open and existing
difficulties and open questions were discussed intensely. Of these the question of the beam
window separating the target atmosphere (vacuum) from the accelerator vacuum is a common
concern. This window must be intensely cooled and hence be double walled. The walls must
be strong enough to withstand the water pressure. Inconel 718, which seems to be the
preferred choice for SNS and JSNS causes a lot of beam scattering, which is undesirable.
Good experience with the water cooled target shroud made from AlMg3 at SINQ may point
towards a way to ease this problem.
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Safety issues

A careful analysis presented by the JSNS team confirmed that the radiological hazard
potential of a mercury target is intrinsically small. A spill of all target material after 30 years
of full time operation with a spread over 55 m2 at the peak temperature in the target was found
to result in an exposure of the public which amounts to no more than 0.2% of the natural
exposure. Similar conclusions were arrived at by the SNS group. An increased risk would
result from an external heat source that could lead to substantially enhanced evaporation. This
is why the SNS design incorporates a 2 hours fire resistant enclosure and an effort will be
made to limit of burnable material in the experimental hall such that no fire of 2 hours
duration can be sustained. This may affect the allowed shielding materials along neutron
beam lines and around instruments.

Materials problems

Predicting the change in materials properties in and around a spallation target is still an issue.
Although the materials data base is growing as a result of the examination of the APT-
irradiation in Los Alamos and of spent components from accelerator facilities, experiments in
truly prototypical environments are still scarce. Materials examined from these components
are: austenitic 304L stainless steel, martensitic DIN 1.4926 low nickel steel, Inconel 718 and
high purity tantalum (ISIS target)

High purity Ta is the surprise and clearly deserves more attention: after 13 dpa the material
taken from the ISIS target still showed more than 15 % ductility, while its strength had nearly
doubled. (These 13 dpa were calculated from the proton beam load; including the damage
from fast neutrons would probably double this figure.)

There is hope that he current irradiation program in the SINQ target should increase the data
base considerably. Nevertheless, some conclusions may be drawn from a workshop held in
Schruns (Austria) in October 2000:

- Data obtained from fission and fusion related research is relevant also for spallation, when
scaled on a dpa (displacement per atom) basis, as long as increased gas production plays
no role. Much of this data is, however, in a temperature range higher than relevant for
(mercury) spallation targets.

- Helium per se starts to play a role at concentrations above 1 at%, which will hardly be
reached in the target container.

- He seems to act as trapping centers for H, preventing the diffusion of H out of the material.
This mechanism and its consequences of this are not yet understood.

- No indications could be found that beam pulsing would affect radiation damage in steels in
one way or the other.

- Measured heat transfer coefficients between 316L and mercury seem to indicate good
thermal contact (wetting).

- Corrosion in static and flowing mercury is not a problem at temperatures up to 200°C.
- The fatigue life of 316L stainless steel seems not to be affected by mercury in the absence

of radiation
- Nothing is known on the effect of radiation on these phenomena. An experiment to

investigate this problem in PbBi is in preparation at PSI (LiSoR-experiment). First data
should become available in 2001.

- Evidence for liquid metal embrittlement of T91 martensitic steel by lead was reported in
one instance.
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Designs of mercury targets

While ESS, SNS and JSNS all plan to use flat mercury targets, the tree designs differ in
detail. The need for cross flow (perpendicular to the proton beam and parallel to the window)
to cool the window is generally acknowledged. Different solutions are examined by ESS,
SNS and JSNS. The initial ESS design provides for three channel inlet flow with window
cooling by the flow through the bottom channel. SNS has separate window cooling by
mercury flowing between two windows. JSNS is investigating horizontal cross flow in whole
target volume. Two configurations are being examined. The problems to watch out for are:
- The maximum temperature in the fluid should be less than 200°C to have sufficient margin

against local boiling (cavitation)
- The combined stress on the walls from all sources must be well below the endurance limit.
- Wall temperature fluctuations should be minimized to reduce the risk of thermal fatigue.
As yet the problem of pressure wave effects on the wall at power levels above some 50 kJ per
pulse remains unresolved. This concerns convincing experimental verification of calculated
stress levels as well as mitigation methods and the possible role of cavitation.

Spallation target facility at the Moscow Meson Factory (MMF) in Troitsk
The Institute for Nuclear Research (INR) of the Russian Acedemy of Science has become a
new member of ICANS. It is in the process of commissioning a spallation neutron source at
its meson factory in Troitsk. Construction of the MMF facility was started in 1975, at that
time incorporating a number of new ideas in particular in the accelerator (RFQ an DW
structure). The full length of the accelerator structure for 500 MeV has been installed and
successfully tested, but, due to lack of klystrons, operation is only at a reduced energy of 160
MeV (up to 365 MeV). Present funding difficulties restrict operation to only for 2x2 weeks
per year for isotope production funded by Los Alamos. This allows 1 week of extra operation
for facility development.
MMF offers interesting possibilities in the context of source development: The beam stop in
the straight through position could be converted into a radiation effects test facility also for
use with liquid metal (cf. proposal made at ICANS XIV).
In order to increase the power dissipation capability of their slowing down spectrometer
(isotope production by resonant capture), INR is interested in installing a coolant free target,
which should be liquid metal (PbBi) to transport the heat by convection.
The second target pit in the shielding monolith is not very suitable for neutron scattering
instruments but could be used, e.g. to test and develop the coupling between a spallation
target and a multiplying assembly. (ADS)

ADS Studies and the MEGAPIE project at PSI.
Studies to use spallation neutrons to transmute long lived nuclear waste from fission reactors
are going on in Japan and Europe (also the US and elsewhere). In Japan such studies are one
of the missions of the joint KEK-JAERI High Power Accelerator Facility, which will also
host JSNS.
Actinide transmutation requires a very hard neutron spectrum, i.e. liquid metal or gas cooling
in the core. Actinides are fissionable under these conditions but have a small delayed neutron
fraction and almost no Doppler effect. Since reduces the control margin for critical reactors
For this reason, driven systems with an "external" (spallation) neutron source are being
considered. (Accelerator Driven Systems, ADS).
Virtually all ADS concepts chose PbBi as the preferred choice target material and, in several
concepts, also for core coolant. The concepts, however, are mostly in an early stage of
technical design and often reflect a lack of experience of the design teams. Research
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spallation neutron sources clearly can serve to substantiate these designs in many respects.
One example is the MEGAPIE project presently under development in Europe.
MEGAPIEJMEGAwatt target Pilot Experiment) is an initiative started in 1999 by CEA (F),
FZK (D) and PSI (CH) to demonstrate the feasibility of a liquid PbBi target for the beam
power regime of 1 MW. It will be carried out in the SINQ facility starting in March 2004 and
aims at a total proton fluence of 6000 mAh (1 year). The Collaboration has since been joined
by CNRS (F), ENEA (I) and SCK_CEN (B), with JAERI being in the process of joining.
Interest has also been expressed by KAERI, IPPE and LANL.
The goal is to design, build, run, post irradiation examine and dispose of a well researched
and extensively instrumented target, thereby contributing as much as possible to the design
data base of future high power targets in Accelerator Driven Systems, and at the same time
help PSI to decide whether a liquid metal target should be used in the future in SINQ, since a
gain in neutron flux pf about 50% is expected over the target presently in use.
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5. Accelerator - Linac
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Abstract

The Japan Hadron Facility of KEK and the Neutron Science Project of JAERI have been
merged to one project; the KEK/JAERI Joint Project for high-intensity proton accelerator
facility. The accelerator for the Joint Project comprises a normal- and super-conducting linac,
a 3-GeV rapid cycling synchrotron and a 50-GeV synchrotron. The linac design is described
in this paper. The total length of the linac is approximately 360 m. The normal conducting
linac provides a 400-MeV beam to the 3-GeV synchrotron and to the superconducting linac.
The superconducting linac provides a 600-MeV beam to an accelerator-driven nuclear waste
transmutation system (ADS).

1. Introduction

The Japan Atomic Energy Research Institute (JAERI) and the High Energy Accelerator
Research Organization (KEK) are proposing "the Joint Project for high-intensity proton
accelerator facility"[l] by merging their Neutron Science Project (NSP)[2] and the Japan
Hadron Facility Project[3]. The NSP was originally proposed for the accelerator driven
nuclear waste transmutation system (ADS), and the accelerator complex comprises a 1.5-GeV
proton linac and storage rings. The JHF comprises a 50-GeV synchrotron, a 3-GeV rapid
cycling synchrotron (RCS) and a 200-MeV linac[3]. The beam is used for fundamental
particle physics, nuclear physics, materials science, life science and others. Since both
projects have some common goals by a key word "high-intensity proton accelerators", the
Government suggested a joint effort to one proton facility in Japan.

Figure 1 shows a plan view of the Joint Project. The facility will be constructed at the
JAERI/Tokai site. The accelerator complex for the Joint Project consists of a 600-MeV linac,
a 3-GeV RCS and a 50-GeV synchrotron. The 600-MeV beams are for the ADS experiment.
The 3-GeV, 1-MW beam is provided to the pulsed spallation neutron experiments and muon
experiments. The 50-GeV beam is used for particle and nuclear physics.
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Plan View of
High-Intensity Proton Accelerator Complex

Pacific Ocean

/ ' / 50 GeV Synchrotron
Nuclear and Parfticte
Physics Experiments

3 GeV Synchrotron

Nuclear
Transumutation

600 MeV Linac
(0 - 400 MeV: Normal Conducting
400 - 600MeV: Super Conducting)

Neutrino Beams
to SuperKamiokande

Fig. 1 Plan view of the Joint Project Accelerator Complex

2. Overview of the Linac Design

Since the 50-GeV synchrotron requires several-GeV injection beams, the accelerator
scheme is based on the RCS in contrast to the scheme of a full-energy linac and a storage ring
option as the SNS or the ESS project. The H beam from the linac is injected to the RCS
during 0.5 msec, which is limited by the flat bottom of the sinusoidally varying magnetic field
ofthe25HzRCS.

The block diagram and key parameters are shown in Fig. 2 and Table 1. Parameters are
slightly modified after the Linac2000 Conference in Monterey[4]. The linac plays two roles;
one is to inject the beam to the RCS, and the other is to provide the beam to the ADS. The
high-energy part of the 600-MeV linac uses superconducting (SC) cavities, which can be a
prototype of the future CW accelerator for the ADS applications. A peak current of 50 mA
for H" ion beam of 0.5 msec pulse duration is accelerated at a repetition rate of 50 Hz. The
linac uses normal-conducting cavities up to 400 MeV. By using an AC switching magnet at
400 MeV, the half (25Hz) of the 400-MeV beam from the linac is injected to the RCS, while
the other half is further accelerated up to 600 MeV by the SC linac. An RF frequency of 324
MHz has been chosen for low-energy structures and 972 MHz for high-energy structures.

3. Design of the Low Energy Linac Part

A negative hydrogen ion source is designed and will be examined to produce at least 60 mA
peak current. An RFQ linac accelerates the beam up to 3 MeV, a DTL up to 50 MeV, and a
Separated type DTL (SDTL) up to 190 MeV. The frequency of 324 MHz is the highest-
possible choice, for which an electromagnetic quadrupole magnet can be embedded in a drift
tube at 3 MeV. The electromagnetic quadrupole system has much more tuning knobs against
beam current and emittance variations than those of the permanent magnet system.
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Fig.2 Block diagram of the linac

A 3-MeV, 324-MHz RFQ with PISLs is under construction at KEK[5]. Since the RFQ is
designed for the original JHF project, the peak current is limited to 30 mA. Design of a new
RFQ for 50 mA acceleration is underway.

The RFQ is followed by a medium energy beam transport (MEBT). The 3-m long MEBT
consists of 8 quadrupole magnets and two bunchers[6]. In order to reduce beam losses after
injection into the RCS, a fast beam chopper is required. The bunch length is 396 nsec in a
period of 733 nsec. The chopping system is one of the most difficult items to be developed.
A newly devised RF deflecting chopper[7] is used in the MEBT and the test will be carried
out.

The DTL accelerates the beam from 3 to 50 MeV. Each tank is stabilized with post
couplers. The maximum electric field on the surface of drift tubes is less than the Kilpatrick
limit (17.8MV/m). The coupled envelope equations and the equipartitioning theory are used
for the focusing design[3]. Since the transverse beam size increases gradually along the linac,
a bore radius of the drift tubes varies by three steps to take enough margin to the beam sizes;
6.5, 11 and 13 mm.

A new structure, an SDTL[8] has been chosen after 50 MeV. The SDTL has very similar
principles of the conventional DTL, but it uses shorter tank with several cell structures. The
SDTL has some advantages to the DTL:
(l)Geometrical shape optimization to maximize the shunt impedance with ease.
(2)A stable accelerating field without post couplers.
(3)Easier alignment tolerance of drift tubes and tanks.
(4)Separation of the transition point in the transverse and the longitudinal motion to reduce a

degradation of beam qualities. For this linac, the transverse transition point is at 50 MeV
(before the SDTL) and the longitudinal transition point is at 190 MeV (after the SDTL).

Table 1 Key parameters of the linac

Parameter

Output energy (MeV)
Section length (m)
Structure length (m)
Frequency (MHz)
Accelerating field (MV/m),E0
Vane Voltage (kV)
Number of cavities
Synchronous phase (deg)
Copper RF power (MW)
Total RF power (MW)@50my
Number of klystrons
Aperture radius (mm)
Number of cells

RFQ

3
3.1
3.1
324

82.9(1.8Kilp)
1

-30
0.34
0.48

1
3.7 (average)

294

DTL

50
27.1
26.7
324

2.5 ~ 2.9

3
-30
3.3
5.7
3

6.5 - 13
146

SDTL

190.8
91.2
65.7
324

2.5 - 3.7

32
-27
15.1
22.1

16
18
160

ACS

400
109.2
68.2
972
4.3

46
-30
29.4
39.9
23
20
690

sec
600

69.0
24.4
972
13.3

30
-30

10
15

30@Q,45@Cav.
210
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4. Design of the Medium Energy Linac Part

A coupled-cavity linac (CCL) is a natural choice from 190 MeV to 400 MeV, if we use
normal conducting structures. Among the possible candidates in the CCLs, an annular
coupled structure (ACS)[9] is a preferable choice owing to its axial symmetry, which may be
important to minimize a halo formation. Figure 3 shows the schematic drawing of the ACS.
The tank has 15 cells and two tanks are coupled via a bridge coupler. The bridge coupler is a
disk-loaded structure and has an input iris port at the middle cell. Transverse focusing is
provided with doublet quadrupole magnets. The fundamental RF issues concerning the ACS
were solved and a high-power test using a 1296-MHz model cavity was successfully
performed[9]. Detailed design work and brazing tests of the 972-MHz ACS cavities are
underway.

In order to satisfy the requirement of the momentum spread, a debunching system is
necessary in the beam transport (BT) line between the linac and the RCS. Considering the site
boundary and arrangement of some target stations, there is no possibility to take optimum
length from the linac to the RCS. In the current design, the length of the BT line is
approximately 330 m. The BT line consists of a matching section from the previous doublet
lattice to an FODO section, a transport line, an achromatic bending system with emittance and
momentum scrapers and matching section to the RCS. A full energy spread of ±0.07 MeV is
obtained at a debuncher voltage of 4.0 MV, located at a distance of 50 m from the ACS.
Since the energy spread becomes larger again due to the space charge, another debuncher of
1.3 MV is required at 200 m. The debuncher is a similar cavity of the 324-MHz SDTL.

Another accelerating structure choice of this energy region is the SC linac. Detailed design
and technology experiments are underway considering the pulse mode operation[10].

Fig. 3 Schematic drawing of the ACS

5. Design of the High Energy SC Linac Part

In the first phase of the Project, the SC linacfl 1] has a role to accelerate from 400 to 600
MeV for the ADS experiments. The system design is conducted as the similar manner as the
NSP design[12]. The SC linac consists of cryomodules containing two 7-cell 972-MHz
niobium accelerating cavities. Quadrupole magnets provide focusing with a doublet lattice
located in a room temperature region between cryomodules; these regions also contain beam
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diagnostics and vacuum systems. From the lengths in Table 1, the cavities are occupied only
35 % in the total length (24.4/69.0)=0.35.

According to the quench condition experiments for the high-field SC cavities, the maximum
accelerating field is determined by a multipacting referred to the magnetic field, not by a field
emission or sparking referred to the electric field. In the current design, maximum magnetic
field is set to be 525 Oe, which corresponds to the peak field of 30 MV/m. Total length and
the number of the cryomodules are 69 and 15, respectively.

To reduce emittance growth, the lattice design is performed according to a nearly
equipartitioned condition. Beam simulations are carried out using the PARMILA code. The
90-% emittances and RMS beam sizes along the SC linac are shown in Fig. 4. Since the
equipartitioning scheme has applied in this design, emittance growth rates in the transverse
and the longitudinal directions are as small as 5 % and -3 %, respectively. The beam sizes are
nearly constant, because the energy range is not so wide in this SC linac. Ripples of the
transverse beam sizes are due to the modulation of the doublet focusing system. The RMS
beam size in transverse direction is 0.2 cm at the highest. The bore radius is 3 cm at the
quadrupole magnets and 4.5 cm at the cavities. The ratio of bore radius to RMS beam size is
greater than 15, which may be enough for the beam losses in the linac. One of the upgrade
paths to increase 3-GeV beam power is to take the higher injection energy to the RCS. The
RCS requires a linac beam with a momentum spread within ±0.1 %, which refers to ±lMeV
at 600 MeV. According to the evaluation of the effects of the RF phase and amplitude control
errors, phase and amplitude errors within ±1 degree and ±1 % are required. After the
momentum spread will meet the requirement, 600 MeV beam accelerated by the SC linac will
be injected to the RCS to upgrade the beam power.

400 500
Energy (MeV)

600
NP=100K

Fig. 4 90-% emittances and RMS beam sizes in the SC linac
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6. Summary

The system design of the linac is almost completed. To obtain better performances, new
structures such as the SDTL, the ACS and the SCC are adopted. The layout of the linac
building and conventional facilities are designing.

The R&D programs have been performed in order to overcome various difficulties
associated with their high-intensity characteristics. Construction of the 60-MeV linac[13-15]
started for the JHF at KEK in 1998. It includes the 324-MHz RFQ, the DTL and the first two
tanks of the SDTL. The beam commissioning of the ion source has been started and of the
RFQ linac will be scheduled in spring, 2001. Since these two components were designed for
a peak current of 30 mA, they will be replaced in the future. These components, however,
will be used for beam tests of the DTL and SDTL for the time being. After construction and
beam commissioning of the 60-MeV linac have been completed, the linac will be transferred
to the Tokai site and used for the Joint Project.
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Abstract

A drift-tube linac (DTL), to accelerate the H ion beam from 3 to 60 MeV, is being constructed as
the injector for the JAERI/KEK Joint (JKJ) Project. The following components of the DTL have
been developed: (1) a cylindrical tank, made by copper electroforming; (2) rf contactors; (3) a
pulse-excited quadrupole magnet with a hollow coil made by copper electroforming; (4) a switch-
ing-regulator-type pulsed-power supply for the quadrupole magnet. High-power tests of the
components have been conducted using a short-model tank. Measurements of properties for the
qadrupole magnet has been started. Moreover a breakdown experiment of the copper electrodes
has been carried out in order to study the properties of several kinds of copper materials.

1. Introduction

Construction has started of a DTL, to accelerates the H" ions from 3 to 60 MeV, as the injector
as part of the JAERI/KEK Joint (JKJ) Project at the high-intensity proton accelerator facility in
Japan [1]. The H" beam is accelerated from 3 MeV to 50 MeV with a standard Alvarez DTL
which has a quadrupole magnets in a drift tube and accelerated from 50 to 58 MeV with a
separated type DTL (SDTL), Q-magnets for which are set between the tanks. The standard DTL
consists of three long tanks (maximum 9.9 m in length), each of which is comprised of three
short unit tanks
(approx. 3 m in Table 1. DTL design parameters
length), to over-
come difficulties
with constructing
the tank and assem-
bling the drift tube.
The resonance fre-
quency of the DTL

Tank
Energy (MeV)
No. of Cell
Length (m)
Tank dia. (mm)
DTdia (mm)
Stem dia. (mm)
Bore dia. (mm)

DTL-1
19.7
76

9.92
561.1
140
34

13,18
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DTL-2
36.7
43

9.44
561.1
140
34
22

DTL-3
50.1
27
7.32

561.1
140
34
26

SDTL-1
54.1
6
1.48

520.7
90
36
30

SDTL-2
58.2

6
1.53

520.7
90
36
30
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is 324 MHz. The rf pulse length is 600 usec and its repetition rate is 50 Hz. The main design
parameters of the DTL are summarized in Table-1 [2]. This report describes three aspects of the
DTL construction; rf contactors, the characteristics of the copper surface of the cavity, and the
power supply for the quadrupole magnet in the drift tube. Furthermore we show the the prelimi-
nary results for the measured quadrupole magnet properties.

2. RF contactor

Two types of rf contactor have been de-
veloped: (a) a contactor between the end
plate and the tank cylinder; and (b) a con-
tactor between the stem of the drift tube and
the tank. Cross-sectional views of the con-
tactors are shown in Figure 1. The struc-
ture is very simple: a thin copper layer (0.5
mm in thickness) surrounds a stainless steel
spring. There is a vacuum seal outside the
rf contactor. The performance of these was
checked initially by a small test cavity and

S U^ s p r i n g

Figure 1. rf-contactors
b

, , . . , ., , Fig
then by the large cavities that are described ( a ) rf.contactor between the end-plate and the
in the next section. tank, (b) rf-contactor between the stem of the drift

tube and the tank

10

[Pa]

10-'

3. Vacuum and rf properties of the test tank

The cavity cylinder for the DTL is made of iron, with the inner surface covered by a copper
layer (0.5 mm in thickness) that was built by the Periodic Reverse (PR) electroforming using
pure copper sulphate bath, and then finished by electropolishing [3]. A cylindrical cavity was
made to test the vacuum and the rf properties of the PR copper electroforming surface. The size
of the cylinder (560 mm in diameter, 3320 mm
in length) is almost identical to that of the long-
est unit tank of the DTL. The rf contactor de-
scribed in the previous section is used for the
end plates.

The measured unloaded Q-value of the
TM010 mode of the cavity is 77000, which rep-
resents approximately 97 % of the value ob-
tained by analytical calculations. The results
indicate that (a) the electrical quality of the cop-
per surface is sufficiently high and (b) that the
rf contactor functions satisfactorily at a low rf-
power level.
Vacuum property was also measured, and as

the results in Figure 2 show, the pressure level
of the tank became 10-5 Pa after 100 hours of
evacuation. The outgas rate from the tank sur-
face was also measured by an integration
method (build-up test) and the data is presented

3
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Figure 2. Ultimate pressure for the 3m tank
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in Figure 3. The outgas rate for the 2nd
measurement was 5.2x10-8 Pa m3/s/m2
(3.9x10-11 Torr l/s/cm2), which is closely
consistent with the value for the OFC.

4. Quadrupole magnet and pulsed-
power supply

One of the most important devices for the g>
DTL is the quadrupole magnet in the drift §
tube. We have developed a compact H
quadrupole electromagnet with a hollow
coil made by the PR copper electroforming.
Because the magnet is operated in pulse
mode to decrease the heating due to ohmic
loss in the coil, the pole piece of the mag-
net is made from a stack of silicon steel
plate (0.35 mm and 0.5 mm in thickness).
Details of the magnet are reported in refer-
ence [4].

A pulsed-current supply with a 20 kHz F i g u r e 3- Pressure variation in the tank with outgas.
switching regulator circuit (IGBT elements
are used) has been developed for the mag-
net. The requirements for the current sup-
ply are as follows: (1) current stability, with
the flat top of the output pulse being less
than 10-3; (2) the duration time of the sta-
bilized flat top should be greater than 1
msec; (3) the maximum current is 1000 A;
(4) the rise time for the current pulse is 5
msec. A typical measured pattern of the out-
put current from the supply with a dummy
coil is shown in Figure 4. This shows that
the stability of the current is about 5x10-4.
The other requirements have also been
achieved.

(sec)

5. Breakdown test of the copper electrode

Figure 4. Time variation in the current from the
power supply. (1000A)
(a) reference pulse (input), (b) output current,
(c) output voltage, (d) deviation of the output
current

An electrical breakdown test has been con-
ducted to determine the electrical charac-
teristics of the electroformed copper by the
PR process for the DTL [5,6]. Electrodes
made by other processes were also tested,
in order to compare their properties. The top of the electrode is hemispheric in shape, with a
radius of 30mm.

The results show that the first breakdown field for the electrode made by the PR copper
electroforming is significantly higher than those of the other electrodes, except for an electrode
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Table-2. The first breakdown field

Materials The 1st

EF (PR, Pure copper sulfate)

breakdown field
(MV/m)

41
EF (Copper sulfate with brightener) 13
EF (Pyrophosphate)
EF (Pyrophosphate)
OFC (Lathe finishing)
OFC (Electro polishing)
OFC (Diamond bite)
OFC: Oxygen Free Cooper)

10
10
20
16
70

made of OFC finished by a diamond bite.
Table 2 shows typical results for the first
breakdown field level. The data indicates
that the surface of the electroformed cop-
per by PR process has the most suitable
properties for the accelerator cavity.

6. High-power test of a model tank

A short tank (1.4 m in length) has been
made for a high-power test of the DTL com-
ponents (the rf contactors for the stems and (EF: Electro-Forming, PR: Periodic-Reverse
the end plates, the electroformed copper 0 F C : Oxygen Free Cooper)
surface, a drift tube with the quadrupole magnet, tuners, and the input coupler). A schematic
representation of the tank is shown in Figure 5. Only the shortest drift tube has a quadrupole
magnet inside. The tank consists of the first three cells and the last four cells of the DTL. The
right half of the 3rd drift tube is half
of the 142nd drift tube. Thus, the po-
sition of the stem of the tube is not
ideal, as the stem is located at center
of the tube. As this is likely to lead to
non-uniformity in the accelerating
field (Ez) distribution, which is meas-
ured by a bead perturbation method,
the non-uniformity around the 3rd
drift tube, that can be seen in the data
shown in Figure 5, is as expected. The
measured unloaded Q-value was

46200, which is about 93 % of the Figure 5. Schematic representation of the DTL hot model
estimated value, and includes the ef-
fect of all components. The shunt
impedance is 54.7 MQ/m. Because 40
the design value of the Ez is 2.5 MV/
m, the required input rf-power is
about 160 kW.

The first high-power conditioning
was carried out at the end of April
this year. Figure 7 shows the condi-
tioning history of the tank. The de-
sign value for the peak power was
easily achieved with the short-pulse
(several 10 usec in duration) opera-
tion, requiring just two days to
achieve full-power operation. The
high-power test was terminated when QQ Q 2 0.4 0.6 0.8 1.0 1.2 1.4
a ceramic window of the input cou-
pler broke; however, when the end b e a m a x i s ( m )

plate of the tank was opened to check Figure 6. Electric field along beam axis
the inside, no trace of the discharge
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Figure 7. Conditioning history of the model

was observed on the inner sur-
face of the tank ,the surface of
the drift tube, or on the rf con-
tactor for the end plate.

8. Measurement of the mag-
net properties.

The magnets for the
lowest energy part of the drift
tubes was assembled and the
position of the quadrupole
field center of them has been
measured as the difference
from the mechanical center of
the magnet. The data of the
first 13 magnets are shown in
figure 8. It shows the differ-
ence of the quadrupole center,
which is defined by position
of the dipole field minimum
measured by a rotating coil,
from the mechanical center of
the magnet. Because the accu-
racy of the position
measurment is approximately
+-10 pm the difference of the
Q-magnet center position
from the mechanical center of
the magnet is almost zero.

7. Conclusion

The construction of the
Alvaretz DTL for the JAERI/
KEK joint project has been
started. The components de-
veloped for the DTL have
been tested in a high-power
test of the DTL model. In par-
ticular, the PR electroformed
copper was found to have ex-
cellent properties. There are
problems with the input cou-
pler that need to be solved. However, mass production of the magnet and drift tube is already in
progress, and the production of the pulsed-power supplies for the first DTL tank is completed.
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Abstract

The Spallation Neutron Source (SNS) is a six-laboratory collaboration to build an intense
pulsed neutron facility at Oak Ridge, TN. The linac design has evolved from the conceptual
design presented in 1997 in order to achieve higher initial performance and to incorporate
desirable upgrade features. The linac is now designed to produce 2-MW beam power using a
combination of radio-frequency quadrupole (RFQ) linac, drift-tube linac (DTL), coupled-
cavity linac (CCL), and superconducting-RF (SRF) linac. Designs of each of these elements
support the high peak intensity and high quality beam required for injection into the SNS
accumulator ring. This paper will trace the evolution of the linac design and the progress
made in the R&D program.

1. Introduction

The SNS project had its conceptual design review in June 1997 and received construction
funding from the US Department of Energy in October 1998. The original design of the 1-
GeV linear accelerator (linac) was a room-temperature device that could deliver average
beam currents from 1 to 4 mA to the accumulator ring that follows. This baseline design
would have provided 1 MW of beam power, but the accelerator system was upgradeable to 2
and 4 MW. This design and the upgrade requirements were described in several early papers
[1-4]. The basic requirements and design features are shown in Tables 1 and 2.

Table 1. Linac requirements at CDR
Input H" energy
Output H" Energy
Average beam current
Average beam power
Macropulse repetition rate
Macropulse length
Beam duty factor
Chopper transmission
Chopper period
Peak macropulse current
Avg. macropulse current
Beam losses

2.5 MeV
1001 MeV
1.04 mA
1.04 MW
60 Hz
0.974 ms
5.84 %
65%
841ns
27.7 mA
18.0 mA
<1 nA/m at 1 GeV

Table 2. Original linac design parameters
RF duty factor
Average accelerating gradient EoT
Avg. Energy gain / real estate meter
Peak structure power losses
Peak installed RF power
Average RF power to linac
Specified ac wall power for RF
No. of 1.25-MW 402.5-MHz klystrons
No. of 2.5-MW 805-MHz klystrons
Physical length of linac
Linac vacuum
Linac tunnel, width x height

7.02%
2.7 MV/m
2.02 MeV/m
80.7 MW
142.5 MW
6.74 MW
22 MW
2
56
495 m
<1 x 10"7 torr
14 x 10 ft
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The evolution of the room-temperature-linac design from 1997 to 1999 is described in [5]
with engineering overviews in [6-8]. The 2-MW upgrade could be achieved with only the
addition of RF power, but 4 MW required a second ion source and 402.5-MHz front-end
system up to 20 MeV, with funneling of the two beams into an 805-MHz coupled-cavity
drift-tube linac (CCDTL) structure.

Following an intensive project review late in 1999, the baseline design was changed to a 2-
MW linac without provision for upgrading to 4-MW. This allowed the elimination of one of
the RF structures, the CCDTL, by extending the 402.5-MHz DTL up to about 87 MeV. At
this energy, the beam could be injected directly into the CCL structure. This change was
formally adopted in November 1999. The following March, after several studies of
superconducting technology applied to the SNS linac, the baseline was changed to a
superconducting RF (SRF) linac beginning at 186 MeV [9,10]. Subsequent optimization of
this design has led to the configuration in Figure 1 with overall parameters in Table 3.

-

402. MHz

RFQ • DTL

805 MHz

CCL

t t
Injector 2.5 MeV 86.8 MeV 186 MeV

t t
SRF, B=0.61

t
SRF, B=0.81

HEBT

t
375 MeV 972 MeV

Figure 1. Layout of the present SNS linac. The RFQ, DTL, and CCL are warm structures,
and the two SRF regions are superconducting. The energies are at the end of each structure.

Table 3. Parameters of key components for SRF linac baseline, Oct. 2000
Component Units 2-MW value
H' ion source
2.5-MeV RFQ
Fast choppers - 2 (chopper & anti-chopper)
87-MeV, 402.5-MHz DTL
186-MeV, 805-MHz CCL
375-MeV, (3=0.61 SRF cavities in 11 cryostats
1000-Mev, P =0.81 SRF cavities in 15 cryostats
402,5-MHz, 2.5-MW klystrons (incl. RFQ)
805-MHz, 5.0-MW klystrons (incl. HEBT)
805-MHzz, 550-kW klystrons
Total installed RF peak power

Peak current
Peak current

Beam-on duty factor
tanks

RF modules
RF modules
RF modules

number
number
number

MW

65 mA
52 mA

68%
6
4
33
59
7
6
92
93

Many of the other linac parameters (e.g., repetition rate and duty factor) remained the same,
but with the SRF linac we are now able to attain 2-MW with much less RF power. Because
of project cost constraints, the energy of the linac will initially be somewhat less than 1 GeV
(with fewer high beta SRF cavities installed), and the initial design power will be about 1
MW. However, space is provided in the linac tunnel to increase the energy by adding
additional SRF sections when funding permits. Depending on SRF cavity performance and
addition of cavities and RF power, an energy of 1.3 GeV or higher may eventually be
achieved. The following sections describe the design status of the room-temperature linac.
The SRF linac design is described in accompanying papers at this conference [11,12].
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2. Front-End System and Chopper

The front-end system, including the H- ion source (65 keV), RFQ linac (2.5 MeV), and
medium-energy beam transport (MEBT) is being designed and built by Lawrence Berkeley
Laboratory, one of the partners in the SNS collaboration. This injector, most recently
described in [13], will deliver a chopped, high-brightness H" beam to the DTL with peak
intensities of 52 mA. The beam transport from the RFQ to the DTL is described in [14].

A key requirement of the linac and accumulator ring design is the ability to cleanly chop the
beam to provide a gap in the stored beam in the ring for extraction. Because SNS will
operate at higher peak intensities than any existing spallation source, forming this gap and
keeping it clear of particles at a level less than 10'4 of the peak beam is critical for reducing
radiation levels in the ring and subsequent activation of ring components. We are designing a
traveling-wave chopper based on the experience at LANSCE, but operating at higher voltage
because of the 2.5-MeV beam from the RFQ. Table 4 lists the specifications.

Table 4. MEBT
Beam Energy
Chopper length
Chopper gap
Voltage
Deflection angle
Chopping period
Rise & fall time

chopper requirements
2.5 MeV
35 cm
1.8 cm
± 2.35 kV
18 mrad
945 ns
< 10 ns

. ' ' - • . - -

TT

> r

'•t V '

Figure 2. General construction of MEBT chopper on the left with scope trace on the right
showing -2 ns risetime demonstrated on a proof-of-principle structure.

Figures 2 shows general features of the meander-line structure [15-17] currently being
developed under the linac R&D program. Performance of a prototype has matched the 3D
MAFIA calculations, demonstrating a 50-ohm structure with a risetime of 2 ns. The actual
risetime will be limited by the FET pulsers, currently under development at DEI, Inc. in
Boulder, CO. The specification for two pulsers to drive the top and bottom meander lines is
± 2500 V with 10-ns (5 to 95%) risetime. Since with this risetime, partially deflected
micropulses of the 402.5-MHz beam will be transmitted, an anti-chopper is provided in the
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MEBT to return these micropulses to the beam axis before entering the DTL. Figure 3 shows
details of the meander-line in the proof-of-principle structure.

Figure 3. Meander-line structure for the fast MEBT chopper. The proof-of-principle
structure is on the left, and a closer view of the etched copper striplines is on the right.

3. Drift-Tube Llnac (DTL)

The DTL is divided into 6 tanks, or RF modules. The parameters are summarized in Table 5,
and Figure 4 is a cutaway view of the first DTL tank.

Table 5. DTL Design parameters
Structure frequency (MHz) 402.5
Energy (MeV) 86.8
Physical length (m) 36.6
Bore radius (cm) 1.25
Focusing lattice FF0DD0
Lattice period length 4|3A.
Accelerating gradient Eo (MV/m) 3.0
Synchronous phase (deg) -30
Ave. acceleration rate (MeV/m) 2.3

Figure 4. Cutaway view of DTL tank 1.
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Each tank is composed of two or three sections along the length that are fastened together
using metal seals at the interfaces. The structures consist of copper-plated steel tanks with
copper drift tubes mounted on stainless-steel stems. One 2.5-MW klystron powers each tank;
and each tank has a separate water-temperature-based resonance-control loop. Permanent-
magnet quadrupoles (PMQs) are arranged in a FFODDO lattice, which allows placement of
electromagnet steering and beam-position diagnostics within the "0" drift tubes. Each tank
has a minimum of 4 steering magnets. Post couplers are used at every third drift tube to
stabilize the field and to generate a ramp in the first tank for longitudinal matching of the
beam from the RFQ and MEET. Figure 5 shows views of a low-power cold model currently
being tested for RF properties

Figure 5. Cold-model assembly for SNS DTL Tank 1.

A preliminary design review of the DTL was held in September 2000. Final design and
fabrication are underway, with delivery of the first module scheduled for 2002.

4. Coupled-Cavity Linac (CCL)

The CCL accepts beam from the DTL at 87 MeV and delivers it to the SRF linac at about
186 MeV. The basic parameters are shown in Table 6.

Table 6. CCL Design parameters
Structure frequency (MHz)
Final energy (MeV)
Number of RF modules
Number of segments per module
Number of cells per segment
Physical length (m)
Bore radius(cm)
Focusing lattice
Lattice period length
Accelerating gradient E o (MV/m)
Synchronous phase (deg)
Ave. acceleration rate (MeV/m)

805
185.6
4
12
8
55.4
1.75
F0D0
13(3A.
3.1 to 3.8
-30 to -26
1.8

Bridge couplers between segments are 3-cell structures of length 2.5 |3A. with
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RF feeds through the center cell of the bridge coupler at the 1/4 and 3/4 points of each
module. The total thermal load is ~ 1.1 MW at an operational temperature - 80 F.
Quadrupole focusing magnets and beam diagnostics are located in the spaces between the
segments, and they are supported off the main girder separately from the cavities. Modules
will be assembled in a staging area, tuned, and subjected to a series of acceptance tests.
When completed, the modules are parted at the central bridge coupler, moved into the tunnel
in halves using an engineered transporter, and then reassembled. A series of final tests are
conducted in the tunnel as well as connections to the water, RF waveguide and cabling.
Figure 6 is an assembly drawing of one of the modules, and figure 7 shows more detail of
two segments and the coupling cavity.

CCL 5-MW Module Assembly Linac Segment 12 .
107,2 MeV

Ion Pump

Turbomolecular Pump
Station (typical)

Structural Support Stand
(2 sections)

RF waveguide interface
(2 places)

Segments -12
Length -12.1 meters
Number of cells - 96
Intersegment gaps - 2.5BA

Figure 6. Assembly drawing of the first of four 5-MW CCL modules.

Segment 2 Segment 1

Coupling Cell v

Accelerating ,
Cell

Figure 7. Two 8-cell CCL segments with a bridge coupler.

An R&D program is underway to build both low-power cold models and a powered hot
model of the CCL structures. With the cold models, we have tested the RF performance of
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accelerating cells, coupling cells and coupling-slot geometry. We are currently testing the
bridge-coupler geometry. Figure 8 shows one of the assembled cold models on the bead-pull
test stand.

Figure 8. CCL cold-model assembly on the
bead-pull test stand.

Figure 9. Assembly of the CCL hot
Model.

The hot model, shown in Figure 9, consists of two powered segments and a bridge coupler. It
will provide verification of the manufacturing and tuning steps as well as thermal stability
and vacuum performance. A frequency resonance-control water cart and a prototypical
vacuum system are being integrated with the hot model for testing before committing to
large-scale fabrication. Parts of the hot model are being fabricated, as shown in the following
figures (where a braze alloy is being tested).

Figure 10. Septum foil lay-up with 50-50,
2-mil alloy.

Figure 11. Finished brazed units.

The CCL completed a preliminary design review in November 2000. Many of the
manufacturing steps have been verified, and initial definition and packaging has been done
for the inter-segment diagnostics. A final design review is scheduled for next spring, and the
procurement process for the copper assemblies will be initiated soon afterward.
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5. RF-Power System

To reduce the cost of the RF system, we performed trade studies between number and power
of klystrons, RF transmitters, power supplies, and cavity-control mechanisms. The final
architecture, shown in the following table, is the- result of these studies.

Structure W final

MeV

Table 7.

Total
Length

m

Summary of linac RP architecture.

Cells
per

Cavity

Cavities
per Modules

Module

No of
Klystrons

Structure
Length

m
DTL
CCL
SRFI
SRFII

SRF upgrade

86.8
185.6
379.2
948.7
1227.6

36.6
91.9
157.7
276.0
323.4

60 to 21
8
6
6
6

12
3
4
4

6
4
11
15
6

6
4
33
59
25

36.6
55.4
64.2
118.4
47.3

Structure

RFQ & DTL
CCL & HEBT

SRF I & II
SRF upgrade

HVPS

3
5
8
3

HVPS
Power

MW
10
10
10
10

Transmitters

7
6
16
5

Klystrons

7
6

92
25

Klystron
Power

MW
2.5
5.0
0.55
0.60

Figure 12 shows schematically the layout of the linac RF system [18].

Layout of Linac RF with NC and SC Modules
•402.5 MHz, 2.5 MW klystron
O 805 MHz, 5 MW klystron
6 805 MHz, 0.55 MW klystron

2.9 M»V 86.8 M.V

from

CCL

SC, B=0.61
(33)

379 MoV SC, 8=0.81
(59)

968 MeV

HEBT

(2)

JTT II
59

(92 total)

Figure 12. Layout of linac RF system with NC and SC modules

- 204 -



JAERI-Conf 2001-002

For the number and sizing of the SRF klystrons, we assumed the saturated power output
should be 33% above the power needed by the cavity plus beam. Microphonics and Lorentz-
forces lead to frequency variations of about 300 to 400 Hz, total. This varies the cavity
amplitude response by up to 9% and phase by up to 12° at the maximum. The combination
of amplitude and phase variation is a loss of output capability of as much as 12%. The
remaining overhead is about 11%, which is needed for other errors and noise effects.

The RF control system [19] must maintain RF Fields to ±0.5% and ±0.5°. With one klystron
per cavity, we can provide one control loop around each klystron/cavity pair. This provides
the capability to compensate for the Lorentz forces and microphonics. We can, however, use
one HV system and RF transmitter to serve several klystrons, as indicated in figure 13. A
block diagram of the RF control system is shown in figure 14.

Accelerator Tunnel

Figure 13. SCRF-system block diagram for
0.55-MW klystrons.

Figure 14. Simplified block diagram of
the RF-control system.

Because we are powering klystrons with outputs from 0.55 to 5.0 MW, two basic types of
HV systems are needed: a high-voltage version (-140 kV) and a lower-voltage version (-80
kV). Both have a nominal 10-MW peak power. The LANL-designed converter-modulator is
the primary solution [20]. The design accommodates two or three 2.5-MW, 402.5-MHs
klystrons (RFQ and DTL), one5-MW, 805-MHz klystron (CCL), or 11-12 550-KW, 805-
MHz klystrons (SRF). The following table gives the klystron power distribution.

Table 8. Arrangement of the
Frequency

(MHz)

402.5

805

805

Klystron
Power
(MW)

2.5

5.0

0,55

Number
of

Klystrons

7

6

92

klystrons and
High

Voltage
(kV)

130

140

69

power supplies
Current

(A)

35

88

12.7

Klystrons
perHV
System

2

1

11 OR 12

A prototype of the converter-modulator is being assembled at Los Alamos, and testing will
begin next year. The prototype includes three IGBT switch plate assemblies and a boost
transformer. The control subsystem includes control and protection, an adaptive feed-
forward and feedback system, interlocks, and a programmable logic controller.
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6. Linac Physics and Simulations

The design of the SRF linac has been a collaborative effort between Los Alamos, ORNL, and
Jefferson Lab [10-12]. Based on Emax^ 27.5 MV/m, we made trade studies to determine the
most cost-effective combination of cavities, cryostats, and RF systems to achieve reliable
performance. The result was two cavity types, one optimized for a beta of 0.61 and the other
for a beta of 0.81. A transition energy of -375 MeV maximized the final energy for a fixed-
cost machine [11]. Figure 15 shows the nominal klystron and cavity power.

700

150 400 650 900 1150 1400

Figure 15. Graph of klystron (top) and cavity (bottom) power for the SCL. The solid lines
are nominal values, and the dots are random distributions expected. For a large part of the
SCL, the attainable energy gain is limited by the klystron power.

Following design of the basic SRF cavity structure, we optimized performance of the linac
using the beam dynamics code PARMILA. An important part of these studies was
determining the phase law for the SRF linac that maximized output energy while minimizing
emittance growth. Before considering errors, we obtained solutions illustrated in figure 16.

Linac with p, =0.61 ,and ^=0.81 Cavities

0.05

0.00
0 125 250 375 500 625 750 875 1000 1125 1250

W(MeV)

Figure 16. Normalized rms transverse and longitudinal emittance along the linac before
considering any alignment errors.
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Alignment errors cause the beam to be displaced from the linac axis and can magnify effects
of nonlinear fields such as multipoles and gap fields. We studied the effect of errors
individually to determine which of them contributed most to the displacement of the beam
from the linac axis. The code LTRACE was used, which represents the beam by an ellipsoid
and tracks the centroid of the beam. Figure 17 shows the probability distributions of the
centroid excursion in the CCL for four individual error cases with random errors picked
within the tolerance limits listed.

CCL tolerance limits:
a: Quad displacement = 0.005"
b: Quad displacement = 0.010"
c: Quad tilt = 5.0°
d: Tank displacement = 0.100"

Figure 17. Probability distribution of beam centroid excursion in the CCL for typical errors.

Clearly, for the CCL, the quad displacement is the most sensitive alignment error. We made
similar studies for the SRF linac, as shown in Figure 18. For this case, the doublet tilt error is
the most sensitive alignment error. We are continuing these studies and using them to set
installation requirements for the linac.

SRF linac tolerance limits:
a: Doublet displacement = 0.010 inch
b: Doublet tilt = 0. 01°
c: Quad tilt (wrt doublet axis) = 1.00°
d: Cavity displacement = 0.050 inch

moximum disptoewwit ten) of fon c«nter

Figure 18. Probability distribution of beam centroid excursion in the SRF Hnac for typical
errors.

RMS emittance profiles, with and without errors, as functions of P are shown in the
following figure. A growth in emittance is observed at the transition region between the CCL
and SRF structures (at P = 0.54). This is due to the abrupt change in the lattice-period length
accompanied by the design choice of requiring a smooth and continuous value for the
transverse-focusing strength per unit length across the transition. The final emittance,
however, is within the limit of 0.50 it-mm-mrad.
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0.0 0.1 0.2 0.3 0.4 0.5
P

0.6 0.7 0.8 0.9 1.0

Figure 19. RMS transverse emittance as functions of p for simulations with and without
errors in the linac. In each set of curves (with and without errors), the top curve is the x
emittance and the bottom curve is the y emittance.

Figure 20 shows the real- and phase-space distributions at the end of the SRF linac using the
3-D space-charge code PICNIC [21].
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Figure 20. Real- and phase-space distributions at the end of the SRF linac using the 3D
space-charge code PICNIC.
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7. Diagnostics and Commissioning Planning

Diagnostics are an important part of a high-intensity linac. Accurate steering and matching
of the beam are required to limit beam loss on apertures that would lead to activation and
prevent hands-on maintenance [22, 23]. A description of the diagnostic suite for the SNS
linac has been published [24], The following is a list of the types of diagnostics under
design.

• Beam position and phase monitor (BPM)
• Profile monitor (wire scanner and harp)
• Current monitor (toroid)
• Loss monitor (ionization chamber)
• Beam-in-gap detector (laser ionization)
• Phase width detector (Fourier)

The beam-in-gap detector uses a Q-switched laser to strip the H" beam in the 90-degree bend
between the linac and the accumulator ring. Stripped beam is detected at a downstream
detector. The timing of the laser is synchronized with the chopping frequency so that one can
detect the ratio of beam intensity in the pulse to that between pulses. The goal is to measure
this ratio to an accuracy of 10"4. A description of this system has been published [25].

Calculations supporting the design of the beam position and phase monitors have also been
published [26,27]. The limited space in the low-energy regions of the linac has led to novel
applications of BPM technology. We plan to insert BPMs in some of the empty drift tubes of
the FF0DD0 lattice of the DTL, analyzing the second harmonic of the 402.5-MHz beam
frequency (805-MHz). A prototype DTL BPM mechanical design is shown below.

60° anglev.^ DT inner body t»i it »
^ / I* f rl i

' v ' L
i I —~Water tubes

1 >

I — • a

DT outer bod)/

Feed through with nut Outer Cover

Y

Fiducial Flat

Inner Elect!

Figure 21. Assembly and exploded views of BPM to fit inside drift tubes of the DTL.

The physics design of a diagnostic-pi ate for commissioning of the Hnac has started, with a
layout as shown in Figure 22. Commissioning scenarios have been developed for setting
phase and amplitude of the RF cavities and for determining beam parameters. After the first
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DTL tank we plan to run full duty-factor beam into a 16-kW portable beam dump, but for
higher-energy modules the commissioning will be limited to low duty factors.

CM

Valve W i r e

, Scanner BPIvis

DTL.

J\ Energy
Steerer / I /Degrader

J t

Collectors
Beam Stop

Figure 22. Preliminary layout of diagnostic plate for commissioning DTL Tank 1.
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Abstract

A new Spallation Neutron Source (SNS) is presently under construction at the Oak
Ridge National Laboratory in Tennessee[l]. A conventional linac, accelerates a 52-mA
beam to 186 MeV. The SRF linac accelerates the beam to 1.25 GeV using 117 elliptically
shaped 6 cell cavities. Two cavity beta types are used, with geometrical betas of 0.61 and
0.81. This paper describes the optimization leading to the choice of cavity betas and
number of different cavity types. Also, beam-dynamics throughout the entire linac are
presented.

1. Introduction

The SNS super-conducting RF linac architecture choice is influenced by several
requirements. First, the output energy should be > 800 MeV in order to produce at least a 1
MW short pulsed beam to the neutron target. Sometime after the initial commissioning, with
the benefit of additional cavity processing the linac is expected to produce a 1300 MeV beam,
so there is a range of operational energies the linac needs to perform well in. Additional
considerations guiding the choice of cavity beta include the maximum phase slip, and the
minimum transit time factor (TTF) of the first cavity at the transition between the high and
low beta sections. If the transit time factor is too small (or the phase slip too large) there is a
danger of not accelerating the beam should the cavity accelerating gradient be lower than
expected. The choice of the first superconducting cavity beta also needs to match the energy
out of the warm CCL structure, and project cost and schedule constraints limit the number
cavity beta types that can be used. Consideration of these issues leads to the SNS baseline of
a medium beta cavity section of 11 cryo-modules with a geometrical beta (J3g) of 0.61 and a
high beta cavity section using fig = 0.81 and up to 21 cryo-modules. The optimizations
leading to these choices are discussed in the following Section II. Some beam dynamics are
shown in Section III.
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II. Choice of Cavity Beta

The super-conducting cavity geometric beta (Pg) is picked to maximize the beam acceleration
for the conditions expected to be achieved in the SNS. Factors influencing the optimization
include the incoming beam energy, the cavity accelerating gradients, the number of cryo-
modules for each cavity beta type, and the number of superconducting cavity types. Only two
superconducting cavity types are used here, in large part due to timing considerations, as
project schedule constraints permit the prototyping of only two cavity types. For SNS the
beam energy at the entrance to the superconducting section is taken to be 187 MeV. The
design of the warm section of the SNS linac is already fairly mature, and 187 MeV is the exit
energy from the 4th CCL module, which is at a breakpoint for RF partitioning. Some of these
conditions and other modeling assumptions are listed in Table 1. Regarding nomenclature, in
the SNS, the first cavity beta section is referred to as the medium beta section and the second
cavity beta section is referred to as the high beta section. The model used for these studies is
a simple synchronous particle acceleration model, which incorporates a cell-by-cell
integration method [2],

Initially we consider j3g optimizations for the case of 11 medium beta cryo-modules with 3
cavities each, and 17 high beta cryo-modules with 4 cavities each. Additionally, we note that
the linac tunnel is sized to accommodate up to 4 more high beta cryo-modules (for a total of
21 high beta cryo-modules).

Table 1. Partial list of assumptions used in the SNS cavity beta studies.

Phase law:

Peak surface field (Epeak):

EPeak/E0
( l ):

Number of cells/cavity:

Cavities/ cryo-module:

Linac architecture:

Starting phase of the medium beta cryo-module
family = 22°, with a bilinear ramp to the final phase
(2/3 phase change occurs in first 1/3 of family)

Phase of the high beta cryo-module = 26.5°

• Ending phase of the medium beta cryo-module is
solved to give constant Eo T sin(^)j3g.

27.5 MV/m

/ ( - 0 . 4 8 1 4 + 2.244^-+1.1129$)

6

• 3 for medium beta cryo-module

• 4 for medium beta cryo-module

• Two /?g families

• Constant gradient / cavity

(1) - this is a fit of Superfish output of three similarly optimized cavities: f3g = 0.45 with Epeaic
/ Eo = 3.3, :/?g= 0.61 with Epeak/Eo = 2.11,: J3g = 0.81 with Epeak / Eo = 1.65

Figure 1 shows the final beam energy for various (3g values calculated using the reference
peak surface field of 27.5 MV/m. The choice of medium beta cryo-module fig has only a
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small influence on the beam acceleration, with a marginal benefit going above fig = 0.61. This
insensitivity is largely due to the fixed entrance energy to the superconducting section. jBg =
0.61 is the SNS medium beta cryo-modules fig value . The choice of fig for the high beta
cryompdule is more sensitive, with the maximum acceleration at nominal conditions
occurring near /3g = 0.82. Using J3g = 0.82 instead of J3g = 0.76 offers an additional -55 MeV
acceleration for the nominal conditions. However, rather than pick the absolute optimum fig

value for the high beta section, we pick a slightly lower nominal value of 0.81, based on
considerations discussed later.
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Figure 1. Final beam energy vs. the high beta cryomodule J3g, for three different medium
beta cryomodule /3g values. The reference peak surface field of 27.5 MV/m is used here,

with 11 medium beta cryo-modules and 17 high beta cryo-modules..

Sensitivity to Lower Accelerating Gradients

One concern in picking the superconducting cavity beta is ensuring that the device will
perform reasonably well, even in the event that accelerating gradients lower than expected are
encountered. Figure 2 shows the attainable beam energy under conditions of reduced
attainable accelerating gradient, namely with the peak surface field limited to 25 MV/m .
Even with a reduced accelerating gradient there is still sufficient acceleration to reach a high
enough energy at the transition between beta types to maintain acceleration. With 17 high
beta cryo-modules, the attainable beam energy is 940 MeV, and with 21 cryo-modules the
beam energy is about 1100 MeV. Providing the tunnel space for 21 high beta cryo-modules
permits attaining greater than 1000 MeV. even in the unlikely event of only achieving a peak
surface field of 25 MV/m . Also, use of f3g = 0.81, as opposed to a higher value, tends to
maximize the beam energy with a reduced accelerating gradient.

Sensitivity to Higher Accelerating Gradients

Improved performance using /?g =0.81 for the second section, instead of say /?g =0.76, is more
pronounced if higher accelerating fields are assumed. This is evident in Figure 3, which
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shows the final beam energy vs. fis for the case of a peak surface field of 30 MV/m and 21
high beta cryo-modules are used. In this scenario, operation near 1300 MeV is achieved for
Ps = 0.81, whereas only 1180 MeV is attained for jBg = 0.76.

1
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1100 1—

1050

1000

950

900

N2 = 17
• N2 = 21

0.74 0.76 0.78 0.8 0.82 0.84 0.86

pg for high beta section

Figure 2. Final beam energy vs. the high beta cryomodule /?g, for 11 medium beta cryo-
modules with /?g = 0.61, 17 and 21 high beta cryo modules, and a lower peak surface field
of 25 MV/m.
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Figure 3. Final beam energy vs the high beta cryomodule Pg, for three different medium
beta cryomodule (3g values. A peak surface field of 30 MV/m is used here.

Ill Number of Cryo-modules

The above analysis indicates that the choice of the medium beta cryomodule fig is insensitive
and that pg = 0.61 is a good choice for the medium beta cryo-module section. Also the f3g for

- 216 -



JAERI-Conf 2001-002

the high beta cryo-module should be ~ 0.81. Here we investigate the impact of the number of
medium and high beta cryo-modules. Figure 4 shows the attainable energy vs. the number of
medium beta cryo-modules for three different values of the high beta cryo-module fig. The
total number of cryo-modules is held fixed at 28, so this study represents a trade-off between
high beta and medium beta cryo-modules. As seen previously, increasing the high beta cryo-
module fig value is beneficial, although there is a diminishing benefit as J3g = 0.81 is
approached. Also, going to fewer medium beta cryo-modules improves the energy gain of the
linac.

1060

i. 1040 -

1
iS 1020
"5

1000

980 -

A.
• „'••

— • — Beta = 0.79
--•--Beta = 0.80
• •••* Beta = 0.81

10 11 12

Number of medium beta cryo-modules

13

Figure 4. Final energy vs. the number of medium beta cryo-modules. The total number of
cryo-odules is held fixed at 28, and the medium beta cryo-module Pg is 0.61.

However, additional considerations influence the choice of the number of medium and high
beta cryo-modules. Figure 5 shows the maximum phase slip and minimum cavity transit time
factor (TTF) at the first cavity in the high beta cryo-module section, where extremes to these
quantities occur. The conditions that maximize the energy gain from the linac also lead to
small TTF and large phase slip in the first high beta cavity. The low TTF level with fewer
medium beta cryo-modules indicates that the transition energy is approaching the value
below which, the high beta cavity will no longer accelerate the beam. While the simple
synchronous particle model used here favors a fewer number of cryo-module to obtain the
maximum energy gain, some allowance needs to be made for effects not included in this
model. These additional effects include: (1) the phase spread of a real bunch, (2) machine
imperfections, (3) operation with failed cavities, and (4) the possibility that the peak surface
fields will be lower than the 27.5 MV/m assumed here.

Due to these additional considerations, the SNS design choice provides some allowance, and
uses 11 medium beta cryo-modules with J3g - 0.61. The initial number of high beta cryo-
modules is 15, due to cost considerations. However, room is provided to accommodate an
additional 6 high beta cryo-modules in the tunnel. This parameter choice meets the cost
constraints, provides initial operation near 1 GeV, provides some design margin in the
physics at the transition region, and provides an attractive upgrade path for energies near 1.3
GeV.
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Figure 5. Maximum phase slip and minimum transit time factor (TTF), which occur in
the first high beta cavity.

Ill Beam dynamics

Multi-particle beam dynamics in the linac are performed with the parmila code [3]. Particle
input is taken from the exit of the RPQ, and tracked through a Medium Energy Beam
Transport (MEBT) section, a DTL, section, a CCL section, and the superconducting cavity
sections. Results are presented for cases both with and without errors (see Table 2). The
resulting RMS transverse emittances throughout the linac are shown in Fig. 6. The influence
of errors introduces a slight (~ 20%) emittance increase for the choice of errors used here.
The jump in emittance at p = 0.55 is at the transition from the CCL to the superconducting
region. In addition to the beam spot size from the emittance shown here, there is expected to
be an effective beam size increase from the dynamic beam jitter due to vibrations in the DTL
drift tube stems. This spot size jitter is estimated to be < 0.25 mm.
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Table 2. Errors used in linac beam dynamics.

Quad Errors:
Displacement
Pitch & yaw
Roll
Gradient

Cavity Errors, Static
Cavity Errors, Dynamic
Phase
Amplitude
Tilt

Units

cm
deg
deg
%

..

Deg
%
%

MEBT

—
0.57
0.25
1.73

__

0.5
0.5
—

DTL

—
0.57
0.29

o*

0.5
0.5
0.1

CCL

~
0.57
0.29
0.5

_.

0.5
0.5
0.

SRF

—
0.57
0.29
0.5

0.5
0.5
0.

* Equivalent to 2% sorted.
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P

Figure 6. Transverse RMS emittance throughout the SNS linac, with and without errors.
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Abstract

The Spallation Neutron Source (SNS) decided in early 2000 to use superconducting RF (SRF) in
the linac at energies above 185 MeV. Since the SNS duty cycle is 6%, the SRF and normal
conducting approaches have capital costs which are about the same, but operating costs and
future upgradability are improved by using SRF. The current status of cavity and cryomodule
development and procurement, including the basis for decisions made, is discussed. The current
plan includes use of 805 MHz, 6-cell cavities with geometrical betas of 0.61 and 0.81. There are
33 medium beta and 60 high beta cavities in 11 and 15 cryomodules, respectively. Each cavity
(except the 93rd) is powered by a 550 kW pulsed klystron. Issues addressed include choice of
peak surface gradient, optimization of cavity shape, selection of a scaled KEK input power
coupler, selection of scaled TESLA higher mode couplers, and control of the effects of higher
order modes on the beam.

Introduction

The SNS management made the decision to build most of the linac using superconducting RF
(SRF) for a number of reasons. Although, at the SNS's duty cycle of 6%, the capital cost of SRF
and normal conducting RF (NCRF) are about the same, SRF has a lower operating cost and adds
flexibility to operate with one cavity out of service. SRF also has a larger beam aperture, and
offers upgrade potential as the technology advances further. In addition, the industrial base for
manufacturing SRF cavities is beginning to exceed that for manufacturing NCRF cavities. The
experience the SNS staff would acquire working with superconducting cavities would also be
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applicable to future accelerators.

Parameter Selection

The requirements for the SRF linac are that it accelerate H" beam from 185.7 to 969 MeV,
maintain longitudinal focussing matched to the output of the NCRF cavity coupled linac, limit
the length of each cryomodule to accommodate the quadrupole doublet focussing, minimize jitter
and beam emittance growth, control project costs, and meet a 4-year time schedule.

The first step in adopting SRF was to select a frequency and a number of cells. The first
harmonic of the bunch frequency (402.5 MHz) was considered too low because such cavities are
physically difficult to handle, the cost of Nb material is high (it was impractical to acquire thin
film coating technology in the available time), the cavities would have a high susceptibility to
microphonics, and the large surface area per cavity would limit the gradient, since gradient scales

as A , where A is the surface area.

The third (or higher) harmonic was adjudged undesirable because it would require an excessive
number of cells per active meter, coupling the required power into the cavity would be more
challenging, the aperture would be smaller, and the higher order mode (HOM) impedances
would be higher.

Based on the above considerations, 805 MHz was adopted as the most desirable frequency.

The next step was to optimize the number of cells. Drivers for a large number are improved real
estate packing fraction, and minimized numbers of auxiliary components. Drivers for a small
number are that the range of acceptable particle betas is larger, achieving and maintaining field
flatness becomes less difficult, HOMs are less likely to be trapped, handling is less difficult, the
surface area is smaller, and the power which needs to be transmitted through a single window
and coupler is smaller. Based on these considerations, 6 cells was selected as the optimum
number.

The surface gradient was chosen to approach, but not exceed, the state-of-the-art. TESLA TTF
in-cryomodule cavity performance was used as the standard for the state-of-the-art. At the time
the specification was set, three TTF eight-cavity cryomodules existed. One had manufacturing
defects which yielded reduced gradients, and was ignored. Another had cavities whose
properties in the cryomodule had not been measured, so no data was available. The third showed

cryomodule success probability dropping abruptly above E = 29.6 MV/m (A adjusted).

Two potential performance limitations are a high peak surface electric field, E , which produces
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field emission, and a high peak surface magnetic field, H , which causes quenches. For typical

shapes and the current state-of-the-art, E is the predominant limitation.

The E specification adopted for SNS is E = 27.5 ± 2.5 MV/m. A lower specification would

cause SRF to be less competitive at the SNS duty cycle. A higher specification would cause
technical, cost, and schedule risk to be excessive. The variation in gradients is accommodated by
keeping the RF slope at the bunch equilibrium phase a smoothly varying function from cavity to
cavity.

The probability of achieving a particular E gradient in a 4-cavity cryomodule is shown in the

following figure, along with the SNS specification.

Probability That All 4 Cavities in a Cryomodule Will
React or Exceed Indicated Gradient
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The next step was to select the cavity cell shape. Desirable attributes include a low ratio of peak
electric to accelerating field (E /E ), a low ratio of peak magnetic to accelerating field (H /E ),

large intercell coupling and aperture, avoidance of persistent multipacting, high cell stiffness,
easy manufacturability, easy cleanability, and a 5 * n 16 mode which avoids the injection notch
sideband. Achieving a low E /E ratio is in opposition to large intercell coupling and aperture,

and to high cell stiffness. This was addressed by imposing boundary conditions on the latter
factors, and then minimizing the E /E ratio. This minimization was performed separately for
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the beta = 0.61 and 0.81 cavities. The resultant design has en elliptical iris with a minor to major
axis ratio of 0.59, which spreads the highest electric field over a large area. A 1.5% intercell
coupling was adopted, as was a 7° end wall slope. Persistent multipacting was avoided. No
unusually small radii, inaccessible welds, etc., occurred in the design. All regions of the cavity
are accessible to high pressure rinsing, and all surfaces drain when the cavity is in the vertical
position. The 5 * K I 6 mode overlap with the accumulator ring injection notch is avoided for all
realistic linac output energies. End cell shapes are optimized separately to obtain a flat field
profile and to accomplish the above objectives.

Auxiliary Devices

The proven KEK-B fundamental power coupler was adapted to the SNS design by scaling the
frequency to preserve the RF properties. The scaled average power handling capability is more'
than adequate.

TESLA TTF couplers were adopted. They provide strong coupling over large bandwidth, and
have a notch at the fundamental power frequency.

TESLA tuners were adopted because they provide good resolution and negligible backlash.

CEBAF 12 GeV upgrade cryostat designs were used. These include helium vessels welded to
the cavities, and use strongbacks to permit clean assembly of a cavity string followed by
insertion into the vacuum tank.

The following photographs show a beta 0.61 Nb cavity and a beta 0.81 Cu cavity.

t ,•

Beta 0.61 Nb Cavity
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Beta 0.81 Cu Cavity

Key Parameters of Cavities Resulting from Design Effort

Parameter Beta 0.61 Beta 0.81 Units
R/Q
EJE

Q,ext

295
2.69

5.64

10.223

7.3*10f

5*109

484.8
2.19

4.75

12.557

7.0*10*

5*109

Ohms

mT/(MV/m)

MV/ra

minimum

Other Issues and their Resolution

The expected microphonic amplitude of 6 a = 100 Hz is well within the cavity bandwidth of

1103 Hz.

Lorentz force detuning of ~ 390 Hz is accommodated by centering this swing on the resonance,
making it well within the cavity bandwidth. Achieving this small a Lorentz effect requires
stiffeners between cavity cells and an overall cavity length constraint.

Transverse HOM effects have been simulated in detail. A transverse instability can occur at any
frequency because the transverse phase shift between consecutive bunches is unconstrained. A
special case occurs on the edge of beam spectral lines, where any transverse position errors are
magnified by the RF. It was found that instabilities are avoided and the magnification is

Q

negligible with Q < 10 and with at least 20% of the expected manufacturing frequency spread,
which is of the order of 0.1% of the frequency difference from the fundamental mode.

Longitudinal HOM effects were also explored by detailed simulation. A longitudinal instability
can occur at any frequency because the phase error advance from one bunch to the next is
unconstrained. Output energy errors and timing errors occur near beam harmonics. Some have
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proposed that high Qs be relied on to avoid HOM problems; the argument is that the probability
of landing on a high Q resonance is small. However, HOM frequencies vary with time because
of He pressure, He depth, thermal cycling, and intentional detuning from resonance. In addition,
beam harmonic frequencies change when the beam energy is changed. Reactive energy
exchange with the beam is a problem anywhere near a beam harmonic at high Q. In addition, the
cavities are not guaranteed to have extremely high Qs because some damping is provided by the
fundamental power coupler and by the copper plated bellows along the beamline.

The fundamental power deposited in a cavity depends on the Q achieved for the associated
o

mode. This power can be as high as 473 watts with a Q of 10 , but this power is reduced to 0.11

watts with a Q of 10 . The achievable Qs are being explored. The achieved Qs will determine

where the power needs to be dissipated.

R&D Scope (FY 2000 - FY 2002)

The R&D scope includes the following:

o Beta 0.61
- One tested cryomodule containing 3 pre-tested Nb cavities
- One additional Nb cavity, tested
- One copper cavity for model measurements
- One single-cell cavity for multipacting measurements
- One procurement package

o Beta 0.81
- Two tested Nb cavities
- One cryomodule design
- One procurement package

o Additional fundamental power couplers for testing

Results to Date

In addition to the design and fabrication work completed, the first beta 0.61 cavity has been
tested for the first time. This cavity met its gradient and Q requirements. The results are shown
below.
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Construction Scope (FY 2000 - FY 2004)

The construction scope for the SRF linac (excluding the RF source and controls) includes:

o Beta 0.61
- Eleven three-cavity cryomodules, installed and commissioned

o Beta 0.81
- Fifteen four-cavity cryomodules, installed and commissioned

o Vacuum system interconnecting cryomodules
o One 2.1 K refrigerator, installed and commissioned
o Transfer lines and U-tubes, installed and commissioned
o One SRF facility, 5 cryomodules/year rework capacity

Conclusion

The superconducting linac design parameters have been optimized for the SNS. Prototyping is
well under way. No show-stoppers have been encountered. A new phenomenon for heavy
particle linacs, cumulative longitudinal instability, has been recognized, confirmed by
simulation, and controlled by Q limitations and cavity-to-cavity frequency spreads. Design work
and procurements for construction are on schedule.
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6. Accelerator - Storage Ring and RCS
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Abstract

New results are reported from an R&D program aimed at greater understanding and control
of the e-p instability observed at the Los Alamos Proton Storage Ring (PSR). Numerous
characteristics of the electron cloud for both stable and unstable beams in PSR were
measured with ANL electron analyzers and various collection plates. Strong suppression of
the electron flux density by TiN coating of the vacuum chamber in a straight section was also
observed, thereby confirming an essential role for secondary emission at the walls. Landau
Damping by a variety of techniques including higher rf voltage, transverse coupling,
multipole fields in the lattice, and the use of inductive inserts has been effective in controlling
the e-p instability. By these methods, the instability threshold has been raised significantly to
9.7 micro Coulombs per stored pulse.

* Work conducted by the Los Alamos National Laboratory, which is operated by the University of California
for the United States Department of Energy under contract W-7405-ENG-36.

1. Introduction

The strong, fast, transverse instability observed at PSR exhibits many of the characteristics
expected of the two-stream (e-p) instability observed years ago at the Bevatron and the ISR
[1]. For much of the history of PSR, the instability was controlled by applying sufficient rf
buncher voltage to raise the instability threshold beyond the desired operational peak
intensity. However, the advent of the present PSR upgrade project, with its goal to increase
the intensity to 200 |0,A @30Hz, required improved control of the instability [2]. In addition,
this instability poses a technical risk for the SNS project. Together these factors provided
strong motivation for a renewed R&D program aimed at developing both a better
understanding and improved control of this instability.

For quite some time, the working model of e-p at PSR has been Neuffer's picture [1], which
combined the analytical features of a coasting beam model with trapping of electrons by a
small amount of beam in the gap. This picture was qualitatively consistent with the available
evidence, which primarily came from observations of the unstable proton beam motion.
Some of the most compelling evidence for e-p concerns the frequency spectra of the unstable
beam motion at threshold. The mean frequency occurs at the calculated electron "bounce"
frequency (in the space charge field of the proton beam) and varies with intensity and beam
size as predicted.
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Major issues and unknowns concern the dominant sources of the electrons and the degree of
neutralization of the beam. Significant variations in several known sources of electrons have
had little effect on the instability. For example, increasing the vacuum pressure by factors of
10 to 100 produced insignificant changes in the instability threshold intensity. Likewise,
increases in the beam losses by factors of 2-3 had no effect. Suppression of electrons in the
injection section by various clearing fields also had little effect on the instability. However,
some evidence for an avalanche of electrons associated with unstable beams had been
observed with biased collection plates.

To resolve these issues and meet the intensity upgrade goals, a two-pronged approach was
adopted in 1999, which consisted of:

a) Tests and demonstrations of potential cures and
b) R&D studies aimed at greater fundamental understanding of the instability, in

particular a better understanding of the electron cloud in PSR.
Key results are summarized below. For more information access the website for the 8th
ICFA Mini Workshop on Two-Stream Instabilities in Particle Accelerators and Storage
Rings, Santa Fe, NM Feb 16-18, 2000 at:
http://www.aps.anl.gov/conferences/icfa/two-stream.html.
Recent work on the PSR instability work was presented in several talks in Session I, which
are in the electronic workshop proceedings linked to the website.

2. Tests and Demonstrations of Potential Remedies

In the Neuffer picture of the PSR e-p instability, higher buncher voltage would increase the
Landau damping caused by the higher tune spread resulting from the increased momentum
spread. Another feature of the prevailing picture was trapping of electrons by a small amount
of beam in the gap. Higher rf voltage was expected to reduce beam leaking into the gap from
longitudinal space charge forces and thus, should provide additional suppression of the
instability by this mechanism.

The twin themes of Landau damping and beam in the gap, which motivated many
experiments and were used to interpret much of the available data, also inspired several
potential cures that were studied, tested and found effective at PSR. These included:

• Higher rf buncher voltage made possible by improvements to the rf buncher system,
• Landau damping with sextupole and octupole fields
• Coupled Landau damping using a skew quadrupole, and
• The use of inductive inserts to passively compensate longitudinal space charge forces.

A third theme, control by suppression of electron production, has proven very difficult to
implement everywhere in the ring. The partial suppression attempted to date has produced, at
best, only modest improvement in the instability threshold intensity.

The rf buncher in PSR was refurbished in 1998 and the maximum sustainable voltage raised
from 12 kV to 18 kV. The increase in the instability threshold intensity was significant and
agreed with a linear extrapolation of previous results. Following a suggestion from J. Griffin,
and in collaboration with Fermilab, inductive inserts constructed from ferrite rings [3] were
tried and found to be effective in raising the instability threshold. The idea was to passively
compensate longitudinal space charge in an effort to keep beam from leaking into the gap.
Inductive inserts are equivalent to adding additional rf voltage (with appropriate harmonics).
This would also increase the momentum spread and therefore should provide additional
Landau damping.
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A quite useful measure of the effect of various controls is the instability threshold intensity
curve, where the stored beam intensity at the threshold for instability is plotted as a function
of rf buncher voltage as shown in Figure 1. The lowest curve in Figure 1 was obtained for
the ring with no inductors installed and with the sextupoles set to zero current. After
installation of sufficient inductance to fully compensate longitudinal space charge, the
instability threshold curve was raised significantly (middle curve in Figure 1). Further
improvement was obtained when the sextupoles were turned on and optimized (highest curve
in Figure 1).
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Figure 1. Effect of inductive inserts and sextupoles on the instability threshold-intensity
curves.

It should be noted that inductive inserts, when operated at room temperature, produced a
potentially troublesome longitudinal modulation or instability that was most noticeable for
coasting beams and short-pulse bunched beams. At the suggestion of M. Popovic (FNAL),
heating the inductors was tried and proved effective in controlling the longitudinal instability.
An engineered version of the heated inductive inserts was recently installed and is now used
routinely. It has the added benefit of permitting stable operation with a significant increase in
the bunch length thereby shortening the accumulation time for a given stored beam intensity.

Transverse (X,Y) coupling via a skew quadrupole was found to be surprisingly effective.
According to Metral's theory of coupled Landau damping [4], transverse coupling shares the
stabilizing tune spreads and growth rates in both planes thereby providing extra damping.
The effect of coupling at PSR is shown in Figure 2 where the rf buncher voltage at the
instability threshold is plotted as a function of the skew quadrupole current for a fixed beam
intensity of 5 |iC/pulse. The horizontal and vertical fractional betatron tunes were within
-0.025 to ensure adequate coupling. The effect of the skew quadrupole was to lower the
buncher voltage required to keep the fixed intensity beam stable. On the downside, the
emittance exchange from coupling increased beam losses in a non-linear fashion.
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The effect of sextupoles and octupoles (not shown) is very similar to the effect of the skew
quadrupole. All decrease the threshold buncher voltage and increase beam losses. The
strategy for PSR is to use each of these devices at low excitation where the losses haven't
increased appreciably but where the effect on the instability is sizeable. It is hoped that the
suppression of the instability from all these devices is additive. To date, the pair-wise effect
of sextupoles and inductors or a skew quadrupole and inductors has been demonstrated to
combine favorably.
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Figure 2. Instability threshold voltage and relative beam losses as a function of skew quad
current for fixed beam intensity (stored charge of 5 |J.C/pulse).

The program of tests culminated in demonstration of a record, stable beam store of
9.7 (iC/pulse, which is 45% higher than needed to meet the SPSS enhancement project peak
intensity specification of 6.7 jaC/pulse. The demonstration at low repetition rate was made
using the combined effect of the maximum available rf voltage (18 kV), of heated inductors
(-190° C), and the use of a skew quadrupole. To accumulate this intensity with the existing
H' ion-source, it was necessary to operate with a number of non-standard linac parameters.
For example, the beam gate was stretched out to 1225 (is (50-60 % higher than normal), a
feature which is possible at low repetition rates. The heated inductors provided an inductance
50% higher than needed for full compensation of longitudinal space charge. This permitted
increasing the injected bunch width to 305 ns (20 % higher than normal). The record
accumulation produced a peak circulating current of 82 A that was still stable after an
additional 400 us store at the end of accumulation. While the demonstration showed
adequate control of the instability at high peak intensities, the beam losses were too high for
routine operation. In addition, some emittance growth, presumably from space charge
effects, was observed at the higher peak intensities. Reduction of the slow beam losses at the
higher peak intensities will be a major goal for future PSR development work.

3. Studies of the Electron Cloud in PSR
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One of the longstanding unknowns for the e-p instability at PSR has been the origin and
characteristics of the electron cloud. In the past, some indications of the electron cloud were
obtained using various biased collection plates. However, biased plates perturb the electron
and beam environment and may significantly change the electron cloud characteristics. An
improved electron measurement system was needed. Fortunately, improved detection and
characterization of the electrons striking the wall was made possible by use of several special
electron analyzers developed at ANL. These detectors were designed to introduce minimal
perturbations to the beam and electron cloud [5]. When augmented by high-speed electronics
developed at LANL, these devices enable one to measure the flux density, time structure and
energy spectra of electrons striking the wall [6],

Over time a number of these devices were placed in different locations in the ring including:
• a straight section in a low beam-loss region,
• a straight section in a high loss region,
• downstream of the injection stripping foil, and
• in a straight section which contained small ceramic breaks in the beam pipe.

These were augmented with small collection plates for use in dipole and quadrupole magnets.

A representative set of signals from an ANL analyzing detector for stable beam
(- 8 |iC/pulse) is shown in Figure 3 for several values of the repeller voltage from -300 V to
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Figure 3. Electron signals during a single revolution in the ring shown in proper time relation
to the beam signal (wall current monitor).

+ 25 V. These detectors collect electrons with energies higher than the value set by the
negative repeller voltage, thus providing data on the cumulative energy spectrum, which in
this case extends out just beyond 300 eV. From these signals, it is apparent that most of the
electrons strike the wall in a relatively short pulse at the end of the beam pulse. In general,
the higher energy electrons are in a shorter pulse. The long tail on the signal for the +25 V
repeller setting undoubtedly includes secondary and tertiary electrons produced by the impact
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of higher energy electrons. Note that the tails of the low energy signals extend into the start
of the next passage of the beam pulse.

The observed electron flux density is surprisingly high, e.g. in comparison with that expected
from residual gas ionization. The peak of signal for a repeller voltage of + 25 V corresponds
to - 400 fiA/cm2 striking the wall at this detector. This is orders of magnitude higher than the
~ 2 nA/cm2 expected from residual gas ionization (assuming that the electrons generated in
one beam pulse passage emerge in a pulse ~ 40 ns wide at the end of each beam pulse).

Numerous studies were made of the dependence of electron signals (for stable beams) on a
variety of beam and environmental factors including location, beam intensity, pulse shape,
local beam losses and vacuum pressure. It was found that the electron flux increases strongly
with beam intensity as well as with local beam losses and vacuum pressure. In addition, the
flux density varies markedly with beam shape. The very strong dependence on beam
intensity is illustrated in Figure 4 where the filtered electron signal (averaged over a few
turns) is plotted as a function of the circulating beam intensity measured during accumulation
in the ring. Note the suppressed zero for the beam intensity. A power law fit to this data
showed the electron flux density striking the wall varied as the 5.6 power of the beam
intensity. For stable beams of intensities greater than ~ 5 jiC/pulse, high electron flux
densities were observed wherever diagnostics were placed including inside dipoles and
quadrupole magnets.
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Figure 4. Variation of the filtered electron signal (labeled ED42Y) with beam intensity
(labeled CM42 Signal) during accumulation.

Even higher numbers of electrons (factors of 2 to 10 more) are observed with unstable beams.
The other characteristics are similar to those for stable beams; in particular most electrons
still emerge at the end of the pulse. Interestingly, the excess of electrons (over that for a
stable beam of the same intensity) is observed during the unstable beam motion but not
before the motion becomes unstable.
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It has been suspected for some time that a type of beam induced multipactor or secondary
emission avalanche at the vacuum walls plays a role in generating the electron cloud at PSR.
If so, suppression of the secondary emission yield by TiN coatings could reduce the electron
cloud generation. In an important test at PSR, TiN coating of a 2.7 m straight section gave a
factor of 100 or more suppression of the observed electron signal and strongly suggests the
crucial role of secondary emission in electron generation.

Increases in vacuum pressure have been taken as evidence for beam induced multipactor at
certain other machines. In an experiment at PSR using high intensity pulses (~ 8.2 )iC/pulse)
at low repetition rate (-0.2 Hz), the pressure changed from 4xlO"9 Torr before the beam pulse
to a peak of 3.5xlO"8 Torr. The pressure excursion had a rise time ~ 8 ms and a decay time of
~ 0.5 s. At 6.7 (xC/pulse the pressure pulse was down a factor of ~5. This observation is
roughly consistent with the change in electron flux striking the wall assuming that the
electron flux causes a release of adsorbed gas from the walls roughly proportional to the
electron flux striking the walls.

A conditioning effect on the threshold for the e-p instability has been observed on several
occasions since 1997. In the past year, a more systematic effort was made to quantify the
effect beginning with the startup in April 2000 after a several month shutdown during which
parts of the ring were up to air. The data are shown in Figure 5 where a sequence of
instability threshold curves is plotted beginning with 4/8/00, 2 days after startup. The curves
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Figure 5. Conditioning effect observed during the year 2000 run cycle.

quickly improved over the next two days and approached the historical data (obtained from
production beams well into the respective run cycles). The last curve on 9/14/00 was
obtained after several weeks of routine operation at -100 fiA @ 20 Hz (5 ̂ .C/pulse). These
data clearly show a sizeable improvement over time suggesting that the electron flux striking
the wall scrubs the surface and lowers the secondary emission yield (SEY). Direct
measurements of the SEY (from accelerator materials) have quantified the effect of electron
bombardment of surfaces [7].
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Two candidate mechanisms for explaining the observed production of the PSR electron cloud
have been considered. In the first, which is shown schematically in Figure 6, electrons
captured by the beam (e.g. from residual gas ionization or electrons that survive the gap)

Production of Secondary Electrons

Vacuum Chamber Wall

Figure 6. Production and accumulation of electrons by electrons captured in the beam.

oscillate in the potential well of the proton beam. They emerge at the end of the pulse with
energies that depend on initial conditions and beam intensity but can range up to ~ 200 eV for
8 p,C/pulse beams. When these strike the wall, secondaries are produced with yields that can
be greater than unity. The secondaries have a lower energy spectrum but can travel to the
opposite wall and reflect or make tertiary electrons. These interactions with the wall will
degrade the electron energies to a few eV in which case it can take many nanoseconds for
them to reach the wall and be absorbed. If a large enough fraction survive the gap, there will
be an accumulation or buildup until the production and loss rates are in equilibrium.

A second candidate mechanism is based on what is aptly described as "trailing edge
multipactor" and is shown schematically in Figure 7. Electrons born at the wall near or after

Electron born at
wall from say losses

Energy gain is possible in wall-to-wall
traversals on trailing part of beam pulse

Energy gain in one traversal
is high enough for multiplication

Figure 7. Schematic description of the "trailing edge multipactor" mechanism.
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the peak of the pulse will be accelerated towards the center of the beam and be decelerated
after passing through the beam center. On the trailing edge of the beam pulse, such electrons
will reach the opposite wall with some energy gain. If the energy gain is high enough, then
the secondary emission yield can exceed unity and result in amplification on each successive
traversal of the beam pipe. For an 8 (iC/pulse triangular beam, a calculation indicates gains
of -1000 are possible for an electron born at the wall and at the peak of the beam pulse [8].
In this mechanism, large fluxes of electrons can be produced during each passage of the beam
without the need for some to survive the gap.

One way to separate the relative contributions of the two mechanisms is to measure electrons
from the passage of a single beam pulse in the extraction line. No accumulation from
previous pulses is possible. This experiment was recently performed for a beam of
6.8 p,C/pulse with the results shown in Figure 8. There was a strong electron signal (for a

0 100 200 300 400 500
Time (ns)

Figure 8. Electron signal in relation to a 6.8 U.C beam pulse in a single pass experiment.

repeller voltage of +25 V) with a pulse shape and time relationship to the beam pulse that is
essentially identical to those observed in the multipass situation in the ring. In fact, the
electron flux density at the wall is somewhat higher than for the comparable situation in the
ring. Varying the repeller voltage produces smaller and narrower electron signals, which
disappear around -300 volts or so on the repeller. This characteristic is also similar to that
observed in the ring. In addition, the electron signal is a very strong function of beam
intensity. A power law fit to the data on intensity dependence (not shown) required an
exponent of 7, which is also similar to that observed in a straight section in the ring. These
results strongly support the hypothesis that trailing edge multipactor is the dominant source
of electrons striking the vacuum chamber wall.

A large amount of data has been collected on the electron cloud in PSR of which only a small
sample has been presented here. Interpretation in terms of the electron density in the beam is
critical for comparison with e-p theory but is not straightforward or unique. The electron
analyzer only measures the electrons striking the wall, not the electron density in the beam.
To infer electron cloud properties in the beam, a model is needed that can be fit to these data
for the unknown parameters.

What model or combination of models should be used and what are the important factors?
Electrons from trailing edge multipactor may cause large signals at the wall but contribute
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with a low weight to the electron density in the beam because they pass only once through the
beam with a short dwell time (~5 ns) compared to captured electrons (-250 ns). Cold
electrons, captured from the gap, contribute with a high weight since they oscillate against the
protons throughout the passage of the beam pulse. As such, they are also likely to be more
important to the instability dynamics. Hence, an important unknown is the number of
electrons that survive the gap to be captured by the next pulse. The electron signals in
Figure 3 do show that a few percent of the low-energy electron signal is present at the
beginning of the next beam pulse. Undoubtedly more cold electrons are still in the pipe at
smaller radii. A simulation now being developed by M. Furman and M. Pivi at LBNL may
provide an answer.

A numerical example of a neutralization estimate using the data shown in Figure 3 for
Vrep = +25 V is informative. Integration over time yields an electron flux of
23 picoCoulombs/cm2/turn. As has already been noted, estimates of the neutralization are
model dependent. On the one hand, if all of the electrons are from captured electrons and
their secondaries in equal amounts, then the estimated electron line density in the pipe is
-340 pC/cm/turn implying an average neutralization of 27%. On the other hand, if all
observed electrons are from trailing edge multipactor, then the estimated average electron
line density is ~7 pC/cm/turn implying -0.6% neutralization. The true value probably lies
somewhere in between, perhaps 2-3%. Further improvements in the estimates would be
aided by detailed simulations of electron generation where all of the relevant physics is
included.

4. Summary and Conclusions

Recent progress on control of the instability at PSR can be summarized in one word, Landau
damping. Increased rf voltage, X,Y coupling, multipoles and inductive inserts have
significantly raised the instability threshold. These are more than sufficient to meet the peak
intensity specification for the ongoing intensity upgrade project. However, these measures
have their downside, increased losses. Thus, the main remaining challenge for the PSR
intensity upgrade and beyond is to find ways to reduce the uncontrolled beam losses at higher
intensities.

A wealth of data on the electron cloud has been collected but, to date, there is no unique
interpretation in terms of electron density in the beam. The latest evidence suggests that the
"trailing edge multipactor" mechanism is the source of most of the observed electron signal
striking the vacuum chamber walls. However, electrons from this source may or may not
make the dominant contribution to the electron density in the beam or to the electrons that
drive the instability. There is indication that a few percent of the electrons survive the
passage of the gap and without the need for significant beam-in-the-gap. It is important to
obtain more information on this point, as these electrons would be captured by the next beam
pulse.

TiN coatings have greatly reduced the observed electron signal in the straight section where
they were tested. As such, these coatings offer the prospect of a cure with no increase in
losses. However, this possibility has not yet been demonstrated. The experience to date
(copious numbers of electrons in all locations) suggests that it may be necessary to coat the
entire ring in order to cure the instability. This would be a major undertaking and is not
likely in the near future.
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There is a need for better theory to guide the choice of experiments and to interpret the data.
In addition, better theory is needed for a reliable extrapolation of the PSR experience to new
higher intensity machines. It is a complicated problem and before the instability is fully
resolved, information on electron generation will need to be combined with the dynamics of
the instability.

5. Acknowledgements

Progress on the instability at PSR has been aided by contributions from several individuals at
other institutions. The corresponding author gratefully acknowledges the contributions from
the following individuals:

• Katherine Harkay and Richard Rosenberg (ANL) for providing the ANL electron
analyzing detectors,

• Dave Wildman (FNAL) for providing the prototype inductive inserts also Bill Ng and
Jim Griffin for calculations and advice on inductive inserts,

• David Olsen, Slava Danilov (ORNL) and Justin Jones (ANL) for their efforts in
providing vacuum chambers for the TiN tests,

• Dan Wright (SLAC) for TiN coating of the test chambers for PSR.
The corresponding author also acknowledges many helpful discussions with members of the
PSR e-p Theory collaboration including Miguel Furman, Mauro Pivi and Glen Lambertson
(LBNL), Katherine Harkay (ANL), Mike Blaskiewicz (BNL), Ron Davidson and Hong Qin
(PPPL), Tai-Sen Wang and Paul Channell (LANL).

References

[1] D. Neuffer et al, "Observations of a Fast Transverse Instability in the PSR", Nucl.
Instrum.Meth. Phys. In Res., A321 (1992), p. 1-12.

[2] The present PSR upgrade project is part of the LANL Short Pulse Spallation Source
Enhancement Project (SPSS) and is described in Los Alamos document, LAUR-98-4172.

[3] M. A. Plum, D. H. Fitzgerald, J. Langenbrunner, R. J. Macek, F. E. Merrill, F. Neri, H. A,
Thiessen, P. L. Walstrom, J. E. Grifffin, K. Y. Ng, Z. B. Qian, D. Wildman and B. A.
Prichard, Jr., "Experimental study of passive compensation of space charge at the Los
Alamos National Laboratory Proton Storage Ring", PRSTAB Vol. 2, 064210 (June 1999).

[4] E. Metral, "Theory of Coupled Landau Damping, Particle Accelerators", vol. 62(3-4), p.
259, January 1999.

[5] R. Rosenberg, "Electron Detectors for Diagnostics of Electron Cloud Effects",
Presentation in Session II at the 8th ICFA Mini Workshop, Santa Fe, NM Feb 16-18, 2000.

[6] A. Browman, "Electrons at PSR", Presentation in Session I at the 8th ICFA Mini
Workshop, Santa Fe, NM Feb 16-18, 2000.

[7] N. Hilleret, "Study of Surface Characteristic Determining Electron Cloud Growth"; also
R. E. Kirby, "Secondary Electron Emission From Accelerator Materials", Both are
presentations in Session III at the 8th ICFA Mini Workshop, Santa Fe, NM Feb 16-18, 2000

[8] R. Macek, "Sources of electrons for stable beams in PSR", PSR Technote, PSR-00-10;
also V. Danilov et al, "Multipacting on the Trailing Edge of Proton Beam Bunches in PSR
and SNS", Workshop on Instabilities of High Intensity Hadron Beams in Rings, Upton, New
York, June/July 1999, AIP Conf. Proceedings 496, p. 315.

- 239 -



JP0150516
JAERI-Conf 2001-002

ICANS-XV
15th Meeting of the Internationa] Collaboration on Advanced Neutron Sources

November 6-9,2000
Tsukuba, Japan

6.2
Overview of 3GeV Rapid Cycle Synchrotron

for JAERI-KEK Joint Project

H. Yokomizo* and 3GeV Ring Group,
Japan Atomic Energy Research Institute, Tokai, 319-1195, Japan
*yokomizo@linac.tokai.jaeri.go.jp

Abstract

A 3GeV rapid cycling synchrotron (RCS) is designed for the joint project of JAERI and KEK
which promotes advanced sciences in early next century based on high intensity proton
accelerators. The RCS is required to provide 1MW pulsed protons onto a spallation target for
neutron production with a pulse length of less than ljisec, as well as to provide a high quality
protons to the 50GeV synchrotron. The RCS accelerates the bunch of 8.3x10u protons from
400MeV to 3GeV with the repetition rate of 25Hz.

1. Introduction

Japan Atomic Energy Research Institute (JAERI) and High Energy Accelerator Research
Organization (KEK) agreed to carry out one joint project of a high intensity proton
accelerators!!], which will be constructed in Tokai site of JAERI.

The accelerator complex is composed of a 600MeV 50Hz linac including a super-
conducting linac from 400MeV to 600MeV, a 3GeV, 25Hz rapid-cycling synchrotron (RCS)
and a 50GeV 0.3Hz synchrotron. The linac, which has beam qualities of 50mA peak current
and 0.5msec pulse length, provides the proton beam to the RCS and to the transmutation
experimental facility, alternately.

The RCS accelerates the protons from 400MeV to 3GeV at initial phase. The injection
energy into RCS will be upgraded to 600MeV in future when the super-conducting linac will
be proven to produce a stable beam with good qualities. An average beam current is
0.333mA in RCS. The proton beam from RCS is provided to the 50GeV synchrotron by
sequential four pulses (5%) among 25Hz pulses during 3.3sec and the rest of pulses (95%) are
provided to two experimental areas: a pulsed spallation-neutron area and a muon experimental
area, which are located in series.

2. Major Parameters of RCS

The main parameters of 3GeV synchrotron are shown in Table 1. The lattice is designed to
have three fold symmetry [2] as shown in Fig. 1. A long straight section is composed of three
cells, which have 6m-long free space per each cell. One straight section is dedicated to the
injection magnet system and a transverse beam collimation-collector. Another straight
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section is dedicated to the extraction magnet system. The other straight section is used for the
space of the RF cavity system.

Table 1. Major parameters of 3GeV synchrotron

Output energy
Input energy
Operation frequency
Particles
Output power
Lattice
Circumference
Superperiod
Cell number

3GeV
400MeV
25 Hz
8.3xlO13 ppp
1MW
FODO
314 m
3
27

Tune X
Y

ChromaticityX
Y

Compaction factor

Yt
Harmonics
Radio-frequency
RF voltage

7.35
5.8
-8.95
-8.54
0.0122
9.05
2
1.4-1.9MHz
420 kV

Extraction area

Colliraators

Transveo; scatters

injection area

froralinac

to 3GeV Exp. users
and 50OeV ring

Acceleration area

Fig. 1 3GeV Ring Overview

The arc section consists of two modules of three DOFO cells with two missing bends at
the center of each module. This arrangement of the bending magnets provides dispersion-free
straight sections and also makes momentum compaction factor tunable.

The nominal tunes of x and y direction are 7.35 and 5.8, respectively and they are
adjustable in the region of 0.5. The momentum compaction factor is 0.012 in order to have
the transition energy far away from the extraction energy of 3GeV. Betatron oscillation
amplitude and dispersion function are shown in Fig. 2. The dispersion function at the arc
section becomes so large that it is the best place for the longitudinal scraper to remove the
particle escaping from RF buckets. The twiss parameters are selected to be satisfy the
condition that a beam size should be less than 200mm at any places.
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Fig. 2 Twiss Parameters
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3. Injection and Extraction

The peak beam current is 50mA injected at the energy of 400MeV and average current is
0.333mA. Macro-pulse length is 0.5msec, which corresponds to the duration of injection.
The chopping factor of the proton beam is 54% with 396nsec pulse length every 734nsec.
Injected beam parameters are summarized in Table 2.

The emittance of a linac beam is assumed to be 4Kmm*mrad. The injected beam is
painted in the area of 1447tmm*mrad emittance for both horizontal and vertical planes in the
RCS. The aperture size of the collimator and the beam duct are 2167tmm*mrad and
320mnm*mrad as shown in Table 3. The collimator size is larger than the painted beam size
by a factor of 1.5 to allow the beam brow-up. The duct size is larger than the collimator size
by a factor of 1.5 in order to reduce the uncontrollable beam loss. For the magnet design, the
thickness of the beam duct is reserved to be 16.5mm including the 1.5mm clearance between
the duct surface and the magnet surface.

Table 2. Injected beam for RCS
Repetition rate
Beam current (peak)
Average current
Macro-pulse width
Chopping factor

Injection
Momentum spread

Emittance

25 Hz
50 mA at 400 MeV
0.333 mA
0.5 msec
396 nsec / 734 nsec
(54%)
681 pulses
dp/p< 0.1-0.3%
(100%)
47tmm*mrad(100%)

Table 3. Emittance
Linac beam
Injection painting
Collimator
Duct size
Output beam
Output aperture

4 Jtmm*mrad
144 ranm*mrad
216 7imm*mrad
320 ronm*mrad
54 7imm*mrad
216 7tmm*mrad

The injection scheme is still under consideration to compromise the feasibility of
injection magnets and charge exchange system. One candidate of the injection system is a
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horizontal bump orbit generated by four bump magnets in the synchrotron and a vertical angle
scanning at the fixed location of the charge exchange foil generated by a bump magnet
installed in the injection line. Two bump magnets are installed in free space of a half cell in
front of one focusing quadrupole magnet and other two magnets in half cell behind of the
quadrupole magnet. The bump magnet has the field strength of 0.06-0.07 T. Their power
supplies are required to produce a trapezoidal bump field combined with a parabolic painting
pattern.

The extraction orbit is design with the large aperture of 2167imm*mrad in order to
minimize the beam loss. The extraction system is composed of 9 kicker magnets and 5
septum magnets. The 9 kicker magnets produce the trapezoidal field of 0.03-0.05 T with the
pulse length of ljisec. The kicker magnet becomes very big size with the height of 195mm
and the width of 280mm to keep a big aperture for an extracting beam. The magnet length is
less than 700mm. The power supplies are required to have the output characteristics of the
current of 5kA and the voltage of 60kV.

The septum magnets will be operated in DC to avoid the mechanical breakdown in AC
operation, and their DC field is in the range of 0.3-1 T. The septum magnet also becomes
very big size with the height of 168mm and the width of 200mm to keep a big aperture for an
extracting beam. The magnet length is 900mm. The septum thickness is from 30mm to
225mm.

4. Charge exchange, collimator system and beam duct

The carbon foil stripping is now a most promising candidate for the charge exchange
method from negative Hydrogen to positive proton. The stripping foil is installed at the
center of the quadrupole magnet which is located in the middle of the bump orbit. The carbon
foil with the thickness of 290 fig/cm2 has the conversion efficiency of 99.6% for 400MeV
negative Hydrogen[3]. The amount of 0.4% of injected Hydrogen remain in the neutral
Hydrogen. They are stripped by second carbon foil installed just after the third bump magnet
and extracted from the RCS and led into the beam dump. The very small amount of the
neutral Hydrogen is in the excited states stripped in the Quadrupole field and maybe lost into
the beam duct or into the collimator.

The beam collimator is installed in the same straight section as the injection system. It is
composed of one thin target to scatter the halo particles around core beam and several
scrappers to clean up the scattered particles. The target is made of tungsten with the thickness
of 2mm. The scrapper is made of iron block. The simulation analysis predicts that the
98.5 % of halo particles will be dumped into the scrappers.

To permit a human access for maintenance, the radiation should be kept as low as
possible in the beam tunnel. The uncontrollable beam loss through the tunnel is assumed to
be less than lW/m. Some special locations such as the injection section and the extraction
section and the beam dump are able to handle larger beam loss by means of preparing thicker
radiation shield. Beam Loss is assumed in RCS to be 4kW at the injection section and lkW at
the extraction section. The tunnel size at the arc sections is 6m of width and 3.5m of height.
The beam is located at 1.2m away from the floor, and 3.5m away from the wall of the
maintenance corridor side. The tunnel width is wider to be 8m at the injection and extraction
sections to keep the larger maintenance space.

The requirements for beam duct are high vacuum pressure with a small out-gassing rate,
high reliability with a long lifetime, low eddy current with a good RF shield. The vacuum
pressure should be less than 10"7 Pa to minimize vacuum pump maintenance. The
perturbation of magnetic field should be less than 10"4 due to the eddy current through the
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beam duct. The Ohmic loss also should be as small as possible to avoid the heat-up of the
beam duct as well as the beam tunnel.

One candidate for the beam duct is ceramic which has characteristics of low
permeability and enough strength. TiC will be coated inside the duct to reduce the electron
emission. The RF stripes will be installed outside the duct to decrease the impedance for the
beam and to reduce the microwave emission from the beam. R&D study is under way for
evaluating characteristics of ceramic such as an aging effect of the strength under high
radiation environment.

5. Resonant magnet and RF system

The major parameters of main magnets are summarized in Table 4. The maximum field
strength of the bending magnets is LIT to keep linearity during the acceleration. For the
same reason, the maximum gradient of quadrupole and sextupole magnets is 5.2T/m and
36T/m2, respectively. The size of the bending magnet becomes so large as shown in Fig. 3.
There are ten families of power supplies; one for bending magnet, 7 for quadrupole magnets
and 2 for sextupole magnets to have maximum knobs for tune control. The coil current is
controlled by the resonant power supply system using the inductance and capacitance.

Table 4. Main Magnets
Bending magnet

Number
Angle
Type
Length
Radius
Field
Gap height

Quadrupole magnet
Number
Families
Length
Field gradient
Bore diameter

Sextupole magnet
Number
Families
Length
Field gradient'
Bore diameter

Parameters

24
15°
Rectangular
3.05 m
11.6m
0.27-1.IT
210mm

66
7
0.53- 0.78m
1.2-5.2 T/m
270-330mm

18
2
0.4 m
9-36T/m2

270mm

Fig.3 Bending Magnet
The RF accelerating system has the

frequency range of 1.36MHz to 1.86MHz
during acceleration from 400MeV to 3GeV[4]. To reduce the ring size, the magnetic alloy
RF cavities were developed to produce of 40M/m. One cavity has the length of 1.65m with
three gaps and produces 43kV field gradient. To obtain the required 421kV, ten cavities are
installed in one straight section.

6. Conclusion
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Design study of 3GeV RCS(rapid cycle synchrotron) is under way to accelerate high
intensity protons from 400MeV to 3GeV with the output power of 1MW. The lattice is aimed
to be compact with a circumference of 314m and to minimize a number of the straight
sections for injection, extraction and RF system with three-fold symmetry. In order to
achieve high intensity acceleration, the proton beams are injected with multi-turns (68 Hums)
from the linac, and the beam size of RCS becomes so large that all of devices become large
and difficult to manufacture. R&D works are under way in a lot of devices such as resonant
magnets, injection/extraction pulse magnets, RF system, beam ducts and the charge exchange
system.
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Abstract

The 3GeV synchrotron ring for JAERI-KEK joint project supplies high intensity proton

beam to both the 50GeV synchrotron ring and the neutron production target. For this purpose,

the 3GeV synchrotron aims to generate a high power beam of 1MW by setting 25Hz as the

repetition rate of acceleration and 8.3 x 1013 as the proton number per acceleration. This paper

describes the technical issues of the 3GeV synchrotron in order to realize such a high power

and high repetition ratio.

1. Introduction

Japan Atomic Energy Research Institute (JAERI) and High Energy Accelerator Research

Organization (KEK) have been performing to the joint project of a high intensity proton

accelerators. The accelerator complex is a 600MeV linac, a 3GeV rapid cycle synchrotron, and

a 50GeV synchrotron ring.

The 3GeV synchrotron ring accelerates a proton beam from the 400-600MeV Proton Linac

up to 3GeV and supplies it to the 50GeV synchrotron ring. The 3GeV synchrotron ring also

supplies the neutron production target with the 3GeV proton beam in order to produce a high

intensity neutron beam. For this purpose, the 3GeV synchrotron ring aims to generate a high

power beam of 1MW by setting 25Hz as the repetition rate of acceleration and 8.3 x 1013 as

the proton number per acceleration. There are a lot of key issues which are had to solved

technically in order to realize such a high intensity rapid cycling synchrotron. This paper

describes the technical issues of the 3GeV synchrotron ring.
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2. Technical Issues
2. IMagnet

Since the repetition rate of the 3GeV synchrotron ring is 25Hz, the magnet core has to be

fabricated by stacking thin iron plates. In the case of a rapid cycling magnet, the end shape of

the magnet core must be carefully designed so that an eddy current, which is induced by the

perpendicular component of a magnet field to the end plate, does not heat up the magnet end

plate. Furthermore, a stranded conductor is used as a coil conductor in order to reduce the

eddy current. The aluminum-stranded conductor was developed about fifteen years ago at

KEK and has been used as the coil conductor of a pulse magnet in the BSF line at KEK [1].

This magnet has been operated without any trouble for fifteen years. So this type of magnet is

candidate for the lattice magnet of the 3GeV synchrotron and has been performed to being

developed for the 3GeV synchrotron. The magnet parameters are listed in Table 1.

Table 1 The magnet parameter list.

Maximum Magnetic Field (T)
Maximum Magnetic Field Gradient (T/m)
Minimum Magnetic Field (T)
Minimum Magnetic Field Gradient (T/m)
Core Length (mm)
Pole Gap (mm)
Bore Radius (mm)
Size of Stranded Conductor (mm2)

Coil Turn Number (Turn/Pole)
Good Field Regions

Magnet Weight (ton)

Bending Magnet
1.1

027

2770
210

30x30
(pipe inner dia.=12mm)
36
+95 for horizontal
±88.5 for vertical
<+5x 10"4 for precision
35

Quadrupole Magnet

4.5

,U?
730

140
20x20
(pipe inner dia.= 6mm)
32
+ 120
<+5x 10"3 for preci sion

12

2.2 Power Supply
A programmable excitation of synchrotron magnet is desired from the standpoint of

accelerator operation. However such operation is so difficult for a rapid cycle synchrotron

with a repetition of more than lOHz which are excited using a resonant network. Resonant

power supply system for one family of magnets and network parameters for dipole string

excitation are shown in Fig. 1 and Table 2, respectively. The circuit consists of a magnet

inductance Lm, which may include two or more magnets, an effective inductance of a choke

secondary winging Lch, and a resonant capacitor Cm. There are two types of a resonant

circuit, one is a parallel resonant circuit and the other is a series resonant circuit. The series

resonant circuit is a first option for our system. There are some research and development

items for the series resonant circuit in order to be in stable operation. The R&D items include

(1) IGBT power supply, (2) B/Q tracking saturation compensation, (3) Smoothing of power
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variation, (4) Flat bottom formation, and (5) Trim for quadrupole magnets.

IGBT power supply, with low harmonic contents and broad bandwidth, has been developed

for the resonant excitation system. Dipole and quadrupole strings are excited separately.

Using IGBT power supplies, field tracking is feasible with current feedback. Moreover, field

saturation can be compensated by means of harmonic manipulation. Power variation of the ac

line is smoothing within about 10%. Flat bottom formation has been demonstrated. Trim

option for quadrupole magnets is being discussed and a scheme for powering the trim coils is

being evaluated.

Table 1 Network Parameters for Dipole-string

Excitation

Dipole magnet: Lm
Choke : Lch
Condenser: Cm
Excitation Frequency: fO
Mesh number
Idc
lac (amplitude)
Q factor
Pac (AC power loss)
Pdc (DC power loss)

59.6 mH
59.6 mH
1.36 mF
25 Hz
24 + 1
1606 A
911A
75
3.0 MW (total)
3.5 MW (total)

Fig.l 1 Resonant Power Supply System for

One Family of Magnet

2.3 Vacuum

In rapid cycling magnetic field of 3GeV synchrotron, an eddy current effect in the metal duct

would produce an unacceptable perturbation of the magnetic field and unnecessarily large

ohmic losses. A ceramic duct is a better choice in the dipole and quadrupole magnets. Since a

long ceramic duct can only be manufactured by glazing duct segments, the mechanical

strength and deterioration in the glazing joint must be examined. Using a ceramic duct, a

radio frequency shield is necessary between the beam and the laminated magnet structure to

lower impedance of the image current induced by the beam. The shield is to be designed as a

high frequency pass filter, where any eddy current cannot be generated. The impedance of the

shield is affected by the skin depth, which is electrical conductivity of the shield material, and

by geometrical structure. Connection to a flange of bellows should be geometrically smooth.

The required beam apertures and duct dimensions are given in Table 3. During the stage of

injection followed by acceleration, the ducts in both the dipole and quadrupole magnets can

have circular cross section of 177mm and 247mm in diameter, respectively.
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Table 3 The requirements of beam aperture and duct dimension.

Magnet
Type

in Dipole
in Quadrupole

Magnet Bore
Dimension (mm)

210 (gap)
280

Length
(mm)
3000
1000

Duct
Cross-section

Circular
Circular

Inner Diameter
(mm)
> 177
>247

The thickness of the alumina ceramic duct can be reduce to 4 or 5 mm when the cross

section of the duct is chosen to be circular or quasi circular, using a ceramic having a

sufficiently high flexural strength ( more than 300 MPa ). Since a ceramic mold is generally

deformed during sintering in a furnace, an alumina ceramic duct 3.5 m long and 177 mm in

diameter is difficult to make with accuracy in the radial dimension, when the entire duct is

fired at once. It can only be manufactured by jointing duct segments 500mm long. There is

two type of joint method of alumina ceramic. One is a glazing joint and the other is a

metalizing and glazing. The mechanical strength of these joint methods was measured for one

of the alumina ceramics in terms of tensile strength so far, showing a value of more than 120

MPa due to glazing joint and more than 270 MPa due to metalizing and glazing [2]. The

flexural strength should be examined for various kinds of alumina ceramics, since the strength

of the joints depends on the microstructure of the ceramics as well as on the micro bubble

density in the glass. Since deterioration in the strength under irradiation also depends on the

microstructure of the glass and ceramics, the measurement of the strength of the ceramic

under irradiation has been performing.

2.4 Halo Collection
From experience of the accelerator operation, the average beam loss should be kept at an

order of 1 watt per meter for hands-on maintenance. The ration of the beam loss to the output

beam power is then as low as 10"3. Since it is very difficult to control the beam loss at such a

low level, the only measure we can take is to localize any of the losses in a restricted area,

where deliberate modules should be provided for quick coupling and remote handling in order

to mitigate the personnel doses. In order to localize the beam loss the beam loss distribution

around the ring has been calculated with Monte-Carlo simulation code STRUCT [3]. Since

the collimator system intercepts the penumbra of the circulating beam, the initial distribution

of proton is given in such a way that the particles only exist outside the maximum emittance

216ft mm.mrad, the density of which is inversely proportional to the distance from the phase-

space origin. The momentum spread is also included with a spread of ±0.5%. The number of

traced particles is 10000 to simulate. A STRUCT calculation shows that more than 90% of

traced beam is lost around the ring for the collimation system. The energy deposit per meter at

each element is shown in Fig. 2, where the loss is assumed to occur at 400 MeV at 25 Hz

repetition and 4 kW loss.
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Injection Point

(D(2)(3) Extraction RF Cavity Q D (4)

Fig. 2 The energy deposit per meter at each element calculated by STRUCT code.

(1) Primary Vertical Target, (2) Primary Horizontal Target,

(3) Secondary Collimator, and (4) Primary Longitudinal Target

3. Summary

The research and development for the 3GeV rapid cycling synchrotron have been performed

to realize a high power proton beam. The key issues of this rein as follows.

(1) Magnet

A aluminum stranded conductor has been developed for the conductor of the magnet.

(2) Power Supply

There are some research and development items for the series resonant circuit in order to

be in stable operation. The R&D items include the IGBT power supply, the B/Q tracking

saturation compensation, the smoothing of power variation, the flat bottom formation, and the

trim for quadrupole magnets.

(3) Vacuum Duct

Alumina Ceramic vacuum duct with RF shield has been developed. The thickness of the

alumina ceramic duct could be reduce to 5 or 6 mm.

(4) Halo Collection

In order to localize the beam loss the beam loss distribution around the ring has been

calculated with Monte-Carlo simulation code STRUCT. This calculation shows that more

- 2 5 0 -



JAERI-Conf 2001-002

than 90% of traced beam is lost around the ring for the collimation system.

(5) Othes

There are lot of key issues for this ring, for example injection and extraction pulse

magnet and these power supply , radio frequency cavity, monitor and so on. The research and

development are also performing for these issues.

Reference:
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Abstract

The RF acceleration system of JKJ (JAERI-KEK Joint Project) [1,2] synchrotrons will be

described. A high field-gradient cavity[3,4] will be used for JKJ synchrotrons.

1. Introduction

The JKJ accelerator complex consists of the linac, 3 GeV synchrotron and 50 GeV one. Both

synchrotrons will provide very high intensity beam for experiments. The 3 GeV synchrotron

is a rapid-cycling synchrotron and will provide 1 MW proton beam for the neutron source and

15.5 pA for the 50 GeV synchrotron. The main parameters of both synchrotrons are listed in

Table 1.

Table 1: Main parameters

Repetition Rate
Rise time
Harmonic number
Circumference
Injection Energy
Extraction Energy
RF frequency
Max. RF Voltage

3GeV PS

25 Hz
20 ms

2
313.5 m
400 MeV

3 GeV
1.36-1.86 MHz

420 kV

50GeV PS

0.3 Hz(3.42 s)
1.9 s

10
1567.5 m

3 GeV
50 GeV

1.86-1.91MHz
280 kV
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2. RF SYSTEM

As listed in Table 1, large RF voltage is required for both synchrotrons. Because the space for

the RF system is limited, high field-gradient cavity is necessary. To obtain the very high RF

voltage, Magnetic Alloy(MA) will be used for the magnetic cores of the synchrotron RF

cavities. As shown in Fig.l, MA core shows very stable characteristics under the high

magnetic field and high voltage. Another advantage of MA core is that the tuning circuit to

resonate the cavity is not required because of the low Q-value of core. And, the Q-value of the

cavity is variable using a cut-core technique.
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Figure 1. The characteristics of magnetic cores. The horizontal axis is magnetic field in the

core and it is proportional to the RF voltage. The vertical axis is the product of permeability,

Q-value and frequency and proportional to the shunt impedance. The MA cores show a very

stable characteristic under the very high field of 2000 Gauss.

The parameters of the MA cavity are listed in Table 2[5]. The length of the cavity tank is 1.55

m and the field gradient is larger than 30 kV/m for both synchrotrons. The Q-values of both

cavities are chosen to optimize the beam loading effects and power consumption. For 3 GeV

Synchrotron, the bandwidth is also considered for dual harmonic acceleration. Because the Q-

value of the 3 GeV synchrotron is 3, it will generate both fundamental and second harmonic

frequencies at the same gap, simultaneously. By the dual harmonic system, the bunching

factor of the beam is increased and the space charge tune shift will be reduced. The amplitude

of the second harmonic frequency will be reduced according to the increase of the beam

energy. Figure 2 shows the RF voltage of the 3 GeV synchrotron and space charge tune shift.
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Figure 2. RF voltage and space charge tune shift of dual harmonic system. The reduction of

the space charge tune shift by the dual harmonics was calculated from the bunching factor.

Table 2: Parameters of MA cavity

Number of cavity
Voltage
Number of gaps
Impedance
Quality factor
Duty
Number of cores
Length
Max. Power loss
Averaged loss
Loss per core
Outer diameter of core
Inner diameter of core
Thickness of core
Diameter of beam pipe
Power Density in core

3GeV Synchrotron
10

42 kV(Max.)
3

2.1 ka
3

50%
24

1.55 m
420 kW
105* kW
4.9 kW
90 cm
36 cm
2.6 cm

24.6 cm
0.35 W/cc

50GeV Synchrotron
6+1

46.7 kV
3

3k&
10

59%
24

1.55 m
363 kW
214 kW
8.9 kW
90 cm
25 cm
2.6 cm
14 cm

0.58 W/cc

3. R&D STATUS
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A test cavity using the cut-core technique has been developed and operated using a 1 MW-

class push-pull amplifier. The CW operation has been performed up to 10 kW per core that is

larger than the required power dissipation for the JKJ project. The waveform was measured

from 1.4 to 2 MHz. The significant waveform distortion was not observed although the

resonant frequency was fixed at 1.9 MHz and any tuning system was not used.

The cavity is modified and installed in the KEK 12 GeV-PS for the dual harmonic experiment,

as shown in Fig. 3. Another 300kW amplifier is used to drive the cavity at 6-8 MHz and 12

MHz.

Figure 3. A MA cavity installed in KEK 12 GeV PS.

4. CONCLUSIONS

RF system for the 3 GeV and 50 GeV Proton synchrotrons of Joint Project has been designed.

The high field-gradient cavity will be used for both rings. The test cavity has been developed

and the high power test has been performed.
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Abstract

We have developed thin and thick long-lived carbon stripper foils for high energy, high
intensity ion beams. The foil thicknesses are about 10 [ig/cm2 (cluster foil) and 200 fig/cm2

(hybrid foil) for thin and thick, respectively. The thin foil is made by a controlled DC-arc
discharge (CDAD) method, by using the size effect of the carbon particles. The size effect
was the difference between the carbon particle sizes emitted from the cathode and the anode
electrodes in the DC arc discharge, in which the particle size from the cathode is large (0.3
limty) and the other is small (0.003 |xm<j>). The thin foils composed of large particle size are
not mechanically strong, but long-lived under low energy ion bombardment with a 3.2 MeV,
2 - 3 \iA Ne+ beam. The mean lifetime is 900 mC/cm2 in average which corresponds to 25
times longer than that of commercially available standard foils. In this method, the key point
in producing long-lived foils is to control the amount of carbon particles ablated from the
cathode by adjusting temperature at the cathode emission spot.

The thick hybrid carbon foils (multi-layer thickness about 200 fxg/cm2) have been developed
for use in 800 MeV, H+ ion beam at the Proton Storage Ring (PSR) of Los Alamos National
Laboratory. The thick foils are prepared by means of the controlled ACDC arc discharge
(CADAD) method, and are mechanically strong. The lifetime measurements of thick foils
made by various methods were carried out using 800 MeV , 85-100 jiA proton beams in the
PSR. The foils made by the CADAD method showed very long lifetime, compared to other
foils tested.

1. Introduction

With great improvements of ion sources in accelerators, carbon stripper foils have become
very important for heavy ion or H~ ion beams with high intensity for efficient acceleration.
However, if the lifetime of the carbon foils is very short, then the operational efficiency of the
accelerator becomes low and also stripper foil replacement at high energy irradiation such as
800 MeV H- ion beam is one of most dose-intensive activities that maintenance personal are
concerned with. Carbon stripper foils with longer lifetime than that of commercially available
(CM) foils are, thus, indispensable to high intensity heavy ion accelerators. There are many
preparation methods to produce the carbon stripper foils [1-7] as shown in Table 1. First of
all, we aim to produce long-lived carbon foils by means of a simple method without any
special handling such as the slackening technique [8,9] and the substrate treatment
techniques[10]. We have investigated the relation between the lifetime and the preparation
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method listed in Table 1. For this purpose, we have manufactured and assembled equipments,
in house with the except of the laser (cw and pulse) and the electron beam gun listed in Table
1 [11]. The best preparation method has been found by considening lifetime, reproducibility,
mechanical strength, smooth surface, pin holes, limitation of the foil thickness and area. The
foils with the best combination of these properties were serected. Lifetime measurements of
these foils made by various method were performed using a 3.2 MeV, Ne+ ion beam. Through
experimental investigation, we have successfully developed the following three methods, as
listed in Table 2, for preparing of long-lived carbon foils: 1) CDAD and CADAD methods
(cluster and hybrid foils), 2) Ion Beam sputtering MIBS and HIBS methods (sputter foil) and
3) Ion beam sputtering with reactive nitrogen (IBSRN) method (nitrided carbon foil). The
micro structures of the foils were investigated by means of an electron microscope, and the
thickness of irradiated area was compared with that of nonirradiated areas [13,17].

By a systematic study of the present work, we found reliable and reproducible conditions to
prepare not only long-lived, but also mechanically strong carbon stripper foils.

In this paper, we present the preparation methods and the lifetime of carbon stripper foils
made by means of the CDAD and the CADAD methods. The lifetime measurements were
performed with a low energy a 3.2 MeV Ne+ ion beams for the thin cluster and thick hybrid
carbon stripper foils and with a high energy an 800 MeV, H" ion beam for the thick hybrid
carbon stripper foils.

Table 1. Present available preparation methods of carbon stripper foil in the world

Electron Beam Gun
AC arc Discharge
DC arc Discharge
Ohmic Heating
CW Laser Ablation

Magnetron Sputtering
Focused Beam Sputtering

Glow Discharge

Pulsed" Laser Ablation

Thermal Evaporation-Condensation
(Hot Temperature)

Sputtering Evaporation
(Cold Temperature)

Decomposition of Gases
Combined Evaporation

(Hot and Cold)

Table 2. Preparation methods of long-lived carbon stripper foil successfully developed

Controlled DC Arc Discharge (CDAD) Cluster Carbon Foil (5-50 ng/cm2)
method

method
"Mlxedlon"BTa"mTpTttennY(MTBS)" Spmter^arbSaToir^^iJii/ra?)"
Heavy Ion Beam Sputtering (HIBS)

Ion Beam Sputtering with Reactive Nitrogen Nitrided Carbon Foil (10-40 us/cm2)
(IBSRN)

2. Experiment

2.1 Thin foil preparation

The complete set-up for preparing the carbon foils was installed into the same vacuum
deposition equipment used previously for the CDAD method. [12]
The arc-discharge system for the CADAD method consists of two arc-discharge evaporation

sources. One is a DC arc-discharge unit and the other is an AC arc-discharge unit. In this
experiment concerning the cluster carbon foil preparation, we only used the DC arc discharge
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unit consisting of a 15 mm diameter carbon rod as anode, and a 10 mm diameter cathode
carbon rod. The cathode ablates about 0.3 urn large particles, on the other hand, the anode
ablates about 0.003 am fine particles. We call this process it the controlled DC arc-discharge
(CDAD) method. The DC arc-discharge power supply (20V x 300A) was operated at 20V,
300 A for evaporation, until the desired deposition thickness was achieved. A crystal
thickness monitor monitored the deposition thickness. The vacuum in the evaporation
chamber was 1.3 x 10"4 Pa without the arc-discharge evaporation and 1.3 x 10 3 Pa with the
arc-discharge one.

The carbon layers were deposited onto substrates coated with a releasing agent of Cream-
Coat (manufactured by J.Varley and Sons, St.Louis, Missouri).

Figure.l shows schematic drawings of the present method. Figure.2 shows the TEM
(transmission electron micrograph) images of the foils produced by the present CDAD
method, and Fig.2 (a) shows the structure of a foil composed of particles evaporated almost
from the anode electrode only and Fig.2 (b) shows the structure of a foil composed almost
completely of particles from the cathode electrode. The experimental apparatus for the
lifetime measurement of the thin cluster carbon foils is almost the same as mentioned in the
previous system [17]. The lifetime of the foils was performed with a 3.2 MeV Ne+ ion beam
of 2 - 3 \xA and beam spot size of 3.5 mm in diameter.
The lifetime is defined as integrated ion current per cm2 until carbon foil rupturing occurs.
Figure.3 shows the histograms of the foils (10-26 \xglcm2) produced by various preparation

methods. In Fig.3, the lifetime of Lp-foil made by laser plasma ablation deposition is attached
as a reference because this foil of very thin 3 - 4 ug/cm2 thick has considerably long lifetime
compared to other same thin thickness as foils in the world. [18,19]

rnrrrri*^^n

.#

V \i

. Substrate

• Releasing
Agent

Deposited
Carbon Layer

Jet Stream

Molecular —.
Flow

DC - AfC
Discharge

Fig.l Schematic drawing of the carbon deposition images of the DC and AC arc-discharge sources. The CDAD method
uses only DC-arc discharge source, and the CAD AD method uses both AC and DC arc-discherge sources.

Fig.2 Transmission electron micrographs (THM) of carbon foils, (a) Structure of a foil composed of carbon particles
emitted from the anode only (Wc=0). (b) Structure of a foil composed of carbon particles from the cathode only
(Wa=0).

- 259 -



JAERI-Conf 2001-002

(Sputter Cwbon FoH (10-15|igtemJ)

I %

11
> CO

g | ^ La**rPla*maCait»»Fol <~4|igtem2) TUM (Q»m»iy)

^ KunhMov (Ru««h)

[ tambuiy (U.K)

Strmtboug (Fnnc*), Chalk Mv«r (Cw»da)

Comm«rd»lly tvaWM* Cubon FoHs (thar •vaponllon mathod);
Arizona (USA), Vlwum (Imtl)

500 10OO 1500 2000

Lifetime(mC/cm*)
Fig 3 Lifetime results for carbon stripper foils made by various preparation methods. The measurement was performed

with a 3.2 MeV Ne+ at 2 - 3 nA beam current with a 3.5 mmf beam spot

2.2 Lifetime dependence on the weight loss of carbon electrodes

In the preparation procedure, we measured the current intensity of the carbon arc-discharge,
and the lifetime dependence on the arc current intensity.

We, then, believed that the electrodes in a DC arc discharge play an important role in
producing carbon foils with long lifetimes. Therefore, we measured the weight loss of the
electrode due to ablation from the cathode electrode. The lifetimes of foils depend on the ratio
R=Wc/(Wc+Wa) x 100%, where We and Wa stand for the weight loss of the cathode and the
anode, respectively. The DC power of the arc (300A x 20V) was pulsed with an interval of 3-
5 seconds in order to suppress rising of the cathode spot temperature. The amount of We is
sensitively to the cathode spot temperature and hence we controlled the ratio R by adjusting
the discharge interval. The lifetime results as a function of the ratio R are shown in Fig.4.

On the anode-rich emission side, the lifetime is remarkably decreased, and on the cathode-
rich emission side, the lifetime is decreased only slightly. The optimum condition for long-
lived carbon foils is in the We range from 50 % to 80 %. The foils for the present preparation
were deposited by R=60-70 % onto the glass substrate. The foil thickness was 15±5 jig/cm2.
We named the foils made by R larger than 60 % and 5-50 ng/cm2 in thickness, cluster carbon
foils. Mixing of carbon particles emitted from both the anode and cathode rod is very essential
in making strong carbon foils. Foils composed of particles from only the cathode rod are
found to be very weak under mechanical stress.

The lifetime of the foils made with the
by R=0 % was nearly the same as that of
commercially available standard (CM)
foils. On the other hand, the lifetime of
foils composed of R=100 % did not
reach a maximum, but were longer than
10 times as compared with the CM-foils.

Fig.4 Relation between the ratio R=Wc/(Wc+Wa) and
the lifetimes. Error bars represent mean square
errors and the numbers attached to the points
are the number of measured sample. Tested foil
thickness are 10 -15 \iglcni1 and the lifetime
measurement were performed with a 3.2 MeV,
Ne + a t2-3 uA of 3.5 mmcj> beam spot

10000

40 60 60 100

Ratio of (Wc/(Wc+Wa))(%)
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3.1 Thick foil preparation

Thick carbon foils of about 130 ng/cm2 were prepared by means of electron beam gun at
Westinghouse Hanford Company, Richland, Wa. USA, and by AC arc discharge of
spectroscopically pure graphite at the INS, University of Tokyo. In latter cases, the carbon
foils were deposited onto substrate covered with a releasing agent of cream-coat. The
deposition system used in this work is nearly the same as described in Ref [12, 13]. The
electron beam evaporation was performed using a high tension of 4 kV and 500 mA. For die
carbon deposition by the AC arc discharge graphite rods of 8 mm diameter at a current of AC-
250A were used, and the unusual thick carbon foils of 130 fig/cm2 were prepared without any
problem.

Next, we tried to apply the DC arc discharge method for the required range of thickness.
This method, however, showed a limit on the thickness obtained. Deposited carbon layer
always curled and peeled off from the substrate at approximately 60 |xg/cm2 as shown in
Fig.5(a), 5(b) and 5(c). Then, in order to overcome the peeling off, we applied the CADAD
method [12,13]. We, however, had no experience of foils thicker than 60 fig/cm2 so far.

We deposited by using a type ||| (large particle layer is sandwiched by fine particle layers)
multi-layer configuration (see Fig.2 of Ref.[13]). The DC power of 20 V x 300 A and AC
power of 20 V x 300 A were switched on and off alternately for periods necessary to obtain
the required thickness. We were able to prepare foils by keeping the ratio parameter
R=Wd/(Wd+Wa) at 50 - 80 %, where Wd and Wa are the carbon source weight losses due to
ablation from the DC and AC arc discharge, respectively. In this preparation, three layers
were deposited onto the glass substrate: The first layer with a thickness of 30 u,g/cm2 emitted
from the AC arc discharge method, the second layer of 60 fig/cm2 was deposited using the
DC arc discharge procedure, and finally the third layer of 30 (xg/cm2 was deposited with the
AC method, resulting in a total thickness of about 120 (Ag/cm2. The vacuum in the arc
discharge was ~1 X 10'3 Pa from 1 x 10"* Pa without the arc discharge. Figures. 5(d), 5(e) and
5(f) are photographs of such carbon foils of 120 {Ag/cm2 made by the CADAD method, (d)
R=70 %, (e) R=60 % and (f) R=50 %. We found that such foils close to 100 jAg/cm2 in
thickness tended to curl while removing the substrate by floating on water. This problem was
solved by an annealing technique, in which the deposited layers on the glass substrate were
placed 3 cm above a Mo filament heater, and heated to temperature of about 350°C for 5 h in
vacuum of -lO"4 Pa. The foil thus prepared was supported by carbon fibers, as shown in
Fig.6(a) to reduce scattering with the circulating beam. The stamp support as shown in
Fig.6(a) reduce beam losses. Recently, the new ribbon foil support was developed to lengthen
the lifetime of the stripper (Fig.6(b)). This technique supports the foil by attaching it to the
aluminum frame. The doubling of a foil improves the stripping efficiency because the
probability of accidental coincidence of pinhole positions between two sheets is extremely
low. The foils of 15 x 50mm2 size was then sandwiched between tight-stretched carbon fibers
of 4-5 \im diameter in a cross pattern as shown in Fig.6 and described in Ref. [14, 16]. The
size of doubled foil is then 15 x 50 mm2 glued along one to the aluminum frame with a
conductive paint. The two aluminum frames are bolted together with the doubled foil
suspended between the tight-stretched carbon fiber grids.
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Fig.5 Photographs of carbon deposited onto the substrates by the DC arc discharge method; (a), (b) and (c), and the CAD AD
method; (d): R=70 %, (e): 60 %, (f): 50 %.

Stamp FosS Ribbon Foil

h-4.5cm-

•a- IT

L-type Foi!

Fig.6 Carbon stripper foils drawn by dotted area on various type frames supported by 4-5 nm diameter carbon fibers, (a)
"Stamp" type carbon stripper foil, (b) "Ribbon" type carbon stripper foil, (c) C-type frame carbon stripper foil, (d) L-
type frame carbon stripper foil
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3.2 Lifetime measurement with high energy 800 MeV, I i ion beam

Lifetime measurements were performed with an 800 MeV proton beam in the PSR at Los
Alamos National Laboratory.

Figure.7 shows the layout of the PSR during the period of these tests with injection and
extraction beam transport lines.
The negative hydrogen ions before entering the PSR are neutralized by a stripper magnet to

H° and then stripped to H+ by ~200 ng/cm2 carbon foils supported with carbon fiber. The
pressure in PSR was about 1 x 10"4 Pa. The PSR now uses direct H- injection and strips
directly to H+ proton with a 400 jig/cm2, four layer, CADAD carbon foil. The foil was
initially conditioned with a low intensity beam 1-10 \iA for 5 to 10 minutes and then
irradiated with the production beam at a maximum injection current of 80-100 \iA.
The effective foil lifetime was determined by the maximum tolerable beam current at the

injection beam dump.
H+ ION SOURCE

BEAM SEPARATION.
AND TRANSPORT

pol. H-

f ] ~ | STRIPPER MAGNET

H°

uppenKw.

H* V

\
LANSCE

Lot Alwna* Neutron
ScMwing C«nt«r

Fig.7 The layout of the former Los Alamos Meson Physics Facility (LAMPF)

If the lifetime measurements, standard foils from Arizona and from Israel (CM-Y) were
compared with foils from Hanford (CM-A) and our first special CADAD (shown as CADAD
in the Figure) foils during a beam time of about three months in 1992.
The results are shown in Fig.8(a) in 1992, where the vertical and the horizontal axis are each

first turn loss rate and lifetime (date), respectively. The lifetime of those foils is generally
shorter by fast thickening. The foil made by the CADAD method unfortunately dropped out
of its frame due to failure of the supporting carbon fibers, and the measurement was stopped
after one week of beam irradiation. As can be seen from the graph in Fig.8(a) or (b) the foil is
not broken and shows relatively little thickening as indicated by the small changes in "first
turn" losses. During about 17 days beam time in 1993, one of our (nitrided carbon foil)
IBSRN foils [15], one foil from Hanford in its "ribbon" configuration and another CADAD
foil were tested. Their performance is shown Fig.8(b) and "Hanford" (Westinghouse) is
refered to the ribbon foil shown in Fig.8(b). The nitrided carbon foil was fold quadruple in
order to get a sufficiently thick foil. The CADAD foil showed a long lifetime of 28 days,
corresponding in a minimum of 4 times the lifetime of all other foils tested. Data from the
diamond foil are not shown in Fig.8, because the foil ruptured in a short beam time of only 4
hours.

From the results performed in 1992 and 1993, the foils made by the CADAD method have
shown to have reproducibly longer lifetimes, as compared to other foils tested.
In 1995, a ribbon foil with double layered (240 ng/cm2) made by the same CADAD

evaporation method as used in 1993, was used for the beam production. The beam condition
was 800 MeV and 80-100 \iA. The beam production was continuously performed except
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during ion source recycles once per month and outages. As shown in Fig.8(c), the foil
showed an extremely long lifetime of three months and 17 days as compared to the (from
August to November, 1995) previous 28-days obtained in 1993. The lifetime of the foil
corresponds to about 4 times longer lifetime than the foil tested in 1993 and about 17 times,
as compared to commercially available standard foils.
The foil did not broken, and survived until the end of the beam time and could be used for

next run. After irradiation, the ribbon foil was placed in a box, as shown in Fig.9. Visual
inspection of the irradiated foil showed slight bending the top of the foil (Fig.9). Supporting
fibers broken by besm irradiation may have contributed to the bending and curling of the foil.

«, 0.005

«S 0,004

* 0.003

I ~ 0.002

a A 0.001

0-.QO
1992/10/1
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Date
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Fig.8(a) and (b) The results obtained in the lifetime measurements with 800 MeV, 85 ̂ A H" beam, in (a) 1992 (b) 1993.

Aug/I2/!995 Sep/1/1995 Oct/1/1995 Nov/1/1995 Nov/29/1995

Fig.8(c) Beam delivery performance during the record-breaking lifetime for 800 MeV, H+ ion beam bombardment in the
proton storage ring (PSR) at Los Alamos National Laboratory.

. ' I I I ' 1 ! , i 1 i i •

Fig.9 A photograph of the thick carbon stripper foil stowed the record-breaking lifetime by irradiation for 103 days of an 800
MeV, 80-100 ptA, W ion beam

3*3 Lifetime measurement with a low energy beam of 3,2 Me¥, N # Ion

The experimental apparatus for this measurement was nearly the same as that described in
Fig. 1 of Ref. 13. The beam from the Van de Graaff accelerator at the Tokyo Institute of
Technology was used. The current intensity was 2 - 3 \xA with a spot size of 3.5 mm<j».
Twenty sheets of carbon foils from 50-200 fAg/cm2 in thickness were mounted on 0.2 mm
thick stainless steal holders made by a photo-etching technique. The beam profile was
checked with a quartz disk of 1 mm thick and 20 mm^. The measurements were performed in
a high vacuum chamber. The pressure of the chamber was 1.2 x 10"4 Pa (the partial pressure
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were; H2: 8.6 x 1O7 Pa, H2O: 6.1 x 10 5 Pa, N2+CO: 3.7 x 10-5 pa> o 2 : 2.2 x 10 5 Pa: Ar: 1.3
x 10-6 Pa and CO2: 2.7 x 10;7 Pa). In this measurements, foils of 50-200 fig/cm2 thickness,
made by the CADAD and foils made by the glow discharge methods from Russia (GD-R) and
Chalk River Nuclear Lab. (GD-C), and foils from Hanford, diamond foils by the Kobe Steel
Co. in USA, AI2O3 foil from the Rutherford Appleton Lab. and CM foils were tested. The
single foils of ~50 ng/cm2 , ~100 ^g/cm2 and double foils of ~200 |i,g/cm2 were sandwiched
with the same flames.
The lifetime results are shown in Fig.lO(a) ~200 fig/cm2, (b) ~100 jig/cm2 and (c) ~50

jAg/cm2. The "AC-250A" indicated the foil was made by an AC arc discharge method with AC
current of 250 A. The CM(A) is from Arizona carbon foil Co., and CM(Y) from Yissum
Research Development Co., of Israel.

3.4 The behaviors of foils under 3.2 MeV Ne+ heavy ion beam bombardment

The foil surface was observed with a camera during irradiation with a 3.2 MeV, Ne+ ions.
These visual observations are important not only to check the lifetime, but also to obtain
information on the appearances of shrinkage and destruction phenomenon, which depends on
the foil preparation method.
The typical behaviors of thick foils are photographed as shown in Fig.ll. A foil of 124
Hg/cm2 thick made by the CADAD method shown in Fig.ll(a) survived for 2092 mC/cm2.
This corresponded to the longest lifetime among the foils tested without rupture. The lifetimes
of foil (b) (200 (Ag/cm2 thick double layers) made by Hanford and (c) CM foil (110 jig/cm2)
were 126 mC/cm2 and 32 mC/cm2, respectively. The foil (d) (202 jAg/cm2 thick double
layers) made by the glow discharge method (GD-R) survived up to 718 mC/cm2 of integrated
current. The aluminum oxide foil (e) (169 ug/cm2, folded in double) was made by the anodic
oxidation method, ruptured at 2.0 mC/cm2. The lifetime of the foil in Fig.ll(d) is long, but
visual observation indicated that one layer broke at the early stage of 23 mC/cm2, as shown in
Fig.5(d).

Figure 1 l(a) shows the surface appearance of the foil. The temperature at the beam spot was
about 1500 °C. The temperature was measured through a BaF2 window using a spot
thermometer (TR-630A) of Minolta Camera Co. Ltd. Japan. From this photograph, the
shrinkage due to the bombardment can not be seen clearly.

Figure 11 indicates the great difference especially shrinkagein surface appearance between
(a) and the others. It was found that the present CADAD method can produce very stable and
long lived foils under heavy ion beam bombardment at high intensity.

(a) -200 jig/cm2 (b) -100 ng/cm2

-fc- H) turvival

jj CM (A)

5 CM(Y)

£ U n M

t « (21 broken

t~#-< {2)bro)i*»

^ (2) broken

> ^ — , (3) broken

•urvlvalfmcludlng bi a folia)

Lifetime (mC/cm2)

(c) -50

lifetime (mC/cm2)

Lifetime (mC/cro2)

Fig. 10(a) The results of the lifetime measurements with 3.2 MeV,
3~4 nA Ne+ beam. The foil thicknesses are ~200 [ig/cm2.
The numerical values in the figure represent the numbers
of samples and the error bars represent standard deviations
calculated from the data obtained. The foils made by the
CADAD method show long lifetimes, regardless of the
thickness, compared to the other foils tested

Fig. 10(b) The results of the lifetime measurements with 3.2 MeV,
3-4 (iA Ne+ beam. The foil thicknesses are ~100 (ig/cm2.

Fig. 10(c) The results of the lifetime measurements with 3.2 MeV,
3-4 nA Ne+ beam. The foil thickness are
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(a) CADAD foil

(b)Haafordfoi!

(c) CM foil

Fig. 11 The behavior of a foil surface inspected by a camera; (a) foil made by the CADAD method (thickness is 124 (xg/cm2),

(b) Hanford foil (200 ng/cm2 thickness double layer) and (c) CM foil (100 (ig/cm2)
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(d)GD-Rfoil

(e)Al2O3foil

Fig. 11 The behavior of a foil surface inspected by a camera; (d) GD-R foil (202 \xglcm2 thick double layers) and (e) made

by the anodic oxidation method (169 p.g/cm2)

4. Conclusion

We have investigated the lifetimes of various carbon stripper foils from 10 fig/em2 to 200
fig/cm2.
The ribbon carbon stripper foil made by the CADAD method accomplished a great

achievement of a record-breaking lifetime of 103 days at the continuous operation of the 800
MeV, 80-100 ^A, as performed in 1995.
This lifetime corresponds approximately to 4 times longer than 28 days performed in 1993
and 17 times, compared to the commercially available standard foils.
The cluster thin foils made by the CDAD method showed the longest lifetime, compared with
those of other foils tested, including commercially available standard foils.
The CADAD foils also showed the longest lifetimes compared to all other foils, for a high

energy proton beam of 800 MeV and low energy Ne+ beam of 3.2 MeV.
The CADAD method is confirmed to be highly reproducible and could produce carbon

stripper foils of a wide thickness range from 10 to about 120 fig/cm2 . The thick CADAD
foils were very stable and showed very small shrinkage rates when irradiated with a high
intensity beam.
The decreased shrinkage rates associated with these foils allow the use of narrower foils,

thereby decreasing stored beam losses. Lower beam losses imply that the ring components are
less radioactivited and therefore worker radiation exposures will be reduced.

From the experiments performed in 1992, 1993 and 1995, we found a serious problem that
the supported carbon fibers showed very fragile against the long time ion irradiation with high
intensity 800 MeV, >85 \iA. We also need stronger carbon fiber materials for higher beam
intensity in future. We also would like to do more pioneering work for new materials for
stripper foils.
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Abstract
A new laser stripping method by use of multi-photon resonance ionization is proposed which is an advanced design of

LUCE (Laser Undulator Charge Exchange) and DoLUCE (Double LUCE) for the next generation's proton storage rings.
The new method utilizes a magnetic field to generate the Lorentz electric field on an H" beam and to neutralize the beam. It
utilizes also a visible laser light which irradiates the H° beam efficiently with a multi-mirror system in the central region of
the magnetic field as like in the cases of LUCE and DoLUCE. In this method, the laser beam strips the electron of the H°
beam almost completely by multi-photon resonance ionization. Thereby, the low emittance growth of it beams after
ionization can be achieved. It will possibly be realized with the existing technology.

1. Introduction

Storage of the high power proton beam in the ring is indispensable to promote the neutron or neutrino science. However,
operations of the proton storage ring have been limited by the foil-stripping method for charge exchange, because scattering
of the high energy beam causes radiation damage and activation around the beam injection section. Therefore, development
of an alternative charge exchange method is the most important and urgent issues, in order to reduce a cooling time of the
radioactive material and to secure a safe operation and maintenance.

The authors proposed a charge-exchange
methods LUCE and DoLUCE (Double LUCE):
L a s e r ^ U n d u l a t o r £ h a r g e Exchange'1"2'. T h e

> i Laser beam neutralization and ionization occur about the

I
Circling beam '"R^~_> L Q-

Multiple-pass optics

H"

Neutralizer and Ionizer

i Laser beam

BM-3

BM-4

Bump magnet 1
(BM-1)

Neutralization . Magnetic field

Excitation and
Ionization region

high intensity region of the magnetic field that is
placed at the straight section of a bumped orbit,
as shown in Fig. l.[3]'[4! The magnetic field is
applied to ensure a trajectory stability of the
circulating beam, because the directional
deviation of the circulating beam is cancelled
out by the experience of the field. The rear
half-cycle part of the magnetic field can also
control the direction of the ionized beam. The
central magnetic field works as both the
neutralizer and the ionizer. That is, the H" beam
is firstly neutralized by the intense Lorentz
electric field generated by the interaction
between the relativistic velocity of the H° beam
and the magnetic field. Soon after that, the laser
light intensified with a multi-mirror system
(MMS) excites the H° beam resonantly to a
Stark shifted state and the excited H° beam is
ionized by Lorentz electric field near at the peak
of the magnetic field in LUCE. When the
hydrogen beam energy is less than 1.2 GeV, the
one-step excitation by the visible laser can not
succeed in due to lack of the relativistic
Doppler effect.

The larger cross-sections of resonant
excitation can also not be used in the scheme. DoLUCE is a new version of LUCE which is modified by the 2-step

H

H

Fig. 1 New configuration of the charge exchange
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excitation scheme to be applied to 0.8 -1.0 GeV H° beam injection. The method uses two lasers and two MMS's with
visible wavelength and infrared one, respectively. Here, the two sets of the optical system share the ionization potential.
Thereby, the required laser power can be reduced.

In the magnetic field B [T], the lifetime of H beam t is given by: x = (Ai/F) exp (A2/F), where F = y P cB , Ai =
2.47X10"6 (V.s /m) and A2 = 4.49 x 109 (V /m) .f3J From the calculation of this equation, the intensity of the magnetic fields
is selected to be more than 1.2 T for example to 1.0 GeV beam.

In this paper, following the calculations for LUCE and DoLUCE, a new laser stripping method by two-photon
resonance ionization enhanced with MMS (RIMMS) is described. That is, in the RIMMS, the ionization process is in
essentially two photon resonance ionization in stead of two photon excitation plus ionization by the intense Lorentz electric
field of DoLUCE.

2. Selection of the Stark state and the ionization cross-section

The neutralized H° beam is photo-excited to one of the Stark states under the intense Lorentz electric field, which the
magnetic field generates in the interaction with the velocity of the H° beam. In this paper, the Stark states are denoted by a
series of quantum numbers I n n ^ m x The main quantum number n has a relation of n = ni+ n2 + m + 1, and the energy
level is expressed as El nnin2m>. Applying the laser light polarized in parallel to the Lorentz electric field, the condition of
Am = 0 and m = 0 (the least energy gap between two Stark states of the different main quantum number) is available as the
transition selection rule in this scheme.

The energy level of the Stark state is expressed as follows:
E = EM1>n2,o> = (-l/2n2) + (3/2)n(n,-n2)F - (n*/16){ 17n2 -3(n, -n2)2 + 19}F2 + (3/32) n7(nj -n2){23n2 - ((n, - n2)

2 +
39)F3--,

where F is the intensity of Stark electric field (y(3cB) expressed in the unit of 5.13 x 10" V/m, and the energy E is by that of
27.2 eV. The energy difference between two Stark sates is expressed as follows:

The energy difference is equivalent to a frequency for the resonant excitation v (= AE/ h where h is Plank constant)
from the ground level 11000> to the upper level. The values are expressed by a function of the magnetic field intensity.

The lifetime on the excited Stark state is calculated by the following formulal61:
X =

where T^ni ,n2,m> is a resonant width of the excited Stark state. The resonant width of the excited Stark state Fin.n1 ,n2,m> 's
expressed as follows:

rM1^,o> =(4R)2n2 + ' {n3 n2! n2 ! J"
1 exp{(- 2R/3) - (n3 F/4)(34n2

2 + 46n2 + (53/3)),
where R = (-2E) /F . This means the life time staying on the excited state and waiting the next ionization process.

Transition probability between two Stark states, and the excitation cross-section are calculated according to the
quantum theory'7'. The calculation results are summarized in Table I.

Table 1 Calculated excitation cross-section between two Stalk states (by linear-polarized light)

Initial Stark state

Final Stark state

a/L(Av)10'3 cm2/s

a 10'13 cm2/s

| 1000>

|2010>

16.2

3.09

| 1000>

|4300>

0.99

0.15

|2010>

|3020>

36.4

37.4

|2010>

|4300>

0

0

|2010>

| 4030>

8.10

6.39

|1000>

|3020>

3.15

0.50

Magnetic field

r,1. Laser beam radius

The excitation cross-section depends on the profile function L(Av) of laser spectrum width or the absorption
spectrum one, which is a function of Doppler shift
due to the momentum dispersion of the accelerated
beam. Here, the spectrum width is assumed the
order of 10'3.
One of the most important items for developing the
DoLUCE and RIMMS, is to select an optimal laser
for the Stark excitation. Obtaining sufficient output
power, suitable pulse structure synchronized with
that of H° beam, and oscillation performance of the
resonant wavelength for the transition are essential
key technology. For the purpose, high power lasers
and the multi-mirror system (see Appendix) are
selected in the region of visible or infrared

L: Interaction region

Multi-mirror
System

Fig. 2 Tapered undulator and relative positions of
multi-mirror system in LUCE
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wavelength.
On the other hand, generally speaking, the laser light of 100 nm range is necessary to excite resonantly the

hydrogen gas. Considering the effect of the relativistic theory (Doppler effect) on the encountering process of the H° beam
and photon one, the ultra-violet light is also required for the resonance transition in H° beam. Actually, the beam energy
lower than 1.2 GeV is necessary to use the two step excitation due to lack of the Doppler shift effect. In the DoLUCE, the
two lasers of a visible wavelength and an infrared one are used to excite two Stark states, the wavelength regions of which
are preferable from the stand of view of high power laser.

The Doppler-shifted wavelength is expressed in the rest frame as follows: V = Xi / y(l - (3 cos a^,
where cti is a crossing angle between the laser and H° beam. Geometrical and Optical parameters are shown in Fig.2, which
illustrates the concept of multi-mirror system. Taking account of synchronization with H° beam frequency of 200MHz, the
distance between the mirrors R is selected to be 1.5 m. In this configuration, for example, the Lyman a line (121.5 nm, the
resonance wavelength of the transition from) 1000> to 12010> in 1.0 GeV H° beam) becomes 469.0 nm (blue light) in the
laboratory frame.

3. RIMMS

In the RIMMS the same Stark state of 12010> is used as the first excitation, and the ionization is also carried
in tlio "inniiatirvn crliomo nf fhi» T TIPP Pint TTPP tirnt HTY/fMCout

In the RIMMS the same Stark state of 12010> is used as the first excitation, and the ionization is
by the light of the same laser. Let's summing up the ionization scheme of the LUCE, DoLUCE and RIMMS.

LUCE

DoLUCE

RIMMS

Neutralization
Lorentz electric field

Lorentz electric field

Lorentz electric field

El nnin2m>

Ionization
Photo-excitation to a Stark state and the field ionization,

11000> to I 3020> for more than 1.33GeV beam ,
2 color photon-excitation to Stark states and the field ionization

11000> to I 2010> and 12010> to I 4030>,
2 photon ionization via excitation to a Stark state

Excitation 11000> to I 2010> and photo-ionization.

The equation of the excitation rate in the laboratory
frame is given by:

E|210 0>

E|2010>

y
where N is the number of excited H* particle in a beam
bunch, c is a light velocity, and np is the photon density.
The absolute value of the left-hand side means an
ionization rate per a unit time.

In the rest-frame, the ionization rate is defined as
follows:

where a' is a rest-frame ionization cross-section
M . , . . (unchanged in the laboratory frame), and np' is a

^ n e ' i e photon density in the rest fame and is expressed as
Fig. 2 Selected state and energy levels follows: np' = ripy (1 - p cosot), due to the Lorentz

shrinkage where a is a crossing angle between the laser
and H° beam. In the laboratory frame, the above

expression becomes: 5N/d t ' = -y(l-Pcosa)Nnpca.Here, putting 5t' = 8z/yv, the equation is rewritten as follows:
5N /N = = -(1-Pcosa) rip a Sz / p = - 2n,,a 8z or 5N /No= 1 - exp(-2npa 5z),

where v is the velocity of H° beam, and Sz is the length of the irradiation region. The length Sz is determined by the
cross-section of the laser beam and the crossing angle.

The secondary photo-ionization probability governs the total ionization rate from H° to H1", because the large
resonance probability in the first excitation is so high in comparison with the second. Let's assume the ionization
probability is one-hundredth of the resonance probability about 10"17 cm , then, the sufficient high photon density for
ionization becomes from the following equation:

5N /No= 1 - exp(-2npo5z ) = 1 - 10"4

Now, we assume that the laser beam is injected to the multi-mirror system at the repetition rate of 1 MHz. The
photon bunch is synchronized with the pulses of H° beam with the flight time repetition in the multi-mirror system. Here, the
interaction frequency is kept at 200 MHz with the distance of 1.5meter between the mirrors. By the multi-mirror system, the
photon ca continue the interaction for more than 1 us. Assuming the pulse duration of 2 ns, that is, the reaction region length
of 60 cm, the required peak power I(W) is given by the following equation:

I = h v n,, cS/ AF= 7.7c2SJaXA? [W],
where S is a cross-section area of laser beam.

Under the conditions that the H° beam energy is 1.0 GeV, S is 1 cm2, and AF =1, the required laser power I for the
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ionization, becomes 22 MW at the peak. By the way, the excitation to the first resonance level by this laser power, takes less
than 20 psp!. The same photon density can be accumulated by the injection of the laser power 74 kW, with the frequency
200MHz owing to the accumulation function AF = 300 of MMS. The minimum laser power for the ionization is thus
calculated from that of the resonance excitation.

On the other hand, we can rewrite the laser peak power as follows: I = h v np cS/ AF = np' h c2S/AF Xy(l-Pcosa)
= np' h c2S/AF A/y^l-Pcosa)2 = IVy^O-Pcosa)2 [W]. This means that the relativistic effect reduces the required

laser power by the amount of l /^l-Pcosa) 2 by the relativity theory.

4. Discussions

We have firstly selected the resonance wavelength for 1 GeV H° beam and calculated the laser power for excitation
and ionization through I 2010> level in RIMMS. The laser of 469nm in wavelength and 74 kW/pulse in power is required
for the two-photon ionization of 1 GeV H° beam The practicability for RIMMS depends on the laser which satisfy the
required laser performance.

Comparing with LUCE and DoLUCE, RIMMS has an advantage of the simple system and can be applied to the
comparatively low energy acceleration beam as large as 1 GeV. In respect with the required laser power, RIMMS is
regarded to be most efficient as it uses the largest excitation cross-section of H° beam, that is, Lyman a line. Other
counter-measures to reduce the required laser power in RIMMS, are to increase the interaction length between H° beam and
photon one, and to increase the photon accumulation factor AFby MMS, which is assumed to be about 300 in this paper. In
order to improve the factor, mirrors with higher reflection and the optical switch with higher transmittance are needed to be
installed. Mirrors with the reflection rate of 99.99 % are commercially available for the visible light. By improving the light
accumulating system, it is possible to obtain the factor AF of more than 103. Thereby, the required laser power can easily
become less than the value mentioned above.

Taking account of the synchronization between laser beam pulses and the H° beams ones, a mode-locked laser is
considered as the most suitable type of laser for the system. The tunable high power lasers, such as a Ti-sapphire laser, and
OPO laser, are in great progress recently and are capable of a mode-locked operation. Repetition rate of more than 1MHz,
jitter of less than Ips are reported, and various modifications of the pulse structure is also available to such as the 200Mhz
operation through the MMS function.

Conclusions

The two photon resonance ionization via the lowest Stark state is proposed as a new charge exchange method. The
scheme is effective to hold down the emittance growth of H^ beam after the ionization, and enables the largest excitation
cross sections to be utilized. The process from neutralization to ionization is carried out in the same common magnet and
one laser and one MMS, so that the system configuration can be extremely simplified and be compact, compared with the
previously mentioned methods, such as LUCE and DoLUCE.

The light accumulation optics combining with the multi-mirror system has been tested to increase the photon density in
the reaction region. Use of the visible laser beam enables the accumulation rate to be several hundreds, because of the high
reflection rate of mirrors. Thereby, the intensity of the injected laser beam can be reduced to practical level, and various
types of laser are available. In conclusion, the new charge exchange method, RIMMS, which we have conceptually
designed, is an epochal and practical method of using only magnetic field and photon beam instead of solid materials, such
as foils. We expect that uncontrollable scattering and radioactive products will be minimized.. Research and Development
on the components of this system should be continued, and experimental tests are needed to justify this concept finally.
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Apendix: Multi-mirror system'8'

In order to utilize a laser power effectively, a multi-mirror system is being developed in JAERI. Figure 4 shows ray
path in the multi-mirror system. In the optics, an image-relay is utilized to minimize a distortion of laser beam. The focal
length is selected at half of the distance between the mirrors. If the properly diverging beam is injected at the first reflection
mirror, the reflected beam becomes the forward beam in Fig. 4 with a parallel beam (constant cross-section beam) and
travels to the next mirror through the central region of interaction. The reflected light at the next mirror, the beam focuses at
the off-center point and becomes the backward beam. The backward beams do not interact with H° beam and the forward
beam converges at the central region of interaction but only the cross-sectional area is controllable by MMS. The laser beam
density can not only be increased with the number of round-trip. In addition to these effect, rotational reflections among the
alternative mirrors cancels the diffraction loss at the reflections and can accumulate the high power light under decreasing
the thermal pressure.

(Interaction)
Backward

(No interaction with particle beam)

Fig.4 Ray traces in the multi-mirror system and configuration of light accumulation system

Additionally, an active or passive optical switch, such as
a Pockels cell or a second-harmonic generator, is combined
in order to reuse the laser beam effectively. Thereby, it is
estimated that the photon density at the central region
becomes approximately 300 times of that of incident beam.

As shown in Fig 5, a photon accumulation factor AF

is defined by a feedback theory. Since the image relay
enables the diffraction loss to be negligibly small, the factor
AF is calculated by taking account of only reflection loss.

The equation of power balance is given by:
{I inaT+(l-R)2MIou,T}=Iout.

Here, I^aT means the laser power generated in the
second harmonics generator (SHG).

Defining the accumulation factor AF as follows:
AF=MI0Ut/IinaT,

and the following equation is conducted :
AF =M/[1-(1-2RM)T]

For the parameters of T = 1, M = 40 and R = 0.001 then
AF = 500 and for T = 0.95, R = 0.001 and, then AF =317.

SHG

(1-R)2

a : Energy Conversion rate of SHG
T : Transmittance in SHG
R : Mirror loss per one reflection
M : Number of mirrors on each side
Ii, : Injected power into the multi-mirror system

Fig.5 Block diagram for calculation of
photon accumulation
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Abstract

This paper summarizes the Lattice of 3GeV proton synchrotron for JAERI-KEK joint

project. This 3GeV ring provides 3GeV proton beam for neutron science, muon science,

exotic nuclear science facility and 50GeV ring. The output beam power of this ring is 1MW

with 25Hz operation. This beam power is a few times higher than that of the existing

accelerators. To achieve this goal, it is important to cure an uncontrolled beam loss. A power

of uncontrolled beam loss must be smaller than lW/m for hands-on maintenance. This

uncontrolled beam loss is caused by beam injection, space-charge force, extraction and some

known or unknown instability. The precise painting system, adequate aperture of ring and

extraction line, and secure collimation systems are essential issues of this 3GeV ring.

1.Introduction

JAERI-KEK joint project team has designed the 3GeV. The circumference of this 3GeV

ring is 313.5m and it accelerates beam from 400MeV to 3GeV. The cycle of operation is

25Hz and the maximum output beam power is 1MW. This 3GeV ring provides 3GeV proton

beam for neutron science, muon science, exotic nuclear science facility and 50GeV ring. For

this 3GeV ring, two type rings have been designed and compared. One ring is composed of

FODO-arc and FODO-straight, and the other one is composed of FODO-arc and doublet-

straight. A doublet straight has a long free space and makes injection and extraction easily,

but a phase advance in straight section is small. A two-stage collimation system has some
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difficulties. On the other, FODO-straight lattice has the advantages of relatively low

quadrupole gradient, smooth lattice function variation and large phase advance. However a

free space is short, so an injection and an extraction system have some difficulties. If these

disadvantage points are cleared, the FODO-straight lattice is good choice for especially a

rapid cycle 3GeV ring. From these reasons, the latest 3GeV ring is composed of FODO-arc

and FODO-straight. Figurel shows the schematic layout, and Table 1 summarizes the main

parameters of the latest 3GeV ring. This ring has a three-fold symmetrical structure, and each

superperiod is composed of arc section and dispersion-free straight section. The arc section

has functions of adjustment of the transition gamma and scattering of the longitudinal halo-

beam. The three straight sections are using for injection/collimation, extraction systems and

RF-acceleration, respectively. The details of lattice are presented in following section

(Section2). The injection system, collimation and extraction systems are presented in Section

3,4 and 5, respectively. RF system is presented another paper in this meeting.

Collimators
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Transverse scatters

injection area

Extraction area
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(400MeV)|

to 3GeV Exp. users
and 50GeV ring

RF Acceleration area

Longitudinal scatter

Fig. 1 Schematic layout of 3GeV synchrotron
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Table 1 Main parameters of 3GeV synchrotron

Quantity
Circumference
Average radius
Injection energy
Extraction energy
Repetition rate
Beam power
Number of protons
Physical Aperture
Collimation Aperture

Momentum Acceptance
Tune(Horizontal/Vertical)
Transition Gamma
Natural Chromaticity(Horizontal/Vertical)
Super-periods

Value
313.5 m
49.9m
400 MeV
3GeV
25 Hz
1.0 MW
8.322X1013

>324 7C.mm.mrad
216 7i.mm.mrad

± 1 %
7.35/5.8
9.05
-8.95/-8.54
3

2. 3GeV Synchrotron Lattice

2.1 Lattice functions

Figure 2 and Figure 3 show the schematic layout and lattice function of one superperiod.

The lattice designs have been carried out using MAD [1] code. Arc section is composed of

two modules, which is composed of three DOFO cells. Middle DOFO cell of an arc module is

missing-dipole cell. The number of dipole magnets is four per one arc module, and bending

angle of each dipole magnet is 15 degrees. The transition gamma is designed to large value

using this missing-dipole cell, because the transition gamma must be so far one of 3GeV. The

number of quadrupole magnets is six per one arc module and these magnets are composed of

four families. One of main functions of these magnets is to make a dispersion-free at straight

section. The number of sextupole magnet is three per one arc module. The central quadrupole

magnet (QFN) of an arc module is separated to two pieces. The sextupole magnet named SFN

and the longitudinal scatters are sandwiched between these pieces. This point is largest

dispersion point, so this point is suited to correction of chromaticity and to scattering a

longitudinal halo-beam. The other sextupole magnets (SDN) are set near the QDN in missing-

dipole.

On the other hand, the long straight sections are composed of three DOFO cells. These

sections are dispersion-free for transverse halo-beam collimation. The number of quadrupole

magnets is six per one straight section. These quadrupole magnets are composed of three

families. The quadrupole magnet named QFS1 is separated to two pieces for H- injection and

the main charge-exchange is sandwiched between these pieces. The detail of injection system

is presented in Section 3.
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Fig. 3 Lattice functions of one superperiod

- 2 7 7 -



JAERI-Conf 2001-002

2.2 Operating tune

The 3GeV ring lattice has been designed symmetrically from the point of view of structure

resonance. Operating tune of horizontal and vertical betatron oscillation is 7.35 and 5.8.

However on this operation point the off-momentum beam that is especially Ap/p=+l% has

large beta-x. The another problem is that this operating point of transverse tune is near the

integer resonance line. The other operating point under study is 6.7 and 5.7. On this operating

point, off-momentum beam is stable, but this point is near Qx+Qy=12 line. The more detail

studies of operating points and tunability are currently under study. Operating points are

adjusted using seven-families of quadrupole magnet. The separated power supply system has

many advantages for selection of operating point. However tracking of dipole-quadrupole

magnets is an essential issue for rapid-cycling synchrotron. The realization of this power

supply system is a moot point.

2.3 Beam Emittance and Aperture

An adequate aperture is very importance to decrease an uncontrollable beam loss. Table2

shows the emittance and aperture. A beam emittance is blown by foil scattering and a space-

charge effect. The collimators collimate halo beam at 2167t.mm.mrad. On the other hand,

aperture of magnets and vacuum duct is larger than 3247t.mm.mrad. The physical aperture is

larger than 648fl.mm.mrad under full correction of chromaticity. The studies of beam

collimation have been carried out using STRACT. The result of collimation study is presented

in Section 4.

Table2 Beam emittances and apertures

Quantity
Emittance of injection beam
Emittance of painting
Aperture of collimator
Physical Aperture of ring
Dynamic Aperture of ring (correction)
Momentum Acceptance

Ref.
Vacuum duct(with shield)
Duct-pole clearance
COD

Value
47t.mm.mrad
1447t.mm.mrad
2167t.mm.mrad
3247t.mm.mrad
>6487T.mm.mrad
(±1% for 3247C.mm.mrad)

15mm
1.5mm
3mm
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3.1njection

3.1 Injection layout

The injection beam is painted to 144 Jt.mm.mrad by using the multi-turn injection with

charge-exchange method, The emittance of injection beam is 4 7c.mm.mrad (99%). Figure 4

shows the schematic layout of injection system. In this figure, thick and broken lines indicate

a bump orbit at a start of injection and a bump orbit at an end of injection, respectively.

Horizontal bump orbit is produced by four bump-magnets in the ring. On the other hand,

vertical bump orbit is produced by a bump magnet, which located at the re-radian upstream of

the injection line. The charge exchange foil is located between the sprit quadrupole magnet

(QFS1). The ax is designed to zero and it makes possibility to separate the excited H° beam

easily. Figure 5 shows lifetimes of excited H° beam. The magnetic strength of the sprit

quadrupole is 0.09T at injection point (Ax=100mm). This magnetic field enables to split an

excited H° beam at n=6 and lower state. The magnetic change of this quadrupole magnet

during an injection period is lower than 0.03%. The maximum field of downstream bump

magnet is 0.2T. This bump field enables to split an excited H° beam at n=5. However this

field changes from 0.2T to 0.1T during injection period. In this case, H° beam in the state of

n=6 becomes uncontrollable beam loss. However this power of loss beam is lower than 0.1

watt.

from Linac

150
QDX

100 -

x

^~~,324 pi.mm.mrad
216 pi.mm mi

Fig.4 Schematic layout of injection section
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Fig.5 Life time of excited H° beam and operation point of injection magnets

3.2 Painting scheme

Figure 6 shows a schematic view of transverse painting. The painting functions are give by

• = 100-50jj —|[mw]

In these equations, T and t are the period of injection and injection time. The envelope of

painted beam is round shape. This painting scheme has several advantages that necessary

aperture is relatively small and power supply is relatively simple. However the latest study [2]

shows that this painting scheme has a disadvantage from a point of view of beam blowup with

space-charge force. A more detailed study with space charge force is currently under study by

SIMPSONS [3].
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4.Collimation system

The halo of injection beam is collimated by the collimation system on the transport line. In

the ring, the collimator system is composed of horizontal, vertical and longitudinal scatters

and collimators. The horizontal scatter and the vertical scatter are set near the maximum beta-

x and beta-y points of the dispersion-free straight section. The collimators are set in the same

straight section. The phase advance of collimators' section is large value (~7t-radian) enough

to collimate the halo-beam effectively. Furthermore the dispersion is zero in this area, so the

transverse halo-beam is collimated more effectively. The coilimators are composed of two

type collimators. One is movable type and the other is fixed type. The movable collimators

are set at ~Jc/3-radian intervals in vacuum and these are adjusted to collimation emittance

(2167Lmm.mrad). The fixed collimators are set around the vacuum chamber. On the other

hand, longitudinal scatter is set at upstream arc section of injection area. Longitudinal halo-

beam is scattering with low angle at this longitudinal scatter and is collimated by collimators

at injection area. The acceptance of transverse collimators and allowable Ap/p are

216jt.mm.mrad and ±1%, respectively. The studies of beam collimation have been carried out

using STRACT[4]. Figure7 shows the beam loss point and loss power. Table3 shows the

collimation efficiency. In this case, the collimation efficiency is 98.5 percent of total loss

beam.
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Fig.7 Collimator system layout of injection superperiod (unit:m)

Table3 Beam loss points and loss power (calculated with STRUCT)

Quantity Value
Number of Lost 18627 =4kW
Number of Lost at collimators area 18347(98.5%) 3.94kW
Number of Lost at other point 280( 1.5%) O.Q6kW
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Fig.8 Loss points of halo beam (total loss power=4kW)
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5.Extraction

The normalized emittance of beam becomes gradually small with the progress of

acceleration and it becomes 54 7C.mm.mrad at 3GeV. On the other hand, the physical aperture

of extraction line has been designed at 216 7t.mm.mrad. This value is equal to the emittance of

ring collimator. Of course, the apertures of kicker-magnets are the same value of ring physical

aperture (3247C.mm.mrad). The extraction system is composed of eleven kicker-magnets and

four DC-septum magnets. The eleven kicker magnets are set at three sections. The bunch gap

is about 260nsec, so the raising time of kicker magnet must be shorter than 220ns(l-99%).

These kicker magnets are installed in vacuum. If one of these kicker-magnets is failed, the

beam loss will be increased, but the core beam (54 7C.mm.mrad) is extracted perfectly. The

rate of loss beam depends on the tail (from 54 to 216 7C.mm.mrad) and detail study is currently

under study.

QFSl QDS QFS2 QDS

I •
QFSl

QDS

t=11.5 t= 11.5

324pi+1 %+cod3mm

QFS2

216pi+l%+cod3mm + dx

=11.5

QDS
Unit: mm

54pi+l%+cod3mm +dx

Fig.9 Beam positions at Quadrupole magnets around the extraction line
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6.Summary

To achieve the 1MW output power in 3GeV rapid-cycling synchrotron for JAERI-KEK

joint project, it is important to cure an uncontrollable beam loss. Therefore a precise painting

system, an adequate acceptance of ring and extraction line and a secure collimation system are

essential issues of this 3GeV ring.

The latest lattice structure of 3GeV ring is normal FODO lattice because of following

reasons: (1) relatively low gradient of quadrupole magnet for B-Q tracking, (2) smooth lattice

function variation and (3) large phase advance for two-stage collimation system.

The schemes of injection and extraction have been designed for this 3GeV ring.

Furthermore the collimation systems of transverse and longitudinal have been designed, and

the efficiency of collimation has been calculated. The schemes of injection, extraction and

collimation have been confirmed reliabilities. A more detailed study is currently under study.
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Abstract

RF acceleration system for 3 GeV proton synchrotron in Joint JAERI-KEK high intensity proton
accelerator project is described. In this synchrotron, since 8.3 x 1013 protons must be acceler-
ated from 400 MeV to 3 GeV within 20 ms, wide-band frequency range and high accelerating
voltage are required, and the system must be stable under heavy beam loading.

From the results of R & D works over the past several years, high gradient rf cavity loaded
with Magnetic Alloy and 1.2 MW class push-pull tetrode tube amplifier will be chosen for this
system. Their design and R & D works for this synchrotron are reported.

Furthermore, since longitudinal beam emittance will be controlled at injection and extrac-
tion by the rf manipulation because of alleviation of space charge effect, some simulation results
for longitudinal motion by a particle tracking code are reported.

1 Introduction

The high intensity proton accelerators are proposed for the joint project between JAERI and
KEK [1]. In this project, there is a rapid cycling proton synchrotron at a repetition rate of 25
Hz, where 8.3 xlO13 protons will be accelerated from 400 MeV to 3 GeV within 20 ms, then
an average beam power of 1 MW at 3 GeV will be produced for neutron experiments and other
purposes.

On the rf acceleration in this 3 GeV PS, a high accelerating voltage is required due to the
rapid cycling under limited length of straight section, and since the average circulating beam
current becomes 12 A, it causes heavy beam loading and space charge effects.

In order to achieve the high accelerating field gradient and the stability under the heavy
beam loading, an rf cavity loaded with Magnetic Alloy(MA) has been developed during the
past several years [2, 3,4, 5]. We also have got the field gradient of 50 kV/m on CW operation
by the test MA cavity with 250 kW class amplifier. Furthermore, it has been installed with 60
kW class amplifier and operated at HIMAC heavy ion synchrotron successfully [6].

From the results of test MA cavity, we have started design and R & D works for the Joint
Project, another MA cavity with 1.2 MW class amplifier, which is almost satisfied the specifi-
cations for the joint project, has been constructed and demonstrated to collect data precisely in
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order to fix the final design. The cavity has been installed with Direct Digital Synthesizer(DDS)
system in KEK 12 GeV PS and will be operated regularly to develop the beam intensity [5].

Based on these R & D results, we will describe the design of the if accelerating system for
the 3 GeV PS at the present status.

2 Cavity and Amplifier

The parameters of 3 GeV PS dedicated to the rf system are shown in Table 1, and the change of
the accelerating voltage and the synchronous phase are shown in Fig. 2, which was calculated
by RAMA [7] including the space charge effects.

Table 1: The parameters of 3 GeV PS.
3 GeV RF Pattern

Number of Particle
Injection Energy
Extraction Energy
Ap/p at Injection
Harmonic Number
RF Freq. Range
Accelerating Voltage(Max.)
Synchronous Phase(Max.)
Long. Beam Emittance
Momentum Compaction Factor

8.322 x 1013ppp
400 MeV
3 GeV
±0.85 %
2
1.364 ~ 1.857 MHz
421 kV
43.2 deg.
3.2 eVs
0.013

10 12 14 16 18 20

Timc(msec)

Figure 1: The rf pattern of 3 GeV PS.

The maximum 421 kV of accelerating voltage should be obtained in ~20 m of straight
section under the constraint of lattice design [8]. Considering the maximum anode current of
the tetrode tube which should be comparable with the beam current due to the stability under
the heavy beam loading, we choose that ten cavities will be prepared to generate such voltage,
where each cavity has three accelerating gaps. When the cavity is driven by a 1 MW class push-
pull amplifier, the cavity should have an impedance of 700 SI at one gap, and it will be realized
by 8 MA cores per gap.

Since we plan the 2nd higher harmonic voltage will add at the injection and the extraction
in order to increase the longitudinal beam emittance to suppress the space charge effects and
some instabilities, the cavity has to generate the 2nd harmonic one over the frequency 2.728 —
3.714 MHz with same cavity simultaneously, so the quality factor should be smaller than 3 at
least when the resonant frequency is chosen at 2 MHz in consideration of optimum de-tuning.

The MA has a low Q-value of 0.7 intrinsically, but very low Q-value causes large rf bucket
distortion, so the Q-value should be made higher to cover the frequency range of the acceleration
without a resonant frequency tuning. For this purpose, radial cut core of MA will be used to
change the Q-value [2].

The specifications of the cavity are summarized in Table 2, and the preliminary design of
the cavity is shown in Fig. 2.
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Table 2: The parameters of MA cavity for 3 GeV PS.

Fund. RF Freq. Range
2nd HOM RF Freq. Range
Number of Accelerating Gaps/Cavity
Accelerating Voltage/Cavity(Max.)

Impedance/Gap
Quality Factor
Number of MA Cores/Cavity
Core Size
Power Loss at MA Core(Ave.)
Cavity Length

1.364 ~ 1.857 MHz
2.728 ~ 3.714 MHz
3
43 kV
(Field Gradient 26 kV/m)
700 ft
3
24 Cores
O.D. 900 mm x I.D. 360 mm x 126 mm
5 kW/Core
~1.65 m

Figure 2: The design of MA cavity for 3 GeV PS.

The amplifier will consist of two tetrode
tubes of 600 kW class, each of them feeding
the maximum peak current of 250 A into the
cavity, which provides fundamental voltage,
2nd harmonic voltage and the beam loading.
The control grid of the tube will be driven by a
6 kW transistor Amplifier which should cover
the frequency range of 1 —4 MHz. Since the
cavity will be driven at 50 % duty cycle, the
rf power consumed at the amplifier becomes
half of the maximum. c a y i t y f p r 3 G e V p s

The specifications of the amplifier are summarized in Table 3.

Table 3: The parameters of the amplifier of MA

Power Amplifier
Number of Tetrode
Peak Current(Max.)
RF Power Output(Max.)
Plate Dissipation(Max.)
Total Power(Max.)

Pre Power Amplifier
RF Power Output(Max.) 6 kW
Output Impedance 50 fi

2
250 A
720kW(Ave. 360 kW)
520 kW(Ave. 260 kW)
1.24 MW(Ave. 620 kW)
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3 Low-level System

The DDS system will be used to generate the rf signal based on the R & D works for KEK 12
GeV PS [5], which can manage fundamental and 2nd harmonic signal. We also plan for the
feedback system to be digitized, the R & D works of it for the rapid processing will be done.

Since the cavity has a wide-band frequency range, the beam loading by up to 2nd higher
harmonics should be compensated for the stable acceleration, and it is planned that the feed
forward method [9] will be adopted for the system.

4 Particle Tracking Simulation at Injection

On the low energy region, since the space charge effects are dominant in the proton synchrotron,
the peak beam current should be low as possible. Therefore, it is planned that 2nd higher
harmonic voltage is added with the fandamental one to make the bunch shape flatten,

In order to investigate the effect of the 2nd higher harmonic, particle tracking simulations
on the longitudinal motion were performed.

Longitudinal BMm EmIttantM

FvindaSienlal Only. 0.2 % Momentum Offsit

Longitudinal Beam Emlttanc*

u , - Fund.+2nd, 0.2 % Momentum Offset

Figure 3: The beam emittance only funda- Figure 4: The beam emittance in case of
mental voltage. fund. + 2nd harmonics ones.
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Figure 5: The bunch shape only fundamental Figure 6: The bunch shape in case of fund. +
voltage. 2nd harmonics ones.
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The figure 4 and 4 show the beam emittance on the longitudinal phase space in the case
of only fundamental voltage and fundamental + 2nd harmonic voltage, and the figure 4 and 4
show the bunch shape in the case of only fundamental voltage and fundamental + 2nd harmonic
voltage, respectively.

In this simulation, the multi-turn injection was simulated, that is, the 400 MeV Linac pro-
vided macro bunches to 3 GeV PS during 337 turns. The macro bunch was chopped at the end
of the Linac, the bunch had a maximum of 1.235 x 10u protons in 396 ns length, and bunch
separation is 733.2 ns(average beam current of 50 mA).

Furthermore, momentum offset of Ap/p ~0.2 % with respect to the synchronous momen-
tum was introduced for the injected bunches because the bunching factor will be improved.

As clearly seen from the simulation results, the bunch shape was more flatten by adding 2nd
harmonic voltage, then the bunching factor became 0.321 in the case of adding 2nd harmonic
voltage rather than 0.225 in the case of only fundamental one.

5 Summary

RF acceleration system for 3 GeV proton synchrotron in Joint JAERI-KEK high intensity proton
accelerator project is described. The high gradient MA cavity with 1.2 MW class push-pull
tetrode tube amplifier will be chosen for this system. Their design and R & D works are going
now.

References

[1] The Joint Project Team of JAERI and KEK, The Joint Project for High-Intensity Proton
Accelerators, JAERI-Tech 99-056 or KEK Report99-4, 1999

[2] Y. Mori et al., A New Type of RF Cavity for High Intensity Proton Synchrotron using High
Permeability Magnetic Alloy, Proc. of the 1998 European Part. Accel. Conf., Stockholm,
1998, p. 299.

[3] C. Ohmori et al., High Field-Gradient Cavities Loaded with Magnetic Alloys for Syn-
chrotron, Proc. of 1999 Part. Accel. Conf., New York, 1999, p. 413.

[4] C. Ohmori et aL, RF Acceleration Systems for the Joint Project, Proc. of 2000 European
Part. Accel. Conf., Austria, 2000, p. 1984.

[5] M. Yoshii et al., MA RF Cavity for the KEK 12GeV PS, Proc. of 2000 European Part.
Accel. Conf., Austria, 2000, p. 984.

[6] R. Muramatsu et al., The First beam Acceleration Test using High Gradient Cavity at
HIMAC, Proc. of 1999 Part. Accel. Conf., New York, 1999, p. 798.

[7] R. Baartman et al., RAMA: A Computer Code Useful for Designing Synchrotrons, TRI-
DN-86-15,1986

[8] F. Noda et al., Lattice Design of 3 GeV Synchrotron for JAERI-KEK joint project, in this
Conf., Tsukuba, 2000

[9] M. Yamamoto et al., Beam Loading Effects on High Gradient MA-loaded Cavity, Proc. of
1999 Part. Accel. Conf., New York, 1999, p. 860.

- 289 -



JAERI-Conf 2001-002

7. Accelerator - Monitor and Beam Transport
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Abstract

Monitoring system realizing novel principle of operation and allowing to register a two-
dimensional beam current distribution within entire aperture (100... 200 mm) of ion pipe for a
time in nanosecond range has been designed and accomplished for beam control of the INR
intense neutron source, for preventing thermo-mechanical damage of its first wall. Key unit of
the system is monitor of two-dimensional beam current distribution, elements of which are
high resistant to heating by the beam and to radiation off the source. The description of the
system and monitor are presented. Implementation of the system for the future sources with
more high intensities are discussed.

1. Introduction

Beam monitoring system, considered in the paper, is required for safe and effective operation
of intense neutron source. For the effective operation it is necessary to form an appropriate
two - dimensional beam current distribution at the entrance of the source. For the safety we
must control, continuously and rapidly, the maximum of the beam current density within a
large aperture, for example, within the area of the 100-200 mm diameter. The latter
requirement deals, first of all, with preventing thermo - mechanical damage of the first wall of
the source.

Hence, at given beam energy the two - dimensional beam current distribution is the only
beam characteristic that should take for this monitoring.

Phenomenon, based on which the monitor could be built, and the monitoring system, on
the whole, have to satisfy the following main requirements.

Coefficient of conversion of the beam current density into a corresponding current at the
entrance of an appropriate module of hardware has to be constant within both entire area of
this monitoring and entire operation range of the beam current density.

This property has to hold at any beam energy, beam charge effect, etc. and others possible
terms of primary converter operation including its heating by the beam and high level of
radiation.

The conversion has to be rapid: the time-interval between the moment of the beam-
converter interaction and the moment of corresponding electron signal entry into the hardware
has to be about 0.1 microsecond and less.

The error of the beam current density determination at its maximum has to be about 5 %.
The elements of the monitor have to be high resistant to the heating and radiation.
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Our studies have shown that the mentioned above requirements can be satisfied totally
with the monitor, the principle of operation of which is based on secondary electron emission.
The monitor has been proposed by the author of the paper in 1992, and in a year the main
principle of its operation has been proved experimentally in another device, installed in the
proton linear accelerator at INR, that was published in the paper [1] in 1994.

In this paper the monitoring system for the INR source is considered as an example, the
main principle of its creation can be applied to the future intense source, designed at many
Laboratories at present [2,3,4,5,6].

Taking into account the mentioned above requirements it should be noted at once the
following. To decrease the influence of intense radiation of the source the monitor for the INR
source has been installed in small solid angle of the radiation flux, at the distance of 5 m from
the source. To decrease the radiation contribution into the measured beam current distribution
the input of each integrator, in the realized monitor system, is opened during the beam pulse
only. For getting appropriate accuracy the measured distribution is normalized on the
magnitude of signal from the beam current monitor. For transferring the distribution on to the
surface of the source the beam position monitor has been installed additionally.

Hence, in our case the considered monitoring system consists of the beam position and
current monitors followed by the two - dimensional beam current distribution monitor at the
distance of 25 m. The former monitors have been installed after the last optic lenses. These
monitors are rather routine technique, and in the paper the later monitor, realizing new
principle of operation, will be considered.
In the case of the INR source the project beam parameters taken for consideration are: pulsed
current 50 mA, pulse duration 100 |us, proton energy 600 MeV, frequency of pulse repetition
100 Hz, rms radius of the beam in horizontal plane 20...30 mm, the rms radius in vertical
plane 10... 15 mm.

2. Two - Dimensional Beam Current Distribution Monitor

For rapid monitoring of maximum proton beam current density j m and measurement of two-
dimensional beam current distribution j(x,y) at the entrance of the INR intense neutron source
the rapid monitor has been proposed [1] and accomplished, schematic drawing of which is
shown in Fig.l, where all sizes are presented in mm .

A-A

Figure 1. Schematic drawing of rapid monitor.

The principle of the monitor operation consists in the following. Electrons that have been
produced in a result of interaction between the proton beam and thin strips of the monitor
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emitter (position 1 in Fig.l), made from the 10 um -foil of tantalum, are accelerated from the
emitter (1), being at negative potential of 4... 10 kV, till the electrodes (3) at ground potential.
The focusing of the electron flux in (x,z) plane was realized by installation of additional
electrodes (2) with potential close to the emitter one. Action of this focusing is made clear by
Fig. 2, where distribution of the electrons potential energy in electrostatic field of these
electrodes (a) and the electrons trajectories with equipotencial lines of the electrodes field (b)
are plotted.

8,5r

0 T

-8,5

•.VtkJJyL^ —

X (mm) Z (mm)

(0 20
Z(mm)

30

Figure 2. Distribution of electrons potential energy in electrostatic field of the electrodes (a)
and electrons trajectories with equipotential lines of the electrodes field (b).

The distance between the foil emitter of the 15 mm-width is 2 mm, the diameter of focusing
electrodes is equaled to 0.1 mm. Figure 2 b makes clear mutual position of the electrodes.

Using semicircular focusing in uniform magnetic field the electrons are transferred from
the ion beam space to the plane of 64-channeI collector (7). The uniform magnetic field is
produced by specially shaped poles (4), that in detail are shown in Fig. 3.

HHfe
S

Figure 3. Geometry of magnetic poles. Figure 4. Collector geometry.

In Figure 1 the maximum sizes of the secondary electron collector of 134 x 128 mm and 134x
68 mm are shown, the latter is for the neutron source. More in detail the geometry of the
collector is plotted in Fig. 4. The lock and screen grids are placed in front of the collector (7).
The corresponding two-dimensional secondary electron current distribution is registered in
discrete points and then approximated by two-dimensional series.
The monitor size along the accelerator beam is 200 mm at the diameter of the beam pipe of
160 mm.
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3. Spatial resolution

The monitor spatial resolution has been determined by numerical simulation of secondary
electrons trajectories taking into account their real initial energy-angle distribution [7]. These
initial distributions and their histograms at randomly generation for these calculations are
plotted in Fig. 5

0.6 -

0.2 -

S

• i i i i . i

\

\

\

\

10 W (eV) 45 9(deg.)

Figure 5. Initial secondary electron energy (a) and angular (b) distributions.

The initial distribution of the electrons along the y-axis was assumed to be the delta-
function and along the x- axis - the uniform within the emitter strip width of 15 mm.

Results of these calculations are presented in the histograms in Fig. 6. HWHM of the
secondary electron distributions in the plane of the collector along the y - and x - axes are 0.5
mm and 6 mm, respectively.
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Figure 6. Monitor's apparatus functions along the y- and x- axes, respectively.

Our studies have shown that the considered monitor can be successfully used, with slight
modification, for the monitoring the same beam distribution, but with pulsed beam current up
to 15 A.

4. Hardware and software

Hardware of the monitor consists of CAMAC modules, the modules rack-mounted in the
control room and the commutator of analog signals that is placed at a distance of 3 m from the
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monitor. The rack-mounted modules are: the module for the monitor calibration, high and low
voltage power supply.

The calibration module serves for heating the calibration wire, placed at the centre of the
primary converter near the foil emitters, and also for controlling the heating current and the
thermocurrent from the wire. Varying the accelerating voltage of the emitters one can bring
the thermocurrent image and the centre of the multichannel collector together.

CAMAC modules are: output and input registers, controller, analog to digital converter,
digital to analog converter, - all of them produced by the industry, and control module that
synchronizes operation of all modules with the commutator.

In the control module the rapid comparison of the beam current density maximum with the
threshold is performed in the form of analog signal. We note, the same procedure is
performed in the form of digital signal in the controller at the same time. At the emergency,
when the maximum of the beam current density exceeds the threshold, the corresponding
signal is gone to the ion source of accelerator.

Software sets three regimes of the monitor operation: regime of recording the bias of zero
voltage of the integrators, regime of recording the two-dimensional distribution with
appropriate analysis of signals and regime of the calibration. One of the pictures from the
display at the regime of recording the beam current distribution is demonstrated below in
Figure 7.

Baam i rit:orss i t.y ci i s t r ibut ion

Kit-1. W a l w A

0 , ;>0 ;>^ DO

Figure 7. View of the display screen in the operation regime.

5. Conclusion

The two-dimensional beam current distribution monitor system, realizing new principle of
measurement, has been accomplished, tested and is ready for commissioning in the transfer
line of the INR neutron source that will be performed after production of the monitor vacuum
chamber and its installation in the line by the INR.

The monitor, considered in the paper, allows carrying out direct, rapid and with high
accuracy measurement of the two-dimensional beam current distribution within large area of
the monitoring.
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Workability of this new principle of monitor operation has been already proved in another
device, where the single channel of the primary converter has been realized and this channel
is moved in magnetic field across the beam section [1]. This device, installed in the INR linac,
have been operating without disassembling for repair since 1992.
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Abstract

By connecting a polyethylene fiber to a photo-multiplier, a beam loss monitor with a fast

response has been fabricated. The beam loss is measured by Cherenkov light generated by a

charged particle penetrating a fiber. Although this monitor has the merits that the structure of

the monitor is simple and cheap, it has the demerits that the signal has an energy dependence,

and deterioration caused by radiation occurs. A plastic scintillating fiber and a quartz fiber

have also been tested. The signal of the former fiber is strong and does not depend on the

energy of the circulating beam. However, the deterioration is also very severe. On the contrary,

the latter fiber has a long lifetime, though its signal is small. Some measurements are

discussed here concerning various cases of extraction conditions.

1. Introduction

Five years ago, we intended to make a non-destructive beam-profile monitor in a synchrotron

ring. The principal of this monitor is to observe the fluorescence generated by a circulating

beam hitting residual gas in the ring. The limited input light by a slit transmits through a

photo-fiber (polyethylene fiber) and reaches a photo-multiplier [1]. However, there is much

noise due to the circulating beam loss, which produces charged particles that penetrate the

photo-fiber, and thus generate Cherenkov light. Since the S/N ratio is very poor, we gave up

to make a beam-profile monitor, but changed to make a fast-response beam loss monitor.
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2. Structure of monitor

This monitor is very easy to fabricate. The

fabrication method is shown in Fig. 1.

(Step 1) A photo-fiber is inserted into the hole of an

acryl disc, and connected by acryl bonding.

(Step 2) The photo-fiber and the acryl disc is fixed

together as a set on the surface of a photo-multiplier

by silicon grease, and covered by a black-painted

iron case, as shown in Fig. 2. The whole appearance

of our loss monitor is shown as Fig.3. When a

charged particle generated by beam loss penetrates

the photo-fiber, it causes Cherenkov light or

scintillation light, depending on the fiber

characteristics (i.e., a photo-fiber or scintillating

fiber). The light is transmitted through the

photo-fiber and reaches the photo-multiplier; then,

an electric analogue signal according to the

photo-signal is amplified by a pre-amplifier,

transported to a control room and observed by an

oscilloscope.

Photo-Fiber

STEP 1

Photo-
Multiplier

Fig.3 Whole appearance of the loss monitor

Fiber-
Acryl Disc ^

Acryl Bonding

STEP 2
Photo-Multiplier >

Fig. 1 Method used to connect a photo-fiber
to a photo-multiplier

Acryl Disc

Case Cov

Photo-Fiber

Silicon Grease
Iron Case

Photo
Multiplier

Electric Wire

Fig.2 Cross section of the loss monitor
composed of a photo-fiber, a
photo-multiplier and an iron case

,Sl« InUnttty monitor

•V-Stearinc

Sextupole

Intensity Monitor{ned

3. Setting

Fig.4 shows the plan of the

KEK-PS-Booster ring. There are eight

main magnets. Since the straight section

1 (between M8 and Ml) is the injection

area, the injection loss is high near to

Ml. Also, since the straight section 3

(between M2 and M3) is the extraction
Fig.4 Plan of the KEK-PS-Booster ring
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area, the extraction loss is high near to M2. Two loss monitors are set at every main magnet,

as shown in Fig. 5. Since the photo-fiber is too flexible to stand by itself, it is inserted into an

aluminum thin pipe which is held at the same height of the circulating beam orbit, as shown in

the Front view of Fig.5. The photo-fiber is led to the floor and connected to a

photo-multiplier.

, , . Main magnet
Main magnet coil support

Beam
Main magnet

(1) (2) (3) (4) (5) (6) (7)

(upper pipe) (lower pipe)

\ /
Polyethylene Fiber in AI pipe

(Plan View)

blind
cover

Al pipe

Polyethylene Fiber

Photo-multiplier

(Front View)

Fig.5 Setting of Al pipes in which polyethylene fiber are inserted

Polyethylene
Fiber

Upper Loss
Monitor \

Pholo-Muitiplier

4. Preliminary measurement

1. Signal dependence on the photo-fiber

Before arranging the loss-monitor measuring system, two loss monitors are set as shown in

Fig.6 to measure the effect of the photo-fiber. We used a polyethylene fiber composed of 48

fibers with each diameter of 0.265mm. At first, the top of the fibers of the upper loss monitor

and lower one were placed at the positions of (7) and (1), respectively. The loss signals at this

setting were observed. Those fibers were then gradually cut shorter, and the signals were

observed at every position of the fiber top. Fig.7a

shows the beam loss at extraction observed by the

upper loss monitor, and Fig.7b by the lower loss

monitor. In both cases, the bias voltages of the

photo-multipliers are the same. We can clearly

obtain two results from these pictures:

(1) The signal obtained by the upper loss monitor

is much smaller than that by the lower loss

monitor. This is the reason that the direction of

the Cherenkov light generated by the beam

loss is in the same direction as the circulating

beam, thus, the photo-multiplier set at the

Lower Loss
Monitor

Beam
M2 magnet

(1) O) (3) (J) (5) (6) (7)

blind Polyethylene^
Fiber

blind

Fig.6 Arrangement of two polyethylene
fibers to measure the position effect
of the fiber top
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lower stream can receive light directly, although one set at the upper stream receives only

reflected light (see [note]).

(2) The beam-loss signal by the upper loss monitor cannot be observed from where the top of

the fiber is set at position (5), and the loss signal by the lower loss monitor, from position

(7). This means that the beam loss arises near to position (6).

[Note] In order to remove the signal dependence on the position of the photo-multiplier, the

fiber is folded double, as shown in Fig. 8. Supposing that a beam comes from left to right, the

Cherenkov light reaches the photo-multiplier directly, as shown by the full line arrow. On the

contrary, in the case of a beam coming from right to left, the Cherenkov light transmits

through the fiber from right to left first, but makes a U-turn along the fiber, and at last reaches

the photo-multiplier directly.

! ' i ' ; i

at position of "6" at position of "5" at position of "3.5"

. Fig.7a Beam loss at extraction observed by upper loss monitor (x:

, j

i I
r

: ! : I . :

' - " • " • 1)WN""*1Ww if ; '

at position of " 1 " at position of "2" at position of "5.5'!

• ! i ;

i \ \

at position of "6.8" at position of "7.5"

Fig.7b Beam loss at extraction observed by lower loss monitor (x:lus/d)
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Charged Particle

-r^--Aluminum Pipe

Polyethylene Fiber Cherenkov Light

P h o t o .
Muj tip]ie r

Fig.8
photo-fiber for removing
the position effect of the
photo-multiplier
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§
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cs

1
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Kinetic Energy of Circulating Beam [MeV]

F i §- 9 Dependence of loss signal by polyethylene
photo-fiber on the circulating beam energy
(40MeV-500MeV)

2. Loss signal dependence on the

circulating beam energy

A vertical bump orbit can be made at

straight section 3 by two vertical bump

magnets (set at S2 and S4). By exciting

these magnets and hitting the circulating

beam on the vertical scraper set at S3,

any degree of beam loss can be

generated at any timing. Fig.9 shows that

the loss signal dependence at the

polyethylene photo-fiber on the

circulating beam energy during

KEK-PS-Booster injection and the

extraction energy (40-500MeV).

Although we have not explained the

measurement result quantitatively, the loss signal increases with a log-scale according to the

circulating beam energy. Therefore, the loss monitor using polyethylene photo-fiber can

observe the beam loss at the Booster extraction (500MeV), but hardly at injection (40MeV).

3. Various materials for the photo-fiber

There are three kinds of materials which we have tested for the photo-fiber of the loss monitor.

Their merits and demerits are as follows:

(1) Polyethylene fiber

This fiber is composed of 48 fibers (each having a diameter of 0.265mm)

•(Merit) Cost is cheap ($l/m)

""(Demerit) Short life (about 2 months)

Small signal (because the light source is Cherenkov light)

(2) Plastic scintillating Fiber (see Fig. 10a and 10b: lower figures)

The diameter is 2.0mm

* (Merit) Large signal (because the light source is scintillating light)

Not expensive ($6/m)

•"(Demerit) Short life (about 1 month)
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(3) Quartz Fiber (see Fig. 10a and 10b: upper figures)

The diameter is 0.9mm

* (Merit) Long life

* (Demerit) Small signal (because the light source is Cherenkov light)

Expensive ($38/m)

(Note) As the Photo-multiplier, we use Hamamatsu-Photo (R2007) (13.5mm2 * 84mmL)

(Light wavelength: 185~850nm, Gain:1.0*106, Cost: $1,000).

Fig. 10a Beam loss during H' injection (40MeV)

* Upper figure: by quartz fiber (VpM=lkV)
(10ns/d, 50mV/d)

* Lower figure: by plastic scintillating fiber
(VPM= 1 kV) (1 Ous/d, 50mV/d)

Fig. 10b Beam loss at extraction (500MeV)

* Upper figure: by quartz fiber (VPM=800V)

(500ns/d, 2V/d)

* Lower figure: by plastic scintillating fiber

(VPM=600V) (500ns/d, 2V/d)

(Note 1) "VPM" means the photo-multiplier bias voltage.

(Note 2) The loss monitor using quartz fiber can hardly observe the beam loss at injection; on

the contrary, it can observe the beam loss due to the kicker magnet at extraction. We

have not understood why the loss signal by the quartz fiber due to the bump orbit is

much more faint than that by the plastic scintillating fiber.

5. Measurement Results

In this section, we introduce some typical losses in the Booster ring.

1. Difference between large and small bump orbits

Fig. 11 shows the extraction system of the KEK-PS-booster. At beam extraction, there is a

space between the circulating beam and the septum coil because of the emittance adiabatic

dumping. Since the magnetic field of the kicker magnet is too weak to kick into the gap of the

septum magnet, a bump orbit is prepared by exciting two bump magnets (Bumpl and 2) just

before firing the kicker magnet. Supposing that the bump field is stronger than the proper
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Extracted Orbit
by Kicker+Bump+Septum

Septum
Extracted Orbit

by Kicker+Bump

Kicker

field, the circulating beam hits the septum coil

according to the betatron oscillation, and the

beam loss due to the bump orbit can be

observed. On the contrary, when the bump field

is smaller, the beam loss due to the bump orbit

cannot be observed at all; however, the beam

loss due to the kicker magnet is larger than the

former because the total magnetic field of the

kicker and the bump is too small to kick the

beam into the septum magnet.

Figs. 12a and 12b show evidences concerning

above two cases, which were observed by a polyethylene photo-fiber. The top figure is the

signal observed by the loss monitor set at M3 (upper stream), and the middle at M3 (lower

stream). The bottom figure is the signal by a fast intensity monitor. It can be said that every

bunch loss can be observed by this monitor system.

Fig. 11 Booster extraction system
composed of a Kicker, two Bumps
and a Septum magnet

111

Fig. 12a Beam loss in the case of a large bump
orbit (500ns/d)

(Top: at M3 upper, Middle: at M3 lower,
Bottom: Bunched beam by fast intensity

monitor)

Fig. 12b Beam loss in the case of a small bump
orbit (500ns/d)

(Top: at M3 upper, Middle: at M3 lower,
Bottom: Bunched beam by fast intensity

monitor)

2. Difference between a good tune and a bad tune

Sixteen loss monitors are set at the upper and lower stream of every eight main magnets in the

Booster ring (see Fig.4). The loss signals obtained by these monitors are gathered by a

computer (see Fig. 13) and displayed on a screen all at once, as shown in Fig. 14. Figs. 14a and

14b show the Booster loss using a polyethylene photo-fiber in the case of bad bump tuning

and good tuning, respectively.
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(CCR)

Photo-
Scintillation Fiber Multiplier

Fig. 13 Block diagram to gather signals obtained by 16 loss monitors into a computer

j •

; i : I ;

Fig. 14a Loss around the Booster ring at extraction
(In the case that two bump magnet currents are poorly tuned)

(Figures from the top left to the bottom right: Ml upper, Ml lower, M2 upper, M8 lower)
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mi*:

-iil-l 0«.*0

Fig. 13b Loss around the Booster ring at extraction
(In the case that two bump magnet currents are well tuned)

6. Summary of this Loss Monitor

The special features of our loss monitor system are itemized as follows:

• Easy fabrication

• Not expensive (about $ 1,500/one set)

• Fast response (10ns order)

• Large dynamic range (by adjusting the bias voltage of the photo-multiplier)

• Big signal (by using plastic scintillating fiber), but short lifetime

• Long lifetime (by using quartz fiber), but small signal

Therefore, we are looking for a "Quartz fiber doped scintillating material with cheap cost".
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Beam and Target Monitor using thermocouples
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Abstract

In high energy physics experiments, secondary particles are produced by hitting the

proton beam onto the target made of heavy metals. The target monitoring which

watches the proton beam position relative to the target has been made by using a

counter telescope system. This system however can not be used for the real time target

monitor. A new target monitor system which measures the temperatures and

temperature difference of the target are constructed and tested at the target station of

one of the slow extracted beam line of KEK 12GeV"PS. The beam profile at the target

station where it has small cross section(~a few mm $) is also measured using a thin

needle.

1. Introduction

An experiment to search for the rare decay K°L~> n°vv (KEK-E391a)[l] is proposed

to KEK 12GeV"PS. As the branching fraction of this decay is estimated to be very

small(~10n), a pencil like neutral beam with less halo is needed to perform this

experiment. To get a good quality neutral beam, the proton beam must have a small

cross section and it must be kept at the center of the target. A target monitor system

using a counter telescope can not make a real time monitoring. In order to make a real

time target monitoring possible, we constructed a target monitor system using
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thermocouples This target monitor system worked very well and it is now used to

monitor EP2-C beam at KEK. We also tried to measure the beam profile at the target

station by using thin needles with K"type thermocouples welded on it. Two

dimensional beam profile at the target position was measured for the first time at one of

the slow extracted beam line of KEK 12GeV-PS.
B31 Q3I H32 V31 Q32 Q33 KO-Target

•w-

Target Monitor -t-

(Counter Telescopt)

2. Target Monitor PBeam

A neut ra l Kaon beam line I—I : K0 Beam

(K0 beam line) was newly

constructed a t one of the

slow extracted beam

line(EP2-C) a t KEK Eas t

Counter Hall . Fig. 1 shows

the schematic drawing of Fig . l EP2-C Beam Line a t KEK 12GeV-PS

EP2-C beam line. I t h a s two steering magnets which steer the proton beam horizontally

and vertically. A counter telescope target monitor is viewing the t a rge t a t 90 degree. A

8mm # x60mmL pla t inum target is held with the a luminum support to the target driver

which drives the target horizontally and vertically a s shown in Fig.2. Four K - type

thermocouples are welded a t four points(FR,FL,RR and RL) of the t a rge t as shown in

Fig.3. The proton beam hit the ta rge t wi th the angle of 4 degree. l\

Al Holder

Pt Target

( 8 • x 60mm )

o
Al support

Target Driver

Structure

RR

lcm

Proton Beam

Fig.2 The Pt Target held in the target holder
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We have made a simulation assuming thermal conduction is only the source of the

heat flow. Fig.4a shows the results

of the simulation for the beginning

of the proton beam exposure. It is

seen that the simulation results

reproduce the temperature rise of

the target when compared to the

measured results shown in Fig.4b.

The steering magnet(H32) drives

the proton beam horizontally.

We drove the proton beam horizontally

by changing the current of H32.

The results are shown in Fig.5.

Fig.5a shows the counting rates of

the counter telescope target monitor.

The counting rate reaches its maximum

when the proton beam is brought to

the center of the target. Fig.5b shows

the temperatures of the target(at FR and RL).
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They also reach their maxima when the proton beam is centered. Fig. 5c is a direct

measurement of the temperature difference between surface points FR and RL. Because
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.) I = lxlO'2 ppp

Simulation

the proton beam is incident onto the target with angle of 4 degree, the temperatures of

front face and rear face get different when the proton beam deviates from the target

center. The zero point of the temperature

difference agrees with the maximum of

the counting rate of the counter telescope.

When we move the target across the

proton beam horizontally, the same

behavior as Fig.5 is seen in Fig.6.

The horizontal axes of the graphs

are in unit of 0.1mm. The temperature

difference reaches its maximum when

, . i
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the proton beam hit the edge of the target. 4S

These measurements were performed

with the proton intensity of 10uppp.

The rare K decay experiment will be

done with the intensity of 1012ppp.

We have simulated the temperature

rise of the target for the intensity of

1012ppp as shown in Fig.7a. The rise

is around 200°C and it is still manageable.

Fig.7b shows the measured temperature

rise for the intensity of 10uppp for comparison.

3. Beam Profile Monitor

During the course of the Target Monitor test,

we realized that the temperature measurement

of a thin needle would be used to measure the

small profile of the proton beam at the target

position. Thin needlesdmm 4> x30mmL) made

of Cu, SUS and Pt were prepared and set to the

target holder as shown in Fig.8. Prior to the

measurement using these needles, we made

a simulation to estimate the temperature rises

of these needles when they are exposed to the

proton beam of the intensity of 10nppp. Fig. 9

shows the results of the simulation.
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Fig. 7 Temperature fall and rise

with proton beam exposure
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Fig.8 Thin needle held in the target holder
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The simulation tells us that we have sizable temperature rise for the thin needles made

of various materials. The Pt needle was driven horizontally and vertically across the

proton beam using the target driver system. Fig. 10 shows the results of the

measurements. Fig.lOa and b shows the horizontal and vertical beam profiles at EP2-C

target station.

37.95

32.15

26.35

20.55

40

30

23

22.5

22

200

200

'

. • 1 . i

400

, , 1 , ,

400

, , 1 , ,

, |

600

, |
600

i 1

a)

b)

, i
aoo

sus

, 1
aoo

, 1 ,

i i I i

1000

JBMP VS

, i I i

1000

TEMP VS

, , IV-,

1 I 1 1

1200

TIME

1200

TIME

. 1 . . -

1400

-; 1 i |

1400

T 1 .

1600

• 1 • ,

1 6 0 0

i-r-t i . .

1800

—t-4 . ! .

1800

- r -4 , , ,

a) Beam Profile X Scan (Pt-target)

200 400 600 800 1000 1200 1400

c) CU_TEMP VS TIME

Fig.9 Simulation of temperature rise

for SUS, Pt and Cu

132

130

: ' • < < < | i i i i r i

SCAN->

\
x'/n
PI

Pi

S3

P4

• " 1 • '

n t.sn

—;—;—i—;—r

-

-.

1 12:

S.90S--
OT.JSi

3.148;

23.09:

75 80

Target-X(mm)

b) Beam Profile Y Scan (Pt-target)

COMMON IPAWC/h memory
- r I i - | I -I I | I I I | ' i I I | I i b" < f

t.moE>oo
O.OOOEtOO

o.oooe*oo

1 1 ' ' ' 1 ' ' ' 1 ' lot .
110-

omoEtoo
119.

ooooetoo

O.OBOEtOO

D.200-

o.oooe*oo-

Rear Face Front Face

• Target Size •

' . . . i . . . i i i . . i i . , , i , , . i , , i '

. - . | , . •!-] -1—T-r- r - i—I- I—j- -I—

; SCAN - •

f J1 1 . . . 1 .

- i | -r- i -i

\

. I .

P2
P3
PI

1 ' '

ndF

V.
\ • 1

1 1 '

0.8497

, i i

/ 11:
7.0ICT.
I23.SL:
i.ossi
22.13:

124 126 123 130

Targel-Y(inm)

Fig. 10 EP2-C Beam Profile measured

with Pt needle

50 52 54 58 58 ISO 62 64 86 65 !0

X(mm)

Fig. 11 Two dimensional Beam Profile

of EP2-C measured with Pt needle

Fig. 11 shows the two dimensional measurement of the proton beam at the target station.

This is the first two dimensional measurement of the slow extracted proton beam at the

target position at KEK 12GeV-PS. The proton beam cross section is found to be very flat

in the horizontal plane and the cross section(6.6mmx2.2mm) is suitable for our
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target(8mm <$>).

We have now a tool to measure the proton beam profile at the target station. This

would help to reproduce the proton beam condition at the target position after a long

shut down of 12GeVPS.

4. Summary

We have made a target monitoring system and a beam profile monitoring system by

using the temperature measurements. The real time target monitoring is now available

at K0 beam line of KEK 12GeV"PS. The real time target monitoring was made possible

by the direct measurement of the temperature difference between front and rear faces of

the target. Two dimensional beam profile measurement was made by measuring the

temperature rise of the thin Pt needle. This tool would help to keep the proton beam to

an appropriate size. However, the measurement takes rather a long time at present. We

have to wait for a minute to measure one point. In order to improve the measurement

time, we are preparing a method of direct measurement of the temperature difference

between successive needles.

References

[1] T. Inagaki et.al. KEK 12GeV-PS proposal(E391a)

- 313 -



JP0150526
JAERI-Conf 2001-002

ICANS-XV
15th Meeting of the International Collaboration on Advanced

Neutron Sources
November 6-9, 2000
Tsukuba, Japan

7.4
A Study on 3-GeV Proton Beam Transport Line for JSNS

S. Meigo *>*, M. Harada1, C. Konno1, Y. Ikeda1, N. Watanabe1, S. Sakamoto2, S. Muto2,
Y. Miyake2, K. Nishiyama2, K. Shimomura2 and M. Furvisaka2

1 Japan Atomic Energy Research Institute (JAERI), Tokai 319-1195, Japan
2High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
*E-mail:meigo@linac. tokai.jaeri.go.jp

Abstract

For the neutron science and the muon science, experimental facilities are to be built
in the JAERI/KEK joint project on multi purpose high intensity proton accelerator. In
the first phase of the project the proton beam power is 1 MW which will be up graded
to 5 MW in the second phase. In the first phase both neutron and muon facilities
utilize a common proton beam from the 3-GeV rapid cycling synchrotron. The muon
science facility is located at upper stream of neutron facility. This configuration creates
various technical problems. As in the first phase the intensity is high up to 333 jik,
optimization of beam optics is stringently requires to provide adequate beam profile on
the targets and minimize the beam loss. Beam optics, profile and spill of 3-GeV proton
beam are thoughtfully studied. At the initial stage a 2-cm thick carbon target for the
muon experiment will be placed in the beam line. This scheme, so called cascade targets,
shares the beam efficiently. The beam optics and beam spill were calculated with the
TRANSPORT and DECAY-TURTLE codes. A reference beam line was established,
which had about 70 m in length. The profile and spill of the beam were calculated by
taking into account of the coulomb and nuclear elastic scattering. The beam can be
shaped at 13 and 5 cm in full width and height, respectively, on the neutron target, these
dimensions satisfy the requirement from the neutron target.

1 Introduction

Science driven by a neutron, muon, exotic nuclei, kaon and neutrino has been rapidly
growing in many research fields such as life science, material science and nuclear physics.
For the research of the forefront science, it is required to use high intensity source.
Especially for the neutron science, the source with intense pulse at the level several MW
is requested. On the other hand, many accelerators and nuclear reactors had been and
are going to be terminated in all the world due to the ruined facility and cut out of the
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budget. Without building new facility, it can be anticipated the famine of the particles
sources. In order to supply deficiency, new facilities are to be built at the JAERI Tokai
site under the join project between JAERI and KEK.

As for a new spallation neutron source, mercury target will be employed, which is
irradiated by 3-GeV protons with the average current of 333 raA and the repetition rate
of 25 Hz in the first stage. The incident power of the protons is 1 MW, which is the ~ 6
times higher than the highest power of the existing facility of ISIS. In the second phase
of this plan, it is expected that power will be increased up to 5 MW. Due to the high
power beam, the high pressure wave is caused in the mercury target. It is known that the
pressure wave is well characterized by the peak current density of protons. Therefore, in
order to reduce the pressure wave, the distribution of the proton beam should be kept as
possible as flatter.

In this project, not only one facility for the neutron science, but also the other facilities
for the muon science, physics of the exotic short-lives nuclei, kaon, pion and neutrino
will be constructed. Furthermore, an experimental facility for the development of the
accelerator-driven nuclear waste transmutation system (ADS) will be planned to built.
This is quite different scheme from others project for the spallation neutrons source, and
the total cost will be high. In order to cut down a construction cost, some facilities
will be combined in the same experimental hall using a common beam. For example,
there was an idea that thin targets for the muon and short-live nuclei production were
placed at upstream of the neutron target. This scheme, so called cascade targets, shares
the beam efficiently if the interaction between thin targets and beam is insignificant.
However, it can be easily anticipated that the proton spill is high due to the scattering
of the primary protons at the thin targets. Losses of ~15% and 0.5% of primary 1 MW
beam are equivalent to the incident powers of ISIS and KENS, respectively. The total
amount of the beam loss should be kept as lower as possible. For the maintenance of
the beam line components such as magnets, it is required to localize the position where
protons are lost. By the localization it becomes easy to shield the beam line without
using massive material and makes drastically cost saving.

As for a preliminary report, this paper is described general information of 3-GeV
proton beam transport line for JSNS. Beam optics and the beam loss are studies for the
design of the beam lines.

2 Beam line on the 3-GeV proton transport line in JSNS

The accelerator complex in the JAERI/KEK joint project is shown in Fig. 1. Protons
accelerated up to 400 MeV by the Linac will be injected in the 3-GeV rapid cycling
synchrotron. For the particles and nuclear physics, the 3-GeV protons are injected to the
50-GeV synchrotron will be established to deliver beams in experimental hall. Using the
superconducting Linac, 600 MeV beam will be deliberated to the experimental facility of
ADS.

The facilities for neutrons (N), muons (M) and exotic nuclei (E) had originally been
planned to be build in the same experimental hole using the same beam line. As pro-
duction target, carbon ( 1 and 2 cm in thickness) and tantrum ( 5 mm in thickness) will
be used in M and E facilities, respectively. It should be note that the construction of
E-facility is postponed due to the higher cost of the initial construction. The facilities
for the muon and the neutron is shown in Fig. 2. M-facility has two target stations.
The establishment of the ultra-high intensity muon channel using carbon with 1 cm in
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thickness is, however, postponed to the second phase.
From the 3-GeV synchrotron, protons are transported in a distance of approximately

300 m to the neutron target. This beam transport line is mainly composed of the two
sections of the low beam spill line, so called a quiet line, and the high beam spill line in
the M-N facilities.

2.1 Characteristics of lower beam spill line

In this transport line, the beam loss is regulated smaller than 1 W/m, determined
from the hands on maintenance requirement. The beam from the 3-GeV ring is shared
with the beam transport to the 50-GeV synchrotron. The beam line to N-facility crosses
the tunnel of 50-GeV synchrotron. In order to avoid an interference, the 3-GeV beam
line is raised 3 m to provide a clearance for the tunnel of 50-GeV synchrotron.

In the 3-GeV synchrotron, a painting technique is utilized to inject the protons with
the emittance of 144 ix mm-mrad. If the protons can be accelerated without blow up, the
emittance of the beam will be shrink to 54 it mm-mrad due to the adiabatic damping.
However, it can be said the emittance will not be shrunk ideally because of the space
charge effect. It makes difficult to predict of the distribution in the real and the phase
space of beam at the exit channel of the 3-GeV synchrotron. In order to define the
maximum emittance, the beam scraper should be located around at the exit of the syn-
chrotron. However, without knowledge of the distribution of the phase space, the beam
loss at the scraper can not be obtained quantitatively. In the 3-GeV synchrotron, the
dynamical aperture is located at near the entrance of the synchrotron. The maximum
emittance of 216 n mm-mrad is determined by this aperture. We decided that the accep-
tance of the beam line is enlarged more than 216 TT mm-mrad instead of the utilization
of the scraper.

In order to avoid the beam enlargement due to the momentum spread of the beam,
FODO cells with dispersion free will be used in the straight section except for the match-
ing section. For the long straight line located at just upstream of the M and N facilities,
the FODO cells having phase advance of 74° is designed. Since the beam radius in the
FODO cell with this phase advance is the smallest in the same length of beam direction,
it reduces the number of the magnets.

2.2 Characteristics of beam line in the M and N facilities

In the M-N facility, at first the proton penetrate the muon production target made
of carbon. In the first phase of the facility, a carbon of 2 cm in thickness will be used.
Both targets having 1 and 2 cm in thickness are planned to be used in the next phase.
Each target is cooled by the water flowing at the edge of the target and placed in the
vacuum chamber. From view of beam optics design of the muon extraction channel, it is
required to focused on the target in order to increase the luminosity of the source.

When protons penetrate the carbon target, some fractions of the protons are scattered
around the target. Collimators made of copper are inserted between the target and the
magnet located at the downstream to protect the magnet from the scattered protons.
Therefore collimators are also cooled by the circulating water because protons of several
10 KW order magnitude could be lost.

For the safety reason, a beam window is placed at 1.3 m upstream of the mercury
target. It is composed of 2 pieces of INCONEL alloy in 3 mm thickness and cooling
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water in of a 5 mm thick layer. After passing the window, beams finally reach the
neutron target.

3 Beam optics calculation

The beam optics were calculated with TRANSPORT^] code. In this study, the PSI-
version[2] of the TRANSPORT was used. In order to calculate the beam spill due to the
interaction between proton and the muon production target, DECAY-TURTLE[3] mod-
ified in PSI[2]was used. DECAY-TURTLE calculates the tracking particles by Monte-
Carlo technique. In the calculation 1 million protons were created. DECAY-TURTLE
can treat the coulomb and proton-nuclei interaction by using supplemental program of
MUSCAT, which is extracted from REVMOC[4]. By using MUSCAT, the cross section
for the total and elastic scattering of the proton-nuclei can be obtained. The angular
spread of the coulomb and the elastic scattering is also obtained with MUSCAT.

3.1 Low beam spill line

The beam envelope in the low beam spill line obtained by the calculation with
TRANSPORT is shown in the Fig. 3. The total number of the quadrupole and the
dipole magnets are 63 and 8, respectively. The magnets with a bore diameter of 200 mm
are operated, which have the field gradient of less than 8 T/m except at vertical bending
section. At this vertical bending section, the quadrupole magnet has the maximum field
gradient of ~10 T/m. To erase the dispersion in the short length, the gradient in this
section is relatively larger. Therefore magnets having smaller diameter of 150 mm will
applied to obtain high gradient. By using double bend module, the dispersion is erased
in the straight section right after the bending section.

3.2 Beam line in the M and N facilities

The beam envelope inside the M-N facility is shown in Fig. 4. On the muon targets,
denoting as MIT and M2T in this figure, there are waist in the beam envelope. The
effective beam radius on the muon target is 10 mm. By making the waist, it can be
efficiently reduce the beam halo due to the interaction between proton and carbon.

In order to sustain both the high neutronics performance with a technically feasible
density, the beam is expand to be shaped at 13 and 5 cm in full width and height.
Between the carbon target and the mercury target, the expansion section is necessary.
In this part, 6 of quadrupole magnets are used to fit the profile on the neutron target.
Proton is focused at the final quadrupole so as to fit the beam line in the shielding at the
entrance of the mercury target. After passing this magnet, the beam radius is gradually
increased.

In this figure, the radius of the beam with emittance of 54 n mm-mrad is shown. For
the beam having 216 IT mm-mrad emittance, the radius is double of the value shown in
Fig. 4.

4 Result and discussions

4.1 Beam loss in the M-N facility

Calculations including the interaction between carbon and proton were made to ob-
tained the beam loss. In this calculation, the collimator was ignored. Calculation were
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made for the beam, which was uniformly distributed in the phase space with the maxi-
mum emittance of 54 TT mm-mrad. The loss was also calculated for the beam which was
distributed in the phase space as Gaussian shape having 547T mm-mrad in 2 o.

The amount of the loss is shown in Table 1. It is found that total amount of the
beam spill is ~ 14 %, which is equivalent to the incident power of the ISIS target for
the primary beam of 1 MW. By the comparison of results between the uniform and
Gaussian distributions, it is recognized that the total beam loss is irrespectively of the
initial conditions. The table shows that ~ 10% beam is lost by the interaction between
carbon and proton targets. Approximately 1/3 of the whole beam loss is cause in the
beam window.

In order to understand the dominant process on the beam spill, the spatial distribution
of the loss was calculated. The distribution is shown in Fig. 5. It is found the almost
loss is caused in the magnet (QMl and QNl) located at the neat of the target. For QNl,
beam of ~ 20 kW beam irradiate the magnet. The result by using collimator with 65x65
mm2 hole is also shown in Fig. 5. By the collimator, the beam loss can be localized
at the collimator, because most beam loss is caused by the nuclear interaction, which is
described below. The beam loss at the magnet can drastically decrease by the collimator,
whereas the maximum loss is ~ 1 kW at QN3. The whole beam loss with the collimator
is the same as the without collimator.

4.2 Interaction of proton with carbon target and beam window

An additional calculation was performed by taking account of the energy struggling
but ignoring the scattering with carbon. In the comparison of result by this calculation
and the calculation without the target and window, it is recognized that energy struggling
does not effect on the beam loss. This is ascribed to the fact that due to the free of
dispersion in the M-N facility.

In order to recognize the growth of the emittance of the beam, changes of the angular
distributions at the target and window were calculated. In Fig. 6, the distributions are
shown. By the carbon, the distribution is not drastically changed in the forward angular
region smaller than 8 mrad. This is ascribed to the lower coulomb force, because the
coulomb force dominates scattering at the most forward region, and carbon has lower
atomic number. In the larger angular region, the distribution is, however, significantly
changed due to the nuclear interaction. On the other hand, the distribution is significantly
changed by the INCONEL window. Therefore it is better to use thinner window which
gives the lower effect. By this fact, the window was recently changed to thinner one in
the design study.

4.3 Beam profile at the targets

Figure 7 shows beam profile, in other word the current density distribution. In this
calculation, the initial beam condition is given by the uniform and Gaussian distribution
in the phase space. The results show that the peak current for the uniform and Gaussian
distribution is 7.95 and 10.39 /iA/cm2, respectively. This different is caused by the initial
condition of the proton beam. It can be thought that the peak current has ~ 30 %
ambiguity for the assumption of the initial condition. However, the difference of the
initial conditions makes the beam loss in front of the mercury target smaller than ~100
W.
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In the point of view to suppress the pressure wave in the mercury target, it is better
to be irradiated by the proton beam with flat distribution than the present result. In Ref.
[5], it is reported that the flat distribution can be obtained by using octapole magnet.
Therefore, the additional calculation was performed for the beam line using octapole
magnet. The beam profile distribution using by the octapole was calculated by using a
uniform distribution in the phase space. The result is shown in Fig. 8. By using the
octapole magnet, it can be achieved the flatter beam. Also in Fig. 8, the distribution
is shown in case of the center position of the beam is moved lcm in the horizontal axis.
The vibration of the beam position in the horizontal axis is happened in the present
accelerators, because of the instability of kicker of 3-GeV synchrotron. Therefore, it is
inevitable the peaking at the edge by using the octapole magnet, so that we decided not
to utilize of the octapole magnet in the beam line.

Without the knowledge of the distribution in the phase space, it is quite difficult to
predict the current density on the mercury target. In the early stage after established
the accelerator facility, the power is quite lower. By studying of the phase space, the
shock wave and the life time of the target material in the future the best optics can be
found. In order to have the capability of changing the optics in the future, it is thought
reasonable to placed 6 and more magnets between the carbon and the mercury target.

4.4 Estimation of the air-activation surrounding the beam line in the N-M
facility

In the calculation of DECAY-TURTLE, the transport of the secondary particles
such as neutrons is ignored. The author had been developed the calculation code of
NMTC/JAM[6, 7, 8] for the neutronics calculation based on the intra-nuclear cascade
and evaporation model. Therefore, the NMTC/JAM was developed to take into account
of the charged particle transport in magnetic field.

By using simplified beam line in the M-N tunnel, the activation of the air surrounding
the beam line was calculated with NMTC/JAM and DCHAIN-SP[9]. It was recognized
that 41Ar dominated the activation of the air except short lives nuclei. The activities
of short-lived nuclei can be reduced by the cooling at decay tank in short time. On the
other hand, 41Ar has long the half-life time of 1.8 h. It is necessary to dilute the air by
a plenty of not activated one for the emission to the atmosphere.

It should be note the activity of the air is a preliminary results. By the certain
optimizations such as utilizing boron implanted concrete surrounding the beam line, the
activity will be reduced by a factor of ten.

5 Concluding remarks

For the design of the proton beam line in JSNS, calculations were made for the
beam optics and beam spill with the TRANSPORT and DECAY-TURTLE codes. A
candidate beam line was obtained, which had about 70 m in length. The profile and spill
of the beam were calculated by taking into account of the coulomb and nuclear elastic
scattering. By the calculation results with DECAY-TURTLE, it is found that the beam
emittance growth by the coulomb interaction between the carbon target and protons is
not significantly larger than the heavy target. Protons are lost ~ 10 %. mainly by the
nuclear reaction on the carbon target. By focusing at carbon target to have the waist in
the beam envelope, the growth of the emittance can be kept smaller. At the beam window
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of the neutron target, 5 % of the beam are disappeared. The beam can be shaped at 13
and 5 cm in full width and height, respectively, on the neutron target, these dimensions
satisfy the requirement from the neutron target.

In order to estimate the activation of the air surrounding beam line, whereas the
radiation level is too high, calculation was made with NMTC/JAM. It is found that
dilution by a plenty amount of fresh air is necessary. In such circumstance, high density
of the NOX is also great issue. The density of NOX should be suppressed at a lower level
in order to protect the magnet from the nitric acid produced by the chemical reaction of
NOX + H2O. In the beam line of M-N facility, some specialized techniques are required for
the maintenance of the magnets, because the total amount of the lost beam in this area
is equivalent of the beam induced in the target of ISIS. The radiation level at the magnet
will be too too high for the ordinary cables to endure the exposure. A Mineral Insulation
Cable (MIC) [10], which has high radiation resistance, will be used as the magnet cable.
Also the residual activity of the magnet is expected too high to handle by hands. For the
repairing of the magnet, the remote handling technique will be necessary. These studies
are now under progress.
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Table 1: Lost beam (%) in M-N facility
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distribution
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10.32
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Fig. 1: Accelerator complex in the joint project between JAERI and KEK.
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Fig. 2: Neutron facility in the JSNS and the muon facility.
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Fig. 3: Envelope for the beam emittance of 216 u mm • mrad from the exit
of the 3-GeV synchrotron to the entrance of N-M facilities. Above
and below graph to the center line shows beam radius for vertical
and horizontal direction, respectively.
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Fig. 7: Beam profile distribution on the mercury target. Left and right
graphs show the result for the phase space having uniform and Gaus-
sian distribution, respectively.

Fig. 8: Beam profile distribution on the mercury target using the octapole
magnet. Left and right graphs show the result
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Abstract

The timing between a Fermi chopper in a chopper spectrometer and an accelerator is an
important issue for realizing a high-resolution spectrometer. The required accuracy of the
chopper control is evaluated. Also, typical timing systems for control between the chopper
spectrometer and the accelerator at the existing facilities are summarized.

1. Introduction

A chopper spectrometer installed at a pulsed spallation neutron source is now widely
recognized as an indispensable instrument for studies of dynamics in condensed matter,
because it covers a wide energy-momentum space with reasonably good resolution. In a
chopper spectrometer, a Fermi chopper is located between the neutron source and the sample
to produce a monochromatic beam [1]. When the monochromatic beam is scattered by a
sample, energy transfer occurs at the sample in the case of inelastic scattering. By measuring
the time-of-flight (TOF) of a detected neutron, the energy transfer is determined. In the
optimum design of a chopper spectrometer, the opening time width (AtCh) at the Fermi

chopper is chosen to be the same as the pulse width (Atm) of the generated neutron; typically,
1% of the energy resolution with respect to the incident neutron energy (E[) chosen by the
Fermi chopper is realized. The pulse width depends on the neutron energy (E) and is
proportional to £-1/2 j n the slowing-down region, and is typically 1 jxs (full width at half
maximum) for neutrons with several eV. The structure of the Fermi chopper is rotating slits,
and many slits are stacked to gain the beam cross section. The opening time width of the

Fermi chopper is approximately represented as Atch = w/(2nDf)y where w is the width of the
slit, D the diameter of the slit package, and / t h e rotation frequency [1]. An opening time
width of AtCh = 1 Us can be realized for w = 1 mm, D = 10 cm, and/= 103 Hz. In this paper, a
requirement for the accuracy of the chopper control for such a chopper spectrometer as well
as a double-chopper spectrometer is described. Also, typical timing systems for control
between the chopper spectrometer and the accelerator at the existing facilities are
summarized.

2. Requirement on the accuracy of the chopper control

At the neutron source, neutrons with a certain energy are generated with a pulse shape,
i.e., an emission time distribution, 0(0- A chopper has a window function, w(t), which
describes the time (t) dependence of the transmission of neutrons, and the time distribution of
the transmitted beam through the chopper is given by the product of the pulse-shape function
and the window function. The pulse-shape function and the window function are assumed
here to be Gaussian: <p(t) = exp(-r2/2o2)/((27t)1/2<7) and w(t) = exp(-?2/2«2), A jitter function is
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introduced, which is also assumed to be Gaussian, g(t) =exp(-/2/2/32)/((2jt)1/2/J). The jitter is
the relative jitter between the neutron pulse and the chopper window, and includes the
accuracy of the control of the chopper, itself, as well as the fluctuation of the repetition of the
accelerator. The window function is convoluted with the jitter function, and the pulse shape
multiplied by the convolution is the time distribution of the transmitted beam through the
chopper. Therefore, the total intensity of the transmitted beam can be evaluated as

= JHt)[w(t')g(t'-t)dt'dt =
J J

a

cr
(1)

If the optimum condition, a = a, i.e., Atch = ̂ m . is chosen, the transmitted intensity is given

by /=(2+x2)-1/2, where x (=/3/a) is the jitter with respect to the opening time width of the
chopper. Figure 1 shows the transmitted intensity as a function of the jitter, I(x). In order to
maintain the intensity, the jitter should be kept to less than 30% of the pulse width. If neutrons
with a pulse width of 1 |xs are utilized, the jitter should be less than 0.3 jxs.

In our future project involving the pulsed neutron source in Japan, a double-chopper
spectrometer for experiments with much higher energy resolution is being proposed [2]; also,
pulse shaping is possible in such a spectrometer. In a conventional chopper spectrometer
having a single Fermi chopper, as discussed above, the Fermi chopper serves to choose E\.
However, neutrons having an energy larger than E[ and emitted later can pass the chopper
window; such neutrons arrive at the detector earlier than those neutrons with Eh Therefore,
the observed TOF spectrum has a tail at the earlier TOF side (Fig.2). If a second chopper is
located between the neutron source and the Fermi chopper, such a tail can be eliminated,
because the two choppers define the width of the generated pulse. This concept can be applied
to a higher-resolution machine. If 10% of the pulse width is defined by the two choppers, an
energy resolution of 0.1 % can be realized. Such a concept can be confirmed with simulations.

The transmission function of the second chopper (w2(t)) and its jitter function (#2(0)
are introduced, and the transmitted intensity is estimated similarly as in the conventional
chopper spectrometer. The jitter function of the second chopper is defined with respect to the

first chopper. These two functions are assumed to be Gaussian: w2(t) = exp(-J2/2«22) and

g2(t) =exp(-r2/2/322)/((27i)1/2/?2). The transmitted intensity can be written as:

\<p(t)jw(ng(t'-t)\w2(t")g2(t"-ndfdt'dt

aa2

J?7~fi~+ <j2){a2
2 +p2

2) + a2(P2 ?
(2)

1.0

single (a/o=1)

double (a/asO.1)

0.10

UJ
0.05

3.0
0.0

1.00.5 1.0 " 0 . 0 0.5
JITTER x(=p/a) JITTER x(=p/a)

Fig.l Intensity transmitted through the Fermi chopper as a function of the jitter of the
chopper control system with respect to the opening time window of the Fermi chopper.
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Fig. 2 Schematic diagram of the concept of a double-chopper spectrometer.

The transmitted intensity in the case of a double chopper is also plotted in Fig.l, where it is
assumed that ot= OQ and j3 = /%. The condition cdc- 1 corresponds to the optimum design of

the conventional chopper spectrometer with an energy resolution of 1%, and a/a= 0.1
corresponds to a 0.1% resolution machine. In any case, in order to maintain the intensity, the
jitter should be kept to less than 30% of the opening time width of the chopper.

3. Synchronization between the chopper and the accelerator

Here, two types of the existing timing systems for synchronization between the
chopper and the accelerator are summarized. The repetition of the KEK-Booster Synchrotron
is 50 ms and the timing accuracy of extraction is approximately 10 |0.s over a short period.
However, the Fermi chopper on the chopper spectrometer, INC, at KENS cannot follow
periodic fluctuations due to its inertia. The Fermi chopper on INC requests to extract the
proton beam during the timing band where extraction of the proton beam is possible [3]. Such
a system can work at a facility which has one chopper. On the other hand, ISIS has a crystal
master clock. This generates an AC power of 50 Hz and the synchrotron is driven by the
power with synchronizing the master clock. A master pulse is also generated from the crystal
master clock, and choppers are synchronized to the stable master pulse. ISIS has three
chopper spectrometers, each of which works with a good energy resolution. In our future
project, we are planning to install several chopper spectrometers, as ISIS. A crystal master
clock is indispensable to control the accelerator system and the chopper control system.

4. Summary

A requirement concerning the accuracy of the chopper control for a conventional
spectrometer as well as a double-chopper spectrometer was evaluated by introducing a jitter
function of the Fermi chopper. The jitter is the relative jitter between the neutron pulse and
the chopper window, and it includes the accuracy of the control of the chopper, itself, as well
as the fluctuation of the accelerator repetition. In any case, in order to maintain the intensity,
the jitter should be kept to less than 30% of the chopper window width. Also, typical timing
systems for the control between the chopper spectrometer and the accelerator at the existing
facilities are summarized. It is noted that a crystal master clock is indispensable for installing
several chopper spectrometers with good resolutions in a facility.
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Abstract

The JKJ (JAERI-KEK Joint Project) accelerator complex[l] consists of the linear accelerator,

3 GeV and 50 GeV synchrotrons. To minimize the beam loss during the beam transfer from

the 3 GeV synchrotron to the 50 GeV one, the synchronization of the two RF system of the

rings is very important. To reduce the background from the high and low momentum neutron,

the neutron beam chopper will be employed. The 3 GeV RF will be also synchronized to the

chopper timing when the beam goes to the neutron facility. The whole timing control system

of these accelerators and chopper will be described.

1. Introduction

The 3 GeV synchrotron will provide 330 uA for the meson and neutron physics experiments.

It will be also used as a booster-synchrotron for the 50 GeV synchrotron. From the 50 GeV

synchrotron, the beam will provide high energy, nuclear physics and neutrino experiments.

Because the beam loss in these accelerators should be low to maintain, the beam transfer

between accelerators is very important. And, to obtain a high quality date with low

background, the collaboration between user facility and accelerator is also significant. The

neutron facility will use a neutron beam chopper to reduce the major background from the fast

and high energy neutron. However, the chopper is heavy iron and rotates with fast speed of

40,000 rpm. To use the neutron chopper efficiently, the chopper should synchronize with the 3
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GeV accelerator. In this paper, the timing control of whole JKJ accelerator complex and

neutron beam chopper will be described.

2. Timing Control of 3 GeV Synchrotron

Because the 3 GeV synchrotron is a fast-cycling machine, the resonant network circuits will

be employed for the bending and quadrupole magnet power supplies. The resonant frequency

of each circuit is tuned at 25 Hz which is the repetition rate of the synchrotron, approximately.

The frequency will be exactly controlled by the magnet power supply using the IGBT. For the

control, the repetition rate frequency and the 3 GeV master trigger will be generated from the

master clock of the JKJ accelerator complex. By this scheme, the timing of the top and bottom

fields will be fixed respect to the master clock and master trigger. Because of high stability of

the master clock (Af/f=0.01PPM), the accuracy of the timing will be mainly given by the

stability of the power supply and it will be 10'5. The block diagram of the timing control for

the 3 GeV Synchrotron is shown in Fig. 1. The timing chart is also shown in Fig. 2.

81MHz Master Clock -Linac-

50 GeV
Bucket
Selection

3 GeV Master
Trigger Generator

Timing Delay Ion Source Trigger

Bean Chopper Gate Generator

12MHz 324MHzRF

-3 GeV Synchrotron

25 Hz

Timing Delay

Mag. PS

Mag. PS

B-Mag. Circuit

QF-Mag. Circuit

QD-Mag. Circuit

3 GeV RF LL
3 GeV RF DDS 1.36-1.86MHz

3 GeV 2nd RF DDS 2.72-3.72MHz

| Beam Monitor | |B Clockl

Timing Delay *J3GeV Kickerl

~T"Neutron Facility —r

Neutron Chopper Control
40000rpm iv, ' „ . — - y
— ^ * - + i Naitron Chopper

Neutron Beam
Synchronization.

50Ge VSynchronization.

Figure 1. The block diagram of the 3 GeV timing control.

The radio-frequency signal is also generated from the master clock signal by using the

DDS(Direct Digital Synthesis) technique. In order to generate the accelerating frequency
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Figure 3. The block diagram of the timing control for the 50 GeV synchrotron.

4. Synchronization between 3 GeV Synchrotron and Neutron Chopper

The neutron chopper is a heavy iron collimater which rotates at 40,500rpm. To cut the fast

and slow neutron background, the beam extraction timing should be controlled at 0.3 u.s

accuracy. Because the RF frequency is 1.86 MHz at the top, the synchronization between the

beam and neutron chopper is necessary. And, the chopper gate should open when the beam

has the top energy.

Because the resonant circuit will be used for the main magnets, the flat top of the magnetic

field does not exist. However, the momentum change will be very small around the top energy,

and it is only 0.1% during 0.9 ms. The rotation frequency of the chopper will be generated

from the master clock and the time jitter from inertial moment of chopper should be small.

The chopper and magnetic field will be synchronized anytime by this scheme.

To control the beam timing within 0.3 \is, the RF phase will be synchronized to 1.86 MHz

which is the frequency at the top and phase is adjusted to fit the chopper gate. The

synchronization will start from several ms before the extraction. According to increase the

feedback gain for the synchronization, the gain for the AR (radial) feedback will be reduced.

After the synchronization is established, the beam will be extracted when the chopper gate

opens. The block diagram of synchronization between the 3 GeV synchrotron and neutron
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range of 1.36-1.86 MHz and second harmonic one of 2.72-3.72 MHz, precisely, the master

clock should be higher than 40 MHz. The master clock frequency of 81 MHz is chosen. And

the half of the frequency will be used for the DDS because the system using the 40 MHz

clock frequency is now available.

The linac RF and ion source will be controlled by the master trigger. The H" beam chopper

which will cut the beam to fit it to the RF bucket of the 3 GeV synchrotron are located in the

linac. The trigger for the chopper will be generated by the DDS and the master trigger.

Extraction

Chopper position

B-field

Chopper gate 2|j,s
1.5ms
40000rpm

0.9ms for dp/p=0.1%

Master Trigger

Magnet Reset / Synchronization ON

Linac RF ON,

Injection
B mm.

Figure 2. The timing chart of the 3 GeV synchrotron.

3. Timing Control of 50 GeV Synchrotron

The master clock scheme is also employed for the 50 GeV synchrotron. The magnet power

supply using IGBT will be controlled by the 8 kHz clock produced from the master clock.

The master trigger for 50 GeV synchrotron will be also produced and it repetition rate is

0.294Hz (3.4s). The block diagram of the timing control is shown in Fig. 2

The RF signal for 50 GeV synchrotron is generated from the master clock as like 3 GeV RF.

For the neutrino experiment, a pre-trigger will be supplied at 200 ms before the fast extraction

to set up the neutrino horn. The kicker timing and flat top timing are also supplied to the 50

GeV users.

- 333 -



JAERI-Conf 2001-002

chopper is shown in Fig. 1

5. Synchronization between 3 GeV and 50 GeV Synchrotrons

Two beam bunches of the 3 GeV Synchrotron will be synchronized to the waiting buckets of

the 50 GeV synchrotron before the extraction. The bucket selection and kicker magnets

timing will be decided by the 50 GeV master trigger, master clock and 50 GeV RF DDS. The

kicker timing will be sent to the 3 GeV extraction kicker and 50 GeV injection one.
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Abstract

As members of the team for timing systems at the Spallation Neutron Source (SNS) and the
team for operating choppers at LANSCE, we were surprised by the results of timing system
simulations that overturned some of our preconceived notions regarding choppers and
accelerators. We feel these concepts may well benefit from the review of peers interested in
such timing issues. We will discuss three propositions:

• Timing for pulsed sources should be planned backwards starting with extraction at a fixed
phase and working toward the leading edge of the beam pulse.

• Accelerator triggers and storage ring extraction offer only marginal benefits to
accelerator-based spallation sources.

• The storage ring RF should be phase shifted to provide extraction without the one orbit
timing uncertainty.

The rational for each of these propositions is presented.

1. Introduction

Pulsed spallation neutron sources feature the production of neutrons at approximately the
moment the proton beam strikes the target. The particular details of this approximation
depend upon the complexities of the materials and geometry of the target as well as the time
profile of the incident beam. Our interest is not with these details, but rather the obvious fact
that this neutron production follows the arrival of the beam on target, and for neutron sources
with storage devices, this moment is defined by the extraction timing. We will restrict our
discussion to neutron sources of this type.

Many neutron scattering instruments wish to tailor the neutron energy incident on the sample.
Often this filtering is nothing more than removing the undesired high-energy neutrons that
have a way of ending up in background if allowed to enter the instrument. Sometimes the
range of energies must be limited to remove ambiguities encountered in the time-of-flight
measurements. To explore inelastic phenomena some instruments desire a narrow energy
band for the incident neutron.

Typically neutron energy filtering is accomplished through the use of energy-dependent
reflections, absorption, or neutron choppers. We will consider only the choppers and the
timing challenges common to operations with an accelerator and storage ring.

2. Plan the Accelerator Timing from Storage Ring Extraction

From the perspective of the neutron scattering instrument the experiment begins when the
beam pulse strikes the target. The clocks in the data acquisition system start the measurement
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of the interval during the flight time of the neutrons from the source through the sample to the
detector. Any choppers in the instrument beamline are phased adhering to trending
algorithms established for the master timing generator and chopper controllers.

This orderly picture can be disrupted by any unexpected changes in the phase between
extraction and the choppers. Presumably the phase of the choppers will be changed only in
the event that the instrument wants to alter the energy content of the beam on the sample.
Unfortunately some existing accelerators like ours at LANSCE are designed to initiate
acceleration of the beam at a fixed starting time with respect to the last zero crossing of the
power grid. If these facilities are operated such that the length of the beam pulse loaded into
the storage ring is used to adjust the maximum circulated beam intensity, then the trailing
edge of the beam pulse defines the timing for extraction. In Figure 1 beam gate A and B
illustrate this mode of operation. The time for extraction is marked with the "arrow" on the
trailing edge of each beam gate. Thus the phase of extraction varies with the intensity of the
stored beam. For the choppers, this change of phase is arbitrary and unexpected.

Power grid

Grid crossing

Reference P

1—Beam Gate A

i

Beam Gate B
V V

U L_ 1_
V

Beam Gate C

Beam Gate D • :
*

Figure 1. Relation of extraction to the timing reference signal. The
accelerator may operate with fixed phase for the leading edge or the
trailing edge of the beam as depicted with beam gate A-B or C-D,
respectively.

We suggest that accelerator and storage ring designers and operators should take the view that
extraction occurs at a fixed time with respect to zero crossing. In effect the plan for timing
should start with extraction and work backwards towards the "leading" edge of the pulse. If
so structured then the choppers are subjected to only those phase changes due to the power
grid fluctuations or the desire to establish different experimental conditions.

3. Omit Accelerator Triggers and Storage Ring Extraction

Spallation sources in the United States (LANSCE, IPNS, and SNS) operate or will operate
their accelerator systems synchronized with the power grid. In older facilities this constraint
enabled designers to simply the RF power modulators. Furthermore if locked to the grid, the
facility eliminates any "beat frequency" between noise and time-of-flight neutron events. In
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contrast with these advantages, the neutron choppers suffer operational disadvantages. Since
the choppers consist of massive blades rotating in the neutron beam and lethargic motors, they
can not easily accommodate the phase changes present in the power grid.

To mitigate the conflicting demands of the accelerators and choppers, designers developed
elaborate control systems at LANL [1,2,3] and ANL [4,5,6]. Figure 2 illustrates the block
diagram for the architecture of these timing systems. The power grid drives the timing
reference generator that performs the tradeoffs between accelerator and chopper performance.
The resultant timing signal then drives the accelerator and the lead neutron chopper. Since
the lead chopper is generally unable to follow the timing signal, the lead chopper would
trigger acceleration of the beam or extraction of the beam from a beam storage device or both.
The resulting extraction signal is then used to synchronize the remaining choppers.

Timing
reference
generator

k .

—w

Accelerator

Storage Ring

Controller 1

Controller 2

•

Controller N

Chopper 1

Chopper 2

•

Chopper N

Figure 2. Block diagram for timing system dependencies. The lead
chopper triggers the accelerator and/or storage ring. The other
choppers are phased with respect to ring extraction.

Like its peers in the US, the SNS initially adopted the "conventional" timing strategy
illustrated in Figure 2. However, recent work at LANSCE has impacted this timing
architecture and other timing concepts, and suggests revisions may be appropriate. This work
focused on the timing reference generator and the chopper controllers.

At LANSCE we have developed second-generation devices for the timing reference generator
and chopper controllers. The accelerator operations staff developed a timing reference
generator [3] that filtered the power grid variations as much as permitted by reliable
accelerator performance. Since the accelerator has minimal beam losses when the filtered
timing reference pulses are within ±100 us of the raw power grid, the timing generator
maintains a close coupling to the grid. Subsequently the instrument support staff developed
controllers for the Fermi and To choppers to exploit the chopper-friendly timing reference [7].
The resulting performance as measured by the standard deviation of the interval between top-
dead-center (TDC) and the timing reference pulse improved between one and two orders of
magnitude.

With the benefit of simulation tools that enable modeling of the complete chopper system
from power grid to rotating blade, we have developed a third-generation timing reference
generator. Since the smoothing algorithm executes in a digital signal processor, many filters
are possible and we have implemented several. This device has a "control knob" that allows
us to select how closely we chose to follow the grid. We find it convenient to characterize the
coupling to the grid as the standard deviation of the interval between the zero crossing for the
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raw grid and the timing reference pulse.
We define this quantity as the
accelerator-tracking sigma. Similarly
we define the chopper-tracking sigma
as the standard deviation of the interval
between the TDC of the chopper rotor
and the timing reference pulse.

The "knob" enables us to explore
chopper performance as a function of
coupling to the grid. As can be seen
from the data in Figure 3 taken with the
third-generation timing reference
generator, the 600-Hz Fermi chopper
performance increases dramatically as
the accelerator-tracking sigma rises
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Figure 3. Predictions (lines) and
measurements for chopper performance as a
function of the coupling to the power grid.

above 3 (.is. We also present the performance for the 20-Hz To chopper in Figure 3. For 20-
Hz data the measurements are in excellent agreement with simulations.

To compare the timing generators we have measured the fixed accelerator tracking sigma for
the second-generation timing generator at 25 us. Then we set our "knob" to yield the same
accelerator-tracking sigma. We observed a chopper-tracking sigma of 200 ns, down from
600ns for the second-generation timing generator

Since the performance of choppers and chopper controllers is excellent without invoking
complex interdependencies as shown in Figure 2, we now operate the Lujan Center
accelerator and storage ring as well as neutron choppers as slaves to the master timing
reference generator. This allows a significant simplification as shown in Figure 4.

Timing
reference
generator

Accelerator

Controller 1

Controller 2

•

Controller N

Chopper 1

Chopper 2

•

Chopper N

Figure 4. Block diagram for simplified timing system
dependencies. In contrast with Figure 2 the accelerator/storage
ring and the chopper controllers all operate as slaves. No chopper
enjoys a special status as the lead chopper.

4. Synchronize the Ring RF to the Choppers

The storage ring for SNS has a circulation period that is dependent upon the orbit of the
proton beam. Since the period may vary as much as 1 ns, the time to load the ring with 1000
turns can vary by 1 jis, which is comparable to circulation period for a nominal ring frequency
of 1.05 MHz. The accelerator-control timing can accommodate this variable frequency by
distributing the ring RF to all timing modules and measunng all timing in coarse units of ring
RF cycles and in fine units of absolute time for intervals less than the ring period [8]. The
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SNS timing plans call for the chopper to request extraction during a window approximately
10 (is long. Beam would be extracted on the next orbit leaving a ±0.5 fis timing uncertainty.

We see an opportunity to eliminate this uncertainty. If the acceleration, storage and extraction
of the beam is choreographed from the moment of extraction backward in time, then we know
when to satisfy power-setup-timing requirements and when the accelerator must be prepared
to launch the leading edge of the beam. This lead-time can be expressed in ring RF cycles,
and it will be a constant for a specific "tune" of the accelerator. So in advance of this lead-
time, the timing generator can shift the phase of the fixed-frequency ring RF to synchronize
with the timing reference pulses. This ±half-cycle phase change amounts to a modest shift of
0.5 (as or less that can be preformed while the accelerator and ring are empty. In so doing the
ring RF will automatically fall into synchronization with the choppers that are also slaved to
the timing reference pulses.

5. Conclusions

The SNS and other new spallation neutron sources should break with traditional timing
architectures and:

• plan the accelerator timing from storage ring extraction

• omit accelerator triggers and storage ring extraction

• synchronize the storage ring RF to the choppers

In so doing the facilities will simultaneously simplify timing operations and minimize
chopper jitter.

References

[1] Bolie, V.W.; Brugger, R.M.; Silver, R.N., "Neutron chopper phasing for a quasi-periodic
pulsed neutron source," Nuclear Instruments & Methods in Physics Research, I May 1985;
vol.A236,no.l,p.85-94.
[2] Nutter, M.; Lewis, L.; Tepper, S.; Silver, R.N.; Heffner, R.H., "Neutron chopper
development at LANSCE," Proceedings of the Eighth Meeting of the International
Collaboration on Advanced Neturon Sources (RAL-85-110), 8-12 July 1985, Oxford, UK.
[3] Rybarcyk, L.J.; Shelley, F.E., Jr, "Improvements to the LANSCE accelerator timing
system," 1997 Particle Accelerator Conference, 12-16 May 1997, Vancouver, BC.
[4] Rauchas, A.; Ostrowski, G.; Pelizzari, C; Volk, G., "IPNS accelerator system and neutron
chopper synchronization," ICANS-VII. Proceedings of the Seventh Meeting of the
International Collaboration on Advanced Neutron Sources (AECL-8488), 13-16 Sept. 1983,
Chalk River, Ont., Canada.
[5] Donley, L.I., "Phase locking the IPBS neutron choppers to the 60 Hz power line,"
Proceedings of the Eighth Meeting of the International Collaboration on Advanced Neturon
Sources (RAL-85-110), 8-12 July 1985, Oxford, UK.
[6] Ostrowski, G.E.; Donley, L.I.; Rauchas, A.V.; Volk, G.J.; Jung, E.A.; Haumann, J.R.;
Pelizzari, C.A., "The PNS Chopper control and accelerator interface systems," Proceedings of
the Eighth Meeting of the International Collaboration on Advanced Neturon Sources (RAL-
85-110), 8-12 July 1985, Oxford, UK.
[7] Nelson, R.O., Merl, R. and Rose, C, Timing Reference Generators And Chopper
Controllers For Neutron Sources, ICANS-XV, 15th Meeting of the International Collaboration
on Advanced Neutron Sources, November 6-9, 2000, Tsukuba, Japan.
[8] "Spallation Neutron Source Systems Requirements Document For Timing System," SNS
109020000-SR0001-R00, January 2000.

- 339-



JP0150530
JAERI-Conf 2001-002

ICANS-XV
15l Meeting of the International Collaboration on Advanced Neutron Sources

November 6-9, 2000
Tsukuba, Japan

8.4
Timing Reference Generators And Chopper Controllers For Neutron

Sources

R. Nelson1*, R. Merl1, and C. Rose'
'Los Alamos National Laboratory, Los Alamos, NM 87544, USA
*E-mail: ron@lanl.gov

Abstract

Due to AC-power-grid frequency fluctuations, the designers for accelerator-based spallation-
neutron facilities have worked to optimize the competing and contrasting demands of
accelerator and neutron chopper performance. Powerful new simulation techniques have
enabled the modeling of the timing systems that integrate chopper controllers and chopper
hardware. For the first time, we are able to quantitatively access the tradeoffs between these
two constraints and design or upgrade a facility to optimize total system performance. Thus,
at LANSCE, we now operate multiple chopper systems and the accelerator as simple slaves to
a single master-timing-reference generator. For the SNS we recommend a similar system that
is somewhat less tightly coupled to the power grid.

1. Introduction

Through careful target and moderator design at a spallation source, one can tailor the neutron
energy spectrum to match the requirements of the neutron scattering instruments. But there
are limits to what can be accomplished with these techniques, and so it is often necessary to
further "filter" the neutron beam as it emerges from the neutron source and begins its journey
through the instrument. Neutron choppers are rotating electro-mechanical devices that
remove undesired energy components from the neutron beam. So called time zero or "T-
zero" (To) choppers rotate a large mass through the beam to effectively place a beam stop in
the path of the beam when it is at its peak intensity. This eliminates the high-energy neutrons
that occur early in the neutron pulse. We use another type of chopper to block most neutrons
except those in a narrow energy band. Generally we place this energy selector (Eo) chopper
downstream from a companion To chopper. We must operate such choppers in phase with the
production of the neutron pulses and in phase with one another so that the energy distribution
in each neutron pulse into the instrument remains constant.

Unfortunately, accelerators that are closely coupled to the AC-power-grid have not always
allowed the delivery of proton beam to the target in a precise and repeatable manner. As
shown in Figure 1, fluctuations of the phase in the power grid give rise to fluctuations in the
time-of-arrival of the protons on target and hence to the time-of-arrival of the neutrons in the
instrument. To maintain a constant neutron energy spectrum at an instrument, we must
continually alter the phase of the rotating chopper blades to match the phase of the accelerator
that follows the power grid. Since the choppers consist of massive rotating blades with
lethargic response times, they can not easily track and follow these phase changes. On the
other hand, the RF power modulators in the accelerator operate best when they are able to
follow phase fluctuations in the power grid. Clearly we have a synchronization problem if the
accelerator phases beam delivery with the power grid while the choppers operate at a fixed
frequency. Hence over the past 20 years, system designers have implemented accelerator and
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chopper controls that are
engineering compromises that
work adequately for neutron
scattering facilities at
LANL[1,2,3] and ANL[4,5,6].

During an upgrade to our
LANSCE systems and for the
design of the timing system for
the new Spallation Neutron
Source (SNS), we have
reviewed the engineering
compromises and we find new
options thanks to better analysis
tools and to new technologies
available for high-performance
implementations. This paper
presents the system engineering
analysis we have performed and
experimental results obtained
with prototype systems.

2. Approach

Time (s)

Figure 1. 90 hours of phase drift data. The drift is
measured with respect to an ideal 60-Hz source.
Note that the drift is substantial. 1500 radians
corresponds to 240 cycles or 4 s on a motor-driven
clock. The challenge for the chopper is to follow
these changes through acceleration and
deceleration.

To predict and analyze neutron-chopper performance we modelled all subsystems beginning
at the AC-power grid and ending at the rotating chopper blade. All simulations were
performed with MATLAB and SIMULINK software packages running on PCs. The model
has four major components: the power grid; the timing-reference generator; the chopper
controllers; and the choppers (see Figure 2). Initially we measured phase variations in the
power grid using a zero-crossing detector and GPS-based time-stamping techniques. We then
developed a DSP algorithm based on 3-phase power-line measurements that extracts the grid
phase drift measured with respect to an ideal 60-Hz reference [7]. Using the DSP, we
recorded phase drift data that we subsequently used as input into our simulations. Figure 1
shows the phase-drift data recorded during a 90-hour period, which dramatically makes the
point that the phase of the power grid wanders. Although it is easy to work with, the
algorithm does bandwidth limit the input data because of its weighted-least-squares algorithm.

The proposed timing-reference generator takes the phase information from the grid and
smoothes it. By varying the smoothing parameters, one can effectively limit the phase

Timing
reference
generator

Accelerator

Controller 1

Controller 2

•
•
•

Controller N

Chopper 1

Chopper 2

*
•
#

Chopper N

Figure 2. Block diagram for timing system dependencies.
Accelerator and chopper controllers act strictly as slaves to
the master timing reference generator.
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acceleration passed along to the
choppers. Figure 3 illustrates
the concept of smoothing
beginning with the waveform
from the power grid. The zero-
crossing pulses mark the phase
of the grid as it passes through
half cycles. We have developed
several "algorithms" to generate
the smoothed timing-reference
pulses. Each algorithm forms a
phase difference by subtracting
the smoothed phase from the raw
grid phase. The phase difference
is then processed with various
filters and proportional-integral

Power grid

Zero crossing

Accelerator lrackin^p

fefercrcc

Chopper tracking

Chopper

Figure 3. Illustration of key timing concepts. The
timing-reference signal is a "smoothed" version of
the zero-crossing signal that is appropriate for
controlling choppers and simultaneously satisfies the
accelerator

(PI) compensators. This combination produces a correction signal that modulates the
frequency of the software-controlled frequency generator.

To realistically model a neutron scattering facility, we selected a family of choppers that span
the range of performance. For this work we chose 20-Hz To, 60-Hz To, and 600-Hz Eo

choppers. Each chopper is paired with its own controller. Since controllers for frame overlap
choppers are identical to To-chopper controllers, except for the tuning required for the smaller
moments-of-inertia, frame-overlap choppers are omitted from the modelled systems.

To compare the results of simulations with real hardware performance we constructed
prototype controllers for To choppers and operated them with chopper hardware already
installed at the Lujan Center. Eo-chopper data came from the Revolve Technologies Inc.
system now under acceptance testing.

Since the performance of the various choppers, as well as the performance of the accelerator
is linked to the amount of coupling to the AC-power grid, we wanted to quantify this
coupling. Hence, we measured the standard deviation of the timing-reference phase with
respect to the raw-grid phase. We define this metric as the accelerator-tracking sigma. We
can vary the accelerator-tracking sigma by changing the smoothing parameters in the timing
reference generator. Traditionally, accelerators prefer a low accelerator-tracking sigma (tight
grid coupling) while choppers prefer it large (loose grid coupling). We also wanted to
quantify chopper performance, so we measured the standard deviation of the chopper arrival
at top-dead-center (TDC) with respect to the timing-reference pulse. Analogously we define
this metric as the chopper-tracking sigma. Figure 3 illustrates both the accelerator-tracking
and the chopper-tracking intervals.

As a function of increasing accelerator-tracking sigma, we expect the chopper-tracking sigma
to decrease. To understand this, realize that increasing accelerator-tracking sigma allows the
timing-reference phase to wander further from the grid phase thereby averaging out some of
the high-frequency variations of the grid. Thus, the choppers have an easier time following
only the slower variations of the grid. In the limit, for large accelerator-tracking sigmas, the
timing-reference generator ignores the grid and the choppers run at nearly a constant timing
reference frequency, which is the mean grid frequency.

So our goal of performing a tradeoff between accelerator and chopper performance becomes
one of calculating and then measuring the chopper-tracking sigmas as a function of the
accelerator-tracking sigma. Then with this data in hand an accelerator designer can
immediately determine the consequence on chopper performance for any choice of
accelerator-tracking sigma. Also note that the chopper veto rate can be derived from the
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chopper-tracking sigma if the veto
window is specified and the chopper-
tracking time data distribution is
Gaussian. Preliminary data suggest an
essentially Gaussian distribution.

3. Simulations and measurement

1.00E-04

~ 1.00E-05
E
01

t 1.00E-06

20 liz Chopper

j - ._ 60 hz chopper

15 |
2 1.00E-07 |

o 1 OOE-08

1 0QE-09
000.0E+0 50.0E-6 100.0E-6

accelerator tracking sigma (s)

150.0E-6

Figure 4. The results of the simulations and
measurements. The lines show predictions for
the chopper suite. At this time we have data
for only the 20-Hz and 600-Hz choppers.

The simulations are performed as a
two step process. Using the grid
phase-drift data captured earlier, the
first step of the process smoothes it
subject to the selected parameters,
calculates the accelerator-tracking
sigma for the smoothing process, and
writes out a test vector file. In the
second step, this test vector file is used as
the timing reference for all the choppers
in the test suite. Each chopper and
controller responds to an identical stimulus so comparisons between choppers are valid and
most importantly repeatable. During the simulations, the chopper-tracking sigma is recorded
for each chopper and test vector combination. The results are summarized in Figure 4.

Ideally, all empirical measurements on working choppers would have identical power grid
phase and frequency fluctuations. Unfortunately this can not be arranged, so we have to
sample the fluctuations and assume they are typical. Since each of our measurements
spanned only five minutes, we can improve the statistical correlation of each measurement by
extending the measurement time.

4. Discussion

The data from the simulations shown in Figure 4 produce the expected trends. If the timing
reference generator smoothes out variations in the grid, then the choppers can follow the
smoothed phase drift better. Greater smoothing produces still smaller chopper-tracking
sigmas. However, we see diminishing returns as the timing reference generator increases the
smoothing, the chopper-tracking sigmas asymptotically approach a value near zero. They will
not approach zero because of system noise, quantizing errors, and control circuit internal
timing jitter.

The simulations for the 600-Hz chopper produce sigmas that are far too optimistic (<100 ns)
in comparison with measured data (200 ns at a accelerator-tracking sigma of 22 JJ.S). While
the low-speed models do account for quantization, truncation, and discrete time sampling, the
600-Hz model does not, so it is not surprising that such a small sigma would be
underestimated. However this modeling problem is not a serious concern overall since the
measured performance of the 600-Hz chopper-tracking sigmas are excellent. At these levels,
they make no significant contribution to the resolution of the instruments.

The simulations show that the phase errors for all choppers with identical transfer functions
and operating at the same speed are similar in magnitude and that they are coherent. To
understand this effect, consider the case where multiple, identical choppers are synchronized
to the grid. Now, suppose that the phase of the grid randomly shifts. Initially this leaves the
choppers with the same phase error. When they catch up as best they can, the grid moves
again and the process repeats itself. Because the choppers have identical response functions
and are operating at the same speed, their phase errors are also identical.
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Choppers running at different speeds have a somewhat different response. The chopper-
tracking sigmas for choppers that operate at different velocities ought to scale in inverse
proportion to their velocities. For example the chopper-tracking sigma of a chopper operating
at 60 Hz should be one-third the chopper-tracking sigma of a chopper operating at 20 Hz.
This trend is seen in Figure 4. But the widely different moments-of-inertia for this chopper
suite contribute to the failure of this simple model. The high-speed chopper has a moment-of-
inertia of approximately 0.01 kg-m2 while the moments-of-inertia of the low-speed choppers
range from 8 to 12 kg-m2. The smaller moment-of-inertia of the high-speed chopper allows
for much greater chopper bandwidth and thus lower timing jitter.

Since power-grid variations uniformly alter the phase error of choppers running at different
speeds and non-uniformly alter the timing errors, then techniques for beam extraction from
the storage ring or triggering the accelerator may improve the timing for choppers operating at
one speed while degrading the timing at other speeds. Since the chopper-tracking sigmas are
smallest for high-speed choppers, such techniques can improve the already high-performance
of these choppers without adversely impacting the slower choppers. The inverse is not true.
Therefore these techniques are of marginal value unless extreme precision is required.
Generally other timing problems (e.g. moderator holdup times) would render this precision
meaningless.

5. Conclusions

Low-speed T-zero and frame-overlap choppers present the worst timing-synchronization
problems because of their high moment-of-inertia rotors and resultant low intrinsic
bandwidth. Often, the question is posed whether or not additional motor torque would help
reduce the chopper-tracking sigma. We have verified through models and empirical data that
our motors have ample torque. Since motors do not develop their full rated torque
instantaneously, they typically do not have a chance to apply more than a small fraction of
their rated torque during phase corrections. In other words, more torque will not reduce the
timing jitter. The fundamental problem is that of control system bandwidth relating to rotor
moment-of-inertia and the loop stability at high gain.

For LANSCE, the current timing-reference controller [3] that gives an accelerator-tracking
sigma of 25 u.s is good enough. The Lujan Center chopper controllers have improved so
much that to obtain another factor of two in the chopper-tracking sigma for the 20-Hz
chopper, we would require the accelerator-tracking sigma to increase a factor of four. Current
LANSCE accelerator operations will not permit such a large change. Furthermore, we chose
to continue operations with an accelerator-tracking sigma of 25 u,s, since the chopper-tracking
sigmas are well matched to other resolution limiting characteristics of instruments and
moderators.

For SNS, an accelerator-tracking sigma of 125 us is a very good choice. At this value,
chopper-tracking sigmas are well matched to other resolution limiting characteristics of the
SNS. An accelerator-tracking sigma of 125 us allows a 20-Hz chopper with a large moment-
of-inertia to operate with a chopper-tracking sigma of 7 u.s. From the accelerator perspective,
operating with this accelerator-tracking sigma allows the timing reference generator to be
within ±4 sigma or ±500 JUS of the power grid 99.99% of the time.

LANSCE now phases the choppers and the accelerator to a master timing reference generator
and has eliminated the complications of ring extraction and beam triggering. However, the
accelerator must deliver the beam to the target at a fixed phase. SNS should plan to do
likewise.
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Abstract

Spectroscopy with cold neutrons is one of the most important areas of current superiority of
reactor based instruments over those at spallation sources. This is particularly due to the
capability of continuous source time-of-flight spectrometers to use instrumental parameters
optimally adapted for best data collection rate in each experiment. These parameters include
the pulse repetition rate and the length of the pulses to achieve optimal balance between
resolution and intensity. In addition, the disc chopper systems used provide perfect
symmetrical line shapes with no tails and low background. We present a set of novel
techniques making up the IN500 project at Los Alamos, which is based on the combined use
of extended pulse length, coupled moderator, disc chopper system and advanced neutron
optical beam delivery. This development will enable Lujan center to surpass the best reactor
sources in cold neutron spectroscopy by realizing for the first time all of the above key
capabilities of steady state instruments on a pulsed spallation source.

1. Introduction

The major part of neutron scattering research is today performed on steady state reactor
sources. However, the next generation of neutron sources will be pulsed. In this new situation
we face the challenge to develop novel neutron scattering techniques, which will make all
instruments at pulsed sources competitive with reactor sources instruments, even those which
are not competitive today. Examples of such techniques is the subject of the IN500 project at
LANSCE/Los Alamos, to develop high performance cold neutron time-of-flight (TOF)
spectroscopy specifically for pulsed sources, while offering all the capabilities to optimally
adjust the instrumental parameters to the experiment which made reactor based instruments so
much superior in the past. The project takes advantage of the coupled liquid H2 moderator
recently installed at Lujan Center. The new moderator provides longer pulses (FWHM ~ 300
|isec) and higher flux (~ 3 times that of ILL in peak and ~ 3 % of it in time average). Further
innovative features used in the project include the more effective use of the pulsed neutron
flux by Repetition Rate Multiplication, reduction of losses in the beam delivery system
(Ballistic Guide) and pulse shaping in order to improve the resolution and the signal to noise
ratio and to optimize the flux according to the experimental requirements.
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2. Enhanced efficiency by Repetition Rate Multiplication

One major source of reduced data collection efficiency in neutron scattering spectroscopy at
pulsed sources is the large difference between the repetition rate of the source and the
repetition rate required by the instrument. The optimal repetition rate of TOF spectrometers is
determined by the time needed to analyse the scattered neutron spectra over the flight path of
2 - 6 m in the secondary spectrometer, and it is in the range 100-500 Hz. In contrast, the
repetition rate of existing and planned pulsed spallation sources is 10-60 Hz. Thus the
conventional principle of working with only one monochromatic wavelength per pulse only
allows us 10-50% efficient use the available data collection time. The Repetition Rate
Multiplication (RRM) principle [1] helps to enhance efficiency by delivering on the sample
several neutron pulses with several monochromatic wavelengths from each source pulse,
instead of a single pulse of a given wavelength. The repetition rate of the instrument thus
becomes independent of the source repetition rate and it will be defined by the requirements
of the experiments, similarly to the spectrometers on reactor sources.

In the IN500 project Repetition Rate Multiplication will be realized by a disc chopper system
(Fig.l) combining features of that of IN5 at ILL or NEAT at HMI with those of conventional
wavelength band choppers at spallation sources. The slow choppers #1 and #2 rotating with
the same frequency as the source (20 Hz) define a broad wavelength band, which is later cut
into a set of monochromatic pulses by fast choppers #3 and #6, also defining the primary and
secondary resolution of the instrument. While slow choppers are designed to avoid overlap
between neutrons coming from different source pulses, fast choppers are aimed to avoid the
overlap between neutrons of different wavelengths coming from the same source pulse, In
particular, chopper #4 eliminates spurious contributions coming from the long time tail of the
source pulse (up to 4 ms) and "leaking" trough the resolution defining choppers #3 and #6.
The function of chopper #5, not shown in Fig. 1, is to suppress every second, third or fourth
pulse from the basic 240 Hz pulse rate at the sample in order to prevent the frame overlap of
scattered neutrons in the secondary spectrometer between the sample and the detectors.

time

Fig. 1. Principle of Repetition Rate Multiplication as realized by a disc chopper system. The
source to sample distance in the IN500 project is 63 m, and time between source pulses 50
ms.
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Fig. 2. Neutron pulses arriving to the sample on IN500 as a function of time in 12 fold
Repetition Rate Multiplication operation at the 20 Hz Lujan Center. The 240 Hz pulses
between 105 and 147 ms are the useful pulses emanating from the source pulse at t=0. Pulses
around 99 and 149 ms overlap with a pulse from the previous or the subsequent source pulse,
respectively. The figure indicates total duration of pulses, not the true pulse shape.

The IN500 chopper system was designed and optimized by the new approach of "wavelength
filtering", proposed by one of the authors (FM). The main principle is to divide the chopper
system into from each other independent sub-units of lower numbers of choppers. First, the
transmission is studied for such sub-units alone, and an upper limit of the transmission of the
total system is built as an overlap between the transmissions of the sub-units. This overlap
was then maximized by shifting the opening time pattern of the sub-units relative to each
other (phasing). Fig. 2 shows a pulse sequence on the sample for the complete chopper
system, with no pulses suppressed by chopper #5. The first (shortest wavelength) and the last
(longest wavelength) pulses from subsequent source pulses overlap (double pulse in the
figure) and will be excluded from data analysis. All the other pulses are cleanly separated, and
all possible parasitic pulses (not shown) have wavelengths above 90 A, and therefore
negligible intensities. The wavelength difference between subsequent pulses from one source
pulse is 0.2646 A, and the 2.91 A band between the shortest and longest wavelengths can be
freely chosen between some 2 and 20 A.

3. Adjustable resolution

The pulse shapes at spallation sources have a strongly asymmetric form resulting in
asymmetric instrumental resolution functions (Fig. 3). Thus, the signal-to-background ratio
close to the elastic signal on instruments at pulsed spallation sources is usually worse than
that at reactor sources. Furthermore, different experimental needs lead to the requirement of a
tunable (flexible) instrumental resolution, in order to be able to trade resolution for intensity.
To adjust the resolution according to the experimental requirements, in the IN500 project we
phase one of the resolution defining choppers, #3 to the source in a manner to cut a part of the
tail of the pulse. By shifting in time the chopper phase we can cut more or less of the trailing
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Fig. 3. Monte-Carlo simulated elastic line shapes for IN500 with no pulse tail cutting (left)
and with chopper #3 phased to cut the coupled cold moderator pulse at Lujan center at 0.5 ms.

edge of the source pulse while taking full advantage of its sharp rising edge. Our calculations
(Fig.3.) show that after the pulse shaping by chopper #3 the resolution function has a pretty
symmetric shape and at the same time we can achieve resolutions even better than that of IN5
at ILL, and comparable to that of the backscattering spectrometer IRIS at ISIS (Fig. 4).
Variable secondary spectrometer resolution is achieved by the capability of selecting different
slit widths on chopper #6, which actually is a counter-rotating pair of fast disc choppers.
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Fig. 4. Calculated elastic line shapes for the best resolution configuration of IN500. Chopper
#3 cuts the source pulse to 220 p.s FWHM length, chopper pair #6 is set to 20 fxs FWHM. All
pulses are centered at 0 energy and arbitrarily shifted for visibility. The symbols correspond to
retaining via chopper #5 each second pulse only from a sequence similar to that in Fig. 2. The
elastic response of IRIS, included for comparison, is approximately to scale in intensity.
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4.Low losses beam delivery by ballistic neutron guide

RRM works the more efficiently the larger is the distance between the source and the sample,
i.e. the smaller the difference is between the wavelengths of subsequent pulses on the sample
from the same source pulse. In the case of IN500 this distance is 63m. Intensity losses by the
beam transport over such long distances are mainly caused by less then perfect reflectivity of
the coatings used in neutron guides. Thus to reduce the losses we need to decrease the number
of reflections, which can be achieved by using a so called Ballistic Guide [1]. The ballistic
guide includes three parts: a Ni coated neutron guide with large cross section over most of the
length and one diverging and one converging supermirror coated section coupling the Ni-
guide to the moderator and to the sample, respectively. The diverging guide leads to a more
parallel neutron beam, which in the large cross section of the Ni guide undergoes drastically
reduced number of reflections. Based on the results of our simulation study we expect nearly
an order of magnitude better performance for the ballistic guide compared to the beam
transport efficiency in a conventional supermirror coated guide [2].

5. Summary

The combined effect of the innovations to be implemented in the IN500 project, i.e. the use of
a) a high intensity coupled moderator, b) a disc chopper system capable to simultaneously
realize multiplied pulse repetition rates on the sample, perfect symmetric line shape and
variable resolution and c) a reduced loss neutron guide system, will provide about 30 times
higher flux on the sample at the designed 160 kW power of Lujan center at Los Alamos than
the most powerful cold neutron spectrometers in existence today, IN5 at ILL and NEAT at
HMI. (The currently started reconstruction of IN5 is expected to bring a gain of a factor of 8 -
10 in the future.) Furthermore, as test experiments at HMI have shown [3], advanced TOF
techniques make the TOF approach comparable in efficiency to the triple axis method on the
same continuos source, even for constant q spectroscopy in single crystals. Consequently, the
IN500 project will not only deliver new capabilities in conventional applications of cold
neutron TOF spectroscopy, but it will also provide for the first time a spallation source
instrument competitive with top performance cold neutron triple axis spectroscopy for the
study of excitations in single crystals.
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Abstract

It is shown that Monte Carlo simulations of a crystal monochromator/analyser by means of
the Virtual Instrumentation Tool for ESS (VITESS) offer a correct basis for the computation
of the resolution function of crystal analyser backscattering spectrometers. It was
demonstrated that Monte Carlo simulations can be used to explore a wide range of properties
inaccessible to experimental observation. Relying on comparisons of MC computed and
measured data of vanadium and superfluid helium, a bench marking of the programme codes
was performed practically limited only by the statistics of the experimental calibration data.
The comparison of moderator performances was an important application of instrument
design by means of the computer simulations. The energy resolution can be improved by
combining a Si(lll) crystal analyser system and a fast-chopper modulated moderator pulse.
The analysed intensity can be increased by large high precision focussing geometries.

1. Introduction

The perspectives of new spallation sources (ESS, SNS, JSNS) give opportunity to build
crystal analyser instruments with highly optimized geometry. Our example is the future
Backscattering Spectrometer at SNS using 84 m primary flight path (Li) and a large 7.5 m2

analyser surface area in focussing geometry (L2 = 4.679 m). The details on the geometry can
be read in reference [1]. Three types of pulseshapes from I. a decoupled poisoned LH2
moderator, II. a coupled moderator, III. a coupled moderator with modulating choppers, were
combined with two focussing options for the Si(lll) analyser: a) constant "k focussing b)
constant flight path length. We compared intensities and resolutions for the six cases.

2, Results and conclusions

The time pulses (see data of Iverson in [2]) corresponding to 6.267 A analyser wavelength are
shown in Fig. 1. The shapes and intensities of the decoupled and coupled moderator signals
are conserved at 6 m from the LH2 moderator. The intensity ratio is 1:8 (see values in
brackets). The FWHM-s are 70 u,s for the decoupled and 240 u,s for the coupled moderator. A
third pulse option was analysed by using a 250 Hz counter-rotating fast disk chopper pair for
the coupled moderator at the distance 6 m [3]. The chopper window width was 6 cm larger
than the guide exit width in order to gain transmitted intensity within 70 us FWHM of the
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Fig.4.: Intensity versus energy range.

resulting signal. The intensity of the chopped pulse is 2X the intensity of the decoupled
option. The silicon crystal analyser used in the MC simulation was a 2° scattering angle
interval section, consisting of horizontal 19 and vertical 240 flat elements (0.5x0.5cm2)
oriented (111). The main Bragg angle was 88.0° and the ̂ -spacing spread 3.5xl0~4. In Fig.2
the elastic energy resolutions for small scattering angles can be read for a constant A. focussing
geometry. The integral intensities of the detector signals give the same ratio 8:2:1 as in Fig.l.
However, the decoupled moderator provides poorer resolution than the coupled
moderator-modulating chopper combination. (Two 70 u.s FWHM pulses can yield different
resolutions in MC due to the shape of the time distributions.) By setting the choppers to zero
frequency, an additional option of 8 u^V elastic resolution can be obtained (IRIS 15 u.eV)
having 8 times larger intensity. There is an additional freedom to modulate the pulse with any
frequency between 0 - 250 Hz. In the case shown in Fig.2, all 4560 crystal elements were
exactly oriented to give 88.0° Bragg angles for trajectories emerging from the sample centre
(3x3x3 cm3). This arrangement yields constant 6.267 A analysed wavelength with a spread
0.003 A FWHM, to cost of changes in the secondary flight path length (in function of vertical
angles). This last negative effect turned out to be important for the large analyser
arrangement. Therefore a constant L2 focussing geometry option was studied. The sample
centre and detectors being close relative to the 2.50 m radius of the crystal analyser, an
elliptical focussing can be effectively achieved by a spherical geometry (demonstrated by
simulation with small vertical angles giving the same ideal resolution). The resolution could
be improved to 2.9 ueV and 3.3 fieV, respectively, as can be seen in Fig.3. The analysed
wavelength distribution computed was similar to that in the X focussing case, consequently, a
time focussing geometry was practically achieved by using a spherical analyser. The dynamic
range for the coupled moderator-modulating chopper setup was found to be close to that of
the decoupled case (Fig.4).
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Fig. 1: Pulses at 6 m.

Fig.2: X focus (see text).

Fig.3: L2 focus (see text).
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9.3
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Abstract

The design of multi-disk chopper time-of-flight (MTOF) spectrometers for high-resolution
quasielastic and low-energy inelastic neutron scattering at spallation sources is discussed in
some detail. A continuously variable energy resolution (1 u,eV to 10 meV), and a large
dynamic range (1 (xeV to 100 meV), are outstanding features of this type of instrument,
which are easily achieved also at a pulsed source using state-of-the-art technology.
The method of intensity-resolution optimization of MTOF spectrometers at spallation sources
is treated on the basis of the requirement of using (almost) 'all the neutrons of the pulse',
taking into account the constant, but wavelength-dependent duration of the source pulse. It
follows, that the optimization procedure (which is slightly different from that employed in the
steady-state source case) should give priority to the highest resolution, whenever such a
choice becomes necessary. This leads to long monochromator distances (Li2) of the order of
50 m, for achieving resolutions now available at reactor sources. A few examples of
spectrometer layout and corresponding design parameters for large-angle and for small-angle
quasielastic scattering instruments are given. In the latter case higher energy resolution than
for large-angle scattering is required and achieved. The use of phase-space transformers,
neutron wavelength band-pass filters and multichromatic operation for the purpose of
intensity-resolution optimization are discussed.

This spectrometer can be designed to make full use of the pulsed source peak flux. Therefore,
and because of a number of improvements, high resolution will be available at high intensity:
for any given resolution the total intensity at the detectors, when placed at one of the planned
new spallation sources (SNS, JSNS, ESS, AUSTRON) will be larger by at least three orders
of magnitude than the total intensity of any of the presently existing instruments of this type
in routine operation at steady-state sources.

1. Introduction

Atomic and molecular motions accessible to neutron scattering studies generally cover many
orders of magnitude in space and time. Therefore they require measurement techniques
employing an extensive range of resolutions. While other instruments competing in the same
fields usually provide only a few discrete values of (e.g. the elastic) energy resolution, one of
the essential advantages of multi-disk chopper time-of-flight (MTOF) spectrometers is the
fact, that their energy resolution can be varied continuously over a large range. This has been
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demonstrated during many years of successful experiments with the existing spectrometers of
this type (see below). In recent work [1,2] the characteristics of a proposed quasielastic high-
resolution MTOF spectrometer for spallation sources was described. The concept of this new
instrument is derived from the three MTOF spectrometers in successful operation at
continuous neutron sources, IN5 (at ILL in Grenoble) [3-5], MIBEMOL (at LLB in Saclay)
[6] and NEAT (at BENSC in Berlin) [7], the latter being at present the most advanced
instrument of this kind. The performance with respect to energy resolution was chosen to be
similar, but slightly improved, as compared to that of NEAT. Since there is no ,,bad"
resolution, it is important to extend previously available resolution ranges not only beyond the
upper limit, but beyond the lower limit as well. The "standard" energy resolution of the
proposed instrument is continuously variable over 4 orders of magnitude in the range from 1
\xeY to 10 meV. Optimization with respect to intensity at given resolution obviously requires
an adaptation of the spectrometer design parameters properly taking into account the time
structure of the pulsed source. The main object of the proposal was to show, that after this
adaptation - because of an improved design and due to fully exploiting the pulsed source peak
flux - an enormeous gain in total intensity at the detectors (by three orders of magnitude, if
the instrument is placed at the AUSTRON source) is achieved for any given energy
resolution, as compared to the above-mentioned existing instruments. In the present paper
essential details of intensity and resolution (Sec. 2) and of the optimization method (Sec. 3)
are first discussed in general terms. Then the application of this method to MTOF instruments
at pulsed sources will be considered (Sec. 4) and several versions of such spectrometers for
the case of large-angle quasielastic neutron scattering and for quasielastic small-angle
scattering will be described. A number of beam-optical and time-dependent filtering tools
available for this purpose are discussed (Sec. 5). Finally total intensity gain factors are given
(Sec. 6).

2. MTOF spectrometers : Intensity and Resolution

In the following the "instrument intensity" will be defined as the total number of neutrons,
which after having been scattered by a standard sample (e. g. a vanadium plate scattering 10
% of the incident beam), are counted per unit of time, integrated over all detectors of the
spectrometer. At specified resolution, the three existing MTOF-instruments, IN5, MIBEMOL
and NEAT, all located at steady-state reactors, have approximately equal intensities, inspite of
the large differences in the power of the respective sources. This is a consequence of the fact,
that the efficiency of these spectrometers increases in the above order, due to specific
improvements of the design [7,8]. As usual, in order to make further progress, we expect
future spectrometers to benefit from the best ideas available at the time. Below, I will outline,
what I consider to be the basic principles and the state-of-the-art tools to be used in the layout
of the next MTOF spectrometer generation.
We start with the basic formulae for intensity and resolution [9,10]. The definitions of those
distances and chopper opening times (pulse widths) that are relevant for the calculation of
these quantities are defined in the schematic drawing of Fig. 1. It shows two disk choppers,
CHI and CH2, at a distance Lu from each-other, serving as the pulsed monochromator. The
neutron beam incident on CHI is chopped into "white" pulses with width in time (FWHM) Ti,
whereas CH2 creates narrow-bandwidth "monochromatic" pulses (mean wavelength A.o) with
time width Xj. A set of additional filter disk-choppers is placed in between, to prevent
neutrons with wavelengths outside of the selected band from simultaneously arriving at CH2
(primary overlap : removal of different-order contamination) and to avoid the simultaneous
arrival at the detectors of scattered neutrons originating from different pulses (secondary
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overlap : frame overlap prevention ). The sample is placed at a distance L2S from CH2, and
the detectors are at a distance LSD from the sample.
The total intensity at the detectors is given by :

I = c • *(Xo) • Tg (Xo) • [(Ti • T2) / (L12 P)] • Jdfl (1)

where 4>(A,o) is the incident differential neutron flux at the wavelength Xo , per unit of
wavelength, arriving at the first chopper, integrated over the beam divergence allowed for by
the guide. Tg(/\.o) is the (wavelength-dependent) transmission of the guide delivering the
neutron beam from the moderator to the sample, and sdQ. is the total solid angle covered by
the detectors of the instrument. The constant c in front of the expression contains the required
physical constants; it may also include adjustment factors for small corrections, as well as a
constant factor depending on the units and on the definition of the opening times used. (For
instance one may want to employ the standard deviation or other parameters characterizing
the chopper burst time distributions, rather than the FWHM). Obviously, at a continuous
source, the intensity is proportional to the inverse time-of-flight period P. It can be chosen
within certain practical limits and is set according to the desired length of the spectrum Pspec,
which is (typically) given by

P [us] = 1.5 • Xo [A] • LSD [m] • 252.78 = Pspec (2)

If LSD is fixed (e.g. for budgetary reasons, in a large-angle spectrometer), it is seen, that the
intensity (eq. (1)) is controlled by a factor determined by the design of the chopper cascade, F;
= (ti • tzV L12. Once all the spectrometer distances are fixed, which is in general likely to be
the case, except for selected (e.g. small) angles, where LSD tnay be a variable, relations (1)
and (2) show, that the intensity for given incident neutron wavelength is essentially governed
by the factor {%] • X2), i.e. the product of the two chopper opening times. The latter also
control the resolution, and we will see immediately, how intensity and resolution are
connected through these parameters.
The energy resolution width (FWHM) at the detector [9,10], i.e. the uncertainty in the
experimentally determined energy transfer hv, is given by

A(hv) [|ieV] = 647.2 (A2+B2+C2)1/2 / (L12-LSD->.3) (3)

A = 252.78 -AL-X-Li2 (3a)

3 3 (3b)

/V) (3c)

where AL is the uncertainty in the length of the neutron flight path, depending mainly on
beam divergence, sample geometry and detector thickness. We note that the energy dependent
resolution strongly depends on the scattered neutron wavelength X, whereas the total intensity,
as an integral property of the spectrometer, has no such dependence. From eqs. (1) to (3) the
following is evident : i) High resolution is favoured by short pulse widths and large values of
Li2 and LSD- ii) If the distances are fixed (as is the case of a given spectrometer or
spectrometer configuration) and if sample geometry, incident wavelength and energy transfer
have been chosen, then the total-intensity and resolution-width functions can only be varied
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by changing the chopper opening times Ti and x2 . hi) It is also clear, that both functions
decrease, when the chopper pulse widths are reduced.

3. Pulse-Width Ratio (PWR) optimization

In order to achieve best instrument performance, one must not only consider the two pulse
widths, Ti and %2 , individually, but especially also their ratio, which is a rather important
parameter. The question, how to optimize the pulse-width ratio p = ti / T2 has been treated
previously [10] and further discussed [11] in the context of the conception of the spectrometer
NEAT. The answer is, that the intensity I is maximized for a given value of the resolution
A(hv), and equivalently, the resolution width A(hv) is minimized for a given intensity I,
under the following condition for the optimum of the ratio p of the two chopper opening
times:

Popt = (L12 + L2S + La,.- X 3 / t f ) / ( L2S + LSD- X 3 /V) (4)

which is equivalent with the requirement, that the terms B and C in eq. (3) should be made

CH1

n

filter
choppers

CH2 S

K)

X

D

X
I

"12 L 2 S SD

PWR optimization : p = (T /T ) = 12 2S SD

r opt v 1 2'opt 1 , 1
2S SD

Fig. 1 Schematic sketch of a multi-disk chopper time-of-flight (MTOF) spectrometer : CHI
and CH2 are the two principal choppers defining the monochromatic neutron pulse and its
wavelength bandwidth; S = sample, D = detectors; La , L2S , LSD are the distances between
these elements of the instrument; tj, Xiare the widths of the pulses created by CHI and CH2,
Xo , X the incident and scattered neutron wavelengths. Inset : the pulse-width ratio (PWR)
optimization formula for elastic scattering.
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equal. This equation shows, that for any optimized spectrometer configuration the opening
time of the last chopper (CH2 in Fig. 1) will have to be appreciably shorter than that of the
first chopper (CHI in Fig. 1). In order to achieve this, even in the case of highest resolution
requiring highest chopper speed near the limit of mechanical resistance of the disk material,
one has to resort to some means other than the speed for reducing the pulse width %i • The tool
invented for this purpose is a beam compressor in the form of a double-trumpet [12], which
will be further discussed in Sec. 5.
Relation (4) is quite general in the following sense : It applies for all elastic and inelastic
scattering experiments. It does not explicitly depend on the pulse widths, T( and x2 , and it is
independent of the flight-path uncertainty AL. We also note, that in the case of elastic
scattering (k = XQ) , the relation is simplified and becomes independent of the neutron
wavelength (see inset in Fig. 1). This simplified version of the formula can be used for
quasielastic scattering, where the optimization concerns a limited energy transfer region near
the energy transfer origin. Since the value of popt is fixed, for any given energy transfer, as
soon as the spectrometer dimensions have been decided (for instance, in the case of NEAT,
for elastic scattering, popt was chosen to be close to 4), the PWR optimization relation (4)
should be an indispensable tool during the concept-finding period of any MTOF spectrometer
development.
In order to allow experiments to be carried out, employing a wide range of energy resolutions,
it is also desirable to be able to vary the pulse widths, Xi and x2 , over ranges as large as
possible. In the case of NEAT a variation of both widths over two orders of magnitude can be
achieved for any given incident neutron wavelength by changing the chopper speed (from 750
to 20000 rpm), and / or by selecting different chopper windows, and / or by switching
between single and double-chopper mode of operation. Clearly, whenever X) and X2 are to be
set for an experiment, the PWR optimization relation (4) should be applied, in order to
provide the highest intensity, that can be obtained at the desired resolution.
The pulse-width ratio p is one of the important factors controlling the spectrometer efficiency.
More generally, in order to allow also a comparison of the intensity-resolution relationships
for different (e.g. non-Gaussian) pulse shapes, it may be useful to define it as p = Oi / CJ2 ,
where Oi and 02 are the standard deviations of the neutron-pulse time distributions created by
the first and by the last chopper (or chopper pair) of the spectrometer. This does however not
change the essential results of the discussion in this and the previous Section. Which one of
the possible "pulse-width" definitions is the most suitable for this purpose, depends on the
type of experiment. It is well known, that the requirements regarding this question are quite
different, for instance in the different cases, where the resolution is needed either to separate
two shaip peaks, or to isolate a tiny quasielastic signal underneath a huge elastic component.
The number of possible p-values is restricted, because chopper speed ratios have to be
integers and because only a finite number of different slots can be accommodated on a
chopper disk. Obviously for each experiment the p-value selected should be close to the
optimum number popt corresponding to the highest possible intensity for a given energy
resolution. Intensity optimization calculations for the spectrometer NEAT have shown [11],
that such a p-value can always be found for any resolution in the available A(hv) - range. In
Fig. 2 an example of such a calculation is presented. Two spectrometer configurations, which
give the same energy resolution (A(hv) = 103.8 u.eV) are shown together with their respective
PWR optimization curves. The latter differ by an intensity factor of 1.6, due to the use of
chopper windows (CHI, 60 mm; CH2, 30 mm) twice as wide as the guide (30 mm ; 15 mm)
in one of the configurations (labeled No. 14 in the figure), which allows a higher chopper
speed to be employed. At fixed resolution this leads to a resolution shape with sharper edges
and therefore favorizes the integrated intensity. In addition, this configuration is optimized
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(chopper speeds: CHI, 6659 rpm; CH2, 13318 rpm), with p = 4, i.e. close to the ideal value
popt= 4.125 of NEAT. The second configuration (labeled No. 18 in the figure), which is not
fully optimized (both chopper speeds : 6720 rpm), with p = 2, presents an intensity loss factor
of 0.78, as compared to full PWR optimization using the same chopper windows.

300

2 5 0 - -

2 0 0 - -

• = 150
LL

NEAT

6659/13318 rpm
guide: 30 /15 mm
choppers: 60 / 30 mrr

2
1 0 0 - -

50 +

6720 / 6720 rpm
guide: 30/15 mm
choppers: 30 /15 mm

-4

ln(P)

Fig. 2 Example of an intensity optimization calculation for NEAT: Two spectrometer
configurations, which give the same energy resolution (A(hv) = 103.8 \ieV) are shown
together with their respective PWR optimization curves. The latter differ by an intensity factor
of 1.6, due to the use of chopper windows (60 / 30 mm) twice as wide as the guide (30 / 15
mm) in one of the configurations (labeled No. 14 in the figure), which allows a higher
chopper speed to be employed. At fixed resolution this leads to a resolution shape with
sharper edges and therefore favorizes the integrated intensity; see text for more details.

4. PWR optimization at a pulsed source

The relations concerning intensity, resolution and optimum PWR, derived for MTOF
spectrometers at continuous sources, which were given in Sections 2 and 3, respectively, are
essentially also valid at pulsed sources. The time-structure of the pulsed source flux however
results in certain restrictions regarding the values of relevant parameters, which will have
some consequences concerning the details of the optimization procedure. This will be
discussed in the following by considering the various factors determining the total intensity
according to eq. (1).
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The incident flux <£>(ko) is here no longer constant. The source pulse rises within a relatively
short time, of the order of 10 to 20 us, to the peak flux value and then decays much more
slowly, depending on the choice of the moderator and on the neutron wavelength under
consideration. Because of its long tail, the source pulse should in general not be used directly,
but taylored instead, using a chopper placed as close as possible to the moderator. Fortunately
we do not have to invent a new device, because naturally this task can be taken over by CHI
(see Fig. 1) of the MTOF spectrometer. Nevertheless, after having cut off the tail, the pulse
created will generally not be completely symmetric. Although this will have to be taken into
account with precision in the later analysis of measured spectra, it does not have a large effect
concerning the present purpose, i.e. we can continue to base the discussion on eqs. (1) to (4),
using the FWHM (ti , X2) of the chopper pulse time distributions, or - in the case of rather
asymmetric pulses - the standard deviations (O\ , 02) of these pulses instead. There are
however two real restrictions, which are connected with the time structure of the source [9].
The first concerns the fact, that the opening time of CHI should not - or more generally : the
width of the pulse leaving CHI can not - be larger than the (wavelength-dependent) duration
of the source pulse, as transmitted from the moderator to CHI:

Ti < Ts(Xo) (5)

where Xs(̂ o) is the FWHM of the source pulse for the wavelength XQ to be selected by the
MTOF spectrometer. For wavelengths in the range of 4 A to 10 A, where is is expected to be
of the order of 100 |is to 200 us (and for even longer wavelengths), this would leave room for
the variation of Xi down to the minimum that is feasible (e.g. in the case of NEAT choppers :
15 u,s). For shorter wavelengths (e.g., Xs = 20 |xs to 30 u,s) we are close to the shortest pulse
width, that can be obtained with present disk-chopper technology for a reasonable guide
width, and therefore not much variation of T{ is possible in this case. This may be considered
as a challenge concerning the development of better choppers. In the mean-time the variation
of intensity and resolution - in this limiting case - is restricted to what can be achieved by
changing X2and in certain cases (see below) the sample-detector distance LSD (see eq. (3)).
The question is now, how the spectrometer should be optimized under these conditions. The
answer depends on the priorities regarding experiments to be carried out. Let us consider a
few different cases (see also Table 1).
Case 1 (this is in fact the example considered in [1]): Suppose we give priority to highest
intensity at highest resolution, when using the maximum value of Ti = 200 jxs at the
comparatively long wavelength of A.o = 10 A, as well as a smallest possible opening time X2 =
15u,s. Using the values, L2S = 1.5 m and LSD= 2.5 m, which are reasonable, especially for the
traditional field of large-angle scattering experiments, eq. (4) applied to elastic scattering
gives L12 = 49.333 m and the elastic resolution (from eq. (3)) is A(hv) = 11.1 jxeV, which is
very close to what is obtained with NEAT using XQ - 10 A at the highest possible chopper
speed (20000 rpm). The corresponding intensity factor (see Sec. 2) is F; = 60.8. Since this
configuration is already optimized, one can not improve the resolution much by reducing T\.
For Xi = 15 jxs, we would have the only slightly smaller value, A(hv) = 10.3 jxeV, but by this
measure the intensity for the same wavelength would decrease by a factor 13.3. Note
however, that this loss factor does not apply, if Xi is decreased at shorter Xo - values down to
the source pulse width which is shorter at smaller wavelengths, because in that case we
continue to make full use of the pulse. The next question is, how the resolution width can be
increased: this is achieved by increasing X2. With the chopper design of NEAT the maximum
value obtainable would be x2 = 1500 jxs, which would yield an upper limit for the resolution
width of A(hv) = 420 |J.eV, slightly smaller than that of NEAT for this wavelength (570 u,eV).

- 363 -



JAERI-Conf 2001-002

At the same time the intensity would increase by a factor 100, as compared to the example
with T2= 15 (-is. Consequently it can be said, that this MTOF spectrometer model has a similar
resolution performance as NEAT, but - because of the restriction which governs Tj - in the
slightly more limited range, 11 fxeV < A(hv) < 420 |xeV. The total intensity of this
spectrometer (even without modifying its basic components, except for the distance L)2),
when placed at ISIS or at one of the projected new spallation sources (SNS, JSNS, ESS,
AUSTRON,...) would however be very much higher than those of the instruments of this type
presently existing at steady-state reactor sources [1] (see also Sec. 6).
Case 2 : Let us now optimize a configuration for the shorter pulse width, X\ = 60 Us, while
keeping %2 = 15 |as, as well as L2S = 1.5 m and LSD = 2.5 m. This corresponds to popt = 4, leads
to the chopper distance value L12 = 12 m, and is very close to the design of NEAT; for XQ =
10 A one obtains A(hv) = 11.9 |xeV and F; = 75.
Case 3 : A configuration with popt = 2 could have the parameters, Ti = 30 jxs, T2 = 15 jus, L2S =
1.5 m, LSD = 2.5 m and L12 = 4 m. For Xo = 10 A, this would result in A(hv) = 14.4 |ieV, with
Fi= 112.5.
Case 4 : Finally, we consider a configuration, which is suitable for quasielastic small-angle
scattering. This requires higher energy resolution and consequently a larger sample-detector
distance than the previous examples. When LSD is large, an even larger value of Ln is

Case

1

2
3

4

Popt

13.33
13.33
13.33

4
2

4

P

13.33
1

0.133

4
2

4

[M-sJ

200
15

200

60
30

30

[jus]

15
15

1500

15
15

7.5

Ll2

[m]

49.3
49.3
49.3

12
4

81

LSD

[m]

2.5
2.5
2.5

2.5
2.5

25.5

A(hv)
[jaeV]

11.1
10.3
420

11.9
14.4

1 (0,37)
for 10 A
3 (1.7)
for 6 A

Fi

60.8
4.6

6081

75
112.5

2.777

"spec

[Ms]

9479
9479
9479

9479
9479

96688

Ps for 60 Hz
(Ps 50 Hz)

16667 [\is]
(20000[fis])

spectra from
2 to 3 dif-
ferent Ao -
values can
be accom-
modated

N = 6
(N = 5)

Ps
10 Hz

105[MS]

I t o 2

values

Table 1. Four layout examples of optimized MTOF spectrometers. Among these, Cases 1 and
4 are suitable for a spallation source : Case 1 is a large-angle quasielastic-scattering version
of a MTOF spectrometer. Cases 2 and 3 are also optimized versions for the same purpose, but
in practice not feasible because of spatial restrictions near the moderator (see text). Case 4 is
optimized for small-angle quasielastic scattering. The (elastic) resolution is given in column 8
for Xo = 10 A, except for the values in the 2nd last line (Case 4). The detector thickness was
assumed to be 15 mm. The resolution values in parantheses refer to lmm thin detectors. The
last two columns show information concerning the question, whether chopper frequency
reduction or multichromatic operation (more than one XQ - value) is advisable (see Sec. 5).
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advantageous. Let us assume the following optimized parameter values: L12 = 81 m, L2S = 1.5
m and LSD = 25.5 m, X\ = 30 |i,s and T2 = 7.5 [As, where p = popt = 4. One obtains the following
elastic resolutions, A(hv) = 1 fxeV, (0.37 fieV) for Xo = 10 A and A(hv) = 3 \xeW, (1.7 u.eV) for
Xo = 6 A. The first values have been calculated for conventional 3He-detectors (15 mm thick),
the values in parantheses are given for 1 mm thin detectors, which should preferably be used
at small angles, in order to remove the major source of flight-path uncertainty. In this case the
resolution width can be increased by changing both pulse widths, X\ and T2, and by reducing
the sample-to-detector distance, with corresponding increases in intensity. It is seen, that this
spectrometer example also presents a rather competitive performance (see Table 1).
Finally, we note at this point, that the smaller distances Lj2 obtained in the cases 2 and 3 are
not feasible at the pulsed source, because CHI has to be close to the moderator and there is
not enough space to install a MTOF spectrometer with full range of scattering angles at such
short distances from the source. Actually, for the same reason, the moderator-to-sample
distance LMs at steady-state neutron sources is of the order of 50 m, but without the
restriction, that CHI has to be close to the source : LMs = 47 m in the case of NEAT at
BENSC, 57 m in the case of MIBEMOL at LLB, 45 m in the case of IN5 at ILL. Therefore it
can be said, that we will not have any additional beam transport losses due to long distances at
the pulsed source, as compared to the case of the research reactors.

The second real restriction connected with the time structure of the pulsed source resides in
the fact, that the time-of-flight period P of the instrument can not be shorter than the constant
period Ps of the source, defined by its frequency.

P > Ps (6)

The consequence of this inequality can be understood by looking at eq. (2), which allows to
determine an optimum period for given values of LSD and Xo. If P is restricted according to
(6), we can derive optimum values of Xo or LSD from the same equation [9]. Three cases are
possible, depending on the relative size of the desired spectrum length Pspec as compared to the
source period ; let us first consider large values of P ^ :

Psp« > Ps implies that (X0or LSD) > optimum (7a)

For instance, if LSD > (Lso)opt, the required P - value is larger than Ps , and the frequency of
the neutron pulses arriving at the sample should be reduced (in practice by an integer factor
N). This leads to a corresponding loss in intensity, since the overlap of spectra from
consecutive pulses must be avoided, a situation known to occur frequently in the high-
frequency operation of MTOF spectrometers at continuous sources. Given the low
frequencies of spallation sources (Ps = 16667 us at 60 Hz, P s = 20000 (is at 50 Hz, Ps =
100000 Jis at 10 Hz), this kind of loss is less likely to occur there; for comparison: the NEAT
pulse frequency can be varied between 25 Hz and 666 Hz.
No further action is required, if

Psp€C = Ps implying that {Xa or LSD) = optimum (7b)

Redarding small Pspec values, the following can be said :

Psp«<Ps implies that (Xo or LSD) < optimum (7c)

If, for instance, LSD < (Lso)opt. then the period Ps is longer than necessary as compared to the
useful length of a time-of-flight spectrum Pspec. In this case, monochromatic operation would
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fill only part of the period with a statistically significant intensity of the spectrum of scattered
neutrons. Although, in principle, the spectrum extends to infinite time-of-flight t, it dies out
before the end of the period, leaving behind a gap, because of the factor t4 in the double-
differential cross-section as a function of t. No data are lost, but this in principle represents an
opportunity for intensity gain by filling the gap with one or several additional spectra due to
different incident neutron wavelengths, and hence different arrival times, if the gap is
sufficiently long. Such multichromatic operation of the chopper cascade (see Sec. 5.4) will
obviously make the measurements more efficient.
The remaining two factors in eq. (1), relevant for the total intensity, are the guide
transmission, Tg (ko), and the integrated detector solid angle, Jd£2. The transmission depends
on the geometry, dimensions and on the quality of the coating of the neutron guide delivering
the neutrons to the sample. With a large moderator-sample distance LMS, for instance caused
by the requirement of a large value of L12, it is rather important to carefully design this part of
the instrument. This will be discussed in the next Section. The intensity is obviously also
maximized by maximizing the total solid angle, under which the detectors are seen from the
sample position. While, in principle, larger sample-detector distances yield higher resolution,
the requirement of a large solid angle and budgetary considerations will generally lead to a
compromise concerning the value of LSD (see Sec. 6).

5. Tools for the realization of PWR optimization

In this Section a number of tools will be discussed, which have been invented to enhance the
possibilities of realizing optimum intensity at the desired resolution, as well as the range of
obtainable energy resolutions. These tools are static phase-space transforming components,
arrays of such components, and multiple-bandpass filter arrangements, which are integral
parts of chopper cascades.

5.1 Phase-space transformers

As shown in Sec. 3 (eq. (4)), the opening time of CH2 has to be appreciably shorter than that
of CHI for any optimized spectrometer configuration. If first and last choppers were
connected by a straight neutron guide of constant width, at highest resolution (where chopper
window widths should be equal to horizontal guide apertures) both opening times, Ti and T2,
would be the same. This would not allow an optimization according to eq. (4). The best result
(highest intensity) is obtained, if on the one hand the beam is transported through a large
beam cross-section (large integrated flux and minimized losses due to fewer reflections from
the walls of the guide), and if on the other hand the beam is narrow at the last chopper (short
pulses and therefore high resolution). In the spectrometer NEAT, this has been achieved by
implementing a beam compressor-decompressor or "double-trumpet" neutron guide
arrangement [12]. Fig. 3 shows it schematically : A sequence of neutron guide sections,
consisting of a conventional 58Ni-coated straight guide section (SGS), with parallel walls,
followed by a converging guide section (CGS) just before the last chopper of the cascade, and
a diverging guide section (DGS) just after this chopper. The latter two guide sections are
supermirror (SM)-coated, in order to compensate for the inclination of the double-trumpet
side-walls and thus to minimize transmission losses. The double-trumpet is characterized by
the real-space reduction (or beam-compression) factor (3 = B/b (B = width of the parallel-
walled guide, b = width at the end of the CGS, and at the beginning of the DGS), and by the
divergence quotient M = m* / ms (mt = YSM / Y MtNi = ratio of the SM limiting reflection angle
over that of a guide with natNi coating; this ratio is equal to 2.4 in the case of NEAT; ms =
Y58Ni / Y"atNi = ratio of the straight guide's critical reflection angle over that of a guide with
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natNi coating; this is equal to 1.2 in the case of NEAT). Note, that the largest beam-
compression without appreciable transmission losses in the double-trumpet is obtained for fj =
M. The wavelength-dependent oscillatory behaviour of the transmission has been theoretically
predicted [13] and confirmed by Monte-Carlo calculations [14]. A value of 2 has been chosen
for the beam-compression factor, because at the time of construction of NEAT the practically
obtainable limit of mt was 2.4. The reduction of the beam-width by a factor 2 at the position
of CH2 results in a reduction of T2 by the same factor, if the chopper window width and
neutron guide aperture at this location are chosen to be the same. Obviously larger reduction
factors will be achieved by increasing m t, when the SM coating technology permits it.

CH1 CH2 S

K)
D

I
SGS CGS DGS

"12 SD

double phase-space transformer:
beam compressor / decompressor

Fig. 3 Schematic view of a double-trumpet consisting of a pair of converging (CGS) and
diverging (DGS) neutron guide sections with the purpose of compressing the pulsed beam in
space and time at the chopper disk CH2, and subsequently decompressing it, in order to
reduce the divergence of the beam at the sample. SGS = straight (parallel-walled) guide
section.

The double-trumpet is a static double phase-space transformer trading beam-width against
divergence using a CGS just before CH2, and vice versa trading divergence against beam-
width using a DGS just after CH2. The first spatial transformation step results in a
compression of the neutron pulse in time, which allows the desired improvement in resolution
and an extension of the available regime for PWR-optimization (see Sec. 3) to be obtained.
The second transformation step corresponds to a decompression of the beam. It spatially
reverses the first step, while it obviously has no effect on the time compression. This second
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step is required, in order to "refocus" the beam onto the sample by reducing its divergence and
thus giving it more of a "forward direction". This, and the use of the appropriate parameter
values (3 = M) ensure a high transmission of the device, which in the case of NEAT varies
from about 0.94 to 0.82, when XQ increases from 2.5 A to 10 A.

5.2 Pairs of double-trumpets

It is a piece of common wisdom that the beam transport over large distances between the
choppers (see Sec. 4) must benefit from the largest possible neutron guide cross-section, in
order to minimize the number of reflections and thus the losses connected with them. Already
in the past, guide cross-sections have been maximized; but with the advent of supermirror
coatings with larger m-values (up to m = 4) than previously available, a further increase has
become possible. Such a large and long guide has been called "ballistic" [15], but we should
not be mislead: even with the largest guide cross-sections conceivable today, less than 10 % o

CH1

( \ ) (

n

large moderator-sample
distance

— — — • - —

L
12

double phase-space
decompressor / compressor

CH2 S
T )

——.

X
0

• I

•

L
2S

X

L
SD

transformer :
= reflector / collector

D

1

Fig. 4 Schema of a double phase-space transformer starting with a beam decompressor for
the purpose of minimizing transmission losses upon beam transport over a large distance, and
ending with a compressor for focussing the beam at the second chopper.

Of (e.g.) 6 A neutrons are involved in a truly ballistic flight, if the distance is of the order of
50 m. For very large beam cross-sections to be obtained for the transport over the long
distance, it is however probably necessary to decompress the beam over a certain distance
beginning near the moderator, if - due to spatial restrictions or for optimization purposes - it
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has to be narrow at the start, or just after CHI (see Fig. 4), respectively. At the end, i.e. just
before the last chopper the beam is compressed again for the purpose described in Sec. 5.1. In
fact, in the context of applications in MTOF spectrometers this picture is incomplete, because
- as we have seen above - the use of a double-trumpet at CH2 should be beneficial enough to
make this recommendable. Furthermore, in future instruments of this type, it may be of
interest to implement a double-trumpet not only at CH2, but also at CHI (see Fig. 5), even if
the beam should be compressed to a lesser extent at the latter. Since the pulse width is
controlled by the width of the chopper window and by the horizontal guide aperture, such a
device at CHI can be used to obtain shorter rise and decay times of the pulse for a given pulse
width - which leads to an effective improvement of the energy resolution without sacrificing
intensity. The feasibility again depends on the space available close to the moderator and on
the extent of competition from other beam lines for this space.

CH1 CH2 S

V 2 '

D

n

large moderator-sample
distance

I

"12 2S SD

pair of double-trumpets

Fig. 5 Schematic sketch of a pair of double-trumpets implemented at the two principal
choppers for intensity-resolution optimization; see discussion in the text.

5.3 Band-pass filters

The chopper cascade of a MTOF spectrometer is a neutron wavelength band-pass filter. A
simple pair of disk choppers yields a multichromatic pulsed neutron beam containing a series
of discrete bands of different neutron wavelengths, as soon as the distance LI2 is larger than a
certain limit (L12)lim. For choppers with one or several windows equidistant in angle, this limit
is simply proportional to the period P defined by the disk-chopper and inversely proportional
to the range of wavelengths AX0 available in the incident neutron spectrum:
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(LI2)lim[m] = P[jis] / (252.78 (8)

For instance, if the \-range is 30 A, and if the period is 6000|J,s, this limit is about 0.8 m.
Therefore, in the conventional use of such cascades (at steady-state reactor sources)
employing much larger distances, the basic chopper pair, CHI and CH2, is complemented by
additional filter choppers set up in between, which have for instance the purpose of
eliminating all pulses, that do not have the desired wavelength \ . By this effect the chopper
cascade becomes a pulsed time-of-flight monochromator. This is well-known and has been
realized in the existing spectrometers [3], [5], [6], [7], [11]. To illustrate it, Fig.6 shows a
neutron flight-path diagram as a function of neutron flight-time, demonstrating for the case of
IN5 the way this filter technique is applied. This example corresponds to a configuration used
in 1975 in a study of the rotational motion of OH ions in cubic NaOH [16], with an incident
neutron wave length Xo = 4 A. In this diagram, CHI is located at the flight path origin and the

Spectra

D

NaOH 575 K
IN5 1975

CH2
CH

CH

CH1
10 15 20 25 30 35

neutron time of flight [10Vs]

Fig. 6 Neutron flight-path diagram based on a sketch corresponding to an experiment
carried out in 1975 [16] with the MTOF spectrometer 1N5 at ILL, using 4 A neutrons. It
demonstrates the filter action of the various disks of the chopper cascade. The vertical axis
represents the flight-path between the different elements of the chopper cascade (CHI defines
the initial time-distribution of the neutron pulse; CHP is the pre-monochromator; CHR is
employed for pulse frequency reduction, in order to avoid frame-overlap at the detectors; and
CH2 selects the 'monochromatic' wavelength band for the experiment) . See text for more
details.
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pulsed beam is monochromatized by CH2, which opens when the required (flight-) time has
elapsed, at a distance of 6.255 m from CHI. True monochromatization is however only
possible after a crude pre-monochromatization by a filter-chopper CHP placed at a distance of
2.6 m from CHI, which stops the larger part of the "white" spectrum (hatched areas between
the horizontal lines representing the positions of chopper disks CHI and CHP in Fig. 6). This
prevents the occurrence of "different order " pulses, i.e. the passage of pulses with different
flight times (different slopes in the flight-path diagram, i.e. different neutron velocities) and
therefore wavelengths different from the desired one. The inclined heavy solid lines indicate
the flight of neutrons with the selected wavelength A.o , which are the only ones allowed to
cross the (horizontal) position line of CH2 in this diagram.
In order to avoid frame-overlap at the detector, i.e. superposition of spectra originating from
the scattering of consecutive neutron pulses by the sample, still another filter-chopper is
required. In our example, this is the reduction chopper CHR, which transmits only every Nth
pulse created by CHI at a distance of 5.851 m from the latter. Here N=2, i.e. the pulse
frequency is divided by 2, whereby the period is multiplied by the same factor. The neutron
pulses stopped by CHR are shown as dashed lines. The spectra created by the remaining pulses
are accumulated until sufficient statistical accuracy is obtained.
If the chopper distance L12 is shorter than (L12)limil , then a single pulsed wavelength band is
created. The bandwidth AX depends on L12 and on the opening times of the chopper windows.
For instance, in the simple case where T, = T2= T, and if the widths of the chopper windows are
equal to the guide aperture, the bandwidth (FWHM) is given by

AA [A] = T [iis] I (252.78 • L12[m]) (9)

The bandwidth can be varied by changing the chopper speed and /or the distance. If the
bandwith is made large (pulsed "white" beam), time-of-flight diffraction experiments can be
carried out (see refs. [17] to [21]). For instance, if in the spectrometer NEAT only the last pair
of counter-rotating choppers is used (L12 = 0.052 m in this case), the bandwidth AX can
theoretically be varied from as small as 1.14 A up to as large as 60.86 A (the practical limit
being about 40 A because of negligible incident flux at larger wavelengths). Obviously, other
chopper pairs may be employed instead, and the choice is governed by the Q-resolution
required in the diffraction study. After having pointed out this use of parts of the chopper
cascade, we will not go into further details of this type of experiment, but briefly consider the
problem of achieving the filter action of the chopper cascade as a whole in the next Section.

5.4 TOF-monochromators and multichromatic operation

Designing a multi-disk chopper cascade which acts as a time-of-flight monochromator,
requires to find a configuration, i.e. a set of chopper distances together with a chopper
window arrangement on each disk (specified by window widths and phase angles of the
windows on each disk) ensuring the transmission of a periodic sequence of neutron pulses
centered at the desired wavelength Ao, without contamination by other wavelengths, and with
the desired time-of-flight period P. This means, that all unwanted ("parasitic" or "different-
order") neutron pulses must be eliminated, that contain neutrons, which have taken an integral
number of periods P less or more time than the neutrons with wavelength Xo to travel over the
monochromator distance L12. The elimination from the neutron pulse series mentioned at the
beginning of Sec. 5.3 is achieved by the filtering action of intermediate chopper disks placed
between the two basic choppers CHI and CH2. It must be effective in the whole volume of
the multi-dimensional configuration space to be accessible to the operation of the instrument,
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i.e. for the complete ranges of incident wavelength, principal-chopper speed, sample-detector
distance (if this is a variable), and for all sets of chopper windows, window widths, window-
phase angles, that are available. A semi-analytical method has been used [22] to solve this
problem. It consists in a systematic analytic calculation of all the neutron pulses transmitted
by the chopper system, for a series of chopper system configurations. The result is represented
as an ensemble of closely spaced points in configuration space. Points corresponding to pulses
of the unwanted kind are rejected, whereby holes of forbidden space are created. Compact
regions, which are free of such holes can be used for the design of the spectrometer. The
search for these compact regions is facilitated using products of Boolean transmission
functions of pairs of choppers [23] [24].
In situations of the kind described by eq. (7c), i.e. when monochromatic operation would not
fill the whole period with a useful spectrum of scattered neutrons (see Sec. 4), the
measurements can be made more efficient by filling this gap with spectra due to scattering of
additional pulses with different neutron velocities (which then must no longer be considered
as "parasitic"). Fig. 7 shows schematically, how a finite number of incident neutron
wavelength bands centered at the values (X0)n is used for this purpose. This procedure, which

Period P

Spectra

D

S

CH2

CH1

Source

spec

neutron flight time

Fig. 7 Schematic diagram of multichromatic operation of a MTOF spectrometer. Three
different incident neutron wavelengths are selected by the chopper cascade so, that the three
corresponding spectra of scattered neutrons fill consecutively the period defined by a low
pulsed source frequency. The sum of the 3 spectral periods is equal to the source period P.
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is an inherent possibility of properly designed MTOF spectrometers, has been called
"repetition rate multiplication" [25] referring to the fact that the repetition rate of the
spallation source is too low for an efficient use of the incident flux in the considered situation.
A more appropriate name for this method is "multichromatic operation", since the repetition
rate is neither modified by this procedure, nor is the effectively useful period P resulting from
it an integer multiple of the spectral period Pspec that would be used in monochromatic
operation in the otherwise identical spectrometer configuration. The practical implementation
of multichromatic operation modes, in principle, requires the same kind of calculations as
described above for monochromatic operation, with an appropriate definition of the
corresponding compact regions in configuration space.

6. Solid angle and total spectrometer intensity

A new MTOF spectrometer should of course be optimized with respect to each of the factors
in the intensity equation (1). At any one of the new spallation source projects, it will have a
much higher intensity at given energy resolution than any existing instrument of the same
type because of i) source-related and ii) instrument-specific improvements.
i) Source-related gain factors : The MTOF-spectrometer principle is intrinsically adapted to
pulsed sources, because it employs a pulsed mode of operation itself. If we assume a peak
flux of 1 x 1016 neutrons cm2 s' , for instance at the AUSTRON source, and compare to the
same instrument at the BER-II medium-flux reactor (where NEAT is located), the flux gain
factor for AUSTRON is as much as 80. In other words: the intensity of NEAT would be
increased by a factor of 80, if this instrument was moved without drastic modifications to the
AUSTRON source. For a more conservative estimate of the possible gain, we will retain a
factor of 40 (instead of 80) at this point.
ii) Instrument-improvement gain factors : Starting from the present design of NEAT, a
number of modifications are possible, in order to increase the integral intensity at the
detectors, essentially without changing the energy resolution performance of the instrument.
We list only a few of these possibilities in the following. Integral intensity may be gained (see
also Table 2):
• by increasing the beam height at the entrance to the chopper system; this requires spatial

focusing in the vertical plane at the sample position;

Table 2. Intensity gain factors to be achieved by various measures of improvement

Improvement

Double the beam
height
SM guide includ.

beam compressor
max. solid angle
90° x 137° x 2
L2S = 1.33 m
max. solid angle
90° x 170° x 2
L2S = 3.33 m
use of piggy-pack
SDs or PSD

Comment

55 m m - ) 110 mm
+ vertical focusing
gain factor: 4
loss factor: 2
use of conven-
tional SDs with
solid angle gaps
benefit of larger
Q- range

with negligible
solid angle gaps

Gain
factor
1.6

2

4.6

1.24

2.65

Total
gain
1.6

3.2

14.7

18.2

48
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• by using supermirror (SM) coated neutron guides with larger m-values, for instance m =
2 in the straight guide and m = 4 in the double trumpet;

• by increasing the solid angle (of scattering) covered with standard 3He single detectors
(SD): in the horizontal plane both positive and negative scattering angles may be used;
vertical scattering angles may be extended up to ±45° (rather than ±20° available now);
this requires a modification of standard sample-environment equipment, such as
cryostats, furnaces, etc., which is feasible without difficulty;

• by increasing the Q-range in the horizontal plane, when removing the spatial restriction
caused by the condition, that the chopper-sample distance L2S be minimized; this is an
acceptable compromise, since the length of the TOF-monochromator L12 has to be
increased to about 50 m for the instrument at the spallation source;

• by removing large solid angle gaps between the detectors, that exist in present-day
instruments; this requires replacing the standard 3He single detectors by a close-packed
detector system (for instance obtained by tessellation of scintillation detectors carrying
photomultipliers and electronics in a piggy-back arrangement); it might also consist of a
large position-sensitive detector (PSD) assembly, however not necessarily with the
requirement of very high spatial resolution;

The numerical example given in Table 2 shows, that all in all the integral intensity, i.e. the
instrument efficiency at given resolution, may be increased as compared to NEAT in its
present state, by almost two orders of magnitude, if the listed elements of improvement are
fully exploited. For a conservative estimate we will however retain here a gain factor of only
25 (instead of 48).
The following (conservative) intensity gain factors, as compared to the existing MTOF
spectrometer at BENSC, are thus achieved :

1.) due to the full use of the peak flux of the source (example: AUSTRON): factor 40
2.) due to improvements of the spectrometer design: factor 25
3.) Total intensity gain (at constant resolution): factor 1000

Combining the conservative gain factor versions of i) and ii), we finally obtain a conservative
total possible gain factor of 1000 for the new MTOF-instrument, if located at AUSTRON.

7. Conclusion

For a MTOF spectrometer placed at a spallation source, the essential difference as compared
to such instruments at reactors, regarding the above-described optimization, may come from
the fact, that one would like to benefit from the largest possible fraction of the peak flux of the
source. This implies using essentially the source's own pulse width, which - for given
wavelength and target design - is fixed. As a result of this restriction, and if we assume fixed
chopper-chopper-sample-detector distances, I propose to carry out the pulse-width ratio
(PWR) optimization for the highest resolution to be achieved by the spectrometer using this
fixed width at a relatively large neutron wavelength (of the order of 10 A). The compromise
of non-perfect optimization, which is then to be made for lower resolutions, on the other hand,
can be accepted in view of the fact, that the intensity is rapidly increasing with decreasing
resolution. As a result of these considerations we obtain the requirement of a L12 - value
(distance between first and last chopper (pairs) ) of the order of 50 m, in order to obtain a
resolution range comparable to that of existing MTOF spectrometers at research reactors. No
additional transmission losses will arise however, because moderator-sample distances LMS at
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the latter sources traditionally have always been of the same order of magnitude due to space
requirements.
The discussion of possible intensity gains has given rather promising results. Combining the
conservative gain factors listed in Sec. 6, we obtain a conservative total possible gain factor of
1000 for the new MTOF-instrument, if located at AUSTRON, as compared to NEAT as
presently operating at HMI. Obviously the gain would be even larger at the more powerful
spallation sources under construction, SNS (USA), or in the planning stage, JSNS (Japan) and
ESS (Europe). It should be noted, that such gain factors will increase the yield of the so far
intrinsically low-intensity 'differential type' quasielastic and low-energy inelastic scattering
studies up to the level available in present-day 'integral type' investigations, such as small-
angle scattering and other intrinsically-high-intensity diffraction experiments. This will permit
those large-scale studies to be carried out, which are urgently needed to make decisive
progress in the fields of complex systems, and especially in those of the biological sciences
and of biotechnology.

Finally it is worthwhile to mention, that the scientific success experienced by numerous users,
when carrying out experiments with IN5, MIBEMOL and NEAT at the respective steady-state
sources, has recently prompted the initiation of four new MTOF spectrometer projects, three
at research reactors, namely one at NIST [26] (now being commissioned), an improvement-
reconstruction project at ILL to replace IN5 [27], an instrument at the new research reactor
FRM-II and one new instrument of this type at the LANL spallation source [28]. A further
instrument has been proposed [1],[2]; other proposals will surely follow.
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We propose a possible ultra-high energy resolution backscattering spectrometer optimized to
spallation neutron source. A combination of multi monochromator crystal and Doppler drive
provides considerable neutron flux, together with the reasonable energy range —30 < E <
30 ^eV, even when the ultra-high energy resolution of AE ~ 0.03 ^eV is attained.

1. Introduction

Neutron backscattering is one of the most important techniques to enable ultra-high energy
resolution neutron spectroscopy [1]. The basic idea of backscattering is to use a perfect single
crystal with 9 = 90° Bragg reflections. The energy resolution, obtained with the backscattering
condition, is given as,

AE Ak (AT (Aa)2\
2 2 —- + i—̂ - (1)E k ~ \T 8

where (Ar / r ) is the intrinsic line width due to primary extinction. Since Eq. 1 does not include
a first order term of Aa (neutron beam divergence), the energy resolution becomes insensitive to
the beam divergence, or in other words, large beam divergence can be acceptable. As concerns
the first term in Eq. 1, (Ar / r ) can be as small as 1.86 x 10""5 or 0.157 x 10~5 for Si( l l l ) or
GaAs(200), which results in the energy resolution of AE ~ 0.077 or 0.008 /xeV, for perfectly
collimated beam [2]. Thus, the ultra-high energy resolution spectrometer can be realized, in
principle.

To obtain a very-high energy resolution, it is crucial to use the backscattering method for both
the monochromator and analyzer. Thus, to date backscattering spectrometers are constructed at
reactor-based continuous neutron sources, such as INI6 at ILL. For the spallation (or pulsed)
neutron source, since its time-averaged neutron flux is generally less than that from reactors, one
has to effectively elongate the incident pulse to obtain high effectiveness. Such an idea was pro-
posed by Alefeld [3]. The proposed spectrometer includes a novel multi monochromator crystal,
named as MUSICAL, which consists of several monochromators situated with a separation lu-
Suppose that a pulse of the width rp incident on the set of monochromators. The outgoing
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pulses have different flight length depending on the positions of the reflecting monochroma-
tors, and consequently become a set of pulses with a time separation of At = 21MJVM, and
with total duration of »MAt. Each monochromator crystal has a slightly different lattice con-
stant, so that each outgoing pulse has a slightly different energy. The outgoing pulses can be
easily distinguished by arrival time at detectors if At > rp. Along this way, the short incident
pulse is elongated effectively, with simultaneous incident-energy scan for a certain energy range
determined by the number of the monochromators.

When applying this idea to the ultra-high energy resolution spectrometer using GaAs(200) re-
flections, however, one may encounter several problems. First problem may be the beam di-
vergence. Provided that a practical goal of the total energy resolution of the spectrometer is
AE ~ 0.03 /xeV, and thus AE ~ 0.021 //eV for monochromator and analyzer separately.
(Gaussian resolution functions are assumed for simplicity.) Then, the acceptable tolerance from
exact backscattering at each device is about Aa ~ 0.26°. This is less than the critical angle of
Ni-coated guide tube (6 ~ 0.6° for A ~ 6A). Thus, the neutron beam from the guide tube can-
not be used directly as incident neutrons, and instead, we have to focus the neutrons to obtain
less beam divergence as suggested by Alefeld et al. [1]. Second problem may be the limited
energy window. Assume a pulse repetition time as Tp = 40 ms and a pulse width rp ~ 250 //s
(JSNS coupled H2 moderator). Then, the optimum length of the monochromator set (L4) and
consequently the radius of the secondary spectrometer (L2) become L4 = L2 = Tpvn/4. ~ 7 m
for the neutron velocity vn = 700 m/s. Then the maximum number of monochromators is
nM = LA/lu ~ 80, which gives rise to the energy window of 0 < E < 2.4 //eV. This is ap-
parently too small. Third additional problem is considerable absorption of GaAs crystal, which
simply prohibits us to use a large number of monochromator crystals.

In this study, we propose a combination of the multi monochromator crystal and Doppler drive
as a possible solution for the ultra-high energy resolution backscattering spectrometer using
GaAs(200). The geometrical restrictions to satisfy the above beam divergence requirement
was estimated and shown to be feasible. The rough estimation on the neutron flux at sample
position suggests that the present spectrometer give considerable neutron flux even with AE ~
0.03 /xeV. The similar spectrometer with the Si(l 11) reflections is also studied and its efficiency
is found to be 50 times better than the state-of-art spectrometer IN 16.

2. Geometrical parameters

Figure 1 shows the schematic drawing of the proposed spectrometer, named as the Doppler-
Musical spectrometer (D-M). Geometrical parameters are listed in Table 1. The spectrometer is
mostly a superposition of the reactor-based backscattering spectrometer, such as IN16 [4], and
MUSICAL [3]. Thus, principle features may be referred to the original articles, and here, we
describe several modifications to realize the higher energy-resolution and efficiency.

As noted above, one must have an incident beam focused on the deflector and spherical
monochromator centered at the focused point, to achieve a required exact backscattering con-
dition (Aa ~ 0.26°). The focused area should be as small as 13 mm x 13 mm. This focusing
may be realized using a spherical supermirror focusing guide proposed by Mildner [5], however
considerable effort may be required to minimize loss of neutrons at this device. The size of the
monochromator is determined as 200 mm x 200 mm at L3 = 3 m from the beam divergence af-
ter the deflector (reasonably 4° in view of critical angle of supermirror at 6A). Each piece of the
monochromator crystal should be less than 2 mm x 2 mm not to give considerable additional
misalignment; such a spherical monochromator is produced recently for X-ray experiments [6].
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The monochromatized neutrons from spherical monochromators are again focused into a small
area and incident on the sample that is closely situated to the deflector. The sample size is, thus,
limited by the beam size to about 13 mm x 13 mm. The radius L2 may be restricted by rather
practical requirements, such as size of neighboring instruments, and an acceptable maximum
may be L2 ~ 4 m . For this L?, each piece of analyzer crystal can have a size of 5 mm x 5 mm.
The counters should also have the same dimensions with the sample, and thus can be an array
of half-inch 3He detectors.

It is noteworthy that this spectrometer can select L\ rather arbitrary. This flexibility is an out-
standing feature when compared to the high-resolution time-of-flight spectrometers.

As checked above, the geometrical parameters are most likely in acceptable range, although
several developments, in particular on the focusing guide, may be necessary.

Small M ^
detectors ::;Deflec<°r chopper

(or Phase-space transform chopper)

Tail culler

Figure 1: Schematic drawing of the Doppler-Musical spectrometer.

3. Multi monochromator crystal with a Doppler drive

To overcome the problems listed in the Introduction, the multi monochromator crystal is com-
bined with the Doppler drive as shown in Fig. 2. The parameters are also listed in Table 1,
which are determined as follows.

Since the extinction length of GaAs(200) is relatively large (Ah ~ 0.15TT mm for A ~ 5.65 A),
the minimum thickness of each GaAs monochromator crystal may be about d ~ 0.2 mm [7].
Then, the reasonable number of the monochromators may be nM ~ 20, which gives a transmis-
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Table 1: List of parameters for GaAs(200)

Parameter
Lx
L2

Ls

U
Number of monochromators (nu)
Monochromator separation (IM)
Focused area on deflector
First monochromator size
Last monochromator size
Monochromator piece
Sample size
Analyzer piece
Detector size
Doppler frequency (/D)
Doppler amplitude (aD)
Thickness of monochromator crystal

estimated value
60 m (almost arbitrary)
4m
3m
2m
20
100 mm
13 mm x 13 mm
200 mm x 200 mm
350 mm x 350 mm
2 mm x 2 mm
13 mm x 13 mm
5 mm x 5 mm
1/2 inch
~25Hz
~ 60 mm
0.2 mm

sion factor of 0.7 for neutrons reflected at the last monochromator. Absorption by the holder
of the monochromator crystals may not be negligible, but can be minimized by using Be. The
total energy range covered by the nu monochromators is 0.03 x 20 = 0.6 /xeV. This range can
be easily attained by temperature difference; the temperature difference between the first and
last monochromators is roughly AT = 200 K.

To enlarge the energy window to -30 < E < 30 /ieV, one may use a Doppler drive with the
frequency /D ~ 25 Hz and amplitude aD ~ 6 cm. We note that the drive can be synchronized
to the pulse frequency so that the energy window can be fixed to a specified energy regions by
tuning the phase of the drive. This may be a powerful technique if the energy region of interest
is already known, such as for the measurements on the temperature dependence of tunnel peak
or on the quasielastic peak width.

The apparent engineering problem is the Doppler drive for such a huge monochromator set. This
may require a considerable effort on development of the driving mechanism. Other technical
difficulty may be the temperature homogeneity of a monochromator.

4. Moderate energy resolution using Si(l 11)

If the energy-resolution requirement is relaxed to 0.3 /ieV, one can use the Si(l 11) reflections
in the present spectrometer. Parameters, determined along the same line as above, are listed
in Table 3. The parameters are quite reasonable in contrast to the GaAs case. It should be
noted that for the Si(lll) case the focusing at the PG deflector, namely beam divergence at
the deflector, is not so large. Thus, there is a possibility for further intensity gain by a novel
phase-space transform chopper (PSTC) [8]. This device increases neutron density in energy
space by using a moving PG deflector with the speed of about 300 m/s. The intensity gain can
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be a factor of about 4 [9]. Since we do not have serious geometrical restriction arising from the
exact backscattering condition for this energy resolution, I/2 can be smaller than the GaAs case.
Thus we choose L2 = 2 m as a reasonable size, although longer L2 (and accordingly L4) can
increase a duty cycle of this spectrometer.

Table 2: List of parameters for Si(l 11)

Parameter

U
L2

L3

Number of monochromators (nM)
Monochromator separation (7M)
Focused area on deflector
First monochromator size
Last monochromator size
Monochromator piece
Sample size
Analyzer piece
Detector size
Doppler frequency ( /D)
Doppler amplitude (ao)
Thickness of monochromator crystal

estimated value
50 m (almost arbitrary)
2m
2m
2m
25
100 mm
32 mm x 32 mm
140 mm x 140 mm
280 mm x 280 mm
2 mm x 2 mm
32 mm x 32 mm
12 mm x 12 mm
1/2 inch
~ 2 5 H z
~ 60 mm
0.5 mm

5. Efficiency comparison

Table 3 shows rough estimates of gain/loss factors at each device compared to corresponding
devices at IN16. The cold neutron source for the present spectrometer is assumed to be JSNS
cold guide tube whose time-averaged neutron flux may be 1/4 of that at ILL. It can be seen
that despite the difference in flux, the Doppler-Musical shows higher neutron flux at the sample
position even with the GaAs(200) reflections. We should note that for this configuration the
sample size is quite small as compared to that at INI 6. Thus, if we take account of the sample
size factor (3 cm x 4 cm for INI6 whereas 1.3 cm x 1.3 cm for D-M), the total neutrons
at sample position is about 1/3 of INI 6. This originates from the serious loss of neutrons at
focusing guide assumed in the estimation; ideal focusing guide (i.e., its gain can be determined
only by the geometry) gives focusing gain of about 60, which results in the six times higher total
neutron intensity. Thus the development of the efficient neutron focusing technique is essential
for the ultra-high energy resolution spectrometry. On the other hand, the spectrometer with the
Si(l 11) reflections seems quite efficient compared to IN16; in fact, factor of about 50 can be
expected. Therefore, by using Doppler-driven multi-monochromator-crystal, one may obtain
efficient spectrometer with reasonable geometrical dimensions.

5. Conclusion
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Table 3: Comparison of gain/loss factors at each device

Device D-M(GaAs) D-M(Si) IN 16 (polished Si)
Source
First deflector
Focusing guide
Second deflector
Monochromator
Monochromator
Duty cycle

(nu)
(AE)

0.25
1.3 (no deflector)
2 (gain 10)
1
20
0.1 (A£~0.03/ieV)
2

0.25
1.3 (no deflector)
1 (gain 5)
4 (PSTC)
25
1 (AE ~ 0.3 fieW)
2

1 (gain 5)

I (AE ~ 0.3 //eV)

Total 2.1 52

We have suggested that the combination of multi monochromator crystal and Doppler drive, to-
gether with the focusing techniques, can realize the backscattering spectrometer with ultra-high
energy resolution of AE ~ 003 //eV using the GaAs(200) reflections and with the reason-
able energy range —30 < E < 30 fieV. On the other hand, a moderate energy resolution
(AE ~ 0.3 /neV) spectrometer using the Si(l 11) reflections can be obtained with reasonable
dimensions. Although a number of engineering issues must be overcome, intensity estimations
suggest that the Doppler-Musical spectrometer can be a possible choice for the high-energy
resolution spectrometer at the spallation neutron source.
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Abstract. Using the Monte-Carlo simulation program McStas, we present the design
principles of the proposed high-resolution inverse geometry spectrometer on the SNS - Long
Wavelength Target Station (LWTS). The LWTS will provide the high flux of long
wavelength neutrons at the requisite pulse rate required by the spectrometer design. The
resolution of this spectrometer lies between that routinely achieved by spin echo techniques
and the design goal of the high power target station backscattering spectrometer. Covering
this niche in energy resolution will allow systematic studies over the large dynamic range
required by many disciplines, such as protein dynamics.

1. Description of the instrument - The basic design

The concept of the inverse geometry spectrometer came about with the plans to build a Long
Wavelength Target Station (LWTS) at SNS [1], which will provide high flux of long
wavelength neutrons. The actual instrument design employs mica analyzers close to
backscattering geometry (final neutron wavelength of 20 A), with an extremely high-energy
resolution (5co < 0.2 |ieV FWHM, elastic).
In order to optimize the layout of individual components and to estimate the instrument
performance, the Monte-Carlo simulation program McStas [2], developed at Ris0 National
Laboratory, has been used. McStas offers a general framework to compose a virtual neutron
scattering instrument and supports both reactors and spallation sources.
Consider that the uncertainty in the energy transfer for an inverted-geometry spectrometer
using crystal analyzers can be separated into a term dependent on the primary spectrometer
(5(oP, components before the sample) and on a term dependent on the secondary spectrometer
(5(0s components after and including the sample). And taking the approximation that the
terms are independent and that the uncertainties add in quadrature the energy resolution
function is given by [3],

5(0 = yj 8(tip + 5to|

Where,
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= 2Ej

\2V

L t
And

Where
E, is the incident neutron energy,
L, is the moderator-sample distance,
tt is the incident neutron flight time,
t0 is the emission time of the neutron from the moderator and
tp, is the time for the neutron of known final energy to travel from the sample to analyzer to
detector.
On a crystal analyzer spectrometer, the final neutron energy, Ef, is fixed by Bragg reflection
from the analyzer crystals.
The first term in Equation 2 is small compared to the second, and therefore the contribution
from the primary spectrometer to the resolution arises from the moderator pulse width (5/0) at
a given neutron energy. On the other hand, the contribution from the secondary spectrometer
(Equation 3) represents uncertainty in the lattice parameter (8d) of the crystal analyzers and
the uncertainty of the Bragg angle (ddB). 80B has contributions both form the analyzer crystal
mosaic and the sample dimensions.
Traditionally, the resolution contributions from the primary and secondary spectrometers are
matched in an effort to optimize the count rate in the detectors for a given resolution. The
decoupled poisoned solid methane moderator at LWTS generates a pulse with a width of
90 |isec for X = 20 A. For a neutron A. of 20 A the energy reflected from the (002) planes of
mica is 0.2045 meV. In order to achieve the timing resolution necessary for the desired
8w, the primary flight path of the spectrometer a long initial guide section around 63 m from
moderator to sample is required. For many reasons it is desirable to design the instrument
with the analyzers slightly out of backscattering. In fact, this component of the resolution,
cot(6)B)<50B, can be relaxed from exact backscattering, without modifying the overall
resolution significantly [4]. A reasonable choice is based on sample/detector geometry to opt
for a Bragg angle of 87.5°.
In contrast to spectrometres such as IRIS with lower resolution requirements, in this
particular case the sample size can easily dominate the first and second terms in Equation 3.
Restricting the sample size is not an issue in case where only limited amount of sample are
available. However, when sufficient sample is avaiable, a restricted beam size lowers the
neutron flux into the detector. Optimization of the secondary spectrometer requires to keep
the first term of Equation 3 small compared to the second. Constraining the design to a 2 m
sample-analyzer flight path, leads to an optimazed sample size of 2 x 2 cm2 and a sample-size
contribution to of 0.41°. The total contribution of the sample size to Equation 3 is 163 neV (to
be added in quadrature to the &6B contribution from the the analyzer mosaic).
It is also important to understand the contributions to the Q-resolution for energy transfers
near the elastic peak. In this case, the momentum transfer is given by,
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Q =
An sin(—)

If

where <j) is the angle between the incident neutron beam and the scattered beam.
Differentiating the previous equation and considering that the uncertainty in Xf is small, the
uncertainty in Q is given by:

An A,8<j>
oQ = —cos(—) —^ 5
* Xf r 2 *

The contributions to £0 are the incident beam divergence 5$,, the contribution from sample
size S<ps and the acceptance of the analyzer 8^A.

2, Description of the instrument - Details of the spectrometer design

The backscattering spectrometer tank is a 2 m diameter vacuum vessel as shown in Figure 1.
In order to eliminate frame overlap at the sample position a disk chopper is located directly
outside the target station. The bandwidth chopper gives a wavelength band of 6.219A
delivered to the sample at 63.36 meters from the moderator. This wave length band provides
a range of energy transfers for the mica (002) reflection of ±60{xeV. The performance
characteristic of the instrument for near elastic scattering is as listed on Table I.

Sample ~i

* Jica
«<>lyzer$

ctors

• ' " ' '

neV Backscattering Spectrometer

Eed-ai
Collimation

Figure 1 - The layout of the neV-backscattering guide system at the LWTS at SNS.

Table I - Spectrometer performance for near elastic scattering.
Analyzer
crystal

Mica (002)
Mica (004)

-V(A)

20
10

AXf{k)

6.219
6.219

co-range
(ueV)

-60 to 60
-420 to 420

8co (fwhm)
(jiieV)
0.215
1.14

Q-range (A"1)

0.05 to 0.6
0.1 to 1.2

8 Q (fwhm)

(A-1)
0.015 to 0.002
0.03 to 0.004
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Preliminary guide optimization was carried out by iteration of a Monte Carlo simulation. A
curved guide 30 meters long with radius of curvature of lkm giving a characteristic
wavelength of 7.9 A with a critical angle equal to that of natural nickel was selected. The
guide begins at 8.34 meter from the moderator accepting 20 A neutrons with 0.5° divergence.
The straight guide is made from sections of 1 meter each, with a total length of 18.77 meters.
The guide cross-section is 6 cm x 6 cm ending in a 6 meter long natural nickel funnel that
stops 25 cm from the sample with exit dimension of 2 cm x 2 cm. Total guide gains (ratio of
neutrons on the sample with and without a guide) were estimated at 360 for X - 20A. A
description of the guide components is given on Table II, and the scattering chamber design
is illustrated in Figure 2.

Table II - Description of the guide components
Component

Moderator

Analyzer Crystal

Incident Flight Path

Guide
(cross section 6 cm)

Sample

Description
Decoupled, 30mm poisoned solid

methane
Bragg Angle

d-spacing
20cm(H)xl5cm(V)

Guide/Funnel
Moderator-Guide Distance

Curved Guide Length
Straight Guide Length
Guide Funnel Length

End of Funnel - Sample Distance

Geometry varied

Sample-analyzer distance

Characteristic

6fo = 90 u,sec for X = 20 A

87.5 deg
mica (002)

63.36 m from moderator to
sample
8.34m
30m

18.77m
6 m (natural Ni)

0.25m
2 x 2 cm2 cross section of neutron

beam
2m

\ \ \ / / /

ng Spi

Figure 2 - Schematic view of the neV-backscattering at the LWTS at SNS.
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The mica analyzers are located plus and minus 20° out of the scattering plane covering
scattering angles from 5° to 160°, 2 meters from the sample, and have a mosaic spread
estimated to be about 0.25° (fwhm). The detectors are approximately 175 cm from the
analyzer crystals.
The peak count rate is expected to occur at the elastic peak. A typical case is when the total
sample scattering is 10% of the incident beam flux. If elastic scattering dominates, the
number of neutrons scattered into the elastic peak is given by

Where F is the expected flux on the sample, s is the sample size and 0)R is the resolution
width of the primary spectrometer. For the mica high-resolution backscattering instrument at
LWTS F = 3.5i04n/cm2-sec-neV (2MW, with a guide gain of 360), s is 4 cm2 and (Or is
0.14 u.eV, making Ns = 1960 n/sec.
Each analyzer segment intercepts 1.85 ster of solid angle. Allowing a 20% loss for imperfect
crystal reflectivity and loss due to mosaic spread, the number of neutrons intercepted by the
detectors, FD, is

3 7
Fn = —xNsx 0-8 = 462 n/sec 7

An

An important figure of merit that should be estimated is the time required to obtain counts in
the peak channel of the elastic peak for the 10% scattering sample:

FD

Where PT is the desired number of counts, NQ is the total number of single Q-point that gets
summed into the detector and equal to 10 in this case, NR is the number of bins across the
elastic peak into which counts are stored, with a typical value of 20. The factor 2 corrects for
the approximately triangular shape of the resolution function. As an example, the time
required to obtain 4000 counts in the peak time channel is approximately 15 minutes.
A similar analysis done for the performance of this instrument if it is built at the HPTS (high
power target station) at SNS shows a decrease in the performance of a factor of 4 in flux on
sample. In addition, pulse suppression choppers would be required to eliminate intervening
pulses with an attendant uncertainty in background.

3. Monte Carlo Resolution Function

Of most interest is the resolution at the elastic peak. The simulation was carried out with a
cylindrical shell vanadium sample that only scattered elastically. The sample was a hollow
cylinder with an inner radius of 1.85 cm, an outer radius of 2.0 cm and was 2 cm high. For
this calculation 108 crystal analyzers were used covering 3° in the scattering plane and 20° in
the horizontal plane. The crystals had dimensions approximately 2 cm x 2 cm. Counts were
collected using 3 position sensitive detectors, with 15 position channels each, (1 cm long
channels along the length of the tube and 15 cm active length), infinitely thin, and 1 cm
wide. The detectors were binned at 10 (xsec time channels making possible a good line-shape
analysis.
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For the current target design, the moderator was modeled as a combination of Gaussians. As
we can see on Figure 3, due to the tail on the moderator the resolution function is slightly
asymmetric.

3
R

O

so
u

-2 -1.5 -1 -0.5 0 0.5 1

Energy Transfer (jieV)

Figure 3 - Resolution function at the elastic peak.

Improvements to the current design could include changing the moderator poison depth to a
shallower position. This choice would improve the resolution but at a loss of flux on sample.
A softer constraint on the instrument design is the initial flight path length. Because of the
high transmission of the natural Ni guide, this distance can be increased without significantly
changing the instantaneous flux on sample. Its sole effect would be to decrease the range of
energy transfers accessible in a single frame measurement. This option could improve the
resolution of the instrument by improving the resolution of the primary spectrometer. Other
considerations include moving the spectrometer to a coupled moderator, and use a pulse-
shaping chopper to modify the long time tail of the moderator pulse. However due to the
large bandwidth necessary (6.219A) for the performance of the instrument, this solution may
not be viable. Another possibility is the use of a Drabkin flipper, [5] where the basic idea is to
create a resonance condition such that only neutrons having two selected parameter values (in
time and in wavelength) will be transmitted. Neutrons that do not fulfill both conditions, for
example those neutrons from the moderator tail, will not be reflected by the second mirror.
After transmission through the energy filter, the wavelength-time relation will be much
sharper than before. Another useful application of the device is that it will filter out the steady
background of delayed neutrons, which are constantly emitted from the target or from
activated shielding. However, this requires the use of a polarized neutron beam and a loss in
neutron flux on sample of at least a factor of two.

4. Optimization of long-wavelength analyzers

Mica are alumino-silicate minerals with a sheet structure having two layers of silicate
tetrahedra arranged between a layer of hydrated metal-oxide octahedra, existing in different
species such as muscovite, annite, phlogopite, fluoro-phlogopite and biotite. Slabs of single
crystalline mica are of interest as a cold-neutron monochromators or analyzers in high-
resolution spectrometers due to their large lattice spacing (about 10 A). Recent investigations
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[6] of synthetic fluorinated mica, fluoro-phlogopite K2Mg6(AlSi30IO)2F4, shows strong (002)
and (006) reflections and a weak (004) reflection with very low thermal diffuse scattering.
Natural phlogopite, K2Mg6(AlSi3O10)2(OH)4 show all reflections consistently strong with
higher backgrounds. Fluorinated mica has the following unique characteristics: high chemical
stability, excellent reflectivity, outgasing-free at high temperature in vacuum, excellent
electrical insulation, high heat endurance (up to 1100 °C), non-radioactive background,
highly flexible and cleavable, which are much superior to that of natural mica. In addition,
large fluorinated mica crystals of high quality can be grown by a Bridgman-Stockbarger
method [7]. Given the lower background due to greatly reduced incoherent scattering, it is
reasonable, despite the greater price, to consider fluoro-phlogopite as an option. However, it
is clear that optimization of the crystal analyzers is crucial to the operation of the
spectrometer. Parameters such as neutron reflecting properties [8] and ideal crystal thickness
must be fully explored.

5. The scientific impact of the mica backscattering instrument at LWTS

The LWTS will provide the high flux of long wavelength neutrons at the requisite pulse rate
required by the spectrometer design. The proposed 200 neV spectrometer (using the mica
(002) reflection) offers a remarkable Q-range 0.05 A ' < Q < 0.6 A"1, with a high Q resolution
of 0.002 A ' < 5Q < 0.015 A"1 and excellent dynamic range of -60 fieV < a) < 60 u,eV.
Options include using higher order reflections to extend the ranges of both energy and
momentum transfer. The resolution of this spectrometer lies between that routinely achieved
by neutron spin echo techniques and the design goal of the high power target station
backscattering spectrometer. Covering this niche in energy resolution will allow systematic
studies over the large dynamic ranges of energy transfer required by many disciplines. The
complete set of SNS spectrometers, including the proposed LWTS neV instrument, will open
unprecedented opportunities in the areas of chemical and biomolecular dynamics. Such
studies often require systematic investigation of many similar molecules under slightly
different conditions, requiring a large range of energy/timing resolutions for optimum study.
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Abstract

The neutron spin echo (NSE) spectroscopy is a unique method which can measure
inelastic / quasi-elastic scattering with the highest energy resolution of 10'5 without
losing neutron intensity and it supplies the intermediate structure factor l(Q,t) which
is better to understand relaxation phenomena. Therefore, NSE spectrometer is an
eligible candidate to construct at the new pulsed neutron source in Japan. We have
considered some technical problems to develop an NSE spectrometer at pulsed
sources, and reached a conclusion that all the problems could essentially be
solved.

1. Introduction

The NSE method was first proposed by Mezei in 1970's. [1] The principal
advantage of this method is that a resolution of energy change on scattering is
decoupled with a wavelength resolution because of using an echo of a Larmor spin
precession in an external magnetic field to measure a neutron wavelength
difference of the scattered neutrons. Therefore, NSE can observe inelastic and
quasi-elastic scattering at the highest energy resolution of 10"5 without losing
neutron intensity.

Another advantage of the NSE is that it gives an intermediate correlation
function l{Q,t) instead of S{Q,co). Of course, these two are complementary as "both
sides of a coin". The l{Q,f) has rich information to know relaxation behaviors while
the S{Q,u>) is better to clarify excitations. However, there is no other direct method to
measure l{Q,t) in this Q (0.01 < Q < 1 A') and t (0.01 < t< 100 ns) range, so that the
NSE is a unique method comparing with other inelastic / quasi-elastic neutron
scattering techniques. One of important results obtained by means of NSE is the
works done by Richter et al. [2] They investigated the dynamics of polymers and
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proved the reputation motion of polymer chains which was predicted by de Gennes.
Therefore, it is believed that an NSE spectrometer is an eligible candidate to be
constructed at next generation spallation neutron sources.

The first NSE spectrometer, IN11, was constructed at ILL and has shown the
feasibility and usefulness of this method. Thus some other spectrometers have
been constructed at LLB in France, FZ Julich in Germany, JAERI in Japan, NIST in
USA, and so on. However, until now, all the existing NSE spectrometers are
installed only at steady neutron sources and not at spallation sources, because
there are some technical difficulties to operate it for white neutron beam.

In this report, we have considered the possibility of constructing NSE
spectrometers and estimated expected performances at the new pulsed spallation
neutron source in Japan. It is shown that all the difficulties will be solved, while
some other technical developments especially on spin flippers are more useful. For

our first R&D works, new type of Tc-flipper was tested.

2. Possibility of an NSE spectrometer at spallation neutron
sources

The possibility of the application of NSE on pulsed neutron sources was already
discussed by Mezei in 1979. [3] He showed that the NSE technique could be
readily adapted to a pulsed neutron source. It offers a substantial gain in neutron
intensity because it uses a large incoming wavelength band simultaneously.

Recently, the time-of-flight spin echo was first operated at IN15 at ILL. [4] The
usual velocity selector was replaced by four choppers which selected a wavelength
band and avoids frame-overlap. The TOF enabled only the use of a wide range of
wavelength, the energy analysis was made by the NSE technique. Once the
symmetry condition of the magnetic field integral before and after the scattering is
satisfied, the spin echo signal could be obtained independently of the wavelength.
On the other hand, the three flippers (n/2 - n - K/2) at any time have different
wavelength neutrons just crossing them, so that the current of the flippers must be
controlled depending on time, i. e., the wavelength. This was achieved by
programmable power supplies which sweeped their current with synchronizing to a
trigger from the choppers. The system worked well and they proved the feasibility of
the NSE technique on a pulsed source. However, they also noted that the
optimization of at least 12 other correction currents was necessary.

3. Development of spin flippers with steady current

New type K and n/2 flippers operated with steady current have been designed by
one of the authors (T.T). The TI flipper consists of a compact modified current sheet
and Helmholtz coils. The current sheet produces magnetic fields Bs parallel to the
sheet surface without magnetic fields perpendicular to the sheet surface at the
surface of the sheet for the neutron beam cross section. The correction field from
Helmholtz coils Be cancel out the perpendicular component of the magnetic field
from the precession coils £fo at the current sheet. As shown in Fig. 1, the direction
of the magnetic field B = Bs + Bo + BQ in which neutrons travel rotates slowly
and the neutron spin follows the change of B adiabatically outside the current
sheet. Crossing the current sheet, the direction of B reverses suddenly without
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Fig. 1. Direction of the magnetic field B =
Bs + BQ + BQ in the n flipper with a

modified current sheet and Helmholtz coils.

Fig. 2. Direction of the magnetic field B = Sp +

So + 6c in the rc/2 flipper with a rectangular coil

and Helmholtz coils.

the change in the neutron spin direction. As a result, the above coil system
operates as a TC flipper without tuning independently of the neutron wavelength. The
TC/2 flipper consists of a rectangular coil and Helmholtz coils as shown in Fig. 2. The
rectangular coil produces magnetic fields Br perpendicular to the magnetic field
from the precession coils So. The correction field from Helmholtz coils Be cancel
out Bo at the right-side current sheet of the rectangular coil. Crossing the current

sheet, the direction of the magnetic field B =Br+Bo+Bc turns by rc/2 suddenly without
the change in the neutron spin direction. As a result, this coil system operates as a
xc/2 flipper without tuning independently of the neutron wavelength.

A performance test of the new-type n flipper with compact modified current
sheet was carried out using ISSP-NSE at JAERI, Tokai Japan. Neutrons with the
wavelength X=7.14 A (FWHM of its resolution AX/X= 18%) were used. The Mezei-
type 7i flipper was replaced with a new-type one. As shown in Fig.3, the current
sheet was wound with an Al-conductor wire of 1 mm in diameter and the current
density per 1 mm width of the sheet is the followings;

/ (A/mm) for-25 < z < 25 (mm),

2/ (A/mm) for -50 < z < -25 (mm) and 25 < z < 50 (mm),

3/ (A/mm) for -75 < z < -50 (mm) and 50 < z < 75 (mm),

-6/ (A/mm) for -100 < z < -75 (mm) and 75 < z < 100 (mm),

where / is current of the Al-conductor wire. The performance of the new type xc
flipper was comparable to that of the Mezei-type. Figure 4 shows a example of the
NSE signal profile observed using the new-type K flipper with the field integral D =
0.11Tm ( Fourier time f = 7.5 ns ), the beam cross section at the current sheet W=
20w x 40h mm2 and / = 1.24 A.

4. Estimation of NSE spectrometers at the new spaliation
source in Japan

Time averaged intensity of the new spallation source operated at 1MW is roughly
estimated to be 1/4 of ILL. If we move the ISSP-NSE to the new source and run it
with the monochromatized beam, its performance in the intensity will be 5 times at
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Fig. 3. Winding of the modified current
sheet. Arrows indicate the direction of
current and their length are proportional to
the current density.
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Fig. 4. Example of the NSE signal profile observed
using the new type n flipper comparing with a similar
result using a Mezei type n flipper.

C2-2 port of JRR-3M, because its present intensity is about 1/20 of IN11 at ILL. If we
operate it at TOF mode, practical efficiency will be increased because a large range
of wavelength distribution can be used and several points of l(Q,t) are able to be
measured simultaneously. Therefore , at the new spallation source in Japan, we
can construct an NSE spectrometer of one order of magnitude better performance
than the ISSP-NSE.

This type of NSE spectrometer has a disadvantage that it is easily influenced
by a fluctuation of surrounding magnetic field. Thus 3 other possible methods of the
NSE spectroscopy were also considered. (1) "Resonance spin echo", which uses
radio frequency flippers to introduce phase difference among spin state. (2) "Mieze
spin echo", which also uses rf-flippers and measures time beat at the focusing
position. (3) Optical phase spin echo, in which multilayer spin splitters is utilized
instead of Larmor precessing magnet. All of them are now under development and
many problems have to be solved, however, they have advantages in their size and
tolerance against the magnetic field fluctuation.

References
[1] F. Mezei, Z Physik255 (1972) 146.
[2] B. Ewen and D. Richter, Macromol. Symp. 90 (1995) 131.
[3] F. Mezei, Nucl. Inst. Method, 164 (1979), 153.
[4] ILL THE YELLOW BOOK 2000.

3 9 3 -



JP0150537

JAERI-Conf 2001-002

ICANS-XV
15"1 Meeting of the International Collaboration on Advanced Neutron Sources

November 6-9, 2000 Tsukuba, Japan

9.7
Application of MSS-neutron spin echo spectrometer to pulsed neutron

sources

S.Tasaki1*, T.Ebisawa1, M.Hino1, T.Kawai1, N.Achiwa2

1 Research Reactor Institute Kyoto University, Kumatori Osaka 590-0494, Japan
2 Facility of Science Kyushu University, Fukuoka 812-0053, Japan

Abstract

A multilayer spin splitter (MSS) is a neutron device that gives phase difference between
field-parallel and -antiparallel spin component of a superposing state. Since the phase
difference is equivalent to the Larmor precession angle, MSS enables us to construct a
new type of neutron spin echo (NSE) spectrometer. The new NSE spectrometer has its
properties that 1.since the phase shift is neutron flight path length, the spectrometer
can be drastically small, 2.the neutron spin echo time is proportional to the neutron
wavelength.

1 Introduction

The multilayer spin splitter (MSS) is a neutron device which consists of magnetic mirror,
gap layer and non-magnetic mirror as shown in Fig. 1 and works equivalently to the
Larmor precession magnet. When a neutron in superposition of magnetic-parallel and
-antiparallel spin state, which is interpretted as Larmor precessing neutron, is incident to
a MSS, since the parallel and antiparallel component are reflected by the different mirror,
the MSS gives a phase difference between these states.

Since the 'precession' by MSS is independent from the magnetic field intensity, NSE
spectrometer using MSS can be constructed within lm long.

The basic idea for the new spin echo spectrometer is that the Larmor precession magnet
is replaced by the MSS's.

In the new NSE spectrometer four MSS's are utilized as shown in Fig. 2. [3] In order to
avoid polarization reduction due to the beam divergence, (++) arrangement of MSS is
adopted.

In this set up, the spin echo time T^SE for this set up is given by

4Dsm0
(1)

where D, 9 and v are the thickness of the gap layer, incident angle of neutron to the MSS,
and neutron velocity. [3] It should be noted that from eq.(l) thick gap layer and large
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magnetic mirror

gap layer

non magnetic mirror

Substrate

Figure 1: Structure of multilayer spin splitter (MSS).

incident angle are desirable for higher energy resolution. The problems of the former
is uniformity over entire surface, peel off problem, and surface roughness. Those for
the latter is the interface roughness in the multilayers in the magnetic and nonmagnetic
mirror.

2 Properties of MSS

We fabricated four MSS's with the vacuum evaporation. [4] As nonmagnetic mirrors, we
adopt Ni/Ti multilayer of 180A-d-spacing and number of bilayers of 30. As the gap layer,
Ti is evaporated onto the surface of the Ni/Ti multilayer with the thickness of 1/zm. As
the gap layer material, we used to use Ge. The reasons that Ti is adopted are 1. the
optical potential is lower than Ge and lower potential is preferable to get larger phase
difference, 2. On Ni layer the adhesion of Ti is better than that of Ge.

For magnetic mirrors, permalloy (PA) and Ge multilayer is adopted with 180A-d-spacing
and number of bilayers of 30. The magnetic mirrors are evaporated under 150Gauss

MSS2

TT/2-2 Analyser

MSS1

Figure 2: Structure of spin echo spctrometer using MSS.
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magnetic field in order to be magnetically saturated in less than lOGauss.

All experiments described below were performed at C3-1-2 port of JRR-3M reactor in
Japan Atomic Energy Research Institute, where 12.6A(resolution 3.5%) neutron beam is
available.

The experimental set up for the neutron reflectivity is shown in Fig. 2. Neutron beam from

1T

MSS

Figure 3: Set up for the neutron reflectivity.

the C3 neutron guide of JRR-3M reactor is first polarized by the polarizing mirror (P). To
avoid the depolarization, 8 Gauss vertical magnetic field is applied to the whole system.
The reflectivity is measured with 7r-flipper OFF (polarized) and ON (antipolarized).

An example of the reflectivity of a MSS with polarized neutron is shown in Fig. 2. The

Imdmt AnRle (ciyj

Figure 4: Neutron reflectivity of an MSS.

solid line and dotted line represent polarized and antipolarized reflectivity, respectively.
There are peaks at 1.95 and 2.075deg in the polarized reflectivity. Since the peak at
1.95 deg disappears in the antipolarized reflectivity, peak at 1.95 and 2.075 deg come
from PA/Ge and Ni/Ti mirror, respectively. This result implies reflectivity peak from the
magnetic and nonmagnetic mirror do not match. Since in the MSS a neutron should be
reflected from both mirrors, neutron incident angle should be precisely tuned.

Thickness and homogeneity of the gap layer are experimentally estimated with the set
up shown in Fig. 2. Homogeneity is estimated from the reduction of visibility in the
interference pattern, where visibility V is defined as

V = cP-cv (2)

where Cp and Cv are neutron counts at the peak and the valley in the interference frings,
respectively. The visibility of the spin echo signal without MSS was equal to 0.767 in the
above seu-up. If difference in D obeys gaussian distribution with standard deviation a
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and a takes the same value for both MSS, then the visibility reduction r comparing to
the visibility without MSS's is given by

47rV sin2 0]

j (3)
Examples of the spin echo signals are shown in Fig. 2. Since the visibility without and
with MSS was equal to 0.767 and 0.18, respectively, evaluated deviation is 66.2A for each
MSS. According to this result, visibility is reduced by a factor 0.48 with a single reflection
by a MSS. After four sequential reflections it would be reduced to about 5%. To construct
a spectrometer at least 20% visibility should be kept. It means that the deviation should
be less than 50A.

The thickness of the gap layer is estimated from the shift of the NSE signal due to the
change of the angle of an MSS. From the results shown in Fig.2, the thickness for the
above MSS's is estimated as 8889A.

In the present stage, the MSS fabricated using vacuum evaporation is not suitable due to
the inhomogeneity of the gap layer.

We are planning a few way to solved this problem: 1. stacking the gap layer usign sputter-
ing method, with which a smoother layer can be fabricated, 2. independent two substrates
are faced and tuned precisely using piezo-actuators.

3 Applicability to the pulsed neutron sources

In order to apply the MSS-NSE spectrometer to pulsed neutron sources, some technical
problems should be solved.

1. Polarizer and analyer mirrors shoud become supermirror. Maximum stacking thick-
ness of PA/Ge multilayer is limited with vacuum evaporation (less than about
8000A). This can be improved with sputtering method.

2. Both magnetic and nonmagnetic mirrors in MSS should be supermirrors, in order
to reflect wide wavelenghth range of neutron.

3. The spin flippers should deal with 'white' neutron spectrum or with Time Of Flight
mode. We are planning to examine the latter method.

D

MSS

Figure 5: The set up for estimation of thickness and homogeneity of the gap layer.

- 397 -



JAERI-Conf 2001-002

2000

10CD

ill

- i l

l

| |

| i l l i

1 i i i i

1 . . i i .

+0.06deg —

0.1 0.2

Shtt«rQiitHit(A)

Figure 6: Neutron spin echo using a pair of MSS's.

Figure 7: Polarization of NSE signal for MSS-NSE via neutron wavelength.

For the MSS-NSE spectromter, the spin echo time TNSE is represented in the following
equation,

4Dsin0 , x

, (4)

v.velocity of the netron, #:neutron incident angle to MSS. The most difference from the
other spin echo methods is that the spin echo time is inversely proportional to v, not v3.

If we assume that the quasi-elastic scattering in the sample obeys Gaussian distribution
with standard deviation cr, the polarization PNSE °f the spin echo signal is represented
with rNSE,

PNSE OC exp — (5)

A simulated polarizability of NSE signal for MSS-NSE spectrometer via neutron wave-
length is shown in Fig. 7. Here we assume gap layer thickness of the MSS's as 10 /im,
neutron incident angle 1.1 deg, and cr as 100 neV and 1 //m. The upper axis in the figure
represents rNSE.

Since u-dependence of TMSE is different from conventional spin echo spectrometer, MSS-
NSE spectrometer has its advantages that it can give detailed information on the quasi-
elastic scattering, as well as its smailness.
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Abstract

A MC computation study of NSE has been performed by means of VITESS investigating the
classic and TOF-NSE options at spallation sources. The use of white beams in TOF-NSE
makes the flipper efficiency in function of the neutron wavelength an important issue. The
emphasis was put on exact evaluation of flipper efficiencies for wide wavelength-band
instruments.

1. Introduction

A comprehensive Monte Carlo simulation study of NSE, of neutron instruments using
polarized neutrons and the development of a general and flexible software for this purpose
are next objectives in the VITESS project [1] at the HMI Berlin. MC computations lead to
information on properties not easily accessible for experimental observation e.g. the exact
k dependence of flipping efficiency, details on correlations in the whole instrument and on
action of stray fields. In this paper we show first results on the wavelength dependence
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Fig.l: IN 11 - MC simulated NSE group (asymmetric scan) at 6 A,
Ak/k = 3.3%, first precession field 50 Oe.
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of flipper efficiency and its influence on the final PNSE signal in the case of a INI 1-type
spectrometer and of a TOF-NSE setup.
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Fig.2: INI 1 - Effect of wavelength band on flipper efficiency as
obtained in the MC simulation; n and nl2 flippers set for 6 A,
polarizer efficiency was 90%.
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Fig.3: IN11 - Effect of wavelength band on flipper efficiency; % and
7t/2 flippers set for 9 A, polarizer efficiency was 90%.

2. Results

The general layout of the classical (first) NSE spectrometer IN11 at ILL, is described in [2]
and that of the simulated TOF-NSE in [3,4]. In Fig.l the NSE group (asymmetric scan)
simulated for IN11 is shown for 3.3 % FWFIM wavelength distribution. In Figs. 2. and 3. the
NSE signals can be seen as calculated for the average wavelength values 6 and 9 A and
various AX/X as determined by the velocity selector.
A typical MC simulated PNSE signal for time-of-flight NSE is illustrated in Fig.4. The Fourier
time scale was obtained by converting the TOF spectra. As known, the basic idea is to obtain

- 401 -



JAERI-Conf 2001-002

a NSE scan by using the white beam - instead of changing the precession field - , the
wavelength being strongly correlated with the TOF because the long flight path along the
spectrometer (15m). In all spectra presented here an isotropic quasielastic sample was
simulated and consequently we only had energy dependence. A comparison of the
synchronized and tuned flipper cases leads to conclusions on the wavelength window which
still gives a good approximation to the Fourier transform of the Lorentzian i.e. exp(-TY).

1,0
Isotropic quasielastic sample, Lorentzian r = 0.

0,8-

0,6-

° 4 -15 A synchronized flippers
• 4.8 - 7.2 A tuned for 6 A

exp(-rr) fit, r = 0.257 |

0,4- field integral 5*104 Gem

x[ns]

Fig.4: Pulsed NSE - The simulated polarization spectrum for an
isotropic Lorentzian quasielastic sample. The TOF was
converted to Fourier time.

3. VITESS for polarized neutrons

The finished downloadable version VITESS 1.0 is available for all users since end of 1999
with small current changes for operating systems Windows, Unix (SunOS: versions from 5.6,
0SF1 V4.0) and Linux (versions from 2.0.35). It consists of executable Codes for instrument
modules for a linear construction of the scattering process.
In the beginning of year 2001 Version 2.0 will be released. New modules for the simulation of
polarized neutrons will be available (supermirror, crystal, multipole, 3He,
polarizers/analysers; 7t/2 and n coil spin flippers; homogenous and inhomogeneous precession
magnetic field codes) and existing modules will be upgraded with a spin-option (source,
guide, samples).
The existing graphical user interface (GUI) will be improved and expanded in version 2.0. In
principal VITESS 2.0 will serve as a flexible simulation engine: the fixed executable modules
can be completed by the user by self-defined codes.
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10. Instrument - Chopper Spectrometer
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Abstract

The scientific commissioning of MAPS, the new state-of-the-art neutron scattering instrument at
ISIS, has just begun. The design of MAPS has been optimised for studies of coherent excitations
in single-crystals. The principal innovation is the use of position sensitive detectors that provide
close to continuous coverage over a large solid angle detector array in the forward direction. The
technical description of the spectrometer is presented, and examples from the first scientific
experiments are used to illustrate how the position sensitive detectors coupled with easy-to-use
visualisation software is already beginning to have an impact in the measurement of excitations
in single crystals.

I. Introduction

MAPS, the new direct geometry time-of-flight chopper spectrometer at ISIS, has completed its
technical commissioning and has entered a phase of scientific commissioning. MAPS builds on
the heritage of HET and MARI [1,2], which have been at the forefront of explorations of
excitations on high-flux pulsed spallation neutron sources. The fundamental difference between
MAPS and its predecessors is that it has been optimised for experiments with single crystals.

Single crystals allow the generalised magnetic susceptibility, x"(q>to), which contains the full
information on the nature of the magnetic interactions within a material, to be measured without
the loss of information that powder averaging forces. Over the past decade, an increasing amount
of time on HET and MARI has been devoted to such single crystal measurements (a rise from
0% to 50% of beamtime in that decade), which take advantage of the low background and good
energy resolution of these spectrometers, particularly at high incident neutron energies. Many
successful studies have been made in ID, 2D and 3D magnetic systems ranging from realisation
of model magnetic systems, high temperature superconductors to transition metals magnets and
colossal magnetoresistive manganites [3-9].

The HET and MARI spectrometers were not, however, principally designed for single crystal
experiments. Two aspects of the detector array on these spectrometer have imposed limitations
on their effectiveness at single crystal studies:
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• The structural elements of the detector tank (the vacuum vessel that evacuates the sample to
detector flight path) generate gaps in the detector coverage. The kinematic constraints
frequently result in important parts of the spectrum being coincident with these gaps.

• The detectors used on HET and MARI are mostly 30cm long 3He proportional gas detectors
that integrate the signal along their length. Frequently this integration does not coincide to
any particularly special direction in reciprocal space, and can be over a large volume of
reciprocal space (especially at high energies), which overwhelms the intrinsic instrumental
resolution in that direction.

The concept of a direct geometry spectrometer at ISIS for single crystal studies has one principle
at the heart of the design - control of the resolution. On MAPS this is achieved by using a large
position sensitive detector array with almost complete coverage over 16m2. The collection,
manipulation and visualisation of the data from this vast array has only been possible through the
predicted rise in technology and computing power between conception and completion of the
spectrometer.

The bold step of constructing MAPS was realised thorough a grant awarded by the UK
Engineering and Physical Science Research Council. MAPS soon attracted international
recognition with contributions from Japan and the USA. In Section II the design of MAPS is
presented and in Section HI data from the first experiments conducted on the spectrometer is
described.

II. MAPS Design

A diagram of the MAPS spectrometer is shown in figure 1, and the principal parameters are
given in table 1.

•. Moderator

Baokgr^oocl Chopper

^ j .. i Sample Posrtion
if**

Fcrnu Chopp

Figure 1: Diagram of the MAPS spectrometer
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Table 1: MAPS Instrument Parameters

Beamline

Moderator

Incident energy

Energy resolution

Moderator to sample
distance
Sample to detector
distance
Fermi Chopper

Background chopper

Beam size at sample

Detectors

Intensity at sample

for Ei = 500 meV

Sample environment

Data acquisition

SI

300K water poisoned moderator

15-2000 meV

Depends on the choice of Fermi chopper

A tua /Ei = 2 - 5% FWHM at elastic line (ftco = 0)

» 1.5% FWHM at full energy transfer (ftco = E,)

12.00m

6.00m

10.20 m from moderator

50-600 Hz phased to ISIS pulse ± 0.1(x s
Several chopper packages are available optimised for different incident energy and
resolution requirements

8.5m at 50 Hz or 100 Hz

55mm x 55mm, motorised jaws can define smaller beam sizes

6 m from sample position

16m2 array of 147,456 pixel elements

Low angle bank 3-20Q, 30s in the corners

High angle bank 20-60Q lm tall strip

5000 n cm"2 s"1
 A/JCO/EJ = 2% at elastic line

20000 n cm'2 s"1 A/fco/Ei = 5% at elastic line

Accepts all standard ISIS sample environment equipment

Alphastation 500MHz personal workstation running VMS

i Beamline and Moderator

MAPS is situated on the SI beamline viewing the ambient water moderator because the
horizontal high angle bank of detectors on MAPS limited its construction to sites adjacent to the
extracted proton beamline. A horizontal high angle bank means that this bank can be used with
the full range of ISIS sample environment equipment.

ii Flight Paths

Optimisation of three critical distances naturally arise in the design of a chopper spectrometer:
the moderator to chopper distance lo, the chopper to sample distance /; and the sample to detector
distance h- The considerations that affect the choice of lo, h and l2 on the various contributions to
the resolution function have been comprehensively dealt with by Perring [6]. The choice of these
parameters for MAPS [see table 1] resulted from an optimisation based on minimising the
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resolution widths whilst striving to maximise the flux or count rate. For // and h this is
straightforward:

• The secondary flight path I2 should be as large as possible. If the solid angle of a detectors is
fixed at its desired value then both the fractional energy and Q resolutions improve with
increasing h- Engineering and cost constraint then set the value of I2', on MAPS this is 6m.

• The chopper to sample distance // should be as short as possible to minimise the moderator
contribution to the energy resolution. A lower bound is set on this distance because the
chopper acts as a source of background. This means that there should be no direct line-of-
sight from the innermost detectors to the Fermi chopper. On MAPS // is 1.80m.

The optimisation of the chopper to moderator distance l0 and open time of the chopper depends
on the choice of other parameters (e.g. incident energy, secondary flight-path l2 etc.) but there is,
in general, a preferred value of IQ. For the optimisation of lo on MAPS the starting point was
MARL With all else equal, the increase of l2 from 4m on MARI to 6m on MAPS results in an
improved energy resolution. This improvement can be exploited by those experiments that need
it, or it can be exchanged for enhanced flux, by increasing the opening time of the chopper, yet
retaining the same resolution as MARI. For an energy resolution in the range 2-4% the optimised
value of lo in the range 9m to llm. The MAPS design has lo at 10m.

iii Instrument Furniture

MAPS has several features to assist single crystal experiments:

• The Fermi chopper is supported by a automatic jack system that moves it in and out of the
beam in a few minutes, without breaking the instrument interlocks. The swift switching
between a monochromatic and white beam on the sample aids the alignment and checking of
the crystal orientation both at the start of and during an experiment.

• A automatic three-position attenuation device has been installed. The ability to ensure that an
Bragg reflection is not saturating the detectors without having to manually install an
attenuator has speeded up the alignment of the crystals.

• MAPS has two sets of beam defining jaws, to allow horizontal and vertical adjustment of the
beam profile just before the Fermi chopper and sample. These jaws greatly improve the
background by allowing removal of extraneous material from the direct beam (such as
sample can material).

iv MAPS Vacuum Vessel

The MAPS vacuum vessel is a major piece of engineering. At 37m3 MAPS has the largest
vacuum tank for a neutron instrument at ISIS (see figure 1). Two features of its design have
important implications for single crystal neutron spectroscopy:
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• The obstruction to the detectors view of the sample has been minimised through careful
positioning of the main structure of the tank and the use of large areas of unsupported
aluminium windows. This required considerable research into the mechanical properties of
aluminium alloys for the window material.

• The MAPS vessel is a single volume. Unlike HET and MARI it does not have a thin internal
aluminium window dividing the vessel into a sample tank and detector tank. On those
spectrometers the window allows a high vacuum (lxlO'6 mbar) to be achieved in the sample
tank which minimises the condensation of gases on the cryogenically cold samples.
Scattering from such condensation, especially ice, can be a major source of structured
background. Maintaining a cryogenic vacuum in such a large vessel is a challenge, but
exclusion of the thin window from the direct neutron beam on MAPS removes a significant
source of background in the inelastic spectra.

v Detector and Data Collection System

The MAPS detector system [11] is one of the biggest and most complex constructed on a neutron
scattering instrument. It consists of 576 3He resistive wire position sensitive detectors that divide
the 16 m area into 147,456 individual pixel elements.

The detector system is highly stable, both temporally and spatially, has the same detection
efficiency (at all neutron energies) as the standard 3He detectors on existing ISIS chopper
spectrometers, and the of the detectors along their length that is narrower than their width (see
table 2). The detector system quickly recovers from saturation by highly intense elastic Bragg
reflections from the single crystal sample so that they do not distort or impede the measurement
of the inelastic response, which is many orders of magnitude lower

The accuracy, reliability and speed of the MAPS detector electronics is due to three aspects of
the design

• The pre-amplifiers were chosen with an emphasis on low noise, low impedance and wide
bandwidth characteristic to ensure that they introduced minimal distortion to the signal,
leading to greater accuracy in the position encoding.

• The electronics that encode positional information employs an approach, where the incoming
signals are firstly rapidly digitised and then processed by a programmable logic array using a
look-up table held in an EPROM. This enables the MAPS system to be fast whilst still
maintaining the required accuracy.

• The MAPS electronics uses high tolerance components throughout, and has placed an
emphasis on simplicity of design. This has lead to a system with high reliability and reduced
maintenance, which is essential with such a large number of detectors.
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Table 2: Summary of PSD Parameters and Performance

Type

Physical size

FWHM resonse along length

Efficiency (w.r.t. standard 30cm 10 atm
3He tube)

Quiet Count (per 30cm length)

Total circuit deadtime

Positional Stability

Resolution Stability (change in the FWHM
measured at the same position)

Resistive wire 10 atm (partial pressure)
3He proportional counters
25.4mm diameter by 0.4m, 1.0m and 1.3m

14 mm

100%

3 counts/hour (same a standard 30cm 10
atm 3He tube)
ljiS individual
5(iS multiplexed
< ± 0.2 channels in 4 months (« 3mm)

= 0.15 channels in 4 months
(<= 2mm)

The MAPS detectors are divided into two banks [see figure 1]. A forward angle bank provides
complete coverage over all azimuthal angles from 3° to 20° (this extends to 30° in the corners)
and a high angle bank that extends the horizontal detectors from 20° to 60°. The concentration of
detectors in the forward direction is because MAPS has been designed to examine magnetic
materials, and the magnetic signal decreases with momentum transfer due to the magnetic form
factor.

Such a vast number of pixels when combined with approximately 2000-2500 time-of-flight
channels per pixel results in an extremely large data acquisition requirement. The size of the raw
data file is 0.5Gb. Data acquisition is carried out in the next generation ISIS data acquisition
electronics, DAE-II.

vi Data Visualisation and Analysis

The MAPS computer is a DEC Alpha-station 500MHz personal workstation, running VMS in
the same instrument control program as other ISIS instruments. Initial data reduction in carried
out on this machine using the current suite of programs common to HET and MARI.
Visualisation and manipulation of the reduced data set, which is typically 120Mb in size, is
carried out on a high specification PC (733Mhz, dual processor, 1Gb RAM) running a program
written in the commercial Matlab software language. Software to fit models of the cross-section
to the data, accounting for the instrument resolution is available for VMS, PC or Unix systems.

The key element in the philosophy of the MAPS design is the flexibility that a pixellated detector
gives the experimenter. The time-of-flight and the pixel position of the scattered neutrons is
stored in an array of ~108 pixels, from which the scattering function is constructed, in software,
in a volume of reciprocal space divided into typically 107 volume elements. Through the
graphical user interface of the visualisation software, MSLICE [12], the experimenter has
complete freedom to construct scans along any direction in that reciprocal space volume and to
project data onto any plane in reciprocal space. Whilst the resolution tuning is currently confined
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to choosing the level of out-of-plane integration, we fully expect that in the future excitations
will be optimally focussed (i.e. intensity of the signal of interest maximised with respect to other
scattering processes), by creating bespoke resolution functions in software.

Model fitting to single crystal data taken on MAPS can be performed in the program TOBYFIT
[13]. It combines and generalises the experience embodied in a number of model fitting
programs written for HET and MARI over the past few years. It convolutes user-provided model
scattering laws with the instrumental resolution function, and performs least-squares fits to
experimental data. It can simultaneously fit a number of ID cuts and 2D planes of data taken
from each of several runs. As well as allowing the parameters in the model scattering law to be
fitted, it can also be used to refine instrument parameters, for example the moderator pulse width,
and any small misorientation of the sample.

III. MAPS First Measurements

The user programme started on MAPS in August 2000. This section presents some examples of
data from the first experiments performed on the spectrometer. The aim is not to review the
science or pre-empt the full analysis of the experimental data, but use it to show the power of the
MAPS spectrometer and software.

i KCuF3 [14]

KCUF3 offers a physical realisation of a fundamental model magnetic system - a one-
dimensional chain of spin-Vi magnetic moments in which each ion is coupled
antiferromagnetically to its neighbours by the Heisenberg interaction. The one-dimensional
nature of KQ1F3 occurs because the S=¥t Cu2+ ions are strongly coupled (exchange energy
7=17 meV) along the crystallographic c direction, but with much weaker interactions (»102 J)
in the a and b directions. The dynamics of the spins on the ID chain of Cu atoms were studied a
few years ago on MARI [9], and the data provided the first unambiguous evidence of the
unconventional excitations in this extreme quantum system. Interest in idealised theoretical
models has recently expanded to include the crossover from the quantum behaviour of isolated
chains to the classical behaviour of 3D systems. Understanding the nature of the spin dynamics
that accompany the crossover from ID to 3D physics was the purpose of the investigation on
MAPS.

In the experiment the sample was oriented with the (OkO) and (001) directions in reciprocal space
perpendicular to the incident beam. Figure 2 shows the excitation spectrum from KCUF3 below
40meV taken in a slice perpendicular to (OkO) centred on k=0. It clearly shows the ID dispersion
along the chain direction (i.e. (001)) as a function of energy. The pixellated detector on MAPS
allows the excitations to be mapped right through zero momentum transfer along the chain
direction, revealing in detail the branch emanating from this point for the first time.
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Figure 2: Excitation spectrum from KCUF3 along the chain direction [14]
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Figure 3: Excitation spectrum from KCuF3 perpendicular to the chain direction [14]

Figure 3 demonstrates again the versatility of the pixellated detector on MAPS. Without having
to make another measurement in a different configuration, a slice perpendicular to that taken in
figure 2 can be made in software. Here a slice is shown that has been taken perpendicular to the
chain direction at a value of /=-0.5. The effect of interchain interactions leading to a dispersion of
the excitations perpendicular to the chains is clearly evident. On MARI and HET a measurement
similar to that in figure 1 would integrate over a large part of this dispersion, due to the fixed size
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of the detectors, thereby increasing the apparent energy width of the excitations in an
uncontrolled fashion. On MAPS both the interchain dispersion can be measured and the level of
integration in this direction can be controlled.

II CuGeQ3 [15]

CuGeO3 is another example of a one-dimensional system but which undergoes a phase transition
at 14K that dimerises the one-dimensional chain of magnetic atoms, so that the interaction
between successive ions in the chain alternate in size. MARI was used to investigate the high
energy part of the excitation spectrum [16], showing the existence of a continuum of excitations
above the sinusoidal dispersion relation expected for spin waves. MAPS, with its increased
detector coverage and ability to allow the resolution to be tuned, showed that MARI did not in
fact reveal the full story.

-1 -0.5 0.5

[0,0,1] in 2.159 A'1

Figure 4: Excitation spectrum from CuGeO3 along the dimensed chain direction [15]

Figure 4 shows the dispersion along the chain direction as a function of energy transfer in
CuGeO3. In addition to the spectrum observed on MARI [16], weak dispersive scattering can be
seen between 25 and 35meV. The ability of MAPS to survey the excitation spectrum along the
chain direction, and to permit an examination of the scattering in directions perpendicular to the
chains without further measurement, enabled the scattering to be quickly identified as new
dispersive features of the CuGeO.-? spectrum. The challenge now is to understand their physical
origins.
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iii YBa2Cu3O7.d [17]

The Cu-O planes in YBaaCusOy-d are stacked in weakly interacting bilayers so that the scattering
intensity is modulated with zero intensity when /=0. On a prototype MAPS position sensitive
detector system installed on HET it was demonstrated that the scattering intensity could be easily
mapped as a function of (h,k,l*Q) with the crystal set to one orientation [18]. This experiment
revealed the orientation and symmetry of the incommensurate scattering and established its
similarity to Lai_xSrxCuO4.
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Figure 5: The 'resonance peak' in YBa2Cu3Oj.a being studied as a function of
magnetic field in a cryomagnet. The slice is over energy tranfer of 30-40meV [17]

The 'resonance peak', a resonant spin excitation occurring at an energy of 30-40meV which is
conjectured to be intimately involved with the creation of the superconducting state has been the
subject of intensive study over recent years, Figure 5 shows a study of the 'resonance peak' in
YBa2Oi307-d as a function of magnetic field , where the increased detector coverage and
pixellation on MAPS was able to give access to this peak and the improved resolution the
possibility of determining whether the peak splits on application of a magnetic field.

iv Cobalt

Cobalt is an archetypical itinerant electron ferromagnet. In such systems, the long wavelength
spin waves have a quadratic dispersion relation, but away from the zone centres the itinerant
nature is expected to manifest itself as strong damping of the spin waves, and additional spin
wave branches due to inter-band transitions. Figure 6 shows scattering data taken from
hexagonal cobalt on MAPS, during commissioning of the detector electronics, when the
detectors in the bottom right and very top right were not yet installed. The crystal was aligned
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with the hexagonal planes perpendicular to the incident beam, which had energy 450 meV. Rings
of scattering from spin waves are clearly seen around reciprocal lattice points of the form (h,k,3),
with the 6-fold symmetry of the crystal evident in the data. The spin wave energies lie in the
range 220-230 meV.

-0.5 0 0.5 1 1.5

[h .0 ,31 in 2.894 A'1

Figure 6: Spin waves in hexagonal Cobalt ]

The dispersion relation has been modelled by that for a Heisenberg Hamiltonian:

rSj, (1)

where S is the spin, [see figure 7]. To allow for a finite lifetime of the spin waves, the response
has been broadened by that for a damped simple harmonic oscillator. The free parameters are the
exchange constant, J, inverse lifetime, y, and the intensity scale. The fitted values are
12/S1 = 199 ± 7 meV, and y = 69 ± 12 meV, which shows that the spin waves are heavily damped
at excitation energies of 220 meV. From the same data set, slices can be taken in high symmetry
planes yielding spin waves at other energies. For example, similar analysis shows
12/S = 185 ± 5 meV for excitations at 110 meV. It is evident that the dispersion relation is well
modelled by that for the Heisenberg Hamiltonian. From just one setting of the crystal a broad
survey of the spin waves from 50 to 250 meV can be performed, even in a 3D system.

- 415



JAERI-Conf 2001-002

1 —

to

CO

I

0

-1.0 -0.5

h in (h-1/2, 1, 3)

0.0

Figure 7: A cut parallel to (h,0,0) through the ring at the lower left part of figure 6.
The solid line is the result of a fit performed in TOBYFIT.

IV. Conclusions

MAPS, the new state-of-the-art neutron scattering instrument at ISIS is already producing new
results and approaches to inelastic neutron scattering.

Instruments like MAPS show that the performance of instruments is no longer necessarily
defined by the quantity of neutrons, but also by the progress in the technology incorporated in
their designs. Technological advances in electronics are driving neutron instrumentation forward,
allowing the collection of increasingly large data sets.

This growth has mirrored the growth in computing capabilities which has allowed the
manipulation and visualisation of the data produced in ever more imaginative and complex ways.
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Abstract

To optimise parameters for very high resolution chopper spectrometers, we have esti-
mated the resolution functions by means of the simulation calculation program McStas.
Results of simulation indicate that a chopper spectrometer with L\ of lorn and L2 of 4m
gives an energy resolution.At/iTj, of 1% when it is installed at a decoupled liquid H2 mod-
erator in the Joint Project. Moreover, even very high resolution chopper spectrometers
with Ac/is; of 0.1% must be feasible by using a double Fermi chopper system. Because
of its quite wide Q — LO space, high resolution chopper spectrometers become important
and powerful tool for investigation in wide scientific fields.

Introduction

For design of high resolution Fermi chopper spectrometers in the Joint Project, we
have performed simulation calculation of the performance, in particular, its energy reso-
lution which determines the lowest energy of measurable Q — uj space using Monte Carlo
simulation technique. This work was based on discussion in the chopper spectrometer
group (group leader : S. Itoh of KEK ) in the Joint Project in Japan.

Important performance of general purpose spectrometers is that the instruments can
measure in wide Q — u.1 space at once so that users can select the best condition for their
purposes. Figure 1 shows Q — UJ space which is covered by a direct geometry spectrom-
eters with an energy resolution, At /£ ; . of \% and 0.1%. As shown in the left figure of
Fig. 1. the spectrometer with Ae/E\ of 1% can measure in Q — ̂  space of 10~2meY
< £ < 103meV and 0.06.4"1 < Q < 30.4"1 by changing incident neutron energy. More-
over, when Ac/£i=0.1% will be realised, the Q — *: space becomes much wider to low
energy regions: 10~3meV < £ < 103meV. Since the wide Q — «: space embraces many
kinds of dynamic and spacial properties, this type of chopper spectrometers are definitely
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Figure 1: Q — LO space of a chopper spectrometer with an energy resolution- \z/E\. of V/<
(left) and 0.1% (right) with different incident neutron energy. 26 range is from odeg. to
130 deg.

important and powerful for investigation in wide scientific fields: condensed matter, soft
matter, biology, material science, for instance. Since the lowest energy of the measurable
Q — u space is determined from the energy resolution at the elastic condition because of
strong elastic scattering from samples, high resolution is indispensable performance for
chopper spectrometers, even for measurements of broad excitations.

Monte Carlo simulation by means of McStas

To confirm feasibility of high resolution of 1%, and even 0.1%, we have performed
simulations of resolution functions of chopper spectrometers in the Joint Project using
the Monte Carlo ray-tracing simulation software. McStas (ver. 1.2), written by K. Nielsen
and K. Lefmann of Ris<^[l,2]. Though McStas aims basically at designing triple axis spec-
trometers, it includes time-of-flight components for pulse neutron sources as well. For the
simulations of chopper spectrometers in this paper, a decoupled liquid II2 moderator was
selected because of the sharp pulse shape. To represent the time structure of the neutron
pulse at the moderator surface. Ikeda Carpenter function was used[3]. The complete set
of parameters of Ikeda-Carpenter function for the pulse shape of the decoupled liquid Hi

D e t e c t o r

Moderator

L1

Transmision
Counter

Sample

Figure 2: Arrangement of a chopper spectrometer with a Fermi chopper. The moderator
is a decoupled liquid H2 moderator.
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Figure 3: Flight pass dependence of energy resolution at the elastic condition (c=0meY
with incident energy of 100 meV and 1000 meV

moderator in the Joint Project has been already given by the Neutron Source group and
Simulation group of the Joint Project. Figure 2 shows the arrangement of a chopper spec-
trometer: L\ is the flight length between the moderator and the sample, and L2 is that
between the sample and the detectors. 29 is scattering angle of a detector. Conventional
Fermi choppers which are used in ISIS and KENS were used in the calculations.

First of all, to find optimised flight length, we have calculated flight length dependence
of energy resolution. Figure 3 shows flight length dependence of energy resolution at
the elastic condition (e=0) with £,'-,=100meV and 1000meV calculated with an analytic
formula[4]. An important result of the calculation is that energy resolution at a detector
is almost independent of L\. Therefore, since we need enough room between the shield
of the moderator house and the sample for a back ground chopper, pre-chopper or so on.
we have determined L\ as 15 m. On the other hand, as shown in Fig. •'$. energy resolution
shows obvious L2 dependence; resolution becomes better with increasing L2. while the
intensity obtained at a detector decreases. Since results of the calculation indicate that
the difference of energy resolution at Z2=4m and L2=6m is small though resolution
becomes worse below Z,2=4m, we think that L2= 1 m is the best choice to avoid losing
intensity and worsening resolution.

Using the determined flight length (Zi = 15 m and L2—A m). we tried to estimate resolu-
tion function of chopper spectrometers. At first, we confirmed the accuracy of calculation
by means of McStas using spectra obtained on the chopper spectrometer.INC. installed
at KENS, KEK; calculated results by McStas with Ikeda Carpenter function were well
coincide with observed pulse shapes at the transmission counter of INC. and observed
elastic incoherent scattering spectra at detectors as well, without any fitting parameters
except scaling factors. This means that simulation calculation by McStas is reliable for
estimation of performance of chopper spectrometers in the Joint Project.

Figure 4 indicates calculated elastic incoherent scattering spectra around c=0meV
obtained by a chopper spectrometer installed at a decoupled liquid H2 moderator of the
Joint Project with E\— 50meV, 100meV, 200 meV and 500 meY. Horizontal axes indicate
the energy transfer and the centre of the axis is the position of c=0. The sample in
the simulation calculation was a vanadium rod with a diameter of 1 cm which has real
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Figure 4: Elastic incoherent scattering spectra from a vanadium rod with £i=oO. 100. 200
and 500 meV by means of McStas. In the calculation, the chopper spectrometer with a
conventional Fermi chopper is installed at a decoupled H-2 moderator in the Joint Project.
Horizontal lines in the figures indicate an energy resolution. At/Ei, of 1CX under each
condition.

scattering and absorption cross sections. The horizontal lines in the figures show an energy
resolution, Ae/f1;, of 1% under each condition, where Af is full width of half maximum.
As shown in the figures, the peak shapes are almost symmetric and an resolution of about
\% is already realised, though slight tails exist in the negative energy sides which are due
to tail structures of the pulse shapes at the moderator, and the peak with E[=o00 meY has
a flat top structure. When the pulse shape at the moderator becomes slightly sharp, the
tails in the negative energy transfer region disappear. On the other hand, the origin of the
flat-top structure in the peak with £1i=-500meV is unknown yet. The results mean that a
conventional chopper spectrometer with Z-i = 15m and L2=4m installed at the decoupled
H2 moderator has an energy resolution of 1% at the elastic condition in wide E\ range
without particular effort.

Nextly, we calculated resolution at inelastic regions. For the simulation, the sample
was a virtual material which causes incoherent inelastic scattering with negligibly nar-
row energy width. Fig. 5 indicates inelastic spectra at c = 100meY and loOmeV with
£^=200 meV obtained from calculations by McStas. Note that the scattering intensity
in Fig. 5 can not be compared with the spectra from a vanadium rod shown in Fig. 4.
because the cross section of the virtual sample is not real. As shown in Fig. 5. the energy
resolution are 0.32% at £=100meV (=0.5 £;) and 0.15% c = 150meV (=0.75 b\). The
lower figure in Fig. 5 indicates energy transfer dependence of energy resolution which
were determined as the full width of half maximum of inelastic peaks calculated by Mc-
Stas. The energy resolution becomes better with increasing energy transfer. 5. Note that,
in most of experiments, important excitations exist in the middle of the energy transfer
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Figure 5: Peak shapes of inelastic scattering at s= 100 meV and 150 meV with E\=200 ineY
calculated by McStas. The lower figure shows energy transfer dependence of energy
resolution (FWHM) with £-=200 meV.

range. Thus, the results in Fig. 5 mean that one can obtain high quality data with about
0.5% or better resolution using this type of chopper spectrometers
In other word, when this type of chopper spectrometers are constructed in the Joint
Project, information in the wide Q — u! space shown in Fig. 1 with satisfactorily high res-
olution can be obtained by only one spectrometer. In this meaning, this type of chopper
spectrometers is an effective and indispensable instrument which should be constructed
at the first step of the schedule in the Joint Project.

Double Chopper spectrometer

As mentioned above, wre have confirmed that a conventional chopper spectrometer
with an energy resolution of 1% is feasible in the Joint Project. As a next step, the
chopper spectrometer group has discussed possibility of a novel chopper spectrometer with
very high energy resolution, Ac/£;=0.1%. From the discussion, we propose a chopper
spectrometer with a double chopper system. Vertical and Horizontal axes in Fig. 6 indicate
the position of each equipment and Time-of-Flight. The slant lines in Fig. 0 indicate the
relation between Time-of-Flight and flight length of neutron with a particular energy. The
left figure of Fig. 6 shows a case with a conventional chopper spectrometer with a single
Fermi chopper. As well known, since conventional single chopper spectrometers detect
an opposite image of the pulse shape at moderator owing to the "pin-hole effect", if the
pulse at the moderator has a tail, it is impossible to avoid asymmetry of the pulse shape
at detectors even though the chopper window is extremely narrow. Thus, to obtain sharp
and symmetric peak shape, it is essentially important that single chopper .spectrometers
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Figure 6: Time-of-Flight relation of a conventional single chopper spectrometer (left) and
a chopper spectrometer with the double chopper system (right)

are installed at a moderator with a very sharp pulse shape.
On the other hand, when another pre-chopper is installed above the chopper (the right

figure of Fig. 6), the permitted flight pass is quite limited when the distance between
the pre-chopper and the main chopper is large enough. Therefore, only controlling the
open timing of the pre-chopper, one can select any part of the pulse at the moderator.
Thus, using this double chopper system ( pre chopper + main chopper), users can obtain
symmetric resolution function at detector positions even though the pulse shape at the
moderator has a long tail.

We have confirmed effects of the double chopper system using McStas. Figure 7 shows
some results of simulation calculations of the resolution function on a double chopper
spectrometer installed at a decoupled H2 moderator. The distance from the moderator
and the pre-chopper is 7.5m in the calculations. The left figure of Fig. 7 indicates the
resolution function of a single chopper spectrometer at the elastic condition (c=0me\)
with Ei=200meV. The resolution is 1% as mentioned above. On the other hand, the right
figures show elastic spectra obtained by a spectrometer with the double chopper system.
As shown in the upper figure of Fig. 7, when the slit width of the main Fermi chopper
is 0.5 mm, Ae/E; at the elastic condition is about 0.5%. Moreover, even Af/£i=0.3(/r
are realised with a slit width of 0.25mm (the lower figure in Fig. 7. Thus, by choosing a
rotor carefully, one can obtain higher resolution than 0.5fX. though The intensity becomes
ten times weaker than that of the single chopper spectrometer. Therefore, we think that
0.1% resolution must be feasible by optimising parameters of the double chopper system,
although we have to overcome some engineering problems, in particular, accurate control
and phasing of the rotors.

In the calculations here, spectrometers installed at a decoupled liquid II2 moderator
in the Joint Project were considered because the discussion in the chopper spectrometer
group of the Joint Project was based on a conventional single chopper spectrometer, and
we thought the double chopper system as an option for the single chopper spectrome-
ter. The results of simulation indicate, however, that the spectrometer with the double
chopper system should be installed at a coupled moderator because the long tail of the
pulse shape of the coupled moderator does not affect the peak shape obtained by the
spectrometer with the double chopper system, and the flux is much stronger than that of
the decoupled moderator.
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Figure 7: Effect of the double chopper system with £'i=200meV. The left figure shows
a pulse shape at the elastic condition (f=0meV) of a conventional single chopper spec-
trometer. The right figures show pulse shapes of a chopper spectrometer with the double
chopper system. FWHM of the elastic peaks are 0.5%. and 0.3%. when slit widths , of
the main chopper is 0.5 mm and 0.25 mm, respectively.

Summary

We have performed simulation calculation to estimate performance of chopper spec-
trometers in the Joint Project in Japan by means of a Monte Carlo program. McStas
of Ris</>. We have confirmed that McStas is a powerful and reliable tool for estimation
of performance of chopper spectrometers. The results of the simulations indicate that
a conventional chopper spectrometer with I i = 15m and [ 2 = 4 m has an energy resolu-
tion of 1%) or better when it is installed at a decoupled liquid IT-2 moderator of the Joint
Project. Moreover, when double chopper spectrometers are realised, experiments with
an energy resolution of 0.1% must be possible. Therefore, chopper spectrometers in the
Joint Project can measure dynamic and spatial properties in materials in very wide Q — u;
space with satisfactorily high resolution.
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Abstract

A guide tube comprising supermirrors, of which the critical wavenumber is three times as
large as that of natural nickel, was installed in the primary flight path of the chopper
spectrometer, INC, at KENS. Also, the characteristics of the ambient-temperature H2O
moderator, which INC is facing, was changed by renewal construction of the neutron source
at KENS. We discuss here an improvement in the performance of INC by a comparison with
the previous performance. We also report on the development on a goniometer for single-
crystal experiments at low temperatures.

1. Introduction

The INC spectrometer [1], constructed in 1987, is the chopper spectrometer at KENS
(Neutron Science Laboratory, High Energy Accelerator Research Organization). Using this
spectrometer, scientific results have been obtained from studies mainly on low-dimensional
magnetic excitations as well as crystalline field excitations [2]. Since the construction of INC,
its performance has remained almost unchanged. However, we very recently had an
opportunity to improve its performance owing to renewal construction of the KENS neutron
source [3,4] and the installation of a supermirror guide tube. The renewal construction of the
KENS neutron source was planned in order to recover the cold-neutron flux, which was
reduced by blocking the neutron beam lines with distorted cadmium decouplers. In the
renewal construction, we not only repaired the cold-neutron source, but also changed the
characteristics of the ambient-temperature H2O moderator, which INC is facing, mainly due
to poisoning. Also, the target material was changed from tantalum to tungsten so as to
increase the neutron yield. Therefore, an improvement in the performance of INC can be
expected by renewal construction. A guide tube is known to be a device for transporting cold
neutrons to an instrument installed far from the neutron source via total reflection from the
guide coating. Among common materials, natural nickel has been a good choice for the
coating with a large critical wavenumber. Because supermirrors with a critical wavenumber,
triple that of natural nickel, have recently become commercially available, a guide tube
effective for higher neutron energies can be realized for such a spectrometer for thermal-
neutron experiments as INC. During the renewal construction of the neutron source, we
installed a supermirror guide tube to gain neutron flux on INC. In this paper, we report on an
improvement in the performance concerning these constructions. Furthermore, we also report
here on the development of a goniometer with a refrigerator, which is indispensable for
measuring magnetic excitations by using a single-crystal sample.

2. Supermirror Guide Tube

The primary flight path is 8.2 m, and the secondary path is 2.5 m for low angles and
1.3 m for high angles on INC. A supermirror guide tube was recently installed in the primary
flight path, as shown in Fig.l. The guide tube is a straight guide with a cross section of 8 cm
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Fig. 1 Layout of the chopper spectrometer, INC.
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Fig.2 Calculated intensity gain as a function of the neutron energies. The gain of the
supermirror guide tube, the ratio of the intensity for the present neutron source to that for
the previous one, and the total intensity gain (product of the above two) are plotted. The
gain of the guide tube at high energies should be 1.

x 8 cm and a length of 4 m, and located between just downstream of the shutter and the Fermi

chopper. The guide tube is facing the moderator area of 10 cm x 10 cm. There is a collimator

between the end of the guide tube and the sample area (6 cm x 6 cm). In the previous
configuration, INC was also facing the same moderator area, and there was a collimator
between the end of the shutter and the sample area (6 cm x 6 cm). Therefore, by installing the
guide tube, the collimation became slightly larger. We employed NiC/Ti-supermirrors
manufactured by Osmic Inc. [5]; the supermirror structure is coated on a float glass substrate.
In the wavenumber (Q) dependence of the neutron reflectivity from the supermirror used in
the present assembling, the reflectivity shows more than 90% at Q = 0.063A" 1 near to the
critical point [6]. We assembled supermirror pieces with a typical coating area of 8 cm x 20
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cm (thickness of glass is 2 mm or 5 mm) into a guide tube with a square cross section, as
follows: SUS frames having a typical length of 40 cm of each for assembling the supermirrors
were manufactured, and the SUS frames for mounting supermirrors were inserted into the
existing vacuum vessel (length is 2.2 m) in the biological shielding in the upstream part of the
neutron beam line and the newly manufactured vacuum vessel in the downstream part. The
tolerance of the glass substrate was ±0.05 mm, and the SUS frames were manufactured with a
typical tolerance of ±0.05 mm or ±0.1 mm. Consequently, the supermirrors were assembled
into a guide tube with a parallelism of ±0.7 mrad between the right and left mirrors and ±0.4
mrad between the upper and lower mirrors in a SUS frame section of 40 cm with respect to
the neutron beam line. The actual tolerance of the existing vacuum vessel was unknown. The
SUS frames, the new vacuum vessel and some additional items were manufactured by Suzuno
Giken Co., Ltd. We performed a Monte-Carlo calculation [7] to evaluate the intensity gain for
installing the guide tube. Figure 2 shows the calculated intensity gain, which is the ratio of the
intensity with the guide tube to that without guide tube. The guide tube is effective at neutron
energies less than approximately 80 meV, a gain factor of 3 can be expected at 20 meV and
of 6 at 10 meV.

3. Ambient-Temperature H2O Moderator

INC is facing the ambient-temperature H2O moderator. In the renewal construction,
the moderator itself and its surroundings were changed as described below [3]. First, the
target material was changed from tantalum to tungsten in order to increase the neutron yield.
Second, we inserted a gadolinium foil at the half thickness in the moderator in order to make
the pulse shape sharper by this poisoning. Third, the decoupling energy was changed from
350 eV to 100 eV at the target side and from 95 eV to 50 eV at the reflector side. Finally, in
the reflector we used beryllium near to the target and moderator, and graphite for the outer
region. We performed an LCS neutronic calculation [8] to describe the energy dependence of
the neutron flux integrated over the emission time for the present neutron source as well as
the previous one. The ratio of the integrated intensity for the present source to that for the
pervious one is also plotted in Fig.2. There is an intensity gain at high energies due to the
change in the target material as well as in the decoupling energy. At low energies, the
integrated intensity decreases due to poisoning. The calculated total gain, which is the product
of the intensity ratio and the gain of the guide tube, can be expected to be more than 1, as
shown in Fig.2.

We also performed an LCS neutronic calculation for the pulse shape, i.e., the intensity
against the emission time, as shown in Fig.3. At low energies, the pulse shape became
sharper, and at all energies the peak height became higher. The solid lines are the fitted curves
with so-called Ikeda-Carpenter function [9], as follow:

where a=Zv with E = m v^/2 (the neutron mass, m) and tI=T-T0 with the emission time, z

(>T 0 ) . The calculated pulse shapes were well fitted to the Ikeda-Carpenter function in eq.(l),

and the obtained parameters (/?, Z, R and r0) are plotted as a function of the neutron energy in

Fig.4. j8 is the decay rate describing the storage term, which depends on the effective

thickness of the moderator. In the previous neutron source, /3 was independent of the neutron
energy because of no poisoning. In the present neutron source, a reasonable energy
dependence of J3 has been shown for the present poisoning. E is the macro cross section
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Fig.3 Pulse shape of neutrons emitted with a certain energy, i.e., emission-time dependence
of neutron intensity. The solid and open circles indicate the present and previous neutron
sources. The solid lines are the fitted curve with the Ikeda-Carpemter function (see text).
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Fig.4 Energy dependence of the parameters in the Ikeda-Carpenter function, in eq. (1), for
the pulse shape obtained by the fit shown in Fig. 3. The solid and open circles indicate the
present and previous neutron sources. For E > 200 meV, R was fixed at 0, where 0 is not
effective.
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describing the slowing-down term. Z was almost unchanged for changes in the neutron
source. Using these parameters, we discuss the observed spectrum below.

4. Observed Performance

In order to investigate the change in the performance of INC, we performed neutron-
scattering experiments: a vanadium cylindrical sample with a thickness of 1 mm, a diameter
of 2.5 cm and a height of 5.8 cm was mounted at the sample position for the present
configuration and the previous one, and the scattered neutrons were detected at detectors 2.5
m from the sample position. The geometrical configuration of the experiments for the present
configuration was identical to that for the previous one, except for the guide tube and the
collimation for the primary flight path, as described above. Figure 5 (a) shows the observed
scattering intensity, which is the sum of the intensities detected at scattering angles from 5.5°
to 40.4°, without a Fermi chopper. These intensities were normalized by the number of
protons injected to the target. The ratio of the observed intensity for the present configuration
to that for the pervious one is shown in Fig.5 (b). The calculated total gain in Fig.2 is also
plotted in Fig.5 (b). The observed intensity gain was in very good agreement with the
calculation up to 300 meV; in particular, a huge intensity gain due to installing the
supermirror guide tube, especially at low energies, was observed.

We then observed the time-of-flight (TOF) spectrum by mounting a Fermi chopper to
monochromatize the neutron beam, and the inelastic-scattering intensities from the vanadium
sample were measured at scattering angles between 5.5° and 40.4°. The Fermi chopper was
operated under an appropriate condition with respect to the incident neutron energy (E[).

Figure 6 shows the observed TOF spectrum of the scattering intensity as well as a calculation
based on the geometrical configuration of INC, the structure of the Fermi chopper and the
calculated pulse shape shown in Fig.3, where only the height of the calculated spectrum was
adjusted to the observed intensity. For E[ = 60 meV, the observed TOF spectrum for both
configurations was well described by

(a ) white beam
• PRESENT
O PREVIOUS

10

0.00
10 100 1000

ENERGY (meV)

(b)
o white beam
* monochromatic beam
• calculation

10 100 1000

ENERGY (meV)

Fig.5 Observed scattering intensity from a vanadium sample with a white beam, where
the solid and open circles indicate the present and previous configurations, respectively (a).
The ratio of the intensity with a white beam for the present configuration to that for the
previous one shown in (a) is plotted in (b). The calculated total intensity gain shown in
Fig.2, and the observed intensity ratio for monochromatic beams are also plotted.
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where t is the TOF of the detected neutron, L is the distance between the moderator and the
detector (10.71 m), Lch is the distance between the moderator and the Fermi chopper (7.21

m), E = mv^/2 and E\ = mv[^/2. tp(E) is the emission-time integrated neutron flux, especially
in the case of the present configuration it is multiplied by the gain of the guide tube in Fig.2.
w(t) is the time-dependent transmission function of the Fermi chopper [10]. In the present
configuration, the observed TOF spectrum became sharper than that in the previous one and
the tail has been greatly reduced. In the energy-transfer spectrum, the half width was reduced
to 3.0 meV for E\ - 60 meV, which is 80% of the previous width, and the tail was greatly
reduced. Also for E\=- 20 meV, observed TOF spectrum has become sharper and the tail has
been much reduced. For E\ = 200 meV, although the width of the observed TOF spectrum
was almost unchanged, the peak became higher. For a monochromatic beam, the intensity
gain, which is the ratio of the intensity integrated over TOF normalized by the number of
injected protons for the present configuration to that for previous one, is also plotted in Fig.5
(b). A larger point for 10 meV comes from the poor statistics of the previous measurement.
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Fig.6 Observed TOF spectra with monochromatic beams. The solid and open circles
indicate the present and previous configurations, respectively. The solid lines are
calculated curves described in the text.

430 -



4

3

2

10

CO 4

I"
1

6
5
4

a

2

' /

1 T 1

(a)
o optimum chopper (present)
* sloppy chopper (present)

— #E)AE
• optimum chopper (previous)

-

•

JAERI-Conf 2001-002

30

25

20

10 100
E, (meV)

1000

15 -

10 -

S"
5 -

-

i

(b)
* sloppy chopper
o optimum chopper

+
+

+ + o o c
+ °
o

o
o

o
o

°o
0°

...i i . . .

1 10 100 1000
E,(meV)

Fig.7 Observed intensities integrated over TOF with monochromatic beams (a) and
corresponding energy resolution (b). The ratio of the two intensities are plotted in Fig.5
(b). The solid line is the intensity observed with the white beam multiplied by the energy
resolution corresponding to the neutron energy, and scaled to the intensities of
monochromatic beams. This resolution-multiplied white-beam intensity should be the
maximum intensity for an appropriate operational condition of the Fermi chopper having a
optimum slit package.

-100 0 100 200 300 400 500

ENERGY TRANSFER (meV)

Fig.8 Inelastic spectrum from a vanadium sample measured with E[ = 500 meV at low
scattering angles from 5.5° to 7.9° for the present configuration (solid circles) and the
previous one (open circles). Each spectrum was normalized by the peak intensity at the
elastic scattering.

This observed ratio for the monochromatic beam was in very good agreement with that
observed for the white beam. This indicates that the neutrons gained by the guide tube are
transmitted through the Fermi chopper, because the beam divergence increased by the
supermirrors is smaller than the collimation of the slit of the Fermi chopper. For
monochromatic measurements, the intensities integrated over TOF for the present
configuration with the Fermi chopper having an optimum slit package, of which slit width is
approximately 1 mm for high energy-resolution experiments, are plotted in Fig.7 (a). The
solid line is the intensity observed with the white beam (Fig.5(a)) multiplied by an energy
resolution corresponding to the neutron energy, and scaled to the intensities of
monochromatic beams. This esolution-multiplied white-beam intensity should be the
maximum intensity for an appropriate operational condition of the optimum chopper. The
solid line almost follows the intensities of monochromatic beams for the optimum chopper,
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Fig.9 Inelastic scattering from a one-dimensional antiferromagnet, CsCrCl3, at the
magnetic zone center measured with E[ = 47 meV on INC for the present and previous
configurations. The solid lins in (a) are fitted curve, where the detailed balance is
included in negateive energy transfers.

except for at low energies. At low energies, the operational condition of the Fermi chopper
was not optimized. In order to utilize the huge intensity gain at low energies, the Fermi
chopper should operate under the optimum condition. The intensity for a sloppy chopper,
which is the Fermi chopper having a slit package of which slit width is twice of that of the
optimum chopper, operating with the slowest rotational frequency (200 Hz) are also plotted in
Fig.7 (a). This operational condition provides the most intense neutron flux to the sample
position on INC. The energy resolution measured for the corresponding condition for the
optimum and sloppy choppers are plotted in Fig.7 (b). The range of the intensity and the
energy resolution can be controlled between those for the optimum chopper and those for the
sloppy chopper operating the slowest frequency.

The background noise is evaluated. Figure 8 shows the inelastic spectrum observed
with E[ = 500 meV and at scattering angles from 5.5° to 7.9° for the present configuration and
the previous one. Each spectrum was normalized by the peak intensity at the elastic
scattering. The spectrum was almost unchanged. High-energy neutrons and low scattering
angles are the severe condition for collimation. Therefore, the noise-to-signal ratio also
remained almost unchanged after installing of the guide tube.

Finally, an example of measurements on INC is shown in Fig.9. We measured
inelastic scattering from a one-dimensional antiferromagnet, CsCrCl3, at the magnetic zone
center at temperatures, T= 30 K and 150 K, with E\ - 47 meV. We used the same sample and
applied exactly the same experimental conditions for the present and previous configurations.
Each spectrum was obtained in approximately one day with one detector. The peak intensity
became 1.8 times as large as that in the previous configuration. In the present configuration, a
reasonable temperature dependence was clearly observed, in particular, the asymmetric line
shape at the low temperature could be well explained with the detailed balance.

5. Goniometer

A goniometer is indispensable for experiments using a single-crystal sample. Further,
low temperatures are required for measurements, especially of magnetic excitations.
Normally, on a chopper spectrometer, there exists a large vacuum chamber consisting of a
high-vacuum sample chamber and a scattering chamber; moreover, there does not exist a
collimator on the secondary flight path for reducing the background noise; such collimators
are always located on a triple-axis spectrometer. To reduce the background noise, the
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(cooling power: 3 W at 4.3 K)
SUS extension

Fig. 10 Schematic drawing of a goniometer with a refrigerator.
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8 10 12 17.8 1B.0

cooling time (hour) cooling time (hour)

Fig. 11 Cooling time in the goniometer developed at present.

thickness of all aluminum windows should be minimized on a chopper spectrometer.
Therefore, a goniometer for a chopper spectrometer is required to rotate a sample crystal
located in a large vacuum chamber, also to be combined with a refrigerator, where the
thickness of all aluminum windows must be minimized. In this sense, we developed a
goniometer combined with the refrigerator shown in Fig. 10. Because the omega rotation is on
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the vacuum seal, the rotational motor (stepping motor) is located in the atmosphere. For a tilt
scan of the two axes, two swivel stages are mounted on the cold head of the refrigerator. The
rotational motion for each swivel stage is transmitted through a SUS extension from a
stepping motor located outside of the vacuum. The refrigerator is a type with a closed cycle of
helium gas, also with an independent Joule-Thomson circuit (CG308SC) manufactured by
Daikin Industries, Ltd., of which the cooling power is 3 W at 4.3K and the lowest temperature
is 4 K without any sample in the specification. The rotational angle range of the swivel stage
is ±10° for each axis, and each axis can move independently of the other. The material was
chosen to be phosphor bronze to obtain good thermal conductivity. A solid lubricant of M0S2
is used in the moving part of the swivel stages so that the swivel stages can work at low
temperatures. The present goniometer system was manufactured by Kohzu Seiki Co., Ltd.
Figure 11 shows the cooling time in this system. It takes approximately 11 hours to cool down
the sample to the lowest temperature because of the massive swivel stages; the lowest
temperature was 7.9 K at the sample and 4.6 K at the cold head.

6. Summary

By installing a supermirror guide tube in the primary flight path on INC as well as the
renewal construction of the neutron source at KENS, the performance of INC was drastically
improved. A huge intensity gain at low energies due to installing the supermirror guide tube
and a gain of factor 2 at high energies due to changing the characteristics of the neutron
source were observed without any increase in the background noise. The observed gain of the
guide tube was in very good agreement with a calculation. We, for the first time, have
demonstrated the effectiveness of a supermirror guide tube for higher energy neutrons than
cold neutrons for which a guide tube has been known to be effective. Moreover, the poisoning
of the ambient-temperature H2O moderator provided INC more symmetric energy resolution
function as well as an increase in the peak intensity in the TOF spectra. The present
construction resulted in a great improvement concerning all aspects of the performance.
Furthermore, the development of a goniometer with three axes working at low temperatures
was successful. Therefore, single-crystal experiments at low temperatures have become easier
than before.
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Abstract

We will describe recent improvements to the SPEAR reflectometer at the Manuel Lujan Jr.
Neutron Scattering Center at Los Alamos. One of the changes consists of wider convergent,
incident-beam, collimation to take advantage of optical imaging for specular scattering. In
addition, the instrument now views a partially coupled liquid hydrogen moderator as opposed
to the decoupled moderator that was previous in-place. While the wavelength distribution is
poorer, it matches the time (wavelength) resolution of the reflectometer more closely with the
angular resolution. Since the integrated intensity of the partially coupled moderator is higher
than the decoupled moderator, we show a similar gain in incident beam flux on the sample
without loss of the ability to separate fringes. The increases in intensity from the moderator
gain and the improved collimation combine to allow us to measure reflectivities with good
statistics down to 10"4 in a matter of minutes and reflectivities of 10~6 in an hour. Examples of
measurements showing the gain in data accumulation rates are presented.

PACS: 6lA2M;25A0.D
Keywords: Neutron, Reflectometry, Pulse Neutron Source
*Corresponding author: Tel: (505)665-2842; fax (505)665-2676. E-mail address: gsmith@lanl.gov

1. Introduction
Within the last decade, X-ray and Neutron reflectometry have emerged as primary non-
destructive tools for investigating the fine-scale architecture of interfaces, mainly because
they provide excellent resolution in the most relevant range of length scales (10-lOOOA).
Fully exploiting these methods in soft-matter research is a prerequisite to realizing
"engineering" organic interfaces for a broad range of applications, including high
performance synthetic coating, "smart" synthetic surfaces, and a variety of biomedical
applications.

Neutrons offer two distinct advantages over X-rays in soft matter research: (1) they generally
have much higher transmission through condensed organic media, which permits the study of
buried interfaces, and (2) contrast can be varied by deuterium labeling without large chemical
perturbations. The primary disadvantage of neutrons is the relatively low intensity of typical
neutron sources. The neutron flux at the sample is generally several orders of magnitude
lower than the photon flux at a synchrotron X-ray source. This precludes real time studies of
many systems and limits the range of length scales which may be examined. Therefore,
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gaining neutron intensity while maintaining the instrumental resolution has the potential for
opening new areas of science for neutron reflectometry.

Figure 1 shows the geometry for the specular reflection process. The scattering vector only
has a component normal to the surface, QZj where

Q2 =47rsin(0)/A

and the Qz resolution, CTQZ , is given by:
0)

(2)

fixed collimation

The process of specular scattering results in an angular delta function response. It has been
shown that the angular portion of the Qz resolution of a reflectometer is independent of the

divergence of the incident beam
[1]. By measuring only the angle
of reflection, since the angle of
incidence is equal to the angle of
reflection, one may determine the
value of the perpendicular
scattering vector, Qz (Fig 1). This
technique is referred to as neutron
optical imaging. Using a position
sensitive detector, one can
determine the angle to within the
resolution of the detector. In this
case, the detector's resolution

Qz3
adjustable
collimation

8.73m 3.65m

is

the only contribution to Ge in Eqn.
2. Therefore, by opening the

Figure 1 A schematic representation of specular scattering incoming divergence of the beam
on SPEAR. The different values of the scattering vector are w e c a n • i n t e n s i t y w i t h ou t the
for a constant wavelength where Qz), Qz2, and Qz3 are
associated with the lower, middle and upper rays, K)SS Ot resolution.
respectively.

Given that the angular resolution is
determined by the detector resolution and that the contributions to the resolution add in
quadrature, ideally one would prefer to match the wavelength resolution with the angular
resolution to optimize the overall performance of the instrument. This is accomplished by
matching the first term in equation 2 equal to the second term. For a spallation neutron
source, the wavelength is measured using time-of-flight techniques. In that case,

(3)

where ati is the uncertainty in the time-of-flight, t due to the electronic measuring errors and
cjt2 is the uncertainty in the time of flight due to the finite pulse width of the neutron source.
The largest contribution to o\ for the SPEAR reflectometer at the Manuel Lujan Jr. Neutron
Scattering Center (the Lujan Center) is the pulse width of the neutron source, o-t2- Therefore,
if one closely matches the resolution contribution due to pulse width with the angular
resolution, the intensity can be maximized without degrading the Qz resolution.
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The Lujan Center produces neutrons through the spallation process by injecting 800MeV
protons into a tungsten target. The resulting high-energy neutrons have such short
wavelengths that they are not useful for condensed matter research. The neutrons are
moderated to lower energies though interactions with hydrogenous material (the SPEAR
moderator is liquid hydrogen). This produces a thermal neutron energy spectrum. For
neutrons in a given wavelength range there is a spread in emission time from the moderator.
By changing the geometry and the materials surrounding the target and moderators, both the
pulse width and the spectral intensity may be varied. For instance, if a heavy material
(reflector) surrounds the moderator/target area, neutrons can be scattered back into the
moderator. This increases the intensity of the neutrons at a spectrometer viewing that
moderator. At the same time, the delay in neutron arrival at the moderator increases the pulse
width. The moderator may be decoupled from the reflector if a thermal neutron absorbing
material surrounds the moderator on the sides not facing the spectrometer. Therefore, by
changing the geometry of the target/moderator/reflector system (TMRS), one may match the
temporal width of the neutron pulse to the desired resolution for the instrument.

2. Experimental Details
Instrument resolution
As noted above, the geometrical resolution will be determined by the detector pixel
resolution. The SPEAR detector is an Ordela model 1202N linear position sensitive detector.
For this detector, aPixei~0.75mm, and the sample to detector distance is nominally 3.65 m.
This yields ae= .012°and ae/9 =0.024 for 9=0.5°.

The Lujan Center pulsed source repetition rate is 20 Hz. This defines the data collection time
frame to be 50 ms. The minimum time for the data collection in a frame is limited to ~3ms
due to the opening time of a To chopper which blocks the initial burst of high energy
neutrons. Since 3ms<t<50ms (lA< A,<16A), the time (wavelength) resolution will vary from
0.06<at/t< 0.003 compared to the 1997 value of .028< ot/t<.0017. This means that the
resolution will be matched to the geometrical resolution for times (wavelengths) greater than
7ms (2.3A). The resolution will still be dominated by the geometrical resolution for most of
the wavelength range so that we have gained intensity without a detrimental effect on the
resolution.

Calculated intensity gain
SPEAR views a liquid hydrogen neutron moderator. In 1997, this moderator was decoupled
from neutrons reflecting back from the surrounding materials. This was accomplished by
covering all but the
front face of the liquid hydrogen vacuum vessel with a neutron adsorbing material. The
target/moderator/reflector system was upgraded in 1998 where the new design for this
moderator included removing the decoupler and improving the coupling between the
moderator and the reflector. The calculated increase in intensity from the 1996 coupled to the
1998 decoupled moderator was 2.5 times, and the calculated rms pulse width increased from
85 to 170 (isec [2]. The geometry of the 1997 decoupled moderator was not the same as the
calculated comparison. The gain from 1997 to 1998 is expected to be higher than 2.5 times
with a similar change in the pulse width[3]. At the same time the proton current on target
was increased from 70 uamps to 100 uamps. This yields a minimum expected gain in
intensity from the source, GS0Urcc= 3.6.
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Since the detector resolution determines the geometrical resolution, we can take advantage of
[ ' " — r - — — T — - - m e techniques of optical imaging [1] to further

increase the flux at the sample. To do this, we
changed the amount of the moderator viewed by
the sample by changing the fixed collimation
inside the bulk biological shielding. Since
SPEAR has a vertical scattering plane, the
collimation is designed to converge vertically at
the sample position (8.73m from the moderator)
and at the detector horizontally (12.38m from
the moderator). In 1997 the view of the
moderator was an area 4.5cm wide and 3.1cm
high defining a 0.21°horizontal and a
0.20°vertical divergence. This was increased to
9.1cm wide and 7.9 cm high yielding a
0.42°horizontal and 0.52° vertical beam
divergence. The height of the sample slit was the
same for 1997 and 1998, but the width of the slit

g

Time of flight (ms)

Figure 2 The raw data from two similar
samples measured with the slits set as in
1997 and for a full view of the moderator
available in 1998.

increased from 1.3cm to 2.3cm. The intensity can be calculated from the solid angle viewed
by the sample. This is simply given by:

Ax xA2

(4)

where Ai is the area of the first slit, A2 is the area of the second slit and s is the distance
between slits. Here we assume that the moderator area is the first slit although this view is
actually determined by a set of slits in the bulk shield. The ratio of the calculated intensities
for 1997 to 1998 gives an expected gain from increasing the moderator view, Ggeom

=9.1.
Combined with the gain from the moderator we expect an overall gain in flux at the sample

Measured intensity gains
To determine the actual gains on SPEAR two sets of measurements were made. One to assess
the source intensity gain and another to assess the intensity gain from a larger view of the
moderator. In each case, the reflectivity from a sample consisting of a film of a polymer on a
copper coated silicon substrate was measured. A similar sample was run in 1997, so this
provides a basis for comparison of the intensities. The adjustable slits at 4.4m from the
moderator and at the sample position were used to define the view of the moderator. First to
measure the affect of the moderator gain, a 1998 measurement was made of the reflectivity
using the same slit settings as in 1997. The results of the reflectivity measured in 1998 and for
a similar sample with the same slits settings made in 1997 are shown in Figure 2. The data
was collected in 1998 to obtain similar statistics to the 1997 run. The calculated Qz resolution
is nearly the same in each case as well. By summing the raw data in Figure 2 over similar
time ranges and normalizing to the same number of proton pulses on target, we get a ratio of
the intensities (normalized to the same amount of time) of 5.9. If we take out the fact that the
average current in 1998 was 100 uamps versus 70 uamps, the gain factor for the moderator
coupling is 4.1.
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To assess the geometry gain, we performed two runs on the polymer sample in 1998. One
with the adjustable slits set at the 1997 values and one with the slits open to view the largest
area on the moderator. The adjustable slits are located at the sample position 8.73m from the
moderator and at 4.4m from the moderator (Figure 1). The slit settings are shown in Table I.
Again, the ratio of the number of counts in the raw data for each set was used to indicate the
intensity gain. This ratio of the 1998 intensity to the 1997 intensity normalized to the number
of proton pulses was 5.7. The predicted gain from the slit settings was shown in Table I as
9.1.

Table I.

Dimensions of viewed moderator

Slitl settings (4.4m from moderator)

Slit 2 settings (sample position at 8.73m from
moderator)

Calculated intensity gain from moderator view
Calculated intensity gain from brightness gain and
current increase
Measured intensity gain from moderator view
Measured intensity gain from brightness gain and
current increase

SPEAR 1997
4.5cm wide,
3.1cm high
15mm high,
30mm wide
1.134mm
high, 15 mm
wide
1
1

1
1

SPEAR 1998
9.1cm wide,
7.9cm high
40mm high,
60mm wide
1.134mm high,
30mm wide

9.1
3.6

5.9
5.7

>
o

3. Results and Discussion
Table I lists some of the instrument parameters and the calculated and measured gains. We

see that the geometrical gain is lower than
predicted. This may be due to some
uncertainties in the slit sizes for the small slits or
uncertainties in scaling the beam current from
one year to the next. In addition, the calculation
doesn't take into account the convolution of the
reflectivity with the incident beam spectrum. If
the slits are opened symmetrically then some
intensity for a given value of Qz is gained at
shorter wavelengths and some at longer
wavelengths. Since there are more neutrons at
shorter wavelengths, this can bias the prediction.
On the other hand, the gain in intensity of the
moderator and current are higher than predicted.
This may be due to the same effects discussed
for the geometrical gain. In addition, the
calculations for the partially coupled moderator
[2] were for a different geometry that existed in
1997. The 1997 moderator was a temporary

decoupled moderator, which was expected to have a lower intensity than the calculated value.
The gain factor is expected to be larger than the 2.5 times [3]. Therefore, it is fortuitous that

10

Figure 3 Comparison of the reduced data
from two similar samples. The data show
that the resolution is similar in the two cases.
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the measured total gain is equal to the prediction. To obtain more accurate predictions, one
must perform detailed Monte Carlo calculations that include the spectral and geometrical
values for the instrument. The uncertainties in the instrumental settings and beam current
measurements must also be controlled more precisely.

4. Conclusions
Overall, the preliminary data presented here show that one does gain intensity by making the
changes described above. The reflectivity data in Figure 2 can be reduced, and the 1998 data
(on a similar sample) is comparable to the data obtained by using a decoupled moderator and
tighter incoming beam divergences (Figure 3). This supports the idea that runs that took hours
in the past will now take minutes to obtain the same statistical accuracy. Conversely, the
increase in intensity should allow one to measure lower values of the reflectivity for
experimental runs lasting several hours. This opens new possibilities for non-equilibrium
systems and pushes the measured reflectivity to lower values and smaller length scales.
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Abstract

A new neutron reflectometer (ARISA) with vertical scattering-plane geometry for studying

free surface was installed at a thermal neutron port viewing an ambient-temperature water

moderator at KENS. ARISA is a unique reflectomer using thermal neutrons at a pulsed

spallation neutron source as well as the first neutron reflectometer with vertical scattering-

plane geometry in Japan. An inner iron collimator with two beam holes and a neutron beam-

line shield were installed to minimize high-energy neutrons directly coming from the neutron-

target due to the shield loss produced by beam holes themselves. The inner collimator makes

two independent downward beam holes with different angles, 0° - 0.47° and 1.4°. The neutron

beam-line shield has function of an additional beam-shutter as well. The designed

specifications for the covered range of neutron momentum transfer, qz, in the vertical

direction are 0.008 A"1 - 0.61 A1 and 0.008 A1 - 2.8 A"1 for liquid and solid samples,

respectively, using the neutrons with 0.5 A - 4 A wavelengths.
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1. Introduction

It has been well accepted that neutron reflectivity (NR) measurement is a powerful technique

for studying surface and interface structures because of its high spatial resolution. There have

been a few reflectometers in Japan: PORE [1] at the pulsed spallation neutron source of

KENS, LTAS [2] of JAERI, and MINE [3] of ISSP, the University of Tokyo, at the JRR-3M

reactor of JAERI. However, all the domestic reflectometers have horizontal scattering-plane

geometry, so that they are not suitable for liquid samples since those samples can not be tilted.

Thus, the authors mainly composed of polymer researchers applied for the grant of the

Japanese Ministry of Education, Science and Culture, and the two-years grant (No. 11355037)

was approved for the period of 1999-2000 to construct the first reflectometer with vertical

scattering-plane geometry in Japan. Generally, the reflectometer at a pulsed spallation neutron

source, i.e., using the neutrons with a wide band of wavelength, X, is suitable for liquid

samples, because it can cover wide range of the neutron momentum transfer, q2 (=4nsinQ/k),

in the vertical direction at one incident angle, 0. The new reflectometer named ARISA

(Advanced Reflectometer for Interface and Surface Analysis) was constructed at the KENS

spallation neutron source. ARISA is also a unique reflectometer using thermal neutrons

compared with the other reflectometers at pulsed spallation neutron sources. The construction

of ARISA was completed at the end of October in 2000, and the commissioning has been just

started. Here, the conceptual design of ARISA is described in details.

10.12

CD
^2io8

10'

X 10°

10s

@ R.T. (KENS)
Solid CH4 @ 25 K (KENS)
Liquid H2 @ 20K (ISIS)

0.1 2 3 4 5 6 7 8!

\{k)
2 3 4 5 6 7 8 9

10

Fig. 1 Comparison of neutron spectra from different moderators. The spectra for KENS
moderators were measured before the renewal of TMRA in the summer of 2000. [6]

- 444 -



JAERl-Conf 2001-002

2. Neutron Characteristics of KENS Moderators

Fig. 1 compares the neutron spectra of an ambient-temperature water [4] and a solid methane

(at 25 K) moderators of KENS as a function of X, together with the data for a liquid hydrogen

(at 20 K) moderator of ISIS. [5] It should be noted that the neutron flux from the solid

methane moderator has been recovered after the renewal of target-moderator-reflector

assembly (TMRA) of KENS, [6] and the intensity should become higher now. The spectrum

of the water moderator exhibits a peak at X, around 1 A. For the reflectometer, such as ARISA,

with vertical scattering-plane geometry, the incident angle of neutrons is generally limited due

to the geometrical constraints of a beam hole since liquid samples can not be tilted. Thus, the

thermal neutrons with shorter X's are suitable to realize the measurement at higher qz. On

ARISA, the neutrons with the wavelengths ranging 0.5 A - 4 (8) A around peak intensity

from the ambient-temperature water moderator are used for measurement.

3. Collimator Design

Fig. 2 shows a side-view of the neutron beam line before the first slit of the ARISA

reflectometer. The biological shield of KENS covers 4 m from the center of a target station in

the horizontal direction. Generally, opening a beam hole in a biological shield makes shield

loss, so that high-energy neutrons coming directly from a neutron target contribute to the

increase of background level. Thus, an inner collimator and a neutron beam-line shield were

installed on ARISA to reduce the high-energy neutron background as much as possible. The

iron collimator with 2.1 m long was inserted into an evacuated aluminum beam-duct inside

the biological shield. The inner collimator makes two independent downward-beam holes

with different angles, 0° - 0.47° and 1.4°. The angle of 1.4° is fixed by the geometrical

constraints of the beam hole opened inside the biological shield, and the smaller angle was

determined by considering q2 coverage at different incident angles, 9, of neutrons. Fig. 3

shows the qz coverage at 6=0.15°, 0.47° and 1.40° when the neutrons with 0.5 A - 4 A wave-

shutter

Inner collmator
(Inside an evacuatd beam duct)

Neutron beam-MneshieJd

2120

4000

.For e=0-0.47deg

For8=1.40deg

Polyethyrene

1000

Fig. 2 A side-view of the beam line before the first slit of the ARISA reflectometer.
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lengths are used. The shape of the beam hole for the smaller angle, < 0.47°, was designed to

extract the horizontal beam as well. The position of the two beam holes in the inner collimator

was designed to minimize the shield loss produced by the beam holes themselves. Fig. 4

shows the path-length inside iron shield for high-energy neutrons emitting from a bottom part

of a proton beam impinging the neutron target as a function of the height from floor level at

the position just before the first slit. In the figure the height of 1112.5 mm is corresponding to

the center of the water moderator. The path-length for the bare beam hole without the inner

collimator exhibits a wide dip of shield loss as shown by the broken line, and the shortest

path-length becomes 0.2 m at worst. The introduction of the inner collimator reduces shield

loss significantly, and separating the positions of the two beam holes in the inner collimator

makes the shield-loss dip narrower as shown by the solid line in the figure. However, it

should be noted that large separation of the two beam holes needs large translation in the

vertical direction of a sample stage or a detector causing the difficulty in keeping their

mechanical accuracy. The two narrow shield-loss dips at the height around 930 mm and 1000

mm are produced by the beam holes with the angles of 0° - 0.47° and 1.4°, respectively.

10

0=0 47deg
(8 2mrad)

e=1.40deg
(24mrad)

6=0.15deg
(2.6mrad) X range: 0.5 A -4 A

1-3-
0.01 i i i 0.1 i i i

- - without collimators
— + an inner collimator

+ a neutron beam-line shield

q (A'1)
Fig. 3 The designed qz coverage at the incident
angles of 0.15°, 0.47° and 1.40° when the
neutrons with 0.5 A - 4 A wavelengths are used.

700 800 900 1000 1100

Height (mm) from floor level

Fig. 4 The path-length inside iron shield for
high-energy neutrons emitting from a bottom
part of a proton beam as a function of the height
from a floor level at the position just before the
first slit of ARIS A.

On the other hand, the neutron beam-line shield with 0.7m-long stainless steel collimators

was installed just outside biological shield. This neutron beam-line shield has function of an

additional beam-shutter, and the shutter section can be precisely replaced with the other

collimator sections corresponding to each beam hole of the inner collimator by computer

control. As shown by the dotted line in Fig. 4 the shield loss is further reduced by installing

the neutron beam-line shield, and the path-length inside iron shield for the high-energy

neutrons was designed to be kept above 1.5 m.
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4. Instrument Design

Figs. 5 and 6 are a schematic layout and a photograph of ARISA reflectometer inside a

blockhouse, respectively. The three separate parts of the reflectometer, i.e., the first slit, a

sample stage and a detector, are precisely arranged on the beam line. Fine collimation in the

vertical direction is provided by two computer-controlled slits with sintered B4C blades before

and after sample. The incident angle of neutrons is determined by the relative heights of the

first and second slits in the beam divergent of each beam hole with 0° - 0.47° or 1.40° in the

collimators. The beam size in the horizontal direction is 50 mm in maximum, and it is

manually changeable by 10mm step. A laser beam can be guided through the same paths as

the neutrons with different incident angles for the ease of sample alignment. A monitor with

low counting efficiency will be introduced at the position of the first slit to monitor the

incident flux of neutrons in the near future. The whole sample stage including the second and

third slits is mounted on an active anti-vibration table of Newport Co. The translations in the

vertical and horizontal directions and the rotations around two orthogonal axes in the

horizontal plane are accurately computer-controlled for the sample table. A liquid trough with

a movable barrier and a high-temperature cell up to about 200 °C are prepared as sample

environment equipment. The detector is tilted according to the angles of the detected beam,

and was designed to make the measurement with high incident angle, -10°, possible for solid

samples. Currently, a 3He proportional counter is used for specular reflection measurement,

and is shielded by B4C resign to reduce background intensity. A position-sensitive detector

can be mounted for off-specular scattering measurement in future. The instrument parameters

of ARISA are summarized in Table I.

1500 300 300 I

1st silt
2nd slit 3rd Slit 4th silt &

detector

Beam dump

Active anti-
vibration table

1940

9 m from moderator

F.L

Fig. 5 A schematic layout of ARISA inside a blockhouse.
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Table I The instrument parameter of ARISA reflectometer

Beam port

Moderator type

Scattering plane

Moderator-sample

Sample-detector

Separation of the 1st - 2nd slits

Incident angle

Wavelength band

qu range

Beam size at sample

Angular resolution

Sample environment option

H5 beam port at KENS

Ambient-temperature water

Vertical

7.10 m

1.94 m

1.50 m

<0.47\ 1.40° (for liquid)

<6.4° (for solid)

0.5 A - 4 (8) A

0.008 A"1 - 0.61 A"1 (for liquid)

0.008 A1 - 2.8 A-1 (for solid)

Max 10 mm (height) x 50 mm (width)

A0/0<7.5% (sample size: 50 mm)

A LB trough with a movable barrier,

a high-temperature cell (~200°C)

Fig 6 A photograph of the ARISA
reflectometer inside a blockhouse viewing from
the downstream of the sample stage.

Fig 7 The neutron spectrum measured on
ARISA just after the renewal of KENS target-
moderator-reflector assembly in the summer of
2000.
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5. The Neutron Spectrum Measured on ARISA

Fig. 7 shows the neutron spectrum measured on ARISA using a 3He proportional counter as a

function of X, just after the renewal of KENS target-moderator-reflector assembly in the

summer of 2000. The beam hole with the angle of 1.4° was used, and the sizes of the 1st and

2nd slit-openings were 1x20 mm2 and 1x20 mm2, respectively. The spectrum exhibits a peak at

X around 1 A, and it is consistent with that obtained at the H9 port from an ambient-

temperature water moderator.
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Abstract

Present status of reflectometer group in JAERI-KEK joint project is reported. We are
now considering two conventional reflectometers. One is a vertical reflectometer for mag-
netic thin films and multilayers, another is a horizontal reflectometer for soft matter and
free surface. In addition, capabilities of quasi and inelastic neutron reflectometer and the
grazing angle reflectometer are also discussed.

1. Introduction

The importance of neutron reflectometer has been now widely recognized not only
in the field of scientific research but also industrial application. Reflectometer group in
Japanese Joint Project (JJP) was organized in order to consider what kind of reflectome-
ters should be installed in JJP. The members were recruited from researchers working in
Japan. Now four members are working to design the reflectometers, and using a mailing
list1 we are ready to listen to opinion from non members who have any idea or suggestion
for the reflectometers. In this brief report, the reflectometers which are considered in our
group are introduced.

1 Japanese only
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2. Reflectometers

2.1 Vertical Reflectometer

We are now considering four types of reflectometers. The first one is a vertical reflectome-
ter on which the sample plane is set to be vertical and the scattering vector in horizontal.
This reflectometer is dedicated to investigation of magnetic thin films and multilayers.
Therefore polarized neutrons will be intensively used. Neutrons are mostly polarized by
polarizing supermirrors, and 3He polarizing filter is another candidate for analyzing the
polarization of reflected neutrons.

Table 1 is a list of characteristic parameters of the vertical reflectometer. It utilizes
cold neutrons in a wavelength band between 1 and 14 A from a coupled liquid hydrogen
moderator, because the intensities reach maximum at 2 A as shown in Pig.l. This is
one of results of ray tracing simulation of beam intensity at the sample position. In this
case we can use 1 x 10T[n/50 x 0.5mm2/sec] neutrons. The distance between moderator
and sample, LI, and between sample and detector, L2, are 10 m and 1 m, respectively.
As compared with a horizontal reflectometer, it is easy to go up to the higher Q by
changing incident angles. The covered Q range is from 0.005 to 10.8 A"1. If we use a 3QC

polarizing supermirror as a polarizer in transmission geometry, it also works as a frame
over-wrapping mirror. In such case the maximum wavelength of polarized neutrons is cut
off at 6 A and consequently the Q range becomes narrower. To eliminate higher energy
neutrons, simulations are going to decide which is better, using TO chopper or curved
guide.

Table 1: Instrument parameters of the vertical reflectometer.

moderator
moderator - sample distance [LI] (m)
sample - detector distance [L2] (m)

wavelength range (A)

incident angle (deg.)

Q range (A"1)

coupled liquid H2

10
1
1.0 - 14.4(unpolarized)
1.0 - 6.0 (polarized)
0.3 - 60
0.005 - 10.8 (upolarized)
0.011 - 10.8(polarized)

2.2 Horizontal Reflectometer

The second one is a reflectometer for the investigation of free surface or liquid/gas, liq-
uid/solid interface and so on. This is a horizontal reflectometer on which the sample plane
is in horizontal plane and the scattering vector is vertical. In this type of reflectometer
the incident angle is not easy to be changed than the vertical reflectometer. Thus the
incident angle is one of important parameters which defines the total performance of the
reflectometer. The idea of changing the incident angle in the horizontal reflectometer
is schematically shown in Fig.2. The beam is extracted downwards by 3.9 deg. at the
first section of 5.0 m long. After this section the beam is bent once more by successive
6 supermirrors of 3QC. In the last section 4 different configured supermirrors are set in
an elevator. The topmost, the second and the third supermirrors make the beam bent
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Figure 1: The expected beam intensity at sample position estimated by ray tracing sim-
ulation.
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by 3Qc supermirrors

Moderator

Detector

Figure 2: The beam line design for horizontal neutron reflectometer.

upward, and by using of these supermirror smaller incident angles of 0.4, 1.4 and 3.0
deg. are available. The bottom supermirrors make incident angle to be 9.2 deg. The
temporary parameters of this reflectometer are listed in Table2. The supermirror bender
and the parameters in Table 2 make it possible to measure reflectivity between 0.08 A"1

and 1 A"1.

A simulation of neutron reflectivity of a kind of lipid membrane on heavy water and null
scattering water indicates that the reflectivity of 1 x 10~10 is necessary to be measured.
However, incoherent background from hydrogenous materials is likely to cover the signals
we really want to know. Such spin incoherent background can be removed by using
polarized neutrons. Thus we now consider a polarized neutron option in this spectrometer.
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Table 2: Instrument parameters of the horizontal reflectometer.

moderator
moderator - sample distance [LI] (m)
sample - detector distance [L2] (m)
wavelength range (A)
incident angle (deg.)
Q range (A"1)

coupled liquid H2
14
2.5
1.0-11
0.4, 1.3, 3.0, 9.2
0.008 - 1

2.3 Grazing Angle Reflectometer

In addition to specular neutron reflectivity, we are very interested in off specular neutron
reflection which contains information about in-plane structure of surface and interface.
Thus two reflectometers intend to have a off specular detector bank composed of a two-
dimensional position sensitive detector. They may also cover a neutron grazing angle
reflection measurements. However, we continue to examine necessity of installation of an
spectrometer for exclusive grazing angle reflection measurements.

2.4 NSE Reflectometer

The last one is classified into a new instrument which is expected to explore new field of
science. It is a quasi elastic of inelastic neutron reflectometer for investigation surface or
interface dynamics in soft matter and biological materials. In such materials dynamics of
surface and interface are strongly connected with its function. Therefore it is sometimes
very useful to know the motion of surface or interface like adsorbed polymer chain. At
present we have no concrete idea of this instrument. We are groping the way how to
realize such instrument. The most promising candidate is a hybrid of reflectometer and
NSE. There is few words about this instruments for the time being. But we really hope
to realize this NSE reflectometer.

3. Summary

Reflectometer group in JJP is now discussing what kinds of reflectometers are suitable
for the intense neutron source which is coming up to Japan. We have mainly considered
four reflectometers. Two of them are conventional reflectometers, and the rest are rather
new instruments. However, we are now on the start line. Concrete design and simulation
work for each spectrometer have just started.
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Abstract

We have designed a versatile high-throughput SANS instrument [Broad Range Intense
Multipurpose SANS (BRIMS)] for the proposed Long Wavelength Target Station at the SNS
by using acceptance diagrams and the Los Alamos NISP Monte Carlo simulation package.
This instrument has been fully optimized to take advantage of the 10 Hz source frequency
(broad wavelength bandwidth) and the cold neutron spectrum from a tall coupled solid
methane moderator (12 cm x 20 cm). BRIMS has been designed to produce data in a Q range
spanning from 0.0025 to 0.7 A"1 in a single measurement by simultaneously using neutrons
with wavelengths ranging from 1 to 14.5 A in a time of flight mode. A supermirror guide and
bender assembly is employed to separate and redirect the useful portion of the neutron
spectrum with X > 1 A, by 2.3° away from the direct beam containing high energy neutrons
and y rays. The effects of various collimation choices on count rate, resolution and Qm,n have
been characterized using spherical particle and delta function scatterers. The overall
performance of BRIMS has been compared with that of the best existing reactor-based SANS
instrument D22 at ILL.

1. Introduction

Small angle neutron scattering (SANS) is being extensively used in the characterization of
materials in the fields of polymers, biology, ceramics, metallurgy, porous materials,
magnetism, etc. SANS has high sensitivity in the size range of 1 to 100 nm and thus can be
used to probe complex hierarchical structures with distinct length scales. Although electron
microscopy (EM) is a direct probe for the studies in this length scale it is impossible to use
EM for in situ studies. SAXS has high sensitivity in the above length scale, but the different
scattering cross-sections for elements available with neutrons provide unique advantages for
the study of multi-component systems and magnetic materials. To probe the length scale of 1
to 100 nm one requires data in a wide Q (47isin8/A,, where 28 is the scattering angle and X is
the wavelength of neutrons) range of 0.001 to 0.7 A"1. In our experience in running a
productive SANS user program at the Intense Pulsed Neutron Source we have seen that more
than 50% of the experiments take advantage of the wide Q range (0.004 - 0.8 A"1) available at
the SAND instrument in a single measurement.
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At present, the steady-state reactor based SANS instruments provide high resolution SANS
data in the low Q (0.001 to 0.01 A'1) region, while the time-of-flight SANS instruments at the
pulsed sources allow measurements in a wide Q region (0.01 to 0.8 A"') with better resolution
in a single measurement. Although the quality and density of the data in the low Q region (Q
< 0.01 A"1) at the first generation time-of-flight SANS instruments such as SAND is less than
adequate for the determination of radius of gyration (Rg) for larger particles (Rg > 100 A)
using conventional Guinier analysis, their capability in covering a wide Q range in a single
measurement is a great advantage for parametric studies. For instance, to measure data in the
Q range that is available at SAND (0.004 to 0.8 A'1), experiments have to be repeated 3 to 4
times at the reactor-based SANS instruments, by changing the geometry and the wavelength
of the instrument. To sum up, the reactor-based SANS instruments are superior for measuring
the scattering data in the low Q region while pulsed-source SANS instruments are excellent
for measuring high quality data in a wide Q region in a single measurement.

What is needed in the near future for the wide SANS community is an hybrid SANS
instrument that combines the best features of the reactor-based and TOF SANS instruments,
capable of measuring data in a Q range of 0.001 to 0.7 A"1 in a single measurement. The time
has come for this to become a reality with the advent of the proposed Long Wavelength
Target Station (LWTS) at the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory. This source will deliver a large flux of cold neutrons useful for SANS at a source
frequency of 10 Hz (Fig. 1). The cold moderators are large and directly view the target, thus
producing a large cold neutron flux for each proton pulse. This source will offer
unprecedented opportunities to study time-dependent phenomena and systems at low
concentration and low contrast levels. For example it will become possible to study pressure-
dependent protein folding kinetics [1] and the temperature dependent phase separation and
crystallization kinetics in polymers and metallic alloys using this instrument. At present, such
biological experiments are done using time-resolved SAXS at synchrotrons where effects
such as radiation induced aggregation is a big concern.

2. Neutron Spectrum at LWTS

Erik Iverson and Brad Micklich have carried out careful Monte Carlo simulations of the
neutron spectrum expected from different solid methane moderators at LWTS. Fig. 1 shows
the normalized neutron spectra for three of the cases studied. We plan to place BRIMS on the
coupled slab moderator which provides the maximum flux for the neutrons useful for SANS
applications (k=l to 15 A). We would like to point out that all the simulations that will be
described below were performed assuming the neutron spectrum from a decoupled solid
methane wing moderator that is viewed by SAND and scaled for the LWTS slab moderator.
At the time of this paper, the pulse shapes from the simulations for the cold solid methane
slab moderator proposed for the long wavelength target station have not been parameterized
for use with NISP. However, the proton beam power normalized average flux in the 1-15A
wavelength range for this moderator is 1.44 times larger than that of the IPNS C moderator.
This factor has been included in our analysis.

3. Design Criteria

The scientific community would greatly benefit by a versatile SANS instrument that can
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provide the highest flux and cover a Q range of 0.002 to 0,4 A"1 in a single measurement.
This instrument is designed to meet such a need. Options should be available to extend the Q
ranges on both ends by selecting the collimation and beam stop size as well as the position of
the area detector. One important consideration in this design has to be to separate the
neutrons useful for SANS (k =1 to 15 A) efficiently from the high-energy and y ray
components of the direct beam to reduce the background.

Irma and Qmax
 m t m s instrument are determined by

min " m a x

max mm

The available bandwidth (AX) or the maximum wavelength (Xn

be calculated using

AX = X.max=3955/fL

(1)
(2)

x) useful in a given frame can

(3)

where f is the repetition rate and L is the length of the instrument. While designing this
instrument, we set the maximum length of the instrument to be 31 m with the sample being at
the 23 m and the entrance aperture at 15 m from the source. The area detector can be placed
either at 27 m (Xmax=14.6 A) or at 31 m (X.max=12.75 A) from the source, each providing
unique advantages in flux and Q resolution depending on the experiment. For example, the
longer sample to detector distance gives slightly higher resolution and higher point density at
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each Q while shorter sample to detector distance allows higher flux on sample and a broader
Q range. Horizontally offsetting the detector will increase Qmax and improve the resolution
and statistical quality of the data at middle and high Q regions. Since the multiple scattering
effects vary as A.2, we restrict the A.max to be < 15 A.

4. Instrument Layout

The schematic of BRIMS is shown in Figure 2. This instrument will be situated on the long
wavelength target station wherein the neutrons are produced by bombarding a heavy
metal target with 1 GeV proton pulses with 0.3 jxs pulse width (FWHM) at 10 Hz. High
energy neutrons thus generated will be thermalized by a 12 cm x 20 cm coupled solid
methane moderator to produce a large cold neutron flux. Key features of this instrument are as
follows: It will use a supermirror coated guide and bender assembly to separate the useful
cold neutrons away from the fast neutrons and the y rays so that neither the sample
nor the area detector will view them. A space of 1.4 m space between beam bender and
collimation is allocated for spectral filters or polarizer elements. It will provide a choice of
various pinholes and multiplexed pinholes that can be selected by the user depending on the
experimental requirements. It will employ a moveable, 100 x 100 cm2 position sensitive area
detector with small pixels and a high data rate. Frame definition choppers or mirror filters will
be used to eliminate neutrons with wavelength greater than 15 A. High angle bank detectors
can be augmented to extend the Qmax- We describe the properties of individual components
used in the simulations below.

5. Bender and Guide Assembly

The prompt neutron spectrum from the target and moderator system contains a large amount
of fast neutrons and y rays which must be prevented from entering the collimation system.
Currently, four different techniques are in use to reduce or eliminate the fast neutrons at
different pulsed neutron sources. The SANS instrument at the KENS pulsed source at KEK in

Coupled Solid CH4

Moderator

Polarizer or Collimator

/ F i l t e r / Detector
*- / , Exit aperture

100cm X 100cm

0m 23m 27m 31mllm |13.6m
13m 15m

Fig.2. Schematic of the Broad Range Intense Multipurpose SANS instrument for the proposed
Long Wavelength Target Station at SNS.
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Japan uses a long reflecting bent neutron guide to make the detector out of sight of the source
[2]. The LOQ instrument at the ISIS pulsed source in the UK [3] employs a beam bender (an
array of short narrow curved guides placed side by side) for this purpose. The two SANS
instruments at IPNS utilize cold MgO filters [4-6] and the LQD instrument at LANSCE [7]
uses a To chopper to attenuate the fast neutrons.

For BRIMS, we have chosen to use a guide and bender assembly to separate the cold neutrons
from the direct beam so that the area detector is completely out of line-of-sight of the source.
To improve the flux at short wavelengths, we have assumed the use of high index
supermirrors to accept the short wavelength neutrons at higher angles. A 2 m long, 44.625
mm wide bender consisting of several 15 cm tall vertical blades follows the input snout. Each
blade that gets inserted in the bender consists of a 0.2 mm SiO2 substrate on which 3.5 |J.m
thick. m=3.5 supermirror (high angle reflectivity index =0.7) is coated on the reflecting side.

The critical wavelength for a curved guide or bender is defined as the wavelength for which a
line tangent to the convex surface of the guide or bender channel intersects the concave
surface at the critical angle for the guide mirror. Hence, the width w of each guide channel,
given by

(4)

where Xc - 1A is the critical wavelength, / is the length of the curved guide or bender, 0B is

its bend angle, and y^' = 0.0017 rad/A determines the critical angle for natural nickel. Thus,

for a given critical wavelength, the number of blades within the total width depends on the
required bend angle. For example, a 11.95 mR bender has 15 channels while a 40 mR bender
has 50 channels.

If the high energy neutron fraction of the neutron beam is to be eliminated as a radiological
hazard and a background problem, there must be an additional 2m of heavy shielding material
such as along line-of-sight through the entire bender system. Therefore, there may need to be
straight snout sections of guide encased in heavy shielding before and/or after the bender
itself. The length necessary is minimized if the lengths of the two snouts are the same. This
minimum length ls is given by

, = _ _ E / f l co( f l B / ) ]
S sin(V2) 2tan(0fl/2)[ sinfo/2) /

where W is the total width of the bender. For a 11.95 mrad bender of the width discussed, the
l lm moderator to bender distance centers the bender between 8m snouts, allowing for a 3m
radius exclusion zone around the moderator. In this configuration, the direct beam is
minimally separated from the beam incident on the sample, with the required heavy shielding
ending 2m upstream fron the sample position. The 8 m long input snout consists of two 20 cm
tall vertical blades which are separated by 44.625 mm. The inner surfaces are coated with 5
|i.m thick m=3 supermirror (high angle reflectivity index=0.8). The entrance collimator slit
and the polarizer are inside exit snout, which is assumed to be absorbing except for the first
0.6m where it is coated on its horizontal inner surfaces with 3.5 |J.m thick m=3.5 supermirror.
For a 40 mrad bender, which completely avoids line-of-sight on the area detector, the entrance
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and exit snouts are only required to be 1.75m in length each so that the radius for the heavy
shielding can be as low as 10.5m. Thus, if the bender is shifted upstream along the beam path
with the total length of the supermirror guide lining along the beam path constant, the
polarizer and the collimation can be moved completely outside the heavy shielding with
minimal effect on the flux on sample.

6. Collimation

BRIMS will have various choices of collimation that can be selected by the user to match the
Q range and flux to the requirements of the experiment. Table 1 compiles the pinhole
diameters for the collimation along with the geometrical parameters and the expected relative
flux for each collimation geometry. The collimation system consists of two circular slits with
the entrance slit at 15 m and the exit slit at 23 m from the source. Via computer control,
various different size pinholes can be inserted at the entrance and sample slit positions and
corresponding beam stop can be selected. Different combinations of pinholes and beam stops
can be used depending on the required Q range and resolution.

7. Detector

A 100 cm x 100 cm position sensitive small pixel, high data rate area detector will be used for
typically used at the reactor-based instruments. This is the instrument geometry when the

Table 1
Instrument Settings considered for the full simulation of BRIMS

Entrance
Aperture
diameter
(cm)

4*

3*

3

2*

2

2

1.35

1.35*

0.9

Sample
aperture
dia.
(cm)

1.33

1.5

1

1

1

0.67

0.67

0.45

0.45

Beam
stop
Dia.
(cm)

4

6

3

4

4

2

2.67

1.35

2

Entrance
aperture
to Sample
aperture
(m)

8

8

8

4

8

8

8

8

8

Sample to
detector
distance
(m)

4

8

4

4

8

4

8

4

8

Relative
Intensity
from
Acceptance
diagrams

1.00

0.72

0.32

0.57

0.141

0.063

0.029

0.0130

0.0058

' ' •max

(A)

14.5

12.7
5

14.5

14.5

12.7
5

14.5

12.7
5

14.5

12.7
5

Vmiti

(A"1)

0.00217

0.00185

0.00163

0.00217

0.00123

0.00108

0.00082

0.00073

0.00062

Qmax
With
1 A
neutrons

(A"1)
0.785

0.393

0.785

0.785

0.393

0.785

0.393

0.785

0.393

Parameters in bold and regular text correspond to 4m and 8m sample-to-detector distances,
respectively. The parameters in bold italics were studied and found to be less preferable. The
configurations marked with an (*) were extensively modeled using NISP.
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detector is placed at 31 m position. In this geometry, a higher density of points can be
measured at the lower values of Q , increasing the quality of the data at low Q and the number
the scattering measurements. This detector will be mounted on rails so that it can be moved
from 27 m to 31 m from the moderator as well as offset horizontally to increase the solid
angle as required. The condition Li=L2, where Li is the entrance slit to sample slit distance
and L2 is the distance between the sample and the detector, is the symmetric case that is
of points available for the Guinier analysis. In the asymmetric configuration, where L;=2L2,
the instrument has higher flux and a wider Q range at the same Qmin as the symmetric
configuration. The asymmetric configuration (detector at 27 m from the source) is the highest
throughput mode for this instrument (see Table 1). The resolution of the instrument at a given
value of Q is comparable for both configurations.

8. Supplementary Detector Banks

The BRIMS instrument can be augmented to extend the Q range up to 10 A"1 by the addition
of supplementary detectors as has been done at the SAND instrument at IPNS [5] and the
LOQ at ISIS [3J. These banks will be placed at angles as near to the transmitted beam as
possible to minimize geometrical effects arising from the typical plane geometry of the
sample for SANS. We plan to incorporate an high angle LPSD area bank to extend the Qmax to
- 3 A"1 along with a back scattering detector cluster to extend to Qma* ~ 10 A"'. The detector
sizes will be selected such that Q ranges from the supplementary detectors overlap
substantially with each other as well as with that from the area detector, allowing for the data
to be merged easily.

9. Polarizer

Space has been allocated for a multilayer-based or other transmission polarizer to polarize the
neutron beam for the studies of magnetic materials. At the V4 instrument at BERII reactor of
HMI, Berlin, a high efficiency spin flipper is being used for polarizing cold neutrons [8] with
wide range of wavelengths above 4 A. We believe that this technology will continue to
improve and high efficiency polarizers and spin flippers for neutrons of nearly the full
wavelength range of interest will be available when this instrument is ready to be built.

10. Frame Definition Mirror

The cold moderators will produce significant amounts of long wavelength neutrons that can
arrive at the detector coincident with neutrons from subsequent pulses. Thus, their presence
will cause frame overlap contamination. Hence, we plan to introduce a mirror whose critical
angle is set to remove neutrons with X > 15 A to combat this problem. This can be installed
upstream to the entrance aperture.

11. Methods of Instrument Performance Analysis

We used acceptance diagrams [9] to determine the appropriate collimation and beam stop
dimensions to maximize the flux at the detector for our choice of Q range. Table 1 shows the
settings that were considered along with the Q ranges and the fluxes at the detector.
Evaluation of the instrument performance in terms of flux and Q resolution for various
instrument parameters was carried out by using the Los Alamos NISP Monte Carlo package.
This software package has a number of features that was required as per Kent Crawford's
report [10]. This package utilizes correct physics modules for the interaction of neutrons with
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a given component in the instrument. This allows for generating the geometry of the
instrument including the position and orientation of the different components, surfaces,
regions, and the materials involved in each. In addition, the Monte Carlo engine that moves
neutrons between components and handles statistics also allows the saving of histories to
identify the sources of problems. It is capable of realistically tracking neutrons through an
instrument from moderator to detector and it simulates scattering from spherical particles of
any size and delta function scatterers. Furthermore, this package handles the effects of
gravitation, neutron polarization and multiple scattering. We believe that all these features are
extremely important in the evaluation of the instalment performance. Since the LWTS
spectrum for a slab modetrator was not available at the initial stages of this project we used
the neutron spectrum (A.=l to 14.5 A) from the decoupled solid methane wing moderator
viewed by SAND as the source for the BRIMS instrument evaluation. Prior to carrying out
the simulation of BRIMS we validated the simulation results by simulating the SAND
instrument and comparing the results with the experimental data.

In order to compare the performance of BRIMS with what is generally acknowledged as the
World's flagship SANS instrument, D22 at ILL, France, we simulated the D22 instrument
with the appropriate neutron guides and the actual neutron spectrum (published at www.
Ill.fr). Upon our request Dr. Roland May, the instrument scientist of D22 kindly provided the
following 3 settings that would be useful to cover a Q range of 0.001 to 0.5 A"1 at D22. The

oi o

Q range of 0.001 to 0.012 A" can be measured using 18 A neutrons and a sample-to-detector
distance of 18 m and the Q range of 0.0052 to 0.063 A"1 can be covered using 7.5 A neutrons
and a sample-to-detector distance of 8 m. The high Q region 0.026 to 0.5 A"1 can be accessed
with 7.5 A neutrons and a sample-to-detector distance of 1.4m along with a detector offset of
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Fig.3. The normalized count rate at different Q values for BRIMS and D22 as obtained from
the Monte Carlo simulations
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0.39 m. We carried out simulations for these settings and compared the normalized scattered
neutrons per second and the resolution in the whole Q range.

12. Results and Discussion

We have carried out our Monte Carlo simulations for BRIMS using the settings indicated in
Table 1 assuming delta scatterers at Q = 0.002 A1 , 0.005 A'1, 0.01 A'1, 0.02 A'1, 0.05 A"1, 0.1
A"1, 0.2 A'1, 0.5 A"1 as well as spherical particles. The scattering from the delta function
scatterers provide both the normalized intensity of scattered neutrons per second and the AQ
at each Q value studied. We carried out similar calculations for the 3 settings for D22
described above. The normalized scattered neutron count rates for each Q for both BRIMS
and D22 are shown in Fig.3. The normalization factor between the wing moderator viewed by
SAND and the slab moderator at LWTS was determined by scaling for the size, proton power
and the conversion efficiency offered by the slab moderator. It can be seen from Fig. 3 that at
BRIMS the count rates are higher than that at D22. Furthermore, the data in a wide Q range is
produced in a single measurement while it takes 3 settings at D22.

The simulation of the delta function scatterers at different Q values provides the resolution
over the whole Q range. The solid lines in Fig. 4 correspond to BRIMS while the dotted lines
correspond to the two sample-to-detector distances of 8 m and 1.4 m for D22. As expected,
there exists a discontinuity in the AQ values for the D22, while it continuously varies for
BRIMS. The gravitation effects for 18 A neutrons with the 18 m sample-to-detector distance
were clearly observed in the simulations, where the beam drops about 7 cm from the direct
view at the detector. The AQ values for this configuration is about half of that of BRIMS for

14x10°
12

10

8

6

4

2

0 h

SNS-LWTS BRIMS Scattering Resolution
1.33 cm sample 4m sample to detector, simulation
1.50 cm sample 8m sample to detector, simulation

ILL-D22 SANS Scattering Resolution
2 cm sample, 18 m sample to detector, 18 A
2 cm sample, 8 m sample to detector, 7.5 A
2 cm sample, 1.4 m sample to detector, 7.5 A, offset
— calculation, • simulation

j .

0.001
2 3 4 5 6 7 8 2 3 4 5 6 7 8

0.01 0.1
2 3 4 5 6 7 8

Q (A'1)

Fig. 4. AQ values obtained from the simulation using the delta function scatterers for BRIMS
and D22. The points in the figure are those calculated using equation 6 which agree quite
well with those obtained from the simulated data.
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Q < 0.002 A*'. The lines in the figure are the AQ values calculated using Equation 6 [11] for
the two instrument configurations.

. \2

121 X (6)

In Equation 6, Li is the entrance slit to sample slit distance and L2 is the sample-to-detector
distance, Ri and R2 are the radii of the entrance and sample slits and AX/X is the wavelength
dispersion, R is the radius of the annulus and AR is the width. It is important to note in Fig. 4
that the calculated AQ values for D22 at the 3 settings agree quite well with those determined
from the simulation with the delta function scatterers using NISP. Such agreement inspires
confidence in the simulation results regarding both the flux of the scattered neutrons and the
resolution for BRIMS. In fact this is one of the better ways to determine the relative flux and
resolution of instruments which simultaneously employ multiple wavelengths.

13. Bender performance

In order to assess the effect of the bender and MgO filter on fast neutrons (X < 0.5 A) we have
carried out simulations using the ISIS water moderator that has neutrons with a wavelength
down to 0.1 A . The 11 mR bender, the minimum to separate the useful portion of the
spectrum from the direct beam, seems to cause a 15% reduction in transmitted intensity at
useable wavelengths when compared to a straight guide. This bender permits significant
amount of fast neutrons through the instrument. The preferred 40 mR (50 channel) bender,
which completely avoids the line-of-sight of the source for the area detector regardless of in-
line shielding, reduced the transmitted flux at useable wavelengths by 28%. Both benders
outperformed the MgO filter [6] in both transmission of the useful flux and reduction of high
energy neutron background.

14. Performance of Soller Collimators

We also simulated BRIMS using the conventional crossed pair of Soller collimators similar to
those used at SAD [4] and SAND [5]. The Soller collimators considered here consist of a
horizontal set (length = 1.177 m) with a total entrance and exit widths of 22.74 mm and 18.63
mm divided into 21 channels followed by a vertical set (length = 0.813 m) with a total
entrance and exit widths of 20.36 mm and 17.25 mm divided into 23 channels. Fig. 5 shows
the comparison of the scattered intensity with a small pinhole and a crossed pair of Soller
collimators. For a given Q resolution the flux with Soilers is only marginally higher. Based on
our experience with these type of Soller collimators the marginal gains in intensity are not
advantageous as the surfaces in the Soilers do produce background that will compromise the
low Q measurements. We strongly believe that the multiplexed small pinholes would prove
more advantageous than crossed Soller collimators.

15. Summary

We have described the design of a versatile TOF-SANS instrument (BRIMS) for the proposed
long wavelength target station at SNS designed using acceptance diagrams and evaluated
using NISP Monte Carlo simulations. This instrument combines features from the best
reactor-based and the pulsed source SANS instruments. Our simulations show that the
BRIMS in its high-throughput configuration (entry #1 in Table 1) should have a few times
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SNS-LWTS BRIMS Scattered Intensity
0.45 cm sample aperture 4m Sample to Detector
Honeycomb-multiplexed 0.45 cm aperture (estimated)
Crossed Sollers, same beamstop diameter
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Fig.5. Comparison of the scattered neutrons/s determined from the simulations for the small
pinhole with the crossed pair ofSoller collimators. The curve for the multiplexed pinholes has
been estimated using the results from the simulation for the single pinhole.

higher scattered intensity and comparable resolution when compared to the D22 at ILL. In the
symmetric configuration it will produce high resolution data in the low Q region just like the
reactor instruments. The D22 is noticeably better than BRIMS in terms of flux and resolution
only at Q < 0.002 A*1 when it employs 18 A neutrons at a sample to detector distance of 18 m.
In our estimate, using honeycomb or bottle-case type multiplexed narrow pinholes on BRIMS
will narrow that gap substantially with regard to flux in that low Q region although a penalty
in resolution will inevitably remain due to a shorter instrument and shorter operating
wavelength (see equation 6).
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Abstract

The extended Q-range small angle diffractometer (Extended-Q SANS) for the Spallation
Neutron Source (SNS) at the Oak Ridge National Laboratory is discussed. The diffractometer is
optimized for sciences requiring extended Q-coverage. It is located on the coupled cold
moderator at the SNS and has variable moderator-to-detector distances between 15m and 18m.
A neutron beam bender system is used to avoid the direct line-of-sight from the moderator. The
bender system is optimized for best neutron transport using extensive Monte-Carlo simulations.
The Extended-Q SANS will have an unprecedented Q-coverage of 0.004 A"1 to 12 A"1. With
optional Soller collimators, the minimum accessible Q-range can be extended to 0.001 A"1. The
available flux at the sample will be comparable to that of the best SANS machines currently in
operation.

Introduction

The SNS at the Oak Ridge National Laboratory currently under construction offers an exciting
new opportunity for a world-class small angle neutron scattering (SANS) instrument. The SNS
will have a 2-MW high-power target station (HPTS), which will allow a SANS instrument to
have comparable fluxes at the sample position as that of the best SANS machines currently in
operation. Beside the high fluxes on the HPTS, one of the advantages of pulsed neutron sources
for SANS applications is the simultaneous access to broad neutron wavelength band, hence
broad Q-region. The SANS instrument at SNS is designed to maximize both the flux on sample
and the Q-coverage, or the dynamic range. It will be a very useful tool for studying weak
scattering systems, such as protein in solution, and will be extremely useful for systems requiring
broad Q-coverage, such as kinetics; protein-membrane interaction, where protein signals appear
at low-Q while lipid signals show up at high-Q[1); and engineering materials, where simultaneous
monitoring of domain growth using small-angle scattering and the crystal structure through
diffraction is of great interest.
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Instrument design and optimization

Moderator and Machine length The schematic setup of the Extended-Q SANS is shown in
Figure 1. The instrument will be viewing the top downstream, coupled, cold hydrogen moderator
on the 60-Hz target. To maximize the useable neutron flux, it will have to be as short as possible.
Taking into account the space constraints and shielding requirements, we chose the total machine
length to be 18m, with sample at 14m[2] and a maximum sample-to-detector distance of 4m. With
the detector at 18m, the maximum useable neutron wavelength bandwidth will be ~ 3.7 A. Based
on neutronics calculations'31, the moderator will have a pulse width of ~ 18 ̂ is/A FWHM, giving
a wavelength resolution of 8AA -0.4% on the detector at 18m.

Exchangeable n 'Bh a n S l e detector bank
Fixed guide sections Guides/Collimator H m from sample)

sections, ! - a S E 3 *
variable apertures

Target
shielding

Bandwidth choppers

\

Sample

0 1 2 5 8 10 14

Figure 1. Schematic view of the extended-Q SANS.

Low angle detector
(15-18 ml

distance from
moderator | m |

Beam Bender For the short SANS-instrument, reducing fast neutron and gamma ray induced
background will be critical to its performance. We therefore use a curved neutron beam bender to
avoid the direct line-of-sight from the moderator. The bender system consists of a 1-m long
section of straight neutron guide starting at lm from the moderator, followed by a 3-m long
curved, multi-channel beam bender, then followed by sections of straight guides totaling 5-m
long. All these guide and bender sections have supermirror coatings with critical angle 3.5 times
that of natural Ni (3.5 x Ni-9c). The cross-section of the beam is 4 x 4 cm2. The bending radius
of the bender is R = 65m. Monte-Carlo simulations showed that for SANS applications, true-
curved benders out perform segmented ones, i.e., segments of short, flat mirrors, arranged on an
arc. Even though segmented benders can have high neutron transmission, they increase the
divergence of neutrons, which is undesirable for small-angle scattering. Extensive simulations
were performed to maximize the transmission of the bender system and it is determined that
dividing the bender into 10 channels (i.e., 4-mm channel width) will give the best performance
(Figure 2).

Frame Choppers Three standard bandwidth choppers are designed at 5, 8, and 10m to eliminate
the leakage of slow neutrons. The time diagram is shown in Figure 3.
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Moveable Guides and Collimators All
neutron optics upstream from 10m will be
fixed and tightly coupled with beam
shielding. Reconfigureable neutron guides
will be used between 10m and the sample
(14m) to achieve variable collimation
lengths. To access small Q-regions, we
will use two optional 1-m long Soller
collimators at 11 - 12m and 12 - 13m, for
horizontal and vertical directions
respectively. The collimator design is
similar to that being used on the SAND
instrument at IPNS at the Argonne
National Laboratoryf4]. The horizontal
collimator will have entry and exit channel
widths of 0.833 mm and 0.714 mm,
respectively. The channel widths for the
vertical collimator will be 1 mm and
0.833 mm. The size of the converged
direct beam on the detector at 18m is
1 cm.

120%

100%

c 80%
Q

1
| 60%

I
40%

20%

0°/

/

/ /

, /

= = Collimator between 1-5m

Guide between 1-5m

— Guide between i-2m, bender
between 2-5m

0 155 10
Wavelength [A]

Figure 2. Transmission of the 10-channel, R=65m beam
bender as compared to straight guide and natural
collimation. 1° max source divergence and 3.5XNi-8c
with 80% reflectivity coatings were assumed for all
simulations.

Detectors The Extended-Q SANS is designed to
have a large active area ( l x l m2) detector
housed in a scattering chamber with variable
sample-to-detector distance between 1- and 4-m.
In addition, there will be a high-angle detector
bank arranged on an arc 1-m away from the
sample, covering an angle range of ~35 - 150°.

Performance Estimation

Flux and count rate Figure 4 shows the
simulated fluxes on sample under various
collimation conditions. When operating in the
second frame, a maximum flux of
~109 neutrons/s/cm can be obtained on the
sample with 1-m collimation length. With 4-m
collimation, the flux will be
~108 neutrons/s/cm2. The data rate on detector
depends on the sample. As a reference, we
estimate the maximum per pixel counting rate in
the second frame for an incoherent scatterer
(such as water), 1-cm2 in cross-section and 50%
in transmission. On a 5 mm x 5 mm detector

20 8040 60
Time [ms]

Figure 3. Time diagram in the second frame.
The wavelengths shown are those of the umbrae
only.
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pixel, the maximum
instantaneous counting rate
will be ~650n/s when the
detector is at 15m (1-m
detector-to-sample and 1-m
collimation). At 4-m
collimation and with the
detector at 18 m, the counting
rate will be ~60n/s.

8 10 12 14

Wavelength [A]
Figure 4. Simulated, time averaged flux at sample position with 1-,
2-, 3-, and 4-m collimation (from upper to lower). The region
between the dotted lines corresponds to the second frame when
detector is at 18m.

Data collection time depends
both on scattering properties
of the sample and on the
required Q-range. For strong
scatterers, such as polymers
at high concentrations,
collection of a single data set within 1 min will be possible for all accessible Q ranges. For weak
scatterers, such as proteins in dilute solutions, the per data set collection time less than 10 min
will be possible when Q-min -0.001 A is needed. For Q-min -0.006 A, collection of a single
data set with sufficient statistics will be possible within 1 min.

Q-range The minimum accessible Q-value on the Extended-Q SANS is obtained when the low-
angle detector is at its maximum distance of 18m (4m sample-to-detector). For circular beam
geometry with a lcm sample and a 2cm source aperture (at 10m), a 4cm beamstop will be
needed, giving Qmin values of- 0.01, 0.006, and 0.004A1 for instrument operating in the first
(-1-4.7 A), second (-3.7-7.3 A), and third (-7.3-11 A) frames, respectively. With the use of
Soller collimators, the Q-min values for the three frames will be - 0.0024, 0.0015, and O.OOlA"1,
respectively.

The Qmax value on the Extended-Q SANS will be 12 A"1, which is given by the use of lA
neutrons at the highest detector angle of -150°. The largest continuous Q-coverage of
0.01-12A"1 is given by operating in the first frame and the low angle detector is at 18m. When
Soller collimators are used, this range becomes - 0.0024-12A"1.

Resolution At low scattering angles, the resolution function (5Q/Q) is dominated by geometrical
factors. These factors are the sizes and relative positions of the source and sample apertures, and
pixel resolution of the detector. In back-scattering directions, the geometrical contribution is
minimal and the resolution reduces to the level of wavelength spread, 8AA. The FWHM value of
8X/X, as determined by the pulse width of the moderator and detector-to-moderator distances, is
0.5% on the high-angle detectors, and 0.4 - 0.5% on the low-angle detector.
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Conclusion

The extended Q-range SANS for SNS is expected to be a world-class instrument, especially with
its wide Q-coverage, and high flux on sample. Due to its short machine length, the minimal
accessible Q-value will be limited and we use Soller collimators to compensate this shortcoming.
The machine will be best suited for studying systems involving multi-length scales.
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12. Instrument - Diffraction and Residual Stress
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Abstract

United States National Laboratory researchers and University of California faculty,
representing a broad range of scientific disciplines, is building a novel time-of-flight
(TOF) neutron diffractometer and associated in situ equipment at the Manuel Lujan Jr.
Neutron Scattering Center (Lujan Center), under the auspices of the United States
Department of Energy. The goal with the High-Pressure Preferred Orientation
Instrument (HIPPO) is to investigate dynamic processes in heterogeneous bulk materials
in a variety of environments. The instrument, which will become available in summer
2001, has the extremely high count-rates necessary to study time-dependent processes in
small (1-mm diameter) and large (2-cm diameter) samples, and in a large variety of
environmental conditions (10-2000 K cryostats and furnaces, 0-20 GPa pressure vessels,
straining cells, goniometers, magnets, etc.). The 3-D arrangement of detectors allows
direct measurements of crystal orientation distributions in polycrystalline materials. The
analysis of TOF diffraction patterns with versatile Rietveld codes provides simultaneous
information on crystal structure, texture, microstructure and phase proportions. While
this instrument has many applications in materials science, it is also of great interest for
geology and geophysics. Some applications include: kinetics of reactions, structure of
silicate glasses and melts, high-pressure investigations of complex systems, evolution of
texture and anisotropy during deformation and recrystallization. The Lujan Center aims at
creating an instrument with high data through-put and easy access to researchers and
students. While the HIPPO instrument will be part of the national user facility operated
by the Lujan Center, the scientific program will be guided by the University of California
consortium with the goal of satisfying national priorities and establishing an environment
of scientific excellence. [For more information search for "UCMRD" or
http://lansce.lanl.gov/research/index_res_99.html on the web].
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1. Introduction

Advanced neutron source technology and future generation spallation facilities will
enable major advances in neutron instrumentation and research capabilities for condensed
matter research. Important new applications of neutron diffraction have emerged already
in both applied and fundamental research on condensed matter. The new High Pressure
Preferred Orientation (HIPPO) diffractometer is designed to exploit the power of time-of
flight (TOF) neutron diffraction for materials science research by innovative engineering
design, flexible sample environments, and fast data acquisition routines. A salient
characteristic of neutrons vis-a-vis X-rays for scattering research is the low absorption by
most elements. This makes it possible to study bulk properties, to utilize sophisticated
sample environments for studies at high or low temperatures and pressures, and to
investigate orientation distributions and internal stresses in polycrystals. Due to the high
spectral resolution that is available, refinements of crystal structures, phase proportions,
textures and strains can all be performed simultaneously, e.g. with the Rietveld method
[ 1,2]. The objective of HIPPO is to be a high count rate diffractometer with moderate
resolution and flexible sample environments.

The HIPPO diffractometer is part of a synergistic effort by both the University of
California campuses and US National laboratories to (1) attain scientific excellence (2)
advance our present knowledge of condensed matter and (3) make neutron diffraction an
available tool for younger generation scientists. Costing less than $4M and chosen by the
US Department of Energy (DOE) for accelerated construction, the HIPPO diffractometer
is presently under construction. It is anticipated to become available for testing in fall
2000 with a user program initiated in summer 2001. The instrument is designed to study
properties of polycrystalline materials and liquids. Of particular interest is the
investigation of small (lmm1) and large (2cm3) sample volumes at high (<2000K) and
low (>10K) temperatures, at high pressure (<20GPa), and in different atmospheres. The
diffractometer which we are building will be highly visible in the fields of phase
transformations, high pressure research, polycrystal anisotropy (texture-strain-stress) and
complex materials crystallography. It will be possible to study the dynamics of reactions,
recrystallization and deformation of bulk anisotropic samples at a wide range of
temperature and pressure conditions. No existing instrument, world-wide, has this range
of environmental capabilities.

A major limitation of neutrons has been the weak intensity. With the new diffractometer
we can overcome this problem, taking advantage of the improved neutron source at
LANSCE, a short flight path (flux at the sample: 108 n cm'V1) and a novel three-
dimensional arrangement of detector banks with 1400 'He-tubes, on conical rings. The
usual data collection time will be reduced from hours to minutes, enabling us to study
time-dependent processes in bulk samples with anisotropic properties. A flexible sample
environment chamber (large 75-cm diameter sample well) accommodates ancillary
equipment such as goniometers, furnaces, cryostats, straining stages, high-pressure cells,
magnets etc. A new state of the art DAQ system enables remote and fast data acquisition
and experiment monitoring via the world wide web from a user's laboratory.
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The HIPPO Diffractometer will be housed at the Manuel Lujan Jr. Neutron Scattering
Center as part of an over $42 M, facility-wide upgrade project for the Los Alamos
Neutron Science Center (LANSCE) sponsored by the US DOE. LANSCE is a unique
spallation (100 (i.A proton beam at 20 Hz with upgrade to 200u.A at 30 Hz) source that
produces intense bursts of polychromatic neutrons that can be captured in time-of flight
(TOF) for fundamental condensed matter research. To learn more about LANSCE or the
Short Pulse Spallation Upgrade project at LANL please see the web site
http://lansce.lanl. gov/overview/index_over.html.

2. HIPPO Technical Description

For a more detailed description of the project, technical design and installation progress
visit the HIPPO website http://www.seismo.berkeley.edu/~wenk/hippo.html or search for
UCMRD.

Overview
The goal for this instrument as stated above is to have the highest intensity available with
moderate resolution. This is to be achieved by an instrument design consisting of
detectors positioned over as much of the azimuthal angle about the incident beam as
possible with the instrument located on a quite short flight path. To keep the resolution of
the instrument independent of the detector azimuthal angle, we use a neutron flight path
at the Lujan Center that is normal to a moderator surface. A Monte Carlo simulation
routine (program NISP, Neutron Instrumentation Simulation Package) [3] was prepared
to simulate a conventional time-of-flight powder diffractometer and it has been used to
verify the choice of design features of HIPPO.

The HIPPO diffractometer features a short initial flight path of 9m at Flight Path 4 of the
Lujan Center and an array of more than 1400 10-atm 3He detector tubes covering nearly
4.6m! with five detector banks at scattering angles ranging from backscattering
(nominally 150°) to low forward scattering (nominally 10°). The characteristics of each
detector array are listed in Table 1 and their placement is shown in Figure 1. Figure 1
shows an exploded view of the diffractometer along the incident beam line. The detector
panels are tilted relative to the scattered neutron paths to give a more constant resolution
across their surfaces. The tilt compensates the change in resolution due to the angular
range for each panel with a corresponding change in the sample-to-detector flight path (L,
Table 1). The collimation views a 12-cm diameter round portion of a high intensity
ambient water moderator, and converges to a maximum round beam size of 2-cm
diameter at the sample position. A To chopper removes the fast neutron prompt pulse. For
most applications samples ought to be fully immersed in the neutron beam and should not
exceed this size. However, smaller beam sizes at the sample position can be produced
with adjustable collimation. Motorized neutron collimating elements (see Figure 1) are
positioned along the beam path to provide addition tailoring of the beam profile at the
sample (down to 5mm diam.). The cost of such an adjustment is, of course, a loss of
intensity. In addition to reduce the effects of air scattering in the secondary flight paths
between the sample chamber and forward-scattering detectors, we use 1.0 mil aluminized
Mylar balloon filled with Helium gas that reduce the aborption from air by nominally
7%.
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It is anticipated that the count rate for some experiments on HIPPO will be approximately
20-60 times what is currently obtained on the present High Intensity Powder
Diffractometer (HIPD) on Flight Path 3 at the Lujan Center, and will enable
measurements in as little as 5-10s. The time-average flux on a sample positioned at 9m,
as measured on FP-3 (HIPD) with the neutron source operating at 70|iA, is ~9xl07ns"'cm'2

for all neutron energies of which-lxlO7 ns'cm'2 is in the "thermal" (<leV) range suitable
for diffraction work. It is expected that the flux on FP-4 will thus be very similar to that
observed for HIPD; scaled to 200(iA beam current, we expect to have a time average flux
of ~2xl08 ns 'cm2 for all neutron energies and ~3xlO7 ns 'cm'2 for thermal neutrons. The
data acquisition will be based on current VME technology and make use of web-based
visualization and control software. Experiments can be controlled remotely, e.g. from the
laboratory of the user.

T-zero
Chopper Roracinj;

environments!
I ch ameer

/ HIPPO
* Simple

i^g ^or to Scale

Figure 1. Exploded view of HIPPO diffractometer showing sample chamber surrounded
by 5 conical rings of over 1400 'He detector tubes. The TOF incident beam travels from
left to right of figure, beginning at the 150 ° panels. A 60 Hz To chopper removes the fast
epithermal neutrons. A rotating collimator allows adjustable circular collimation from
(2-cm diam. to 5-mm diam. spot size). The large sample chamber accomodates special
environment equipment such as displexes, goniometers, furnaces and high-pressure cells.
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An Helium-filled Mylar bag is used to reduce incoherent scattering in the forward
scattering secondary flight paths.

Table 1. Detector layout for HIPPO. The d and Q ranges are for 0.5-9 A
wavelength range. The resolution is full width at half maximum over position
(100% AT/T). The resolution was determined by comparison with the
corresponding detectors currently in use on HIPD and Monte Carlo simulations
with the program MONTE

Nominal
angle
150
90
40
20
10

angular range

143°54'-155°48'
76°46'-103°15'
33°29'-47°35'
18°17'-25°47'
7°17'-12°45'

L2,m

1.25
0.75
1.00
1.50
2.00

d-range, A

0.12-4.80
0.17-6.90
0.35-13.9
0.65-26.1
1.19-47.5

Q range, A1

1.31-52.4
0.91-37.0
0.45-18.0
0.24-9.67
0.13-5.28

AT/T

0.37%
0.75%
1.5%
2.6%
5.0%

Sample Chamber and Ancillary Equipment

The HIPPO diffractometer uses a large sample with a 75cm (29.52") opening at 81.28cm
(32") from the neutron beam centerline. It is designed for easy interchangeability of
sample environment equipment (Figure 2.). The aluminum chamber is fabricated as a
vacuum vessel and can be evacuated to approximately 106 torr so to provide adequate
insulation for low temperature equipment (Displexes or cryostats) and adequate
protection for the high temperature furnace. However at present most ancillary stages for
HIPPO are closed-looped, self-sufficient systems that do not require the chamber
vacuum. The window areas of the chamber are thinned (0.20") aluminum to minimize
attenuation of secondary beams to the detector panels.

Because of the low absorption of neutrons, we can use many environmental stages that
consist of materials mostly transparent to neutrons. Environmental stages (i.e. high
temperature, low temperature, and stress/strain) can be used on HIPPO for in situ
observation of texture changes [6]. To accommodate the breadth of research applications
for HIPPO, we have purchased or fabricated several different pieces of ancillary in a
large variety of environmental conditions (10-2000 K cryostats and furnaces, 0-20 GPa
pressure vessels, straining cells, goniometers) to insert into the sample chamber. Some
stages are standard. Some environments are specially designed.

An APD Displex system is standard equipment. It is capable of ca. 10K to 300K
operation with 0.1K precision. Lower temperature capability (1-2K) will be achieved by
the use of a liquid He cryostat (ILL "Orange" cryostat or equivalent) in house at the
Lujan Center. We also have a two-stage displex for reaching temperatures as low as 4 K.

In addition we have a conventional 3-axis goniometer using Kappa geometry for standard
texture measurements. The design of this goniometer is based on one by A. Schultz
(IPNS). Its operation will be optimized to produce complete coverage of the orientation
space taking into account the fact that the goniometer would inevitably obscure some
detector panels. Because modern data analysis techniques utilizing Rietveld techniques
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[4,5] can accommodate any set of sample orientation angles, there is no requirement that
the pole figures be sampled on a uniform grid as used in classical pole figure
measurements. The azimuthal array of detector panels on HIPPO allows texture
measurements to be done with very few sample orientations. In Figure 3 we show how a
single sample setting gives considerable coverage of the orientation space; resulting in
20-32 points on a pole figure simultaneously from the 150, 90 and 40 degree detector
banks.

' ! i

•tirt-'i-jvT'?' -""it VZ^'t "

Figure 2. Sample chamber for special environment equipment after its fabrication. The
chamber is made out of 6061 aluminum and has been vacuum tested to nominally 10"6

torr. A number of sample environments (cryostat, furnace, texture goniometer, high-
pressure cells, sample changer) are accommodated within the sample chamber for various
research applications.

Other specially designed equipment include an innovative "sample changer" fabricated
by Zygo Engineering, Inc. that holds 100 samples at a time for rapid powder-diffraction
measurements and 32 samples at a time for rapid texture measurements. It will facilitate
composition driven materials studies as well as enable handling a suite of samples from
several experimenters. Because of the high throughput of HIPPO, this sample changer is
essential for efficient utilization of the neutron diffractometer. In addition we purchased
a specialized combined furnace and gas flow apparatus for in situ and kinetics
experiments constructed by AS Scientific Products, Ltd and provided by Sandia National
Laboratory. This furnace is based on a standard ILL 1800°C furnace and is equipped
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with a single rotation axis to permit examination of texture evolution under high
temperature.

Two existing 240Ton Paris-Edinburgh high pressure cells, which are capable of lOGPa
for a 100mm3 sample and 7.5GPa for a 350mm3 sample, will be used on HIPPO. They
also are capable of simultaneous high temperature (1600K) and high pressure (7GPa)
with an internally heated furnace assembly. In addition we fabricated a Toroidal Anvil
Press (TAP-98), with a 500-Ton capacity with target simultaneous P-T conditions of 20
GPa and 2000 K. TAP-98 is a compact format with multiple neutron access ports, large
tooling space and a self-alignment stage.

A future development for texture studies on HIPPO will include a texture goniometer
equipped with a computer controlled X,Y,Z stage and 90° radial collimators; this will
permit the determination of position dependent texture within the dimensions of an
extended sample. The collimation should be sufficient to determine a 2x2x2-mm3 gauge
volume with a sample positioning precision of 0.1mm or less. Each goniometer requires
only modest angular precision for the setting angles and O.ldeg is more than adequate. In
addition, design and fabrication of a rotatable stress rig are in process at the Technical
University of Hamburg. It will be used for the simultaneous determination of texture and
strain evolution with applied unidirectional stress.

40deg

90deg

150deg
Figure 3. A stereographic projection of the 150, 90 and 40 degree sets of detector panels
on a pole figure for one sample orientation. Incident beam direction is along the
projection axis. The gap in one set of detector panel images arises from the gap in the 90
degree bank where the sample chamber access port is located. The detector panel images
for the 150 and 40 degree banks have no gaps.

3. Data Acquisition System

The HIPPO (DAQ) system conforms to the new standards being developed at the Lujan
Center. There are three primary components of the DAQ: the Graphical User Interface
(GUI), the real time system and the server. The user is connected to the GUI which
provides access to the system to allow initiation of data collection, display of spectra,
control of special environment equipment, etc. The detector systems are attached to the
real time portion that captures the data in digital form and generates the TOF histograms.
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with phase transitions in the deep mantle can also be studied by high P-T
neutrondiffraction experiments.

Established research focus groups for HIPPO include (1) Liquids and amorphous
materials, contact Brian Annis, ORNL, annisbk@orni. gov (2) High pressure, contact
Raymond Jeanloz, UCB, jeanioz@uciink.berkeiey.edu (3) High temperature contact
Mark Rodriguez, Sandia, marodri@sandia. gov (4) Texture and strain, contact Rudy
Wenk, UCB, wenk@seismo . berkeley. edu.

5. User Program and Conclusion

The HIPPO diffractometer will be used for investigations of scientific relevance, and be
accessible for a wide, multidisciplinary range of experiments in physics, chemistry,
materials science, engineering and earth sciences. It is planned to perform 150-250
experiments each year during an 8-month run cycle, making neutron diffraction not only
a method for a few dedicated neutron specialists, but also a viable resource for the
'mainstream' materials and earth science communities.

A formal user program with Los Alamos University of California Directors Research and
Development (UCRDR) support is now in place to assist University of California and
New Mexico University users. It includes the following provisions: (1) 20 travel
subsidies (from $500 to $1000) per experiment) per year for students and faculty from
Campuses and New Mexico Universities to visit Los Alamos for experiments (2) one
graduate or undergraduate student stipend to spend extended time (e.g. 3 months in
summer) at LANSCE to conduct research in neutron diffraction (3) a one-year fellowship
for a graduate student to engage in a Ph.D. thesis project in materials or earth sciences
that emphasizes the HIPPO diffractometer and (4) Postdoctoral researcher to help users
with data processing and data interpretation. Proposals for HIPPO will be accepted in
Spring 2001 and may be submitted as (1) standard, a single defined experiment (2)
extended, a project over 1 or 2 years or (3) exploratory, short term for sample
identification. For more information on the program contact wenk@seismo.berkeley.edu.
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The data acquisition server section then provides the link between the other two portions
as well as routing instrument control information (temperature settings, goniometer
angles, etc.) to the diffractometer and creating the Hierarchical Data File (HDF)
formatted data files for archival at the end of each run.

Our real time system uses a commercial computer interface from VME Microsystems,
Inc. based on time-slicing direct memory access processors with network capability. The
HIPPO system consists of thirteen VME crates that perform time-stamping, buffering,
vetoing and readout of the detector banks. Each VME crate consists of a VME processor
module that provides histogram building and data readout and handles 100K-1M TOF
channels from these detector banks. A 128Mb-memory module in each crate is used for
program storage and provides sufficient storage for multiple histograms generated, for
example, in a time series kinetics experiment. The detector interface is equipped with
double buffers so that one buffer can be processed while the other is being filled. The
buffers collect data in alternate neutron pulses; this scheme is needed to handle the high
event rate expected from this instrument. The lOOMbit/s dedicated network will ensure
that the data in each VME module (3.2-16Mbits each) can be read in less than Is. We are
using VxWorks (WindRiver) to control the real time system on a 600 MHz commercial
PC running Microsoft Windows NT. And the GUI interface will be implemented to
operate within a browser (e.g. Netscape) so that the data display facilities can be accessed
remotely.

4. Research Applications

Though we cannot mention all the various research possibilities on HIPPO, we list a few
applications here. We designed HIPPO to accommodate a myriad of research efforts.
HIPPO can be applied to research in kinetics of reactions; high-pressure investigations of
complex systems with large sample volumes; the evolution of texture in polycrystals
during deformation processes; and recrystallization and phase transformation studies.
Areas of research might include texture and anisotropy studies of rocks, for example,
granite-mylonite and mantle peridotites; crystal-structure studies of zeolites; and structure
studies of liquids and melts, including aluminum-silicon melts and glasses. It will be
possible to perform real-time experiments on bulk anisotropic samples at a wide range of
temperature and pressure conditions. In addition texture information that can only be
obtained with this instrument is a prerequisite to interpreting, for example, high-
resolution residual stress data.

Using HIPPO we may perform in-situ high pressure and temperature (P-T) neutron-
diffraction experiments, providing unique capabilities to study texture, hydrogen
bonding, magnetic moments, and structural and thermal parameters of light elements (for
example, hydrogen, lithium, and carbon) and heavy elements (for example, tantalum,
uranium, and plutonium), which are virtually impossible to determine by x-ray diffraction
techniques. For example, we can derive thermoelasticities and Debye-Waller factors as
functions of pressure and temperature using in-situ high P-T neutron diffraction
techniques [7J. These applications can also be extended to a much broader spectrum of
scientific problems. For instance, puzzles in Earth science, such as the carbon cycle and
the role of hydrous minerals for water exchange between lithosphere and biosphere, can
be directly addressed. Moreover, by introducing in-situ shear strain, texture accompanied
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Abstract

OSIRIS combines a long-wavelength powder diffractometer with a polarisation analysis
backscattering spectrometer. The diffractometer can access wavelengths up to 70 A with a
resolution of better than 1% Ad/d. The very high counting-rate at shorter wavelengths is ideal
for in-situ, real-time and parametric experiments. The spectroscopy section incorporates an
array of graphite crystals arranged in near-backscattering to give a high counting rate with 25
HeV energy resolution. The incident beam is polarised using a supermirror bender and the
scattered beam is polarisation-analysed by a 3He spin-filter in the process of being
constructed. The spin-filter system consists of a fibre laser, a peristaltic pump and a wide-
angle banana-shaped quartz cell in a continuous-flow setup. The scattered beam passes twice
through the spin-filter cell, thus doubling the optical path length in the cell. The aim is to
achieve 70% nuclear polarisation with no variation in time.

1. Introduction

The OSIRIS project [1] aims to explore the possibilities of cold neutrons and polarisation
techniques at a pulsed source. The instrument combines a long d-spacing diffractometer with
a polarisation analysis backscattering spectrometer. OSIRIS shares a beamport with its sister
instrument IRIS, viewing the liquid H2 moderator through a curved m=2 supermirror guide.
This provides a high flux of cold neutrons with a time-structure appropriate for high-
resolution measurements. A converging m=3.6 supermirror guide focuses the beam down to a
20x40 mm sample size at a distance of 34 m from the moderator. Immediately before the
converging guide, the Polariser Interchanger allows the insertion of a polarising supermirror
bender and current-sheet flipper in place of a section of straight guide.

2. Diffraction

The use of a supermirror guide significantly enhances the neutron flux at all wavelengths [2],
but at a price in beam divergence, which increases substantially as a function of wavelength.
On OSIRIS, this is compensated for by placing the diffraction detector in near-backscattering,
where beam divergence does not dominate the instrumental resolution. A position-sensitive
scintillator detector covers the full range of scattering angles between 150° and 171°,
providing a total solid angle coverage of 0.67 steradians. Two disk choppers at 6.3 and 10 m
from the moderator select the wavelength range of the measurement and prevent frame
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overlap. Neutron wavelengths of up to 70 A can be cleanly selected and used for diffraction
experiments. Figs. 1 and 2 show the incident beam flux. It is seen that the inevitable reduction
in flux at long wavelengths is partly compensated for by the A.4 form factor which applies to
powder Bragg peak intensities. At a wavelength of 70 A, IntensityxA4 is down by just 2 orders
of magnitude from the peak flux.

c

4
CO

0.001

0.0001

1e+5

0.1

0.01 •

60
1e+3

40 60

Wavelength (A)

Measured beam flux on OSIRIS as a function
of neutron wavelength.

Wavelength (A)
Fig. 2
Beam flux multiplied by A,4, which is
proportional to the Bragg peak intensities in a
powder diffraction experiment.

At Ad/d down to 0.25%, OSIRIS provides similar resolution to the HRPD 90° bank with the
same counting rate and resolution as on the GEM high-angle bank. OSIRIS can reach d-
spacings in excess of 35 A with high resolution, but can not access d-spacings below about
0.8 A, due to the short-wavelength cut-off of the curved guide.

3. Spectroscopy

OSIRIS will use pyrolitic graphite crystals for energy analysis of the scattered beam; a 40 cm
high array of graphite crystals, covering a continuous range of scattering angles from 10° to
150° at a distance of 90 cm. The analyser array will be cooled to a temperature of around 10
K to reduce thermal diffuse scattering. The energy-analysed neutrons will be detected in an
array of 42 3He gas tubes arranged in a ring below the sample position. The energy resolution
is expected to be 25 u,eV (FWHM) for the PG (002) reflection. Installation of the graphite
crystals and their associated detectors will take place in March 2001.

4. Polarisation Analysis

Polarisation analysis will be performed by means of a He spin-filter, being developed in-
house and shown schematically in fig. 3. A 10 W fibre laser will be used for the metastable
pumping of the low-pressure He gas. The gas polarisation will be monitored using an optical
polarimeter, examining the polarisation of the 668 nm discharge. After the optical pumping
cell, the gas will be compressed using a peristaltic pump to a pressure of the order of 1 bar.
The compressed, polarised gas will then be fed into a wide-angle spin-filter cell, covering the
entire solid angle of the crystal analyser. The scattered neutron beam travels twice through the
spin-filter cell, once before and once after being monochromated at the graphite analyser. In
this way, the effective optical thickness of the cell is doubled. At the opposite end from the
inlet of the spin-filter cell, the 3He gas is slowly leaked out, fed back into the optical pumping
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cell and repolarised. This continuous flow system is designed to maintain a high level of 3He
polarisation with no variation in time.

1«O lOWall Fibre Laser (1083nm)

Optical Poiarimeter

2

Tofi.V. Turbo Pun »t

Lock IM Amplifier X2

1
. Quartz Polarisation
] Analysis Cell

Vol. - 5 litre

,_ pill

OSIRIS Vacuum
Chamber

R.F.

Polarising
cell

Flow Coatrol

*i.Mi-Magnetic Peristaltic
ii Rotary Diaphragm Pump

Furnace
(at 300"C)

Two S(age ST707 Getter Pump

Cutiie Polarising apparatus / pump / Quartz polarisation analysis 'i1"
i jll are held within a large volume low field (~10 gauss) high j ,
homogenity coil set (length ~ 2m, diameter ~lm) | i

L I

Schematic layout of the OSIRIS polarised He circuit, described in the text.

The entire spin-filter setup will be placed in a high-homogeneity magnetic field to minimise
nuclear depolarisation effects due to field inhomogeneities. A peristaltic pump [3], designed
at the University of Nottingham (U.K.) to pump spin-polarised 3He gas, is being modified to
reduce polarisation losses. The possibility of using a rotary diaphragm pump is also being
examined. The spin-filter cell is being designed and constructed in collaboration with the ILL
polarised-3He group who have considerable experience in producing cells with long
relaxation times, in excess of 100 hours [4]. The cell will be constructed of silica glass, coated
on the inside with Cs to minimise 3He depolarisation via interactions with the silica glass
wall.

Fig. 4 shows a standard figure of merit, defined as neutron transmission (of the right
spin-state) times beam polarisation squared for standard supermirror-based polarisation
devices (hatched area) and various 3He spin-filters optimised for the PG002 reflection on
OSIRIS. It is seen that the 3He spin-filter becomes competitive with supermirror-based
devices at a nuclear polarisation level between 60 and 70%. The aim on OSIRIS is to achieve
70% nuclear polarisation with no variation in time. Off-beamline testing of the OSIRIS circuit
will start in December 2000 and continue during 2001. Installation and gradual optimisation
on the instrument is expected to take place from 2002.
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Fig. 4
Figure of Merit (P2T) versus neutron wavelength The hatched area shows the performance of
typical supermirror-based polarisation devices. The two vertical lines indicate the
wavelengths used on OSIRIS, corresponding to the PG 002 and 004 reflections.

5. Summary

OSIRIS is a third-generation pulsed-source instrument, on which many new ideas and
techniques are being implemented, some for the first time at a pulsed source. As a long d-
spacing diffractometer it offers an unrivalled combination of resolution, counting rate and d-
spacing range. As a spectrometer, it will utilise the well-established combination of cooled
graphite crystals with a resolution matched to the time-structure of the moderator pulse. The
high flux on the sample combines with the large solid-angle coverage to give a very high
counting rate with an energy resolution of 25 |ueV. OSIRIS is on target to become the first
wide-angle instrument on a pulsed source with full polarisation analysis. The development of
a continuously circulating 3He spin-filter using metastable optical pumping is under way. The
instrument specifications are summarised in Table I.

- 4 8 6 -



JAERI-Conf 2001-002

Table I. Instrument Specifications

Solid angle
Scattering angles
Resolution
d-spacings

Solid angle
Scattering angles

Diffractometer Specifications
0.67 steradians
150° < 20 < 171°
2.5x10"3<Ad/d<6x10"3

0.8 A < d < 35 A

Spectrometer Specifications

Momentum transfers
Energy resolution
Bragg reflection

1.09 steradians
10° < 26 < 150°
0.3 A'1 < Q < 1.8 A"1

25jieV
PG002 (83° < 9 < 87°, <K> = 6.69 A)

3He Spin-filter Specifications
Polarisation method
Laser output
Gas compression
Spin-filter cell

metastable optical pumping
10 Watts, 3 GHz bandwidth
peristaltic pump, continuously circulating
Cs-coated quartz, 8 litres at 800 mbars
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Abstract

In order to develop a diffractometer dedicated to neutron protein crystallography, a new
special detector which has a large position-sensitive area with a high positional and time
resolution is eagerly required. To determine the detector specifications a simulation software
is needed, which can predict both the positions and times of scattered intensities from
macromolecular crystals. Its development is still under progress. If an ideal detector becomes
available, the data-taking efficiency will be better by a factor of 100, compared to that of
BIX-3 at JRR-3M reactor in Japan, one of the best diffractometers for biology in the world.
Measurement time of less than half a day for a complete data set can be achieved. Ultimately
it is intended to cover up to 200 A in unit cell dimensions and to get reliable data from crystals
of less than 1 mm cube in volume.

1. Introduction

Neutron crystallography on biological macromolecules is expected to understand the
mechanism of their various functions, which are deeply related to the behaivior of hydrogen
bonds and hydration at the surface and inside of the molecule, after positions of all atoms on
backbone are determined by X-rays and NMR except functional hydrogens. When the
Japanese Joint Project (JJP) is realized, the experimental opportunity will be widely opened to
many people and applications including profit companies. In this report consideration is
concentrated on the problem of spots-separation related to wavelength, especially to ?inim.

2. Requirements

When we design a Time-of-Flight (TOF) diffractometer for protein crystallography (PXD),
there are four reqiurements to be realized; (1) intense neutrons to detect spots at dsp > 0.7 A
from crystals less than 0.53mm3 in volume; (2) separation of spots from crystals up to 200 A
in cell constant; (3) one week measurement time per a sample in average (one month as the
max); (4) normal environment. Off course these reqirements will be realized only when the
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very intense neutron source like SNS, ESS and JJP etc. will be constructed. On the other hand
we should know that these are the relatively low level requirements from biochemists and
pharmaceutists to neutron crystallography in biology.

3. Design parameters

When collecting diffraction data on a TOF-PXD,
the reciprocal space should be covered by
Ewald spheres corresponded to each
wavelength as much as possible like by
quasi-Laue method. For a given detector
maximum angle 26max the value of Xm\n to use in
TOF method is very important because it fixes
the resolution dmjn and the time-intervals and
spatial-distances between diffracted spots as
follows. Fig.l shows a reciprocal space covered
by a TOF-PXD. Shaded region is detectable
scan area (low angle region is neglected).

One of the largest problems to design a
TOF-PXD is detector because there are no
suitable detectors for it. In this section we
consider the separation of spots on a detector
for various conditions if a certain specification
detector is available.

3-1. Spots separation in time

Fig.2 shows the concept of time separation
condition; AT : time difference between peaks
in spots, St : time to pass through the sample,
and ATd : pulse width of X along time,
respectively. When the ratio of AT/(St+ ATd) is
more than 1, two spots will be separated on the
detector along time axis. Considering the
shortest time difference of spots diffracting to
the same direction, the time separation
condition can be written as
[X2(Ll+L2)/(8a)]/[St+k?i] ~ X2(Ll+L2)/(8ak)
> 1, if St /ATd«l . Here LI : moderator-
sample distance, L2 : sample-detector distance
[mm], a : cell constant [A], k : coefficient
related to pulse width ; k=10 for X, < 1.3 A,
10+30x(X.-1.3)/(6.4-1.3) for 1.3 < X < 6.4 A
which are deduced from calculated results by
JJP moderator working group.

The separation check was done for two

Fig. 1 Detectabte reciprocal space
on the equator.

St+ATd

the same position
on the detector

Time (oc X)

Fig. 2 Time separation condition.

Sd+ AXd

AX on the detector
Fig. 3 Spatial separation condition.
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Table 1.

cell const.

50A
100A

200A

Time separation

a Ll=10m

0.39A
0.78A
>2.0A

of spots on Am,,,.

Ll=20m

0.20A
0.39A

0.79A

geometrical conditions of Ll=10m and 20m
against a=50, 100, 200A of cell const, of
samples, respectively. L2 was fixed as 300mm.

Table 1 shows the crritical wavelength A,,,in.
All spots are separable when the range of A is
more than this Amin.

3-2. Spots separation in space

The concept of spatial separation condition is drawn in Fig. 3 ; AX . distance between peaks
in spots on the detector, Sd . sample dimension, and AXd . spot divergence on the detector
from the sample, respectively. When the ratio of AX/(Sd+ AXd) > 1, then two spots will be
separated on the detector spatially. Considering the nearest spatial distance of spots detected
simultaneously, the spatial separation condition can be written as (L2A/a)/(Sd+ -f
[(L2A9)2+(L2Ar|M)2+(Axy)2]) - (A/a)AT[(A6)2+(Ar|M)2] >1, if Sd/L2 & Axy/L2«l. Here
L2 : sample-detector distance [mm], Sd : sample dimension [mm], A : wavelength [A], a : cell
constant [A], A9 : beam divergence [rad], AT|M : sample mosaicity [rad], Axy : detector spatial
resolution [mm], respectively.

Table 2. Spatial separation of spots on An,jn.

cell const, a

50A
100A
200A

A6=0.29 des

0.30A
0.61A
1.22A

f A9=0.15deg2)

L2 infinity

0.20A
0.43A
0.86A

A9O.29 deg1* A0=O. 15 deg2)

L2=300mm,, Axy=lmm, Sd=0.5mm

0.43 A
0.86 A
1.72 A

"Lm=5()miiL Ll=10m.

0.36 A
0.71 A
1.42 A

2)Lm=5()mm. Ll=20m

The separation conditions were checked
for two beam divergences of ASK).29 deg
and 0.15 deg under infinity of L2 against
a=50, 100, 200A of cell const, of samples,
respectively. After that the condition of
L2=300mm, Axy=lmm and Sd=0.5mm
was examined as a realistic case. In Table
2, Lm : moderator size [mm] and AT|M :
sample mosaicity [deg].

4. Summary

Up to now the TOF-PXD specification is
summarized in Table 3. Concerning to
moderator choice, coupled liquid H2 is
better because it has more intensity
spectrum over the necessary A region from
calculations by JJP moderator group. In

items

Table 3. PXD specification in JJP.

values
Moderator(M)
M. surface size

LI
L2

Sample dimension

Q resolution

A range

29 range

Ace. freq.

Detector

Coupled Liq. H2
5 X 5cm2

10m
300[1000]nmm

0.5 mm cube
0.35%

(dmin=0.7A, a=200 A)

0.3 - 6 A

5 -170deg

25Hz

0.5X0.5 [3 X3]*}mm2

^Temporal use
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case of spots-overlapping despite of proper A.,,,jn a data reduction software will be required so
that it can deconvolute close spots by profile fitting in pulse shapes and spatial shapes. Finally
a new powerful detector is strongly expected by neutron crystallographers in biology.
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Abstract

Single crystal spectrometer FOX installed at Hi thermal neutron line on KENS has
been renewed recently for the measurement of very weak scattering. We have installed a
multidetector system of 36 linearly placed 3He detectors with collimators instead of
former four-circle diffractometer and scintillator detectors. Though the system is quite
simple, a large two-dimensional reciprocal space is observed effectively with high S/N
rate on new FOX.

1.Introduction

FOX spectrometer was initially a four-circle single crystal diffractometer with 128
scintillator detectors which was constructed mainly for structural analysis. However,
four-circle diffractometer limits the observable reciprocal space and is not suitable for the
measurement with white neutrons, where combining with a multidetector system, the
observation of a large reciprocal space is possible. Furthermore, the scintillator detectors
arise quite high noise due to 7-ray scattering. In recent few years, we have renewed the
spectrometer with the purpose of measuring low intensity scattering such as diffuse
scattering or superlattice peaks. The spectrometer is intended as a test instrument to
design a feature single crystal diffractometer with much stronger source. Recent studies
on FOX have proved a good performance and importance of this kind of spectrometer.

2.0utl ine of new FOX

In renewing the FOX, four-circle diffrac-
tometer was removed to measure larger re-
ciprocal space, and detector bank with lin-
eally aligned 36 3He detectors and collima-
tors were installed instead of scintillator de-
tectors for higher S/N rate.

Fig.l Overview of the FOX spectrometer

Multi-Channel
Time-Analyzer
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The 36 detectors can cover 120° scattering angle and the range from 5° to 150° is
measured by rotating the bank. This angle covers the Q range between 0.25 and 40 A .
The distance between sample and detectors is 550mm and a collimator of W16 mm x
H40mm x L230mm is attached to every detector. Around the detectors and
collimators, B4C powder harden with epoxy resin bond was stuffed for the lower back
ground. A collimator composed with the sheets of B4C and Fe was inserted into a beam
tube. Incident beam is also collimated before the sample by B4C collimator with a hole
of 20mm diameter. Beam size is changeable for both vertical and horizontal directions
by slits after the collimator. These apparatuses were designed ourselves and most of
them were constructed in the factory at KEK to save the cost. A personal computer
(Apple, Power Macintosh G3) controls the data acquisition system. The computer also
controls the slits, crystal tilts or angle, scattering angle and temperature (2.6 K to
300 K) by GPIB. The Q resolution was measured by Bragg peak profile of Al single
crystal. Since we use thermal neutrons with short flight path (L = 6.15 m), it is rather
worse; AQ/Q is 2% for high angle region and higher than 5% for low angle region.

3.Recent studies on FOX

Recent studies on FOX have revealed that the instrument is ideal for reciprocal space
surveying such as diffuse scattering studies or measurements of magnetic satellite peaks.
For example, in the study of Pt-Mn spin-glass alloys, unexpected fourfold splitting in
magnetic diffuse scattering whose intensity was less than 10~3 to those of Bragg peaks
was clearly observed. The scattering is due to a strong correlation between magnetic
and atomic order [1]. From the observation of satellite peaks in large reciprocal lattice,
two-dimensional magnetic ordering in TbRu2Ge2 and DyRu2Si2 was found in the first
place [2]. Application to the observation of phase transition is also on progress now.
Taking into account the rather low intensity, low resolution and low cost on FOX, it is
concluded that its performance is quite satisfactory.

4.Future plans

The feature plans on FOX is following,

1. Quantitative data analysis: We need to establish the way to analyze the data more
quantitatively.

2. Sample environment: Experiment under high magnetic field or high pressure etc.
should be capable.

3. More detectors: One-dimensional detectors to two-dimensional detectors.
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Abstract

The research activities at the Laboratory of Neutron Diffraction (Faculty of Nuclear
Sciences and Physical Engineering CTU Prague) are focused on neutron scattering for solid
state physics and materials science investigations. We have investigated a some promising
materials, e.g. perovskites (Pri.xKxMn03, Pri.xNaxMn03 and Pri.xCaxMnO3), high
temperature superconductors ( types Bi-Sr-Ca-Cu-O, Y-Ca-Ba-Cu-O) and zeolites (types
Na-Y, Na-(H,D)Y, Na-X, Na-(H,D)X). Results obtained on the KSN-2 diffractometer by
powder neutron diffraction method during last years are given.

1. Introduction

The crystalline structure of materials is fundamental to our understanding of their
properties. In most cases it is necessary to determine the structural parameters or phase
transition parameters of some perspective materials, which contain oxygen or hydrogen
atoms among the heavy atoms. Then the neutron diffraction together with powder samples
are advantageous to solve these problems. The powerful this application is pointed by means
of the Rietveld analysis method for the neutron powder data treatment. Powder, or more
correctly polycrystalline matter, is a common state of solid materials.

Therefore, our research activities are concentrated to the following ranges:
crystallographic and magnetic structures, phase transformations, quantitative texture analysis
and anisotropy of physical properties, residual stress analysis, in-situ investigations of phase
transitions, kinetics of chemical reactions and texture developments. In addition to the
experimental research programs, emphasis is placed on training of students in the use of
neutron scattering techniques in the solid state physics and materials sciences.

Now, the brief description of our experimental devices and the summary of our results
obtained during last years in the neutron diffraction research of the some technical
interesting materials will be given.
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2. Experimental

The neutron diffractometer KSN-2 is placed at the second horizontal beam tube of the
research reactor LVR-15 in the Nuclear Research Institute near Prague. The KSN-2, a
double axis powder diffractometer is intended to the structure and the texture experiments
with polycrystalline samples and equipped with the auxiliary devices, e.g. programmed
temperature control for cryostats and furnaces (closed cycle refrigenerator system mod. CP-
62-ST/l, heater furnace mod. SVO-PT up 1000 K), texture goniometer TG-1, magnets. The
KSN-2 is controlled by PCL 9812 computer and the different programs of the experiment
control and data acquisition are available. This diffractometer offers good intensity with
wavelengths in the range 0.095 to 0.141 nm and the best resolution value of Ad/d = 0.001
was reached in the region d ~ 1.2 +• 0.07 nm. At present time the KSN-2 diffractometer was
upgraded and equipped by the bent Si(311) monochromator and the position-sensitive
detector banks (P4 Reuter-Stokes). These reinstallations improve the recording time about
2.5 times and "in-situ" experiments are available. The diffraction patterns recorded are
treated by Rietveld analysis method (code RIET-N, GSAS package, FULLPROF) and the
complete structural parameters are determined.

3. Perovskites

Present interest in perovskites with Mn37Mn4+ ions is stimulated by observation of
electronic transitions which are related to the structure and magnetic ordering phenomena.
The present communication deals with praseodymium based manganites substituted by
monovalent cations.

The manganites Pri.xNaxMn03 (x=0-0.2) have been synthetized and investigated by the
neutron diffraction. All the systems show a perovskite structure with the tilt pattern of the
Pbnm type. Similarly to related systems with substituted divalent alkali earths, the
increasing monovalent sodium substitution generates charge carriers and changes gradually
the magnetic groundstate from the layered A-type antiferromagnetism in PrMnO3 (TN==91 K)
through canted arrangements for x~0.05 to the pure ferromagnetism for 0.10<x<0.15
(Tc~125 K). An interesting feature is the detection of charge and orbital ordering (Tco ~ 225
K) followed by the "pseudo" CE type antiferromagnetic order (TN= 175 K) in the compound
with highest possible sodium concentration x=0.2 (the actual Mn3+/ Mn4+ ratio in this sample
was determined by the cerimetric titration to 64%:36%). The structure consists of two
sublattices - one is composed of Mn3+C>6 octahedra with a characteristic tetragonal
elongation, which are oriented alternatively in the [110] and [1-10] directions; the other one
is formed by the mixed valence (Mn3+/ Mn4+)Oe octahedra elongated along the [001]
direction. As a result, the lattice metrics remains pseudocubic - a=5.446, b=5.430,
c/V2=5.427 at 10 K, compared to a=5.450, b=5.437, c/V2=5.439 at 300 K. This is in
distinction to the charge ordered manganites with ideal Mn37 Mn4+ ratio of 50%:50% (e.g.
Pro.5Cao.5Mn03) where a marked tetragonal contraction along the b axis occurs. On the other
hand, the structural and magnetic arrangement of Pro.8Nao.2Mn03 at low temperatures is
analogous to the structure observed previously in the Pri.xCaxMnO3 manganites with similar
Mn37 Mn4+ content (x~0.35) [1,2,3]. A novel finding on the present compound is a
reorientation of the magnetic axis of the "pseudo" CE arrangement from the [001] to [100]
direction below -50 K. Charge and orbital ordering has been observed for the first time in
rare earth manganites with monovalent substitution.
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We conclude that the antiferromagnetic-ferromagnetic transition in the Mn3+/Mn4+

perovskites occurs in a universal manner which does not depend on the kind of divalent or
monovalent substitution. The observed behavior can be elucidated by an interplay of two
main magnetic interactions, the superexchange and the double exchange [4].

4. High temperature superconductors

Among possible cationic substitutions in the Yo.gCao.2Ba2Cu30y superconductor, the
partial replacement of Y2+ by Ca2+ has been found to be especially interesting. The
heterovalent substitution changes the carrier concentration and may influence the charge
transfer from the Cu-0 chains to the conducting CuCh layers. Early studies have shown that
such replacement was limited to about 25 % of yttrium and the critical temperature for the
superconductivity in the orthorhombic samples (y~7) was lowered from 93 K for the
calcium free compound to about 78 K for 20% of calcium [5,6]. For the latter compound, the
superconductivity was detected also for highly reduced tetragonal samples (y=6.0-6.2). In
order to investigate complexly the hole doping and the interlayer charge transfer also in the
calcium substituted systems, we have undertaken simultaneous structural (X-ray and neutron
diffraction), transport (electrical resistivity, thermoelectric power, Hall effect) and magnetic
(AC susceptibility) studies on the Yo.8Cao.2Ba2Cu30y ceramics within the whole accessible
range of y. For five selected samples (y=6.13-6.89), a complete structural determination
was achieved by neutron diffraction.

One of the important findings of the neutron diffraction performed on the
Yo.8Cao.2Ba2Cu30y system is the linear increase of the c lattice parameter with decreasing
oxygen content y. Similar behaviour was reported for Yo.8Cao.2Ba2Cu30y by Jorgensen et al.
[7] and Cava et al. [8]. The comparison of our results with [7,8] suggests that in the whole
region of the oxygen content the c parameter is shortened due to the Ca substitution roughly
to about 0.0035 nm. They refer, however, to the helium temperature so that the comparison
is not straightforward. The structure of the Yo.8Cao.2Ba2Cu30y type consists of a sequence of
atomic layers, which play different roles in the carrier doping and charge transfer. Two
copper cations per formula unit occupy sites Cu2 in the CuOa planes, considered as the
main conducting part of the superconductor, and one copper cation occupies the Cul site in
the G1O2 plane of variable oxygen content (S=7-y). In the orthorhombic region (y=7-6.4 for
Yo.8Cao.2Ba2Cu30y) the oxygen atoms in the CuO2 plane are located preferentially in sites [0
1/2 0] and form characteristic Cu-0 chains along the b-direction. For lower y values the
structure is macroscopically tetragonal because the oxygen atoms are distributed equally
over the (0,1/2, 0) and (1/2, 0, 0) sites or, for y=6 are eventually absent.

Complex studies of the Yo.sCao.2Ba2Cu30y samples [9] with a large range of oxygen
content y=6.89-6.03 have shown that the superconductivity occurs for y>6.4. The
investigation of the structure, electric transport and diamagnetism in Yo.sCao.2Ba2Cu30y
evidenced the important role of the oxygen ordering in the CuOs planes for the
superconductivity. In contrary to the two superconducting plateaux found for
Yo.8Cao.2Ba2Cu30y with Tc =90 and 60 K, three-plateau behaviour was observed and was
identified with crystallographically different phases in the present system. First two plateaux
correspond to phases with Tc of 80 K (6.89>y>6.75) and 50 K (6.75>y>6.50) and are
associated with the Ortho I and II structures, characterized with infinite Cu-0 chains. The
third plateau corresponds to macroscopically tetragonal phase with Tc =25 K (6.50>y>6.40)
and is possibly associated with formation of the Cu-O-Cu dimers. Moreover, each phase
exhibits a distinct value of the room-temperature thermopower coefficient, which is
preserved over the respective regions. All three superconducting phases in

a2Cu30y exhibit sharp magnetic transitions with nearly complete diamagnetism
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at low temperatures and a metallic-like electric conductivity in the normal state. The
situation is dramatically changed at the transition to the non-superconducting region below
y=6.4 where a sudden localization of carriers is observed.

5. Zeolites

Continuous interest in the structure investigation of zeolites is stimulated by their
potential practical use in the chemical technology. Zeolites exhibiting regular structure
which can be easily modified, are important candidates for this type catalyst and many
laboratories try therefore to ,,tailor" zeolitic catalysts of the requested properties in oxygen
atoms of the faujasite framerwork. Experimentally evidence of methoxy species on various
zeolitic structures was given by 13C NMR [10,11] recently. Spectroscopic methods [10]
together with diffraction methods [11,12] are suitable and precise methods for
characterization of the well defined synthetized structures. One of the most interesting
knowledge which followed from neutron diffraction experiments on H, Na-Y zeolites was
the fact that faujasite structure exhibits different crystallographic types of oxygen atoms (
O(i), i=l-4). The same methods participate in the identification and location of the catalytic
active sites - cations or protons [12], knowledge of which is extremely important for the
better understanding of catalytic processes. Non-destructive testing methods, mainly neutron
diffraction are used for the structure determination of these zeolite samples [13]. The fact
that the powder materials can be measured in the stay which are similar considerations like
in practice, is very important.

Results obtained from powder neutron diffraction pattern of the fundamental Na-Y
sample at room temperature showed that the structural parameters of the framework atoms
and cation distribution were in reasonable agreement with previous studies [14] (space
group: Fd3m, lattice parameter a=2.4851(7) nm, R«p = 6.92% and Rp =5.14%). Diffraction
patterns (collected at 7 K) of chemisorbed samples were rather poorly fitted by an initial
structure model involving just the framework and sodium ions. A difference Fourier maps
showed that the chemisorbed methyl groups are connected to the 0(1) oxygen preferentially
and formed the bridging positions in the supercage of zeolite Y, where it interacts with 0(1)
(a six - ring bridging oxygen). If we introduce these locations of the methyl group CD3 (or
CH3) respectively in 96(h) position of the Fd3m space group and during refinements C-O(l)
and C-D (or C-H) distances are constrained for 0.1421 nm and 0.0957 nm (1,093 nm)
respectively, than the reliability factors Rwp fell from 16.87% to 6.72% for the CD3 and from
17.64% to 6.85% for CH3 chemisorbed Na-Y samples, respectively. The conversion to Nal
was estimated from the 13C MAS NMR spectra.

It is clear that he population of cationic sites has been changed significantly after the
chemisorption of methyl iodide. While the occupation of Sn in Na-Y without adsorbate was
32 Na+ per unit cell (i.e. 100% occupation), after the chemisorption of CH3I was found 19.6
(61%) and in case of CD3I 21.4 (67%).

Rietveld analysis of the neutron diffraction data ofNaX samples led to the complete
set of the structural parameters for both the initial evacuated NaX sample and that with
chemisorbed methyl species [15]. The structural analysis was treated in frame of Fd3 space
group with a = 2.4976(7) nm, Rwp = 0.0516, Rp = 0.0468 (initial NaX sample) and with a =
2.4895(6) nm, Rwp = 0.0523, Rw = 0.0487 (chemisorbed NaX sample). For chemisorbed NaX
sample we have determined the occupation numbers of cations and the location of CD3
groups with the center in the position 96g (0.538, 0.130, 0.068 ). The occupation numbers of
Na cations in chemisorbed NaX has been decreased for Sr and Sr in contrary to the increase
for Sin in comparison with the initial NaX. Sn is practically fully occupied in both cases.
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6. Conclusions

On the basis of our results we have proved that the KSN-2 diffractometer together with
the Rietveld method of the analysis of powder neutron patterns is very important and
powerfull tool for understanding the structure of the new interesting materials.
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Abstract
In this paper we describe a method for optimising the design of a time-of flight neutron
diffractometer designed to measure lattice parameters. Such diffractometers are now used
extensively by engineers and metallurgists for measuring strain within metallic and ceramic
components. In the past neutron diffractometers have generally been built as 'all-purpose'
instruments, with designs that are compromises, balancing competing requirements to
measure the intensities, positions and widths of diffraction peaks simultaneously. In contrast
ENGIN-X is designed with the single aim of making engineering strain measurements;
essentially the accurate measurement of polycrystalline lattice parameters, at a precisely
determined position. The method presented relies on the identification of a Figure of Merit
(FOM) which accurately describes the performance of such an instrument.
Although the instrument described is based on the time-of -flight technique, the FOM derived
may equally well be used to optimise a reactor based instrument. While lattice parameter
measurement is a particularly straightforward example, it is shown that similar Figures of
Merit may be found for other types of instrumentation.

1. Introduction

The general principles of neutron time-of-flight powder diffractometers has been described
elsewhere [1] and in this section we simply define the nomenclature used. The essential
components of a diffractometer on a pulsed neutron source are shown diagrammatically in Fig
1. Neutrons originate from the moderator (M) in short pulses (5 - 50jJ,s) and travel to the
sample (S) where they may scatter into a detector (D) situated at an angle of 26 to the
transmitted beam. The neutrons originating from the moderator have a wide energy range
from a few mV up to many eV.
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Moderator (M)
Li Sample (S)

y L2

Detector (D)

Figure 1. The main components of a time-of-flight diffractometer

While all diffractometers follow this basic layout, careful choice of instrument characteristics
and optics allows the diffractometer to be tuned or optimised for particular types of
experiments. The method for carrying out this optimisation for an engineering strain scanner
is shown in this paper. An evaluation of the parameters required for optimisation of other
types of instruments is also given.
One of the most important characteristics of a pulsed source moderator is the time-distribution
of the neutron pulse, since this plays a key role in determining the resolution of the
instrument. This time-distribution, typically modelled as an exponential broadened by
Gaussian and Lorentzian components, may be changed by the shape of the moderator, the
moderating material, its 'coupling' to the neutron source, and whether it is 'poisoned'. The
shape of this pulse from the moderator controls one fundamental contribution to the resolution
with which a measurement can be made.
The neutrons travel from the moderator along Li to the sample. A polycrystalline sample,
such as most metal engineering components, will then diffract only those neutrons that satisfy
Bragg's law;

2 = 2|dw/ |sin0 (1)

Since the wavelength X of a neutron is related to its velocity, if the detected neutron count is
plotted as a function of time (Fig. 3) it will exhibit a series of peaks corresponding to the
different dhki lattice planes in the material. The shape of the peaks in this diffraction pattern,
and hence the resolution of the diffractometer, are determined by the time distribution of the
neutrons leaving the moderator and any variation in the path lengths taken by the neutrons
reaching the detector. This latter contribution is known as the 'geometrical' contribution to
the resolution function. Similarly, the angular contribution is defined by the moderator size as
viewed from the sample, or in the case of a guide, the size of the guide aperture as viewed
from the sample.
By measuring the time-of-flight (t) from the moderator to the detector, and knowing the
diffraction angle (28) and path length L the lattice spacing dhki for the particular set of {hkl}
lattice planes within the sample may be determined. Because a wide wavelength range is
generally used in time-of-flight instruments a large number of diffraction peaks are recorded
simultaneously, and, in the case of cubic materials, the information from all of these
diffraction peaks is used to establish an average unit cell size a, using the Rietveld refinement
technique [2]. Having determined a it is then, in principle, straightforward to calculate the
strain (e) at that point in the sample [3]. It should be noted that the strain (e) thus measured is
a vector quantity measured along the direction bisecting the incident and scattered directions
of the neutron path [3].
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2. The Figure of Merit

Neutron diffractometers are generally built as 'all-purpose' instruments, and their designs are
compromises which balance the competing requirements to measure the intensities, positions
and widths of diffraction peaks simultaneously. In the case of an optimally designed
engineering strain scanner such compromises are not necessary, since the overriding
requirement of the instrument is the accurate measurement of a lattice parameter, dhki, at a
known location within the material under study.
To enable different instruments to be compared it is reasonable to define a FOM such that an
increase of a factor of two in the source illuminating an instrument results in a factor of two
increase in the FOM. It is also necessary to take into account the uncertainty of the result
obtained. Hence the most useful high-level definition of a FOM for a strain measuring
instrument will be 'the inverse of the time taken to measure a d-spacing to a given
uncertainty'.
d-spacings are obtained from the observed diffraction patterns by a 'least-squares' fitting
procedure, and it has been shown by Sivia [4] that in the situation of an isolated Gaussian
peak the time (t) taken to measure (with an uncertainty of a ) the position of a peak is:

t « w2/Ic2 (2)
where w is the width of the peak, and I the (integrated) intensity within the peak recorded in
unit time. Hence the FOM required for an instrument concerned solely with measuring the
peak position may be written :

FOM = Ia2/w2 (3)
if the peaks were Gaussian in shape and well separated. Although the result of equation 2 has
been known for a Gaussian shape its applicability when an arbitrary peak shape is fitted by
the least squares method is derived elsewhere [7].
Thus equation 3 may be used quite generally for establishing the performance of an
instrument designed to measure the position of isolated peaks. The veracity of this result has
also been demonstrated empirically [5]. This was done by deriving the position of a large
number of experimentally measured peaks by least squares fitting. These were measured at
different facilities (reactor and pulsed neutron sources, and an x-ray synchrotron source) on
different materials.
From this it is clear that the above FOM (equation 3) must be maximised in the design of an
optimised strain scanning instrument, and that the ratio of the FOM to other instruments
quantifies its increased speed of measurement.

3. Maximising the flux of neutrons - solid angle and use of guides

One way in which the FOM can be maximised is by utilising the fact that the primary
measuring position in a strain scanning instrument is at a scattering angle of (20=) 90°. At
this scattering angle the widths (w) of the peaks in the diffraction pattern (and hence FOM)
are insensitive to changes in the vertical angle of incidence of the incident beam [6]. Thus,
while Liouville's theorem dictates that we cannot increase the flux of neutrons per unit solid
angle incident on the sample (over that emanating from the moderator), we can increase the
total flux of neutrons usefully incident on the sample by increasing the vertical divergence of
the beam incident on the sample. In an optimised strain scanning instrument the vertical
divergence of the neutron beam would therefore be increased to the maximum that can be
achieved by the use of super-mirror guides above and below the incident beam.
However, the length of the primary flight path, and the angular divergence of the neutron
beam in the horizontal plane play dominant roles in defining the widths of the diffraction
peaks (w). This angular contribution must be added to the various resolution contributions
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discussed above. In fact to match the horizontal angular divergence to that due to the flight
path, we find that for a 50m flight path this should be set to 100/50,000. In this case the
required divergence could be achieved by foreshortening the side walls of the neutron guide,
such they end at a distance of 38m, i.e. 12m from the sample.
Thus we have a scenario where the intensity is increased using guide surfaces above and
below the sample, but that the guide is limited in the horizontal plane in order to maintain a
high resolution.

4. Optimising other instruments

It is also possible to quantify the FOM even in the presence of a substantial background, and
in this case the expression becomes:

FOM peak position

(4)

where P/B is the peak/background ratio.
This simple analytical result follows the method of [4] and is correct in the asymptotic cases
of high background (i.e. approximately equal errors for all points) and low background (i.e.
approximately Poisson statistics). In the intermediate regime, Sivia [4] suggests that the form
is correct to within -10%.
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Figure 2. Simulated data, showing peaks in the case of (a) low and (b) high backgrounds. In
the first case, the uncertainty for the intensity at given point within the peak changes
drastically across the peak (following Poisson type statistics). In the second case, the same
peak is shown on a large background. Now the high background means that the uncertainty
is approximately constant throughout the data set.

The expressions for the FOM when measuring amplitude and width can also be derived
following similar methods:

FOM.,amplitude

(5)

FOM width

The expressions in equations 4 and 5 have been analytically derived for a Gaussian peak
shape, and the exact parameters in front of the B/P term may well be dependent on the actual
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peak shape. It may be noted that, when B/P is high, the intensity becomes relatively more
important due to the fact that P is proportional to I / w.
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Abstract

Development of high-resolution RTOF Fourier technique for powder neutron diffraction studies
is being continued at the IBR-2 pulsed reactor in Dubna. Besides some technical improvements
in the operating HRFD instrument, a new dedicated instrument, Fourier Strain Diffractometer
(FSD), for investigation of residual stresses in bulk materials has been constructed at IBR-2 in
1999. With a new HRFD Fourier chopper smaller than 10 \xs TOF contribution in a resolution
function was obtained in the experiment with perfect Si single crystal. A series of diffraction
experiments with the beams from a new methane cold neutron moderator installed at the IBR-2
in 1999 is discussed. A comparison with the results obtained with the conventional water comb-
like moderator shows that for various types of experiments, which are performed at HRFD and
DN-2 diffractometers, the methane cold neutron source provides better conditions.

1. Introduction

The high-flux IBR-2 pulsed reactor in Dubna is operational since 1984 at an average
thermal power of 2 MW, peak power in pulse of 1500 MW, and repetition rate of 5 Hz. A high
neutron flux (about 101 n/cm2/s in pulse) and a low repetition rate provide good conditions for
various types of neutron diffraction experiments. At previous ICANS-XIV Conference
improvements in the performance of the high resolution Fourier diffractometer, HRFD,
diffractometer for high pressure studies, DN-12, and multipurpose diffractometer, DN-2, at the
IBR-2 pulsed reactor in Dubna were discussed [1], In this paper, recent developments in Fourier
technique for powder neutron diffraction, including measurements of internal stresses in bulk
materials, and results of diffraction experiments at a new methane cold moderator, which was
installed at the IBR-2 in the end of 1999, are presented.

2. HRFD, high resolution RTOF Fourier diffractometer

In the operating HRFD instrument [2] the rotor and stator of the Fourier chopper were
replaced by new ones with much better contrast, which improve considerably the quality of the
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diffraction patterns. At present, the Fourier chopper contrast, which can be defined as
R=/max//mm, where /max is intensity for fully open state and lmm is intensity for fully closed state of
rotor + stator, is more than 20. It means that a portion of non-correlated intensity is not higher
than 5%.

With a new Fourier chopper, the measurement of the TOF contribution in a resolution
function of HRFD was performed. It was done with thin silicon wafers, which were found to be
suitable as focusing monochromator and analyzer for high-resolution quasielastic neutron
scattering [3]. For using them at TOF instruments in a high-resolution mode the adequate
neutron pulse width should be smaller than 10 jus. Neither TOF spectrometer at short-pulse
neutron source, nor TOF spectrometer with conventional Fermi chopper can provide such short
pulse with appropriate intensity. Our experiment confirmed that it is possible with Fourier
chopper. In Fig.l, the diffraction spectrum of commercial 6" diameter thin Si [111] plate
(provided by M.Popovici, Missouri) measured at 20=152° with 6000 rpm Fourier chopper
maximal speed is seen as four orders of reflection: 111, 333, 444, and 555 (also some peaks from
Al jacket are seen).
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Fig. 1. Diffraction pattern from Si-monochromator (hhh-plane) in Al-jacket measured at HRFD
for 6000 rpm maximal chopper speed and 2&=152°.

Taking into account that good approximation for diffraction peaks full width (FWHM), (
dependence on J-spacing is W(d)2 = (WTOF) + (Wang)

2 • a, where WTOF is the contribution
connected with maximal chopper velocity (WTOF~1/V), Wang is geometrical contribution
(Wang~A0/tg0), and measuring W(d) for several chopper speeds, we were able to determine
WTOF- In Fig.2, WTOF as a function of 1/V is shown. One can see that the TOF contribution into
the full width is indeed inversely proportional to chopper velocity. If Fourier chopper speed
V>7000 rpm, TOF contribution is lower than 10 |is, in particular for V= 10000 rpm, WTOF could
be as low as 6.8 us.
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Fig. 2. TOF contribution in the full width as a function of 1/V. The points were measured at
maximal Fourier chopper speed V=4000, 6000, and 8000 rpm. The line is the least-square fit.

3. FSD, a new RTOF Fourier diffractometer for strain analysis

A new high-resolution neutron powder Fourier diffractometer for strain analysis in bulk
materials, FSD, has been constructed at the IBR-2 pulsed reactor. The FSD design satisfies
several requirements: high luminosity, high resolution, specific sample environment, wide range
of dto.u afid fixed scattering angles 20 = ±90°. The collaboration around FSD includes FLNP
JINR (Dubna), PNPI (Gatchina), 1SSP (Budapest) and ifZP (Drezden). The most important units
of the diffractometer (Fig.3) are:
• 19m long neutron-guide tube with vertical focusing,
• fast Fourier chopper for the modulation of the neutron beam intensity,
• 5.5 m straight neutron-guide to form the thermal neutron beam at the sample position,
• MultiCon detector system with both geometrical and electronic focusing,
• mechanical devices, including 5-axis goniometer "Huber" and loading machines,
• RTOF (VME-based) analyzer for experimental data acquisition,
• supervising VME electronics.

This was accomplished on a basis of experience of carrying out the residual stresses
investigations in bulk samples with Fourier correlation technique in PNPI, Gatchina (mini-
SFINKS diffractometer [4]), GKSS, Geesthacht (FSS diffractometer [5]), and FLNP JFNR,
Dubna (HRFD diffractometer [2]).

In May 1999, the first test experiments were carried out with FSD. From the results of
measurements with vanadium sample a comparison of neutron intensity spectral distribution was
performed for FSD and HRFD diffractometers. Due to larger radius of neutron guide curvature
FSD's spectrum is shifted to shorter wavelengths by AX ~ 0.22 A (Fig.4). Correspondingly, the
measurement of smaller J-spacings, which are important in the studies of simple metals, is
possible with FSD.
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Fig. 4, Incident neutron flux distributions for HRFD and FSD instruments. The FSD flux is
shifted to the shorter wavelengths due to larger radius of neutron guide curvature.

As the FSD detector, we are going to use a MultiCon system [6] based on ZnS(Ag)
scintillators with combination of electronic and time focusing (Fig.5). In final FSD version we
are going to use two MultiCon detectors at scattering angles 29=±90° (8 elements each) with
total solid angle of about 0.16 sr and two MultiCon detectors at 20=±16O°.

neutron guide

BS detector

90°-detector

Fig. 5. The FSD detector system. For main ±90° and ±160° detectors combined geometrical and
electronic time focusing is used, thus providing high resolution and large solid angle.

The diffraction spectra from standard samples Ge, a-Fe, and AI2O3 were already
measured (Fig.6) and the results show that FSD has indeed sufficiently high resolution
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Ad/d»0.QQ4 for 90° detector, which is optimal for the studies of residual stresses in simple metals
and alloys (Fig.7).
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F/g. (5. Example of a-Fe diffraction pattern measured with FSD by the Ist MultiCon element at
2(h±90° and 6000 rpm Fourier chopper maximal speed. Experimental points, calculated profile
and difference curve are shown. The difference curve is normalized on the mean square
deviation.
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Fig. 7. FSD resolution function
measured with a-Fe at 20= ±90°
and 6000 rpm Fourier chopper
maximal speed.
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4. A new solid methane cold source: results of diffraction experiments

In late 1999, a new methane cold neutron source (CMS) has been installed at the IBR-2
pulsed reactor [7], CNS is a very flexible machine; it can operate at -30 K or -65 K with solid
methane and also at 300 K with water pre-moderator (without methane). A switch from one
regime to another can be done during a short time. It means that one may think about appropriate
distribution of experiments between various regimes of CNS operation. Here we discuss some
results of test experiments at HRFD and DN-2 diffractometers, which are situated at the IBR-2 at
the CNS side.

At both diffractometers neutron guide tubes with R«1500 m are used for beam
transportation from the source to a sample position. For such an arrangement lowering of
moderator temperature leads to the evident gain in total neutron flux. Firstly, it is connected with
increase of effective neutron guide solid angle for neutrons with X>X*, where X* is neutron guide
characteristic wavelength. The second effect is the result of the neutron flux distribution shifting
to the larger A., where a neutron guide transmission function is close to 100%. This shift gives the
gain of about 2 in total flux for X.*«1.5 A, which is characteristic wavelength for HRFD and DN-
2 (Fig.8).
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Fig.8. Neutron flux distributions calculated for moderator temperatures T=300 K and 60 K
(dashed lines) and the same after neutron guide with transmission function corresponding
A*»1.5 A (solid lines). The flux decrease is great for warm spectrum and negligible for cold one.

Another important point, which should be taken into account when diffraction
experiments at various moderators are analyzed, is particular dependence of a resolution function
on ^/-spacing. In contrast to diffractometers at spallation neutron sources like ISIS, an effective
neutron pulse width is practically constant for HRFD (about 15 \xs) and DN-2 (about 300 jus), i.e.
there is no ^-dependence. It means that resolution becomes worse if the wavelength decreases
and the shift to the higher wavelength is useful.
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Neutron flux distributions measured at different CNS states are shown in Fig.9. One can
see clearly that the shift to the longer X values follows the increase of the total area due to the
above-discussed effect of better neutron guide transmission. The strong deeps at around k=4 A
are due to thick beryllium reflector included in CNS design. The gain (loss) in the neutron flux at
a sample position as a function of X, which is simply a ratio of intensities measured with CNS at
low temperature and with conventional for the 1BR-2 water comb-like moderator, are displayed
in Fig. 10. One can conclude that for T=70 K, the gain for X>4 A is quite good, while the loss for
short wavelength (k<2 A) is not too strong, and crystals with complex structures (large unit cell
dimensions) can be investigated at this regime quite effectively.

a;

8 10
r

4 6
Wavelength (A)

Fig.9. Incident spectra measured at HRFD for CNS temperature 30 K with solid methane and
300 K without methane (water pre-moderator only). The deeps at around 1=4 A are due to thick
beryllium reflector included in CNS design.
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Fig. 10. Gain factor in total neutron flux at the HRFD sample position measured as a ratio of
intensities with CNS at 70 K and a water comb-like moderator at 300 K.
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Direct experiments showed that even for such "simple" structure as AI2O3 (Vc=85 A3),
the quality of Rietveld refinement of atomic coordinates is practically the same for any CNS
regime. Of course, thermal parameters can be refined with much smaller uncertainties for
"warm" CNS state. For structures with "medium" (Vc«200 A3) and "high" (Vc>400 A3)
complexity, the refinement may be performed with better quality if the CNS temperature is 65 K
or lower due to better statistics at high J-spacings (Fig.l 1).

c

8
I

• 1 - 1

I
o

YbFeO3

CNS, T=30 K
YbFeO,
Water mod., T=300 K

1.0 1.5 3.0 3.52.0 2.5

d,A
Fig.l 1. Rietveld refinement of YbFeO3 (Vc=220 A3) diffraction patterns, measured with CNS at
30 K (left) and water comb-like moderator at 300 K (right).

Another useful consequence of higher intensity of TOF diffractometer at longer
wavelengths is much better resolution, which can be obtained for large d-spacings by measuring
of diffraction patterns at higher scattering angles. This is especially important for experiments in
real-time regime, e.g. if solid-state chemical reaction is studied. As it was already shown in Ref.
[8] the IBR-2 affords the real possibility of measuring the whole diffraction pattern using only
one neutron pulse. In this case, a special set-up of the detector assembly would allow studying of
irreversible processes in crystals with temporal resolution of about the width of the reactor pulse,
i.e. 300 us.
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Fig. 12. The comparison of the YBaiCuiOe.s (Vc-170 A3) diffraction patterns measured with
water moderator (T=300 K) (left) and CNS (T-30 K) (right) in 1 min. Experimental (statistical)
R-factor is two times better if CNS is used.

In Ref. [8], as an example of experiment at DN-2 diffractometer, the real-time diffraction
study of the formation of the Y-123 phase through a solid-state reaction of initial oxides was
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discussed. It was shown that the formation of the final product goes through the intermediate
phases and at least three of them were identified: BaCuC>2, Y2CU2O5 and Y2BaCuOj. That
experiment has been performed with conventional water moderator. The CNS provides much
better conditions for such kind of experiments. Higher intensity and better resolution at large d-
spacings (Fig. 12) assist the intermediate phases identification or the oxygen content
determination in final product. For instance, the mean square deviation for oxygen index is ±0.05
for 1 min spectrum measured with CNS.
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Abstract

VULCAN, the SNS engineering diffractometer, is designed to tackle a broad range of
engineering problems, from residual stress distribution in components to materials response
under loading. In VULCAN, neutrons are delivered to the sample position via a series of straight
and curved neutron guides. An interchangeable guide-collimator system is planned in the
incident beam path, allowing the instrument to be optimally configured for individual
experiments with different intensity-resolution requirements. To achieve maximum data rate and
large d-spacing coverage, detectors are employed continuously from 60° to 150° in the
horizontal scattering plane and -30° to 30° in the vertical plane. To enable simultaneous small
angle scattering measurements for characterization of the microstructure, the instrument is also
equipped with a position sensitive area detector. Monte Carlo simulation indicates that the
proposed neutron guide system is able to deliver the desired intensity and resolution.

1. Introduction

At the recommendation of the SNS Instrument Oversight Committee, conceptual design work
has been undertaken for an engineering materials diffractometer as a potential candidate for
inclusion in the initial suite of instruments. Scientific cases for this instrument were established
by the user community at a number of workshops and have been summarized in a report by
Holden [1]. At the moment, the instrument is tentatively named VULCAN, after the Roman god
of fire and metalworking. Although the primary use of VULCAN is intended for deformation
and residual stress related studies, other uses include spatial mapping of chemistry,
microstructure, and texture.

The desired performance for VULCAN as determined by the user community are listed below.
• rapid volumetric (3-dimensional) mapping with a sampling volume of 1 mm3 and a

measurement time of minutes
• very high spatial resolution (0.1 mm) in one direction with a measurement time of

minutes
• ~20 well defined Bragg reflections for in-situ loading studies
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• ability to study kinetic behaviors in sub seconds
• simultaneous characterization capabilities, including dilatometry, weight, and

microstructure
• ancillary equipment such as furnace and load frame be an integrated part of the

instrument

Together, these requirements call for a "compound" engineering diffractometer with a large
degree of flexibility for intensity-resolution optimization. The design philosophy is therefore to
deliver a diffractometer with the highest desirable Q-resolution over a large angular range. For
experiments that do not require such a high Q-resolution, the incident beam divergence can be
relaxed for intensity gain at the sample position.

2. Design concept

Fig. 1 shows the proposed baseline design. The incident beam flight path is 44 m,
consisting of a 3 m in-monolith guide, a bandwidth chopper, a 20 m curved guide followed by a
12 m straight guide, and a 5 m interchangeable guide-collimator system. All guides have a
cross-section of 12x50 mm2 and 30c supermirror coatings on all sides. The in-monolith guide
section ensures that the neutron guides are fully illuminated. A chopper with an adjustable
opening and variable operating frequency is used to define the wavelength bandwidth for
VULCAN. To minimize the leak of unwanted neutrons, the chopper is placed right after the
biological shielding. The long curved guide is used to suppress the transmission of high-energy
neutrons. Neutrons emerging from a curved guide have an uneven spatial distribution at the exit,
which is particularly pronounced at short wavelength. A straight guide section is therefore used
to balance this uneven distribution. The interchangeable guide-collimator system consists of five
1 m segments, each containing two channels, which is either a 30c supermirror guide or a straight
collimator. Each channel can be translated into the beam position at the push of a button. These
channels may be used in combinations to produce an incident beam of desirable divergence. The
interchangeable guide-collimator is a key to the design, as it allows the instrument to be
optimally configured for individual experiments with different intensity-resolution requirements.
A 1 m space is left between the sample and the exit of the guide-collimator system. In addition
to housing the incident slit unit, this space may also be used to accommodate additional shielding
or collimators.

Large detector coverage is another feature of VULCAN. Traditionally, stress mapping at pulsed
neutron sources were carried out using detectors in the vicinity of 90° scattering angle.
However, a recent study by Wang [2] showed that detectors over a much wider angular range
can all be used effectively for stress mapping. In the present design for VULCAN, the detector
array covers 60°-150° in the horizontal scattering plane and ±30° in the vertical plane. The
sample to detector distance is set at 3 m in order to achieve the specified Q-resolution and also to
leave sufficient room for the use of optional devices such as a Bragg Mirror [3]. To enable
simultaneous characterization of the microstructure, a position-sensitive area detector will be
mounted downstream at 4 m from the sample so that simultaneous diffraction and small angle
scattering measurements can be made. By using a small specimen (e.g., < 5 mm width), a
poor-man's SANS attachment can be realized with no disruption to the base-line design. For a
60 Hz target, the estimated Q-range for SANS measurements is 0.01 A"'-0.18 A"1. When
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desirable, a larger Q-range can be obtained by eliminating every other pulse using the bandwidth
chopper.

Fig. 1 Schematic of the base line design for VULCAN. The basic components and
their characteristics are given below.

1 - in-monolith guide (30C supermirror, 3 m)
2 - bandwidth chopper
3 - 39C curved guide (20 m)
4 - 3GC straight guide (12 m)
5 - interchangeable guide-collimator system (5 m)
6 - detector banks (at 3 m to sample, 60°-150° in the horizontal scattering

plane and ±30° in vertical plane)
7 - SANS detector (4 m from sample)

3. Monte Carlo Simulation

Monte Carlo simulation was used to evaluate the performance of the neutron guide system. The
simulation work was carried out using IDEAS® (Instrument Design and Experiment Assessment
Suite), a general-purpose software package developed at the Oak Ridge National Laboratory for
simulating the optics of neutron scattering instruments. The simulation program utilizes a linear
approach illustrated in the schematic flow-chart in Fig. 2. Self-contained subroutine modules,
each of them simulating the interaction of a neutron with a particular optical element, e.g., a
guide section, are arranged in a series to form an instrument. During a simulation, a set of
parameters that specifies the state of a neutron is passed sequentially to the series of modules.
Each module modifies the neutron parameters subject to the physics of the interaction. The codes
of the subroutine modules in IDEAS® are pre-compiled into shared libraries. At run time, the
relevant pre-compiled modules are linked dynamically into the simulation loop and the
parameters for each optical element are imported and passed to the module. The use of pre-
compiled modules and the dynamic loading of information allows rapid prototyping of an
instrument since, upon setting up or changing an instrument's configuration, the simulation can
readily begin without the intermediate step of recompilation. An integrated user interface
explained below reduces the work for the inclusion/deletion of a module and the change of a
module's parameters to virtually the click of a button, thus allowing a user to focus on the
instrument parameters and its performance and rather on the convention of the specifications.
IDEAS® has also adopted a standardized specifications for both the neutron parameters and the
subroutine interface structure, therefore not only ensuring a smooth passage of data between the
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modules, but also guaranteeing the reusability of existing modules and the easy incorporation of
new modules into the suite.

The user interface for IDEAS® was implemented on the Windows platform using the Microsoft®
Visual C++ integrated development environment. An example illustrating the use of this
interface is shown in Fig. 3. On the left is a window containing a list of available modules,
which are generated using Microsoft Visual C++ in the form of a DLL. The window in the
middle lists the sequence of modules that are selected to form a target instrument. Double
clicking a module in this window opens an interface where users can set the parameters for the
module. During a simulation, the neutrons propagate through the modules in the order in which
they are placed in the target instrument module list. The right window is reserved for execution
control, where users can decide when to terminate the run or whether to save the history files,
and so on. At present, more than 30 modules are available within IDEAS®, including, for
instance, neutron guides, collimators, monochromators, and powder samples.
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4. Simulation results and discussions

In VULCAN, a long curved guide is used to suppress the transmission of high energy (E>eV)
neutrons at the sample position. Calculations show that for a 20 m guide with a curvature radius
of 2 km, the moderator will be well out of line of sight. In general, high critical angle coating is
required in order to improve the transmission of neutrons at short wavelength (e.g., 1 A).

Fig. 4 illustrates the effect of curvature on neutron transmission. As it can be seen, high energy
neutrons (E>eV) are greatly suppressed. The transmission efficiency increases to 80% for 0.7-A
neutrons and close to 100% at 3 A and beyond. It is anticipated that with the use of a curved
guide, a To chopper will not be necessary.

120%

1.0 2.0 3.0

Neutron Wavelength (A)

4.0 5.0

Fig. 4 Fraction of trasnmitted neutrons due to curving of a neutron guide. The guide is
assumed to have a cross-section of 12x50 mm , a length of 20 m, and 38C

supermirror coatings on all sides. The radius of cuvature is 2 km.

Next, Monte Carlo simulation was used to assess the influence of various guide-collimator
configurations on intensity and resolution. Three configurations were investigated: (1) 5 m
guide, (2) 3 m guide followed by 2 m collimation, (3) 5 m collimation. These are labeled as high
intensity, 2 collimation, and high resolution mode, respectively. The simulation results are
plotted in Figs. 5-6. As it can be seen from Fig. 5, the high resolution mode is accompanied with
a factor of 2-5 loss in intensity. Fig. 6 shows the horizontal divergence of the incident neutron
beam at the sample position. In the high resolution mode, the FWHM of the incident beam is
0.11°. Natural collimation, with a FWHM-O.O60, is reached when the guide is terminated at 10
m from the sample. Monte Carlo simulation for this configuration shows a further decrease in
neutron intensity, by a factor of 2. The calculated resolution function (Ad/d) for the 90°detector
is shown in Fig. 7 along with the results obtained for SMARTS (see below). A 0.2% resolution
is achieved in the high resolution mode, which is sufficient to resolve ~ 20 peaks for most

- 517 -



JAERI-Conf 2001-002

engineering materials such as steel, aluminum, and alumina ceramics. In the high intensity
mode, the resolution varies almost linearly as a function of d-spacing, from 0.32% at 0.5 A to
0.53% at 2.5 A. This mode is suited for study of deformed specimens whose diffraction peaks
are intrinsically broad.
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Fig. 5 Monte Carlo simulation to assess the performance of the guide-collimator system
for selected operating configurations. Top panel: neutron counts at sample.
Bottom panel: relative intensity change with VULCAN high intensity mode as the
baseline. The neutron source is a Lambert source with a uniform flux as a function
of neutron wavelength. A total of 2,000,000 neutrons were generated in each case.
The sample is assumed to have a 5x30 mm2 cross section. The bandwidth chopper
was not considered in this simulation.
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As noted earlier, neutrons emerging from the curved guide have an uneven spatial distribution.
This effect, which becomes progressively pronounced at short wavelength, can be greatly
reduced if a long straight guide is used following the curved guide. Fig. 8 shows the spatial
distribution for 0.7-A neutrons across the guide width (i.e., in the horizontal scattering plane).
After a 12 m of straight guide, the intensity becomes quite uniform. The maximum difference
from left to right at the exit of the straight guide is less than 10%, which further diminishes after
the guide-collimator system. Further analysis of the acceptance diagram (obtained from Monte
Carlo simulation) confirms that the uneven spatial distribution resulting from the curved guide
has largely disappeared after a 12 m straight guide.

200000

150000 -

100000

50000

o -boanbooo

A End of Curved Guide
a End of 12-m Straight Guide

-10 -8 -6 -4 -2 0 2

x(mm)

-; omdoaod
4 6 8 10

Fig. 8 Spatial distribution of neutron intensity at the beginning and end of the 12 m
straight guide. The steps seen in both profiles are due to approximating the
curved guide with 20 1-m segments.

The performance of the VULCAN guide design is benchmarked against that of SMARTS, a
next-generation engineering diffractometer currently under construction at Los Alamos National
Laboratory. There are several important differences between the neutron optical systems for
SMARTS and VULCAN. SMARTS uses straight guides only, with a cross section of
50x50 mm2. The guide system starts at 5 m from the moderator and terminates at 29 m. The
guide coatings are natural Ni on the sides, and 39C supermirror on the top and bottom surfaces.
The sample is at 30 m from the moderator. The detector to sample distance is 1.5 m.

To compare with SMARTS, a Monte Carlo simulation was performed using the design
parameters as of August 1999. To assess the performance of the neutron guide system, the
SAME neutron source and sample was used. As in the simulation for VULCAN, the choppers in
SMARTS were ignored. The simulated neutron intensity per 2,000,000 generated neutrons is
plotted in Fig. 9, along with the results obtained for VULCAN. It can be seen that with the same
source, VULCAN and SMARTS have similar neutron intensity. At VULCAN's primary
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Fig. 9 Monte Carlo simulation to compare the performance of the neutron guide systems for
SMARTS and VULCAN. Top panel: neutron counts at sample. Bottom panel: relative
intensity with VULCAN high intensity mode as the baseline. The neutron source is a
Lambert source with a uniform flux as a function of neutron wavelength. A 5x30 mm2

sample is assumed. Choppers were not considered in either simulations. For
comparison of actual flux, the neutron counts for VULCAN should be multiplied by a
factor of 10 as the SNS source is 10 times more intense.
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operating wavelength range of 0.8-3.0 A, VULCAN shows a gain up to 60% in the high intensity
mode. SMARTS has a slightly higher intensity at longer wavelengths (/l>3.3 A). Note that for
comparison of actual flux, the neutron counts obtained for VULCAN should be multiplied by a
factor of 10 as the SNS source is 10 times more intense.

The performance gain for VULCAN's guide system is attributable to the use of 30tt supermirror
coatings on the sides. This is evident in Fig. 10, which compares the FWHM of the incident
beam in the horizontal scattering plane. The region where VULCAN outperforms SMARTS is
exactly where the FWHM shows a gain. It is interesting to note that the intensity for SMARTS
varies linearly with X2, whereas the FWHM is proportional to X for X>QA A. These kinds of
dependence on X are in fact characteristic of a long straight guide [4].

VULCAN High Intensity

A VULCAN 2 m Collimation

• VULCAN High Resolution

• SMARTS @ LANSCE

•"^r^

2 3
Neutron Wavelendgth (A)

Fig. 10 Monte Carlo simulation results to compare the FWHM of the incident
neutron beam in the horizontal scattering plane.

A question arising from Figs. 9-10 is whether this increased FWHM would spoil the resolution.
To answer this question, the resolution function is compared in Fig. 7 for the 90° detectors
(SMARTS is designed with one detector bank centered at 90°). As it can be seen, the resolution
of VULCAN in the high intensity mode is comparable to that of SMARTS. Such a favorable
comparison is due to careful optimization of the geometric contribution to the resolution
function. By increasing the sample-detector distance from 1.5 m for SMARTS to 3 m for
VULCAN, the contributions due to sample and detector sizes are greatly reduced. This has led
to a geometric contribution (to the resolution function) comparable to that of SMARTS, despite
the larger divergence of the incident neutron beam at the sample. Of course, VULCAN has
much higher resolution in the 2 m collimation and high resolution modes.
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Having established the baseline design, Monte Carlo simulation was then used to optimize the
neutron guide system. While the optimization process is still in progress, some of the earlier
results are presented below. Fig. 11 shows neutron intensity as a function of the starting position
for the guide system. As it can be seen, there is no need to push the guide closer than 4 m from
the moderator. This result significantly reduces the complexity of design work for the shutter. A
parametric study of the bending curvature indicates that at the current value of 2 km, the bending
radius of the curved guide is already optimized for suppressing the transmission of high-energy
neutrons while allowing the maximum transmission for thermal neutrons with X> 0.8 A.

120%

0.5-2.5 A

2.5-4.5 A

o%
2 4 6

Starting Distance for Guide (m)

Fig. 11 Neutron intensity as a function of starting distance for the VULCAN guide
system.

5. Summary

An effective neutron guide system has been proposed for VULCAN, the SNS engineering
diffractometer. The proposed neutron guide system consolidates different performance
requirements into one coherent design. Monte Carlo simulation confirms that the proposed
neutron guide system is able to deliver the desired intensity and resolution. Parametric studies
are underway with Monte Carlo simulation to further improve the performance of the neutron
guide system.
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Abstract

We applied the neutron resonance absorption spectroscopy to thermometry of a bulk object.
The measurement was done by using the neutron resonance absorption spectrometer, DOG,
installed at KENS, High Energy Accelerator Research Organization Neutron Source, which
enables us to investigate effective temperature of a particular element by analyzing line width
of resonance absorption spectrum. The effective temperature becomes consistence with the
sample temperature above room temperature. For the analysis we applied the computed to-
mography method to reconstruct the temperature distribution on the object cross section. The
results and the calculated distribution by the heat conducting equation are well agreed on the
temperature difference inside the object.

1. Introduction

Neutron resonance absorption spectros-
copy (N-RAS) is a method which measures
the dynamics of atoms by analyzing the
Doppler broadening of their resonance spec-
tra. The method enables us to investigate
motions of a particular element, because the
resonance energies are peculiar to the ele-
ment[l]. Some of the resonance absorption
cross section are very large values, then the
method has very high sensitivity. 73Ta has
13000 barns at 4.28 eV, for example. From
the character, N-RAS can be applied to the
microchemical analysis or dynamical analy-
sis of the small amount components.

The measurement is done by recording

1 1 1 1 1 1 1 1 1 1 1 1 1

, i I , , i - I i , , , I , , , , I , i , i I , , , ,

500 600200 300 400

Temperature (K)

the prompt gamma ray from the absorption FiS- •• Effective temperature of Ta (solid line). The
phenomenon. From the resonance absorption l i n e i s calculated by using the Debye model with
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spectrum, we can obtain a parameter which called effective temperature, Te((. Tc(( has a trend to
coincide with the real temperature of the sample above sufficiently high temperature as shown
in figure 1. By using this feature, we have tried to measure the temperature of a sample object,
and deduced the temperature distribution over the cross section in the object by the computa-
tional method.

2. Experimental

The measurements were carried on the neutron resonance absorption spectrometer DOG
installed in KENS at High Energy Accelerator Research Organization (KEK) in Japan. Figure
2 shows the schematic layout of DOG. DOG is set up at the thermal source port and its flight
path length to the sample is 9.53 m. The
sample absorbs neutrons with a resonance | | Mockrator(H,0>
energy ER and then emit the prompt gamma
ray by (n, y) reaction. Plastic scintillators
installed both sides of the sample detect the
gamma rays and the events are recorded by
time analyzers. The time analyzer has a time
channel width of 31.25 ns and a number of
channels of 16000. The absorbed neutron
energy is determined by the time-of-flight
method. The energy resolution of the DOG Cell

was governed by incident neutron pulse Prompt y-ray
width and neutron flight time and AE/E =
0.38 % in the energy range of more than 1 FiS- 2- Schematic layout of DOG spectrometer.

eV.
Figure 3 shows the apparatus of the

measured sample. The sample object had a
cylindrical shape of 20 mm diameter con-
taining Ta atoms for the neutron resonance
absorption. Inside the object there was the
temperature gradient from the center of the
cylinder to the rim, the temperature at the
center was 380 K and the rim was 313 K.
We obtained the resonance spectrum by
irradiating neutrons against the object
through a slit of 2 mm width. The slit was
moved as 2 mm step for 10 times.

3. Analysis

B4C slit
Scintillator counter

Neutron
2mm

Sample 10mm

Fig. 3. Measured sample layout (top view).

Generally, the neutron resonance absorption cross section is usually expressed as Bethe
and Placzek formula taking account of the Doppler effect[2]. It is applicable only to the ideal
gas but invalid to solids. For this reason, Lamb has deduced a formula for the neutron reso-
nance absorption cross section by using a weak binding approximation that treats a crystal as
a Debye continuum[3]. The cross section is given by the equation,

(1)
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= (m/M)EQ, A =

where m and M are a neutron mass and a mass of absorbing atom, respectively. a0 is a peak
value of cross section of a neutron absorption, kB is the Boltzmann constant and R is recoil
energy of the absorbing atom. The intrinsic line width Fj is defined as the full width at the
half-maximum of the resonance level Eo, and A is a Doppler width. Te(f, so-called effective
temperature, is corresponding to the average energy for vibrational degree of freedom of the
lattice (including zero-point energy). Tct( is defined as

(2)

where/(£) is phonon density of states for the solid and T is temperature. If the absorption
cross section of the crystal is represented by eq. (1), the probability of the neutron absorption
in the matter is given by

= l-exp[-Ncl<j(E)], (3)

where Nd is the number density of resonant absorbing atoms per unit area perpendicular to the
neutron beam. The time-of-flight spectrum for the neutron resonance absorption 7a(r) consid-
ering a shape of the neutron pulse I0(t) is given by

= \dEdtoPa{E)l0(E-to)S{t-to~l/vR), (4)

where / is the neutron flight path length
from the neutron source to the sample. vR

is the neutron velocity for the resonance
energy ER[4]. By analyzing Ia(t) we can
obtain information about Teff and finally
also f{E). Figure 4 shows time-of-flight
spectrum of resonance peaks of Ta. These
peaks are corresponding to the resonance
energy of 4.28 eV of Ta at temperatures of
13 K and 300 K. The curves show the least
square fittings for each neutron absorption
spectrum. It is found that the resonance
peak is broader and lower with increasing
temperature because of the Doppler effect.
We deduced the effective temperatures

0.12

•a 0.08

0.06

a o.o4

0.02

330 335
Flight Timeljasec)

from these resonance peaks. The fitting Fig. 4. Time-of-flight spectra of the resonance peak of
curves are also superimposed in figure 4. Ta- T h e s e s P c c t r a (°Pen triangles: 20 K, closed cir-
, , , ., ^ ., ... ., cles: 300 K) are corresponding to the resonance en-
We can see that the curves agree with the , . 0 0 ' . .. , fe , cc. • ,° ersy ot 4.28 ev. Lines are the results ot fitting by eq.
measured spectra very well. ,Z
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4. Results and Discussions

The fitting results of 7*eff are shown
in figure 5. We have done the correction
for the sample thickness[5]. The meas-
ured 7eff shows a step-like change against
the slit position for the sample object.
This feature becomes from the cause that
the measured spectra are the averaged
ones over the neutron-irradiated area.
Then we apply the computed tomograph
(CT) method to calculate the temperature
distribution in the object cross section
from the results. The 2-dimensional tem-
perature distribution can be written by
the 2-parameters function g(p, q)=f(x, y),
where (p, q) means the position in the
object cross section on the spectrometer
coordination and (x, y) means the posi-
tion on the object coordination. In the
present apparatus, measured spectrum at
the each slit position is the integrated one
along the neutron beam.

, „

p
3

ca
*-«
D.

s

110

100

90

80

70

60

50

/in

_ i i i i I

~z

'-

'-

-

'-

—
_
-
—

-

— t ,

i i i

r

; ' •

i ;

r /

i i i

| i i i

f i *
\ i v

! i ""

\

\ \
1

\

1 1 1 1

1 I ( I I _

-_

z
-
-
-
-
—

-—
-

I —

-1 -0.5 0 0.5 I

Position from center (cm)

Fig. 5. Temperature distributions in the sample object.
The solid line indicates the fitting results of Tclf. The
Fourier transformation of Tdi is shown by the broken
line, which corresponds to the temperature distribution
along the diameter. The dotted line is the calculated
distribution by using the heat conducting equation
along the diameter.

(5)

Here, <p means the rotational angle between the object coordination and the spectrometer co-
ordination. Eq. (5) corresponds to the layout that the neutron beam comes along the q-axis.
Considering the equation of the 2-dimensional Fourier transformation,

= f f
J —to J—oo

(6)

the Fourier transformation of ajj?) can be written as

= £a,(p)exp(-

= f r &(p' i )e
J—oo J—oo

(7)

We can fill up the data of A on the %-rj space by the operation of 0 rotation. Finally we get the
2-dimensional temperature distribution by inverse Fourier transformation,

(8)

As the temperature gradient has a cylindrical symmetry in our present sample object, we
interpolate the step-like data into 2-dimensional function, A, and calculate the 2-dimensional
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temperature distribution, g, according to eq. (8). The reconstructed distribution is also shown
in figure 5. The reconstructed result becomes higher temperature than the measured one over
every position, because the measured temperature is averaged in the area formed by the slit
width (2 mm) and the object thickness.

During the measurement the temperature was held at 380 K at the center of the object and
313 K at the rim, respectively. We can calculate the temperature gradient in the object cross
section analytically by using the heat conducting equation,

t and d mean temperature and distance from the cylinder center. Subscript 1 and 2 correspond
the positions inside the cylinder. The calculated gradient is shown in figure 5, too. The tem-
perature distribution by the CT method and the one after eq. (9) become well agreement on
the temperature difference between the center and the rim, but there still remains large dis-
crepancy in the peak width around the object center. The experimental result is affected by the
slit size and the sample thickness. We are checking the effect by simulation calculations now,
and planning to carry on the improved experiment.

5. Conclusion

We applied the neutron resonance absorption spectroscopy to thermometry of a bulk ob-
ject. By using the Fourier transformation computational tomography method, we can obtain
the 2-dimensional temperature distribution tomogram in the object cross section. The result
shows well agreement in the temperature difference inside the object with the heat conducting
calculation. Now we are doing some simulations to realize the effect of the apparatus of the
slit, object, etc. We consider that this method becomes important in the neutron application,
because this will be able to apply to the nondestructive analysis of the temperature and ele-
ment distributions at the same time in future.
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Abstract

We have developed a new method of trace element analysis based on neutron activation analysis
with multiple y-ray detection (NAAMG). So far we utilized neutrons from research reactors but the
new pulsed neutrons of Advanced Neutron Sources in JAERI and KEK collaboration will open new
possibilities of NAAMG. An in-beam measurement will make it possible to identify short-lived
activities so that the number of elements of simultaneous analysis becomes as many as 70. The
micro beam of neutrons will be useful for the analysis of microscopic structures of various
specimen.

1. Introduction

Widely used neutron activation analysis utilizes single detector to measure y-rays from a neutron-
activated sample. The energy resolution is approximately 1/1000 for a high-resolution germanium
detectors. The radioactive nuclei emit more than ten y-rays on the average so that, if the sample
includes many elements, the number of y-rays exceeds one thousand, making it difficult to resolve
all the y-rays. Weak y-rays, in particular, are masked by strong y-rays. The weak y-rays, then, have
generally been quantified through chemical separation or by measuring the half-lives of each
nuclide separately. Chemical separations poses difficulties, however, since it not only requires
special chemical analysis skills and additional steps, but also requires a determination of recovery
yield. These extra operations increase the chance that errors will occur. Measuring half-lives,
meanwhile, is a long process, as nuclides with long half-lives cannot be measured until the short
half-life nuclides breakdown. Furthermore, the detector must be maintained in operation during the
whole process, demanding much time and effort. Thus a new technique is highly desirable which
achieves better resolution and makes any artificial procedure unnecessary.

In this paper, at First, we report the new technique of multiple y-ray detection to improve the energy
resolution of a y-ray detector and its application to neutron activation analysis. And next the
technique can be extended by utilising the pulsed neutron beam. The advantage there will be
discussed.
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2. Neutron activation analysis with multiple y-ray detection (NAAMG)

To develop a new detection technique we took advantage of the fact that many radioactive nuclides
emit multiple coincident y-rays. By detecting the coincident y-rays we can create a y-y two-
dimensional matrix which incorporates the correlation among the y-rays. We could improve the
energy resolution by a factor of one thousand. This indicates that one can separate completely as
many nuclides as present in a sample (even for 2700 nuclides so far found in nature).

The multiple y-ray detection method has been used for the nuclear structure study at high excitation
energy. We for the first time applied it to the neutron activation analysis of standard rock samples,
JB-la and JP-1, issued by the Geological Survey of Japan. By utilizing neutrons from the research
reactor, JRR-3, and a y-ray detector array, GEMINI [1], at Tokai JAERI, it has been demonstrated
that simultaneously 23 elements can be identified without chemical separation (ref. [2]). From
intensity of the two dimensional y-ray peak we could derive the quantity of each element It is
compared with the data already compiled in ref. [3]. In this way it is concluded that the new
technique gives consistent results with the previously determined ones.

The required conditions in the new technique are existence of at least one set of multiple coincident
Y-rays, and the half life of produced nuclide larger than ten minutes (typical transport time from the
reactor to detector position). It is concluded that 49 elements can be quantified simultaneously by
this method. Another important feature is that the background can be greatly suppressed in the two
diemnsional matrix and very weak y-ray can be detected: a high-sensitivity of ppt (ten to the minus
twelfth) order could be achieved [2]. Furthermore, by combining with the comparison method it
was demonstrated that the quantitative results can be as accurate as in the order of percent [4].

3. Application of pulsed neutrons (PNAAMG)

The new pulsed neutron beam of Advanced Neutron Sources in JAERI and KEK collaboration is

expected to open new possibilities of Pulsed Neutron Activation Analysis with Multiple Gamma-

Table I. Elements classified in NAAMG and PNAAMG

method elements

NAAMG: Ag, As, Ba, Br, Ca, Cd, Ce, Cl, Co, Cs, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, I, In,
Ir, K, La, Lu, Mn, Mo, Na, Nd, Ne, Ni, Os, Pt, Ra, Rb, Re, Ru, Sb, Sc, Se,
Sm, Sn, Ta, Tb, Th, Ti, U, W, Yb, Zn

PNAAMG: Ag, Al, As, Au, Ba, Br, Ca, Cd, Ce, Cl, Co, Cr, Cs, Cu, Dy, Er, Eu, F, Fe,
Ga, Gd, Ge, Hf, Hg, Ho, I, In, Ir, K, La, Lu, Kr, Mg,Mn, Mo, Na, Nd, Ne,
Ni, Os, Pd, Pr, Pt, Ra, Rb, Re, Rh, Ru, S, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te,
Th, Ti, Tl, Tm, U, V, W, Xe, Y, Yb, Zn, Zr
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ray Detection (PNAAMG) extended from NAAMG by using pulsed neutrons. The advantage of
PNAAMG is, at first, that short-lived activities can be measured by an off-beam measurement. The
half-life of the produced activity can be as short as micro-seconds so that the number of applicable
elements can be increased from 49 to 70 as tabulated in Table I.

Another advantage is that the specimen need not be transferred from the irradiation positrion to the
detector position: irradiation, y-vxy measurement, and quantification can be placed at the same
place ( in-situ analysis). This also caused rapid quantification, because it would be possible to
develop an on-line data acquisition program which can do the quantification as well.

4. Summary

The new method of trace element analysis based on NAAMG has the features of simultaneous
determination multi-elements, high sensitivity, and high accuracy. So far we utilized neutrons from
research reactors but the new pulsed neutrons of Advanced Neutron Sources in JAERI and KEK
collaboration will open new possibilities of NAAMG. An in-beam measurement will make it
possible to identify short-lived activities so that the number of elements of simultaneous analysis
becomes as many as 70. The micro beam of neutrons will be useful for the analysis of microscopic
structures of various specimen. This new technique is expected to contribute to various fields of
environmental, medical, space and earth sciences, and exploitation etc.
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Abstract

We have been developing neutron optical devices based on neutron refractive optics, such as
a neutron lens and prism to improve neutron scattering methods. Prototypes of a compound
Fresnel lens, a magnetic lens and prism for neutrons have been developed. The functions of
each devices were verified by experimental and numerical simulation studies, and their
improvement and applications are still being investigated. The recent progress in our work is
reviewed and perspective of their application to neutron scattering experiments is described.

1. Introduction

Neutron scattering method is essential in a study of internal structure and dynamics of
material because of the exclusive nature of a neutron. However, its application is limited due
to the extremely low intensity of the neutron beam compared with the synchrotron-radiation
photoemission. To improve this situation, we have been developing neutron optical devices
such as a neutron lens and prism based both on compound and magnetic refractive optics
[1-6]. In this paper, a review is presented of the considerable recent progress in our work on
the neutron optical devices.

2. Compound Refractive Lens

A neutron optics at an interface between materials is treated in the same way as that for
visible light by introducing refractive index n - \-bNXV2K, where b is the bound coherent
scattering length, N the number density of the nuclei and X the neutron wave length. In
general, the refractive indexes of nucleus are nearly unity, and neutron absorption by
materials is not negligible. Thus, careful choice of materials is necessary to develop a material
lens for neutrons.

Recently, a neutron beam focusing experiment using a compound refractive lens
(CRL) was reported[7]. In their experiment, the CRL was made of MgF2 and had a symmetric
concave shape. Considerable neutron intensity gain more than 30 was obtained due to the
focusing effect of the CRLs. However, neutron transmission was drastically decreased with
increasing the neutron beam size due to the lens shape effect, i.e., the effective lens thickness
increases with the neutron beam size.

To overcome this problem, we have fabricated a Fresnel lens made of vitreous silica
with an effective potential of (90.1-2.7xl0"4i)neV[6]. The cross section of the lens is depicted
in Fig.l. The characteristics of the lenses were investigated with cold neutrons using a
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Fig. 1. Cross section of a Fresnel lens,
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Fig. 2. Experimental setup for the lens characterization.
neutron spectrometer SANS-J installed at JRR-3M of Japan Atomic Energy Research
Institute. The small-angle neutron scattering from the vitreous silica, which could reduce the
lens performance, was measured. The neutron transmission of the 1-mm-thick vitreous silica
was also measured to be 0.973+0.006 for 6.5 A neutrons, which was significantly lower than
the theoretical value of 0.9987. The experimental setups for the lens characterization are
shown in Fig. 2. The refracting power of a lens is insufficient to investigate the lens
performance, thus a 44-element series of the lenses was used.

To investigate the lens characteristics carefully, a neutron beam collimated by a 1
mm^ pinhole was used. The neutron image was measured while varying the lens position, jclens,
perpendicular to the neutron beam (Fig. 2). Figure 3 shows the neutron image obtained by the
PSD. The intensity distribution along the x-axis is shown in Fig. 4(a). The peak of the
intensity distribution shifts as the lenses move away from the center position. This indicates
that the neutron beam is refracted by the passage through the lenses and that the lenses
function as focusing lenses for neutrons. The focal length was estimated to be 14 m for 10 A
neutrons. At xlens =15 mm, the intensity distribution becomes asymmetric and possesses a tail
in the direction opposite to the peak shift (Fig. 4(a)). To understand these results
comprehensively, we performed numerical simulation, where measured values of the lens

Fig. 3. Neutron images of 10 A neutrons obtained by the PSD.
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Fig. 4. Intensity distribution along the x-axis at the peak position in y-axis,
(a): experimental result, (b): simulation result

shape, small-angle neutron scattering and neutron transmission of the vitreous silica, and
gravity effect and reflection at the lens surface were taken into account. The experimental
results were approximately reproduced in the numerical simulation (Fig. 4(b)), and it is found
that the tail of the intensity distribution results from blunt shape of the lens. By sharpening the
lens shape, such kind of refraction can be sufficiently suppressed.

3. Magnetic Lens

Since a neutron has a magnetic dipole moment, it is accelerated in a magnetic field gradient.
Thus, we can control neutron beam free from beam attenuation using the magnetic field
gradient. Moreover, its spin dependence of the acceleration is profitable in case of using the
polarized neutron beam.

A sextupole magnetic field functions as a lens for neutrons. The magnetic field
strength is expressed as \B\ = Cs (x

2 + y2)l2, where Cs is a constant. Here, we define the z-axis
as being parallel to the beam direction, with the x-axis horizontal and y-axis vertical to it. As
long as the magnetic field is sufficiently large so that the neutron spin polarity about the local
magnetic field is conserved, the equation of motion is given by x = ~- o?x, y - +(&y, where
of=\C^ /m\, n is the magnetic moment and m the mass of the neutron. The q= signs correspond
to neutrons whose spins have positive and negative polarity to the local field direction. Thus,
neutrons with positive polarity spins are focused onto the axis at the magnet exit when the
relation 0) i = vz is satisfied, where i is the magnet length and v7 the z-component of the
neutron velocity.

The focusing effect of a permanent sextupole magnet was experimentally studied as

100F

Fig. 5. Experimental setup for the study of a neutron
lens. A 2 m sextupole magnet is put together from 40
units of aluminum blocks. Each unit contained six
pieces of permanent magnet, 5mm x 5mm x 50mm.
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shown in Fig. 5[l-3,5]. The magnet was 2 m long and the aperture was 10 mm in diameter.
Cadmium cylinders of 9 mm diameter apertures suppressed the neutron reflection on the inner
surface of the magnet. A pulsed neutron beam, which passed through 2 mm diameter holes in
cadmium collimators attached on both ends of the magnet, was counted as a function of time
of flight. We carried out another measurement with an identical configuration with non-
magnetized magnet pieces. We denote the ratio of neutron transmittances through the
magnetized set and non-magnetized set as R(X) and measured the magnetic effect as the
deviation of R(k) from unity. The focusing effect as a function of wavelength was observed as
shown in Fig. 6, and an average gain of R = 36.5 + 8.0 was obtained in the wavelength region
of 14.0 A < X < 14.8 A. The focal wavelength of 14.4 A corresponded to Cs = 3.2xlO4 T nr2.
The solid line in Fig. 6 shows calculated values, taking into account the neutron reflection and
absorption at the magnet aperture boundary and the neutron spin polarity loss around the
magnet axis. According to the numerical simulation, the neutron intensity gain of -100 is
expected with a completely absorptive aperture boundary and a complete polarity
conservation.

4. Magnetic Prism

The distribution of the quadrupole field strength is express as IJSI = CQ(x2+y2)1'2. Neutrons are
accelerated in the quadrupole filed as following the equations: &2x/d92= ~- xpj(x2+y2)112,
d2y/d02= + y/7(/(x

2+/)"2 for positive and negative spin polarity, where a?= ICQJU Im l/p0 and po
is the radius of the quadrupole magnet aperture. Limiting the neutron motion in *z-plane for
simplicity, the equation of the neutron motion is simplified as d2x/d92 = ~ p0, which clearly
indicates a prism function according to the constant acceleration.

We have constructed a permanent quadrupole magnet with p() = 3.5 mm [4,5]. The
strength of the magnetic field was co ~ 480 sec'. We evaluated the prism function of the
quadrupole magnet using cold neutrons from a reactor neutron source JRR-3M of Japan
Atomic Energy Research Institute. The neutron wavelength was defined by a neutron velocity
selector with resolution of A/I IX - 0.129. The length of the quadrupole magnet was Lx = 0.45
m and the distance between the magnet and the position sensitive detector (PSD) was L2 = 9.7
m as shown in Fig.7. The neutron beam was collimated with 1 mm0 pinhole which is
positioned at (x, y) = (-1.0 mm, 0 mm). A two-dimensional neutron image obtained by the
PSD is shown in Fig. 8 (a) and (b). The neutrons are split into two regions due to the spin
dependence of the prism function. The experimental image was well reproduced by the
numerical calculation with a collimator misalignment of (x, y) = (-1.0 mm, 0.45 mm) as
shown in Fig.8(c) and (d).

The prism with PSD is capable to analyze the neutron energy and is applicable to
inelastic scattering instruments using pulsed neutrons. In a conventional inelastic scattering
method using pulsed neutrons, energy of scattering neutrons to detect, Es, is fixed. Thus,
energy transfer, £,„ can be measured against the incident neutron with energy, Ei (= Es - e0). If
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k
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QuadiugoIeJJagnet
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Fig. 7. Experimental setup for the study of
the neutron prism.
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Fig. 8. Two-dimensional distribution of
neutron intensity at the PSD position, (a),(b):
experimental results, (c),(d): numerical
simulation results.
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the scattering neutron energy can be analyzed together with time information, energy transfer,
£„, can be measured against in a range of incident neutron energy. A favorable energy
resolution can be achieved in a wide range of energy transfers using a highly collimated
incoming beam and a PSD with good position and time resolution. The energy resolutions
using the PSD with position resolution of 0.2 mm are about 4 u,eV using 10 A neutrons
where L, = 1 m, L2 = 10 m, the PSD time resolution of 10 jxsec and incident neutron beam
divergence less than 0.02 mrad are assumed.

5. Summary

We have been developing optical devices based on neutron refractive optics to improve the
neutron scattering method. We have fabricated Fresnel lenses for neutrons. Its function as a
neutron focusing lens were evaluated by the experimental and numerical simulation studies. It
is found that compound refractive lenses for practical use can be realized by choosing the lens
shape and material. In the future, we will develop compound refractive lenses to apply to
neutron scattering experiments by investigating the lens shape and materials. The magnetic
neutron lens can produce a polarized beam by transporting the spin polarity of focused
neutrons into a dipole field adiabatically. The functions of convex and concave lenses can be
switched by reversing the spin polarity and a magnetic multiplet lens is possible. Hybrid
optics of reflective optics, compound refractive optics and magnetic optics introduce more
variety and flexibility in optimizing beam manipulation. The magnetic neutron prism can
offer a novel method in the inelastic neutron scattering experiment. By utilizing the prism, a
good energy resolution could be achieved in a wide energy range. In the practical application
of the prism, the neutron intensity is still the problem, since the incoming beam must be
sufficiently fine and collimated. The improvement of the design of the device and the
instruments is necessary to overcome this problem.
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Abstract
This paper introduces the concept of the Neutron Silicon Lens (NSL) and provides and update
on the experimental results achieved to date. The NSL design is a cylindrical neutron lens
based on the use of multiple neutron mirrors supported and separated by silicon wafers. Such
lenses would have many applications in both the primary and scattered beams on neutron
instruments, and would lead to immediate improvements where the sample to be illuminated
is small, as in high pressure or engineering strain scanning instruments.

1. Introduction

Effective thermal neutron lenses offer considerable advantages in instrument design by adding
to the techniques available to improve fluxes. This is particularly true for time of flight
instrumentation - which up to now has not had a method, apart from neutron guides, of de-
coupling the divergence of the neutron beam from its flight path. Such a de-coupling is
extremely important for optimal instrument design, since both the divergence and flight path
play a role in determining the intensity and resolution of the neutron scattering instrument,
and maximising the performance often requires that they are adjusted separately.
The techniques available for neutron lens construction are Bragg diffraction [1,2], refraction
[3], magnetic field gradients [4,5] or reflection [6-10]. The focusing effects of the first three
of these techniques are wavelength dependent, and are hence generally unsuited to white-
beam instrumentation. Such lenses would not therefore be generally useful at time-of-flight
sources such as ISIS (Rutherford Appleton Laboratory, UK) or the third generation spallation
sources, such as the SNS in the US or JSNS in Japan.
Reflection techniques, however, are well suited to time-of-flight instrumentation since the
trajectories of neutrons at different energies through such lenses are, to first order, the same.
An example is the Kumakhov lenses [6-9] which uses grazing incidence multiple reflection
within capillaries to guide neutrons to a focal point. These polycapillary devices are well
suited to white beam instrumentation since their focal length remains independent of the
neutron wavelength, but have the disadvantage that their focal spot size is wavelength
dependent.
More recently [10] it has been demonstrated that the 'lobster eye' lens used previously with
X-rays [11,12] will produce a focussing effect with neutrons. However, although this device
will focus in two planes simultaneously the 'lobster eye' lens uses hollow rectangular glass
channels to achieve the effect. Since the glass surface has a very small critical angle for
neutron reflection, such devices will be of limited applicability, since the beam divergence
that they are able to accept is considerably smaller than the (relatively) wide divergence of
neutron beams achievable with super-mirror coated neutron guides. Also, the 'lobster eye'
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lens is based on equally spaced channels which results in many neutrons either not being
reflected, or multiply reflecting in the device. In either of these cases they then do not
contribute to the focussed image.

2. The Silicon Lens Design

The NSL design proposed earlier [13] is also based on reflection, and is therefore able to be
used in white beam, spallation neutron instrumentation. It is based on the same geometrical
principle used in the 'lobster eye' micro-channel plate (MCP) devices [10-12] or grazing
incidence X-ray lenses (as used, for example on the ROSAT satellite), but incorporates a
number of significant changes.
By restricting the lens to be a cylindrical device (i.e. focussing in a single plane) it is able to
fully exploit the use of supermirror optics [14-16] available for neutron reflection. Secondly,
it is designed so that every neutron makes just one reflection in the lens, and all neutrons
incident on the lens are reflected. Finally the design incorporates true focussing optics, as
opposed to the plain mirror geometry available in MCPs. In addition their design uses single
crystal silicon (a material highly transparent to neutrons) to support the mirror surfaces, rather
than hollow channels.
It should be noted that while the NSL designs presented here are able to focus neutrons in a
single plane, full 3-dimensional focusing may be achieved by using two NSL in series.
Fig 1 illustrates the basic idea of the design. The ideal NSL employs ellipsoidal surfaces to
bring the neutrons to a true focus at position 'b'. The diagram has been simplified, showing
only 3 ellipsoidal surfaces. By using a elliptical design for the mirror surfaces, it can be
arranged that, with the use of variable wafer thicknesses, all neutrons will be scattered from a
stack of silicon wafers of constant thickness.
A Monte Carlo simulation of the ellipsoidal design in Fig.l has been made using the
geometrical arrangement illustrated in Fig 2. In this simulation a lmm(h) x 20mm(w) slit
illuminates a NSL with a stack height of 20mm, and a silicon depth of 20mm. The NSL has a
focal length of 500mm and is made up of 140 Si wafers ranging in thickness from around 400
to 25 microns. Because it is impractical to use the very thin wafers required in the centre of
the lens this simulation included no mirrors at all across the central 1.2mm of the lens. The
intensity calculated from this simulation at the 2.5mm high detector at the focal plane is
shown in Fig.3. This illustrates the fact that the lens performs as expected with 75% of the
original neutrons that leave the lmm illuminating slit (within the critical angle of the
supermirror) arriving within a central lmm area of the focal plane. The fact that less than
100% of the illuminating neutrons reach the centre of the focal plane is due to the omission of
reflecting planes from the central 1.2mm of the lens.

3. First Experimental results

In the first test of the design, a stack of 146 (m=2) supermirror coated Si wafers was
designed to have a focal length of 500mm. The mirror surfaces in this case were
plane, rather than elliptical. In this arrangement the thickness of the Si wafers varied
form 30 micrometers to 400 micrometers. Fig. 4 shows the intensities achieved both
with and without the lens present in an experimental arrangement that corresponded
to Fig. 2. The neutrons incident on the slit in this test had a wavelength in the range
6-7A.

This result has demonstrated that a focussing effect can be achieved, although it is also clear
from the raw data that imperfect focussing has been achieved, since the width (FWHMH) of
the image of the original lmm slit is between 2 and 3mm wide.
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A more complete analysis of the results will be presented elsewhere [17] together with
suggestions for improving this current performance.
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Figure 1. A schematic diagram of the cross section of an elliptical design of NSL. In this
design the supermirror surfaces are constrained to lie on the surfaces of ellipses with
common foci at 'a' and 'b'.
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Figure 2. The geometrical arrangement of the simulation of the elliptical lens designs. A
1mm slit at the left of the diagram acts as the source of neutrons, and this is imaged onto the
2.5mm detector shown at the right.
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Figure 3. The simulated intensity of'3A neutrons reaching the 2.5x20mm detector in Fig.2
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Figure 4. The intensities recorded in an imaging camera (diameter of 25mm) both with and
without the lens present in an experimental arrangement that corresponded to Fig. 2.
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Abstract

We have constructed a new beam line specialized in evaluating the performances of practical

neutron optical devices at the Japan research reactor JRR-3M. We show a concept and a design of the

new beam line.

1. Introduction

To make neutron beam intensity higher is an eternal subject of the neutron research community. In

order to overcome a part of this subject, neutron optical devices (refractive devices) have been

developed for the last several years in Japan [1] and also in the world [2]. From this year (2000) the

project entitled as "The Development and Application of Neutron Optics" (NOP) has been organized by

several institutes of Japan [3]. In the NOP project we have developed not only refractive devices but

also reflective, imaging and polarizing devices and have also tried to make these optical devices

practicable for neutron research.

Apart of the results obtained in the NOP project has been reported in this meeting by Oku et al. [4].

They have developed compact optical devices and succeeded in actually proving the principles of the

devices. In order to prove only the principle of the compact devices no special beam line has been

necessary. They could use neutron spectrometers such as a small-angle scattering instrument for the

studies. However, in order to evaluate the performances of practical and complex devices, which will be

larger, it has been required to prepare a special beam line with intense neutrons and large space. We

have then constructed a new beam line (NOP beam line) specialized in the purpose at the Japan research

reactor JRR-3M in the JAERI. The JRR-3M is the most intense neutron source in Japan. However, all

beam ports have been already occupied by other neutron scattering instruments. Therefore, we have

produced an additional beam line at the C3-1-2 beam port with a neutron bender.

In the latter sections we show a design of the neutron bender and a layout of the beam line.
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2. Neutron Bender

We have constructed a cold neutron bender with three beam channels using sequential garland

reflections to supply neutrons to the new NOP beam line (CHI: first channel) and other two instruments

(CH2 and CH3: second and third channels) for spin interferometry and reflectometry, etc. In order to

reduce a loss of neutrons with large divergence this bender adopts a new idea relating to a mirror

arrangement, in which each bender section consists of three straight mirrors approximating parabolic

shape [5].

Fig. 1 The whole arrangement of mirrors in a neutron bender of a NOP beam line.

The number in a circle denotes a mirror No.

Figure 1 shows the whole arrangement of mirrors in the bender. The bender consists of 37 straight

mirrors with different types and sizes. The mirrors of No. 1 are nickel guide mirrors. The mirrors of No.

6 are monochrometors with a period of 15 nm. The others are 3Q NiC/Ti supermirrors with reflectivity

higher than 90%. Substrates of all mirrors are silicon wafers with 1.5 mm in thickness. The effective

sizes of the mirrors are described in Table I.

Table I Effective mirror sizes coated on silicon substrates.

Mirror No.

1

2

3

4

5

6

7

8

Mirror Size

45mmX90mm

45mmX110mm

45mmX65mm

45mmX121 mm

45mmX74mm

4 5 m m X H 0 m m

45mmX110mm

45mmX65mm

- 5 4 8 -



JAERI-Conf 2001-002

Reflection numbers Afc of the bender are 4 for the CHI and 6 for the CH2 and CH3. Total bent

angles 6{, are 14.48°, 24.12° and 35.11 ° for the CHI, CH2 and CH3, respectively. Expected minimum

wavelengths ^ for the CHI, CH2 and CH3 are 0.72, 0.8 and 1.0 nm, respectively. A beam cross

section of the CH 1 is 9.5 mm in width and 45 mm in height. Beam heights of the CH2 and CH3 are the

same as that of the CHI. However, the beam width of 45 mm is shared for the CH2 and CH3 at the

sixth bender section. These parameters are summarized in Table II. Beam transmission through the

bender estimated from calculations is about 0.6.

Table II Parameters of a bender; N&: reflection number, 6|,: total bent angle,

A^: minimum wavelength, and beam size,

Channel No.

1

2

3

4

6

6

eu°)
14.48

24.12

35.11

Kin

0.72

0.8

1.0

Beam Size (mm2)

45X9.5

w,X9.5

w2X9.5

3. Layout of a NOP Beam Line

Figure 2 shows a layout of the NOP beam line. A neutron beam transmitted through the bender is

monochromatized by a mechanical velocity selector. On the beam line we will evaluate the

performances of practical neutron optical devices such as a sextupole superconducting magnet with a

bore of 50 mm in diameter as a magnetic lens, which is under design, or complex devices such as this

magnet combined with supermirrors. For neutron imaging, neutron imaging plates and the imaging

devices, which have been developed in a different team of the NOP project, will be used.

Imaging

Device

JRR-3M Cold

Neutron Guide

Velocity

Selector

Sample

Bender
Neutron

Guide

Optical Devices

12m

Fig. 2 A layout of a NOP beam line.
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4. Summary

We have constructed a new beam line specialized in evaluating the performances of practical

neutron optical devices at the Japan research reactor JRR-3M. We hope that the neutron optical devices

to be developed and evaluated using this beam line in the NOP project will be used in the world in the

near future.
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Abstract
Ni/Ti and Ni/Mn multilayer neutron mirrors which were deposited with ion beam

sputtering deposition and ion polishing have been investigated. The dependencies of
ion polishing time, ion acceleration energy and incideoe angle on the interface
roughness were studied for the optimization of beam parameters. The dependency of
multilayer period spacing of d on the interface roughness was also studied to determine
the minimum d-spacing at which ion-polishing works well. TEM observation was
conducted on these multilayers for the observation of morphology and inter-diffusion
between layers. It was clearly observed that the interface roughness of multilayer was
reduced by ion polishing.

1. Introduction

Multilayer neutron mirrors(1) with high reflectivity could be achieved if the
interface roughness of the multilayer can be kept small compared to the bilayer
spacing. One of the most important problems in producing the small d-spacing
multilayers is the reduction of the interface roughness which becomes larger with
the number of bilayers deposited. We have applied and succeeded in argon ion
polishing in combination with ion beam sputtering deposition for the fabrication
of Ni/Ti multilayers'2'. In this study, the effectiveness of argon ion polishing
from viewpoints of the ion polishing time, ion acceleration energy and incidence
angle on the interface roughness were investigated for Ni/Ti and Ni/Mn
multilayers. The minimum d-spacing at which ion-polishing works well was
studied by fabricating some multilayer mirrors with very small d-spacing.
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2. Development of ion polishing technique in combination with ion beam
sputtering deposition

2.1 Deposition system and sample preparation

&b.tr4t.
Ion Soiirca

m

Ni/Ti and Ni/Mn multilayers
were deposited and ion-polished
using an ion beam sputtering
system as shown in Fig.l(3). The
system is equipped with dual
bucket sources those are used to
generate Ar+ ions. One is used
for sputtering deposition of
multilayers. The other is used
for ion polishing. The conditions
of sputtering deposition were
fixed for all multilayer mirrors, on
the other hand, these of the ion
polishing were scanned. The ion polishing was applied immediately after the
deposition of each layer to smoothen the layer. Multilayers were deposited on
Si(lll) substrates of 75mm(|> with surface roughness of 2Arms ~ 4Arms. The
base pressure during the operation was 1 x 10"7 mbar.

notary Punp

Figure 1 Schematic diagram of the ion
beam sputtering deposition system.

2.2 Optimization of the ion beam parameters

In order to get the dependencies of ion polishing time, we have coated and
characterized Ni/Ti multilayers with d-spacing of d = 120 A and the number of
bilayers N = 10 pairs and also Ni/Mn with d = 100 A and N = 10 pairs. Either Ni
layers or Ti (or Mn) layers were ion-polished for various Ar+ ion polishing times.
The ion acceleration energy and incidence angle were fixed at lOOeV and 10°
during this coating.

The d-spacing and interfacial roughness of multilayers were evaluated with
X-ray grazing angle reflectivity measurements, which were performed in a 0-28
mode using Cu Ka radiation (X=1.54A). The measured reflectivity was fitted
with the reflectivity which was calculated using the Fresnel's formulae and the
interface roughness considered in terms of the Debye-Waller factor a, assuming
the optical parameters of the material.

The evaluated interface roughness a of the multilayers are shown in Fig.2,
which illustrate that the iori polishing (in all cases) is very effective for the
reduction of a. In cases of ion-polishing nickel layers of Ni/Ti multilayer, the
interface roughness of 6.5 A r.m.s. decreases to a minimum value of 3.5 Ar.m.s. at
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a polishing time of 69 sec. The
value of a is evaluated to be 4.5A
at a polishing time of 120 sec
and constant over every
polishing time in cases of ion
polishing titanium layers. On
the other hand, Ni/Mn
multilayer shows the almost
same tendency. In cases of ion-
polishing nickel layers, the
interface roughness of 5.3 A
r.m.s. decreases to a minimum
value of 4.1 A r.m.s. at a
polishing time of 69 sec. The value of a is evaluated to be 3.9 A r.m.s. at a
polishing time of 60 sec and constant over every polishing time in cases of ion-
polishing manganese layers.

The dependencies of Ar+ ion acceleration energy and incidence angle have
been investigated. Ni/Ti and Ni/Mn multilayers ( d = 100 A, N = 10 bilayers )
with either ion-polished nickel layers or ion-polished titanium (or manganese)
layers were coated for various ion acceleration energies ( 100 eV, 300 eV and 600
eV) and incident angle (10° and 45°). In the study of ion acceleration energy
dependence, the ion polishing time was determined to fix the quantity of
sputtered atoms in consideration of the sputtering rate which increases in
proportion to the acceleration energy. In case of the study of incident angle
dependence, the ion polishing time was determined to fix the ion flux with which
the multilayer surface was irradiated.

It was observed that a of all the samples ion-polished, becomes smaller than
those of the sample without ion-polishing. The results did not show clear ion-
energy dependence both in cases of Ni/Ti and Ni/Mn multilayers.

In case of the incident angle of 45°, a of the sample with Ni layers ion-polished
at lOOeV may be smaller than that of the sample ion-polished at 10°. On the
other hand, a of the sample with Ti layers ion-polished at 45° and lOOeV shows
the same value with a of the sample ion-polished at 10°.

2.3 Cross-section observation by transmission electron microscope

The deposited multilayer structure was investigated by cross-sectional
observations of the multilayer using a high resolution transmission electron
microscopy (TEM, HITACHI Ltd. H-9000NAR), which was operated at 300 kV.
The maximum resolution was 1.8 A. Cross-sectional TEM samples were thinned
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mechanically, followed by an Aii+ ion milling to perforation.

Photograph 1-(1) shows a TEM image ( magnification : x 2,000,000 ) of non-
polished Ni/Ti multilayer consisting of d = 100 A and N = 20 bilayers. The dark
layers correspond to nickel layers and the gray layers correspond to titanium
layers. The large grained nickel is observed, which results in increase of the
interface roughness. Some crystallinities as well as the Ni(lll) texture of nickel
layer are observed. The contrast variation in the nickel layers is due to different
small angular tilts (of the order of 1 degree) of the Ni(lll) crystallites away from
the direction normal to the substrate surface. The titanium layers show micro-
crystal

(1) non ion-polished case (2) ion-polished case

Photograph 1 TEM images ( magnification : x 2,000,000 ) of the
structure of (1) non ion-polished and (2) ion-polished Ni/Ti multilayers
with d = 100 A and N = 20 bilayers.

structures with some amorphous region. One can observe the inter-diffusion
region with thickness of about 20 A at the both side of each Ni layer. The silicon
substrate is covered by a native oxygen layer, upon which 20 bilayers of nickel and
titanium were deposited.

Photograph l-(2) shows a TEM image ( magnification : x 2,000,000 ) of the
structure of an ion-polished Ni/Ti multilayer with d = 100 A and N = 20 bilayers.
The interfaces are very sharp and inter-diffusion between the nickel and the
titanium layers as well as roughness may be decreased in comparison with the
non-polished sample. The amount of the Ni(lll) crystal texture increased, it
may be said that argon ion polishing- contributes to the texture orientation as
pointed out by Y. Nagai(4). The titanium layers show quasi-amorphous structure.
The inter-diffusion region is observed with thickness of about 10A at the lower
side of each Ni layer.
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3. Very small d-spacing multilayers

Very small d-spacing multilayer mirrors were coated at the above mentioned
optimal ion polishing condition. We coated Ni/Ti and Ni/Mn multilayers with d =
20 A, 26 A, 30 A and N = 50, 300 pairs. All nickel and titanium layers were ion-
polished. Figure 3 shows the evaluated interface roughness a of Ni/Ti and Ni/Mn
multilayers with and without ion-
polishing as a function of d-
spacing. Results show that the
interface roughness decreases at
all of the cases of d-spacing less
than 27 A. It decreases to 3.5 A

o

r.m.s in case of d = 26.6 A and
N=50 paires, and it is kept to be
4.3 A r.m.s. in cases of d = 26 A
and 30 A even if the number of
layers reaches 300 pairs. On the
other hand, the interface
roughness decreases to 8.2 A r.m.s
in case of d = 20 A. It may be
concluded that the intermixing of
interface takes place by argon ion

i 7

o

I

X

• Ni/Ti with ionpolish
X Ni/Ti without ionpolish
4 Ni/Mn with ionpolish
+ Ni/Mn without ionpolish

20 40 60 80
d-spacing (A)

100 120

Figure 3 Evaluated interface roughness o of
Ni/Ti and Ni/Mn multilayers with and
without ion-polishing as a function of d-
spacing.

bombardment when the layer
thickness is 20 A and the critical boundary of layer thickness at which
intermixing takes place may exist between the layer thickness of 20 A and 26 A.

4. A neutron bender for epi-thermal neutrons

In this section, we have discussed a neutron bender would be utilized for the
deflection of epi-thermal neutrons. At spallation sources, t-zero choppers have
been used to block the fast neutrons and to have the thermal neutrons of interest.
But the use of epi-thermal neutrons is limited up to about leV because the
chopper materials are so heavy and the beam is fully open at that energy. On
the other hand, neutron benders are also used at sources to eliminate the fast
neutrons and pass the thermal and cold neutrons. If a supermirror with the
very high critical angle is developed, the wavelength of available neutrons
deflected by the bender would be higher.

The neutron beam transmitted through the curved guide with multiple
reflections is characterized by the characteristic wavelength A* which is defined
as follows :
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m

where a is the width of the neutron guide channel and p the radius of curvature,
N the atomic number density, broh the average coherent scattering length and m
multiplication factor of a supermirror to a nickel mirror. In case of the use of a
soller type bender with a beam width of 1 cm, a = 1 mm and a total length of 4.3m,
neutrons up to 0.09 A may be deflected at the radius of curvature of 2291 m by
using m=6 supermirrors. Then a shielding with a width of 11 m is required to
separate a direct beam lcm apart.

Development of M=6 supermirror have been tried using m=4 supermirror and
a set of 20 plates of monochromators with variable d-spacings which cover the
wide q-range. One of the most important problems for producing such
supermirrors is the absorption by each substrate, then substrates of those
monochromators are thinned using optical polishing and chemical etching.

6. Conclusion

We have characterized some ion polished Ni/Ti and Ni/Mn multilayers those
were deposited with ion beam sputtering. It was observed that the reflectivity of
multilayers and the interface roughness are obviously improved by using ion
polishing. For the best condition of the ion polishing, the interfacial roughness
decreased to 4 A r.m.s. even if the number of layers reach 300 pairs. This result
indicates that we may have a very small d-spacing multilayer mirror which have
an enough reflectivity for practical use.
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Abstract

Several types of neuron mirrors and monocromator have been developed for VCN and UCN

facilities. As the VCN guide tube must be set very close to the CNS cell, it will suffer a

severe irradiation. Neutron mirrors enduring a hard environment are essential. Replica

supermirrors and polished glassy carbon mirrors have been developed for VCN extraction. A

wide band monochromator consisting of a stack of four multilayers on two Si wafers has

been developed. One multilayer has 201 Ni7Ti layers. The layer thickness is gradually

changed in order to extend the neutron reflection wavelength range similar to a supermirror.

It is required as blades of a proposed new type UCN turbine. Development of deuterated

diamond-like carbon mirrors is also in progress for the UCN transportation.

1. Introduction

Thermal or cold neutron guide tubes have been widely used in neutron scattering

facilities. The irradiation effect on neutron mirrors of neutron guide tubes is not severe

because they are not inserted into the high irradiation field. But they are installed deeply into

the high doze field to extract very low energy neutrons, i.e. very cold neutron or ultracold

neutrons. Neutron mirrors must endure the irradiation and the heat cycle. A replica Ni-mirror
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guide was developed and installed as the vertical guide tube in ILL[1]. The effectiveness of

the guide tube introduced close to CNS and the soundness of a replica mirror in the severest

environment were shown by this ILL guide tube. Replica mirror is improved to be a

supermirror[2]. The surface roughness is quite well because it is the replica of the glass

surface. However, it easily warps because it has the removing process in the production and

also the base is not thick enough to prevent it. It is not a critical disadvantage for VCN

because the critical angle of the total reflection is large, but the replica mirror is not used for

cold or thermal neutrons. So it is expected to develop a new mirror with high smoothness,

flatness and irradiation resistance. In addition, the mirror material is desirable not to disturb

the neuron flux field when it is installed in the high flux region. To cope with these

requirements, polished glassy carbon mirrors are developed[3].

When multiplayer mirrors or monochromators for short neutron wavelength are

requires, a large number of very thin layers are expected. In a thin film production by the

sputtering or evaporation method, it is a problem that minute crystals created in film

production distort the multilayer structure[4]. Another problem is that a multilayer with a

large number of layers comes off easily. Since these problems make a limit to the neutron

reflection performance, the improvement of the technique in the stack of multilayers is

developed. One of the proposed applications of the wide band monochromator is the blades

of the mechanical neutron decelerators for the ultracold neutron generation[5].

Deuterated diamond-like carbon (D-DLC) was developed to use as a mirror material of

UCN bottle for neutron electric dipole moment (EDM) experiment[6]. We also developed

D-DLC from deuterated ethylene. It will be used as free shape mirror at junctions of guide

tubes and experimental equipments. We will use it for UCN transportation.

There need several types of special mirros for UCN/VCN generation and

transportation. Here, developments of replica supermirrors, polished carbon mirrors, wide

band monochromators and deuterated diamond-like carbons for these purposes are reported

in this paper.

2. Mirrors for VCN extraction used in high irradiation fields

2.1 Replica supermirror

To extract more very low energy neutrons, a neutron guide tube must be inserted much

closer to a neutron source. The existing replica mirror is a copper based nickel monolayer

mirror[l]. A replica-supermirror, which is a metal based mirror and resistant fo a hard

environment, is developed as a new neutron mirror technique. As it works well for a long

time in a very hard irradiation field, copper is selected in this paper as a base material of the

replica supermirror. Ni-Ti multilayers are evaporated as supermirrors because of the full
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experience in KUR[7]. A Ni-Ti supermirror is evaporated on a float glass and Cu is

electroplated as the base material. When this surface layer is removed from a glass, a

replica-supermirror is produced. They are 15 bi-layers and 2d is 40 nm. These parameters are

selected to fabricate easily by the evaporation method. The base glass is a usual float glass of

10 cm X 10 cm X 6 mmt.

The surface precision of the fabricated replica mirrors is measured by optical methods.

The results of two replica mirrors are as follows. The values of surface roughness in peak to

valley (PV) are 22 and 200 nm. The surface roughness (rms) are 1.5 and 2.3 nm. These

values show that the surface of the replica mirrors is almost as good as that of float glass. It is

good enough to be a good supermirror.

Neutron reflectivity is measured by the cold neutron time of flight (TOF) measurement

system at the cold neutron guide port, CN2-3 in JRR-3M, JAERI. The neutron reflectivity of

the replica supermirror, the supermirror on the glass plate and the nickel mirror are shown in

Fig.l.

° Replica SM
Plate SM
Ni Mirror

alculation
i ,

40 60 80 100

Neutron Wavelength (nm)
Fig. 1. Neutron reflectivity of replica supermirror

The calculated reflectivity of the deposited layers is also shown in the same figure. The

parameters presenting the mixture of the layer materials in this calculation are estimated

according to the characteristics of the supermirror production facility[8]. The migration of

adjoining layers and the interface roughness are not considered in this calculation. The

wavelength in the figure is the neutron wave component perpendicular to the mirror surface.

The reflectivity of the replica supermirror is almost the same as that of the supermirror on the
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plate and also similar to the design that is calculated from the evaporated layer thickness.

Though the roughness of replica supermirrors is very good, the flatness is not so good

because of the thinness of the base metal. So it is important to support it correctly to keep it

flat for the practical use. The measurement in this paper shows that it is possible to keep flat.

As the critical angle of the VCN on the supermirror is much larger than the order of the

flatness, the effect of surface flatness is relatively small for VCN extraction.

2.2 Carbon mirror

Though the roughness of the surface of Ni film or Ni-Ti supermirror is quite smooth, it

easily warps. In case of installing a neutron guide tube near to a reactor core, effects of the

installing should be as small as possible, i.e. the effects must not decrease neutron flux in the

neutron source. To cope with these requirements, we have developed a polished carbon

mirror as a new substrate for VCN guide tube.

The source material of carbon mirrors is a blended polymer of furan and phenol resin.

By baking the source material in an atmosphere of nitrogen at two kinds of temperature, 1000

and 2000 degrees, it becomes a glassy carbon of which the grain size is less than about 5nm.

The sample disk is 77mm in diameter and 0.8mm in thickness. Surfaces are polished

mechanically by abrasive diamond grains in three stages. The sizes of grains in each stage are

2,0.5 andO.ljum

The surface roughness of a carbon mirror was measured by the scanning optical

interferometer. The measured average PV value which indicate distance between maximum

peak and valley height for these samples was almost within 10 nm. The average surface

roughness(rms) was within 1.0 nm. We measured another elements in these carbon mirrors

up to lower limit of an inductively coupled plasma atomic emission spectroscopy. Total

impurity for all elements was less than 5ppm, and then neutron absorption materials (B, Cd

and Gd) were less than lppm.

We measured neutron reflectivity by the carbon mirror with the neutron reflectometer

in C3-1-2 beam port of JRR-3M in JAERI[9]. The measured neutron reflectivities of a

carbon mirror and a silicon wafer are shown in Fig.2. The critical wavelength of Si was

123nm. It corresponded to the known potential of 54neV and showed the reliability of this

measurement. The reflectivity of a carbon mirror was 0.998 ±0.004 in the total reflection

range (90 - 145 nm) and the critical wavelength was 79 nm. It also corresponded to the

potential of 130neV and the carbon density of 1.50 g/cm3. This density was exactly same

with the measured value of this carbon mirror. The high reflectivity shows that this carbon

mirror has a good performance as the neutron mirror.
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Fig.2 Reflectivity of glassy carbon mirror
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Carbon mirror has the irradiation resistance, since it is made of pure carbon which has

small neutron absorption cross section. A carbon neutron guide tube can be inserted into the

reflector of the reactor core or the accelerator target area because carbon materials have been

used as the reflectors in the nuclear reactor core for a long time. A void in the reflector area

will be minimized with a carbon neutron guide, because the void will be limited only to the

beam extraction size. It also could be minimize the disturbance of the neutron flux. The

calculation results shows the neutron flux increases about 20%, when the distance between

the inlet of the guide tube and the reactor core is 30cm in the reference core using low

enrichment fuel and heavy water reflector.

3. Mirrors for UCN generation and transportation

3.1 wideband monochromator

The multilayer neutron mirror technology is highly advancing as the slow neutron

control technique to cope with the demand from the neutron scattering experiments. A

multilayer for short neutron wavelength requires a large number of very thin layers. In a thin

film production by the sputtering or evaporation method, it is a problem that minute crystals

created in film production distort the multilayer structure[4]. When such distorted thin layers

are piled up, the structure of the multilayer with a pile of such distorted thin layers is not

suitable for neutron reflection. Another problem is that a multilayer with a large number of

layers comes off easily. Since these problems make a limit to the neutron reflection

performance, the improvement of the technique in the stack of multilayers is required.

In the development of the present wide band multilayer monochromator, Ni and Ti

were used as materials of multilayers. These metals were alternately piled up by the vacuum

evaporation method on a Si wafer. The thickness of Si substrate is 225 /i m. A wide band
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neutron monochromator consisting of a stack of four multilayers on two Si wafers has been

developed. The structure is shown in Fig 3. One multilayer has 201 Ni/Ti layers. The layer

thickness is gradually changed in order to extend the neutron reflection wavelength range

similar to a supermirror.

Ni/Ti multilayers
Si substrate
Ni/Ti multilayers
Ni/Ti multilayers
Si substrate
Ni/Ti multilayers

Fig. 3 Structure of wide band monochromator

Figure 4 shows the measured and calculated reflectivities measured by the 9 —20

reflectometer. This stacking method enhances widely the neutron wavelength to 1 9 - 4 0 nm

from 26 - 40 nm of one multilayer. These measurements suggested that Ni/Ti multilayers

made by the vacuum evaporation method have a difficulty in increasing more thin layers. It

has been shown that NiC/Ti multilayers made by the sputtering method have the better

interface because the grain size of Ni becomes smaller[10]. This fabrication technique may

improve the reflectivity in the shorter wavelength, though it usually has the sample size

limitation.

alculation
Measurement

. 1
20 30 40

;i/0(nm)
Fig.4 Neutron reflectivity of wide band monochromator

50
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3.2 Deuterated diamond-like carbon (D-DLC)

As gaps of reflection walls make significant losses in storage and transmission of UCN,

neutron mirrors of complicated shapes are required for UCN experimental equipments.

D-DLC mirrors were developed as free shape mirrors. Usually a lot of hydrogen are

contained in normal DLC when it is deposited by RF plasma chemical deposition. Deuterated

hydrocarbon gas was used as a source material to eliminate hydrogen in DLC.

We coated D-DLC layer on a Si wafer using deuterated ethylene as source gas. The

neutron reflectivity is shown in Fig.5. The thickness of the layer is 71.1 nm and the potential

is 207neV. The critical wavelength is 62.9nm similar to natural nickel. It shows that D-DLC

layer can be a good neutron mirror. The hydrogen on the surface of D-DLC may be a

significant problem for UCN bottle experiment. An experiment to measure the hydrogen on

D-DLC by ERDA is in preparation.

o
Q)

0.001

0.01 -

Fig 5 Neutron reflectivity of D-DLC layer

4. CN-3 development

The neutron cold beam line CN-3 in Kyoto University Reactor (KUR) is improving for

dedicating the development of neutron optical devices. The arrangement of the cold neutron

facilities in KUR is shown in Fig. 6. CN-3 has a supermirror guide tube with cross-sectional

dimensions of 20mm in width and 90mm in height, and wide band neutron spectrum is

available. New beam lines are prepared for both time-of-flight (TOF) and monochromatic

experiments including a neutron reflectivity measurement. It has a polarized neutron option
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with a very low magnetic field to cope with polarized neutron devices. Especially, TOF mode

will be made for full use of developing devices which are suitable for pulsed neutron sources.

The cold neutron radiography is also available with the space of lm x 0.8m. A neutron

imaging plate system and the combination of a converter and a CCD system are prepared for

neutron imaging detection.

Cold moderator Gel I

UCN super mirror turbine

Neutron bottle / Reactor building
V C N

Guide tube
C N - 3

Super mi rror guide tube

Interlock shutter
NRG port

SmalI angle
scattering apparatus

C N - 2
Ni mi rror guide tube

C N - 1
Cold neutron interferometer

Fig. 6 Arrangement of cold neutron facility in KUR

5. Conclusion

Replica supermirrors and polished glassy carbon mirrors have been developed for

VCN extraction to be used in high irradiation fields. Replica supermirrors are superior in

high Q reflectivity and carbon mirrors have good flatness and the reliability in safety used in

the core area of neutron sources. Wide band monochromators and deuterated diamond-like

carbons are also developed for UCN experiment. A wide band monochromator is a stack of

four multilaysers on two Si wafers. A stacking method enables to increase total number of

layers and widens the neutron reflection range practically to the shorter wavelength. The

neutron cold beam line CN-3 in Kyoto University Reactor (KUR) is also improving for

dedicating the development of neutron optical devices,
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Abstract

We discuss a basic structure and performance of a new cold neutron bender using sequen-
tial garland reflections, in order to bend a neutron beam with large divergence by large
angle. Using this bender for a pulsed neutron source we could not only avoid the frame
overlap for cold neutrons but also install a plural spectrometers at a cold guide and obtain
polarized neutron beams if necessary.

1 Introduction

Neutron guide tubes and sequential garland reflection methods have been used for cold
neutron benders. We have developed cold neutron benders using sequential garland re-
flections [1, 2, 3]. Using magnetic multilayer monochromaters, a simple garland reflection
bender brings us a neutron beam which is monochromatized, collimated, polarized and
bent. Benders of this type have been utilized for installing a. several spectrometers at
cold guide tubes of the KUR and JRR3 reactors. Double garland reflection benders are
used for a spin echo and a small angle scattering equipment at cold neutron guides in
order to monochromatize, collimate and polarize (for the former) their neutron beams
simultaneously [4, 5]. A well-collimated monochromatized neutron beam with wavelength
of 12.6 A and its resolution of 3.5 %(FWHM) is taken out bending by 24 degrees using a
quadruple garland reflection bender at the C312 beam port of the JRR3 reactor [6]. This
cold neutron beam is used for neutron optics and spin interferometry. A double garland
reflection bender supplies a monochromatized cold neutron beam for the spin echo equip-
ment installed at the C23 beam port of the JRR3 reactor [7]. It should be noted that the
neutron yield through the benders mentioned above decreases with larger divergence of
the beam, although they are adequate for large angle bending compared with a neutron
guide.

We propose here a new garland bender in order to bend a cold neutrons with large
divergence by a large angle in a short distance. This bender adopts a new idea relating to
the mirror arrangement, in which reflected neutrons are focussed into the center position
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of the next mirror system. This mechanism reduces neutron loss through the bender
caused owing to their large divergence. We have installed a bender of this type to obtain
three cold neutron beam ports from the C312 port [8].

Utilizing cold neutron beams in a pulsed source, there is a serious problem of the frame
overlap which short wave length neutrons catch up with long wave neutrons of the former
pulse. It is one of the best way to separate in space the neutron beam into a shorter and
a longer neutron wavelength components, in order to avoid the frame overlap without
decreasing the neutron utility. Hence, it is very important for us to develop the beam
bender which can reduce the neutron loss through the bender as well as bent neutron
beam by large angle.

In this paper, we describe the principle and structure of the new bender, and its
performance based on the simulations. Applicability of the new bender to a pulsed source
and its usefulness are discussed.

2 Method of garland beam bender

The basic structure and performance of a garland bender are illustrated by garland
reflections as indicated in Fig. 1 [1, 2, 3]. The designed reflection angle, 6, of the incident
neutron is taken near the critical angle of the mirror and the neighboring mirrors are set
with the twice angle, 29, of the designed reflection angle. A neutron beam is reflected by
the designed angle on the average and bent by the twice angle of the reflection. Thus we
can obtain an adequate bender when we have multiple reflections to attain the bent angle
required for installing a spectrometer.

Neutron components incident parallel to the designed angle on the bender is hardly
lost by multiple reflections. On the other hand, for a neutron beam with large divergence
the neutron components which can not be incident on the next mirror, increase depending
on the divergence, as shown in Fig. l(a). These effects are more severe for the neutrons
reflected in the edge part of the mirror than those in the center part. These neutron loss
give rise to each reflection stage. Consequently a beam bender of this type should be
improved for bending a large divergent neutron beam by large angle.

We consider an mirror arrangement in parabolic shape, which has the focussing point
at the center of the next mirror, as shown in Fig.l(b). Then even neutrons incident on
the both edge side are reflected into the center part of the next mirror. Consequently, we
could increase neutrons which is incident on the next mirror for even a beam component
with large divergence and reduce neutron loss by the bender. It, however, is not easy
to arrange mirror system in a parabolic shape precisely. It is practical to approximate a
parabola by three straight lines. In this paper, we evaluate the neutron characteristics
of benders approximated a parabola by three straight mirrors, which consist of a center
part and two same edge parts bent by a same angle to the center part, as shown in Fig.
l(c). The yield probability of neutron obtained through the bender is simulated by a ray
tracing method. Supermirrors are used for reflection mirrors. Then the wavelength range
of the neutrons obtained through the bender depends on the design angle, 29, between
the two neighboring mirror assemblies. We define the shortest wavelength, A&, of them as
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Garlant Reflection

^ \ s

Out of Mirror

Straight Mirror

(b)

Parabolic Mirror Surface

Focal Point

On Mirror

Three Straight Mirrors

Figure 1: Structure and principle of garland reflection bender;(a) garlcnd reflections by straight mirrors,
(b) garlend reflections by parabolic mirror surface, which focuses the reflected neutrons at the center of the
next mirror stage, (c) a new garland bender with assemblies of three straight mirrors, which approximate
parabolic shape.

the characteristics wavelength of the bender, which is evaluated,

(1)

where 6 is the designed reflection angle, Am the critical wavelength of the supermirror.

We discuss typical bender conditions required for beam bending of 15 degree assuming
beam width of 10 mm. Two channel beam bender is required for a beam with the width
of 20 mm. The typical parameters of the bender and evaluated results are summarized
in Table 1. Tangle is the total bent angle. Q is the Q number of the supermirrors and
two cases of 2.25 and 3.0 were evaluated in this table. Dangle, 29, is the angle between
the nearest neighbor mirror assemblies and is equal to the averaged neutron bending
angle every reflection. Nrefl and Tlength are the reflection number and total length of
the bender, respectively. Nyld is the neutron yield of the bender and normalized by the
neutron intensity with divergence of half of the nickel total reflection angle. Ae6 is the
effective characteristics wavelength of the bender, which gives the maximun neutron yield.

The simulated neutron spectrum through the bender is given in Fig.2, assuming 3Q
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Table 1: Typical parameters of new garland benders, assuming the beam width=10 mm and the
reflectivity of the supermirror of 95 %.

Tangle
deg.

Q

15
15

Dangle
deg.

Nrefl Ulength
cm

Tlength
cm A A

2.25
3.0

3.75
5.0

4
3

30.5
22.9

122.0
68.7

8.5
8.5

10.4
10.4

Nyld
%
71
71

supermirrors with reflectivity of 95 %. The peak of the spectrum is at wavelength of
1.2 times longer than the characteristics wavelength and the spectrum profile reduces in
longer wavelength side owing to the deviation from the designed reflection angle.

An assembly of mirror system consists of three reflection mirrors of the center part
and a pair of symmetrical edge parts. The best values of the length of each part and
the bending angle of the edge parts to the center part are determined by the parameter
survey in the simulations. The best values are 0.38, 0.24 and 0.38 for the ratio of the
partial length, and the bending angle of the edge parts is 1/8 of the designed reflection
angle 6. The largest neutron yield indicated in Fig.2 is given by these best values.

10 12 14
Wave Lenght (A)

Figure 2: Evaluated neutron spectrum obtaining through new garland bender.

Generally remarking, when the reflectivity of supermirror falls, the neutron yield of
the bender decreases considerably, especially, for the case required many reflections. For
example, the neutron intensity decrease to 0.41 by four times reflections of mirror with
reflectivity of 80 %. On the other hand, supermirror with high reflectivity of 95 % keeps
high neutron intensity of 0.81 for the same reflection numbers.

The decrement of the neutron yield owing to a low reflectivity of the mirror is more
serious for neutron guide tube, since neutron guide tube requires about twice reflections
compared with the garland bender to obtain the same bending angle. The reflection angle
of a neutron guide distributes uniformly from 0 degree to the critical angle. Thus the
average reflection angle of guide tube is about half that of the garland bender. Anyway,
for case of large bent angle we should use supermirrors with high reflectivity of 95 %
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and high Q value of more than 3. Otherwise, the large loss of neutron due to the low
reflectivity would have no practical use of the benders.

3 Applicability of benders to a pulsed neutron source

Cold neutron guides also are very useful in the utilization of pulsed source to avoid
neutron intensity loss and strong radiation from the source. For example, we could obtain
a cold neutron beam with wavelength longer than 4 A and width of 4 cm using a 2Q
supermirror guide with length of 15 m. Supermirrors are used in the garland side of
the guide to obtain the wide beam width of 4 cm. On the other hand, nickel mirrors
in the zigzag side to reduce neutron noise of large divergence. Taking detector position
downstream 15m from the pulse source and pulse repetition rate of 25 Hz, the allowable
wavelength band width is about 8 A to avoid the frame overlap.

Separating in space longer wavelength neutrons than 12 A by a bender, one guide tube
brings us two beam ports of short wavelength component (4A-12A) and long wavelength
component. Separating in space + spin neutron beam by a bender with magnetic mirror,
non polarized beam brings us two polarized beams with +spin and — spin, which are used
for spin echo methods, polarized reflectometry and spin interferometry. Consequently, we
could obtain 4 beam ports from one cold guide using three benders, as shown in Fig.3.
This shows that the combination of cold guide and benders are very useful for pulsed
source, especially, modified neutron spin echo methods and spin interferometry, which
can install in relatively small space.

+ Spin

Long Wave Length Port

Cold Guide Short Wave Length Port
+ Spin

Figure 3: Setup of spectrometers using new benders at a cold neutron guide tube.

Pulsed white neutrons consist of monochromatized neutrons with narrow wand width
in time spectrum. This means that usual neutron flippers controlled by current would
adapt pulsed white neutrons, applying the flipping current to be inversely proportional
to the neutron flight time[9, 10]. It should be noted that spin echo methods should be
suitable for pulsed source from the viewpoint of the wide selection of the wavelength
region and wavelength resolution in the data processing[ll].
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So far, benders are used for sequential neutron beams from reactors. Using a bender
to obtain monochromatized neutron beam, it is not easy for us to change its wavelength
and resolution. Mechanical velocity selector has merit of easy changing the wavelength.
On the other hand, benders installed at a pulsed source is not only free from these limits,
but also resolve the frame overlap problem, give polarized beams and bring many beam
ports. Thus benders are very useful for pulsed source. The development of high quality
supermirrors with high Q and high reflectivity is very important to enhance the usefulness
of bender [12].
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Abstract

We present a new approach for dynamic monochromatization of neutrons suitable for
time-of-flight experiments at spallation neutron sources. The method requires polarized
neutrons and is based on the Drabkin energy filter. In its initial application, this magnetic
resonator device, consisting of a polarizer/analyzer system and a wavelength-dependent spin
flipper, was proposed for extracting a narrow bandwidth from a broad bandwidth polarized
neutron beam.

At a spallation neutron source, wavelength is determined by time-of-flight (TOF)
from the source to the detector. However, at each instant a spread of wavelengths is recorded
due to the non-zero emission time-width of the source/moderator system. Particularly, high-
intensity moderators for cold neutrons produce long "tails" in the intensity/time distribution
for all wavelengths, limiting the resolution of the experiments.

The Drabkin energy filter can be used to cut the neutron tails for all wavelengths, by
drifting the resonance condition in synchronization with the TOF. Calculations show that the
method is viable, and that substantial resolution gains are obtainable by application to a TOF
neutron reflectometer.

1. Introduction

One of the most difficult problems in neutron scattering is to select the optimal
wavelength resolution for each experiment. Given a constant wavelength (CW) instrument,
resolution is conventionally determined by the choice of a monochromating crystal. For time-
of-flight (TOF) instruments at reactor sources, the wavelength-resolution can be tuned by
changing the speed of a chopper and/or the width of the chopper window. For TOF
instruments at spallation neutron sources, the wavelength resolution is determined by a
combination of the moderator architecture and the instrument length. However, many
instruments at pulsed neutron sources that utilize broad bandwidth would gain in versatility if
the wavelength-resolution could be tuned by a secondary device, allowing the user to trade
intensity for resolution and vice versa.
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An instrument for which these statements are certainly valid is a neutron
reflectometer. Here, resolution requirements can strongly depend on the sample under
investigation. Typically, monolayer films have low-resolution requirements (10 - 15%) while
a high-resolution capability (1% or even better) is desirable for measurements on films of
several thousand-A-thickness. If one chooses a high-resolution monochromator for a CW
instrument, one gives up most of the potential intensity for low-resolution measurements. The
same applies for a TOF reflectometer at a pulsed source. Highest wavelength resolution has
typically been achieved by placing the instrument on a decoupled moderator (where the
effective neutron beam is intrinsically less intense) or by lengthening the flight-path at the
expense of the bandwidth.

In 1962 G.M. Drabkin proposed [1], and experimentally confirmed in 1968 [2] a new
way for selecting the velocity of polarized neutrons. The basic idea was to guide a polarized
neutron beam (either the direct moderator spectrum or a spectrum already pre-
monochromated by a mosaic crystal) through an electromagnetic resonator. This resonator
flips the neutron spin of a narrow wavelength band within the incoming wide spectrum. The
flipped fraction of the beam is separated from the rest by an appropriate polarization
analyzer. Effectively, the device acts as a wavelength band-pass filter.

Polarizer
Spin up

Spin down

Unpolarized
beam

Resonator

Direction of the
magnetic guide field Hu

H

Direction of the
neutron beam path

• Direction of the
spatially oscillating

magnetic field H^.,. at
the beam position

Fig. I - Drabkin energy filter

Fig. 1 shows a possible implementation of the device (for a thorough discussion of
similar devices see Ref. [3]): A polarizing supennirror reflects spin-up neutrons into the
resonator. At the exit of the resonator, a transmission-type spin-analyzer filters (reflects
away) the spin-up neutrons, and passes only those neutrons that have been flipped by the
resonator. The resonator itself consists of a zigzag folded, DC current-carrying foil, that
creates magnetic fields ±Hptr, perpendicular to the flight path ~ of the neutrons and alternating
their direction along z. In addition, a uniform magnetic guide field Ho is present, either
perpendicular to both Hpcr and the neutron flight path, or along the neutron flight path. The
magnitude of ll0 determines the angular precession frequency of the neutron magnetic
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moment around the HQ axis. This Larmor precession frequency is a)o - yn • Ho (yn = 1.83 x

104 rad s"1 Oe"1 is the gyromagnetic ratio of the neutron).

When a neutron of velocity v passes through the resonator, the alternating field Hper

acts with a frequency 0) = n' y on the neutron spin, where a is the distance between the
a

current sheets, neglecting the foil thickness. If Hper is such that:

^ = 7 ^ CD

where L is the length of the resonator, the spin-flip probability approaches 100 % for those
neutrons having a "resonance" velocity vrex that matches the Larmor frequency:

Un^^^^a^Yn-H,, (2).

If the constraints described above are kept for both fields, then the wavelength
dependence of the flipping probability is given by:

[4] (3),
M-n-X

— sin~

A ) {M}

where M - y is the total number of current sheets of the resonator, and
a

; -n-h/ -n-h/ <A\
/a-ma-Yn-Ho /L-ma -yn • H^ W

(h is Planck's constant and rnn is the mass of the neutron). Note that, in this case, the

constraint between the fields is determined by the relation "/i. =y=M.

The spin-flip probability function has two characteristic features (see Fig. 2 for a
graphical representation). First, the width of the central maximum is inversely proportional to
the number of field reversals M; i.e., M practically determines the wavelength resolution.
Second, there are side maxima with flipping probabilities as high as 12%. The latter can be
avoided by several methods, as is shown in Ref. [3].

Unfortunately, the Drabkin energy filter could never effectively substitute for other
monochromatization methods at steady state sources. Even with its adjustable resonance
wavelength (achieved by parallel changes of Ho and Hper), flexible selectivity of the
wavelength bandpass width (achieved by variation of M) and the high flipping-probability
capabilities of the resonator, the demand for extremely high-efficiency supermirrors
(polarizers and analyzers) turned out to be a serious practical problem [5].
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Fig. 2 - Wavelength-dependence of the spin-flip probability for different numbers of
current sheets. In this example, the resonance wavelength Arn is chosen to be 5.26 A.

Our proposal is to use the Drabkin energy filter in a dynamic way, as a "pulse
sharpener" to increase the wavelength-resolution in TOF experiments at spallation neutron
sources. The basic setup, as it is shown in Fig. 1, consists of a polarizer/analyzer
combination, and a Drabkin flipper, whose fields are driven by fast power supplies to match
the time structure of the pulsed source. The calculations presented for this application show
that limitations of supermirrors with respect to polarization are not an issue.

2. The wavelength resolution at pulsed neutron sources

In short-pulse spallation sources [6], neutrons are created by the impact of a proton
beam onto a target material within a very small time interval (At < 1/tt). These high-energy
neutrons are slowed down by a moderator to the energies utilized in neutron scattering
experiments. In order to gain higher intensity, the target is surrounded by a reflector
assembly, which backscatters into the moderator neutrons that would otherwise be lost. There
are two classes of moderator-reflector arrangements: "decoupled", in which an absorbing
sheet prevents late-returning slow neutrons from entering the moderator, and "coupled", in
which all neutrons, including those that thermalize and live longer in the reflector, can enter
the moderator. Coupled moderators provide higher neutron fluxes than decoupled
moderators. Coupled moderators, however, achieve higher flux at the expense of causing a
very long "tail" in the intensity/time distribution of each wavelength. This tail degrades the
resolution of the experiments, but it can be removed by means of the Drabkin device.

In order to demonstrate the capabilities of the Drabkin device, we have calculated the
potential resolution gain for a reflectometer being designed for the Spallation Neutron Source
project. The SNS Magnetism Reflectometer [7] will view a coupled moderator of liquid
hydrogen at a nominal temperature of 20 K. The performance of the moderator has been
calculated numerically for a set of wavelengths in the range from 0.029 A to 90.447 A, by
using the MCMP code [8]. We have fitted the performance analytically in the wavelength
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range that is relevant for reflectometry (0.7 A to 14 A) by means of a modified Ikeda-
Carpenter model [9].

Fig. 3 shows the neutron beam intensity at the face of the moderator as a function of
emission time and wavelength. The moderator emits neutrons for several hundred
microseconds after the peak of the pulse emission time distribution. The inserts show the time
dependence of the intensity for 3.12 A and 9.35 A neutrons. One characteristic of the
moderator is that the peak emission time is progressively delayed for longer wavelengths,
relative to the time t = 0 when the proton pulse strikes the target (the wavelength dependence
of the time of the peak intensity is plotted as a dashed line). A second characteristic of the
moderator emission is an increase of its full-width-half-maximum intensity with wavelength,
which is approximately linear within the studied range. These two features are not the main
limiting factors for the wavelength-resolution: a more serious problem is the presence of a
long "tail" at later emission times. At the detector, neutrons of shorter wavelengths from the
"tails" are not distinguished from longer wavelengths neutrons.

Neutrons/sterd/pulse/A/MW

Fitted function for the peaks

'< 6-

200 400 600 800 1000 1200 1400 1600 1800
Emission lime (us)

107 Neutions/sterd
\ /pulse/A/MW
\ at X = 9.35 A

250 500 750 1000
Emission time (us)

109 Neutrons/sterd
/pulse/ A/MW
at *. = 3.12 A

250 500 750 1000
Emission time (|xs)

Fig. 3 - Calculated time/wavelength-dependence of the neutron flux at the face of the
SNS coupled liquid hydrogen moderator. The smaller diagrams show a cut through the
contour plot for two particular wavelengths (3.12 A and 9.35 A, see arrows). The
dashed lines indicate the time after peak intensity for each wavelength.

Fig. 4 shows an intensity contour plot as a function of time-of-flight and wavelength
seen by a detector at a distance of 19 m from the moderator - the approximate distance
estimated in our reflectometer design. In order to demonstrate the effect as clearly as
possible, the intensities at each arrival time have been normalized to unity at their peak value.
The inserts show two cuts, respectively for a time-of-flight of 15 ms and 45 ms. For 15 ms
the maximum intensity occurs at a wavelength of 3.12 A and for 45 ms the maximum is at
9.35 A. For both cases, there is a significant contribution of neutrons with shorter
wavelengths. The contour lines in Fig. 4 are practically parallel (except for wavelengths
shorter than 4 A). This means that the "tail" neutrons contribute to the broadening of the
wavelength-distribution by essentially the same absolute amount for each time-of-flight
channel. Long-wavelength neutrons contain a relatively smaller wavelength distribution in
their corresponding time channels. This is why better wavelength resolution can be achieved
with long-wavelength neutrons. Both inserts in Fig. 4 display the wavelength axis over a 5%
range relative to the peak wavelength.
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Fig. 4 - Calculated time/wavelength dependence of the neutron intensity at the.detector
position. The data is shown normalized to the peak intensity for each TOF channel (see
text). The inserts show cuts through the contour plot at TOF of 15 ms and 45 ms (see
dashed arrows).

3. Tailoring moderator pulse shapes with a "realistic" Drabkin flipper system

The insertion of the Drabkin energy filter can be very effective to cut unwanted tails
from neutron beams. In TOF instruments, a time-dependent transmission window can be
created by drifting the resonance condition with time. This can be achieved by appropriately
controlling the magnetic fields Ht, and Hper inside the resonator (see Fig. 1). Only neutrons
that cross the resonator at a certain time and with a specific wavelength are transmitted.
Neutrons that do not fulfill these conditions are reflected out by an analyzing supermirror.
Note that the rejected neutron stream will not only contain the previously mentioned
moderator tail neutrons, but also delayed neutrons from the target and other background
neutrons. Therefore, the device may also significantly improve the signal to noise ratio.

To test the effectiveness of the Drabkin filter in removing the unwanted "tail"
neutrons, we started by arbitrarily choosing an arrival time of 25365 f.is at the detector (which
we assume to be positioned at 19m from the moderator). The corresponding peak in the
expected wavelength distribution at this time-of-flight is 5.26 A (see Fig. 5). The initially
unpolarized beam is reflected by a supermirror, which preferentially reflects spin up neutrons
with a realistic efficiency of 20 to 1 (the corresponding reflectivities are 95.24% for spin up
and 4.76% for spin down neutrons). The resulting wavelength distribution at the detector is
displayed in Fig. 5a. Next, we insert the magnetic resonator in the polarized beam. The
device is placed at 9 m from the moderator and has 300 current sheets separated by 2.2 mm.
The resonance condition is tuned to Am =5.26 A via the fields Ho and Hper. The resulting

outgoing spectrum, obtained with the aid of equation (3), is displayed in Fig.5b. Note that,
due to the non-symmetric peak shape of the initial time distribution, a secondary maximum
appears at the left side of the spin-flipped spectrum. Finally, we add an analyzer to the setup
in order to filter out the narrow bandwidth region around Ans that has been flipped. As an
analyzer, we have chosen a recently developed white beam neutron spin splitter that allows
using the transmitted and reflected beam at the same time [10]. The flipping ratio of the
analyzer has been reported to be 25 for the reflected beam (mostly spin-up neutrons) and 100
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for the transmitted part of the beam (mostly spin-down neutrons). The spin-resolved
transmitted spectra after passing the analyzer are shown in Fig. 5c.
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Fig. 5 - Spin-resolved relative intensities at the
detector for TOF = 25.265 ms. The diagrams
show the effect of inserting:
(a) - the polarizer.
(b) - polarizer and Drabkin resonator.
(c) - polarizer, Drabkin resonator and analyzer.

le
ns

ity

>

0.5-

0.4-

0 .3H

0.2-

0 . 1 -

O.O-i

- 0 . 1 -
-0.2-
-0.3

-0.4

-0.5-

(b)
A

- • - • " " •

- 1

5.00 5.05

0.5-
0.4-
0.3-
0.2-
0.1-
0.0

-0.1-
-0.2-
-0.3-
-0.4-
-0.5-

5.10 5.15

A (A)

(c)

5.20 5.25 5.30

5.00 5.05 5.10 5.15

A(A-)

5.20 5.25 5.30

The comparison between the final narrow bandwidth profile and the
polarized intensity is displayed in Fig. 6. In both cases, we have added up the contribution of
both spin states. One can clearly see that the neutron tail is removed very effectively and that
the resulting spectrum is much more symmetric and sharper. Note that the intensity losses in
the central part of the initial peak are only minor.
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Fig. 6 - The resultant conditioned beam intensity compared to the initial polarized
beam.
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An important side effect of the analyzer is that the beam polarization is significantly
increased. The flipping ratio after passing the complete Drabkin filter system improves to 51
(corresponding to a beam polarization of 96.1%), compared to a flipping ratio of only 20 that
is introduced by the initial polarizer. To extend the improvement for a particular time-of-
flight channel to the entire time-of-flight spectrum, it is sufficient to drift the resonance
condition, by varying the resonance fields Hu and Hper as lit between neutron pulses.

4. An example

An example for a potential resolution gain in a neutron scattering experiment is given
in Fig. 7. Here, we have simulated a reflectivity measurement from a 7000 A Ni film on a Si
substrate. The displayed q-range corresponds to a nominal wavelength-range of 6.0 A - 5.3 A
The angle of incidence was assumed to be 0.57°. In Fig.7a, we compared the reflectivity
curve without resolution effects (thin line) with a convolution of this curve with the original
SNS moderator wavelength/time structure (bold line). The insertion of the described Drabkin
energy filter gives rise to the reflectivity presented in Fig. 7b. The resolution is clearly
improved to the extent of bringing the experimental curve close to the bare Fresnel
reflectivity.

GZ
OJ

2.10 2.15 2.20 2.25 2.30 2.35

- Theoretical reflectivity (no resolution effects)
-Original time/wavelength structure (filter off)

2.10 2.15 2.20 2.25 2.30 2.35
q(10"2A'')

-Theoretical reflectivity
• Drabkin filter on (at 9 m, M - 300)

Fig. 7 - Simulated reflectivity for a 7000 A Ni film on a Si substrate, with the parameters as discussed in the text.

(a) - Calculated using the original moderator spectrum

(b) - Drabkin energy filter activated

Conventionally the experimental reflectivities are assumed to be characterized by a
resolution function of the type:

= constant =
q

(5),

with both the angular resolution, ^ % . and the wavelength resolution, /^, representing

the relative width of gaussian functions constant with the wavelength and with the angle of
incidence. If this were the case, measurements taken over a span of wavelengths at different
angles could be seamlessly spliced together. It has been seen that this assumption is only
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approximately valid [11] particularly at small angles. Even if reflectivity data obtained at
different angles were presented separately, their fitting to a model should be accomplished
with the help of Rietveldt methods [12], which would use correct resolution functions for
angle and wavelength.

Our proposal to utilize the Drabkin energy filter as a "tail cutting" device goes a long
way toward alleviating these problems. Compared to other techniques that have been recently
suggested for this function, it has the following general advantages: a) It works very well for
instruments that use wide-bandwidth neutron beams. This is not true for a tail cutting chopper
system that can only handle a narrow bandwidth region, b) The resolution can be altered
rapidly by electronically changing the number of active current sheets. Disk choppers need on
the order of minutes for re-phasing, an Eo chopper much longer if slit packages need to be
changed, c) It is practically insensitive to the angular divergence of the beam. In contrast to
crystal - or multilayer - based monochromators, angular and wavelength resolution is
effectively decoupled in the Drabkin energy filter.
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Abstract

We consider the transmission of neutrons through disk-type neutron choppers, considering both
the uncollided neutron fraction (§u) and scattered neutron fraction (<j>s). We computed (j)u, <|>s, and
the ratio <j)u/(|)s through plates of five different absorber materials of various thicknesses to give
information for selecting optimum materials and thicknesses. We also studied variance-reducing
techniques for Monte Carlo calculation of chopper using MCNP4b, selecting those most
effective for these calculations.

I. Introduction

A disk chopper rotating around an axis parallel to the beam is one of the standard ways to
shape the pulsed neutron beam for time-of-flight (TOF) measurements. The disk chopper blocks
the neutron beam for selected time intervals when it is desired to limit the range of wavelengths
that reach the sample or to define a sharp pulse. In order to go from fully open to fully closed, a
disk chopper must rotate neutron absorber through the effective beam-width W. This is the most
simple mechanical construction giving the effect of a moving slit going past a stationary slit.
The disk slit transmits a wide solid angle of neutrons [1]. The height of the slit and the speed
with which the slit passes the neutron beam should be considered for optimum performance, but
these factors are outside the purview of our present considerations.

The quantities that must be considered when designing choppers are (i) the neutrons
transmitted (ij)u) and (ii) the neutrons scattered (including resonance scattering) (<j)s) through the
material of the chopper when it is closed. An attenuation factor of about 10+ is desired so that
no effects of background from the source can be seen in an inelastic scattering experiment [2].
While the uncolided transmission factor is easy to compute, the scattered neutrons through the
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material of chopper when a disk is closed must be considered when designing choppers. The
purpose of this project is to study the fraction of transmitted neutrons and scattered neutrons
through a chopper plate. We computed <j>u, <{>s, and the ratio of transmitted neutrons and scattered
neutrons 0u/(j)s. The computer code used in this investigation is MCNP4b [3] operating on a
single-processor of Pentium HI machine (running Linux) with neutron cross section libraries
(ENDF60 and ENDL85) which include resonance scattering, important in this application, but
treats all materials in the independent-atom free gas (300K) approximation.

II. Geometry

In this simulation, a pencil neutron beam source was placed at 1.5 cm from the center of
disk plate. The thickness of disks varies from 0.5 mm to 8 mm. Disks were all of 25 cm radius.
Two spheres with radii of 100 cm and 120 cm surround the disk chopper. The regions inside the
inner sphere and between the inner sphere and the outer sphere were void but assigned neutron
importance of 1. The region outside outer sphere is neglected. The inner sphere is modeled to
include "surface tallies" which cover ranges in angle, say 0°-0.1°, l°-10°, .., 160°-170° with
respect to the axis parallel to the beam (x-axis). The surface tally below 0.1° detects the
transmitted neutron fraction. Ring detectors were placed at 1°, 4°, 7°, 10°, 15°, 25°, 165°, and
175° on the plane tangential to the points of intersection between the inner sphere and the beam
axis, i.e., the intersection point behind beam source and diametrically opposite point to detect
back scattered and forward scattered neutrons (see Figure 1).

surface tallies :
0o-0.1°;0.1°-lo;
1°- 10°; 10°-20°;
20°- 30°; ;
160°-170°

void: neutron
importance=l

Ring detector
: 165° and 175° Ring detector: 1°

, 4°, 7°, 10°, 15°,
and 25°

Figure 1.
neutrons.

Diagram showing cell geometry used for detection of scattered and transmitted
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II. Chopper Information used in this simulation

Single-disc choppers were investigated in this simulation, however, in some instances
composed of several layers. The absorber materials are listed in Table 1.

Table 1. Chopper information used in this simulation.

Chopper Name

Gd/Al

Al/Cd/Al

Al/B4C+epoxy/Al

Daimler

Gd2O3+epoxy/Al

Absorber

Gadolium-aluminum alloy
(17.2 % Gadolium by
weight)
Cadimium with aluminum
layers at front and back
B4C-epoxy mixture with
aluminum layers at front
and back (80% B4C by
volume)
1UB(99% purity)/epoxy
layers on front and back
(about 55% 10B by volume)
and fibre/epoxy layer at
center
Gd2O3/epoxy mixture (20%
Gd2C"3 by volume) and
aluminum at the other side

Thickness (mm)

0.5, 1,2, and 3

aluminum: 2.5
cadimium : 0.5, 1, and 2
aluminum : 2.5
B4C-epoxy : 2, 5, and 8

boron/epoxy : 0.145,
0.29, and 0.507
fibre/epoxy: 0.335

Gd2C>3/epoxy: 1, 2, and
4
aluminum : 2.5

Transmission for
0.0316 eV at

maximum thickness
9.4368E-12

2.3367E-10

1.7459E-19

9.1260E-12

4.6413E-12

III. Results

We computed the fraction of scattered neutrons per unit solid angle as a function of
emerging angle ((|)s), the fraction of transmitted neutrons ((j)u), and the ratio between these
fractions (<|)s/<t)u). The thicknesses of the chopper layers are adjusted to minimize the leakage
when the chopper is closed [2]. The chopper material and its thickness are selected to give
optimum strength, machineability, rigidity, and large absorption cross-section for neutrons. The
maximum thickensses estimated in this simulation are varied depending on absorber materials.
The maximum thiknesses are 3mm for Gd/Al, 7mm for Al/Cd/Al (2.5mm aluminum at each
side), 13mm for Al/B4C+epoxy/Al, 1.335mm for Daimler, and 6.5mm for Gd2O3+epoxy/Al.

The fractions of transmitted neutrons which were calculated by Monte Carlo simulation
agreed with analytical calculations. Figure 2 shows that the attenuation factors for neutrons of
energies less than 0.05eV are > 10+6 for all simulated absorber materials (throughout epoxy is
modeled as CH2 with density 1.115 g/cm3) and maximum thicknesses. Figure 2 indicates that
the Al/B4C+epoxy/Al is the best option when only low "closed" transmission is considered.
However, the Daimler is most effective, because the transmitted neutron factor is least next to
Al/B4C+epoxy/Al and the thickness is least among simulated materials. The cadmium sheet is
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very effective to block neutrons of energies of about 0.08eV through 0.2eV (Figure 2) because
its macroscopic cross section is high in that region (Figures 3).

1e+O

1e-25

1e-30

Gd/AI
AI/Cd/AI
AI/B^C+epoxy/AI
Daimler
Gd2O3+epoxy/Al v

1 0 100

Energy (meV)

1OOO

Figure 2. The comparison of transmitted neutron fractions at the maximum thicknesses for
several absorber materials.

1000

en

§

1OO -

1O r

1 -

0 . 1

GdAI alloy
- Cd

— B4C/epoxy mixture

•~ 1 °B/epoxy mixture
mixture

1e-8 1e-7

Energy (MeV)

-le-S

Figure 3. The comparison of total neutron cross sections for disk absorbing materials.
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The fraction of neutrons scattered at angle 9 is calculated as follows:

/ / \ <p(scat'n/ )
* (scat-n/ 1 - n / s - n / o r
Ys \ /steradian • s - n' ^Q
A (scat-n/ )=offl>»2<»lscat"n/' I
9*\ /steradian-s-n/ P W ^ / s - n /

where

AQ = solid angle,
A A = unit area = lcm2,
scat-n = scattered neutron,
s-n = source neutron,
p(6) = the distance to ring detector from the point at which the uncollided

neutron beam exits through chopper
= r2(l+tan29) = r2 (for 9 = 1°),

r = radius of ring detector =100 cm, and
cp = ring detector tally (n/cm2/s-n).

Figures 4(a) through (e) show the fractions of neutrons scattered through 1° at several energies as
a function of absorber thickness. At the maximum thickness of each chopper absorber
lUC/epoxy mixture shows the least fraction of scattered neutrons. However, when compared at
the same absorber thickness of lmm, the fractions of scattered neutrons are least for Daimler
chopper and are highest for the I^C/epoxy mixture with aluminum layers at each side (20%
epoxy by volume and 21.7% carbon by weight) and Gd2(Vepoxy mixture with aluminum layer
at one side (80% epoxy by volume) because both chopper materials include a high volume
fraction of epoxy or carbon. Figure 5 shows that the scattered neutron fraction as function of
angle (0S (9)) is approximately constant with 9 between 0° to 5°.
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Figure 4. Scattered neutron fraction at 1°. (a) Gd/AI; (b) Al-Cd-Al; (c) Al/B4C+epoxy/Al; (d)
Daimler; (e) Gd2C>3+epoxy/Al.
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1.00
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J? 0.90 -

(0

'Z 0.85 -
0)

w 0.80 -
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E = 17.8 meV
E = 31.6 meV
E = 56.2 meV
E = 100 meV

= 178 meV
= 316 meV

E = 562 meV
= 1000 meV

10 15 20

Scattered angle

25

Figure 5. Scattered neutron fraction normalized to value at 0° as a function of scattered angle for
0.5 mm Gd/Al case.

Figure 6 shows the fractions of neutrons scattered at 1° as a function of energy for each of
the chopper materials at the maximum simulated thicknesses. The fractions of scattered neutrons
of Gd2C>3+epoxy/Al are greatest among the studied materials at each energy. At the energies
between 0.08 and 0.3eV the fractions of scattered neutrons of Al/Cd/Al are lowest. The fractions
of scattered neutrons of Gd/Al alloy decrease rapidly below the energy of around 0.3eV and are
lowest below 0.05eV. For Al/B4C+epoxy/Al the fractions of scattered neutrons are low over the
entire energy range.

1e+O

at
en

is
.n

i

£=

9-

i

1e-1O

18-15

1e-2O

Gd/Al
Cd
AI/B4C+opoxy/AI
Daimler

1 O 1OO

Energy (meV)
1OOO

Figure 6. The comparison of scattered neutron fractions at the maximum thicknesses for several
absorber materials.
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The next important characteristic to be studied is the ratio of scattered neutrons to
uncollided neutron. The true number of neutrons transmitted through a chopper and accepted by
a guide is not (JK, as usually thought, but rather can be expressed as:

Terr = <f>u
\

where
Teff = true number of neutrons transmitted through the absorber material and accepted by
the guide,

<j)s(0) = scattered neutron through absorber material at 0, angle less than the critical angle
of guide, and
Q = solid angle acceptance of guide.

It is shown in figure 5 that the scattered neutron fractions are constant for the range of scattered
angles of 0° through 5°. The critical angle of guide is expressed as:

Bc = mXy? (3)
where

0C = critical angle of guide,
A. = wavelength,
m = multiplication factor, and

j/f =0.0017ra<//A.

Thus, the critical angle for supermirror of w=3 and Xc=lA and for the energy of lA (81.787meV)
is 5.1e-3 rad (0.3°). The solid angle Q can be expressed as 0C

2 because 0C is small.
Then we can rewrite equation (2) as:

= 0S for 0 < 6C (4)

* >• • ( 5 )

Figures 7(a) through (e) show the curves of the ratio of (j>s/(}>u as functions of absorber
thickness. For the Gd/Al we find that the curves of the ratio of tys/tyu are similar like one line in
all simulated energies while for the other materials the curves diverge strongly in the low energy
region between 0.01 and O.leV. For Gd/Al the values of the ratio of fyjfyu change with thickness
very gradually for the energy range between 0.01 and leV and the slop of curve is decreasing.
For other materials, the values of the ratio of <j>s/<t)u with thickness converge with one line for the
energies between 0.1 and leV (excepting cadimium) and the slope of the curve is decreasing.
For cadimium the values of the ratio of ^/(j^ with distance diverge for the energies of O.leV,
0.178eV, and 0.316eV while converge to one line for the energies of 0.0178eV, 0.0316eV,
0.0562eV, and 0.562eV. At the maximum thickness of each chopper the absorber B4C/epoxy
mixture shows the greatest value of the ratio of <j>s/<j>u with thickness. However, when compared
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at the same absorber thickness of lmm, the Daimler chopper shows the greatest value of the ratio
of fyjfyu with thickness.
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Figure 7. Scattered neutron fraction at l° per transmitted neutron, (a) Gd/AI (b) Al/Cd/Al (c)
Al/B4C+epoxy/Al (d) Daimler (e) Gd2O3+epoxy/Al. The ratio 0s/(j)u of Cd at the energy 0.178
eV has not been calculated because it is too thick optically to do Monte Carlo simulation at that
energy.
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Figure 8 shows <{>s/<t>u at the maximum thicknesses for five absorber materials. Above
about O.leV the ratio <j)sA{>u is constant (Figure 8). However, at the energies below O.leV the ratio
(|)s/(j)u is rapidly increasing inversely with energy (Figure 8) in other simulated absorbers
excepting Gd/Al alloy and Cd (highest at 0.178 eV). For the Gd/Al alloy the ratio ( j )^ is
constant in the entire simulated energy range and is lowest of all the materials.

1e+7

-le-t-e

1a+5

«F i » -

1e+O

1e-3
1e-4

Ti
Gd/Al
AUCd/AI
AI/B4C+Bpoxy/AI
Daimler

400 eoo aoo
Energy (moV)

-1OOO 12OO

Figure 8. The comparison of scattered neutron fractions at l° vs. transmitted neutron fractions at
the maximum thicknesses for several absorber materials.

Table 2 shows the comparison of the true number of neutrons for GdAl,
Al/B4C+epoxy/Al (for m=3, A. = I A, and E=8l.787 meV) and Gd2O3+epoxy/Al (for m=3, A, =
2.14A, and E=l7.8 meV) at their maximum thicknesses. For Gd/Al the ratio §J$U is
insignificant. However, for Al/B4C+epoxy/Al the true number of neutrons Teff is 1500 times as
high as (j)u. For GdjCb+epoxy/Al the true number of neutrons Teff is lE+05 times as high as (J)u.

Table 2. The comparison of the true number of neutrons passed into guide through absorber
materials at maximum thicknesses (m=3, A. = I A0, and E=8l.787 meV). For GdiO3+epoxy/Al E
= l7.8meV(2.l4A).

Chopper

Gd/Al
Al/B4C+epoxy /Al
Gd2O3+epoxy/Al

at 17.8 meV

<t>u
(transmitted neutron/source

neutron)
2.83xlO"5

1.28X10-12

8.15xl016

Teff (eqn. (5))
(transmitted neutron/source

neutron)
2.83xlO"5

2.00xl0"9

8.81x10"
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VI. Summary

We have calculated the true neutron transmission of various chopper material
configurations. Our calculations show that the neutrons transmitted through disk chopper
materials after scattering in the disk can be more significant than the uncollided fraction.

References

[1] C. G. Windsor. Pulsed neutron scattering. Taylor & Francis LTD, 1981.

[2] R. M. Brugger. "Mechanical and time-of-flight techniques", Thermal neutron scattering, P.
A. Egelstaff, ed., Academic press, Chapter 2, 1965.

[3] Editor Judith F. Briesmeister. MCNP-A General Monte Carlo N-Particle Transport Code.
Los Alamos National Laboratory, March 1997. Version 4B..

[4] T. E. Booth. A sample problem for variance reduction in MCNP. LA-10363-MS, Los
Alamos National Laboratory, October 1985.

- 591 -



JP0150565
JAERI-Conf 2001-002

ICANS-XV

15th Meeting of the International Collaboration on Advanced Neutron Sources

November 6-9, 2000

Tsukuba, Japan

14.9
Analyses of diffuse scattering of neutron from supermirror

Cao Bin and Kazuhiko Soyama

Japan Atomic Energy Research Institute, Tokai, Naka, Ibaraki, 319-11 Japan

Email: Cao@shield4.tokai.jaeri.go.jp

Abstract

The neutron diffuse scattering from single rough interface and supermirror has been

investigated. We develop a code based on the Distorted-Wave Born Approximation for

simulating diffuse neutron scattering. The calculating method uses perturbation theory on the

exact solution of the wave equation for smooth surface to calculate the diffuse scattering

produced by surface roughness. The rough surface of supermirror is characterized by the

correlation function C which consist of the parameters of the rms roughness a , the

height-height correlation length £ , and the roughness exponent h.

I . Introduction

The supermirrors are expected to use in many applied fields because of its larger critical angle.

For example, a focusing small angle neutron scattering system of supermirror could increase

the neutron density at a sample position in return for extending the angle of neutron

divergence. On the side, the supermirrors are widely used for neutron guide tube, since the

critical glancing angle of mirrors is larger than that of total reflection mirror and the intensity

of neutrons from a guide tube could be increased in proportion to the square of the critical

angle. However on account of objection of deposition technique, the supermirror is

impossible to be made a pure smooth surface, the diffuse scattering will be occurred by the

roughness of supermirror. It will effects the qualities of formation of image at a focal point for

SANS system and decreases the intensities of neutrons from a guide tube. For this reason, it

is important to have knowledge of the behavior for diffuse neutron scattering from

supermirror.
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D. Theory

1. The diffuse neutron scattering from a single rough interface

Before analyzing diffuse neutron scattering from supermirror, let us first consider the diffuse

neutron scattering from a single rough interface. Expression for the coherent and incoherent

contributions to the differential cross section for neutron scattering by a rough surface have

been derived by solving the schrodinger equation:

l l f v ^
2m

fv = V(rVF(r) (1)

For the real rough interface, the interaction potential is separated into two parts:

V(r)=V0(r)+Vi(r), Vi(r) is small perturbation on V0(r).

Let us consider an incident exp(iki • r) plane wave on the surface from z>0. Putting

V(r)=V0(r) in Eq.(l), it is found that

t ( k i ) e

z > 0

z < 0

e i k : r + r * ( k ' 2 ) e l k : r , z > 0

t * ( k i ) e A 2 \ z < 0

(2)

(3)

where r) is a time reversed state for a beam incident on the surface with wave vector

-k'2. Using the distorted-wave Born approximation(DWBA), the expression for the diffuse

scattering, integrated over the acceptance perpendicular to the scattering plane, is given as1'1

( I 2 / I l ) d i f f =
8 7T 2 e 1

1 - n (4)

S(qi) = -

qr = -< l> i 2 )

| d R cos(q r R)|exp j|q [ |2 a2 C ( R ) | - (5)

(6)

qz =nk(02+<|>2) (7)

Here qr is the wave-vector transfer in air while qz
t is the wave-vector transfer in the reflection

medium. The height-height correlation function C(R) which appears in Eq.(5) is the same as

that introduction by Sinha et aP}:
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C(R)= a "exp{-(R/ £ )" ]•

where a is the mean-square roughness and

exponent h which determines the texture of the

roughness takes values between zero and one.

The quantity £in the above equations plays

the role of a length scale with in the rough

surface as well as providing a cutoff. Diffuse

scattering geometry is shown in Fig. 1. 6 2, <& 2 are

the refraction angle corresponding to the incident

angle 6 \ and diffuse scattering angle 4> I

(8)

Fig. 1.A schematic view of diffuse

scattering system showing the incidence

angle d (and reflection angle <t>\.

2. The diffuse neutron scattering from the supermirror

Differing from the single rough interface, the supermirror is composed of a sequence of

multilayer. According to the DWBA, the cross section for diffuse scattering from the

multilayers is given by !3i

(9)
m.n=0

where nj is the refractive index of the material beneath the jth interface, Gj represents the

transmitted and reflected distorted wave at the jth interface, q™j is the momentum transfer
m

within each layer. The respective expressions for Gj and q™j are given in Table 1

Tablel. ki.jand kf.j denote the wave vector in the medium j for incidence angle

a; and exit angle af. The amplitudes of transmitted and reflected wave are T and R

G j =

G j =Ri.j+lRf\j+l

The factor Sis j qfkC jk(X)]-l}xcos(qxX). (10)
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with qx given by qxH^costf^cosa,). In Eq.(lO) S™ denotes the Fourier transform of the

correlation function C:k(X).

Correlation function CJk(X)

In order to calculate the diffuse scattering from the supermirror, the correlation functions

Cjk(X)=< $ (x) <frL(x+X)>x must be considered. <f>;(x) denotes the height of the interface j at

the lateral position x with respect to the average interface z.

In the case of j=k, autocorrelation functions C^ can be expressed as

2 t 2h.

which is similar to the case of a single rough interface. In order to describe the Cjk(X)(j ̂  k)

which is the roughness from interface j to k, we first determine the autocorrelation functions

C (X) and Ck(X) of self-affine interface if the interface j and k would be isolated from each

other. Therefore Cjk (X) additionally depends on the relationship between the C-(X) and C-(X)

of the Fourier components of the two interfaces. Finally the correlation functions can be

written as

Cjk (X)= a . ak{exp[-(X/ ^ A exp[-(X/ £ k ) 2 V 2exp(-djk/ £,) (12)

where djk is the distance between the jth and kth layer. £, is the vertical distance over which

the correlations between layers j and k are damped by a factor of 1/e.

Ill Result

1. The diffuse neutron scattering from a single rough interface

Figure 1, 2,3 are the simulation results based on the scanning mode in which the incidence

angle 6 i remains constant and the diffuse scattering angle $ \ is changed. Figure 1 shows the

I 10-4

1(T6

h=0. 2 h=0.4 h=0. 6

1 2 30 1 2 3 0 1
4>\

Fig. 1. Diffuse neutron scattering from a nickel surface with
o 0

roughness of standard deviation a =8A , an incident angle 9 ,=1. 5 ,
4> j is a diffuse scattering angle.
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diffuse neutron scattering from a rough nickel surface varies with the roughness exponent h.

There is a maximum in the diffuse scattering when the incident and reflection angles are equal,

that is, at the specular condition'41 . The sharpness of this maximum depends on the value of

the roughness exponent, h: small values of h, corresponding to surfaces that subjectively

appear more "jagged", give sharper peaks in the diffuse scattering. In order to calculate the

Fourier transform of correlation function C(R), the maximum period in the Fourier series

0 0 . 5 1 1 . 5 2 2 . 5 3 0 0 . 5 1 1 . 5 2 2 . 5 3

Fig.2. Diffuse neutron scattering from a nickel surface with
o

roughness of standard deviation o =10A , a roughness exponent
o

h=0.8 and neutron wavelength of 8A .

must be known. Sinha el al. introduce a "cut-off" length f that is the scale at which the

surface shows lateral correlation At most £ is equal to the finite lateral dimensions of the

sample L. Figure .2 shows the intensities of diffuse scattering neutrons vary with the

cut-off' length £ . Similar to Figure. 1, larger values of £ tend to give sharper diffuse

10"

5 10

10
0 0 . 2 0 . 4 0 . 6 0 . 8 1 0 0.5 1 1.5

Fig.3. Diffuse neutron scattering from a nickel surface with
o

roughness of standard deviation a =12A , a roughness
o

exponent h=0.8 and correlation length £ =3000A .
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scattering. Excepting for the specular peak, there is also small peak appearing in Figure. 1, 2. That

is called the Yoneda peak whenever incident angle or reflection angle is equal to the critical

angle of materials. The proportional relationship between neutron wavelength and the critical

angle is shown in Figure.3. Figure.4 presents the simulation data obtained from rocking mode

which both the incidence angle B \ and the diffuse scattering angle <f> I are changed and

their sum 0 i+<f> 'i is keep constant. The intensities of diffuse neutron scattering increase

0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 .

Fig.4. Diffuse neutron scattering from a nickel surface with a
o

roughness exponent h=0.8 , correlation length £ =3000A and
o

neutron wavelength of 8A .

along with the increment of rms roughness as shown in Figure .4.

2. The diffuse neutron scattering from supermirror

Figure. 5 shows diffuse neutron scattering of samplel fromNi/Ti multilayers consisting 3

a = 0 . 8 °

0 0 . 5 1 1 . 5 2 2 . 5 0 0 . 5 1 1 . 5 2 2 . 5 0 0 . 5 1 1 . 5 2 2 . 5

Fig. 5. Scanning mode for simulating diffuse neutron scattering . The

incidence angle and diffuse scattering angle are a* and af.
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o

bilayers with a d-space of 30A . As the angle a, is smaller than the critical angles of Ni, the

penetration depth of neutron is small and the scattering mainly stems from the topmost

interface'51. In the incidence angle become larger, the neutrons be able to penetrate the

supermirror deeply, all of the layers contribute to the diffuse scattering would be observed.

However, only few layers in simplel, it is not easy to differentiate the contribution by the

multiplayer as shown in Figure. 5 Figure 6 shows diffuse neutron scattering of from Ni/Ti

1.5

Fig. 6. The simulation for diffuse scattering from

multiplayer consisting 10 bilayers with incidence angle

ai= 0.8°

multiplayer consisting 10 bilayers (20 layers) with a d-space of 50A . It is evident to observe

the peaks of diffuse scattering in Firure.6.

IV. Conclusions

We developed the simulation code based on DWBA for calculating non-specular neutron

scattering. The diffuse neutron scattering from a single rough interface and the multiplayer

has been observed using this code. We have succeed to calculate the intensities of diffuse

scattering varying with the parameters of roughness and express that the simulation code is

very useful in qualitative analysis of the change of diffuse scattering for a single rough

interface.

We have also studied the influence of the incidence angle on the scanning mode simulated for

Ni/Ti multilayers. In the future work, we expect to investigate the particulars of off-specular

neutron scattering varying with the performance of supermirror using this simulation code
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Abstract

Neutron Bragg diffraction optics (NBDO) employing cylindrically bent perfect crystals (BPC)
as neutron monochromators/analyzers has been proved as a powerful way how to increase
luminosity and angular/energy resolution of some dedicated scattering devices installed at
steady state neutron sources, namely when samples of small dimensions have to be
investigated. However, in the case of scattering devices working in the TOF regime, the use
of NBDO based on the BPC elements is far from a large exploitation. In this paper we
introduce some new practical applications of NBDO arrangements which can be used for time
and spatial focusing and can be implemented on the TOF instruments.

1. Introduction

It is a frequent intensity problem when small sample volumes must be probed. When also a
high resolution is required one has to perform experiments with highest possible neutron
fluxes on the sample position. In case of convetional diffractometers (or spectrometers)
installed at steady state sources and equipped with flat mosaic crystals and a system of Soller
collimators one has to work with a correspondingly reduced phase space volume leading often
to unnecessary detector-signal losses. Focusing techniques with BPC elements can help to
overcome these limitations. In many cases implementation of the BPC elements permits one
to benefit from focusing in real and momentum space simultaneously (resulting in a high
resolution and a high luminosity) and to work efficiently with open beams without Soller
collimators [1-5]. In such cases the BPC-elements can be considerably superior to flat mosaic
crystals, though, it is usually in a smaller range of momentum transfer AQ [6-11] or energy
range AE [12-15]. However, as far as we know, besides focusing mosaic crystals (e.g. [16])
NBDO using BPC elements have not been employed at the pulsed sources.

2. Focusing properties of bent perfect crystals

For imaging in the scattering plane by a thin cylindrically bent perfect crystal the general lens
formula (fja +f\Jb =1) can be used, where /ab= (#sin (0B±i//))/2 is the focal length dependent

on the asymmetry cut (y/ is the angle of the reflection planes with respect to the crystal
surface)[3]. According to Fig. 1 a parallel beam diffracted by the BPC element is focused to
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\\H
\ \ f /W I

B P C W w

Fig. 1. Schematic sketch of focusing by a bent
perfect crystal slab

3. Focusing analyzers

B

the focus F being at the distance /b and the
object A situated at the distance a before
the BPC element is imaged at the distance
b behind it as the image B. Then for a given
Bragg angle 6h and the bending radius R,
we arrive at the relation

a(R) = fa/(l-fb /b), (1)
The divergency Aax and convergency Aa^
of the rays before and behind the curved
crystal, respectively, are related as

= 2e(R) - Aax, (2)
where s(R)=(aAal/R)sin6B is the total
change of the angle of incidence (exit) over
illuminated crystal length.

Sample

Detector

A,

R.

A typical example of focusing in real space can be e.g. the analysis of divergent neutron beam
of AX ~Xi- X\ spread by a BPC analyzer after diffraction by a slit-like polycrystalline sample
situated at the point A. The situation when AX =0 (A2= X\) is called monochromatic focusing

providing a high energy resolution (see
Fig. 2). Such BPC analyzers have been
successfully used at the steady state
neutron sources in high resolution powder
diffractometry, namely, for residual strain
measurements [17] and for inelastic
scattering studies by three axis
spectrometer [18,19]. However, it is clear,
that they can similarly be employed in the
TOF spectrometers.
Special attention deserves the fully
asymmetric diffraction geometry of the
BPC analyzer which due to a low

attenuation can be used practically only with perfect Si crystals in the range of neutron
wavelengths 0.15 nm - 0.4 nm (see Fig. 3) [20]. The analysis of the beam is performed in
momentum space. Transformation of angular/energy scale on the spatial scale can be
advantageously used in combination with a position sensitive detector. Analyzer of this type

can provide an extremely high
angular/energy resolution because its
uncertainty contribution coming from the
effective mosaicity can be usually
neglected. This type of the analyzers have
been succesfully used at the steady state
sources in powder diffractometry for
residual strain measurements [21,22], high
resolution small-angle neutron scattering
[6-8,23] and Bragg edge investigations

Analyzer

Fig. 2. Schematic sketch of the BPC analyzer
set for monochromatic focusing analysis.

Bent Si crystal

Fig. 3. Schematic sketch of the fully asymmetric
diffraction geometry of the analyzer. [12,13]. However, in the case of the pulsed
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sources, as can be seen from Fig. 3, in correlation with a linear deviation from the Bragg
angle S0=8x/R (Sx is the coordinate parallel to the longest edge of the cylindrically curved
slab of the length /), a fine spatial separation of the individual wavelengths, though it is only
in a limited range of AX, can be achieved independently of the pulse length. In practice, the
total angular range Ad = l/R is usually not larger than 5xl0"2 and the FAD analyzer can
provide as good resolution SX iX as about 10~4.

Recently, several focusing techniques
have been tested at the steady state
sources for high resolution energy-
dispersive neutron transmission
diffraction (EDNTD) for investigation
of an influence of strains on Bragg
diffraction edge positioned at Xo=2do
[12-15]. The simplest EDNTD setting
strongly distributing the neutron
wavelengths within 2A6 divergence
represents the one displayed on Fig. 4Bent perfect crystal

monochromator polycrystalline
sample

Fig. 4. Sketch of the simplest focusing set-up for Energy
Dispersive Neutron Transmission Diffractometry

[14-15]. Also in this case, as good
resolution SX IX as about 1CT4 can be
achieved independently of the pulse
length.

4. Double-crystal arrangements

As can be seen from Figs. 5 and 6, the introduced double-crystal arrangements are based on
FAD geometry of the BPC crystals which easily permits to transform a chosen AX range on a
spatial range simply determined by the length of the curved crystal slab. Double BPC settings
profit from a high peak reflectivity of individual elements and have already been tested for
neutron monochromatization [24-26]. The inspection of Fig. 5 reveals that the arrangement
with both BPC elements in FAD geometry can be employed as a static selector of well
defined AX range of neutrons. On the other hand, the arrangement introduced in Fig. 6 can be
used for time focusing thanks to an easy adjustment of the mutual nondispersive setting of the
BPC elements though, they are set for different diffraction geometries [27,28].

Bent Si crystal -I

Bent Si crystal • (hkl)n

k
• ^ r \

Bent Si crystal -1 ^Sv

(hkl)i

Bent Si crystal-II

s >

(hki)n

Fig. 5. Schematic sketch of the double bent
crystal setting of two BPC elements both
in the FAD geometry.

Fig. 6. Schematic sketch of the double bent
crystal setting of two BPC elements with one
of them in the FAD geometry.
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bent monochromator
(S i l l l )

sample

bent analyzer
(S i l l l )

Ax = (R sin(2G) + L) A6

steel rods

Concerning the high-resolution small
angle neutron scattering, double
crystal arrangements employing
slightly bent perfect crystals or
channel cut perfect crystals are
already routinely used at the steady
state neutron sources [8,23,29,30].
However, up to now their alternative
have not been developed for
exploitation of the pulse structure.
Therefore, one can expect that these
arrangements will be also used at the
pulsed sources.

diffraction planes 111

Fig. 7. Sketch of the double bent crystal diffractometer
for high-resolution SANS operating in NPI Rez.

5. Conclusion

Neutron diffraction instruments employing the BPC elements may optimally use an available
neutron flux and achieve higher detector signal with an excellent resolution in comparison
with the instruments employing flat mosaic crystals. Besides the ^-spacing, the other
parameters, namely cutting angle y/, curvature MR and possibly constant lattice gradient,
bring three more degrees of freedom. However, it makes the problem of optimization of the
focusing experiment more difficult. The resolution is determined by the sharpness of the d-X
correlation, and the sample dimension (thickness in the plane-like samples). Therefore, all
focusing tricks promise a gain for small samples and usually in a smaller range of AQ or AX.
The absence of secondary extinction opens possibility of using a FAD geometry of the curved
analyzer in combination with a position sensitive detector which can be effectively used for
excellent high-resolution nondispersive as well as dispersive measurements. Usual problem of
the BPC elements is their brittleness. The choice of the asymmetric diffraction geometry can
help to avoid this problem as it requires a smaller focal length with a larger bending radius.
Smaller bending radii with thicker crystals can be reached in some cases by using sandwiches
consisting of two or more thinner and mutually well oriented individual lamellae. However,
sandwich of two or three curved BPC slabs of different cuts which monochromatize/analyze
two or three neutron wavelengths simultaneously, can in some cases correspondingly increase
an efficiency of scattering instruments [31-33]. A big challenge for a further implementation
of Bragg diffraction optics is expected after growing single crystals with the interplanar
distance linearily varying along the monochromator/analyzer surface which permits one to
use a monochromatic superfocusing [34].
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Abstract

We measured transportation property of neutron pulsed by disk chopper with three kinds of

setting of supermirror guide at JRR-3M, JAERI. We confirmed a gain of supermirror

converging system to narrow straight supermirror system. The gain is approximately same as

the ratio of entrance width of converging guide to width of narrow straight guide. On the other

hand, we did not get a gain of supermirror converging system to wide straight supermirror

system which has a same width to entrance width of converging guide and we will plan more

precisely experiment.

Introduction

The neutron transportation technique is very important on spallation neutron scattering method

and the development of neutron converging technique is indispensable. There are several

simulations about converging supermirror system [1], [2], but there are no systematic

experiments of converging supermirror system.

Our purposes are to apply supermirror converging system to high-resolution inelastic

spectrometer, TOF radiography and TOF prompt y-ray activation analysis and so on. These

instruments needs longer flight-path length or smaller sample area. So we performed test

experiments to confirm a gain of converging system and validity. We briefly report preliminary

results in this article.

Experimental

Experiments were performed at C2-3 cold-neutron guide port in JRR-3M, JAERI. Figure 1
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shows top cross sectional view of the experimental setting. There are three kinds of settings.

The first one is narrow straight setting which consists of guide tubes of 6 mm* X 3 cm cross

section both forward and backward of a disk chopper. The length of both guides is 1 m.

Supermirror sheets (3QC, 80 % reflectivity) were attached on both right and left side and Ni

mirror sheets were attached on top and bottom side in guide tubes. Alignment accuracy of sheets

was less than 1 |im. The second one is wide straight setting which consists of guide tubes of 12

mm" X 3 cm" cross section both forward and backward of a disk chopper. The third one is wide

straight and converging setting which consists of a first guide tube with 12 mmw X 3 cmH cross

section and a second guide tube with entrance cross section of 12 mmw X3 cmH and exit cross

section of 6 mmw X 3 cmH. All of these guide tubes were not evacuated in this preliminary study

for simplicity.

Continuous neutrons come through 5mmw X 5mmH aperture which is made of Li tile, then

enter guide tube. Emitted neutrons from a first guide tube are pulsed by a disk chopper. Pulsed

neutrons enter a second guide tube. Emitted neutrons from a second guide tube are detected by
3He detector with 2 mm™ slit. The disk chopper produced by DaimlerCrysler Aerospace Dornier

company has a maximum chopper speed of 12000 rpm and we used 1000 rpm in these

experiments. The 3He detector is movable to detect i(^) as a function of detector position and

covered range of detector translation is between -12.5 mm and 12.5 mm from nominal zero

position.

Results

Figure 2 shows measured i(k) as a function of detector position for narrow straight setting.

The scale for main part of beam profile, which means the intense part of beam spot, is about 5

mm and approximately the same as guide width in experimental accuracy. Figure 3 shows

wavelength dependence of fraction of i(A.) at individual detector position to total i(k) which was

obtained by summing i(X.) at all detector position. In the case of outer detector position, the

fraction of longer wavelength neuron increases as increasing distance from actual beam center.

On the other hand, shorter wavelength neutron concentrated to central position of beam spot.

This effect is a nature of supermirror guide. Because longer wavelength neutron is transported

being reflected to higher angle.

Figure 4 shows measured i(X,) as a function of detector position for wide straight setting. The

scale for main part of beam profile is about 12.5mm and approximately the same as guide width.

This is similar to narrow straight setting. Figure 5 shows wavelength dependence of fraction of

i(k) at individual detector position to total i(X) of wide straight setting. Wavelength dependence

is somewhat weak above 0.5 nm compared with narrow straight setting. This effect corresponds

to the fact that the average number of reflections of neutron in wide straight setting is smaller

than that of narrow straight setting.

Figure 6 shows i(X) dependence of detector position for converging setting. In this case,
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broad beam profile is observed. This means that the beam divergence is bigger than that of

straight setting and this corresponds to the fact that the average number of reflections of neutron

in converging setting is bigger than that of straight setting. Figure 7 shows wavelength

dependence of fraction of i(X) at individual detector position to total i(X) of converging setting.

Wavelength dependence above 0.5 nm is very weak in this case. This effect is due to bigger

beam divergence.

Figure 8 shows the gain as a function of wavelength by converging setting to narrow straight

setting in range from 0.4 nm to 2.0 nm. In the case of total region, the gain from 0.4 nm to 1.0

nm is approximately 2 and this is consistent with the ratio of entrance width of converging guide

to width of narrow straight guide. The gain gradually decrease as increasing wavelength above

1.0 nm. This seems to the influence of absorption of neutron by supermirror and air. In the case

of focusing region, the gain is less than 2 but still higher than 1. This means that converging

setting has the advantage to narrow straight setting.

Figure 9 shows the gain as a function of wavelength by converging setting to wide straight

setting in range from 0.4 nm to 2.0 nm. The gain is less than 1 both total and focusing region.

One possible explanation is the absorption of neutron due to big average number of reflections

of converging setting.

Conclusion

We confirmed the gain of supermirror converging system to narrow straight supermirror

system. We did not get a gain of supermirror converging system to wide straight supermirror

system. We will plan more precisely experiment to use high reflectivity supermirror with

evacuated condition.

References

[1] F. Mezei and M. Russina, Physica B 283 (2000) 318

[2] B. W. Wehring, J. Y. Kim and K.Unlu, Nucl. Instr. and Meth. A 353 (1994) 137

- 607 -



JAERI-Conf 2001-002

6 mm X 6 mm

neutron
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disk chopper
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3Qc super mirror,
reflectivity,
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bottom, Ni mirror

T
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m m vSw-/

3He detector
2 mm slit

alignment accuracy ~ 1 |0.m

12mmX12mm

D

(b)

12 mmO

12 mmX 6 mm

D

1 m

(C)

61.3 cm 1 m

6 mm

20 cm
-M •

Fig. 1. Top cross sectional view of the experimental setting, (a) narrow straight setting, (b) wide

straight setting, (c) converging setting.
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0.001

0.01

nominal position
a -10 mm
A -7.5 mm
v -5 mm
o -2.5 mm
• 0
o 2.5 mm
• 5 mm
x 7.5 mm
+ 10mm

total

Fig. 2. i(A,) dependence for detector position with 6 mm X 6 mm setting (narrow straight

setting).

nominal position
n -10 mm
a -7.5 mm
v -5 mm
o -2.5 mm
• 0
o 2.5 mm
• 5 mm

| F jH&m + 10 mm

o.oi

Fig. 3. Fraction of i(k) for detector position to total neutron flux with 6 mm X 6 mm setting

(narrow straight setting).
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Fig. 4. i(A,) dependence for detector position with 12 mm X 12 mm setting (wide straight

setting).

1

10

0.1

0.01

nominal position
x -12.5 mm
o -6.25 mm
• 0
o 6.25 mm
a total

0.5 1.0 1.5 2.0

Fig. 5. Fraction of i(k) for detector position to total neutron flux with 12 mm X 12 mm setting

(wide straight setting).
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Fig. 6. i(k) dependence for detector position with 12 mm X 12 mm setting (converging

setting).
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Fig. 7. Fraction of i(k) for detector position to total neutron flux with 12 mm X 12 mm setting

(converging setting).
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Fig. 8. Gain as a function of wavelength by converging setting to narrow straight setting.

2.5

3
O

I
3

CO
3
o.o

2.0 -

1.5 -

1.0 -

~ 0.5 -

0.0
0.5

12 mm

-

1

X 6mm/12

i

mm X 12 mm

— total region
••••- focusing region

Mi
ni • i *

i

1.0 1.5 2.0

Fig. 9. Gain as a function of wavelength by converging setting to narrow straight setting.
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Abstract

The scientific output of a neutron instrument is directly proportional to the effectiveness of its
detector system - coverage of scattering area, pixel resolution, counting efficiency, signal-to-
noise ratio, life time and cost. The current neutron scintillator detectors employ mainly 6Li-
doped glass and ZnS, both of which present well-know limitations such as low light output, high
gamma sensitivity in the case of 6Li-glass and optical opacity in the case of ZnS. We aim to
develop a position-sensitive, flight-time differentiable, efficient and cost-effective neutron
detector system based on single-crystal scintillator fiber-arrays. The laser-heated melt
modulation fiber growth technology developed at NASA provides the means to grow high-purity
single-crystal fibers or rods of variable diameters (200 ]im to 5 mm) and essentially unlimited
length. Arrays of such fibers can be tailored to meet the requirements of pixel size, geometric
configuration, and coverage area for a detector system. We report a plan in the growth and
characterization of scintillators based on lithium silicates and boron aluminates using Ce as
activator.

1. Introduction

The major criteria of a high-performance scintillator for application as neutron detectors for
scattering experiments at reactor and pulsed-source based facilities are given in Table 1. At
present, there is no scintillator material proven to fulfill all the criteria. The currently employed
scintillator materials are mainly 6Li-doped glass and ZnS.[1-5] The main drawbacks are the low
light output and high gamma sensitivity of 6Li-glass and the optical opacity of ZnS.
Considerable R&D efforts on scintillator technology have been on-going at ISIS (UK), Jiilich
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(Germany) and Delft (Netherlands) for many years. Currently, more than two-third of the

instruments at the ISIS facility employ scintillation detectors.[1] Recently, Lnitel and co-

workers [6] have evaluated a number of candidate scintillator systems, although most of them

were based on polycrystalline materials. Other reported candidate scintillators are

LiGd(BO3)3[7], BaB2O4[8]( Li2B4O7 [9], CsLiB6O10 [10], Y2Si05 [1 l]and Gd2SiO5 [12, 13].

All of them use Ce or other rare-earth elements as activator.

Table 1. Important design parameters and criteria for scintillator-based position-sensitive and
time-differentiable detectors for thermal neutrons

1

2

3

4

5

6

7

8

Property

Neutron-capture cross section (barn)

Light yield (photons/neutron capture)

Decay time (ns)

Gamma sensitivity

Intrinsic background

Spatial resolution

Optical

Mechanical

Chemical

Costs

Practical Criterion

940 for 6Li(n, alpha) or 3837 for 10B(n, alpha)

4000 (minimum) - 105 (preferable)

10-100, 5d-4f luminescence e.g., Ce3+ activator

< 10"7, low-Z elements

alpha inactive

1-2 mm2 pixel, traverse thickness < 2 mm

Optical clarity, index of refraction < 1.8

Void-free, strength tangible to atomic bonding

Stable in ambient atmosphere and humidity,
resistant to radiation damage

< $1000 per 100 cm1 (scintillator alone),
moderate cost for assembly and electronics

The consensus of scintillator technology favors the application of large, optically clear, high-
quality single crystals. Single crystals free of voids or grain morphology leads to optimal light
transmission and the long-range atomic order provides better control of the activator sites and
energy levels, resulting in high quantum efficiency. The difficulties reside in the high costs and
long lead-time in producing such single crystals (e.g., by the Czochralski technique or flux-
growth method). This approach is unlikely to satisfy the full demand of scintillator-based
detectors for future instruments of the next-generation neutron sources such as the US Spallation
Neutron Source (SNS). Alternative scintillator media such as glass, polycrystalline compact, or
microcrystals-binder composite inherently downgrade the efficiency and impose severe optical,
mechanical and other constraints that are detrimental to the performance.
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Using an assembly of single-crystal fiber arrays provides an attractive means in achieving high
performance without the requirement of large bulk single crystals. This technology combines the
high strength and high quantum efficiency intrinsic to single crystals and the flexibility in large
solid-angle coverage of variable geometry. In principle, single-crystal fibers of continuous
length can be laid out to cover a large area featuring desirable curvature and pixel resolution.
The fiber configuration is readily adaptable to existing technologies of light collection and
position decoding. Thus far it lacks an R&D program to apply the state-of-the-art fiber growing
methods to produce and characterize new scintillator fibers. In the paper we present a plan and a
status report on the development of single-crystal scintillator fibers for neutron detector
application.

2. Fiber Growing Method

Single crystal fibers are fabricated by a novel melt modulation technique8 developed at the Lewis
Research Center of NASA. This melt modulation fiber growth method was described in detail
elsewhere.[14,15] The technique provides the capability of growing single and/or multiple
single-crystal fibers, as well as single-crystal rods (up to -5mm in diameter). It is superior to the
conventional laser growth techniques that are limited to growing small diameter crystals,
typically 200 um or less. The growth of fiber crystals, which may be viewed as being nearly one
dimensional, has been motivated, in large part, by the high yield and the fibers' extraordinary
quality (e.g., dislocation- and void-free) for use in a variety of optical applications. Since the
melt modulation technique permits higher pulling rates, the cost of growing fibers is substantially
less than the cost of growing an equivalent volume of bulk crystal. In contrast to bulk crystals,
the tensile strength of fibers is very high and they are flexible. Thus, they can be directly
incorporated as fiber array scintillator device. The typical apparatus and examples of the grown
fibers are shown in Figures 1 and 2, respectively.

8 R&D -Award: R & D magazine selected the Pioneer II, Melt Modulation Fiber Growth System, as one of the 100
most technologically significant new products of the year 1993
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Figure 1. Melt modulation fiber growth units at the Lewis Research Center of NASA.

Figure 2. Examples of fibers being grown by the melt modulation technique.
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3. Targeted Scintillator Materials and the Present Status

The progress in searching and testing new inorganic scintillators for detection of thermal
neutrons has been reviewed by a number of workers. [1-6] In particular, Knitel et al. have
presented the results of a systematic characterization of a variety of scintillator systems and
identified the best candidates as: LiYSiO4:Ce3+, YAl3B4Oi2:Ce3+, Lai.xCexB3O6, and

LiGd(BO3)3:Ce3+, and LiBaF3 (possibly adding Ce^+ activator). [16] Currently, we are
concentrating on the fiber growth of Li-Y-Si-O, Y-Al-B-0 and Y-Ga-Al-0 systems using Ce as
activator. A test station consisting of a scintillator, light-coupling and photomultiplier assembly
and a pulse-processing electronic assembly for measurements of pulse-height spectrum and light
yield of these fibers from neutron-capture events was set up at IPNS. Our goal is to correlate the
scintillator performance with the crystal-growth parameters so that improvement of the neutron-
detection characteristics can be made systematically and expeditiously. We hope to demonstrate
the feasibility of this single-crystal scintillator technology and to improve the scintillator
performance to an acceptable level. Our long-term goal is to produce practical scintillator
detectors for world-class neutron instruments for materials research.
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Abstract

We have been developing neutron optical devices based on neutron refractive optics, such as
a neutron lens and a prism. For the purpose to evaluate performance of these optical devices,
we have been developing a 2-dimensional position sensitive neutron detector based on a scin-
tillator with wavelength shifting (WLS) fibers. Three layered structure, fibers-scintillator-
fibers, was formed. The luminescence shifted by the WLS fibers is detected by multi-channel
photomultiplier. Preliminary experiments were performed using ZnS(Ag)+6Li scintillator
plate (Bicron BC-704), 20mm x 20mm x 0.4mm thick, and lmm WLS fibers (Kuralay Y-
11(200)). A spatial resolution of 1 mm in FWHM with detection efficiency of 55 % for 10 A
neutrons has been experimentally confirmed. Gamma sensitivity is about 10"3 to a neutron. A
spatial resolution of 0.5 mm in FWHM with area of 100 mm x 100 mm will be soon avail-
able.

1. Introduction

Neutron optical devices had been developed and made practicable. However, it was re-
flective devices like mirror. For more than five years, we have been developing neutron opti-
cal devices [1-3] and succeeded in substantiating a focusing action of magnetic lens [4]. Re-
cently we are also developing a material lens. These refractive devices have a function of 2-
dimentional focusing. In order to make sure this function, 2-dimentional survey must be re-
quired after a exit of these devices. We had performed 2-dimentional scan by the 3He propor-
tional gas counter with a pinhole. The scan is inefficient method. To make experiment pro-
gress efficiently, 2-dimensional neutron detector has been highly required to develop the
neutron optical devices.

Scintillator has extensively used to detect various radiations. Our neutron detector was
modeled on X-ray detector based on a scintillator with wavelength sifting (WLS) fiber. It
could work as neutron detector in exchanging a scintillator for that adulterated with neutron
converter. We made a prototype and obtained preliminary experimental results.

2. Experiment

The detector was composed of a ZnS(Ag)+6Li scintillator plate (Bicron BC-704), 20mm x
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20mm x 0.4mm thick, two groups of 16 pieces of lmm WLS fibers (Kuralay Y-ll(200)), and
two pieces of 16 channels multi anode photo multiplier tubes (16ch. MAPMT). Neuron beam
experiments were performed at the C3-2 beam line of the JRR-3M research reactor of Japan
Atomic Energy Research Institute. Experimental setup is shown in Fig. 1.

9600mm

Cold Neutron Guide

JO

100mm
A

V

Cold Neutron

Velocity
Selector

Cold Neutron
Source

Cd
2rnm <j)

collimator

s
Cd

lmm <{>
collimator

(0.5mm slit)

Fig. 1. Experimental setup to measure a neutron beam.

ZnS (6Li)

Y-fiber+
MAPMT

X-fiber+
MAPMT

3. Results

Using 10 A neutron, a beam profile with cadmium collimator of lmm in diameter was

i ' I -s

Fig. 2. Profile of collimated neutron

beam, 1 mm in diameter.

Fig. 3. Profile of neutron beam after

slit, 15 mm x 0.5 mm.

obtained and shown in Fig. 2. FWHM of the observed peak for collimated beam was 1 mm
when the Gauss function fitted to the data. Figure 3 shows a profile with cadmium slit of 15
mm x 0.5 mm window.

Gamma ray background was measured in the configuration of shutter opened but neutron
stopped by a 6Li plate. The profiles of signals from gamma ray are shown in Fig. 4. The sig-
nals concentrate a region of small ADC channels, i.e., small photon count.

4. Discussion

The experimental result of neutron detecting efficiency was 0.55. This is explained with
transmission of WLS fiber and absorption coefficient of scintillator at 10 A. The transmission
of fiber, 0.62, times the absorption coefficient of scintillator, 0.89, becomes 0.55. A scintilla-
tor is generally sensitive to gamma ray compared with 3He proportional gas counter because
of its nature. However, a hundred or a thousand of gamma ray are needed to generate the
same number of photons for one neutron. We could discriminate most of gamma rays from all
signals by ignoring the signals small number of photons. Using this method, a gamma/neutron
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ratio was improved from 1/50 to 1/300 but the detecting efficiency decreased from 0.55 to
0.45.

X-Fiber

^

* 1 > %-~ JUilllUJU-J.
0 500100015002000

ABC Cb.

sqrt(X'Y)

I U U U J L _
0 500 100015002000

ADC Ch.
505 10001S002000

X-Fiber

Fig. 4. Background profile of gamma ray. The left one is a map of gamma in-

tensity and the right four are signals after MAPMT.

We are developing improved detector which has larger sensitive area and better spatial
resolution. Possibilities improving detection efficiency and spatial resolution are investigated
by selection of the scintillator, fiber size and structure.
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Abstract

Using a technique for the cryogenic helium-filled proportional counter, we are trying to

develop a new neutron position-sensitive detector, of which resolution is expected to be below

1 mm. A basic idea for the position detector is described in this report.

Text

A counter, which is filled with pure helium gas, operates well in the proportional region

at low temperatures near 4.2 K. This helium-filled proportional counter (HFPC) is often

applied to the cryogenic conversion-electron Mossbauer spectroscopy for solid- state studies.

In the Mossbauer measurements, HFPC is used to detect electrons resonantly scattered from

the sample, which is mounted as a cathode of HFPC, and the whole of HFPC is cooled down

to the low temperatures [1,2]. The performance of HFPC at the low temperatures has been

examined in detail in a series of our studies [3-6]. With the counter technique for HFPC, we

are now developing a new position-sensitive detector available for diffraction or scattering

experiments of thermal and cold neutrons; the expected position resolution is below 1 mm.

A counter filled with 3He gas is usually employed to detect thermal and cold neutrons.

In the counter, the neutrons produce a proton, p, and a tritium, 3H, through the nuclear
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reaction of

n + 3He -* 3H (191 keV) + p (573 keV) (1)

There are some merits to use 3He as the counter gas. First, because the cross section of the

reaction (1) is very large, i.e. 5500 barn, a detection efficiency for neutron become high.

Second, the small atomic number of 3He (Z=2) decreases a detection efficiency for y ray

comparing with other possible filling gases: the background of y ray is relatively large in

neutron scattering experiments.

The yiels of the reaction (1), i.e., 3H and p, are emitted in the opposite direction each

other, because the energy of an incident neutron is very small, e.g., 25 meV for thermal

neutrons. When the 3He-filled counter is applied to position detection of incident neutrons,

the counter detects the position of the center of total electric discharge produced by 3H and p.

The range of a proton is much longer than that of 3H, which causes a gap between the position

of the reaction (1) and that of the center. This gap determines the limit of the position

resolution. The FWHM of the position resolution is approximately given by

A (FWHM) — 0.8 rp , (5)

where rv is the range of a proton. The value of A (FWHM) becomes 39 mm in 3He gas with

a pressure of 1 atm at room temperature.

The range of charged particle in gas is inversely proportional to the number density of

gas atoms or molecules. A way to improve the position resolution of the 3He-filled counter is

to increase the 3He gas density. If 3He gas with a pressure of 40 atm can be filled in the

counter at room temperature, the range of p is decreased to about 1 mm in principle.

However, the counter with such a highly pressurized gas is practically difficult to be fabricated.

When 3He gas with a constant number density is cooled down to low temperatures near 4.2 K,

its pressure is drastically decreased. For example, the pressure of 40 atm at room

temperature corresponds to 0.56 atm at 4.2 K. Therefore, it is expected that the cryogenic

HFPC technique developed by us is available to develop a new neutron position-sensitive
3He-filled proportional counter, in which the gas pressure is kept below 1 atm by cooling at 4.2

K. Since the cross section of the reaction (1) is very large, a gas mixture of 4He and 3He can

be used as filled gas. According to the idea explained above, we are systematically examining

the property of HFPC with high gas densities at 4.2 K, which correspond to 20—60 atm at

room temperature.
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Abstract

A neutron detection element that consists of a 6Li glass scintillator with size of 5mm x 5mm x

2mmt and wavelength shifting fibers (WLS) with lmm<|) arranged on four sides of the

scintillators was prepared to confirm the principle of novel neutron imaging method. By

preliminary experiment, it was found that detection efficiency of this detection element was

13% for thermal neutron. A 4 x 4 6Li glass scintillator array neutron system was made to

investigate the effectiveness of this imaging method. By neutron irradiation experiments, it is

confirmed that neutron counting rates were proportional to the incident rate of neutrons for all
6Li glass scintillators in the array and the counting rate up to 3 Mcps for a scintillators, namely,

the counting rate up to 12 Mcps for one piece of WSL fiber can be measured.

1. Introduction

It is indispensable to develop neutron diffractometers and spectrometers with

high-performance neutron imaging devices for neutron scattering experiments using a high

intense pulsed-neutron source. These imaging devices require excellent time resolution, high

counting rate, high detection efficiency, wide dynamic range and large imaging area in order

to carry out neutron scattering experiments with time of flight (TOF) method.

Especially, the general materials diffiactometer for powder diffraction and disordered

materials require the imaging device with a large area, high counting rate, high efficiency and

position resolution less than few mm. Moreover, the devices require simplicity and

compactness for easy assemble and easy maintenance as an experimental system.
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Corresponding to these requirements, we propose a novel neutron imaging method using

rectangular scintillators with wavelength shifting (WLS) fibers.

2. Novel imaging method

The novel neutron imaging method is shown in Fig. 1. In this method, rectangular

scintillators are arranged at longitudinal direction and transverse direction on the rectangular

area and WLS fibers are attached along four sides of these scintillators. The luminescences

shifted by the WLS fibers are detected by multi-channel photomultipliers. The incidence

positions of the neutron in X axis and Y axis are decided by coincidence of two signals that

are detected by WLS fibers put at mutual sides of the rectangular scintillator, respectively.

3. Preliminary experiment

A preliminary experiment was carried out in order to confirm the principal of the novel

imaging method by measuring the detection efficiency for one pixel of rectangular

scintillator.

The experimental equipment used for this measurement is shown in Fig. 2. A neutron

detection element that consists of a 6"Li glass scintillator with size of 5mm x 5mm x 2mmt and

lmm<J> WLS fibers arranged on four sides of the scintillators was prepared. A GS-20 (Bicron

Co.) was used as the 6Li glass scintillator. The absorption efficiency of the 2mmt 6Li glass

scintillator was 95 % for thermal neutron. The wavelength of luminescence is 395 nm. A

BCF-92M (Bicron Co.) with lmm<t) was used as 4 pieces of WLS fibers. The luminescence

was absorbed by the WLS fibers arranged on four sides and wavelength-shifted luminescence

(490nm) was emitted at the edge of the WLS fiber. The luminescence is detected by

multi-channel PMTs (Hamamatsu, H6568). The photon signals from the PMTs were

amplified with a photomultiplier amplifier (HOSHIN, N018) and discriminated with an

8-channel discriminator (HOSHIN, N019). The discriminated signals (XI and X2, Yl and Y2)

were inputted to two-coincidence circuits (ORTEC, 418A) for X axis and Y axis, respectively.

The coincidenced signals for X axis and Y axis were inputted to other coincidence circuit.

This coincidenced signal corresponding to the position-decision signal was measured with a

counter (ASANO, N-2502). The coincidence time was 100ns for all coincidence circuits. Also,

the coincidenced signals for X axis and Y axis were measured with counters. Furthermore, the

XI signal was measured in order to know the incidence rate of neutrons into the 6Li glass

scintillators.

An Am-Li of 74 GBq neutron source with a paraffin block of 10cm thickness was used to

obtain the detection efficiency for thermal neutron. Counting rates for the position-decision

signal, the coincidenced signals for X axis and Y axis and the XI signal were shown in Table

1. The counting rate for the position-decision signal obtained by 4 signal coincidence and the
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XI signal is 0.33 and 2.58cps. Consequently, it is confirmed that the intrinsic detection

efficiency of this 6Li glass scintillator was 13 %.

4. Neutron imaging experiments

A 6Li glass scintillator array neutron system was made and neutron imaging experiments

were carried out to confirm the effectiveness of the novel imaging method.

4.1 Experimental system

A 4 x 4 6Li glass scintillator array neutron system using the novel imaging method is

shown in Fig. 3.16 rectangular scintillators with size of 5mm x 5mm x 2mmt were made of

GS-20 (Bicron Co.). 5 pieces of two WLS fibers with 0.5mm(|> (Bicron Co., BCF-92M) were

arranged at the side of the scintillators from XI to X5 of X axis and from Yl to Y5 of Y axis,

respectively. The 5 X-axis fibers and 5 Y-axis fibers were coupled with two multi-channel

PMTs (Hamamatsu, H6568), respectively. The supplied bias voltage on the PMTs is 800V.

The signals outputted from the PMTs were amplified with photomultiplier amplifiers

(HOSHIN, N018) and discriminated with 8-channel discriminators (HOSHIN, N019). The

discriminated signals were the input signals to 8-channel fast coincidence circuits (HOSHIN,

NO 19). The schematic diagram of the coincidence circuits is shown in Fig. 4. The signals

outputted from the coincidence circuits were counted with a 16-channel 120MHz counter

(HOSHIN, N026) connected with a CAMAC crate controller (HOSHIN, CCP-F). Finally, 16

counting rates from C9 to C24 corresponding to 4 x 4 6Li glass scintillator array were

measured.

4.2 Imaging experiments

The neutron imaging experiments using the 4 x 4 6Li glass scintillator array neutron

system carried out in the thermal neutron radiography facility of JRR-3M. Thermal neutron

flux is 2.0x108cm"2s'1. At first, characteristics of counting rate for this scintillator array were

measured. It was found that the counting rate up to 3 Mcps for a scintillator, namely, the

counting rate up to 12 Mcps for one piece of WSL fiber can be measured by the irradiation of

neutrons. Next, characteristics of the neutron imaging for neutron beam of 3mm(|> collimated

by a paraffin block of 5cm thickness were measured by changing the number of neutron

absorbers containing GdiO3. The experimental arrangement was shown in Fig. 5. The neutron

images measured with no neutron absorber and one neutron absorber are shown in Fig. 6.

Both neutron images are almost same with good contrast and have the maximum intensity in

the position of X=3 and Y=3. Dependencies of the neutron images on the incident neutron

flux were measured. Counting rates in the edge cell (X=l and Y=l) and the center cell (X=3
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and Y=3) were compared in condition of the no absorber one absorber and two absorbers.

Results are shown in Fig. 7. The upper figure shows dependency of the counting rates in the

edge cell and the center on the number of absorbers, and the lower figure shows the counting

rate normalized based on the counting rate of no absorber in each cell. One can see that the

decrease rates of edge cell and center cell is well agreed and the rate is about 0.15 in each

absorber. Therefore, it is confirmed that neutron counting rates were proportional to the

incident rate of neutrons for all 6Li glass scintillators in the array.

5. Discussion

The photon counting method is applied on this imaging method. Therefore, it is important

to evaluate the coincidence rate of one incident neutron in a 6Li glass scintillator cell.

Coincidence rate is given by (1 - exp (-Nn))
Nc, where Nn is the average number of photon

detected by the photomultiplier and Nc is the number of coincidences [1]. The calculation

results were shown in Fig. 8. Since the coincidence rate for 4 coincidences was 0.13 in the

experiments. It could be estimated that the average number of the photon detected was about

1.0. Therefore, it is necessary to increase the coincidence rate for 4 coincidences to the value

more than 2 in order to obtain the neutron detection efficiency more than 50%.

We haven't optimized the neutron imaging system in this time, yet. The optimization

methods aiming to the excellent performance for detection efficiency, counting rate and

position resolution were described as follows;

1) Selection of the material and the size of the scintillator

2) Selection of optimal WLS fibers (matching of wavelength between scintillator and WLS

fiber and wavelength between WLS fiber and PMT photocathode)

3) Improvement of the reflector of the scintillator and the free edge of WLS fiber

4) Adjustment of the coincidence time.

6. Conclusions

A novel neutron imaging system using rectangular scintillators with wavelength shifting

(WLS) fibers was proposed for a large area neutron imaging. A neutron detection element that

consists of a 6Li glass scintillator with size of 5mm x 5mm x 2mmt and lmm<j> WLS fibers

arranged on four sides of the scintillators was prepared. The detection efficiency of this

detection element for thermal neutron was measured by using a neutron source. The detection

efficiency was 13%.

A 4 x 4 6Li glass scintillator array neutron system using the novel imaging method was

made to investigate the effectiveness of this imaging method. By neutron imaging

experiments in the thermal neutron radiography facility of JRR-3M., it was found that the

counting rate up to 3 Mcps for a scintillators, namely, the counting rate up to 12 Mcps for one

piece of the WSL fiber can be measured. By changing the thickness of neutron absorber, it is
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confirmed that neutron counting rates were proportional to the incident rate of neutrons for all
6Li glass scintillators in the array.

By these results, it is confirmed that the novel imaging method can be applied on a

neutron imaging system with large area and high counting rate.

Reference

[1] K. Kuroda, I. Manuilov, Nucl. Instr. and Meth. A 430 (1999) 311.
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Abstract

A SrBPO5.-Eu2+ phosphor material has been investigated for neutron imaging. This phosphor

showed photostimulated luminescence (PSL) by illumination of 635 nm laser light after X-ray

irradiation. The spectral characteristics of the phosphor were similar to those of BaFBr:Eu2+,

which is a commonly used phosphor of imaging plates. In addition, we found that this

phosphor also showed PSL for neutron irradiation. It comes from the fact that it contains

atomic boron in base matrix. Therefore, this phosphor can be used for neutron imaging

without adding neutron sensitive materials such as Gd in commercially available neutron

imaging plates. The PSL intensity and the neutron detection will be increased by using

enriched boron instead of natural boron.

1. Introduction

The imaging plate (IP) made of storage phosphors is one of the most promising

alternatives to conventional position sensitive detectors (PSDs) for nuclear radiation [1].

The IP has good properties as a PSD such as a wide-dynamic range, high-spatial resolution,

large-detection area, and reusability. Therefore, the IP, originally developed for a

two-dimensional PSD for medical diagnostics [2], is also used X-ray diffraction experiments

[3]. The neutron imaging plate (NIP) has been also developed, where the plate contains

neutron sensitive materials such as Gd [4]. Although the NIP has made a great success in

the field of neutron scattering study, there is a disadvantage when the NIP is used for neutron

detection in a field where both neutron and gamma ray exist. Since the NIP is also

sensitive to gamma ray, it is difficult to discriminate neutron signal from gamma ray one
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when the NIP is read out. To overcome the problem, the authors have been searching new

storage phosphors consisting of light materials.

Recently, a new SrBPOs:Eu2+ storage phosphor was reported [5], where the phosphor

shows photoluminescence and photostimulated luminescence (PSL) due to Eu2+ transition of

390 nm. The phosphor has a low density compared to that of BaFBr.Eu , which is usually

used as a phosphor material of IP. It will be favorable for reducing gamma ray influence on

the signal in the field where both neutron and gamma ray exit because phosphors with lower

densities are less sensitive to gamma ray. The report motivated us to make the phosphor and

to investigate the characteristics. In this paper, spectral characteristics of the SrBPOs:Eu2+

storage phosphor are described.

2. Experimental

Starting materials to prepare powder samples were SrCO3, H3BO3, (NH^HPO^ and

EUCI3 • 6H2O. Purity of these materials was more than 99.5%. After appropriate amounts

of them were mixed in a mortar for 20 minutes, the resulting mixtures were transferred into an

aluminum crucibles covered with lid for carrying out the solid-state reaction. Finally

Eu2+-doped boro phosphate (SrBPOs:Eu2+) samples were obtained by firing them in a muffle

furnace in a nitrogen atmosphere with a computer-controlled heating schedule at 600°C for 2

hours and at 800°C for 2 hours. The flow rate of nitrogen gas is 2 liters/min.

Photoluminescence spectra of the samples were measured using a Hitachi F-2500

spectroflourometer at room temperature. PSL decay characteristics were measured using an

experimental setup shown in Fig.l. For this purpose, the samples were continuously

illuminated by a He-Ne laser (Audio Technica SU-31E, 6 mW) after irradiation by X-ray or

neutrons. To eliminate the background light, a filter (made by MeresGriot) was set in front

Photon
counting

Unit

Ouput
Register

I

Multi-
Channel
Sealer

I
CAMAC Dataway

Personal
Computer

8-bit crate
controller

Dark room

Fig.l The experimental setup for PSL measurement.
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Fig.2 (a) Photoluminescence emission spectra and (b) excitation spectra of the samples.

of the photomultiplier tube (Hamamatsu R647P). The signal from the photomultiplier tube

were amplified and discriminated from noise by a photon-counting unit (Hamamatsu C3866).

The output pulses from the unit were counted by a multi-channel sealer (Hoshin C022). An

output resister (Hoshin C004) was used to control the laser. The multi-channel sealer and

the output resister were controlled by a personal computer through an 8-bit crate controller

(Hoshin CCP-F).

3. Results and Discussions

Figure 2 (a) shows photoluminescence emission spectra of samples excited by 290 nm

UV light. The concentrations (mol %) of Eu in the samples were 0.1%, 0.5%, 1%, 2%, and

5%. There is a broad peak at about 390 nm that is attributed to the transition of 5d-4f of
.2+ 2+Eu . The photoluminescence spectrum was similar to that of BaFBrrEu . The lifetime of

the 390 nm emission from the samples was estimated to be 0.67 \xs [6] while that from a

commercially available IP containing BaFBr.Eu2+ (Fuji Film Co. Ltd.) was 0.80 us, which

corresponds to a value in the literature [7], Although an optimal concentration of about 1%

has been reported [5], it may exist between 2% and 5% in our experiment. Figure 2(b)

shows photoluminescence excitation spectra of the samples while the emission at 390 nm was

monitored. There was a broad peak at about 290 nm. The dependency of the peak

intensity on the Eu concentration is the same as that of photoluminescence emission spectra.

Figure 3 shows PSL decay curves of luminescence at 390 nm of an X-ray irradiated

sample, which was taken with the experimental apparatus shown Fig. 1. The concentration

of Eu in the sample was 1%. The X-ray irradiation was carried out for 2 minutes at KEK

BL-27A irradiation facility. The X-ray energy and flux were estimated to be about 3 keV

and 2.8 x 1010 cm'V1, respectively. Results of the same sample that was stored for 27 hours
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in the dark after the measurement and
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were also shown in the same figure.

Since no photoluminescence could

not be observed in unirradiated

samples (not shown in the figure) and

optically bleached samples, the

emission at 390 nm is not due to

up-conversion or multi-photon

processes but to a PSL phenomenon.

As stated above, the NIP

containing Gd2C>3 as a neutron

sensitive material is very effective in

many fields such as neutron protein

crystallography and neutron

radiography. However, storage

phosphors containing neutron

sensitive materials other than

50 100 150
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Fig. 3 PSL decay curves of luminescence of

390 nm of an X-ray irradiated sample, (a) just

after the irradiation, (b) then stored in the dark

27 hours, and then (c) optically bleached by a

white lamp for 5 min.

such as boron, have not been reported yet (Storage phosphors containing atomic lithium was

trialy fabricated and reported in Refs. [4], [8]). One of the reasons may be that the ranges of

secondary particles produced by nuclear reactions of boron with neutrons are very short in the

phosphor. For example, the range of an alpha particle produced by a reaction of
l0B(n,a)7Li is estimated to be 5.3 |j.m in the BaFBr:Eu2+ phosphor. The range of 7Li is much

shorter than that of the alpha particle. Since the phosphor should contain an organic binder

and the volume filling factor is less than 100%, it is almost impossible to store radiation

image in the phosphor by adding 10B materials. However, the atomic IOB is attractive for

neutron detection because of the large neutron cross section of 3840 barn and production of

high energy secondary particles. If neutron image storage phosphors using 10B(n,a)7Li

reaction can be found, the phosphors will be a candidate for a new neutron imaging plate.

Since the SrBPCV.Eu2* phosphor investigated in this work has atomic boron in the base

matrix and the natural abundance of neutron sensitive 10B in natural boron is about 20 % ,

there is a possibility that the phosphor itself is sensitive to neutrons without adding any

neutron sensitive materials.

The neutron irradiation on samples was carried out for 2 seconds at JAERI JRR-3M

neutron radiography (NRG) irradiation facility. The neutron flux was 2 x 108 cm 'V.

Although the NRG facility can provide a neutron field, there also exists gamma ray in the

field. Therefore, to estimate the influence of gamma ray on the sample, two samples with

the same Eu concentration of 2% were prepared and irradiated at the same time. One was

set before 4 pieces of a Li block with a thickness of 1 cm (sample A) and another was set
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Fig. 4 (a) Experimental setup of the two samples, (b) The PSL decay curves of

luminescence of 390 nm after neutron irradiation.

without any Li blocks (sample B), as seen in Fig. 4 (a). The influence of the Li blocks on

neutron and gamma ray fluxes has been estimated in Ref. [8]. Incident neutron flux on the

sample A was attenuated with the Li blocks and could be ignored while no affect on gamma

ray flux was observed.

Figure 4 (b) shows PSL decay curves of luminescence at 390 nm of samples A and B.

The output from the sample B shows PSL by both neutrons and gamma ray. The output

from the sample A shows PSL by gamma ray. Therefore, the difference of the outputs

between two samples corresponds to PSL by actual neutrons. The figure clearly shows that

the sample itself was sensitive to neutrons. The neutron detection efficiency, Ef, of the

phosphor can be calculated by a well-known formula

E f -1 - exp(-KNot) (1)

O

it

o

1.0

0.8

0.6

0.4

« 0.2

0.0

Enriched (93%) boron

50 100 150 200 250 300 350 400

Effective thickness, tct (nm)

Fig. 5 The calculated detection efficiency

as a function of the effective thickness.

where K is a filling factor, N is an atomic

density of 10B, cr is the total neutron cross

section, and t is the thickness of the

phosphor. Figure 5 shows the calculated

detection efficiency of thermal neutrons

(0.025eV) as a function of the effective

thickness Kt. The detection efficiency of

the phosphor with a thickness of 200 um

and K= 0.6 is estimated to be 7.7% at

thermal neutrons. However, it will be

31 % by replacing natural boron in the

phosphor by enriched boron (93%).
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4. Summary

Spectral characteristics of a SrBPO5 :Eu2+ phosphor were investigated. The phosphor

shows intense photoluminescence at 390 ran by UV ray excitation. The spectrum was

similar to that of BaFBr:Eu2+ which is commonly used for an X-ray storage phosphor. The

optimal Eu concentration for the luminescence existed between 2 and 5 (mol %). The

phosphor shows PSL by illumination of 635 nm laser light after X-ray irradiation. It was

also confirmed that the phosphor itself showed PSL after neutron irradiation without adding

any neutron sensitive materials. The storage phosphor which is sensitive to neutrons through

a nuclear reaction of 10B(n,a)7Li will be a candidate for a new neutron imaging plate.

Although the PSL intensity was relatively weak and the neutron detection efficiency was

relatively low compared to those of commercially available NIPs, they will be increased by

replacing natural boron in the phosphor by enriched boron.
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Abstract

GEM is a new General Materials diffractometer now being commissioned at ISIS. To meet
its broad based scientific programme GEM requires a large area position sensitive detector
which covers a wide range of scattering angles and exhibits a high neutron count rate
stability. This paper discusses the design of a ZnS/^i fibre coupled detector array that meets
the GEM requirements. Typical detector characteristics are documented together with the
current status of the project. Two thirds of the detector array are operational and from the
results obtained to date it is already obvious that the impact of this instrument on neutron
scattering studies will be profound.

1. Introduction

GEM is the latest of 17 neutron scattering instruments to be commissioned at ISIS, the pulsed
neutron and muon facility at the Rutherford Appleton Laboratory, UK. GEM is a general
materials diffractometer designed to study the structure of both crystalline and liquid and
amorphous samples [1]. To meet the wide range of scientific applications, GEM combines
high resolution over a wide Q range together with a high count rate. These requirements are
achieved by using a relatively large moderator to sample distance of 17 m while operating a
large position sensitive detector array. This paper discusses the design and development of
the detector array for GEM.

2. Principle beam line components

The GEM diffractometer views the liquid methane moderator. Neutrons from this moderator
pass through both static and adjustable collimation to the sample position, which is at 17 m
from the moderator. Two disc choppers define the neutron energy incident on the sample,
while a nimonic chopper suppresses the background due to fast neutrons. The sample is
contained in a complex sample tank, which is in turn located inside a well-shielded
blockhouse. The sample tank is specifically designed with large apertures to accommodate
the wide area of detector coverage required by GEM. Extensive secondary collimation, both
within the sample tank and surrounding the detectors minimises neutron detector background.
Eventually the inside of the sample tank will be equipped with a rotating collimator to further
improve sample to detector collimation. A wide range of sample environment equipment can
be used including sample changers, cryostats, furnaces, CCRs and cryomagnets. A polycold
allows the sample tank to be held at a cryogenic vacuum. There are four neutron beam
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monitors positioned at intervals along the instrument flight path to measure neutron beam
profiles. A beam stop absorbs the neutron beam transmitted from the sample tank. Most of
the blockhouse is taken up by the large detector array.

3. The GEM Detector Array

The detector array required for GEM is approximately resolution focussed and covers a
scattering angle from 1.1° to 169.3°, with a spatial resolution of 5 mm. The azimuthal angle
of the array is generally ± 45 degrees on both sides of the sample position, leading to an
overall detector area of 10 m2. For ease of construction the detector array has been divided
into 8 different banks, labelled 0 to 7. Details of the distances from the sample position and
scattering angles subtended by these banks are given in Table 1.

Table 1. Positions of the GEM detector banks with respect to the sample position. L2 is the
sample to detector distance of a detector bank and min 28 and max 28 are the
scattering angles of the end elements of a detector bank, (j) is the azimuthal angle
subtended by a detector bank. The last two columns show the calculated and
measured AQ/Q resolutions.

Detector
Bank

0
1
2
3
4
5
6
7

L2/m

2.8-2.9
2.2 - 2.4

1.48-2.10
0.65-1.40

1.04
1.38
2.0 }
1.0 }

Min 28 / °

1.1
5.6

13.8
24.8
49.9
79.0

141.9
149.3

Max 28 / °

3.2
13.5
21.0
45.0
74.9

104.0
149.2
169.3

<t>/°

±90
±45
±45
±45
±45
±45
±45
±45

AQ/Q Calc.

5-10xl0-2

3-5xlO-2

2.0-3.0xl0"2

1.7-2.0x10"*
1.5-1.7x10*
4.5-6.5xlO'3

2.0-3.0x10*
2.0-3.0x10*

AQ/Q Meas.

1.2-2.5x10*

4.7-6.6xlO"3

3.1-4.9xlO'3

2.4-2.6xlQ-3

To achieve a 5 mm spatial resolution and to match Debye Scherrer cones of diffraction at
small and large scattering angles, the GEM detector array has been based on fibre coupled
ZnS^Li scintillation technology. This technology has been used on a number of other
instruments at ISIS including the backscattering detector for the High Resolution Powder
Diffractometer, HRPD, [2]. A schematic showing the layout of the GEM detector banks,
based on ZnS/6Li fibre coupled detectors is shown in Figure 1.
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Figure 1. A schematic layout of detector banks 1 to 7 of the GEM detector array. Bank 0 is
not shown, but is situated inside the get lost tube.

4. New challenges presented by the GEM detector array

The design and construction of the GEM detector array presented a number of new
challenges. At 10 m2 the size of the GEM detector array is 10 times greater than any
scintillation detector previously constructed at ISIS. Both the scale and rate of production
required a significant investment in skilled manpower. Neutron scattering studies of liquid
and amorphous samples necessitates very high detector stability such that variations in
detector count rate remain within count rate statistics. For the large GEM detector array this
requires changes in detector performance limited to values in the order of 0.1% over the
duration of an experiment, which may be several days. An effective method of minimising
neutron scattering from the bulk of the acrylic fibre optic light guides was needed. Finally
magnetic studies are to feature strongly in the GEM instrument programme and it was
important that stray magnetic fields from the 7 tesla cryomagnet, available as a routine piece
of sample environment equipment, did not contribute significantly to detector instabilities.

5. GEM detector developments

Prior to the development of the GEM detector, a dedicated team of ISIS personnel had
constructed all previous scintillation detectors. To meet both the scale of the project and the
stringent delivery times required, production of the fibre optic detector heads was transferred
to outside manufacturing companies. The experience of the in house team in constructing
these types of detectors ensured a smooth transition and other detector projects at ISIS are
already benefiting from this experience.

Detector count rate stability is particularly difficult to optimise in this type of detector where
the scintillator is opaque. Under these conditions pulse height discrimination is not available
to minimise systematic changes in gain. To cope with the required increase in the detector
stability over that previously obtained, the electronic processing of the light output from these
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types of detectors was carefully reanalysed. The main contribution to detector instability was
shown to be the variation in gain of the photomultiplier tubes, PMTs, which is strongly
temperature dependent. A new signal processing system has been designed which minimises
the effect of gain changes of the PMTs on detector count rate. Details of this system are
described in section 7.

In previous scintillation detector designs, shielding of the fibres from scattered neutrons has
been accomplished by painting the fibre supports with gadolinium oxide paint. This works
effectively on instruments operating at neutron energies below the gadolinium cut-off.
However for GEM where the incident neutron energy is greatly in excess of the gadolinium
cut off, an improved absorber was required. This was achieved by fabricating the fibre
supports from mixtures of boron carbide and resin and by employing various techniques to
pot the fibres in the boron carbide resin. Although the neutron absorption cross section of
natural boron is very much less than that of gadolinium this is compensated by the increased
thickness of boron containing material incurred by fabricating the whole of the fibre support
from this material. Boron has a 1/v dependency of neutron absorption with neutron velocity
and therefore remains effective at energies greater than that of the gadolinium cut off.

To cope with the effects of stay magnetic fields on the PMT gain, it was necessary to
instigate careful shielding of the PMTs with both mu metal and low carbon steel.

6. Details of the different types of GEM detector modules.

All of the GEM detector modules are ZnS/^i scintillation detectors fibre-optically coupled to
arrays of PMTs. All modules within one detector bank are of the same design. Modules in
different banks are designed specifically to match the corresponding 20 scattering angle and
differ in the number of active channels and the spatial arrangement of the detector elements.
There follows a description of a GEM bank 5 detector. Details of the other detector modules
and the number of detector modules in the different detector banks are given in Table 2.

Table 2. Details of the distribution of the detector modules and the detector elements for the
whole of the GEM detector array. The present status of the GEM detector
installation is given. Also indicated are the number of detector facets and the
number of PMTs in the whole of the GEM detector array.

Detector
bank

0
1
2
3
4
5
6
7

Total

No. of
modules
per bank

1
L _ 2

2
10
14
18
14
10
71

No of
modules
installed
to date

2 in const.

2

3
18
14
10
47

No of
elements

per
module

80
160
160
90

100
120
40
80

No of
elements
per bank

80
320
320
900

1400
2160

560
800

6540

No of
elements
installed
to date

320

300
2160

560
800

No of
facets

per
element

5
3

1-2
1
1
1

3-5
1-3

No of
facets

per bank

400
960
560
900

1400
2160
2240
2000

10620

No of
PMTs

per bank

14
68
56
140
210
288
140
140

1056

A bank 5 detector module consists of 120 individual detector elements, each 5 mm wide and
200 mm long. These elements are fibre optically encoded to 16 PMTs. Each element
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consists of a 0.4 mm thick strip of ZnS/6Li scintillator, folded into the shape of a 'V . The
' V shape is arranged to point at the GEM sample position and, compared to a flat strip of the
same scintillator, provides an increased neutron path length whilst maintaining a constant
path length for emitted scintillation light. In this way neutron detector efficiency is enhanced
without seriously impairing light collection efficiency. Hence the ability to discriminate
neutron from gamma radiation is maintained. Each ' V scintillator is encapsulated in its own
diamond shaped foil reflector, open at the base. A row of 1 mm diameter fibre optic light
guides view each 'V shaped scintillator strip through the apertures in the base of the
associated foil reflector. Each row of fibres is supported on a moulded boron carbide / resin
separator, which also serves to support the foil reflectors. The scintillators, foil reflectors,
fibre optic supports and the fibre optic array are contained in a light tight box. The fibre
array is coded into 16 bundles and these bundles are potted into one face of the light tight
detector box and their ends polished. A PMT is coupled to the end of each fibre bundle.
Each row of fibres is coded to a different pair of PMTs such that adjacent fibres in any one
row are connected to different PMTs. Thus the first detector element in the module is coded
to PMTs 1 and 2, the second element to PMTs 1 and 3 etc. In this way the detector module
can be coded via a 2Cn code such that all 120 detector elements are read out by 16 PMTs and
their associated electronic chains.

The PMTs each have their own mu metal shield and are individually housed in low carbon
steel tubes. These tubes contain the voltage divider network of the PMT and the first
comparator in the detector electronics chain. This arrangement provides a light tight
environment and magnetic and electronic screening for the PMT. Further details of the
detector electronics are given in section 7.

Figure 2. Photograph of a GEM bank 5 detector with the front cover removed. Visible are
the foil reflectors of the 120 detector elements.

Table 2 also shows the number of PMTs used in each detector bank. Overall the number of
PMTs in the GEM detector array is reduced by a factor of six compared with the number of
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individual detector elements. This reduction occurs as a result of the 2Cn code and varies for
different detector modules depending on the geometric design constraints which effect
optimisation of the fibre coding.

In detector banks 3, 4 and 5, the detector elements are arranged in straight rows, 200 mm in
length. In the detector banks of the forward and back scattering arrays the lengths of the
detector elements are shortened and oriented to match the Debye Scherrer cones of
diffraction. While each of these shorter elements can be read out individually, it is not always
necessary to do so and may not significantly improve the detector resolution. Under these
conditions detector elements have been divided into a two or more facets, with each facet
normal to a Debye Scherrer cone of diffraction. All facets within an element are coded to the
same pair of PMTs. On average the number of PMTs in the GEM detector array is reduced
by a factor of ten compared with the number of detector facets in the GEM detector array.

7. GEM detector characteristics

Characteristics of the GEM detectors are shown in Table 3.

Table 3. GEM detector characteristics.

Detection Efficiency at 1 A
Gamma sensitivity b0Co
Intrinsic detector background
Spatial resolution
Pulse pair resolution
Stability

50%
lO"7

12 c hr"1 per element
5 mm
2.5 u,s
0.1 %°C"1

Detector efficiency is ~ 50 % at 1 A and is very comparable with that of a 12.5 mm diameter
10 bar 3He detector. Figure 3 shows a time of flight spectrum from such a gas detector
compared to a corresponding spectrum from a ZnS^Li GEM detector element. These spectra
have not been normalised for detector solid angle and the actual detector efficiency of the
GEM scintillation detectors has not yet been determined definitively. Nevertheless, the
spectra closely match over a wide energy range indicating similar neutron detection
efficiencies.
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Comparison of count-rate measured at GEM
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Figure 3. Time of flight spectra for a 12.5 mm diameter 10 bar 3He detector and a GEM
ZnS/6Li detector element. The data has not been normalised for subtended solid
angle, but similar profiles over a wide energy range imply similar detection
efficiencies.

6<VA measure of gamma sensitivity is obtained by determining the ratio of the number of Co
gamma rays detected by a detector element and the number incident on that detector element.
At 10"7 this ratio is remarkably low whilst intrinsic detector background is also very low.

The spatial resolution of the detector in the 20 direction is determined by the 5 mm width of
the ZnS/6Li scintillation elements. At 29 angles of 90° the height of the detector elements is
200 mm. At higher or lower scattering angles the height of detector elements is reduced and
suitably oriented to allow adequate approximation to the Debye Scherrer cones of diffraction.
Calculated and measured AQ/Q resolutions for the GEM detector banks are given in Table 1.

ZnS/6Li has a principal time constant of 200 ns and with the integration time constants
currently in use, pulses separated by 2.5 jxs can be resolved. However, there is also a long
time constant associated with the light output from ZnS/6Li and light from a bright event can
extend beyond 100 us. ZnS/6Li detectors will not be able to sustain a 2.5 jo,s pulse pair
resolution when subjected to high neutron rates.

Neutron detector count rate stability of these detectors has been measured both on ISIS and in
the laboratory and is ~ 0.1% °C4. The first stage of the electronics system, which enables
this stability to be achieved, is based on the RAL 10 comparator chip. This comparator is
mounted on a card immediately behind the PMT voltage distribution card. The lower level
thresholds of the RAL 10 comparators are set just below the single photon response level of
the PMTs. A neutron event in the scintillator gives rise to a number of multiple and single
photon pulses which are converted into digital pulses by the RAL 10s. This effectively
inhibits the dynamic range of the signal, minimising the effect of PMT gain variation on
neutron count rate stability. Outputs from the RAL 10 comparators of one module are sent to
a remote discriminator / decoder card. A further inhibition of the dynamic range of the PMT
output is achieved by pulse stretching each RAL 10 output pulse to a fixed width. The digital
pulses are then integrated and discriminated to separate neutron events from gamma events
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and intrinsic detector background. A schematic of the process is given in Figure 4. Pulses
from the discriminators are sent to a 2Cn decoder. This unit assigns the appropriate position
descriptor to coincident pulses from pairs of PMTs in the 2Cn code. The decoder output
pulses are sent to the data acquisition electronics for time stamping, storage and subsequent
analysis.

to DAE

RAL10 receiver pulse stretcher integrator discriminator decoder

Figure 4. Block schematic of the electronics chain of the GEM detectors. Signals at the
various stages of electronics chain are shown at the top of the diagram.

The GEM neutron detector count rate stability is illustrated in Figure 5. This represents a
change in count rate of 0.12 % °C1. Coolers in the GEM blockhouse keep the air temperature
to within ± 1 °C and hence a count rate stability of ~ 0.1 % is achieved.

Temperature stability of GEM module
(4 °C temperature step)

1.135E+08

1.134E+08

1.133E+08

42 1.132E+08
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8 1.131E+08

1.130E+08
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1

20 40

time (hrs)
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Figure 5. Count rate stability of a GEM detector module for a 4°C variation in ambient
temperature.
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8. Results

The first detector modules became operational on GEM in October 1999. Already a large
number of experiments have been carried out. See [3] and references contained therein for
further details. Areas covered include superconductivity and magnetism, ion disorder and
migration and liquid and amorphous materials. Refinable powder diffraction data can be
collected in just a few seconds while an overnight run has been shown to yield adequate data
from a sample of only 3 mg. With the full detector compliment in place the minimum
required sample may be reduced to as little as 200 fig for a 24 hour run.

9. Conclusion

Although not yet fully completed the high detector count rate and excellent detector
performance has resulted is a tremendous start to the broad based science programme on
GEM. A large area ZnS^Li scintillation detector array based on fibre coupled readout has
been designed and built to match the wide range of scattering angles required for GEM.
Production of the fibre optically encoded detector heads has been successfully transferred to
outside manufacturing firms, facilitating speed of detector construction. Despite being based
on an opaque scintillator, development of new electronics has allowed excellent count rate
stability to be achieved. Suitable screening has allowed the detector array to operate in high
magnetic fields, an essential requirement of the science programme. This detector array will
have a significant impact on the rapid measurement of data sets for kinetic studies using
neutron scattering techniques. GEM provides a landmark for the design of future
diffractometers for powder diffraction and liquid and amorphous studies.
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16. Instrument - Data Acquisition, Format and Analysis
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Abstract

Development of advanced neutron sources and instruments has necessitated corresponding
advances in software for neutron scattering data reduction and visualization. New sources
produce datasets more rapidly, and new instruments produce large numbers of spectra.
Because of the shorter collection times, users are able to make more measurements on a given
sample. This rapid production of datasets requires that users be able to reduce and analyze
data quickly to prevent a data bottleneck. In addition, the new sources and instruments are
accommodating more users with less neutron-scattering specific expertise, which requires
software that is easy to use and freely available. We have developed an Integrated Spectral
Analysis Workbench (ISAW) software package to permit the rapid reduction and
visualization of neutron data. It can handle large numbers of spectra and merge data from
separate measurements. The data can be sorted according to any attribute and transformed in
numerous ways. ISAW provides several views of the data that enable users to compare
spectra and observe trends in the data. A command interpreter, which is now part of ISAW,
allows scientists to easily set up a series of instrument-specific operations to reduce and
visualize data automatically. ISAW is written entirely in Java to permit portability to
different computer platforms and easy distribution of the software. The software was
constructed using modern computer design methods to allow easy customization and
improvement. ISAW currently only reads data from IPNS "run" files, but work is underway
to provide input of NeXus files.

1. Introduction

New sources under construction such as the Spallation Neutron Source (SNS) at Oak Ridge
will produce data much more rapidly than older sources due to a combination of higher flux
and more detector elements per instrument. Even at some current sources, improvements in
instruments are resulting in more and larger data sets. For instance, the GEM diffractometer
at ISIS can produce more than four thousand spectra at once and can produce a full data set in
about a minute [1]. The next generation powder diffractometer proposed for SNS (POW-
GEN3) will have as many as 237,000 detector elements that will each produce a time-of-flight
spectrum of thousands of channels. Through time-focusing it is hoped to combine all that
data into one large spectrum, but prior to this step instrument diagnostics will be needed
which can examine large numbers of spectra from different detector elements. These
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diagnostics allow scientists to see noisy detectors, dead detectors and extraneous signals
affecting many detector elements. Due to the high neutron fluxes now achievable, collection
times have dropped and more measurements are being made per sample. This enables
scientists to measure spectra as a function of temperature, pressure, composition, etc.
Effective display of multiple spectra obtained under different sample conditions permits
scientists to quickly recognize transitions or other effects occurring during study. Such
knowledge enables more efficient use of the very expensive facilities at these advanced
sources.

Another problem faced by software designers for neutron scattering data collection and
analysis is the need to support different types of computers with different operating systems.
A few decades ago most analysis was done on centralized computers so software could be
developed for a specific computer, but today scientists have different kinds of personal
computers they would like to use to analyze their data. The growth of the Internet and
introduction of the World Wide Web have raised expectations of users regarding the ease of
use of programs and ease of access to data.

At IPNS we are in the midst of a project to design software to meet some of these needs. The
Java language enables programs to be written, compiled once and then run on one of several
common computer platforms. Java also is designed for use on the Internet; so it has built-in
facilities for network communication, network security, etc. Java also includes components
for easy design of menu-driven software to facilitate use by occasional users who are not
familiar with specialized command languages. New capabilities are added to Java regularly
and updated versions are distributed to the community free of charge. Therefore, Java is a
language with a bright future.

2. Software Overview

In order to be useful and widely accepted, software for neutron scattering data reduction and
visualization needs to be network-accessible, portable to different platforms, easy to use,
powerful, and easily adapted to different types of instruments. When we began this project
we chose to write all the programs in Java because it has all the features needed to write
software meeting these requirements [2]. Java is written to be network-accessible and
portable to different platforms. It includes powerful libraries (Swing) for developing user-
friendly interfaces [3] and it is object-oriented, making it easy to reuse software components
and adapt them to different types of instruments. We have been very pleased with the Java
language and its associated libraries for program development.

One of the philosophies of object-oriented programming is that "everything is an object" [4]
and that if your program is too complicated, you probably need to make more objects [5]. In
Fortran programming (prior to Fortran 90), the only types of data structures were numbers or
characters and arrays of these primitive data types. In an object-oriented approach, you can
create your own definitions of objects that include data and methods, then create an arbitrary
number of objects of that type. In Java, a "class" is the description of methods and data that
instances (objects) of that class will possess. For example, Bruce_Brown and Maria_Heinig
could be instances of the employee class, having different salaries, employee numbers, and
tasks they can perform.

The most popular "design pattern" [6] of object-oriented software is the "Model-View-
Controller" (MVC) architecture, first introduced in Smalltalk. When using MVC, you divide

- 658 -



JAERI-Conf 2001-002

your software design into three parts: 1) the model or data, 2) the view of the model, 3) the
controller that defines the way the user interacts with the model and produces views of the
model.

At the heart of our software is the "model". The first part of the model is a spectrum or
"Data" class that contains counts or intensity, an axis, standard deviations, attributes, etc. The
second part of the model is the "DataSet" (DS) class that contains one or more spectrum
objects and methods for transforming axes and performing operations on the spectra. Careful
design of the Data and DataSet classes results in a powerful, easily extensible foundation for
neutron scattering software. Because our software package is used to combine, view, and
transform these spectra, we named it "Integrated Spectral Analysis Workbench" (ISAW)
software.

An important part of the MVC concept is that there may be different "views" of the model
that respond to any changes in the model through communication from one software
component to another. These changes are initiated through the "controller" portion of the
software. The user uses the mouse, the mouse buttons, and the keyboard to interact with the
"control" portion of the program. The response of the views to the control actions is what
makes interactive visualization a useful and pleasant experience. For example, our viewers
respond to the cursor position by displaying attributes of the spectrum pointed at by the cursor
and displaying the x and y coordinate values at the cursor position when it is dragged over or
clicked on one of the graphs or images. Also, whenever a menu selection is used to cause an
operator to modify a DataSet, all viewers of that DataSet are updated to reflect the changes.
The viewers do this by registering themselves as "observers" of the DataSet objects.

The command or script panel is also part of the control portion of the software that can
perform operations on DataSets as well as load files and create DataSets. A command
interpreter is essential for automating data reduction. Manually entering commands for
hundreds of operations to be performed to combine and reduce a large set of measurements is
cumbersome and prone to error. Scripts with loops and symbolic logic make long repetitive
procedures easy and simple.

3. Data Reduction Requirements

In order to compare experimental data to theoretical models, all neutron scattering data must
be corrected for various factors affecting the observed intensity spectrum. Some of these
factors are the incident neutron spectrum, background, detector efficiency, etc. In ISAW,
these corrections are implemented either through DataSet operators, or sequences of
operations. It is important during any such corrections to maintain information about the
precision of the measurements, so estimated errors are maintained with the DataSet and
propagated correctly when transformations are performed on the DataSet. One operator
provides a method to remove bad (noisy or dead) detectors.

An early goal of this software project was to provide the ability of merging, sorting, and
viewing data from different measurements. A measured spectrum may have an arbitrary
number of attributes of interest, such as sample temperature, pressure, sample composition,
etc. We found it very useful to allow spectra to be sorted by any of up to three attributes, in
order to visualize the dependence of the data on the specified attributes. Some of the
attributes such as starting time, detector position, etc. are retrieved automatically from the
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IPNS run files. Other attributes that are not available in the run files can be added
interactively.

All the IPNS raw data consists of histograms of counts versus time-of-flight. Transformations
to other units such as d-spacing, wavelength, wave vector, energy, etc. are provided. Some
transforms are appropriate to diffractometers, and others are appropriate to spectrometers.
DataSet operations that are appropriate for the type of instrument producing the data are
included when each DataSet object is created. Operations that are available in the selected
DataSet object automatically appear in the menus. This automatic population of the menus
simplifies maintenance and improvement of the software, and reduces confusion for the user
by not displaying inappropriate choices for operations to be performed. Table 1 shows some
of the operations that have been implemented for making corrections to DataSets.

Operation

DataSet Scalar Math (+, -, *, /, &)

DataSet Math (+, -, *, /)

DataSet Transform (x-axis conversion)

Data sort, select, extract, delete

Calculate Moments

Argl

DS1

DS1

DS1

DS1

DS1

Arg2

Scalar

DS2

Range

Attribute

Range

Result

DS

DS

DS

DS

Float

One of our design goals not yet implemented is the ability to find and fit peaks automatically.
A preliminary version of a peak class has been included to fit the elastic peak from
spectrometers, but the more general function class to fit a diffractometer spectrum containing
an arbitrary number of peaks has not yet been written. We expect to include this in the next
version of the IS AW software. At this time, we do not intend to include complete analysis
capabilities such as Rietveld analysis in IS AW. However, IS AW can generate standard
formatted datasets (e.g. GSAS compatible) for Rietveld refinement.

4. Visualization Requirements

As mentioned in the introduction, new neutron scattering instruments are producing large
numbers of spectra. For example, the proposed P0WGEN3 instrument at SNS expects to
produce up to 237,000 spectra of thousands of channels each [7]. IPNS time-of-flight
instruments now typically produce a few hundred spectra with up to about 10,000 channels
per spectrum. It was an early goal of ISAW to be able to manipulate and visualize large
numbers of spectra.

Current display devices are limited to resolutions on the order of 1600 horizontal by 1200
vertical pixels, although most people use displays with lower resolution. Since most spectra
we deal with have more channels than the number of pixels per line on a screen, it is
necessary to either re-bin the spectrum to fit within the screen resolution, or to allow
horizontal scrolling. In ISAW, the default is to re-bin the data to fit the resolution of the
display panel, but the user is given the option of using horizontal scrolling to allow all data
points to be seen.
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The traditional way to view spectra is to draw lines with the y-axis amplitude representing
counts or intensity and the x-axis value representing the independent variable, time~of-flight,
wavelength, etc. This works well for displaying a single spectrum or a few spectra, but for
more than about a dozen spectra another method is needed. Mikkelson, et al. [8] devised a
method of displaying many spectra by using color to represent counts or intensity so that an
image consisting of many spectral lines stacked on one another allows a person to view many
spectra at once. If there are fewer spectra than vertical resolution elements, each spectrum
will cover a band of horizontal lines. This proved to be a very useful way to compare large
numbers of spectra. Figure 2 shows an image view produced by merging spectra from 130
runs taken at different sample conditions.

Ule Edit View Options
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Figure 1. Image view of unfocussed GPPD DataSet. The large area of the image view shows a bit-map
with color representing intensity, and horizontal position representing time-of-flight. Each row of the bit-
map represents the spectrum from one detector group. The small graph at the bottom is a conventional
graph of the detector group corresponding to the cursor position. The tables at the right list properties of
the spectrum corresponding to the position of the cursor on the image and/or graph.

With this type display, you can see the variation in intensity due to sample texture. Dead or
noisy detector elements appear as light or dark horizontal lines. In ISAW we have included
this "image view" and a scrolled "graph view" as ways of displaying large numbers of
spectra. ISAW includes vertical scrolling of the image view to allow viewing of more spectra
than allowed by the resolution. Whenever the number of spectra in the image exceeds the
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number of lines of vertical resolution, scroll bars appear to allow viewing all spectra. The
GLAD instrument at IPNS produces more than one thousand spectra at once and we are able
to view them all in one image view. For a more traditional view of spectra, we designed a
"scrolled graph" view that allows us to see a few individual spectra at once and easily scroll
vertically to change which spectra are seen.

For an instrument producing as many spectra as POW-GEN3, it would probably not be
possible to handle all the individual spectra at one time due mainly to computer memory
limits. On such an instrument one would probably view spectra by banks of one thousand
detector elements or less. Separate spectra from all detector elements would only be viewed
when doing instrument diagnostics or when looking for sample texture. Normally the data
from the different detector elements would be focused and combined to produce only a few
spectra, or perhaps only one combined spectrum per sample setting. Even if all spectra from a
given measurement are combined into one composite spectrum, there is still a need to view
many spectra at once to see the effects of sample environment or sample composition. For
IPNS data, this involves reading run files for each sample condition, transforming and
correcting the data, and merging all the spectra into one DataSet for comparison. Figure 2
shows an image view produced by merging 130 spectra taken at different sample conditions.

file Tiul View

1.-44

ocsr

Figure 2. An ISAW view showing GPPD measurements on 130 sample settings merged into one image.
Note the streaks which appear or disappear when the sample undergoes a phase transition. The spectra
have been converted to d-spacing, so the tables in the right panel give the d-spacing and counts
corresponding to the cursor position. The graph at the bottom and the tables are updated as rapidly as
the cursor is moved across the image and/or graph.
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5. I/O Requirements

IPNS is in the process of designing a new Data Acquisition System to replace the old VAX-
based system that has been in use for 20 years. Data collection will be controlled through a
computer running Linux, but the binary run file data format will remain the same because of
existing software. This meant that ISAW needed to support reading IPNS run files. At the
same time, it was recognized that using ISAW for working with spectra from any other
facility would probably require a common data file format. Fortunately, the NeXus format [9]
is starting to be widely accepted and we have plans to add NeXus support to ISAW, possibly
through the "NeXus Data Server" (NDS) developed by Mark Koennecke of PSI [10]. The
NDS consists of a server that can read the NeXus files and a client that can communicate with
the server over the network using sockets.

6. ISAW Status and Plans

ISAW is currently used as the primary data reduction and visualization tool for the HRMECS
instrument and is being used on several other IPNS instruments. Work to improve ISAW and
add features needed by specific instruments is ongoing. Much of the customization for
different instruments is being done through scripts to perform the series of operations
normally done by a particular instrument. Development of a function class to include the
peak class and methods for finding and fitting peaks in experimental data is underway. Work
on NeXus input and possibly output is also underway. There are also plans to create a "table"
view of the data that will allow us to copy data from ISAW to other Windows applications for
production of publication quality graphs. We already have the capability to copy data from
our current tables to other applications.

Summary

The World Wide Web and Java have given us the tools for easy access to and analysis of
information and data on the Internet to make neutron scattering accessible to more users. At
IPNS we are using these tools to develop new neutron scattering software that is easier to
distribute and use and will not require any licensing or fees. The Integrated Spectral Analysis
Software (ISAW) we are developing is beginning to be adopted for IPNS instruments and
should soon be able to handle data from other institutions. ISAW allows us to merge, view,
and reduce the large numbers of experimental spectra that are being produced by new neutron
sources and instruments.
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Abstract

We introduce a software application for analyzing time-of-flight data obtained from a
chopper spectrometer. This ChopAnalysis Package (CAP) is written in Java to take
advantage of its platform independence and Internet accessibility. CAP is a component
within the architecture of the Integrated Spectral Analysis Workbench (ISAW) being
developed at Argonne. Multiple large data sets, each containing ~1000 spectra, can be
examined for removal of noise and contamination. Appropriate sample, background and
calibration runs are combined and normalized. Afterward, data from detector groups are
binned and converted into various scattering functions in momentum- and energy-transfer
(|Q|,E) space. The resulting datasets can be analyzed further by users with additional
methods. By virtue of the object-oriented programming (OOP) methods and graphic user
interface (GUI) of ISAW, immediate steps of the evaluation are easily displayed in
interactive viewers as images or line plots. Repetitive procedures can be executed through
command-line scripts. The results can be saved as formatted tables in text files or pasted into
other applications.

1. Introduction

The High-Resolution Medium-Energy Chopper Spectrometer (HRMECS) is the first IPNS
instrument to employ a new data acquisition system (DAS) and enhanced detector electronics
as a part of the upgrade plan of HRMECS currently under way.[l] The protocol for data
storage and retrieval via the runfiles within the new DAS, written in Java, permits an efficient
entry into the Integrated Spectral Analysis Workbench (ISAW) via a database.[2] A typical
HRMECS runfile consists of, besides the instrumental parameters and attributes of sample
environment, about 1000 time-of-flight (TOF) detector spectra, each containing up to 4000
channels. The basic steps for initial data reduction include:

i) examine the detector response over all the spectra and, if necessary, remove bad detector
spectra for a series of runfiles including sample, background and calibration runs;
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ii) calculate the incident energy of each run and check for consistency so that background
counts are properly subtracted from the sample runs and the TOF spectra are normalized
according to the sample scattering cross section, detector size and relative efficiency; and
iii) rebin data histograms in counts over TOF channels and detector positions into appropriate
scattering functions in density distribution over the momentum- and energy-transfer (|Q|, E)
space.

This procedure is illustrated in Fig. 1. The ChopAnalysis Package (CAP) is built within
ISAW, which provides all the necessary components for user interface, data control, and data
modeling within the Model-View-Controller architecture as described elsewhere.[2, 3] Since
we expect that this procedure would be repeated for a number of runfile sets that belong to an
experiment, ISAW includes a scripting language to control the data processing and the steps
are automatically logged. For example, a user may easily recall the script of a procedure, edit
a few entries corresponding to a new set of runfiles, and execute a part of or the entire
procedure. Export of intermediate DataSets in text or table format is also available.

Database with
sortable attributes

Input Macros Visualization/evaluation
Calibration

Piofmaiizauon
Background,

noise removal

response
function

>

—»
Image plots, Line plots
Scaling, Overplotting,

Offsetting
Data Masking,...

Analysts

Preset transformatiou

Model fitting

Repeat for different
set of runs >

History

Logbook
Command

SCRIPT

Modification of script

Figure 1. The basic data reduction scheme of the ChopAnalysis Package (CAP).

2. DataSet Evaluation

Fig. 2 displays a typical panel corresponding to detector response in a runfile collected under
the pulse-height-spectral mode. The scrollable window on the right is one of many ways to
display the detectors' pulse-height spectra (PHS), provided by the IsawGUI.[3] Furthermore,
quantitative analysis of the PHS can be done by invoking the proper model/method belonging
to the ISAW internal "Peak class", which is designed to handle various characterization and
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fitting of peak-like spectra. Then the result is shown in the left panel, permitting further
examination or eventually the setting of the detector discrimination levels according to an
acceptance criterion. At present, the software for evaluation of the PHS and setup of
discrimination levels has not been completed, but we would like to emphasize ISAW's
powerful features which allow the reuse of existing operators and the easy addition of new
operators to perform a variety of spectral analyses.
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Figure 2. A display of detector pulse-height spectra.

Another important capability of IS AW is the efficient display of all of the detector intensity
records (-1000 per runfile) using an image plot with the ability to zoom-in a selected group
of TOF profiles. Moreover, it provides a side-by-side comparison of the data before and after
applying a filter/operation. For example, a macro of "Remove bad detector data" can be
executed within the "Operations" menu, and the result is shown in Fig. 3. If the outcome is
desirable, a new DataSet with bad detectors removed is created, and the corresponding script
for such an operation is also generated for future treatment of other runfiles.

3. Combining Multiple Runs and Conversion to Various Scattering Functions

Fig. 4 shows the calibration of the incident energy, normalization of background run(s)
against sample run(s), and calibration of the intensities according to a vanadium standard run,
all done in a menu-driven single step.
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Figure 4. Calibrate incident energy and normalize runs.
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The rebinning of data from TOF to (Q,E) space is shown in Fig. 5 and subsequently
converting the data to different kinds of scattering functions is shown in Fig. 6.

((.IE) loci of detectors Rti-binned (QJ.) space

S(Q,E), E>0 => neutron E-loss

Figure 5. Rebinning data from TOF to (Q,E) space.

Detector normalization factors

Figure 6. Conversion of data into different scattering functions.
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4. Future Plans

We presented a description of the basic tools of the Chop Analysis Package (CAP) that permit
data visualization and reduction of TOF data of a chopper spectrometer to scattering
functions within the ISAW software application. Currently this procedure is being tested and
refined. Many additional features are planned for future versions, such as run-time
monitoring of detector performance, multiple-scattering and multi-phonon corrections,
generation of instrumental resolution, and more extensive curve fitting capabilities. CAP is
the first software package developed for chopper spectrometers within ISAW. Similar
packages will be introduced to other IPNS instruments in parallel to the upgrade of their
DAS. Eventually, relevant data sets collected using different instruments could be combined
and incorporated in order to produce maximum information benefiting a scientific study. For
example, a cut at the elastic region of a scattering function, S(Q, E=0) obtained from a
spectrometer would provide a useful comparison with the S(Q) obtained from a total-
scattering diffractometer. Also, scattering functions covering different energy ranges with
distinct resolutions obtained from direct- and inverse-geometry spectrometers could be
combined for an investigation of evolution of excitations over a wide range of (Q,E) space.
This is within the design capability of ISAW since the software uses the same data and basic
operator classes for all instruments. ISAW can, in principle, be expanded for use by neutron
TOF instruments at other facilities because of its platform independence and Internet
accessibility. Currently work is under way to extend ISAW's capability of reading data files
other than those of IPNS as long as they are written in a standard format such as that defined
in NeXus.
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Abstract

To meet the data acquisition requirements for six new neutron scattering instruments at the
Los Alamos Neutron Science Center (LANSCE), we are building systems using Web tools,
commercial hardware and software, software developed by the controls community, and
custom hardware developed by the neutron scattering community. To service these new
instruments as well as seven existing instruments, our data acquisition system needs common
software and hardware core capabilities and the means to flexibly integrate them while
differentiating the needs of the diverse instrument suite. Neutron events are captured and
processed in VXI modules while controls for sample environment and beam line setup are
processed with PCs. Typically users access the system through web browsers.

1. Introduction

At LANSCE we are currently designing and building six new neutron scattering instruments.
While each has common requirements for detector support, histogram building, archival data
storage, integrated event counting, real-time data analysis, and slow controls, these
instruments also simultaneously exhibit widely different detector and sample environments.
Accordingly the data acquisition system needs common software and hardware capabilities
while retaining sufficient flexibility to accommodate different requirements. For example the
numbers of neutron detectors will vary from a single position-sensitive area detector to 1500
tube detectors. Depending upon the instrument characteristics average count rates for a bank
of detectors will range from 102 to 106 events/s and measurement times will vary from
minutes to days.

Generally we select the most demanding requirements as the common standards for all
instruments. Thus measured parameters will include time-of-flight, position, and pulse-height
information. Storage for histograms for a single instrument will initially be as large as 1 GB
and will increase as the capabilities of processor modules expand. Experiments may
continuously monitor portions of the histogram space and at completion of counting will
record the full histogram in a NeXus file format [1] in no more than 15 s.

The system will have three major functional or core components: the user interface for
monitoring and control (web server and browser), the real-time processes (histogramming,
control of the sample environment, etc.), and the run manager for sequencing controls and
measurements. To maximize software reuse and minimize cost we want to exploit
commercial products and the work of physics collaborations. Thus we have chosen generic
Web browsers, VxWorks plus the Experimental Physics and Industrial Control System
(EPICS) [2], and WindowsNT for the software foundations to implement these three
functional components, respectively. The data acquisition hardware configuration, shown in
Figure 1, consists of custom VXI modules to capture data from detectors that view the pulse
of neutrons, one or more microprocessors to handle the real-time event processing and
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VM E microprocessor
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•

EPICS IOC PC
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Figure 1. Configuration for the data acquisition hardware. A Web browser on the
remote access machine provides the user interface. The real-time system components
include the VXI crates and the EPICS IOCS. The NT server offers run control,
monitoring, and Web publishing services.

histogram construction, one PC to handle the user interface, and one PC to function as a Web
server and run controller. Following collaborative efforts with the Intense Pulsed Neutron
Source, we have programmed a flexible Argonne VXI module [3] to time stamp and buffer
events. A private network connects the readout controllers to the data acquisition server. A
second public network, the Internet, connects users from any remote location to the data
acquisition server.

2. Functions of the core components

The real-time system interfaces to signals from the detectors, time stamps each neutron event,
collects all the events from a single pulse of neutrons in a "frame," and runs a user-specified
software routine that builds histograms in memory. Once initialized, the real-time system
operates autonomously and continues to accumulate events in its histograms until the user
manually intervenes or the data acquisition server automatically signals the real-time system
that sufficient data have been accumulated. For monitoring data, the real-time system
provides snapshots of requested histograms. It also controls the sample environment and
neutron beam delivery.

The GUI provides a friendly interface for control of the experiment. Although the appearance
of the GUI will vary for each instrument, the overall "look and feel" will be designed to be
similar. The experimenter uses the GUI to create a new run configuration, edit a run
configuration, initialize hardware and software, control the sample environment, start data
collection, end data collection, and monitor environment status and histograms of interest.

The data acquisition server, which is the Web server and run controller, provides services that
control execution of the experiment. At the start of an experiment the experimenter prepares
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a database that defines all the parameters required to configure the instrument and sample
environments prior to data collection. The data acquisition server controls all "run"
sequencing. When a run is complete, the data acquisition server constructs an Hierarchical
Data File (HDF) [4], the public domain file format from the National Center for
Supercomputing Applications, and transfers the file to a data archive file server. The HDF is
laid out according to the NeXus standard as defined by the neutron scattering community.

3. Implementation

A. Real-time System

The real-time system is highly configurable and scaleable. As shown in Figure 1, each VXI
crate holds a VME CPU processor connected to the VXI backplane through a 180-mm
extender. Although the basic building blocks for each VXI crate are the same, each
instrument can be configured to meet its individual requirements. Plug-in daughter boards on
the TOF modules provide variations to service either single-ended or linear position-sensitive
"'He tubes. The TOFA, a variant of the TOF, serves two-dimensional area-sensitive 'He
detectors. Electronics at the front end of these three models of TOF modules will
accommodate the different detector technologies, but the back end including time stamping,
buffering, vetoing, and readout are essentially identical. The TOF modules service 16, 8, and
1 of the single-ended, position-sensitive, and area-sensitive 3He detectors, respectively. The
number of crates and TOF modules per crate are determined by the requirements of the
instrument. Note that the TOF modules are implemented in a VXI form factor but use the
VME bus protocols.

Each VXI crate will normally be configured with one VME processor module to serve as the
readout controller. If additional processing power is required, a second processor may be
added to the VME module. For even more processing additional processor modules may be
added to the crate at the expense of the TOF modules.

Each crate also has one read-out controller (ROC) module. The ROC performs such ancillary
functions as distribute TO pulses to the various TOF modules and optionally to other crates,
flow control, and test pulses for detector-electronics calibration or verification.

Starting with the TOF module as designed and built at Argonne, we have modified only the
field programmable gate arrays (FPGAs) to accommodate our requirements. We record 64-
bit events in the FIFO where each event consists of 24 bits of time, 16 bits of channel
identification, and pulse-height information, either 8 bits for singled-ended tubes or 16 bits for
position sensitive tubes (8 bits for each end). Unused bits are set to zero.

The performance of the network that links the front-end VME processors with the data
acquisition server will be determined by the count rate and readout requirements of the
instrument. Often this network need not be better than the 100 Mb/s (megabits/s) Ethernet in
use today. Future performance can be boosted with the addition of a PMC with a 1 Gb/s
Ethernet controller on the processor board.

Software for the real-time processors will be based on the commercial operating system,
VxWorks, from Wind River [5], which is widely used through the nuclear physics, high-
energy physics, and instrumentation communities. Using different board support packages,
VxWorks is available for virtually every commercial VME processor module in the market
thus providing yet another dimension of flexibility. Early implementations of the data
acquisition system may be easily upgraded as more powerful microprocessors are designed
into VME boards.
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In each processor the experimenter may choose from a set of parameterized histogramming
algorithms or may provide a custom algorithm. The programming language for the algorithm
may be FORTRAN or C. The data acquisition system will provide a standard environment
and a library of functions to facilitate development of custom histogramming algorithms.

Most LANSCE instruments will use PCs running Lab View [6] to control external equipment
necessary to regulate environmental parameters such as temperature, goniometer position, slit
position, etc. Through an interface to channel access, these PCs will act as EPICS IOCs
(input/output controllers) [2].

B. Graphical User Interface

Generally the GUI for the data acquisition system is simply a commercial Java-enabled Web
browser available from several vendors. Should the network graphics performance be
inadequate for some applications, then experimenters may use the data acquisition server
directly. Of course the advantage of the browser interface is its extreme accessibility, i.e.
experimenters may control the measurement from anywhere on the Internet. The benefits of
this approach include experiment control from home or while on travel and, with some
coordination from the Lujan Center personnel, remote control and monitoring from facilities
worldwide.

Web access must be regulated. We cannot allow malicious interference from hackers on the
Internet or even inadvertent interference from other experimenters to jeopardize the integrity
of measurements or the safety of an instrument. For example, SMARTS is a $5M instrument
with moving parts capable of crushing a person. Therefore to protect our investment and to
operate safely, security measures must be an integral part of our Web interface. Currently the
technology for secure Web transactions is rapidly evolving, and we believe it will offer a
mature solution before the new data acquisition system goes into production.

We are using the Java language to implement the GUI interfaces that we develop for each
instrument. Numerous "drag-and-drop" GUI-builders are now available to construct a
significant portion of the Java code. Since the Java code executes in the Java Virtual Machine
within the Web browser, the code is automatically portable to all hardware platforms and
operating systems offering a Java-enabled browser.

C. Data Acquisition Server

The data acquisition server is a commercial PC that runs WindowsNT. As shown in Figure 1,
the hardware must be configured with two network adapters, one for the private high-
performance network for the real-time systems and the other for the public Internet. The file
archive, where the data are stored in NeXus files for all instruments in our facility, is
accessible through the Internet.

The data acquisition server is the center of the software system that provides run control and
monitoring for an instrument. Through software interfaces the experimenter defines a
database that contains all the information required to configure the instrument for the desired
measurement. Some of this information specifies how the histograms are organized for this
measurement, how the time is compressed, how channel numbers relate to physical
parameters, what are the sample parameters, etc. Browser tools facilitate copying, editing,
and viewing such databases.

Through a browser a user can also initiate a measurement defined by a specified database and
stored on the data acquisition server. At this point the data acquisition server must initialize
the real-time hardware and environmental parameters. Thereafter the work is performed by
the real-time system. To monitor the experiment a user may view histograms that are
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accumulating in the processor's memory. Read requests from the user for 'live' data are
communicated through the browser to the data acquisition server, and the data acquisition
server reads the content of the relevant memory from the VME processor and develops the
image of the display. This image is then returned to the browser.

As data accumulation progresses, either the user manually or the real-time system in an
automated mode recognizes that sufficient data have been counted and signals the data
acquisition server that data collection should be terminated. At the discretion of the
experimenter the histograms and contents of the database are formatted into a NeXus file and
written to the local disk. A duplicate of the NeXus file is also exported to the data archive
located elsewhere on the network. For near-real-time analysis, the experimenter may choose
to write an analysis input file that is a subset of all the information included in the NeXus file.

Through use of scripts, the data acquisition server may be configured for automatic
sequencing of measurements. With this capability a series of measurements can be set up to
run in the absence of error conditions without manual intervention.

4. Software

The new data acquisition system software for neutron scattering instruments is being
developed using formal object oriented analysis and design methods (Shlaer-Mellor
OOA/RD) in conjunction with automatic code generation. The use of rigorous models with
code generation guarantees that requirements and design models are in step with the code and
allows many development and maintenance activities to take place at a relatively high level of
abstraction free of concern for the implementation details of a particular coding language.

The Shlaer-Mellor 0 0 A and Recursive Design method [7], [8] partitions a system into
independent subject matter domains, some of which can be pre-existing, some can be created
by normal hand coding, and some implemented by code generated from formal models. A
system typically has one Application Domain, a set of Service Domains, a set of pre-existing
Implementation Domains, and a special Architecture Domain that defines the mapping of
domains to implementation artifacts. A Domain Chart and an accompanying description
document are created to precisely define the domains that constitute a system and their
relations.

Figure 2 shows the Domain Chart for the LANSCE data acquisition system. The relation
between domains is defined in terms of "bridges", which are represented on a Domain Chart

User Interface Services

Instrument Operations

User Perl Script

n_
User Java Task

(GUI)

< • • - . .

Data Acquisition

Hardware Access User Algorithm

User C++ Task n_
EPICS
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IDL

!

Archive
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Figure 2. Data acquisition system Domain Chart.
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as arrows between domains. The arrows do not depict data flow. In fact, data typically flows
in both directions across a bridge. The arrow represents a dependency or "requirements flow".
It can be read as: "the (client) domain assumes a (service) domain exists in order to ...". A
Domain is the scope of a Shlaer-Mellor model (if we chose to build a formal model).

Since most real-world systems incorporate pre-existing subsystems or subsystems that are
implemented with "traditional" coding methods, the method must accommodate them. The
domain concept provides an easy solution, since by definition one domain is completely
unaware of the internal structure of the other domains it communicates with. Bridges provide
the framework for integrating non-modeled domains. It is a convention that the
implementation of the service domain incorporates the bridge implementation for all client
domains.

The Domain Chart in Figure 2 shows the major components of the first release of the
LANSCE data acquisition system. The major functional components, organized as
Application and Service Domains are:

• Instrument Operations (Application Domain): neutron scattering instrument configuration,
initialization and run control from the point of view of the scientist/operator.

• Data Acquisition: readout of instrument data acquisition hardware and invocation of user
provided "user algorithm" software for processing and histogramming (typically
distributed over multiple VXI crates).

• User Interface Services: support for user interaction with the system, including handling
of requests and responses for multiple user sessions, including scripts, guis, and spawning
of user applications in response to system occurrences. The first release supports only a
single GUI application.

• User Algorithm: user supplied event processing software that runs in the VXI crates, but
must obtain instrument parameters from the Instrument Operations domain.

• Histogram Management: provides services for allocating, incrementing, and retrieving
histograms defined in the Instrument Operations domain and distributed across all VXI
crates.

• Archive: service for archiving histograms and all relevant instrument parameters during
and at the end of a run into a permanent archive.

• Analysis: instrument specific algorithms for reducing the data and extracting measured
parameters.

• Hardware Access: services for accessing system hardware, including data acquisition
hardware and ancillary system hardware (choppers, high voltage, sample changers, etc.).
Much of the latter will be accessed via EPICS; however, the first release does not support
ancillary systems.

So far we have implemented the first three domains for formal OOA modeling, since it was
especially useful to capture and maintain the complex requirements of the instrument and data
acquisition components using the formalism. We used "traditional" code development
techniques for the other domains, since we had experience implementing similar subsystems
and also we wanted to confine the formal modeling to a subset of the entire system since this
was our first experience with the formal techniques.

The DAQ software is now in use on three systems. Release 2.0 integrates Windows NT and
VxWorks systems with simple GUI, user algorithm, and NeXus file generation capabilities.
While the performance of 104 events/s/crate is not adequate for production, most of the
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essential functions are present and working. As yet we have not optimized the code for
performance or integrated slow controls.

5. Conclusions

The architecture identified in this paper provides modular software and hardware for data
acquisition that enables construction of extensible systems for all neutron scattering
instruments at LANSCE. Using commercial and public domain software and hardware
components, our implementation extensively exploits the work done by others. Furthermore
the novel use of Web-based servers and browsers permits unparalleled flexibility for the
remote conduct of experiments perhaps even eliminating the necessity of travel for some
experiments.

We have used object oriented analysis methods to automate generation of source code. We
find this approach clarifies the function and relationships of system components. We have
successfully applied the methodology to both the Windows NT server and the processors in
the VXI crates running VxWorks.
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Abstract

An Integrated Spectral Analysis Workbench, ISAW has been developed at IPNS with the
goal of providing a flexible and powerful tool to visualize and analyze neutron scattering
time-of-flight data. The software, written in Java, is platform independent, object oriented
and modular, making it easier to maintain and add features. The graphical user interface
(GUI) for ISAW allows intuitive and interactive loading and manipulation of multiple spectra
from different "runs". ISAW provides multiple displays of the spectra in a "Runfile" and
most of the functions can be performed through the GUI menu bar as well as through
command scripts. All displays are simultaneously updated when the data is changed using the
Observable-observer object-model pattern. All displays are observers of the Dataset
(observable) and respond to changes or selections in it simultaneously. A "tree" display of
the spectra in run files is provided for a detailed view of detector elements and easy selection
of spectra. The operations menu is instrument sensitive so that it displays the appropriate set
of operators accordingly. Automatic menu generation is made possible by the ability of the
DataSet objects to furnish a list of operations contained in the particular DataSet selected at
the time the menu bar is accessed. The transformed and corrected data can be saved to a disk
in different file formats for further analyses (e.g., GSAS for structure refinement).

1. Introduction

ISAW has been developed at the Intense Pulsed Neutron Source, Argonne National
Laboratory, to provide a means to look at neutron scattering data (IPNS Run files). At IPNS,
pulsed neutrons are used to characterize materials using time-of-flight [1] neutron scattering
techniques. The raw data often must be preprocessed to subtract background noise, remove
bad detector contributions, normalize by the incident spectrum and so on. ISAW provides the
means to view and manipulate a large number of spectra interactively, therefore, the software
should offer effective tools to display and discern anomalous data so that users can quickly
tell if some detectors in the experiment are dead or noisy, but also can compare a series of
spectra with respect to the variation of a physical parameter, for example, the temperature or
pressure.

- 6 7 8 -
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ISAW has been written in Java mainly because the software needed to be portable and
platform independent. This was a primary requirement as IPNS has a vigorous user's program
wherein visiting researchers who perform experiments at IPNS may want to analyze the data
at their home institutes using a variety of commonly available platforms. Access to ISAW
over the web was also one of the initial design considerations. In addition to being portable
and platform independent, Java also provides a pure object-oriented framework making it
very extensible. As a case in point, different parts of ISAW have been developed by
individuals, some using MS-Windows and some using Linux. The effort to integrate these
parts into the final product has been quite minimal. The absence of pointers makes Java
comparatively easier to learn than C++ and also makes it less error-prone. Java provides a
robust, fault-tolerant and secure framework to develop applications with features like
exception handling, policy-based access control, certificate interfaces and X.509v3
implementation [2].

2. ISAW Organization

Most present day applications are developed using the Model-View-Controller (MVC) pattern
[3, 4]. This pattern separates the application data (the model) from its presentation (the view).
Furthermore the flow of the application based on user interaction (the controller) is also
separated, see Fig. 1. ISAW has been developed along the MVC pattern and thus can be
conceptually split into three tiers. The first tier consists of the graphical user interface classes
that are present in a package called IsawGUI. Swing class libraries that are provided as a part
of the Java Foundation classes and contain components such as frames panels, buttons, etc.
have been used in IsawGUI to build the presentation interfaces. The second tier consists of the
controller. These classes, present in the Swing libraries, respond to user events and provide
data to IsawGUI. The communication between the GUI and the controller is carried out using
standard Java event mechanism. The third tier consists of the model or the application data. In
ISAW, the model is a DataSet object ( a collection of spectra together with associated
information such as attributes, operations, axis units, etc.) which knows nothing about how
the data are presented to the user. In this article we discuss the first tier, the graphical user
interface. The Data model will be discussed in another article.

Tier 1 Tier 2 Tier 3

User Interface Controller Data Model

Figure 1. The MVC architecture

3. IsawGUI layout & features

The look and feel of an application is a critical factor in determining its ultimate value
to the end user. The interface provided by ISAW is designed to be highly usable and can be
easily learned resulting in enhanced user productivity. When ISAW is launched it displays a
screen that is divided into four parts (Fig. 1). The top left panel referred to as the "tree"
display is where the files structure is displayed in tree form. The top right panel referred to as
the "view" display shows the different views that can be invoked on the run files. The bottom
left panel referred to as the "attribute" display shows the properties or attributes of objects that
are selected in the "tree" display. Finally, the bottom right panel referred to as the "command"
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display has a number of tabbed panels that display the history of the operations performed on
the selected run file, the "Session Log", some system related information and an area in which
to store and invoke scripts. In addition to the four display panels there is a menu bar with
various menus and menu items. The menu items along with the "scripts" are the primary
mechanisms by which various functions, operations and viewers can be invoked on the data.

File Edit View Options Operations Macros Window Help

Runfiles <

9 CJ be'-sion

9 QGPPD1 0724 RUN
^ • d 1 M1J3PFD10724

9 d GUSD4602.RUN
®"C14:M1J3LAD46O2
? tJ5H1_OL»4602

Q Group ID 1
0 Group ID 2
0 Group ID 3
Q Oroup ID 4
Q Group ID 5
0 Group ID 6

• 0 Group ID 7
0 Group ID 8
Q Group ID 3
Q Group ID 10
Q Group ID 11
O Group ID 12
0 Group ID 13
Q Group ID 14
O Oroup ID 15
O Group ID 18
O Group ID 17
Q Group ID 1B
PS Amnn imct

{ AtfrlSule
;Group ID
RutiKuintier
Tune Field Type
_Detedor IDs
Initial Path
sEttudtve Position

'_ Value
71 *
4602
3
2133:2224
105
26=44.98:r=1.52
44382
O'J56
0

1
iTotai Solid Anqle
jEfficiency
jNumber of Pulses I64846B
Total Count 1406,042

] DataSetLog Sussionl-aj] Detector Irifo System Prouertles : CDinmalidt'ane

9 f j TieeUB
9 C3 2:H1_GPPD10724

Q Loaded H1_GPPD1O724

Figure 1. Snapshot of the IsawGUI window displaying a loaded run file along with two
different viewers.

IS AW menu bar
The menu bar consists of the File, Edit, View, Options, Operations, Macros, Window

and Help menus as shown in Fig 2. Each menu provides a list of menu items corresponding to
various tasks. For instance, the File menu provides various ways to load run files. A file
dialog box allows user to select files over the local area network.
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; f$^$tpiMP -' : Operations Macros VHfadow Help

• FBe: Edit View Options Operations fVcrns W-nitow l l ^ i ] Scalar Operations >;
; , , „ _ : " ,' Integrate a p u p
; LoadRmis : ;
: . ' i Calculate Women}

; Load Macro * j

I Load Script !

•• Load Entire Ri!ile(§) j

I Load Selected Data j

| LoadiSJIWData
• SaveiSMData

' Printtoffe
• I'f.i • .-•ii-l!' (

•' ' Convert to Q

Convert to Energy:• M

Figure 2. The ISAW menu bar displaying the File and the Operations menu items

The "Operations" menu allows users to invoke different operators that combine and modify
one or more data sets and produce a new data set. Basic operations such as scalar addition,
multiplication, integrated cross section etc. are supported by all DataSets. Each new DataSet
for an instrument carries with it a list of relevant "operators" based on the instrument type.
When a new DataSet is created by a DataSetFactory object, the appropriate operators are
assigned to the DataSet. The Operations menu is automatically populated with the names of
the operator objects included in the currently selected DataSet. Each operator object carries
with it the list of required parameters. A generic parameters input dialog box is displayed
when an operation is invoked and allows users to specify the parameters needed by the
operation. This allows new operators to be written and used without any changes to the user
interface.

"Tree" display:
The "tree" display shows the loaded runfile by putting it into a "tree node" after

separation into monitor and histogram DataSets. M and H prefixes are used to distinguish the
monitor and the histogram data, Fig.3a.

"Attribute " display:
Each DataSet and Data (individual spectra) object contains a list of attributes. The list

of attributes associated with the currently selected DataSet or Data is displayed in the
"attribute" display area as shown in Fig. 3b.
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Figure 3 (a) A selected data item in the "tree" display and (b) the corresponding
attribute values in the "attribute" display.

"View" display:
Several views of the DataSets are currently supported (see Fig 1.). These views appear

"internally" inside the "view" display area. They can also be generated external to the
IsawGUI window. The different views include an image display of the all the spectra in a
DataSet and also a scrolled set of line graphs. The images and graphs can be zoomed in/out to
magnify/reduce the detail features. The image and graphs view also provide various ways to
visualize and manipulate the data by allowing multiple spectra selection and performing
deletion, sorting, etc. on the selected spectra.

"Command" display:
The "command" display area provides a number of tabbed panels that convey different

kinds of information to the user Fig. 4 (a, b). The DataSet Log displays the log of operations
for the currently selected DataSet. The Session Log displays all actions including operations
that are performed during an ISAW session. Detector Info provides some information on the
detectors in a group and System properties tells about the memory and system parameters.
The CommandPane allows users to write scripts, save scripts and open
previously saved scripts. Each operator has been provided with an "easy to use" textual name
and can be used in scripts. The CommandPane class provides the following:

1. A text editor pane to compose and test command scripts.
2. An immediate pane to execute one instruction at a time.
3. Automatically generated dialog boxes for parameters to scripts.
4. Transfer of DataSets to/from an observer program.
5. Execution method for command scripts passed in from an observer program.
6. Batch mode execution of command scripts.
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Figure 4 (a) Snapshot of the DataSet Operations log (b) Partial view of a script in the
CommandPane.

4. Component updates: Design by Notification
When the selection of the DataSet object changes in the "tree" display it is important

to have a consistent and true view of the currently selected DataSet in the other displays of
IsawGUI. Thus, some mechanism to track the currently selected DataSet object needs to be
established. We have used a form of active notification, wherein the notification responsibility
lies with the object that changes. This object-model pattern [5] is also known as the
Observable-Observer model, Fig 5. In this model the Observable maintains a list of
Observers. When the Observable object changes in a significant way, it notifies each of its
observers. After the Observers receive the notification from the Observable they need to take
appropriate actions to "update" themselves. This model has two main advantages:

1. It reduces overall message traffic.
2. It reduces the coupling that an observable has with its observers.

In ISAW a DataSet object is an observable that carries with it a list of observers, such as the
different views, the "tree" display, the "attribute" display and so on. As the currently selected
DataSet is changed either by invoking some operation on it or by merely selecting a different
DataSet (by Message Inward) the "observers" are all notified and updated by calls to their
"update" methods.
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Observer
Image View

Notification

Observer
Graph View

Message Inward
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(DataSet)
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Observer
"Tree" display

Notification

Observer
New display

Figure 5. Schematic of the "Observable-Observer" object-model pattern

5. Summary
A highly interactive, portable, and extensible interface, IsawGUI, for spectral analysis

of neutron scattering data has been developed. IsawGUI tries to provide a consistent look and
feel for ease of use. It is designed to minimize the coupling between the data model and
presentation layer. The software is being refined and expanded to support more user case
scenarios and it is anticipated that very soon it would progress from the 1.0 beta version to a
full release.
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Abstract

An outline of our profile analysis method, which is now of practical use for the asymmetric
KENS pulsed thermal neutrons, are presented. The analysis of the diffuse scattering from a
single crystal of D2O is shown as an example. The pulse shape function is based on the Ikeda-
Carpenter function adjusted for the KENS neutron pulses. The convoluted intensity is
calculated by a Monte-Carlo method and the precision of the calculation is controlled. Fitting
parameters in the model cross section can be determined by the built-in nonlinear least square
fitting procedure. Because this method is the natural extension of the procedure conventionally
used for the triple-axis data, it is easy to apply with generality and versatility. Most importantly,
furthermore, this method has capability of precise correction of the time shift of the observed
peak position which is inevitably caused in the case of highly asymmetric pulses and broad
scattering function. It will be pointed out that the accurate determination of true time-of-flight is
important especially in the single crystal inelastic experiments.

1. Introduction

In a conventional profile analysis of coherent elastic and inelastic scattering peaks from single
crystal samples, one determines the physical parameters by fitting calculated intensity to the
observation assuming a model scattering function. For the data taken by the triple-axis
spectrometer, the method of determining, for example, the inverse correlation length from the
diffuse scattering from short range order is well established. For the thermal neutrons form the
KENS pulsed sources, however, the pulse shape is highly asymmetric and the instrumental
resolution function for the single crystal experiments is also considerably asymmetric.
Consequently the conventional gaussian approximation does not work for the analysis which
needs high accuracy. In order to overcome this, we have proposed a full numerical convolution
method [2] by utilizing the lkeda-Carpenter pulse shape function 13]. This routine was,
combined with the least square fitting procedure, used for the resolution correction of the MAX
inelastic spectrometer. In this report, we show representative results and point out that this
method is indispensable for the calibration of the spectrometer in the case of single crystal
experiments. The convolution with the use of the reliable pulse shape function would be the
best way of deducing the true time-of-flight (TOF) from the observed peak. We demonstrate the
applicability in the case of the diffuse scattering from a deuteron-ordered single crystal of KOD-
doped D2O ice. (For details of the science of this study, one should refer a separate report).

2. Outline of analyses

The procedure is straight forward and similar to the conventional method used in the data
analysis on the triple-axis spectrometers. Convolution of the model cross section with the
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instrumental resolution characteristics is performed by means of the Monte-Carlo integration
(simulation) technique. A nonlinear least square routine (the Levenberg method |3]) is
combined for the purpose of fitting the convoluted profile to the observation. As an example,
the elastic diffuse peak in D2O ice is shown, but the procedure for the inelastic scattering is
essentially the same. A flowchart of the procedure is shown in Fig. 1.

start

Prepare TOF data

Set a model scattering
function

Set initial parameters

Do the Monte-Carlo convolution
(ex. relative error < 0.1%)
Calculate delivatives tor the
parameter adjustment

Calculate the chi-square or
test the goodness of fit

Adjust parameters
according to the
Levenberg method

no T
yes

end

Fig. I Flowchart of the analysis.

Prior to the analysis, the profile of the incident neutron pulse is determined by using Bragg
peaks of a standard single crystal of Si or PC Note that the instrumental resolution effecUs
already included in this observed Bragg peaks. Therefore the deconvolution procedure is
necessary in this stage to estimate the adequate profile parameter of the incoming neutrons.
Results are shown in Fig. 2. There remains at present, however, some difficulty in reproducing
the observed pulses in a wide time-of-flight (TOF) range (see Si (111) case in Fig. 2) with a
single set of parameters though the reproduction is sufficient for a limited wave length interval.
Next, a model scattering function and initial parameters are set. In the present example as
shown in Fig. 3, a Lorentzian form of the scattering function is assumed for the broad profile
due to the short range order in the early stage of the ordering process and a squared-Lorenlzian
plus Lorentzian form was tried for the data taken in the later stage since the single Lorentzian
form could not fit the data. With the use of the pulse shape function determined above, the
convolution is made by means of the Monte-Carlo multi-dimensional numerical integration (or
equivalently the Monte-Carlo ray-tracing method). Combined with the nonlinear least square
fitting procedure, the parameters have been determined. The capability of the fitting is
satisfactory in spite of the highly asymmetric pulse shape as shown in Fig.3.
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In the inelastic experiments with single crystal samples on the inverted type inelastic
spectrometer like MAX. the energies of the scattered neutrons are usually calibrated by the
incoherent elastic peak of Vanadium. Without any correction, the observed peak position does
not correspond to true TOF and therefore a proper consideration of the time shift is essential for
the accurate scans because the precise setting of the inelastic scans rely on the calibration of the
energies of the scattered neutrons. We should emphasize that, since the misalignment of the
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spectrometer caused by this kind of time shift results in the systematic errors, the accurate
correction is essential for the single crystal experiments.

3. Discussion

We have shown that our method is practical and capable of analyzing the scattering intensities
from single crystal samples in the case of the extremely asymmetric pulses as long as an
appropriate pulse shape function is provided. The calculation time for the single peak fitting is
tolerable even on PCs. Furthermore, this kind of numerical method would be the best way of
dealing with the time shift in the observed peak. The method is easy to extend for fitting of two
and three dimensional data array. The source codes will be opened after some refinement has
been made.
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Abstract

We analyze the different steps that must be followed for data processing in Deep Inelastic
Neutron Scattering Experiments. Firstly we discuss to what extent multiple scattering effects
can affect the measured peak shape, concluding that an accurate calculation of these effects
must be performed to extract the desired effective temperature from the experimental data.
We present a Monte Carlo procedure to perform these corrections. Next, we focus our
attention on experiments performed on light nuclei. We examine cases in which the desired
information is obtained from the observed peak areas, and we analyze the procedure to obtain
an effective temperature from the experimental peaks. As a consequence of the results
emerging from those cases we trace the limits of validity of the convolution formalism usually
employed, and propose a different treatment of the experimental data for this kind of
measurements.

1. Introduction

Deep Inelastic Neutron Scattering (DINS), first employed by Hohenberg and Platzman
in the study of the Bose condensation in 4He [1], is a technique nowadays widely employed in
determining the momentum distributions in the study of the dynamics of atoms in different
environments. DINS is a useful tool due to the fundamental information it provides to many
fields of Physics, Chemistry and Materials Science. The development of this technique is
closely related to the theoretical developments to establish a link between experimental data
and the desired momentum distributions, mainly due to Sears [2] and Mayers [3].

DINS experiments, performed in pulsed neutron sources, consist basically in an
energy analysis carried out through the use of resonant filters in the range of few eV, either in
direct or inverse geometry, the latter being the best one concerning energy resolution [4]. The
width of the observed peaks keeps a direct relation with the kinetic energy of each atom,
while in other experimental situations the desired information is extracted from the areas of
the measured peaks [5]. However, as it will be shown in this paper, the results obtained from
this technique, have to be corrected for experimental effects such as attenuation and multiple
scattering [6]. Also, an extremely careful treatment must be performed on the experimental
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data in order to extract a correct interpretation from them, especially when light nuclei are
involved.

2. Basic equations

We will concentrate our analysis on the case of an inverse geometry experiment, i.e.
with a resonant filter placed in the path of the neutrons emerging from the sample, which is
the most usual configuration [7]. In Fig. 1 we show a schematic diagram of the experiment.
Incident neutrons with energy Eo (characterized by the spectrum &(Eo)\ travel a distance Lo
from the pulsed source to the sample. After scattering in the sample at an angle 9, neutrons of
final energy E travel a distance Ls to the detector position. A resonant filter is placed in the
scattered neutron path and consecutive 'filter in' and 'filter out' measurements are performed.

Let o(Eo,E,6) be the double differential cross section of the sample which will,
hereafter, be considered isotropic. The difference ('filter out' minus 'filter in') in the number
of detected neutrons per unit time between times of flight t and t+At is

c(t)At = AQAt

Pulsed Neutron
Source

Resonant filter
e

Sample
FIGURE 1: Experimental setup

where e(E) is the detector efficiency and AQ is the differential solid angle subtended by the
detector. A filter with a total cross section CTF(E), thickness T, and number density n is
interposed in the scattered-neutrons path, the count rate will be affected by the filter
transmission. The magnitude expressed in Eq. (1) will be called absorption intensity hereafter,
representing the count rate at time t within the channel width At.

The total time elapsed since the neutron is emitted from the source until it is detected
is

m '-'S
(2)

so the integral (1) must be performed at constant time taking into account the relationship (2)
between Eo and E. The Jacobian \SE/St\ has to be evaluated at a fixed time / according to Eq.
(2) as indicated in Ref. [8].

Eq. (1) is the complete description of a neutron Compton-profile as a function of time
of flight if only single scattering is considered. An inspection of it reveals that besides the
double differential cross section, it depends on the shape of the incident spectrum, the detector
efficiency and on the complete total cross section of the filter.
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3. The convolution approximation

Given that the DINS technique is aimed at obtaining the momentum distribution, the
most usual procedure for data treatment is to transform the time scale to the y-scale [3],
defined as

M(. h2q2) (3)
v= , \hco- ^ \.

h2q{ 2M )

where M is the mass of the scattering atom, fiq is the impulse and hoa the energy transferred
by the neutron to the sample. In this representation, assuming the validity of the Impulse
Approximation, it can be shown that the dynamic structure factor S(q, co) can be written [2]

hq
where J(y) is the momentum distribution function along an axis collinear with q.

The usual procedure to relate the experimental time-of-flight measurement with J(y) is
to use an approximate expression for the absorption intensity instead of Eq. (1) given by [9]

^ A / ( £ £ # ) ? ( £ )AQA£
dt

In Eq. (5) the effect of the filter is expressed by assuming E\ as the final, well-defined energy
of the scattered neutrons, which is the energy of the main absorption peak (4.908 eV in the
case of gold). If the sample is assumed to consist of different atomic species, being NM the
number of atoms of mass Mand scattering length bM, the double differential cross section can
be expressed, with the help of Eq. (4) as

a(Eo,£,,0) = 5 > X j f MJM(yM)
The combined effects of filter resolution and geometric uncertainties are expressed via

a mass dependent resolution function RM^M)- The final expression in this approximation is
then obtained through the convolution

i f 1 1 ^ b 2 M J { ) % R M { y M ) . ( ? )

An atom bound in an harmonic potential or free as in an ideal gas presents a gaussian
Compton profile J(y), where (the square of) the width is directly proportional to the effective
temperature. In the case of an ideal monatomic gas this (square of the) width is directly
proportional to the actual temperature. If the scattering system is an atomic gas and its
temperature tends to zero, Eq. (7) gives a result proportional to the resolution function, as
«/A/6W tends to a 8-function in the recoil energy (i.e. yu^Q) • This allows to calculate the
resolution function for a mass M starting from Eq.(l), where o(Eo,E, 9) is that of a gas of mass
M at zero temperature

A note on the main differences between Eqs. (1) and (7) seems in order. Although
both aim at the description of the neutron Compton profile, the first is an essentially exact
expression in which for every time of flight all the pairs of compatible energies Eo, E are
considered, while in the second the final energy is kept fixed at the filter's resonance value.
Furthermore in Eq. (7) a convolution description is imposed, which is not directly deducible
fromEq. (1).
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4. Analysis of experiments

In this section we will analyze different experimental situations, and we will point out
the procedures that have to be followed in order to obtain the desired information from the
data.

(a) Multiple Scattering effects
Since the information sought in a DINS experiment is obtained from the peaks' areas

and shapes, the first corrections to be undertaken are multiple scattering and

FIGURE 2: DINS profiles for
graphite samples with different
thicknesses. Experimental data
(dots) are compared with Monte
Carlo simulations. Single scattering
contribution (full thin line), multiple
scattering (dotted line), and total
scattering (thick line) are shown.
Extra peaks at the left are due to
additional resonances of Indium. In
the inset of the lower frame the
attenuation factors of both samples
are shown (multiplied by a factor
10).

attenuation effects. To illustrate
them we show an experiment
performed at the Bariloche
electron LINAC (Argentina), on
two graphite coin-shaped
samples, 3.5-cm diameter and 1
and 2 cm thickness respectively.
The sample was placed at 511 cm

t (u,sec) from the neutron source, and the
neutrons were detected at an
angle of 56° by six 3He detectors,

placed in a hexagonal-corona geometry at 27.5 cm from the sample. The analyzer was an
Indium foil 0.19 mm thick. A Monte Carlo code described elsewhere [6] was devised to
calculate the multiple scattering and attenuation effects. Fig. 2 illustrates the experimental
results along with the results from the numerical simulations. Agreement between both results
is very good. A substantial contribution from the multiple-scattering component is apparent
for the proposed geometry, and causes an asymmetry towards the lower time-of-flight
channels. In the inset of the same figure we show the attenuation factor, which has to be
applied to the single scattering data in order to get the proper shape of the single-scattering
peak. It is observed that it provides another source of asymmetry.

450

- 6 9 2



JAERI-Conf 2001-002

(b) Peak areas
In all the subsequent analysis, the geometrical parameters to be used are Lo= 1105.5

cm, Ls= 69 cm and 9= 69°, chosen to match a usual configuration of a typical DINS facility
[10]. A thin gold foil is proposed as resonant filter 0.017 mm thick, which gives a parameter
«J=0.0001 barn"1. We assume a ' / / £ ' behavior for the shape of the incident spectrum, and a
'7/v' behavior for the detectors' efficiency at those epithermal neutron energies.

In the first experimental situation that we will analyze, the required information is to
be obtained from the areas of the observed peaks, which in turn are proportional to the
scattering cross sections of the corresponding atoms. This situation corresponds to Ref. [5],
where an experiment on different mixtures of light and heavy water at room temperature was
performed, with the purpose to observe any anomalous relationship between the fraction of
the mixture and the scattering cross sections.

To proceed with the analysis, we calculated the absorption intensity curves for
different mixtures of light and heavy water according to the complete calculation given by Eq.
(1) and their relative intensities were fitted with the convolution approximation. The double-
differential cross sections for hydrogen and deuterium were modeled with a gas scattering
law, with an effective temperature calculated from the internal molecular modes employed in
the Synthetic Model described in Ref. [11]. The effective temperature is

KBleff kBT (8)

M M mol 'M,
where kg is Boltzmann's constant, Mmoi is the molecular mass, and X denotes a roto-
vibrational mode being Ex the energy of the mode and Mx the mass associated to it. With the
parameters for light and heavy water from Ref. [11] the resulting effective temperatures
(times Boltzmann's constant) are 115.22 meV for H in H2O and 80.11 meV for D in D2O. As
an example, in the inset of Fig. 3 we show the peaks of hydrogen and deuterium for a mixture
with 0.5 concentration of deuterium (XD). Oxygen contribution is well resolved from these
peaks and it will not be considered in the following analysis.

X

o.o 1.0

FIGURE 3: Ratio of the fitted areas of the H and D peaks times (xyi-xD)for different resolution
functions in several mixtures of light and heavy water. The horizontal line indicates the expected
value. In the inset H and D peaks for the mixture xo=0.5.
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Three resolution functions of hydrogen and deuterium obtained in different ways were
tested: (i) calculation from a complete description of the total cross section of the gold filter;
(ii) the filter cross section is described through a Lorentzian function for the 4.908 eV
resonance; (iii) a Lorentzian function in the variable y. In (i) and (ii) the resolution function
was obtained as the limit for T=0K of the Compton profiles. Although methods (ii) and (iii)
lack a complete description of the filter cross sections, they are the commonly used ones [10].

The magnitude to analyze is the ratio of the intensities of hydrogen to deuterium peaks
for a given concentration XD of heavy water

(9)

xnaDUD

Since otf=82.03 barns and CTD-7.64 barns [12], the quantity (AH/AD)(XD/I-XD) must be equal to
the constant a?//crirf=10.737. The intensities of the H and D peaks were simultaneously fitted
using the convolution approximation, with the three resolution functions mentioned above. A
single parameter was fitted for each peak, keeping the effective temperatures fixed for the
different mixtures. In Fig.3 we show the ratios of the fitted peak intensities of hydrogen and
deuterium times the factor XD/(1-XD) for several mixtures. The overlap between peaks is
observed in the inset of the same figure for a particular mixture. With symbols we indicate the
results obtained according to different resolution functions in the convolution formalism. A
horizontal line indicates the constant value that should be obtained. It is observed that using
the full resolution function (above referred as (i)) excess as large as 11 % is observed at low
XD, and a consistent value is reached only at large XD values. The use of resolution function (ii)
worsens the discrepancies, (in this case by defect) and reaches 40% of the true value at low
XD, and 65% with the use of resolution function (iii).

Additional information can be added to the problem of area measurements in DINS
experiments. According to the exact formulation as well as to the convolution approximation,
the peak areas are mass dependent. This dependence is illustrated in Fig. 4, where the areas of
different atomic masses ranging from 1 to 12 are compared. The scattering angle in the
calculations was 69°, and the effective temperature of the atoms 80 meV.

FIGURE 4: Comparison between
the areas calculated with the exact
formalism (black squares) and the
convolution approximation (white
triangles). In the lower frame the
ratios of both calculations is
shown

In the lower frame of Fig. 4 we
compare the ratios of both
calculations, showing that
especially in the case of
hydrogen, discrepancies of 5%
are obtained if the convolution

A approximation is used.

(c) Fitting of effective temperatures
The effective temperature, which characterizes the kinetic energy of the atoms, is the

data most commonly sought in DINS experiments. This value is obtained by fitting the
experimental data with a known distribution, which is Gaussian in the case of an ideal gas or a
harmonic oscillator [10].
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We will examine the question of extracting the effective temperature in experiments
performed on hydrogen, deuterium, 3He and 4He. In the following we will consider that the
overlap with other peaks has been properly removed, so we will consider only a single peak.
The studied peaks were generated in the time-of-flight scale by means of Eq. (1) with an ideal
gas model, with several input temperatures. We then tested the ability of the convolution
model, Eq.(7), to fit the generating temperatures, using the resolution functions (i) and (ii)
mentioned in the preceding section.

In Fig. 5 we compare the results thus obtained. We will examine firstly the results
corresponding to 3He and 4He. It is clearly seen that at low temperatures discrepancies as
large as 50% by defect are observed using resolution function (ii) while using resolution
function (i) these discrepancies are 20% by excess. At higher effective temperatures the fitted
temperatures tend to the same value employing both resolution functions. In the case of H and
D the fitted effective temperatures show the same trend as a function of the input temperature,
but in H the discrepancies in both resolution functions are relatively small, although the
obtained values have systematic errors always by excess.

5. Discussion and conclusions

In this paper we analyzed different situations that arise in DINS experiments, and
discussed the different ways to interpret the data, examining the limits in which the usual
approaches can lead to wrong results.

We derived Eq. (1), which is the complete description of the observed neutron
Compton profile as a function of time of flight. This essentially exact expression contains the
detailed shape of the incident spectrum as a function of the neutron energy, the transmission
of the analyzer filter and the detector efficiency, and is not reducible to a convolution form in
the variable y. It is worth to mention that we left aside the geometric effects, that in the case
of the convolution formalism, Eq.(7), add a gaussian component to the resolution function,
while in the exact formulation it should add extra integrals in the spatial coordinates.

The effect of multiple scattering and attenuation were shown in carbon samples of
different sizes. Monte Carlo calculations show good agreement with the experimental results.
The effects are important and this stresses the need to carry out good corrections in order to
proceed with further analysis. In order to perform these calculations a complete description of
the experimental setup has to be included.

In the next example where mixtures of light and heavy water were analyzed, the
interest is focussed in the intensities of the observed peaks. Despite the fact that this is not the
most usual situation in DINS experiments, it was recently a subject of great interest [5]. In the
cited reference an anomalous behavior in the ratio <JH/CTD in a DINS experiment was proposed,
although those results were not confirmed by high precision neutron interferometric
experiments [13]. Similar anomalies are found in our convolution-based analysis, as shown
in Fig. 4. A careful analysis indicates that the anomalies emerging from the calculations
performed with resolution functions (ii) and (iii) are caused by an incomplete description of
the gold filter's total cross section. Notably, they do not properly describe the low-energy
'1/v' behavior of the gold filter. This is translated in the negative values of the y-scale, which
in turn causes a tail on the right of the H peak (in the time-of-flight scale) not described in the
proposed resolution functions, thus resulting in an excess fitted area for the D peak. The net
result is an incorrect value for the ratio of the peak areas (Eq. (9)), which worsens with the
lower D concentrations due to the considerable overlap between the H and D peaks. We also
demonstrated that the mass dependence of the peak areas must correctly be taken into account
if conclusions have to be drawn from area measurements. Recent results using this technique
ascribe an anomalous behavior in the peak's areas of light nuclei to new phenomena [14].
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FIGURE 5. Ratio of the fitted temperature to the input temperature for H, D, 3He and 4He at several
input temperatures. The input distributions are based on the complete calculation (Eq. (I)), while the
fitting models are based on the convolution approximation. Black symbols indicate a fitting model
performed with the convolution approximation (resolution function (ii)), while the white symbols use
resolution function (i).

Although resolution function (i) is not usually employed a short comment on it seems
in order. Despite it takes into account the full cross section of the gold filter, the discrepancies
of the obtained results brings out the inadequacy of the convolution formalism to substitute
Eq. (1). Two main reasons make this formalism to fail: (a) the peaks in the time of flight scale
are not properly centered and, (b) the width of the peaks is underestimated. These facts
enhance the defects in the fitted areas, especially in this case where we have considerable
overlap between peaks. Also to notice, if we analyze mixtures of hydrogen and deuterium in
different environments than the light/heavy- water system, the results should be different from
the present ones, given that the different effective temperatures involved may cause different
overlap between peaks.

The analysis of the effective temperatures that arises in a DINS experiment produces
some interesting results on the way that the data must be processed. Regarding effect (a)
mentioned in the previous paragraph, it must be mentioned that the peaks experience a shift
towards higher times of flight as the temperature raises. The description of the peak center
contained in the approximated Eq. (7) differs from the exact expression, Eq. (1). The
convolution formalism overestimates the time shift of the peaks in about 1 |usec for H and D
and in a lesser extent for 3He and 4He. It is worth noting that this discrepancy was observed
experimentally on hydrogen as shown in Ref. [10]. Also to notice, this time-shift will be
lesser for larger masses due to the narrower momentum distributions involved in Eq. (1).

On the other hand, the cause for effect (b) must be found in the fact that the
convolution formalism is formulated in the ^-variable, and translated to time of flight
afterwards. The passage from y to / is made using Eq. (3) where for the calculation of q and
(o it was assumed that E\ is fixed. If the passage from y to / would take into account the finite
width of the gold resonance it should be calculated as a convolution between the distribution
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in y and a distribution function f(y,t) which would widen the observed distribution in /. The
width of that distribution must be compared with the resolution width. It is observed that this
uncertainty in the passage from y to / is especially important for A=l, thus producing an
artificial narrowing in the convolution approximation. Given that the narrowing is caused by
the passage from y to /, this effect will be different for the different variables intervening in
Eq.(3) (i.e. thickness of the filter, filter type and geometric configurations).

To complete the analysis of the result obtained in Fig. 5, another feature concerning
the resolution functions must be taken into consideration. Figure 6 shows the typical full-
width-at-half-maximum (FWHM) of the resolution functions of H, D, 3He and 4He compared
with the FWHM corresponding to the distribution function J(y) as a function of temperature,
whose expression is

n2

It is seen that for hydrogen, the width of the distribution dominates over the resolution width
over all the temperature range shown, except at very low temperatures (below ksT=l meV). In
the case of deuterium, the convolution is dominated by the resolution function below some 3
meV, 5 meV for 3He and 8 meV for 4He. These limits mark the regions where the largest
discrepancies of the fitted temperatures are manifested (see Fig. 5), i.e. in the region
dominated by the resolution function. On the other hand, in the regions dominated by the
distribution J(y) the fitted temperatures are closer but never equal to the exact value, due to
the above mentioned effects (a) and (b). For heavy nuclei, the effect of the resolution function
dominates at all temperatures of interest, and this is the reason why lead is commonly used as
a callibrator.

It is interesting to comment that in the case of 3He and 4He, the fitted temperatures
which are about 50% of the real temperature, in the low temperature region (about 1 meV)
proper of the liquid phase have an experimental correlate. DINS experiments reported on Ref.
[15] on liquid 3He produced an unexplained fitted value of the effective temperature a factor 2
lower than the theoretical predictions. In the cited paper the convolution formalism was used
in the analysis. In the case of 4He no anomalies in the expected value are reported, but the
present result should merit a careful revision on those data. It must be emphasized that the
discrepancies shown in the present work are referred to the ideal gas model employed to
describe all the proposed systems, which clearly does not hold in the case of liquid 3He and
4He. In these cases a better model to quantify the above mentioned discrepancies is
imperative. In the case of hydrogen, examples of such unexplained anomalous results can be
found in the literature [16] where effective temperature values lower than expected were
found for hydrogen in amorphous hydrogenated carbon.

In summary, in the present work we call attention on the usual modus operandi
employed in the analysis of DINS experiments. The usually employed convolution
approximation fails in several aspects:
• Deficient description of the peaks' right tail in the time-of-flight scale using resolution

functions (ii) and (iii),
• Position of the peaks' maxima in time-of-flight scale,
• Peaks' areas, especially for light nuclei,
• Observed distribution width.
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and we have discussed examples where those
problems lead to wrong results.

From the present results, we propose that
the analysis procedure must be based on the
complete expression (Eq.(l)) for the absorption
intensity on the time-of-flight scale, after a
careful multiple-scattering and attenuation
correction is performed. A precise knowledge of
the incident spectrum, the detectors' efficiency
and the filter total cross section as a function of
energy are of primary necessity.

FIGURE 6. FWHM of the resolution function
(horizontal line) compared with that of the momentum
distribution J(y) as a function of the temperature.
Upper frame: H (thin line) and D (thick line). Lower
frame: 3He (thin line) and 4He (thick line).
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Abstract

It is very important to place moderators with pulse characteristics suitable for the neutron
scattering spectrometers to construct a high performance spallation neutron source. However,
choice of the moderators is rather complicated problem since the requirement from the
spectrometer side is not unique and also no single moderator can satisfy the requirements
although there are various kinds of moderator types giving a variety of neutronic characteristics.
Therefore, to decide moderator types, we need to know the information of both neutronics and
spectrometers. We have indicated that the pulse characteristics are affected by the type of
moderator (coupled or decoupled), the choice of reflector material and decoupler, and so on.
Here, we explain the methods to control the pulse characteristics and also show various
neutronic characteristics we can obtain, in order to offer the data for the discussion of the
moderator characteristics suitable for the instruments.

1. Introduction

Many kinds of moderator systems for a spallation neutron source have been proposed aiming

to obtain good neutronic characteristics. A coupled liq. hydrogen is the moderator giving the

highest cold neutron intensity(l). We have not been discussing effective usage of the

moderator in detail since it is the new type moderator. Recent progress of the chopper type

instruments is remarkable(2) and other new type spectrometers such as time-of-flight spin echo

are being developed. These would require different type neutronic characteristics compared

with the traditional spectrometers. In accordance with development of the spectrometer,

choice of the moderator types at a spallation neutron source will become different from the

previous one. So, mutual communication between moderator and instrument peoples is very

important now to make the best choice of the moderator types.
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Here, we explain main features of pulse characteristics from various moderators and how can

we modify the pulse characteristics. These will be necessary data for the discussions with the

instrument people in order to construct a high performance spallation neutron source.

(a) Coupling type (c) Decoupling type

Premoderator

Hydrogen

moderator

Target

Decoupler

Reflector

(b) Partially coupling type

(bl) Decoupled premoderator (b2) Poisoned premoderator

i l l Side
premoderator

j g p Decoupler

Bottom

premoderator

K v, , \

Inner
premoderator

Poison

#yj/ Outer premoderator

• . • • • ' . • : • ; • ; . • ' • : • ' ' ' ' ' . . , , . , , , , . . - , „ . .

Fig. 1 Moderator types.

2.Moderator types

As moderator materials H2O, H2 and CH4 are used so far. However, in a high power

spallation neutron source monolith CH4 in liquid and solid phases may not be usable due to

radiation damage. In the Japan Spallation Neutron Source we are intending to use H2

moderators since all instruments want to use wide energy range. Therefore, here we mainly

explain the neutronic characteristics of H2 moderator.

In this paper I define three types of moderators. Figure 1 indicates some examples of these.

(1) Coupling type (Fig. l(a))

A moderator without absorber in a target-moderator-reflector system.

(2) Partially-coupling type (Fig. 1 (b 1) and (b2))

A moderator coupled to a part of a premoderator and/or reflector.
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(3) Decoupling type (Fig. l(c))
A moderator decoupled from a premoderator and a reflector.

3. How to control pulse shape

The pulse shapes are changed by the effect of size of moderator, decoupler, decoupling energy,

reflector material and so on. We explain the effects of these elements on various moderator

types.

3.1 Coupled moderator
A coupled moderator gives highest cold neutron intensity. Therefore, instruments viewing this

moderator mainly use the cold neutron region. In the cold neutron region, the pulse shape of a
coupled moderator is mainly determined by a reflector at tail, by a premoderator at first decay
and by a moderator at main peak. The best combination of this moderator system has been
proved as a hydrogen main moderator with a water premoderator since the H2 coupled
moderator gives almost the same cold neutron intensity compared with a coupled solid CH4

moderator(3). Therefore, we can only change the reflector material. It is well known that Be
gives higher integrated intensity than Pb but also gives longer pulse tail(4). Composite reflector
is a candidate to control the pulse shape. We performed simulation calculations to study the
effect of a Pb-Be composite reflector(5). We thought that tail came from Be part existing far
from the moderator, so we looked for the minimum volume of the Be around the moderator
with a condition of minimum decrease in intensity. Figure 2 shows geometry for the calculation,
in which we put three moderators, a coupled moderator with a premoderator, a decoupled liq.
methane moderator and a decoupled hydrogen moderator. This is used to be a model for the JHF
project but the main feature of the pulse characteristics of the coupled moderator is not different
from a model for Japan SNS. We calculated cold neutron intensity as functions of Be width,
length and thickness, and found that there exist positions where the intensity begins to saturate.
We decided the minimum size by these results and the geometry is shown in Fig. 3. Decrease
in the cold neutron intensity is very little, only 5% compared with the pure Be reflector case.
Figure 4 shows pulse shapes from coupled moderators surrounded by three kinds of reflectors.
The composite reflector gives a pulse tail lying between Be and Pb cases and a little bit higher
pulse peak intensity. Therefore, we can change the pulse characteristics by varying the
composition of Be and Pb. However, it should be decided by the requirement from the
instruments, namely, the question is which is more important between total integrated intensity
and pulse peak intensity.

3.2 Partially coupled moderator
This type of moderator is a modification of the coupled moderator and have been developed to

improve the pulse characteristics of the coupled moderator. The main neutron energy region

useful for the instruments is also cold region. Many methods have been proposed to control the

pulse shape. Reflector poisoning is an idea. We studied experimentally the effect of Cd sheet

with a size of reflector cross section placed in the reflector just under the target to reduce the
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long pulse tail of the coupled moderator(6). This method reduced the tail as well as peak

intensity. Succeedingly examined are the premoderator poisoning and the premoderator

decoupling from the reflector. These are indicated in (bl) and (b2) of Fig. 1. Premoderator

poisoning is the method to put an absorber in the premoderator and the premoderator

decoupling is the method to put an absorber between the premoderator and the reflector. Figure

5 shows the experimental results of pulse shapes of these moderator systems at two

wavelengths and Figure 6 shows the pulse widths in full width at half maximum. By using

these methods the pulse width becomes narrower and the pulse peak becomes lower. The result

indicates that the pulse shape becomes narrow only with the cost of reduction of pulse peak

intensity and also that various pulse widths are produced. So, we can choose any kinds of pulse

widths.

Reflector

Decoupled liq.CH4 moderator

liq.H2 moderator

3GeV Proton beam
Coupled liq.H2 moderator

Fig. 2 Geometry for calculation designed for JHF.
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Fig. 3 Optimized size for Be in a composite reflector.
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Fig. 6 Comparison of pulse widths of

neutrons from various moderators.

3.3 Decoupled moderator
The instruments using a wide energy range, for example, from epithermal to cold will view a

decoupled moderator. So, we should consider the pulse shape over wide energy range. Effects

of reflector, decoupler and also moderator itself appear in different ways depending on the

energy region.

3.3.1 Effect of reflector, premoderator and decoupling energy to pulse shapes
Even in the case of the same moderator size, the pulse shape is affected by following

conditions:

a. Reflector materials, Pb and Be,

b. Premoderator in the case of Pb reflector system,

c. Decoupler materials, Cd and B4C,

d. Decoupling energy in the case of B4C, ,

e. Decoupling scheme. (New ideas are proposed such as a multi-layer decoupler and Hg

reflector with a decoupler(7-8),

Figure 7 shows simulation results about change of pulse shapes at typical energies, cold,

thermal and epithermal. Left figures are linear and right semi-logarithmic plots. Here, the case

of a decoupling energy, Ed=0.4 eV, used a Cd decoupler and at higher decoupling energy B4C

was used. "Multi" means a new decoupler type arranging the decouplers along concentric

circles. "Pre" means premoderator placed outside the decoupler, which increase the intensity

very much.

In cold neutron region (see the upper figure of 1.87 meV data in Fig. 7) the neutron pulses

from a hydrogen moderator in various systems have almost the same shape. The difference

appears only in intensity. This means that in such low energy only the moderator affect the
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pulse shape, and that other components affect the total neutron intensity. So, we control the

pulse shape by poison in moderator or thickness as shown below. The intensity of Cd

decoupled case is much higher than that of B4C decoupled case. The difference is about 1.5-

1.7.

At thermal energy region where neutrons are still in slowing-down in liq. hydrogen moderator

(see the middle figure of 29.9 meV data in Fig. 7), we see some differences in the tail part of the

pulse shape although main part of the pulse has almost the same shape. A longer tail is

observed in the case of Pb reflector with Cd decoupler and premoderator, and lowest tail is

obtained by a Be reflector with 2.5 eV decoupler.

At higher energy (see the lower figure of 119 meV in Fig. 7), the difference in pulse shapes is

remarkable since this energy range is not far below the decoupling energy. Pulse shapes

obtained by a moderator with Be reflector show rather quick decrease of pulse tail compared

with a Pb reflector case at the same decoupling energy although the pulse peak intensity is

higher in a Pb reflector case with a premoderator than a Be one. New decoupling systems give

better pulse characteristics. As shown in the table below the figure, difference in pulse width is

not so large but large difference appears in tail part, 2nd decay. We can reduce the pulse tail by

adopting high decoupling energy and also by introducing new decoupling methods usually with

the cost of pulse peak intensity. At this energy a high-Q measurement of neutron diffraction is

performed. The intensity of the diffraction peak becomes lower due to Debye-Waller factor,

and the inelastic and incoherent backgrounds become higher compared with lower energy. It is

important to decide the allowable pulse tail for scattering experiments taking account the

realistic background components in the scattering experiments.

From engineering aspect feasibility of the B4C decoupler at a high intensity spallation source

is one serious issue.

3.3.2 Effect of poisoning and moderator size to pulse shapes

As shown in previous section the

pulse shape below far below the

decoupling energy the pulse shape

depends on the effective moderator

size. One method to change the

effective thickness is to insert a sheet

of neutron absorber (poisoning) in the

moderator. By inserting the absorber

neutrons see whole thickness above

cut off energy of the poisoning and a

part of moderator in front of the poison

below the cut-off energy. Which is

better between poisoning and thin

moderator? Figure 8 shows
experimental data of various energy

spectra from poisoned and un-

poisoned moderators with Cd or B4C
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decoupler. As a reference a spectrum from a liq. methane moderator is also shown. There is

almost no difference in the spectral shapes from hydrogen moderators. The intensity in the case

of Cd decoupler is much higher than that in B4C. Figure 9 shows an example of the pulse

shapes from a thin hydrogen moderator (22.5 mm thick) and a center poisoned hydrogen

moderator (45 mm thick, namely, effective thickness 22.5 mm). It is clearly recognized that the

poisoned moderator gives narrow and much higher pulse intensity. This feature was observed

also at other energies. This would be due to the fact that the thin moderator cannot maintain the

slowing down neutrons in the moderator. Figure 10 shows data for a 45 mm thick unpoisoned

hydrogen moderator and a 90 mm thick center poisoned moderator. In this case the 90 mm

center poisoned H2 moderator (effective thickness is 45 mm) gives almost the same pulse

shapes as a 45 mm unpoisoned one. Therefore, the results indicate that the poisoned moderator

with the same effective thickness gives better pulse shapes than the unpoisoned thin moderator.
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How about the 45 mm thick poisoned and unpoisoned moderators? The experimental pulse

shapes are indicated in Fig. 11. Comparison between 45 mm thick moderators with and without

poison indicates that difference in peak intensity appears mainly at cold neutron region and the

first decay is faster in poisoned one. The difference between them becomes small at high

energy due to the cut-off energy of the poison.

We should use a poisoned moderator but the best position of the poison is unclear since

thinner effective thickness causes narrower width and lower peak intensity. So, the choice

strongly depends on the spectrometer type and also the required resolution.
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Fig. 11 Poisoning effect (45 mm thick vs. 45mm center poison).
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4. Effect of a target material on pulse shape

We have not studied
effect of the target material
on the pulse shape. From
our experiences, even
mercury will not affect
pulse shape from a
coupled moderator so
much. For decoupled
moderator the effect will
be low. However,
integrated neutron
intensity is much affected
by combinations of target
and reflector materials.
Figure 12 shows

preliminary simulation results of the relative integrated intensities from various moderators at
different target-reflector combinations. The intensities of the W-Be combination are
normalized to unity. From overall feature Pb reflector give higher intensity and W is superior
toHg.

5. Questions to instrument scientists

It is indicated from the results mentioned above that we can control the pulse characteristics

in some extent. On the other hand it means that we should choose the best moderators for the

scattering experiments so as to obtain the highest performance of a facility of a spallation

neutron source. The main selections we need are summarized below.

(1) Coupled moderator

Which is important between integrated intensity and pulse peak intensity? Or compromise of

both is better? The answer of this question influences the decision of the reflector material.

(2) Partially coupled moderator

Do we need some pulse modification to get medium pulse peak intensity and pulse width?

(3) Decoupled moderator

a) Around and over 100 meV regions

How low the pulse tail should be? For example, a tail of 2 orders below the pulse peak is

allowable or not? To decide this, we should take into account the effect of natural background,

incoherent background, inelastic component, and so on.

b) Around thermal equilibrium region

Which requirement is dominant between sharp pulses with low peak intensity or medium

width with higher pulse peak? Or we need both types of moderator.
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6. Summary

We can control the pulse characteristics although short pulse causes usually decrease of peak
and integrated intensities. However, it may be rather laborious to simulate the spectrometer
performance by using the pulse data of all these moderator systems. Therefore, important is
insight taking into account whole system from the target to the spectrometer including neutron
devices such as chopper, guide, and so on. After then, simulation of spectrometer should be
performed.

The collaboration work between a moderator group and an instrument group is very important
to construct a neutron scattering facility with high efficiency since the recent progress in the
instruments have to be taken into account.
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Abstract
We demonstrate a concept how we should choose moderator performance to realize
required performance for instruments. Neutron burst pulse can be characterized
with peak intensity, peak width and tail. Those can be controllable by designing
moderator, i.e. material, temperature, shape, decoupling, poisoning and having
premoderator. Hence there are large number of variable parameters to be
determined. Here we discuss the required moderator performance for some typical
examples, i.e. high resolution powder instrument, chopper instrument , high
resolution back scattering machine.

§1 Introduction

For pulsed neutron source, total optimization in performance is a key issue.
Performances of accelerator including intensity, repetition rate, proton beam width
in time and space, target-moderator assembly, neutron beam transport including
optics and instrument including detector, should be considered systematically and
throughout. Even for MW-source, we should be careful to chose these
performances. Otherwise, it easily sacrifices intensity and degrades the total
performance of neutron source. Especially characteristics of moderator have direct
influence to performance of instruments. Hence, in this article we are going to give
a concept how we should chose moderator performances, peak height, peak width,
rising slope, decay slope, peak tail and integrated intensity.
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Fig.l Structure of pulsed neutron peak

§2 Characteristics of pulsed neutron peak

It is a instructive manner to consider that neutron pulse peak is composed from two
contributions [1], cf. Fig.l. One is the slowing down term, which determines the
rising slope of peak structure. This term is determined by material of moderator
and speed of neutron. Since adequate material for neutron moderator is limited, the
slowing down term cannot have tailorbility, i.e. once moderator material is
determined the slowing down term is determined. On the other hand, the another
term, storage term can have tailorbility and the characteristics can be chosen
suitably for required performance of instrument. This term can be easily tailored
with moderator temperature, shape of moderator, decoupler, poisoning, facilitating
pre-moderator etc. The storage term can essentially determine the peak width and
peak intensity. Hence, how to control this term is the main task for moderator
design work. There is, however, the third character of peak. This is tail, which
turned out to be a background after Bragg peak in time-of-flight. Tails push up
base line or background level when there are series of Bragg peaks in diffraction.
Tail fill out and smear out valley between Bragg peaks. The character of tail can be
controlled by choosing decoupling energy of decoupler between moderator and
reflector.
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§3 Required Pulse Structure from instruments
In the previous section we pointed out that there are three issues for peak character,
which we should choose them by moderator design for realizing a required
performance of instruments. Those are 1) intensity, 2) width, 3) tail. In this
secession, we consider several concrete cases of requirement for these issues.

3-1) High Resolution Powder diffraction
The most critical requirement for pulse width is raised from high resolution
powder diffractometer. For this kind of instrument, having better resolution is
more important than having higher intensity. However, we should set highest
resolution is to be as much as intrinsic peak width due to size effect of crystallite.
This is about Ad/d~0.03%. Therefore, this resolution is the meaningfully highest
resolution we should work with. At the highest resolution limit, diffraction
measurement should be performed at very high scattering angle, say 20-150°. In
this situation the resolution is dominated by time width of neutron burst peak as we
can understand eq.(l).

Ad/d=At/t + AGcot 0 (1)

In addition to resolution, because of Lorentz factor X4/sin30, it is important to
utilize long wave length neutron in order to increase observable intensity. It is,
therefore, natural consequence to utilize poisoned decoupled H2 moderator for high
resolution powder diffractometer, cf. Fig.2.

In general, correlation function can be written into two parts, i.e. self term and
distinct term.

G(r,0) = Gs(r,0) + Gd(r,0) = 8(r) + g(r) (2)

Therefore, scattering function for homogeneous sample can be written into

S(Q) = 1 +47iJg(r)sin(Qr)/Q dr (3)

At high Q, structure of S(Q) dumps with a factor of 1/Q, Debye-Waller factor
accelerates this dumping and S(Q) becomes unity in the end. Therefore, at high Q
region, observed intensity becomes structureless and cannot be distinguished from
incoherent intensity. This intrinsic character of diffraction data determines the
required decoupling energy by itself, which governs tail character. Figure 3 shows
a typical example of S(Q) of Lal.85Sr0.15CuO4 [3]. Above 15A1 the character
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of S(Q) is really dumped away as explained above. This example means that we
need sharp decrease of tail up to lOOmeV and the existence of tail does not affect
data quality above this energy. Figure 4 shows results of computer simulation on
neutron pulse structure as a function of various kind of reflector material and
decoupling energy. The details of calculated results should be consulted with a
report by [4]. However, the results clearly shows that 3eV in decoupling energy is
sufficient to kills tail up to 120meV. Therefore, from this results, for most of cases
of diffraction measurements, decoupling energy 3eV is a good choice.

3-2) Chopper Spectroscopy
One of the typical inelastic scattering instrument in pulsed neutron source is
chopper spectrometer. As we will discuss the details of chopper spectrometer in
Ref.[5]. Natural choice of the energy resolution is about AE/E~1% for chopper
instrument because of constraint in path length. As we compared performances of
chopper instruments with various moderator[6], moderator performance does not
affect in inelastic region but seriously affect in elastic peak . Figure 5 shows a
comparison between MARI in ISIS and INC in KENS. The moderator for MARI is
100K CH4 poisoned moderator and that for INC is ambient water non-poisoned
moderator. The performance of those moderator has large difference as reported
in [6]. However, such a large difference in the performance of moderator does not
seriously affect in the inelastic region as shown in Fig.5. This suggests that it is not
necessary to be over-sensitive to chose a moderator performance. Decoupled H2
moderator will do for most of chopper instruments
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3-3) High Resolution Back Scattering Instrument
Another typical inelastic instrument for pulsed neutron source is a inverted
geometry high energy resolution instrument. As it has been proved in actual
facilities, this kind of instrument can have a high performance in intensity and
resolution by utilizing white neutron beak with time of flight method [7]. The
energy resolution of this kind of instrument can be written into

AE/E~2(At/t + Ef/Ei(cot8A0) (4)

and it is AE/E~2At/t for back scattering high resolution limit. By utilizing Mica
(004) reflection, it is easily possible to realize 2ueV resolution by setting
At/t=0.001. From common knowledge on moderator performance, one normally
take poisoned moderator to realize this required time width and one can decrease
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flight length to 50m. However, there is a new point of view to realize this
performance. Figure 6 shows pulse structure as a function of reduced time by
changing flight length by keeping resolution of At/t=0.001. As we see in the figure
at the bottom, reduced peak width of coupled H2 moderator with Lj=153m is almost
equivalent to that of decoupled H2 moderator with 54m for 2meV [4]. In addition
the former case has one order of magnitude higher intensity. Although this result
is preliminary and proceed further careful study, it is worth considering this kind
of new idea on moderator performance.

Proton : 3GeV
Target: Hg

3.6 1O1T

3.010

2.510" t

Watanabe & Teshigawara
2moV

From moderator
to detector length.

• Coupled H2 wtth EPM* 153 m
mPb

Decoupled H2
M H2 with EPM In Hg
• H2 with EPM in Pb
• H2inBe

Poisoned H2

54m"
54.8 nrT
51.4m'

36 m-
20.5 m-

400 SOOO 100 200 300

Scaled time (TOF/L1 for At/t = 0.001)
Fig.6 Pulse shape of various moderator as a function of reduce time for various
distance by keeping At/t=0.001.
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§4 Conclusion

In this report we showed a concept how we can choose performance of moderator
to be adequate for realizing requirement from instrument performance. Now
computer simulation becomes available to obtain detailed information on moderator
performance. Of course we should start with scientific requirement to determine
the performance of instruments, however, we should know there are various way in
moderator design to realize the required performance of instruments.
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Abstract

It is important for a decoupled moderator system to obtain neutron pulses of a higher inten-
sity with a narrower pulse width and a faster decay. To satisfy these requirements we propose to
use mercury as a reflector material and report the neutronic performance of a mercury reflector
system. The peak intensity is almost comparable to or even higher than that of the optimized
lead reflector system and higher than the optimized Be reflector one. Furthermore the pulse
shape is almost the same as that of optimized Be reflector system with a decoupling energy of
several tens eV. A mercury reflector system does not require decouplers with a higher decou-
pling energy, liners nor cooling water, since mercury has a reasonably high neutron absorption
cross section and could be used also as a coolant.

Thus, the idea of the mercury reflector could bring about a higher neutronic performance
with some engineering merits for a decoupled moderator system.

Introduction

As a next-generation neutron source the construction of a 5 MW-class intense-pulsed-spalla-
tion-neutron-source (JSNS) is conducted as part of the joint project0 of Japan Atomic Energy
Research Institute (JAERI) and High Energy Accelerator Research Organization (KEK) with a
high-intensity proton accelerator. The important characteristics required for a high-performance
pulse-neutron-source are a higher intensity, a narrower pulse width and a shorter pulse tail.

In JSNS project we proposed following three moderators
(1) One coupled moderator for high-intensity and for very high-resolution
(2) Two decoupled moderators for high resolution

The choice of the moderators and the reflector material is very important. Supercritical hy-
drogen (H2) is the only proven material for a cryogenic moderator in a MW class source.

We have mainly investigated Lead (Pb) and Beryllium (Be) as a reflector material. The slow-
ing down time is quite different between these two. For a cold neutron source a coupled H2

moderator with extended premoderator (EPM) in a Pb or a Be reflector2 4) is a candidate since a
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Pb reflector system gives a higher peak intensity than a Be one in the thermal equilibrium (Cold
neutron) region, while a Be reflector system gives a higher time-integrated intensity.

In the present investigation, we mainly concentrate on the development of decoupled mod-
erators. It has been proved that a long pulse tail is equivalent to the substantial penalty in the
intensity, especially in the high resolution powder diffraction5', since such tail gives a higher
background to successive diffraction peaks.
As a result of neutronic investigations we found out as follows;
(1) For a higher peak neutron intensity;

The use of a premoderator (PM) in a Pb reflector has a large merit6), because a PM enhances
neutron intensities and reduces the heat deposition in H r However the use of a Pb reflector gives
a longer pulse tail because of a longer slowing down time. Ooi et al.7) proposed a multi layer
decoupler to improve the long pulse tail. However it brings about an engineering complication.
As a PM material light water (H2O) and heavy water (D2O) are only two realistic candidates. An
H2O PM gives a bit shorter pulse tails, while a D2O PM gives a slightly higher peak intensity
with a bit longer pulse tail. We have not decided yet which PM material is better for JSNS since
the choice is to be decided by users.
(2) For a narrower pulse;

The use of a Be reflector system without PM has a merit. A Be reflector provides a pulse
shape with a relatively shorter tail as compared with a Pb one. However, the neutron intensity is
lower than in a Pb reflector system with optimized PM since a PM in a Be reflector system does
not give any intensity enhancement.
(3) Further improvement of pulse shape;

A higher decoupling energy is effective for both reflector system to improve the pulse tail
decay characteristics, but a higher decoupling energy decreases neutron intensity. A proven ma-
terial with a higher decoupling energy is boron carbide (B4C). The engineering issue, however,
is whether the use of B4C in a high radiation field is feasible due to the serious radiation damage
(helium production caused by (n, a) reaction) and a higher local heat load.

In either case, in a MW class intense source, a reflector needs cooling water (H2O or D2O),
which significantly reduces the neutron intensity and somewhat deteriorates the pulse shapes891.
Moreover, the existence of cooling water makes the system complicated technically.

In order to obtain shorter pulse and a higher intensity taking full advantage of the merit of the
PM use, a non-slowing down reflector material having a proper thermal-neutron absorption
cross-section is desired. Furthermore it is important that the reflector material itself can work as
a coolant.

After extensive material search we reached at a conclusion that mercury (Hg) could be the
best candidate material satisfied above requirements. Hg might behave like a decoupler and a
liner by itself, suggesting a large possibility for realizing a decoupler and/or linear less system.
Such system might have an engineering advantage.

Generally there coexists coupled and decoupled moderators in one target-moderator-reflec-
tor system. In JSNS a coupled moderator is put above the target and two decoupled ones below
the target. If we choose an Hg reflector, the intensity from a coupled moderator might consider-
ably decrease because of its high thermal neutron absorption cross section.

Therefore, we performed a neutronic study for an Hg reflector system on the following items;
(1) pulse characteristics;
(2) effect of premoderator;
(3) decoupling energy dependence;
(4) possible elimination of decoupler and liner;
(5) effect on coupled moderator.
In this paper we report the neutronic performance of a Hg reflector system.
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2. Calculation

The calculation model of the target-reflector-moderator system is shown in Fig. 1. The tar-
get-moderator coupling scheme was a wing geometry type. One decoupled moderator with both
side neutron beam extraction was put above target. It consisted of H2 moderator (size : 12 x 12 x
5 cm3) with light water EPM (1 cm thick and 5 cm extension, ambient temperature). The ortho /
para ratio of H2 moderator was assumed to be 75 % / 25 % (normal hydrogen). The moderator
viewed surface was fixed at 10 x 10 cm2. A beam extraction hole in the reflector has an opening
angle of 45 degree. An Hg target was assumed with sizes of 40 cm in width, 8 cm in height and
75 cm in length. Aflat rectangular proton beam (energy : 3 GeV, beam size : 13 x 5 cm2, current
density : 5.1 ^lA/cm2 at 1 MW and repetition rate : 25 Hz) was assumed for this calculation. An
Hg reflector (120 cm in diam., 120 cm in height) surrounding the target and the moderators was
assumed as shown in the figure. A B4C decoupler with a decoupling energy of 1 eV was inserted
between H2 moderator and EPM and B4C liners with a cut-off energy of 1 eV were put along the
neutron extraction beam holes. The thicknesses of the decoupler and the liners were 3 mm. In
order to predict the neutronic performance of the decoupled moderator, especially spectral in-
tensity and pulse shapes from the moderator, we used code systems NMTC10- n)-JAM12'13) and
MCNP-4A14) with JENDL15) cross section library including recently evaluated the Hg cross sec-
tion at JAERI1<5). Point detector tallies were located at 2 m from the moderator viewed surfaces
for predicting neutronic performance. The total number of protons upon the target in each Monte
Carlo simulation was about (0.6-1.2) x 106 in NMTC-JAM and the total number of neutrons
transferred from the high-energy hadron transport code to the low energy code (MCNP-4A) was
(2-5.5) x 107. We decided the number of protons like that the statical error at the peak of the slow
neutron spectral intensity at the Maxwell region became less than about 5 % for the energy bin
AE = 1/20. The AE satisyfied En+1 = AE En, where En was neutron energy of nth.

In order to study the effect of PM on the neutron intensity and pulse shape, we adopted the
thickness as shown in Fig. 2 for the bottom, side and top PMs around the H2 moderator. The

Proton
: 13x5 cm

A

Liner
(0.3 crrv1)

Decoupler
(0.3 cm1)

I

Hpmod. q
c m (0.3 cmt)

Viewed surface
: 10x10 cm2

Liner
Premod. (0.3 cm1)

1 cm""™-'

Proton
: 13x5 cm"

Reflector

o

0 20 cm

Fig. 1 Calculation model (Layout of target-moderator-reflector).
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Thickness
(Near target side).

Target (Hg)

[ Reflector (Hg)

Fig. 2 Layout of premoderator (extension and thickness).

extension of PM along the neutron beam extraction is also shown in the figure. We are mainly
interested in pulse shape with a lower decoupling energy, we calculated neutronic performance
for a system with a Cadmium (Cd) decoupler (about 0.4 eV). In order to predict the effect of the
Hg reflector on the neutronic performance of a coupled moderator, we installed one coupled
moderator (H2 moderator with EPM) at the opposite target side to the decoupled moderator.
Only for this calculation we used the same calculation model used in ref[17].

3, Results and discussions

3.1 pulse characteristics
Figure 3 shows pulse shapes at 100 meV from the decoupled H2 moderator with EPM in the

Hg reflector system as compared with those in a Be and Pb reflector systems with various de-
coupling energies. The PM is optimized at a decoupling energy of 1 eV for the Hg reflector
system as described in the next section. The peak intensity for the Hg reflector system is almost
comparable to or higher than that of the Pb reflector system9); the highest neutron intensity in
our neutronic study. On the other hand, the pulse shape is as good as that of the Be reflector
system with the decoupling energy of several tens eV.

3.2 Effect of premoderator
Figure 4 shows the effect of PM (thickness and extension) on the neutron intensity for the Hg

reflector system. The use of PM in the Hg reflector system increases the neutron intensity by
about 28 % in maximum as shown in the figure.

The procedure of the PM optimization is explained in the figure caption. It is clear from this
result that the intensity gain by optimizing thickness of the near target side PM is the largest and
with other PM optimization further gain can be obtained which are not as drastic as the near
target size PM. It is also found that the PM extension (for all PMs) does not give any appreciable
intensity gain. In Fig. 5 the pulse shapes are compared with and without PM at a neutron energy
of 100 meV. It is found that the optimized PM increases the peak intensity considerably without
sacrificing the pulse shape. The optimized thickness is 1.0 cm; thinner than that of the Pb reflec-
tor system9).

3 3 decoupling energy dependence
Figure 6 shows the pulse shape at 100 meV for a lower decoupling energy (Cd decoupler) as
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Fig. 4 Premoderator thickness and extension dependence of
neutron intenstiy for Hg reflector system.
PM optimization precedure : Firstly find the optimal thickness of
the near target side PM; then, keeping this thickness, find the
optimal thickness of the moderator side PM; again keeping
those PM thickness, find the optimal thickness of the far target
PM; finelly study to effect of PM extension (of all PMs).

compared with one of 1 eV. In this investigation the PM was optimized for the Cd decoupler.
The peak intensity is higher by about 37 % than that with 1 eV, however, a longer tail can be seen
in the figure. As a decoupler material if B4C cannot be used due to the serious radiation damage,
we have no choice but to select the Cd, gadolinium (Gd) and a composite material as Cd +
Europium (Eu) + Indium (In), (Cut-off energy is almost 2 eV), Figure 7 shows pulse shapes as
compared with the other reflector systems (Be and Pb). The pulse width in full width at half
maximum (FWHM) is almost the same regardless the different reflector systems. However, the
pulse shape of the Hg reflector system has a fairly shorter tail than the others even with a lower
decoupling energy of 0.4 eV (Cd). The pulse shape of the Hg reflector system is rather similar to
that of the Be reflector system with a decoupling energy of 1 eV in this figure.

3.4 decoupler or liner is indispensable ?
Figure 8 shows the pulse shapes with and without the decoupler and the liners both with a

decoupling or cut-off energy of 1 eV. From the viewpoint of the pulse shape a decoupler put
between PM and H2 moderator, as shown in Fig. 1, is at least needed. However the pulse shape
without liner is almost the same as that with liner. From the result it is found that the effect of the
liner on neutron pulse shape is not important (almost no effect), but the decoupler is indispens-
able; in other word, the pulse shape without decoupler may not be acceptable even with a Hg
reflector system. For comparison the pulse shape with a Cd decoupler is also plotted in Fig. 8. It
would be an user's issue whether the pulse shape with a Cd decoupler is acceptable. Usually,
mercury as a reflector material is contained within a stainless steel vessel. We concerned about
the effect of the stainless steel container (thickness : 1 cm) without liners on the pulse shape. As
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shown in Fig. 8, it is found that structure material such as stainless steel (here, stainless 316) has
no affect on the pulse shape. We propose to put a decoupler just inside the PM container in
which water is flowing to cool the vacuum chamber of the cryogenic moderator. In this concept,
the nuclear heat in the decoupler could be removed.

3.5 effect on coupled moderator
Figure 9 shows the effect of the Hg reflector system on the neutron intensity for the coupled

moderator. The use of an Hg reflector reduces the time-integrated intensity by about 30 % in the
cold neutron region compared with the Pb reflector case : The effect is very large. As a result,
mercury could not be used as a reflector material for a coupled moderator. Beside even if we
restrict the use of mercury as a reflector for the decoupled moderator only, we have still con-
cerned how about the intensity decrease for the coupled H2 moderator.

Figure 10 shows the result of such effect on the coupled moderator. It is found that there is
almost no effect on the intensity for the coupled moderator, provided that a Be or a Pb reflector
is used for the coupled H, moderator (the upper half reflector)17*. Thus, such composite reflector

2.0 10

c

CD

I3CD

o Optimized PM
Without PM

CD
CO

1016

CO

I
CD

1015

1014

N

101 3 <

1012

1011

Semi log

x XO°O

O1" o
x O

x

I _. I i < i t -1 .J____i__L_

0 10 40 5020 30
Time (jisec)

Fig. 5 Comparison of pulse shapes with optimized PM and without

PM. (En : 100 meV, Proton : 3 GeV, 1 MW, 25 Hz)
- 728 -



JAERI-Conf 2001-002

2.0 1016

1.5 1016

CD

CO
c
3
c
co

CD
2

CO

CM

E
o

1.0 1016

5.0 1015

Liner

Decoupling energy
+ 0.4 eV (Cd)

1.0 eV

0 10 20 30
Time (jisec)

40 50

Fig. 6 Comparison of pulse shapes with different decoupling energy.
PM was optimized for each decoupling energy.
(En : 100 meV, Proton : 3 GeV, 1 MW, 25 Hz)

- 729 -



JAERI-Conf 2001-002

1012

1011

Decoupling energy
Hg (0.4 eV)
Pb (0.4 eV)
Be (0.4 eV)

Be (1 eV)
Be 110 eV)
Be(100eV)

0 10 20 30
Time (jisec)

+
o+

I I l

40 50

Fig. 7 Comparison of pulse shapes with other reflector system
(Be and Pb).
(E : 100 meV, Proton : 3 GeV, 1 MW, 25 Hz)

0

~ T - " f " ' T T'"T T " T F I " " ! r 1 T 1 1 [ 1 T

O With decoupler and liner

A Without liner

v Without decoupler and liner

o Without liner
(Hg is contained within

stainless steel of 1
With Cd decoupler
and liner (E : 0.4 eV)

d

cm')

10 50 6020 30 40
Time(|Lisec)

Fig. 8 Effect of decoupler and liner on pulse shape for
decoupled H mod. with extended PM.
(E : 100 meV, E : 1 eV and Proton : 3 GeV, 1 MW, 25 Hz)

n d

- 730 -



JAERI-Conf 2001-002

5.0 10

4.0 10

3.0 101
c jo
2 " E 2.0 10

II

14

1.010" -

10,-5 10,-4

14

14

14

14

n

: Pb

; Hg

-

-

_ I L _LCflb

reflector

reflector f

i/

-
A n -

Intensity loss ;
\ \ X

Jh Y

^-2 10-110'J 10"
Energy (eV)

Fig. 9 Effect of Hg reflector on neutron intensity for coupled moderator
(H mod. with extended PM (2.5 cm thick, 15 cm extension)).

Coupled
mod. *

Be reflector for coupled mod.

•SSS/&S//,
%

^Pb ref.^

fPb'ref.g
//SSf////

^ ^

Hg ref.n—i—i—i—I—i—r~

•3.49

".*rV.i '•'••'[.'.

Comparable

:3.46

Pb reflector for coupled mod.

Fig. 10 Effect of separated reflector system on neutron intensity of coupled

mod.

* Coupled H2 moderator with extended PM, PM was optimized for each re-

flector system
- 731 -



JAERI-Conf 2001-002

system (Hg with Be or Pb) could make the coexistence of a coupled and a decoupled moderator
possible, even with an Hg reflector for a decoupled moderator.

4. Summary

An Hg reflector system could provide a higher neutronic performance with some engineering
merits as follows;
(1) an Hg reflector gives excellent pulse characteristics as compared with other reflector (Be or
Pb) system. The peak intensity is almost comparable to or even higher than that of the optimized
Pb reflector system and higher than the optimized Be reflector one and the pulse shape is almost
equivalent to that of optimized Be reflector system with a decoupling energy of several tens eV;

(2) an Hg reflector needs decoupler of a lower decoupling energy, but not of a higher energy, An
Hg reflector does not need a liner. Structure material (stainless 316) as a container of Hg does
not affect the pulse shape. An Hg reflector does not need the coolant such as H2O or D2O
because an Hg itself can be a coolant. These would bring about various engineering merits;

(3) an Hg reflector gives a large intensity reduction of neutrons from a coupled moderator.
However, a composite reflector system of Hg and Be or Pb reflectors makes the coexistence of
coupled and decoupled moderator possible.
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Abstract

We proposed a multi-layer decoupler as a method to improve pulse characteristics of emitted
neutrons from a decoupled hydrogen moderator. Pulse shapes from a moderator with the multi
layer-decoupler were compared with those with a traditional single layer decoupler. It was found
that the multi-layer decoupler system gave better pulse characteristic with less decrease of peak
intensity.

1. Introduction

Some neutron spectrometers need sharp pulse of the emitted neutrons from a moderator. We
usually put a decoupler around moderator to improve pulse characteristics. By heterogeneous
poisoning in a moderator, pulse width can be adjusted by changing a poison position in the
moderator. On the other hand, at higher energy, deterioration of pulse shape will be caused by
neutrons from outer side of a reflector. We can get a narrow and low-tail pulse by adopting a
decoupler with high decoupling energy although the peak intensity of the pulse decreases largely.

One idea is to absorb higher energy neutrons which had distance from the moderator. So, we
considered multi-layer decoupler system, namely, where decouplers are arranged in a way of a
concentric circle. In this system, it is expected that the outer side decoupler absorb neutrons,
which compose the tail of the pulse.
We studied the effect of the multi-layer decoupler on the pulse shapes of neutrons from a

decoupled hydrogen moderator and the pulse characteristic were compared with those from a
system with a traditional single layer decoupler. In a real target-moderator-reflector system, a
coupled hydrogen moderator exists together. So, effect of the multi-layer decoupler on the
intensity from a coupled moderator also studied.

2. Calculation

LCS were used for the calculations. ENDF/B-V was used for cross-section data. Two target-
moderator-reflector system (TMRS) are shown in Fig. 1. The reflector is lead. A B4C is used for
decoupler and thickness is changed to control decoupling energy.
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loderator J
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Fig. 1-1. Traditional decoupler TMRS

Decoupler

Fig. 1-2. Multi-layer decoupled TMRS

Fig. 1-1 indicates a reference TMRS, traditional single decoupler system, and Fig. 1-2 the TMRS
we proposed, in which the concentric cylinder system centering on a moderator is used as multi-
layer decoupler. The target material used is mercury. A 12x12x5 cm' liquid hydrogen with a 5cm
thick heavy water premoderator is viewed through 10x10 cm2 collimator.

Reflector material is lead and it radius is 60cm and height is 120 cm. Decoupling energy of each
layer of multi-layer decouplers are chosen so that the neutron flight time in vacuum space from
center of moderator to each layer is kept constant. For example, 9eV neutron takes 5 (i sec to fly
through 20cm, and in the same period (5 ^tsec) 20eV neutron fly through 30cm, 35eV neutron fly
through 40cm and 50eV neutron fly through 50cm. We call this as 'Multi-5micro sec' or 'Multi-
layer'. On the other hand, in traditional TMRS decoupling energy was 2.5eV, and it was
distinguished by the notation like Ed=2.5eV.

3. Result

Making a comparison between standard model
of Ed=2.5eV and Multi-5micro sec, neutron
intensity was decreased by 16% in Multi-5 ji.sec
system, and FWHM decreased by about 5% on
average.
Decoupling energy is changed in the

traditional type and the relation between
decoupling energy and neutron intensity is
shown in upper part of Fig. 2. From this figure,
Multi-5flsec is equivalent to Ed=8.5eV in
intensity. From under part of Fig.2 FWHM of
Multi-5 fisec correspond to Ed=7eV.

However, the most important feature of multi-
layered decoupler system is the fast decay of a
pulse. We obtained first and second decay
constants to evaluate the decay speed. First
decay of the multi-5[isec is equivalent to
Ed=19eV, which is shown in Fig. 3, and second
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Fig.2. Relation of intensity and
FWHM of multi-layered decoupler
and traditional decoupler.
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decay of the multi-5^isec is equivalent to
Ed=20eV.

4. Discussion

From the above result, when only FWHM is
considered, multi-layer Decoupler is not good
selection since reflector structure becomes
complex. In generally following methods, such as
choice of thinner moderator, poisoning of the
moderator etc. would be more effective, although
intensity decreases rapidly with narrowing

FWHM.
When aiming to improve the decay characteristic

of pulse, as indicated before 2nd decay constant of
multi-5micro sec corresponds to Ed=19eV and
neutron intensity is equivalent to Ed=8.5eV. To
evaluate this characteristics, we calculate Figure
of Merit ratio (Flux/a) as shown in Fig.4. Sigma
is standard deviation of time distribution of
neutron pulse. From this figure, when neutron
energy is 40meV, Multi-layer decoupler shows
good characteristics compared with a traditional
type. About under 40meV, low decoupling energy
(Ed=leV) is better. Even in this region, multi-layer
decoupler is comparable to Ed=9eV.
Furthermore, the adaptability of multi-layered

decoupler to the case of three moderators (coupled
xl and decoupled x2) currently proposed in JSNS
project'11 is described. 3 moderator TMRS with
multi-layer decoupler is shown in Fig.5. In real
calculation, multi-layer decouplers are four layers.
A coupled moderator is placed over the target. Two
decoupled moderators are under the target. Multi-
layer decoupler was introduced only in the lower
half in this calculation.
Checked here is influence of multi-layer decoupler

on a coupled moderator, and effect on two
decoupled moderators. Neutron intensity is shown
in table 1. As a result, the influence on coupled
moderator was not observed. The effect of multi-

102

; Multi -layer

En=119meV=

" * • " " " • - i

2nd Decayl

1 10 100
Decoupling Energy (eV)

Fig.3. Relation of Decay constant of
multi-layered decoupler and traditional.

.01 0.1 1
Energy (eV)

Fig.4. Figure of merit ratio of calculated
pulse shapes.

10

• Coupled H

Decoupled H3 •;

Proton

Fig.5. TMRS of JSNS project with
multi-layer decoupler

Table 1. Effect of multi-layer decoupler on neutron intensity of 3 moderator system

Traditional
Multi-layered

Coupled H7

7.86x106

7.79x106

Decoupled H2

9.68x105

8.74x105

Decoupled H2O
6.44x105

5.88x105

En=lmeV-100meV (n/cm7str/MW)
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layer decoupler appeared on both decoupled
moderators. It is also shown in Fig. 6. As a
method to improve the decay characteristic, multi-
layer decoupler is effective. Pulse shapes of multi-
layer decoupled moderator looks like the pulse
shapes of a decoupled moderator with moderating
type reflector, since slow neutrons travelling to
part far from moderator can't go back to the
moderator in both case.

5. Conclusion

10'

c
_oI HP
0)

-§ iosa

0.

Fig.G

- 1 i i i i i 111 i i i i i i 111 i i • i i i i •

L_ - ~ Decoupled H,O :
- \ ^ x Multi-layer Decoupled Î D •

: \ \ :

! Decoupled H; x * "* ^
- • Multi-layer Decoupled Q • -

I i i 1 i i

U 0.1 1 10
Energy(eV)

. Standard deviation of decoupled
moderators of JSNS model calculations

If reflector material is non moderating material, a multi-layer decoupler system is more
effective to improve pulse decay than a traditional single decoupler system. However, it makes
reflector system complex and affects other moderator near the moderator of multi-layer
decoupler.
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Abstract

A design of high-resolution powder diffractometer proposed for the Japan neutron scattering
facility (tentatively called as J-SNS) is now in progress. At present, powder diffraction
patterns are simulated using the pulse shape of the moderators of the candidate, and the
Rietveld analysis is carried out for the simulation patterns. The desirable pulse characteristics
are discussed.

1. Introduction

The choice of the moderator is one of the most important issues for every instrument.
The desirable characteristics for the pulse shape are 'a high integrated intensity' and 'a
symmetrical and a Gaussian-like peak profile'. Of course, these are contrary to each other. In
the case of recent high-resolution time-of-flight (TOF) powder diffractometer with
supermirror neutron guide, both high resolution and high intensity has been realized.
However, the peak asymmetry and the tail cannot be overcome by any technique at present,
and the situation would not be drastically changed in near future. To estimate the bad
influence of the peak asymmetry and the tail, we are trying to simulate the diffraction pattern
for each moderator as accurate as possible, and analyze the simulated diffraction pattern by
the Rietveld method.

2. Analytical function for expression of the pulse shape of the moderators

To simulate the diffraction pattern, we tried to fit the given simulated pulse data of the
moderators of the candidate. The data sets are listed below.

(1) Coupled H2 moderator with extended premoderator
(2) Decoupled H? moderator with extended premoderator
(3) Decoupled H? moderator

Reflector type

Pb
Pb
Be

Decoupling
energy

—
leV

0.3eV

- 738 -



JAERI-Conf 2001-002

(4) Decoupled H2 moderator with extended premoderator
(Poisoned moderator)

Pb leV

The 34 pulse data between 1 meV and 400 meV for each moderator were given. Examples of
pulse data for the moderator of (2)-unpoisoned type and (4)-poisoned type are shown in Fig.
l(a) and l(b).

Fig. 1
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To fit the pulse data for whole energy region, some profile shape functions are tried,
such as Ikeda-Carpenter function [1], Cole-Windsor function [2], etc. After some trial and
error, we finally chose Ikeda-Carpenter based function.

The definition of an original Ikeda-Carpenter function is as follows.
a, .x, , ... ( ^ > 0 )

®(t)=$dt<i>(t)[a-R)8{t-f)i

= |[(l-/?)(«02exp(-a0

(a-PY { L 2
This function (hereafter, written as 02(O) fits well at low-energy region, but some
discrepancies are found at high-energy region. To get better fit at high-energy region, we
changed the equation of 0(t) expressed above to the next expression, and led the &(i) as
follows.

a ,
<b(t) = — {ca)' exp(-OT) (/>0)

2
0{t) = f df>(O[(l - R)S(t -t') + Rp6(t - 1 ' )exp{-j3(r - i

+R
(a -

exp(-/?0-exp(-ca) 1 + (a -P)i + -(a-p)2t2 + - ( a -

This function (hereafter, written as <P3(t)) fits well at high-energy region, but some

discrepancies are found at low-energy region. Then, we combined these functions by
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introducing an additional parameter, R'.

After the careful fitting of the pulse data for the whole energy region, it was found that the
energy dependence of the /?' parameter is similar to the R parameter in3>3(t) and<P2(t), and can
be substituted R for R'. Then, the final expression for a pulse shape is as follows.

(cc-

-[(1 - R)(at)2

+ (a-P)t + ̂ (a-P)2t2 + ~(a-pfA'\

+ R 2a ^ , jexp(-fir)-exp(-ca)|l + (a-B)t + -(a-Pft2\\
(oc-P) [ L 2 JJ_

Figure 2(a) and 2(b) shows the examples of the single peak fitting using this function.

8xl(T
O X = 0.453303 A

(E = 398 meV)

12x10° -

0 5 . 10 15 20
Time / u.sec

Fig. 2(a) A single peak fitting of E = 398 meV for
the moderator (2).

O X = 9.04461 A
(E = 1 meV)

0 100 200 300 400 500
Time / usec|i.sec

Fig. 2(b) A single peak fitting of E = 1 meV for the
moderator (2).

Definitions of wavelength dependence of the parameters for original Ikeda-Carpenter
function were changed to get better fitting on these parameters. Here, another forms of
wavelength dependence were tentatively made.

a(X) = a]+a2 exp(-a3A)

If A -
R(X) = exp + Rt + R2 exp

Figure 3(a) and 3(b) shows the fitting result of the wavelength dependencies for the
parameters a, ft and R of the moderator (2).
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Fig. 3(b) Wavelength dependence of the parameter
R for the moderator (2).

3. Peak asymmetry and tail of the pulse shape

The high-resolution powder diffractometer is one of the most severe instruments which
performance is directly affected by the pulse shape. In profile analysis (including Rietveld
refinement), a symmetrical profile shape is highly desired. A Gaussian-like tail is also hoped,
instead of a Lorentzian-like or an exponential-like tail.

To calculate the full-width at half-maximum (FWHM) values and peak asymmetry
factors, the pulse data were fitted again by a Cole-Windsor based function [3]. Figure 4(a)
shows the FWHM values for moderator of (2)-unpoisoned type and (4)-poisoned type. The
resolution (At/t) of poisoned moderator can be realized with unpoisoned moderator by putting

instruments far away (for example, L,=100 m —> 150 m).

3.
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Fig. 4(a) The FHWM values for the moderator

(2); circle and (4); triangle.
Fig. 4(b) The asymmetry values for the moderator (2);

circle and (4); triangle.

Now, the peak asymmetry is defined by a ratio, Af/Af, (A?, and At2 are FWHM values for

leading and tailing part, respectively), and those of two moderators are plotted in fig. 4(b).
This figure show that peak asymmetry in slowing down region of the poisoned moderator is
far better than that of the unpoisoned moderator.
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4. The strategy for judgment for the proposed Moderators with designed
diffractometer using simulation program, McStas.

To estimate the bad influence on structure analysis due to highly asymmetric long tail,
Rietveld refinements are tried on the diffraction patterns simulated by McStas. The basic
strategies are as follows.

Step 1 : Input initial structure parameters and calculate the structure factor for hkl's with
Rietveld software.

Step 2 : Input the structure factor for hkl's and simulate the diffraction pattern with
McStas.

Step 3 : Rietveld refinement on the simulated diffraction patterns.
Step 4 : Compare the initial parameters in the step 1 and refined parameters in the step 3.

Example : Crystal structure of LiMn2O4. (LT orthorhombic phase. Unit cell dimensions: 25 A
x 25 A x 8 A) [4]. Oxygen vacancy and/or interstitial atoms are artificially
introduced in the step 1.

Figure 5(a) and 5(b) show the Rietveld refinement of 'real' and 'simulated' diffraction pattern
of LT phase of LiMn2O4. To simulate the high-resolution diffraction pattern, the profile shape
of the unpoisoned-type moderator (2) was applied. Any kinds of line broadening are not
considered yet.
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Fig. 5(a) A part of the Rietveld refinement pattern of
LiMn2O4 at 250 K measured on Vega
diffractometer (Ac// d ~ 0.25 %). Observed
intensity data are shown by crosses, and
the solid line is the calculated intensity.
Vertical markers below the diffraction
patterns indicate positions of possible
Bragg reflections. Differences between
the observed and calculated intensities are
plotted in the same scale.

2.02 2.04 2.06 2.08 2.10 2.12

dlk

Fig. 5(b) A part of the Rietveld refinement pattern of
LT phase of LiMn2O4 simulated by McStas
(L, ~ 150 m, Adi d ~ 0.03 %). The profile

shape of the unpoisoned moderator was
applied in the program. Any particle size
and/or strain broadening effects are not
considered in the simulation.

At present, the statistics of the simulated diffraction patterns are poor, and the profile shape
function used in the Rietveld refinement is not optimised for the simulated diffractometer. To
make a decision for the choice of the moderator, these problems have to be improved as soon
as possible.
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5. Present status

Energy dependencies of candidate for moderator were analytically expressed.

Some simple powder diffractometer were constructed in McStas.
=> Make them more realistic. Bandwidth Choppers, Detector locus, time focusing, and so on.

Structure refinements using simulated patterns were just started.
=> Need good statistics. Profile shape function in Rietveld refinement program should be

modified.

References

[1] S. Ikeda and J. M. Carpenter: Nucl. Instr. and Meth., A239 (1985) 536.

[2] I. Cole and C. G. Windsor: Nud. Instr. and Meth., Ill (1980) 107.

[3] F. Izumi, H. Asano, H. Murata, and N. Watanabe: J. Appl. Cryst, 20 (1987) 411.

[4] J. Rodriguez-Carvajal, G. Rousse, C. Masquelier, and M. Hervieu: Phys. Rev. Lett., 81

(1998)4660.

743 -



JAERI-Conf 2001-002

18. Neutron Source - Moderator Neutronics

- 745 -



JP0150585
JAERI-Conf 2001-002

ICANS-XV

15th Meeting of the International Collaboration on Advanced Neutron Sources

November 6-9, 2000

Tsukuba, Japan

18.1

Renewal of KENS TMRA

M. Kawai1*, S. Yasui2, M. Furusaka1, T. Ino\ N. Torikai1, Y. Kiyanagi2

1 KENS, KEK, Tsukuba-shi, Ibaraki-ken 305-0801, Japan
2 Hokkaido University, Sapporo-shi, Hokkai-do 060-8628, Japan

*E-mail: masayoshi.kawai@kek.jp
Abstract

The sub-cadmium neutron flux of the cold-neutron moderator of KENS was reduced

into about 30% of the nominal design value because the cadmium liner was ragged due to

heavy swelling through a 20-years operation. Since it seemed to be very difficult to repair the

liner under the high radiation level and possible hazards due to chemical poisoning of

beryllium compounds because of not having proper remote-handling equipment, we decided

to replace the whole target-moderator-reflector assembly (TMRA). Neutronics designs were

made by using the LCS-2.7 code system in order to not only reduce amount of beryllium, but

also to improve the neutron characteristics, such as the source intensity and the pulse shape.

The new TMRA has a gadolinium-poisoned ambient moderator and composite reflectors of

graphite and beryllium. The tantalum target has been replaced with a tantalum-clad tungsten

target, which was fabricated by the HIP process. The first neutron pulse from the new TMRA

was ejected on November 1, 2000.

1. Introduction

KENS was constructed in 1980 [1] for material science. Its TMRA is the only system

which have very high de-coupling energy that enable us to use the resonance analyzer TOF

spectrometer. It has been operated at 3 kW with a proton beam of 500 MeV in energy and 6

micro-ampere in beam-current. Proton pulses with 50 ns width bombard the target at 20 Hz.

Three kinds of targets were used: a tungsten target from January 1980 to November 1985,

depleted uranium one from December 1985 to November 1996 and tantalum one from

December 1996 to June 2000. The tungsten target was changed to depleted uranium to

increase the neutron intensity by about 50%. The first uranium target had been used for 10

years, but discontinued because Xe-135 was detected in the coolant water reservoir tank. The
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Fig. 1 Configuration of the old TMRA

second and third uranium targets had very short lives of 2 months and only one day,

respectively. Therefore a tantalum target was substituted for the uranium one. The thermal

neutron source was composed of a target, an ambient moderator with a size of 100mm x

100mm x 50mm, a beryllium reflector with an overall size of 600mm and a thick B4C de-

coupler as shown in Fig. 1. Initially, a polyethylene moderator was used, but was replaced

with a water one in 1988. The cold-neutron source was also composed of a solid methane

moderator of 100mm x 150 mm x 50mm, a beryllium reflector and a cadmium de-coupler. A

cadmium lining was also affixed on an aluminum case forming a part of the cold neutron

beam line near to the moderator. The nominal cold-neutron flux generated by it was several

times lower than that of the ISIS liquid-hydrogen moderator in spite of about one fiftieth of

the proton beam intensity of ISIS.

In 1998, an absolute measurement of the neutron fluxes was made at various neutron

beam lines by a gold foil activation method and by a fission detector. From its results, the

sub-cadmium neutron flux of the cold neutron moderator was found to be about 30% of the

nominal design value, while the epi-thermal neutron fluxes were nearly equal to the nominal

value. The neutron spectrum of the cold-neutron moderator was also measured by a time-of-

flight method using a 235U fission detector. The measured neutron spectrum was depressed in

the energy region below the cadmium cut-off energy of about 0.5 eV from the simple

Maxwellian distributions with a 1/E tail. It had been considered that the flux reduction below

0.5 eV seemed to be caused by a part of cadmium-liner came off the aluminum case and

shielded the beam line. In order to confirm this, an inspection was made of the cadmium-liner

in November and December in 1998. Figure 2 shows the interior of the cadmium-liner after

cutting the aluminum window of the liner. It was uneven because of heavy swelling of

cadmium, and the color appeared more or less white, but dark yellowish parts were seen
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Fig. 2 Interior of the cadmium liner of the cold-neutron source

around the rivets. The swelling must have occurred due to repeated heating and radiation

damage. Since

We seriously discussed several methods to repair the liner. Since it seemed to be very

difficult to repair the liner under the high radiation level and possible hazards due to chemical

poisoning of beryllium compounds because of not having proper remote-handling equipment,

we decided to replace the whole TMRA by a new one. The new TMRA was designed by

means of neutronic calculations to improve neutronics performance, such as the source

intensity, sharpness of thermal neutron pulse while saving on the fabrication cost. The

tantalum target was replaced with a tungsten one in order to increase the whole source

intensity. We put plates of stainless steel just above the liner to increase the S/N ratio at the

neutron instrument. The present paper describes the new TMRA, while emphasizing the

neutronics design and the fabrication of the tantalum-clad tungsten target blocks as well as

giving a brief description of the components fabrication.

2. Neutronics Design

A neutronics design was made by using the Monte Carlo radiation transport code

system LCS-2.7[2] developed at LANL. Proton and higher energy neutron behaviors were

calculated with the LAHET code. The neutron behavior below 20 MeV was calculated with

the HMCNP code modified from the MCNP/4A code and with the neutron cross sections

based on the ENDF/B-V. The absolute neutron spectra at representative positions were scored

with the point estimator tallies located at positions of 10 m distance from the thermal and the

cold moderators with the 40,000 source protons of 500-MeV energy. Neutron time spectra of

the pulse were scored with large spherical estimators of 10 cm diameter located beside the

moderators with the 2,000,000 protons.

In the neutronics calculations, the arrangement of a composite reflector of graphite and

beryllium was initially determined so as to recover the cold-neutron source intensity within

90% of the nominal value, using the same combination of tantalum target and moderators as

those of the original i.e., the old KENS, which had a reflector made almost of beryllium. The
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Fig. 3 Structure of the reflector composed of graphite and beryllium

desired cold-neutron source intensity was obtained by optimizing the location of a small

amount of beryllium reflector around the moderators and the target surrounded by the graphite

reflector. Figure 3 shows the structure of the reflector finally determined. The size of the

reflector is the same as that of the old one. However, the total amount of beryllium was

decreased from about 200 kg to only 34.8 kg.

The composite reflector of graphite and beryllium gave such high thermal neutron flux

that a 0.3 mm thick gadolinium poison was used in the center plane of the ambient moderator.

The gadolinium poison made a thermal neutron pulse sharper in the energy region below 100

meV. Figure 4 compares the neutron pulse spectra at 45.7 meV. It can be seen that the new

KENS gives a faster decay of the pulse and a smaller FWHM than the old KENS. The decay

constant of a tail of the neutron pulse, p, is about twice of that of the old value in the energy
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region up to 70 meV, as shown in Fig. 5. The FWHM is 30% smaller.

As for a cold-neutron source de-coupler, we employed 0.5 mm cadmium as in the case

of the old TMRA. A B4C de-coupler was employed for thermal neutrons. Its de-coupling

energy was determined by investigating the sensitivity of the neutron pulse shape over a wide

energy range from 10 meV region to several tens eV. Especially, the de-coupling energy at

such high energy is important for a special neutron instrument eV spectrometer based on a

resonance-analyzer TOF method. Figure 6 shows the typical result for neutron pulse in the

energy range between 4.37 eV and 4.79 eV. A tail part at a longer time region decreases with

an increase of the de-coupling energy, but the peak intensity is not so sensitive to the de-

coupling energy. Finally, the de-coupling energy was determined to be 100 eV for the

interface plane between the ambient moderator and the target, and 50 eV for the other parts.

These values are fairly smaller than those of the old TMRA: 488 eV of the sintered B4C

beneath the target and 95 eV of 11 mm thick natural B4C powder at the other sides of the de-

coupler.

The overall source intensity was increased by about 20%, by replacing the tantalum

target with a tungsten one. Figure 7(a) shows the calculated cold-neutron spectrum from the
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methane moderator at 20 °K for the new TMRA having a tungsten target compared with the

calculated and measured ones for the old TMRA of the tantalum target. It is found that the

measured data are about a factor of 3 smaller than the calculated values, and that the new data

are slightly higher than the old one. Calculated thermal neutron spectrum from the ambient

moderator of water at 300 °K of the old KENS is in good agreement with the new calculated

values over the energy range near to the Maxwellian peak. The new spectrum that

corresponds to a time integrated intensity is larger than the old one at higher energies above

200 meV, but slightly lower than the old one in the lower energy region below 100 meV

because of a narrower pulse shape due to gadolinium poisoning, although the peak value of

the time spectrum is higher, as shown in Fig. 4.

The influence of the fast neutron background directly coming from the target can be

reduced by shielding the direct component by a geometrical consideration about the target and

the instruments, which are located at opposite sides of the neutron beam line. Figure 8 shows

the configuration of the TMRA and the beam line shield for the reflectrometer ARISA. An

additional shield of 20 mm thick stainless steel was set on the edge parts of B4C de-coupler to

compensate the lack of shield thickness.

Fig. 8 Configuration of the TMRA and the Neutron Shields. Arrows show neutron

flows from the target into the entrance of the reflectrometer ARISA.

3. Fabrication of a Tantalum Clad Tungsten Target Block

Although tungsten has a better neutronics performance, it is well known to be corrosive

in water, especially under circumstances of radiation. Tantalum has good compatibility with

water and, even more, has an advantage of neutron generation efficiency compared to other

structural materials, such as stainless steel, zircalloy and niobium. Therefore, we decided to

clad the tungsten block with tantalum plates by the HIP (hot isostatic press) process. The

details concerning the fabrication of the target block is described in Reference 3. We would
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like to summarize the method below.

The target assembly is composed of four blocks, as shown in Fig. 9. The most front

block has a hole for inserting a thermocouple. The blocks are of 29.18mm X 56.16mm x

76.89mm size and is covered with 0.6 mm thick tantalum clad. Each block is separated by

spacers to make gaps of 2mm between the blocks. The coolant water flows through the gaps

between blocks at a total flow rate of 60 litters per minute. The tungsten block was made by

forming from a rolled tungsten block of 19.2 g/cm3 density and 99.99% purity by an electro-

discharge machinery (EDM or spark erosion) technique. A hole for a thermocouple was made

by the plunge EDM technique. The tantalum clad is composed of a trunk and two caps. The

trunk was made of a sheet of 0.8 mm thick tantalum of 99.987% purity by using a model that

was formed by fitting to the actual tungsten block. The edge of the sheet was bonded by TIG

welding. A cap with 2.2 mm depth was made by EDM and end-mil work against a 3 mm thick

sheet. The tungsten block was assembled into the trunk and covered up by the caps. Each

edge of the trunk and cap were tentatively welded at four spots joining the trunk with the cap.

Then, the clad composed of trunk and caps was perfectly sealed by welding the both edges by

about 1 mm depth by the electron-beam-welding method under the vacuum condition of 0.4

Pa. A color check was made to confirm the welding result. In the case of a block having a hole

for a thermocouple, a tantalum sheath for the hole was made of slim pipe with 1.6 mm inner

diameter and 0.8 mm thickness by filling the bottom

Tantallum Clad
T u n s s t e n Tar*et BIock

about 3mm in Thickness) TypeA
TypeB

Beam Window(SS316,
about 2mm in Thickness)

(45mm in Diameter)

Water(Inlet)
Water(outlet)

Proton Beam

Fig. 9 KENS Target Housing and Target Blocks

edge with a small pellet. The pipe and the pellet were bonded by TIG-welding.

The HIP procedure was made to bond the tantalum clad with the tungsten block. HIP

condition was determined by testing it with small samples. The HIP condition is very

important to bond both tantalum and tungsten, which are well known as refractory materials

for high-temperature usage. At ISIS, the extreme conditions of 2,000°C and 20,000 kgf/cm2

were applied[4]. In the present work, the optimum HIP condition, which was considered to be

moderate, was determined by testing with small samples. We found that there were problems,

such as gaseous interstitial impurity elements in argon gas severely attack tantalum clad under
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high pressure and high temperature. The combination of high- purity argon gas and getter

materials was very effective to resolve the problems. After the HIP procedure, the

protuberances were cut down and the surface of the block was polished to obtain the designed

thickness and roughness.

The processed block was examined by the supersonic diagnostic procedure to check the

bonding between Ta/W and Ta/Ta. The HIP process gave good results to the blocks which

have no hole for a thermocouple hole. However, the supersonic diagnostic for one of the

blocks with a hole suggested that there were some defects around the hole. Additionally, an

imperfect bond was found after polishing the surface of the block. Then, we repeated the

process carefully. A second block with a hole gave a better ultrasonic image. Figure 10 shows

the supersonic echo from a depth of about 14 mm in a block with a hole for a thermocouple. It

can be seen in Fig. 10(a) that there are some kinds of defects around the hole. It is important

to clarify the kinds of defects and the reasons for 'we failed to HIP!'. Figure 10(b) shows

that the echo from the secondary made block with a hole. It displays a beautiful pattern of the

hole. Finally, we adopted the second block. Figure 11 shows the four blocks presently

fabricated. These blocks have been installed in the new TMRA.

(a) First Made Block: Defected (b) Second Made Block

Fig. 10 Supersonic Echo from the Depth of About 14 mm in Block with a Hole

for a Thermocouple 43.5 mm in Length.

Fig. 11 Target Blocks after Polishing with 29.18mm X 56.16mm x 76.89mm Size
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Further investigations were made to clarify the reasons for the failure of the HIP process

for the block with a hole. At first, the defected block was cut at a position of about 2cm

distance from the cap with a hole where the queer pattern was found in the super sonic echo.

We clearly observed that the bonding was imperfect at both interfaces between the tantalum

means that high pressure was not loaded to the tantalum cover during the HIP process. Next,

we tried to find cracks in the tantalum sheath with a soapy water babbling method by pouring

air into the sheath. It is difficult to find any bubble formation in the gap between the sheath

and the tungsten block. This fact means that there is no apparent crack which makes a leaking

path of air. Third, we observed the cut section of the block with an optical microscope. Figure

12 gives the microscopic observation result. It can be seen from the figure that there is a slim

and long crack penetrating through the tantalum pipe outward, although the crack is

disconnected in places. We also investigated small cracks by neutron radiography at JRR-3M

and did not find any defects with a spatial resolution of 80 \i m, as shown in Fig. 13.

Finally, it can be concluded that the crack must be a trace of a rupture which was

probably created when a high isostatic pressure of 2,000 kgf/cm2 was loaded before the

tantalum pipe became hot and ductile enough, since the pipe was surrounded by the tungsten

block and the hardest heated by the furnace. Accordingly, in order to avoid any defect of the

HIP in the case of the block with a hole for a thermocouple, at least two methods can be

proposed. One is to delay start-up of the compressor until the tantalum pipe is sufficiently

heated enough to obtain ductility. Another is to make the HIP process against a block with no

hole at the first step, to imbed thermocouple with a tantalum sheath into a hole made by the

plunge EMD at the second step and to weld the tantalum sheath to the tantalum cover.

Neutron Radiography Tasting: Jtf.-SM JASK

Fig. 12 Optical Microscope Observation

of a Cut Section of the Tantalum Sheath

with 0.8 mm Thickness for the Defected

Block.

Fig. 13 Neutron Radiography Image of

the Intermediate Part of the Defected

Block.
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4. Other Components and Renewal Work

We have made some technical contrivance for the components of the new TMRA and

renewal work. A graphite reflector was treated with a CVD method to avoid carbon dust. It

will increase the radiation safety on the TMRA repair in the future. The cadmium liner of the

de-coupler for the cold moderator was put on the side against the moderator. Its position will

be effective to guard against an attack of nitrogen oxide under radiation. A thermal de-coupler

was made by combining sintered B4C plates, which were polished into the desired thickness.

Before the actual renewal work, a simulation of the procedure was made by using the

mockup apparatus of the TMRA and its trolley, in order to reduce the radiation exposure on

the work under the high radiation level of the 50 mSv/hr in maximum near to the old TMRA.

Alignment of the TMRA was made on the mockup trolley with a help of laser-beam

equipment which automatically indicates the horizontal and vertical lines. Laser pointers were

very useful to set up the old simple tools to lift the TMRA components and shield plugs on to

the trolley which had high radio-activities and was drawn back in the deep shield pit.

5. Summary

Renewal of the KENS TMRA has been completed. Its neutronic design was made with

the Monte Carlo code system LCS-2.7. The calculation showed good agreement of the

thermal-neutron spectrum with the measured data. Cold neutrons were sufficiently recovered

by using the composite reflector of graphite and a small amount of beryllium, and the

tungsten target. The performance of thermal neutrons was prominently improved by using

gadolinium poisoning, which gave a higher peak intensity and shorter tail pulse. Tantalum-

clad tungsten target was successfully fabricated by the HIP process using high-purity argon

gas and impurity-gas getter materials of zirconium foils and tantalum slabs. The stainless-steel

plates were equipped on the de-coupler of the ambient moderator so as to increase the beam

line shield against the fast neutrons from the target.

Actual replacement of the TMRA has been made during August 31 to September 21.

The first neutron pulse from the new TMRA was ejected at 16:37 on November 1, 2000. The

neutron measurements were made[5,6] for absolute fluxes, energy and time spectra and time.
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Abstract

Neutron beam characteristics were measured at KENS regarding the renewal of the target-
moderator-reflector assembly. The recovery of the cold neutron flux was confirmed as well
as improvements in the pulse shape of the thermal neutrons. The measurements were also
compared with LCS (LAHET code system) neutronic calculations.

Introduction

The target-moderator-reflector assembly (TMRA) of the spallation neutron source at KEK
(KENS) was renewed due to diminution of the cold neutron flux which was caused by
deterioration of the cadmium decouplers [1]. The new TMRA was designed not only to
recover the cold source but to have several improvements. The features are:

1. a full recovery of the cold neutron flux by the installation of a new
decoupler,
2. a beryllium-graphite composite reflector replaced the full beryllium
reflector to minimize the cost with little reduction in the beam intensity,
3. a change of the decoupling energy from 400 eV to 100 eV in the thermal
source resulting in an increase of the thermal and epi-thermal neutron flux,
4. thermal neutrons with narrower pulse widths by poisoning the thermal
moderator with gadolinium,
5. a 20% increase of neutron flux by a replacement of the tantalum target
blocks by those of tantalum-clad tungsten.

Before and after the renewal, series of measurements were performed to characterize the
thermal and cold sources; the absolute neutron intensities, energy spectra, and pulse shapes
were measured.

Measurements

The measurements were carried out on the beamlines H9, Cl, and C4 (Fig. 1). The thermal
moderator, ambient temperature light water, is facing normal to the incident proton beam, and
the cold moderator, solid methane at 25 K, is placed at 45°. Detailed descriptions of the
KENS TMRA can be found in Ref. [1,2].

The absolute neutron intensities were measured by means of activation detectors on the C4
and H9 beamlines. The cadmium subtraction method was employed to obtain the thermal or
cold flux. The neutron capture cross section for the activation detectors, thin gold plates,
were calculated with the measured energy spectra. Neutron energy spectra were measured on
the same beam lines with a U-235 fission counter. TOF counts were properly converted to
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the energy spectrum with the U-235 fission cross section. Neutron pulse shapes were
measured on the Cl and H9 beamlines with He-3 counters by monochromating the beams
with mica or pyrolytic graphite (PG). PG was used at 20 K to reduce the thermal diffuse
scattering, and mica was at room temperature. The first to 15th Bragg scattering peaks of PG
(002), corresponding energies of 1.87 meV to 416 meV, were observed, and the second to
26th peaks of mica, 0.841 meV to 142 meV, were measured. Apparatus for the pulse shape
measurement is schematically drawn in Fig. 2.

The measurements were compared with full TMRA modeled LCS (LAHET code system)
neutronic calculations. See Ref. [1] for details on the calculation.

Results

Neutron energy spectra for the cold and thermal sources are shown in Fig. 3 together with
LCS neutronic calculations. Figure 3(a) clearly shows the recovery of the cold neutron flux;
the neutron intensity has been tripled below 0.4 eV, but no change above. The change in the
energy spectrum confirmed that the deteriorated cadmium decoupler was blocking the neutron
beam. One can notice that the Maxwellian peak energy of the new spectrum is slightly lower
than the old. The new moderator has the same structural design but better thermal insulation
that effects a 19% reduction of the methane temperature with the same refrigerator. The LCS
calculation agrees with the measurement except the lower energy regions (< "10 meV) where
the methane cross section kernel is not adequately reliable.

Figure 3(b) shows the neutron energy spectra for the thermal moderator. Several changes
in the TMRA design have resulted in different spectra. At higher energies (> 100 meV), the
intensity is increased by a factor of 1.3 due to changes of the target material, the reflector
elements, and in the decoupling energy. In the thermal energy region (1 meV - 100 meV), it
is slightly decreased by the gadolinium poisoning, and again increasing toward the minimum
energy. This trend corresponds to the pulse widths shown in Fig. 4(b) where the new pulse
width is narrower only in the thermal energy region. The energy spectra of the measurement
and the LCS calculation for the light water moderator are in good agreement.

The absolute intensities are summarized in Table I. Several corrections were applied to the
measurement to represent the moderator surface flux. Neutron scattering in the air and in
vacuum windows, the cos 0 law, self-shielding of the activation detector, and other small
corrections were properly applied. The systematic uncertainty on the measured intensity was
5% which was dominated by the activation measurement. The neutronic calculations in the
table are listed as the neutron flux which is to be absorbed in 0.5 mm thick cadmium.
Statistical errors on the measurements and calculations are both 2%. The LCS calculations
are in good agreement with the measurements except that for the cold moderator in the old
TMRA, where no cadmium decoupler deterioration was simulated.

The neutron pulse widths are shown as FWHM (full width half maximum) in Fig. 4. The
FWHM was obtained by subtracting the time resolution after fitting the pulse shape with the
Cole-Windsor function [3]. The time resolution of the pulse corresponded to the energy
dispersion of the monochromatic beam. It was dominated by the beam divergence, and the
correction for it became 1% at the lowest energy and 4% at the highest. For the cold
moderator, the pulse widths in the measurements are essentially the same except for the fact
that the pulse widths in the new TMRA measurement are shifted to lower energy by 19% due
to the moderator temperature change.

For the thermal moderator, the effect of the gadolinium poison is obvious. The width is
narrowed by 10% - 20% in the thermal energies. Wider pulses below the Maxwellian peak
are due to slower rise time, and only a small difference in the pulse width seems to exist
between with and without the gadolinium poison. It is not well understood yet, and further
investigations are under way. The neutronic calculations have less qualitative agreement with
the measurements, but the energy dependence of the pulse width is quantitatively simulated.
Some of the measured pulse shapes for the thermal moderator are plotted in Fig. 5. Higher
peaks and steeper tails in the new measurements are apparent.
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Conclusions

We measured neutron beam characteristics, the absolute intensity, energy spectra, and pulse
shapes regarding the renewal of the TMRA at KENS, and we confirmed the following
improvements:

1. the cold neutron intensity has been recovered,
2. the thermal and epi-thermal neutron flux has increased by a factor of 1.3,
3. the pulse shape of the thermal neutrons has been narrowed with an
increase of the peak intensity.

We hope that scientific activities at KENS with the renewed spallation neutron source will
flourish more than ever.
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500 MeV Protons

H9

H8 (PEN)

H7 (RAC)

H6 (INC)

H5 (MAX/ARISA)

FIG. 1. KENS beamlines. Initials C and H indicate the cold and thermal beamlines. The
H9 beamline looks the light water moderator surface at an angle of 30°, and the C4 at 15°.

Neutrons

He-3 counters
PG (20 K) / mica
monochrometer

FIG. 2. Schematic view of the pulse shape measurement. The scattering angle is 85°. PG or
mica was used as a monochrometer. Beam collimators are located upstream.
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KENS 2000 TMRA

Measurement
LCS Calculation

Old TMRA

Measurement
LCS Calculation

Thermal Flux

1.19xlO"2

1.20 x 1(T2

1.17 x 10"2

1.11 x 10 2

Cold Flux

1.90 x 10 2

2.17 x 10 2

0.75 xW2

1.84 x 10"2

TABLE I Absolute intensities of the thermal and cold neutrons. The units are
neutrons/str/proton. Systematic uncertainties on the measurements are 5%. Statistical errors
are 2% both on the measrements and on the LCS calculations.
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ABSTRACT

In the eV region, pulse data from a moderator are scarce and have not been measured
systematically. The pulse width in the eV region can be obtained by analyzing the
neutron resonance absorption TOF spectra since it is represented by convolution of the
resonance peak and the pulse shape of neutrons from a moderator, we constructed a
neutron resonance absorption spectrometer (N-RAS) at KNES. We measured
resonance peaks of Ta and U at low temperature(~20K), which resonance parameters
are well known and the widths are narrow, in order to obtain pulse data of neutrons
from the H2O thermal moderator at KENS. We also evaluate the pulse shapes by the
computer simulation. The pulse widths obtained experimentally are almost the same as
those of calculated ones, and there exist little difference in widths compared with
those evaluated by using the slowing down theorem in a infinite medium.

1. Introduction

Neutron spectrometers at pulsed spallation neutron source have been used for studying
material structures and dynamics. Recently, some spectrometers which use high
energy neutrons (in the eV region) are developed. But, at the pulse neutron source,
although the information about the pulse shape of the neutrons emitted from a
moderator is needed for data analysis when the energy is analyzed by the time-of-
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flight (TOF) method, However, the pulse shapes have not been measured
systematically, since measurement of the time distribution of the eV region neutron is
very difficult by the conventional the crystal monochromator. However, if the
resonance absorption spectrum is measured, since the spectrum is the convolution of
the resonance peak and neutron pulse shape, we can get the information about the
pulse shape by analyzing it"1. So, we performed the measurements of the resonance
spectrum.

2. Neutron Resonance Absorption

Fig.l is the layout of neutron resonance absorption spectrometer. A white neutron
emitted from moderator is incident on the sample. When the neutrons are captured by
the sample, y-ray is emitted promptly, which is detected by a scintillation counter. The
energy of incoming neutrons is determined by their TOF.

Moderator(H,O)

Time Analyzer

Scintillation Counter

T
Sample

Neutron
Flight pass length (L)

Prompt y-ray

Fig.l Layout of N-RAS

The TOF spectrum of neutron resonance absorption, Ia(t), is given by

Where G\E-. Teff j is the resonance absorption cross section and nd is the number
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density of the resonance absorbing atoms per unit area perpendicular to the neutron
beam, and L is the flight length, v is the neutron velocity at the resonance energy Eo.
Here, the absorption cross section is modified by the Doppler broadening which
corresponds to the thermal motion of the absorber atom. Diffusive motion of the
absorbers in a solid is slower than the thermal vibrations, so we can neglect the effect
of the diffusion in this method. The absorption cross section is written as follows,

(2.2)

Where x = 2(E - £0 - /x)/r, £ = T /A, R = (m/M )E0 and A = 2^JRkBTeJJ . Where
A is effective Doppler width, cr0 is the peak values of the resonance of absorption
cross section, Eo is the resonance energy, and m and M are the mass of the neutron and
the absorber atom. The intrinsic line width F is defined as the full width at half-
maximum (FWHM) of the resonance. Teff is called effective temperature
corresponding to the average energy of vibrational degree of freedom of the lattice12""1.
IJE,t0) is a pulse shape function of the incident neutrons. We adopted the asymptotic
solution of the neutron slowing down equation in the infinite system, written as

/0(£,/) = (Svvf)2exp(-Z,.v4 (2.3)

Here, 2", is a macroscopic neutron cross section, but we treat this as a parameter. In the
analysis, when the neutron was absorbed, a prompt y-ray is emitted from the
compound nucleus in the order of 10"'4 sec. We detect this y-ray by N-RAS, analyze
the resonance peaks, get a value of parameter Zs, and finally obtain the pulse shape by
substituting the value of Ls to equation (2.3).

3. Experiment and Simulation Calculation.

The experiments have been carried out by using the resonance absorption spectrometer
DOG at KENS, Neutron Scattering Facility at KEK. At this facility, 500MeV proton
beam hit the tantalum target to produce the fast neutrons. The fast neutrons are slowed
down by the light water moderator, and are supplied to each spectrometer. The
reflector is Be, and decoupler is B4C, the decoupling energy of which is 95eV. DOG
spectrometer is placed at H7 beam line of KENS. The flight path length is L=9.53m.
The samples we adopted were uranium and tantalum, because they have some
resonance peaks in the eV region and their resonance parameters were well known
(See Table. 1). y-rays emitted from the resonance atoms were detected by plastic
scintillators at a distance of 3.5cm from the center of the sample.
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Table. 1 Resonance parameters of U and Ta

: T r

Ta

; E(eV) •

i 6.67 ;-
20.9

; 36.8
66.15

: 4.27 ;
! 10.35

24.085
39.52 :
64.01

O0(b)

21790
32199
40121
21535
19460
9400
5940
16690
1730

r(meV) ;
27.5 :
34 i
57
48

: 57 :
: 6o
; 60 :

100 :

70

Fi (meV)

26
25
25
26 i
53
55 ;
53 :
60 ;
64 i

We also performed simulation calculation for the KENS target-moderator-reflector system.

LCS was used for the calculations with ENDF/B-V cross-section data. The geometry of the

KENS target-moderator-reflector system was simulated precisely. We calculate the time

distribution of the neutrons from KENS thermal moderator.

4. Result and Discussion

Fig.2 shows the resonance spectrum of U. Sharp peaks appear at the resonance

energies. We performed the least square fitting with equation(2.1) to these resonance

peaks to obtain the parameter Xs. nd's of U and Ta is 12.147 x 1019 (#/cm2), 4.165 x

1019(#/cm2) and effective temperature(Teff) is 73.95(K), 87.356(K), respectively. Fig.3

shows the experimental data and the fitting curve. The fitting curve is in very good agreement

with the experimental data. By substituting Zs obtained by the fitting for equation(2.3),

neutron pulse shape can be determined. We compared this results with the simulation. Fig.4

shows the pulse shapes of the incident neutrons determined from the fitting result and from

calculation simulation in each resonance energy of U.

The results obtained by the experiment and calculation are in good agreement at each

energy, so it can be said that the simulation calculation is usable in the eV region. Next,

we deduced the FWHM's of neutron pulse shapes. Fig.5 shows the FWHM's of the

neutron pulse shapes at the resonance energies of U and Ta, and the calculated value

from simulation . It turns out that the experimental result and simulation well

correspond again. And we fitted the FWHM of this simulation calculation result by

equation.

- 768 -



JAERI-Conf 2001-002

1
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3 id \- 36.8eV
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Flight Time(fJsec)

Fig.2 Resonance spectrum of U foil

At = aE-°-5. (4.1)
This equation is obtained from the equation(2.3). But this equation did not give good
fit to the result, so we change the value (-0.5) of the index of the energy, and redid the
fitting. Finally, when the value of the index is -0.475, good fit was obtained. There is a
little difference from the slowing down theorem in the infinite system. This will be
due to the effect of the time width of the
proton incident of the KENS target. The
proton time width Atp is about 0.1 micro
seconds. So, we considered that the
FWHM Atr obtained experimentally was
affected by Atp. We assumed that Atr was
expressed as follows.

S 0.3

Atr =
( 4 i 2 )

Here the At is the theoretical FWHM
deduced from the equation(2.3). By using
At and Atp, we can obtain theoretical value
of Atr corresponding to experimental one.
We also performed the fitting to Atr by the
equation(4.1) to obtain the value of the
index. The index giving lest fit was -0.477.
This value is very close to the value (-
0.475) of the simulation results.

Time(fjsec)

Fig.3 Experimental data and fitting curve of the

resonance peak of U foil at 6.67eV
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Fig.4 The neutron pulse shapes determined from fitting result and
simulation calculation at energy 6.67, 20.9, 36.8, 66.15eV
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w1

Fig.5

10'

=1.86E -0.475

Ta
U
Simulation

1 10 10
Energy(eV)

FWHM determined from fitting result of resonance peaks of U
and Ta. and from simulation calculation.

5. Conclusion

It was turned out in this study that we could obtain the pulse data of the eV region of
neutrons emitted from a light-water moderator by N-RAS. The experimental results
are good agreement with the simulation calculation.
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1 Introduction

We address recent progress in the continued neutronic design of the Spallation Neutron
Source Target Station as regards moderator performance. The Spallation Neutron Source Target
Station will receive 2 MW of 1 GeV protons at 60 Hz. This level of proton power offers
unprecedented ncutronic performance for pulsed neutron production for time-of-flight neutron
scattering, as well as unprecedented challenges in providing said performance. We report on
the predicted performance of the moderators for SNS, the results of recent design optimization
studies, and some of the special design challenges that have come about for this target station,
such as poison bum up in poisoned moderators and composite moderators.

2 SNS Moderators

The Spallation Neutron Source moderator suite has changed somewhat recently. We have
replaced the (bottom upstream) composite moderator with a conventional water moderator, and
replaced the existing (bottom downstream) water moderator with an additional coupled hydro-
gen moderator. These changes are partially in response to evolving instrument demands, and
partially due to a greater understanding of the composite moderator performance. Table 1 shows
intensity metrics for the moderator suite, both before and after this most recent change.

The composite moderator was found to be an undesirable match to the neutron scattering
instruments currently being designed for SNS. We have therefore replaced it with a more con-
ventional liquid water moderator in the bottom upstream position, where it will serve eight
beamlines (four off of each side). As our design progresses, this moderator may be assymet-
rically poisoned. We discuss the composite moderator in greater detail below. The existing
(bottom downstream) water moderator has been changed to a coupled liquid hydrogen mod-
erator, reflecting the ever-increasing demands on the SNS instrumentation design efforts for
lower-resolution flux-limited applications requiring cold neutrons.

3 Composite Moderator Performance

High-power spallation neutron sources such as SNS have large radiation damage rates on
most of the neutronically significant components, including the moderators. This fact is espe-
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Table 1: Intensities from the previous and current SNS moderator configuration.
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cially significant for moderators composed of liquid methane. In the liquid state (around 100 K)
methane suffers from severe problems with radiation-induced polymerization, to such a level
that the highest-power existing spallation sources must significantly limit the lifetime of their
liquid methane moderator vessels, imposing significant constraints on operational strategies for
the facility. [1] At damage rates present in SNS the use of liquid methane does not currently
appear to be practical, even though it provides performance characteristics generally agreed to
be highly desirable. As no practicable means to use liquid methane at SNS-like damage rates
is known, we have explored an alternative moderator concept, the hydrogen-water composite
moderator, as a surrogate for liquid methane on high-power spallation neutron sources which
would be tolerant of radiation, given that neither hydrogen nor water are significantly subject
to radiation damage. Although the inspiration and initial goal of our explorations was to in-
vestigate the composite moderator as a surrogate for liquid methane, we also consider it as a
new type of moderator, one which has its own unique performance characteristics, and may be
desirable in its own right.

In general, we can then list a number of characteristics we would like to obtain from a
composite moderator intended as a surrogate for liquid methane:

• narrow pulse shapes in the slowing down region (St. • r
methane),

28 mm for both water and liquid

• narrow pulse shapes, relatively invariant with energy, in the thermalized region, for which
the width is controllable with appropriate poisoning (St « 30-60 //s for water and liquid
methane, depending on poison depth),

• slowing-down-to-thermal transition energy similar to that of liquid methane (30 meV),

• pulse shapes with sharp rising edges,

• exponentially decaying tails no worse than water or liquid methane (r % 20-40 //s for
water and liquid methane, depending on poison depth), and

• more low-energy neutrons.

- 773 -



JAERI-Conf 2(K) 1-002

Figure 1: Composite moderator configuration. The viewed layers are supercritical hydrogen,
the central region is liquid water. The central line shows the base configuration poison location.

3.1 Composite Moderator Description

Our concept for a hydrogen-water composite moderator is one in which the viewed face
of the moderator is a thin layer of hydrogen at 20 K, closely backed by a fairly thick layer of
water at 300 K. As this water layer is optically thick, and would quite likely be poisoned for
pulse width control, the moderator can be arranged symmetrically, as shown in Figure 1, where
hydrogen layers form each viewed surface.

In the composite moderator configuration shown in Figure 1 each viewed face is a 12.5 mm-
thick layer of supercritical hydrogen. Each hydrogen layer is closely backed by a central layer
of water 37.5 mm thick at 300 K. The moderator is decoupled with cadmium from the reflector.
The studies reported here examine two poisoning configurations, one without poison, and one
with poison in the center of the water region, some 18 mm beneath the surface of the water
layer, and thus some 31 mm within the "moderator material region" of the assembly. Other poi-
son configurations have been studied; comparisons between different poison scenarios for the
composite moderator appear elsewhere. This geometry of hydrogen and water was developed
as part of an optimization process in which the spectrum of the composite moderator was made,
as much as possible, similar to that of a nominal liquid methane moderator. [2]
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(a) 10 meV; all moderators thermal. (b) 100 meV; composite/H2O thermal, CH4

slowing-down.

(c) 1 eV; all in slowing-down region.

Figure 2: Emission time distributions. Poisoned composite is cmpsPO, unpoisoned composite
cmpsit, water decH2O, and methane decLqM. AE/E » 23 %.

3.2 Simulation Results

Figure 2(a) shows the pulse shapes calculated for 10 meV neutrons, well within the thermal-
ized region for both water and methane moderators. It is immediately apparent that the com-
posite moderator has a significantly broader pulse shape than either water or methane, although
the degree of that increase depends upon the poisoning. Although the unpoisoned composite
moderator intensity at 10 meV is identical to that of the methane moderator, the increased width
also implies a decrease in peak intensity, by definition an undesirable effect. Furthermore, the
nature of the peak intensity is somewhat different for the composite, in that there is a broad
plateau region, not very useful for precise position location.

Figure 2(b) shows pulse shapes calculated for 100 meV neutrons, within the thermalized re-
gion for a water moderator but not for a methane moderator. The composite moderator, whether
poisoned or not, seems to clearly display the undesirable characteristic signs of thermalization—
a relatively broad, slowly decaying pulse, along with significantly less intensity, both peak and
averaged, than the also-thermalized water moderator. Even though the composite has 2-3 times
the averaged intensity as the methane moderator, the peak intensity for methane is still higher.
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Finally, we see that the plateau in the peak intensity region observed at lower energies has now
resolved itself into a "double-peak" structure, representing an extremely difficult pulse shape to
parametrically describe.

Figure 2(c) shows the pulse shapes calculated for 1 eV neutrons, within the slowing-down
region for all moderators. The water and methane pulse shapes appear to be functionally identi-
cal, as expected. The composite pulse shape on the other hand is extremely unpleasant. At 1 eV
the (gadolinium) poison is of course no longer relevant. Although the time-averaged intensity
is equivalent for all moderators, the pulse shape for the composite is significantly broader than
for water or methane, leading to a significant reduction in peak intensity. This is somewhat
un-intuitive, as one might think of a composite moderator in a homogenized sense, having a hy-
drogen density somewhat between that of water and liquid hydrogen, and thus a slowing-down
time behavior somewhat between that of water and hydrogen. However, the oddly-shaped pulse
shape observed above is still present. Furthermore, we can now easily note that the rising edge
of the pulse shape is significantly slower than that of water or methane; in fact, it is nearly
identical to that of liquid hydrogen.

Figure 3(a), showing the pulse width (FWHM) as a function of energy, further demonstrates
the onset of thermalization in the composite moderator, as indicated by the sharp increase in
pulse width, at energies very similar to that for water rather than methane. Additionally, the
composite moderator in general gives significantly broader pulse shapes overall, even in the
typically narrow slowing-down region. Finally, we can see that the low-energy-asymptotic
behavior of the pulse width provides additional indication that the composite moderator is a
"thermalizing" moderator. Figure 3(b), however, shows that the composite moderator, while

(a) Pulse widths. (b) Intensity per unit lethargy.

Figure 3: Characteristics of compared moderators. The poisoned composite is denoted
source_poi503_bu_cmpsPO, the unpoisoned composite source_poi203i3u_cmpsit, the poisoned
water source_poi264 J?u_decH2O, and the poisoned liquid methane source_poi203_bu_decLqM.
Statistics are poor at low energies.

having quite good time-averaged intensity (always superior to methane while competing very
well with water), does not have a characteristic Maxwellian shape, and thus might not be con-
sidered a thermalizing moderator by most definitions.
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3.3 Experimental Verification

In many ways, the simulations of the composite moderator are probably the most challeng-
ing pulsed moderator simulation that we've ever attempted. Furthermore, the importance of
the composite moderator for SNS is quite large, even though it is somewhat untested technol-
ogy. We have performed experiments [3] at the Hokkaido University in Japan on a prototype
composite moderator with the goal of answering two main questions:

• The composite moderator simulations show very broad pulse shapes, even at slowing
down energies. Current tallies (such as we use to calculate pulse shapes) are known
to artificially broaden the pulse shapes when they are significantly displaced from the
moderator material surface. Could the broader pulses we observe be due to an artifact of
an unusually complicated moderator geometry?

• The composite moderator seems to display an unusual "double pulse" behavior. Broad
energy bands in the simulation (necessary to achieve reasonable statistics) are known to
smear high-resolution features. Could the double pulse behavior in a real system be even
worse than our prediction?

While in general we would like to validate or benchmark our overall simulation strategy,
our specific needs, met by the work described in [3], is to gain insight into these two character-
istics we predict for the composite moderator. Our experiments, while they do point out some
deficiencies in our calculations, do provide answers to the questions above. First of all, the
composite moderator pulse shapes are indeed quite broad. Second, we find no evidence of a
double pulse shape at energies that would be propagated through a curved neutron guide, given
the finite proton pulse width expected in a high-power spallation source. We refer the reader
to [3] for further details.

3.4 Discussion

If we consider again the desiderata mentioned earlier, we find that the composite moderator
performance is not particularly satisfactory. Although it does match the low-energy intensity
of liquid methane, and even further provides (at least in the design phase) some capability
for tuning of the spectral intensity as a function of energy, the characteristic performance of the
moderator is much more like that of water, with some of the undesirable characteristics of liquid
hydrogen, as well as some unique undesirable tendencies.

The composite moderator:

• displays broader pulse shapes at all energies than either water or methane,

• transitions to a thermalization regime like water,

• has slow rise times like liquid hydrogen, and

• displays a moderately bimodal pulse shape at medium-to-high energies.

As a result, higher resolution information (in scattering experiments using a composite moder-
ator) will not be present, and the pulse shapes at shorter wavelengths will be very difficult to
fit.

Although a detailed analysis of the serviceability of the composite moderator is beyond the
scope of this document, there are some conclusions that seem inescapable. First of all, the com-
posite moderator does not mimic liquid methane. The slowing-down properties, thermalization
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properties, and general pulse shape characteristics are fundamentally different. Furthermore,
the composite moderator performance displays very few canonically desirable features, and
even then only the somewhat less important ones. It seems likely that any scattering instru-
ment design effort seeking moderate-to-high resolution would choose water or liquid hydrogen,
already available elsewhere in the SNS facility, rather than choosing the composite moderator.

4 Poison Burnup

The moderators in a pulsed spallation neutron source are by design the locations with the
highest thermal neutron flux in the entire system. At the same time, these moderators often
include poisons, such as cadmium or gadolinium, in order to tailor the dynamic performance of
the moderators to meet desired characteristics. The Spallation Neutron Source, currently under
construction at Oak Ridge National Laboratory, will have thermal neutron fluxes more than an
order of magnitude greater than any existing pulsed spallation source, and thus the depletion rate
within these high-cross section absorbers becomes of significant interest in the design process.

Existing pulsed source moderators have poison plates that might typically be on the order
of 40 [im of gadolinium metal or the equivalent. These poison plates serve to tune the time-
response characteristics of the moderator to match the applications served by that particular
moderator. Design calculations for SNS indicate that such a poison plate will be significantly
depleted after some 1000 hours in a megawatt-class spallation source. Of course, consistency
of performance is a watch-word in a large facility of this sort, and significantly less than total
burn-up might still be enough to lead to significant performance changes. Thus, realistic life-
times, given a nominally desired poison thickness of 40 jiva, might be far less than the quoted
1000 hours. Such a short lifetime presents a problem for facility usability. As an example,
the ISIS facility methane moderator is typically changed on the order of every 2000 hours (al-
though for different reasons); this rapid replacement schedule is regarded by ISIS operations
and instrument personnel as a rather significant drawback. Furthermore, the moderator vessels
in SNS are part of the "inner plug" assembly, which also includes some portion of the reflector,
and has desired lifespan of three years (15000 operational hours). Reducing the lifetime of the
inner plug assembly (at greater than one million dollars per copy) so dramatically would be a
very significant engineering decision.

The obvious answer—to increase the thickness of the poison plate to meet the desired lifes-
pan characteristics—may present significant compromises in performance. Preliminary esti-
mates have indicated that a reduction in moderator intensity of some 30% may accompany the
thickening of the gadolinium poison layer by the amount required. While this is, to be sure, un-
desirable, it is perhaps more important to consider the change over time in the performance of
the moderator. If the thicker poison sheet can be designed to have constant, although reduced,
performance over the life of the moderator, then such a compromise might be acceptable.

All of our calculations for this study are based on the top upstream (hydrogen) moderator.
Our conclusions can be extended to other moderators (for example, a decoupled poisoned wa-
ter moderator) via simple scaling factors. For these calculations, the poison plate in the top
upstream moderator is separated into seven layers, each one 20 /im thick, for a nominal poi-
son plate thickness of 140 //m. The top upstream moderator is cadmium-decoupled hydrogen
at 20 K and has curved viewed surfaces. The moderator material has a maximum thickness
of 65 mm, and an average thickness of about 55 mm. The moderator is poisoned with the
afore-mentioned gadolinium at the centerline and is viewed from both sides.
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4.1 Poison Depletion Calculations

Following the levels of the poison isotopes in a gadolinium poison plate is a fairly standard
buildup-depletion process. In this particular case, it is especially simple, as there is no meaning-
ful buildup of neutronically significant material, nor is there any radioactive decay with which
to be concerned. Thus calculating the change over time in the isotopic makeup of the poison
plate is merely a matter of calculating burn-up rates for the neutronically-significant isotopes in
gadolinium (155Gd and 157Gd), multiplying these reactions by a reasonable length of time, sub-
stituting the product isotopic abundances for the poison abundances in the appropriate amount,
and iterating over the length of time of interest. For the SNS characteristics, we chose a layer
thickness of 20 ^m and an initial time-step of 200 operating hours.

The isotopic makeup of the resulting poison plate layers appears in Figure 4, and the neu-
tronic properties in Figure 5. The data clearly show that, over the course of about 1500 hours of

1500 4000

(a) lo5Gd abundance and macroscopic cross sec- (b) 157Gd abundance and macroscopic cross sec-
tion, tion.

Figure 4: Abundances and cross section contributions in depleted gadolinium plates. Cross
sections for 0.0253 eV.

operation, the outermost 20 //m of the poison plate is completely depleted in 157Gd and mostly
depleted in 155Gd. In fact, closer examination of Figure 5(b) indicates that there is a "burn-in"
period, during which the isotopic profile of the "surface layer" of the poison changes from the
natural abundances as different isotopes burn at different rates. This burn-in period, which lasts
about 800 hours, is followed by more uniform loss in effective thickness (as measured by the
nominal perpendicular transmission, denned here as / ) . This uniform loss in effective thickness
appears to persist for long times, as long as the depleted poison plate can be considered black.
Figure 5(b) dramatically shows this depletion. Extrapolating the perpendicular transmission of
the 7-layer structure, we can predict that a poison plate of 140 //m original thickness will be-
come less effective than the 40 //.m nominally required after about 2800 operating hours, and
will be essentially gone within 4000 operating hours.

This rate of burn-up could be interpreted as a reduction in effective poison plate thickness
by a constant amount per unit time. The above numbers would indicate that 50 /im of thickness
is effectively lost off of each face of the poison plate after 2800 hours. Thus, if we wish to have
a poison plate last 15000 hours, each face will lose 270 //m, and the initial thickness must be at
least 580 //m in order to provide the equivalent of 40 //m at the end of life.
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(a) Total macroscopic cross section. (b) Nominal perpendicular transmission.

Figure 5: Neutronic characteristics of depleted gadolinium layers. Cross sections are for
0.0253 eV.

Formalizing this relationship, an exponential fit

(1)

to the latter portion of the transmission of all seven layers of the depleting poison plate, as
shown in Figure 5(b), gives an e-folding time of r = (206 ± 4) hours. The transmission at the
end of the burn-in period T^ — 800 hours is /b = (1.8 ± 0.4) x 10~7, and the effectiveness of
the poison plate decreases over the burn-in period Tb by a factor of /b//o = (195 ± 10). We
can outline a simple procedure for predicting the thickness required to reach a certain lifetime
over which the poison effectiveness meets a certain requirement. Given a required effectiveness
/ r and a required lifetime Tr, the effectiveness at Ij, must be

/b = /re ^ T / ,

and the initial effectiveness

The ratio of the initial thickness tn to the nominally required thickness tr is

ô m /o
tr I n / /

(2)

(3)

(4)

If we seek a 15000 hour lifetime for the poison plate, we then require an initial poison plate
thickness 13.4 times that of the nominal minimum thickness of 40 //m; that is, we require an
initial poison thickness of 540 //m, very similar to the 580 //m from our less formal estimation.

We have so far assumed that the conventional 40 //m thickness represents a requirement—a
minimum below which we dare not go. It is also possible that the typical 40 /im thickness
historically used at pulsed neutron sources is overly conservative. If we were to instead assume
that a poison plate entirely depleted in lo 'Gd and nearly depleted in ^ G d would still provide

- 7 8 0 -



JAERI-Conf 2001-002

the necessary neutronic effect we could claim, based on Figure 4, that the first layer of poison
is adequate until around 2000 hours, when the 155Gd abundance has fallen to approximately
one eighth of its original value and the 157Gd abundance is negligible. If each 20 /im layer is
adequate for 2000 hours, we would require 7.5 such layers for the initial half-thickness of the
poison plate; a total thickness of 300 //m.

Our most conservative depletion calculations show that the gadolinium poison plate suffers
a loss in effective thickness of 180 /im (90 /xm from each face) over the course of 5000 hours
(the nominal operating time in one calendar year). Given a desired lifetime for the moderator of
three years, this implies that an initial poison thickness of 580 /im will provide the equivalent
effectiveness of 40 /im of un-depleted gadolinium at the end of the moderator lifetime. A less
conservative, perhaps more realistic analysis might indicate that an initial thickness as low as
300 //m would serve our purposes. In either case, it is clear that the three-year lifetime de-
sired for the moderator will require significantly thicker poison plates than have conventionally
been used. As mentioned previously, these calculations are for a decoupled, poisoned hydro-
gen moderator. Moderators with different spectral temperatures or different thermal integrals
would deplete poison plates at different rates, even in the same nominal position relative to
the spallation target. We suggest that a scale factor of the thermal flux integral, weighted by
a non-1 jv factor to account for differences in spectral temperature, would adequately predict
depletion rates in other moderators. For any reasonable poisoned moderator, such a factor will
likely never exceed five or so. We note that a factor of five, say for a high-intensity water or
liquid methane moderator, would represent another enormous jump in required poison lifetime.

4.2 Performance Impacts of Poison Plate Depletion

The initial gadolinium poison plate thickness required, as determined by the calculations de-
scribed in the previous section, is more than an order of magnitude larger than what is typically
used in pulsed spallation source moderators. As gadolinium does have substantial resonance
absorption, as well as a cutoff energy which is somewhat dependent on the exact thickness of a
poison plate, conventional wisdom has dictated that the poison plate should be kept as thin as
possible. We have therefor calculated the effect of thicker poison plates on the performance of
the moderator in question.

Figure 6 shows the spectral intensity of the moderator for different poison thicknesses at the
beginning of life, overlaid with the microscopic cross section for natural (i.e., fresh) gadolin-
ium. The thickness of the poison plate ranges from the nominal minimum of 40 /im to 1400 /im,
thicker than we hope will be necessary to meet the desired three year lifetime. It is clear that res-
onance capture in the poison material significantly depresses the flux near resonance energies,
resulting in a significantly reduced moderator brightness at the energies below said resonances.
In other words, each time the mean energy of the neutron field within the system "passes"
the energy of a resonance as the neutrons slow down, resonance absorption bleeds off a cer-
tain fraction. By the time the neutrons have slowed down past the last distinct resonances in
the gadolinium cross section, this effect has resulted in a loss of more than 10% in moderator
brightness for a 1400 pm poison plate as compared to a 40 /im poison plate (at 1 eV). Increasing
the thickness of the poison plate also shifts the effective cutoff energy slightly higher, result-
ing in the most significant impact on the spectra! intensity occurring at energies near that cutoff,
nominally around 200 meV. Again for the case of 1400 /im and 40 //m poison plates, this results
in an intensity loss of more than 20% at 200 meV. Finally, at energies well below the gadolinium
cutoff, the moderator suffers a fairly uniform loss in intensity of 16-18%. The specifics of the
gadolinium cross section thus dictate not only a loss in intensity, but an energy-dependent loss.
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Figure 6: Moderator spectra for different (fresh) poison plate thicknesses and poison cross
section. Note linear scale for spectra, logarithmic for cross section.

That is, the spectral shape changes in addition to the intensity.
Figure 7 shows the absolutely normalized pulse shape as a function of fresh poison plate

thickness for various energies. At higher energies (Figure 7(d)), we see the same 10% decrease
in the overall intensity between the thinnest and thickest poison plates. The shape of the dis-
tribution does not change—only the amplitude. At lower energies (Figures 7(a) and 7(b)) the
decrease in intensity is again around 16-18%, with the additional decrease (over and above the
10% due to increased resonance absorption) coming from the increased cutoff energy, while at
the cutoff energy (Figure 7(c)) we see the most significant decrease, nearly 25%. There is also
a small change in pulse shape around 200 meV, while at the lower energies the pulse shape is
again constant, with only the amplitude changing.

We emphasize that the penalties quoted above represent the thickest poison plate studied;
a bounding case for consideration. A more reasonable, less conservative initial thickness of
600 /j,m results in losses of around 6% at 1 eV, 16% at 200 meV, and 10-15% below 200 meV.
The analysis above (leading to the thickness required to provide a specified lifetime) also seems
to indicate that the change in moderator performance over a given period will be similar to the
change resulting from the thickening of the initial poison plate. Thus we might expect that a
moderator which started with a 580 //m poison plate would provide 10-15% fewer neutrons at
low energies than that same moderator after the poison plate had depleted to the equivalent of
40 /im of fresh gadolinium, barring other changes within the system.

Our analysis clearly indicates that poison plate depletion in megawatt-class pulsed spallation
sources is a significant issue, and that long poison plate lifetimes come with significant neutronic
compromises. For now, we feel it likely that the SNS project will accept these compromises as
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Figure 7: Emission time distributions for different (fresh) poison plate thicknesses; case bh212;
40 //m, case bh217; 140 //m, case bh217; 560 /vrn, case bh21b; 1400

part of the cost of pushing the envelope of spallation source design. We will, however, continue
to explore methods by which we might extend reasonable component lifetimes and reduce the
negative effects of those extended lifetimes.

Rapidly depleting absorbers are also used in decouplers on pulsed neutron sources. These
decouplers generally surround a moderator quite closely, and thus will likely experience fluxes
from the direction of the moderator similar to, although somewhat smaller than, those depleting
the poison plate. The main purpose of the decoupler, however, is to prevent the return of very
long-lived thermal neutron populations from the reflector. This long-lived reflector population is
significantly larger than the corresponding moderator population, as is demonstrated by a com-
parison of thermal integrals from coupled moderators with those from decoupled moderators—
factors of 5-10 are not uncommon. On the other hand, decouplers traditionally have somewhat
higher cutoff energies, changes in which are likely to affect only moderator intensities, not
spectra or pulse shapes. Furthermore, typical decoupler thicknesses might be more like 1 mm
of cadmium, already significantly thicker than typical poison layers. We therefor feel it likely
that poison depletion, rather than decoupler depletion, will be the driving force in lifetime con-
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siderations.

5 Moderator Configuration Optimization

In our original moderator configuration, the (top upstream) decoupled hydrogen moderator
was placed over the location of maximum neutron production in the target. The (top down-
stream) coupled moderator was then fit in downstream and thus was somewhat removed from
the point of maximum neutron production, giving it a significant disadvantage. We felt it more
important that the decoupled unit be located at the maximum of the neutron production peak
because this moderator yields considerably less intensity overall, and because this modera-
tor served twice as many instruments as did the downstream moderator. With the two cryo-
genic units located in this manner, and with reflector material between them, their centers were
21.5 cm apart.

We have determined that there should be premoderating light water on the bottom and sides
of both cryogenic units, as this tends to increase the neutron intensity and decrease the heat load.
In addition, we have designed the downstream coupled moderator with premoderator water on
the back face as well (it is viewed from one side only whereas the upstream moderator is viewed
from two sides). On the basis of our optimization studies, the values chosen for premoderator
water thickness were as follows. There is 2 cm of water on the bottom of the decoupled mod-
erator (toward the target) but negligible amounts on the sides, while on the coupled moderator
there is 2 cm of water on the bottom, back, and sides. There is also a thin water jacket on
the sides of the decoupled moderator and on the tops of both moderators. However, these small
amounts of premoderator were not important neutronically; their purpose was to facilitate water
flow throughout the system as this water is also used for cooling purposes.

In general, prcmoderators have two beneficial effects; they increase neutron yields and de-
crease the heat load on the cryogenic system. The increase in neutron yield is most noticeable in
the case of the coupled unit. Of course, the neutron yield from the coupled unit could be further
increased by moving that unit upstream towards the neutron production peak in the target. In
fact, there was no apparent reason why the two units could not be positioned so that they essen-
tially touched one another. Furthermore, if the objective is to move the downstream (coupled)
unit as far as possible upstream, then one might consider dispensing with the side premoderator
so as to position it as close as possible to the upstream unit. In this way, the liquid-hydrogen
compartment will be closer to the area of maximum neutron production in the target.

We performed an optimization study that started with a downstream moderator containing
minimal side premodcrator and placed as close as possible to the upstream moderator. In a series
of calculations, this downstream moderator was then moved in the downstream direction while
at the same time increasing the amount of side premoderator such that the upstream side of
this entire unit remained as close as possible to the upstream moderator. Because of constraints
imposed by the locations of the beam channels, the downstream movement of the coupled unit
in the course of these studies also required a small amount of lateral movement.

Our studies show that the neutron production rate peak as seen by the upstream (decoupled)
moderator is quite flat. This means that it is possible to move the decoupled moderator slightly
upstream to increase neutron production in the coupled (downstream) moderator by allowing
the latter to be closer to the neutron production peak in the target. Our calculations showed that
a 5 cm upstream translation would reduce the upstream moderator intensity by only 5%, while
giving a much higher benefit to the coupled downstream moderator intensity. A separate set of
optimization calculations was therefore carried out in which both cryogenic units were situated
a further 5 cm upstream. However, in this configuration the penalty to the upstream moderator
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then became unacceptably high.

6 Summary

We continue to develop the neutronic models of the Spallation Neutron Source target station
and moderators in order to better predict the neutronic performance of the system as a whole
and in order to better optimize that performance. While we are not able to say that every model
change leads to more intense neutron beams being predicted, we do feel that such changes are
advantageous in either performance or in the accuracy of the prediction of performance.

We have computationally and experimentally studied the neutronics of hydrogen-water
composite moderators such as are proposed for the SNS Project. In performing these stud-
ies, we find that the composite moderator, at least in the configuration we have examined, does
not provide performance characteristics desirable for the instruments proposed and being de-
signed for this neutron scattering facility. The pulse width as a function of energy is significantly
broader than for other moderators, limiting attainable resolution-bandwidth combinations. Fur-
thermore, there is reason to expect that higher-energy (0.1-1 eV) applications will be signifi-
cantly impacted by bimodal pulse shapes requiring enormous effort to parameterize. As a result
of these studies, we have changed the SNS design, and will not use a composite moderator at
this time.

We have analyzed the depletion of a gadolinium poison plate in a hydrogen moderator at
the Spallation Neutron Source, and found that conventional poison thicknesses will be com-
pletely unable to last the desired component lifetime of three operational years. A poison plate
300-600 //,m thick will survive for the required length of time, but will somewhat degrade the
intensity (by as much as 15% depending on neutron energy) and the consistency of the neutron
source performance. Our results should scale fairly easily to other moderators on this or any
other spallation source. While depletion will be important for all highly-absorbing materials in
high-flux regions, we feel it likely that the poison plate represents a bounding case. We continue
to explore new methods for extending absorber lifetimes and improving the resulting neutron
source performance.

Finally, we continue to optimize the configuration of the moderators as a whole, resulting
for example in premoderators around the cryogenic moderators, and in slight tweaking of mod-
erator position in order to provide performance benefits, as well as providing (undiscussed here)
ease of manufacturing.
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Abstract

We performed an optimization study of an extended premoderator (PM) for a cou-
pled supercritical hydrogen (H2) moderator in a lead reflected system. We found that the
extended PM could eliminate a backside PM which had been believed to be indispensable
from a neutronic point of view. This means that neutron beams can be extracted from
both viewed surfaces of one moderator, so that two H2 moderators can be replaced by
one H2 without sacrificing neutron intensity.

In this paper, we compared neutronic performances of these two moderator sys-
tems; one-moderator system and two-moderator system. Neutron beams are extracted
from both viewed surfaces in the former, while in the latter two H2 moderators having
one viewed surface, respectively, share the PM in the backside. We concluded the one-
moderator system exhibits a better neutronic performance with a lower heat deposition
in H2comparing to the two moderator system.

We briefly compared the neutronic characteristics between the lead and beryllium
reflected system. It was found that the lead reflected system can provide a higher pulse
peak with a narrower pulse width and a faster decay time than the beryllium one, although
the time-integrated intensity is lower than the latter.

1 Introduction

For the Japanese spallation neutron source (JSNS) [1], we originally proposed a set
of two coupled supercritical hydrogen (H2) moderators with premoderator (PM) shar-
ing the backside PM in the backside. The two H2 moderators were put together at the
maximum leakage-neutron luminosity region on the target by sharing the backside PM
to enhance the cold neutron intensities from both moderators [2, 3]. It had also been
proved that the extension of PM enhanced cold neutron intensities appreciably without
sacrificing the pulse shape [4]. This result suggests that the backside PM can be elim-
inated and the two H2 moderators can be replaced by one H2 moderator at no penalty
in neutron intensity. The one-moderator system (1-MS) is thought to be superior to the
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two-moderator system (2-MS) from viewpoints of moderator handling, safety, reliability
and cost saving. In addition, the pulse shapes are expected to be improved. This paper
describes the optimization of the H2 moderator thickness and the length of PM extension
in a lead (Pb) reflected system with discussions about the performances of the 2-MS and
1-MS.

On the other hand, it is being recognized that an extended PM enhances neutron
intensities not only in the Pb reflected system but also in the beryllium (Be) one. We
briefly compare the neutronic characteristics of both systems.

2 Calculations

We calculated the characteristics of neutron beam from a coupled H2 moderator and
energy deposition (Edep) in H2 using NMTC/JAERI-97 [5] and MCNP4A [6]. For a mer-
cury, cross sections evaluated at JAERI [7] were used. The cold neutron intensities were
estimated as an integration of the Maxwellian portion (Ijnt). Pulse peak intensities (Ipeak),
pulse width in full width at half maximum (FWHM) and decay times were calculated for
2.1 meV neutrons. The calculation models of the 2-MS and 1-MS are shown in Fig.l. The
thickness of the PM was fixed at 25 mm in this study because the Ijnt was maximum at
25 mm in the previous study about the PM thickness without extension [4]. The general
parameters used in the calculations are summarized in Table 1. The configuration of
target-moderator-reflector system used in this study was the same as used in references.
[2, 3] The detail of the model and the calculation method are also given in the literature.

50 mm 50 mm 50 or 80 mm

Extension
(Xmm)

two-moderator system (2-MS) one-moderator system (1-MS)

Fig. 1 Calculation models of a coupled moderator for the 1-MS and 2-MS. The upper is
horizontal view, the lower is vertical view.
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Table 1 General parameters for calculational model
Proton beam

Power
Energy
Repetition rate
Current density profile
Cross section

Target
Material
Dimension

Reflector
Material
Shape
Main dimension

5MW
1.5 GeV
50 Hz
Rectangular (flat distribution)
133.5 x 51.6 mm2

Mercury (Hg)
173.5W x 81.6H x 600L mm3

Lead (Pb)
Modified octagonal horizontal cross section
800w x 1600H x 1200L mm3

3 Optimization study in a lead reflected system

3.1 Effect of backside premoderator

We examined the effect of the shared backside PM on the enhancement of Iint.
The calculation was performed with and without the backside PM. It was found that the
neutron intensities below 100 meV decreased only about 5% by removing the backside PM.
This is due to the fact that the extended PM enhances the intensity considerably. This
result means that the backside PM is no longer important after introducing the extended
PM, namely, the 1-MS with extended PM can provide comparable neutron intensity to
the 2-MS which we have proposed at early time.

3.2 Thickness of hydrogen moderator
[x1012n/cm?/s/si7MW]

Near & Side
& Far

1
0

Near

We estimated the effect of each part
(near, side, far) of PM extension in the 1-
MS as shown in Fig. 1. The extensions were
applied for the near, side and far PMs with
respect to the target.

The Iint increases, more or less, with
the extension of each part as shown in
Fig.2. Of course, the near PM brought
about the maximum enhancement. There-
fore, the extension should be applied for all
part of PM. The effects of PM extension in
the 2-MS are compared with the 1-MS in
Fig.2. The achieved Iint in the 1-MS was F i§- 2 Effects of each part of PM extension

on neutron intensities.

5 0 1 0 0 1 5 0 2 0 0

PM extension, X (mm)
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smaller than that in the 2-MS, although
the effects of extensions were much larger
in the 1-MS than the 2-MS.

The reason why the 1-MS could not
surpass the 2-MS in Iiut may be due to
the thinner effective thickness of H2. The
thickness of a H2 moderator can be in-
creased for the 1-MS if the pulse charac-
teristics are acceptable. Figure 3 shows the
effects of H2 thickness on Iint and FWHM
from the 1-MS without PM extension. The
size of the PM surrounding the H2 was
changed with the H2 thickness. For com-
parison, the Iint from the 2-MS (moderator
thicknesses are 50 mm) with and without
PM extension are also shown. The Iint from
the 1-MS rapidly increases up to 80 mm
thickness and gradually at about 120 mm.
However, it could not surpass the 2-MS.
The FWHM continuously increased with
the H2 thickness. Therefore, we selected
50 mm and 80 mm H2 moderator for the
optimization study of the PM extension.

[x10"n/cm2/s/sr/MW]
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' . . . . I
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no PM extension :

50 100 150
H2 thickness (mm)

200

2-MS 100 mm PM extension
No PM extension

1-MS
no extension

50 100 150
H thickness (mm)

200

Fig. 3 The effects of H2 thickness on neutron
intensity and pulse width.
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1-MS50/Be- -. 1-MS80

3.3 Premoderator extension

We studied the effect of the PM extension on Iint, FWHM and Edep for the 2-MS of
50 mm H2 and the 1-MS of 50 ram and 80 mm denoting 1-MS50 and 1-MS80, respectively.
The effects of the PM extensions on Ijnt are shown in Fig.4. The effects are almost
saturated at 150 mm extension in all mod-
erator systems. At 150 mm extension,
the Iint gain factors relative to the no ex-
tension case are 120%, 65% and 34% for
the 1-MS50, 1-MS80 and 2-MS, respec-
tively. The achieved Iint from the 1-MS50
are lower only by 5% compared with the
maximum achieved value for the 2-MS. In
addition, the Ijnt from the 1-MS80 are ap-
proximately 4% higher than the 2-MS with
longer PM extensions. It was found that
the 1-MS could provide higher or compa-

2-MS

c [x1012n/cm2/sr/MW]

5

4

3

2

1

0 1 , 1 , 1 , 1

0

rable Ijnt than the 2-MS due to the remark-
able effects of PM extension.

50 100 150 200
PM extension, X (mm)

Fig. 4 The effects of PM extension on neutron
intensities (lint)-
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Fig. 5 The effects of PM extension on pulse
widths (FWHM).
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In Fig.5 the effects of PM extension on
FWHM are shown. The FWHM gradually
increases with the PM extension. However,
those of the 1-MS50 and the 1-MS80 are nar-
rower than the 2-MS in the whole extension
range. Even at 150 mm, the FWHM is still
narrower than the 2-MS by approximately
15%. The wider pulses for the 2-MS seem
to be due to the larger effective thickness of
H2.

Figure 6 shows the effects of PM ex-
tension on Ipeak derived by Iint/FWHM. As
clearly seen in the figure the 1-MS80 gives the
highest Ipeak at 100 mm extension. The I p ^
from all systems saturate or decrease with PM
extensions longer than 100 mm due to the
more increases of the FWHM than that of

l in t •

The Edep in H2 moderator(s) are shown
in Fig.7. They decreases with the PM exten-
sion and saturate at about 150 mm extension
in all moderator systems. The saturated val-
ues are roughly proportional to the total vol-
ume of the moderators.

4 Comparison between lead and beryl-
lium reflected system

For the discussion about reflector ma-
terials we performed a calculation in the Be
reflected system with the same calculation
model as the 1-MS50. An Iint, a FWHM, an
Ipeak and Edep in Be system are also shown in
Fig.4-7. The Iint from the Be system is higher
than any other cases in the Pb system, How-
ever, the Ipeak is smaller than the Be system
with much wider FWHM and longer decay
time as shown in Fig.4 and Fig.8.

We should note that the Ijnt can be es-
timated to increase by about 7% than the value for the Be system in Fig.4 as a result of
the optimization study of PM extension in a Be system, although it has not finished yet.

0 50 100 150 200
PM extension, X (mm)

Fig. 7 The effects of PM extension on heat
deposition in H2 .
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5 Results

The Iint and the Edep saturated at

1018[n/cm /s/str/eV/pulse]

En = 2.1 meV,

Proton: 5MW, 50 Hz

1-MS50/Be -

about 150 mm extension for all cases in the
Pb system, however, the FWHM contin-
ued to increase. The Ipcak saturated or de-
creased with PM extensions of longer than
100 mm. The 1-MS80 with 100 mm exten-
sion is the best if Iint and Ipeak are more
important, while the 1-MS50 with 150 mm
extension was the best candidate if a lower
Edep

 ar*d a narrower FWHM is important.
In all cases of the Pb system, the 1-MS was
better than the 2-MS.

The Iint in the Be system was higher Fig. 8 The time distributions of neutron
than any other systems in the Pb system, pulses in lead and beryllium reflected system.
However, the pulse characteristics were in-
ferior to the Pb system.

500 1000
Time (us)

1500 2000

6 Conclusion

The results of the present study have shown that a further increase of PM extension
could compensate the intensity decrease due to the replacement of the 2-MS by the 1-
MS with the improvement in pulse characteristics. Therefore, we came to a conclusion
that the 2-MS should be replaced by the 1-MS not only from the neutronic point of view
but also from the viewpoints of engineering feasibility and cost saving. There will be an
additional merit in the 1-MS in terms of increasing the stability in the system operation.
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Abstract

A decoupled hydrogen moderator (H2 moderator) with a H2O premoderator is the
primary candidate as a high-resolution moderator in Japanese spallation neutron
source (JSNS). However, it has already pointed out that a premoderator for a
decoupled H2 moderator has no merit (or attenuation) in both neutron
time'integrated and pulse peak intensities in a Be reflector. On the other hand,
for a Pb reflector system, we found that a premoderator can provide a higher
time-integrated and peak intensities than those in the Be reflected case. It
should be noted that the Pb reflector gave longer pulse tails (loner decay times)
than the Be one due to a long slowing-down time of Pb.

In spite of such drawbacks, we found that it could be possible to provide a better
performance with a Pb reflector by optimizing the material and the geometry of
premoderator and by adopting a properly chosen decoupling energy: resulting in
a higher peak intensity with a similarly short decay time as a Be reflector case.
From this point of view, we performed optimization studies on the moderator
system in terms of moderator lateral dimensions and viewed surface sizes and
position.

As a result, it can be concluded that the optimized premoderator is very effective
not only to improve pulse characteristics (intensities and shapes), but also to
decrease the energy deposition in H2- Also, it should be stressed that the
premoderator gives a larger separation between moderator and target, resulting
in a higher signal to background ratio in neutron measurements and lower
engineering load for the neutron beam line shieldings.
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1. Introduction
The Japanese spallation neutron source (JSNS) is proposed to be constructed as a
part of joint project of JAERI (Japan Atomic Energy Research Institute) and KEK
(High Energy Accelerator Research Institute). Only hydrogen is candidate of the
moderator material in a MWxlass spallation neutron source because of high
radiation damage. Three moderators system to be implemented are a coupled
moderator (high intensity) and two decoupled moderators (high resolution) to
satisfy various neutron pulse characteristics requested by neutron scattering
experiments,. The one of decoupled moderator supplies the cold and thermal
neutron pulses with narrow peak (high peak intensity and small FWHM) and a
small tail. TMRA (Target Moderator Reflector Assembly) in JSNS is described in
Ref. [l] in detail. To obtain higher neutoronic performance of the coupled
moderator, it was suggested that a premoderator provided high intensity and
reduced heat deposition of moderator in the Pb (Lead) reflector with a little
sacrificing pulse shape, and that premoderator extension is very effective [2]. In
the decoupled moderator, it is well known that the Pb reflector gave longer pulse
tails (loner decay times) in the slowing-down region than the Be (Beryllium)
reflector due to a long slowing-down time. It has already been thought that a
premoderator for a decoupled H2 moderator gave no merit (or attenuation) in the
neutron time integrated and pulse peak intensities with the Be reflector. We
considered that the premoderator is effective also for the decoupled moderator in
the Pb reflector system. When the premoderator is optimized to obtain better
neutronic performance, a choice of the premoderator material is important.
Further, the premoderator effect is related to decoupling energies, which are
sensitive to a tail of pulse. Lastly, a study on effect of viewed surface size and
moderator lateral size is important for the neutronic performance and
engineering.

In viewing above, we have studied the optimization of decoupled hydrogen
moderator for following items:

(1) Confirmation of premoderator effect for decoupled moderator with the Pb

reflector,

(2) Optimization of premoderator geometry and thickness,
(3) Decoupling energy dependence of premoderator effect,
(4) Premoderator material,
(5) Optimization of viewed surface size and moderator lateral size,
(6) Comparison of a simple model with a detailed model,
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2. Calculation
2-1. Basic model of calculation

For the calculation, a high-energy nucleon-meson transport code "NMTC/JAM"
(above 20 MeV) [3] and a neutron transport Monte Carlo code "MCNP-4A" (below
20 MeV) [4] were used. Cross section data used in the MCNP-4A code is based on
JENDL evaluated library [5]. The calculation model is schematically shown in
Fig. 1. The liquid H2 moderator (Size: W 12 cm x H 12 cm x L 5 cm. ortho/para
ratio is 8-1) was placed under the mercury target which had a dimension of W 40

cm x H 8 cm x L 75 cm. Proton beams of 3 GeV, 25 Hz, 0.33 mA were injected in
the target. The beam profile of 13 x 5 cm2 rectangle shape with uniform
distribution was assumed. The moderator was decoupled with the reflector by
3mm in thick BiC (Boron Carbide) decoupler. By controlling the B4C density, the
decoupling energy was adjusted to 1 eV. The premoderator (H2O (light water))
surrounding the moderator and is extending to the neutron beam hole was placed
outside of the decoupler. The reflector material studied were Pb or Be. The size of
it is 120 cm in diameter and 120 cm in height. A neutron detector is located at the
2 m distance from the moderator surface. In this study, one decoupled moderator
is modeled in the calculation.

2-2. Model of each study

2-2-1. Premoderator effect for decoupled moderator in Pb reflector

Hereafter, a term f near side denotes a location facing on the neutron source. The
near side premoderator is in guess strongly sensitive to the increase in neutron
intensity from moderator in Pb reflector. Only for the near side premoderator,
neutronic performance is investigated with increasing of premoderator thickness.
As the thickness increases, a separation between the target and the moderator

increases.

2-2-2. Optimization of premoderator geometry thickness

Geometrical shapes and thickness of premoderator are optimized in terms of a
neutron intensity gain. In the calculation model, the premoderator is divided to 2

parts (main premoderator and extended premoderator). 8 values of thickness or
length are parameters shown in Fig. 2.
Firstly, parameter (l) is searched and fixed to get highest neutron intensity. Next,

with the fixed parameter (l), parameter (2) is searched to get highest neutron

intensity. Other parameter is searched in the same way and 8 parameters are
determined to obtain highest neutron intensity.
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2-2-3. Decoupling energy dependence

Increase of the decoupling energy in Pb reflector improves pulse tail strongly
though the neutron intensity decreases. These effect is smaller than that in Be
reflector. Neutron intensity and FWHM are calculated with different decoupling
energies. Decoupling energies are changed by using B4C or Cd (Cadmium)
decouplers with adjusting their density.

2-2-4. Premoderator material

Along with H2O, D2O (heavy water) is candidate for the premoderator. Kiyanagi
et al. indicated that D^O was effective on neutronic performance for a decoupled
moderator [6]. In this study, the pulse shape with H2O premoderator is compared
with that with D2O premoderator. Thickness of D2O premoderator optimized in
Ref. [6] is used.

2-2-5 Moderator lateral size and viewed surface size

A choice of moderator lateral size and surface size is important in particular in
an engineering design. In view of neutronic performance, they are also important
factors for neutron intensity and neutron luminosity, which is neutron leakage
flux per moderator lateral area unit. We calculated neutronic performance by
changing the moderator lateral size and the viewed surface size.

2-2-6 Comparison of a simple model with a detailed model

In the calculation, we have adopted simplified models. However, as the system is
so complicated, we have to examine a possible difference between the simple
model and a more realistic detailed model, for example, reflector missing due to
other moderator beam holes, etc. Sakata et al. indicate that the reflector missing
cause an intensity loss of about 10 % for the coupled moderator [7], Their
calculated results in the simple model were compared with these in the detailed
model.

3. Results and Discussion
3-1 Premoderator effect for decoupled moderator in Pb reflector

The result shows in Fig. 3. As the premoderator thickness increases,
time-integrated neutron intensity increases without sacrificing FWHM, and the
gain of 10 % saturates at 1.5 cm thickness. This is due to that the premoderator
has energy softening function of neutron giving increases in the intensity. This
provides a separation between the target and the moderator. On the other hand,
heat deposition in the moderator decreases with increase of the premoderator
thickness. The reduction rate of 30 % is obtained at 3.0 cm in thickness. These
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result indicated that the premoderator is very effective in Pb reflector for the
decoupled moderator.

3-2 Premoderator geometry thickness

Figure 4 shows a gain of neutron intensity with increase of premoderator
extension and thickness. The intensity is normalized to that with no
premoderator. Figure 4 shows that the premoderator at near side gives more gain
of intensity than that at far side. The optimized premoderator was an increase up
to 40 %. Figure 5 shows pulse shape for the optimized premoderator, comparing
with that of no premoderator. It is clear that the premoderator increases the peak
intensity without sacrificing any pulse tail increases. It is shown that heat
deposition in moderator is reduced by 37% from that of no premoderator.

3-3 Decoupling energy dependence

Figure 6 shows the neutron intensity with increase of the decoupling energy for
no premoderator, the optimized premoderators at decoupling energy leV, and the
optimized premoderators at different decoupling energies. Premoderators
optimized to geometry and thickness provide the highest intensity at each
decoupling energy, and the intensity decrease with increase of the decoupling
energy. As decoupling energy increases, the neutron intensity decreases with no
premoderator. Especially, for the optimized premoderator at the decoupling
energy of leV, the premoderator causes a loss of neutron intensity at decoupling
energy 100 eV. This is because of an over energy softening effect for neutron flux.
Though by using the optimized premoderator at corresponding decoupling energy
gives a gain of neutron intensity, the gain is decreased with increasing decoupling
energy. Figure 7 shows the peak intensity at different decoupling energies in no
premoderator and optimized prexnoderator with corresponding decoupling
energies. Though FWHM is not changed much with increase of the decoupling
energy, the peak intensity shows the same tendency of the neutron intensities as
shown in Fig. 6. Figure 8 indicates that the pulse tail component is decreased
with increase of the decoupling energy in no premoderator and the optimized
premoderator. There is no significant difference in the pulse tail in the each case.
Figure 9 shows pulse shape in Pb reflector with the optimized premoderator and
in Be reflector with no premoderator as a function of the decoupling energy. At
the same decoupling energy, the pulse tail in Pb reflector is longer than that in
Be reflector. However, when decoupling energy is adjusted in the Pb reflector to
be same tail shape in the Be reflector, the peak intensity in the Pb reflector is
larger than that in the Be reflector.
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3-4 Premoderator material

The time-integrated neutron intensity for H2O premoderator is 10 % lower than
that for the D2O premoderator. As shown in Fig. 10, the peak intensity for H2O is
also 5 % lower than that for D2O. On the other hand, FWHM and pulse tail for
H2O are better than those for D2O. However, studies on other factors, such as
reflector coolant effect, balance of other moderator and engineering problem and
so on, premoderator material is still needed.

3-5 Moderator lateral size and viewed surface size

Table 1 shows time-integrated neutron intensity and luminosity changing both
viewed surface size and moderator lateral size. Though the total leakage neutron
intensity increase as moderator lateral size increase, the luminosity of leakage
neutron is the largest at the moderator lateral size of 12 x 12 cm2 and 14 x 14 cm2,
and the viewed surface size 10 x 10 cm2.
On the other hand, the neutron intensity at different distances from target to
viewed surface is shown in Table 2. The neutron intensity is high at location in
the viewed surface which is the near side.

3-6 Comparison of a simple model with a detailed model

Figures. 11 & 12 show energy spectrum and time structure of a pulse for a simple
model and a detailed model. Both neutron intensity and peak intensity for a
detailed model are 30 % lower than those for the simple model in the whole
energy region. On the other hand, FWHM in the detailed model is as same as
that the simple model. The pulse shape in the both case is shown in Fig. 13.
There is almost no difference in the pulse tail. These results suggest that pulse
characteristic is independent of the difference between a simple model and a full
model.

4, Conclusion
It is confirmed that the premoderator have much merit in the case of decoupled
moderator and Pb reflector.
The result of optimization of premoderator indicated that if, in the case of Pb
reflector, premoderator and decoupling energy is controlled to obtain best
performance, decoupled H2 moderator with premoderator in the case of Pb
reflector can provide better pulse characteristics than that without premoderator
for Be reflector.
Then, H2O premoderator provides short tail and D2O premoderator provide high
peak intensity. However it is not wise that premoderator material is decided
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without taking account of other factor.
The neutron intensity per viewed surface area is obtained by selecting that
moderator lateral size and viewed surface size are 12 x 12 cm2 and 10 x 10cm2,
respectively. Position of viewed surface had better to b installed close to the
target.
Moreover, Neutron intensity in the case of the detailed model is 30 % loss lower

than that of Simple model and pulse shape isn't difference between Simple model
and Full model.
Finally other merit of using premoderator is separation between the moderator
and the target. Larger separation between the moderator and the target provided
better S/N ratio for the neutron scattering experiment and smaller neutron
intensity generally. However, premoderator can provide larger spallation without
loss of neutron intensity. Maekawa et al. indicate that fast neutron flux cause the
background for the experiments is reduced with increasing the separation [8].
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Table 1- Total and luminosity of neutron intensity in change of moderator lateral
size and viewed surface

Moderator Lateral Surfac
Viewed Surface
Ratio

Total Intensity Ratio

10x1Q(crrf) 12x12
10x10(cm2) 10x10

14x14
10x10

14x14
12x12

16x16
12x12

16x16
14x14

1.00
1.00

1.22
1.22

1.26
1.26

1.09
1.57

1.09
1.58

0.95
1.86

Table 2- Total neutron intensity in change of viewed surface position at the each
energy region

Distance between Mod.
_Tojp_

0- 10meV
20- 120 meV

0.5- 10 eV

0 1

1.00 0.99
1.00 0.95
1.00 0.93

%ps" Reflector £§-j^^J5f-^SS^^iM:";:.iJ

Decoupler

fffHiS Premoderator WS?:EiS-!'?lSSM

Vertical cross sectional view (b): Horizontal cross sectional view
Fig. l: Schematic calculation model
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premoderator, respectively. Time-integrated intensity is also
integrated in the energy region from 50 meV to 200 meV and peak
intensity and FWHM is the value at neutron energy 50 meV.
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Fig. 4' Premoderator geometry and thickness dependence of time-integrated
neutron intensity in the energy region from 50 meV to 200 meV in the Pb
reflected case
These values are normalized to neutron intensity in the case with no
premoderator.
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Fig.5: Comparison of pulse shape in the case of optimized premoderator with that
in the case of no premoderator at En=50 meV
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Fig. 10- Comparison of time structure in the case of H2O premoderator with that
in the case of D2O premoderator at 100 meV
H2O Premoderator provide much gain of neutron intensity without
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Abstract

Extensive neutronic optimization studies on the reflector for a coupled hydrogen moderator

with extended premoderator have been performed with various parameters such as reflector mate-

rial, size, cooling water and the existence of decoupled moderators located at the opposite side of

the target. Time-integrated and peak intensities, pulse widths and decay times from a coupled hy-

drogen moderator (12x 12x5 cm3) with optimized premoderator in a lead (Pb) and a beryllium

(Be) reflectors have been studied as a function of reflector dimensions with and without an iron

outer refiector-shield. The effects of cooling water (H2O or D2O) fraction were also studied. A

larger inner reflector (Pb or Be) and a larger outer reflector-shield give a higher neutron intensity

for both reflector systems. The neutron intensities are saturating with increasing reflector sizes for

each reflector system. The optimized Pb reflector system provides higher peak intensity than the

optimized Be one, while the latter gives higher time-integrated intensity in the Maxwellian portion

than the former. The intensity penalty with cooling water is rather significant, especially in case of

H2O. For example, 10% H2O fraction in the reflector reduces the time-integrated intensity by about

14% and 11% for the Pb and the Be reflector systems, respectively. Time-integrated and pulse peak

intensities decrease by installing decoupled moderators at the opposite side of the target. The exist-

ence of decoupled moderators causes a significant intensity decrease by about 15% and 7% for the

Pb and the Be reflector systems, respectively. This is mainly due to the reflector missing produced

by neutron beam extraction holes in the reflector.

1. Introduction
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As a most important part of the joint project" for constructing a high-intensity proton accelera-

tor with experimental facilities by Japan Atomic Energy Research Institute (JAERI) and High En-

ergy Accelerator Research Organization (KEK), the development of an intense pulsed spallation

neutron source (JSNS) is going on. The proton beam power at the first stage is 1 MW but finally

will be upgraded to 5 MW. Generally, in the construction of a new pulsed source, it is important to

obtain a higher neutron intensities, narrower pulses and shorter decay times. In JSNS, we proposed

three moderators; one coupled hydrogen (H2) moderator with optimized premoderator (PM) for

high intensity and very high resolution uses and two decoupled moderators for high resolution

uses. In this paper we report the reflector optimization for a coupled H2 moderator with H2O PM in

a lead (Pb) and a beryllium (Be) reflectors. It is already known that a premoderator enhances neu-

tron intensities and mitigates the energy deposition in hydrogen, resulting in the less engineering

difficulty2"^. Further premoderator optimization studies have shown that an extend PM (EPM)

brought about an additional intensity gain and a further decrease in the energy deposition41. The

neutronic performance significantly depends on the choice of the reflector material and sizes. Some

investigations have been carried out for the effect of the reflector material and sizes on neutron

intensity and pulse shapes4'7*. However, these investigation were for a system without PM. The

existence of cooling water (light or heavy water) which is inevitably needed for a MW class source

is also another important factor which determines the neutronic performance. The neutronic perfor-

mance is also influenced by the existence of decoupled moderators, since beam extraction holes in

the reflector for decoupled moderators cause the reflector missing. For the decoupled moderators,

which are located at the opposite side of the target, if it is necessary to choose a different reflector

material in order to optimize the neutronic performance of those moderators, such a reflector will

also affect the neutronic performance of the coupled one.

Therefore we performed a neutronic studies on following items;

(1) effect of reflector material and sizes;

(2) effect of outer reflector-shield;

(3) effect of cooling water in reflector;

(4) effect of different reflector material for decoupled moderators;

(5) effect of reflector missing due to decoupled moderators.

2. Calculations

The calculation model of the target-moderator-reflector system is shown in Fig. 1. The coupling

scheme of the target-moderators is a wing geometry. One coupled supercritical H2 moderator with

1 2 x 1 2 x 5 cm3 at 20 K with extended H2O premoderator (EPM) was located above the target both

for high-intensity and very high-resolution uses. The premoderator shape was optimized for each

reflector (Pb or Be) system. One decoupled H2 moderator (upstream) and one decoupled H2O or a

poisoned H2 moderator (downstream), both for high-resolution use, were located below the target.

For H2 moderator we assumed a ortho / para ratio of 75 % / 25 % (normal hydrogen). Neutron

viewed surface was fixed at 10 x 10 cm2. A beam extraction hole in the reflector had an opening
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angle of 45 degrees. A mercury (Hg) target was assumed with sizes of 60 cm in width, 12 cm in

height and 160 cm in length including the target container and the outer jacket. For the incident

protons following parameters were assumed; energy : 3 GeV, beam power: 1 MW, beam sizes (foot

print): 13 cm wide x 5 cm high (rectangular), current density : 5.1 uA/cm2 (uniform distribution).

We selected Pb and Be as a reflector material. A cylindrical reflector was assumed. We studied the

neutron intensities as a function of the inner reflector dimensions (diameter and height) for the

cases of the inner reflector only and with the outer reflector-shield. In the latter case the total

diameter and height were kept at and 300 cm. The effect of the cooling water was studied as a

function of the cooling water (H2O or D2O) fraction in a range of 10%-50%. In the case with the

outer reflector-shield the water (H2O) fraction was fixed at 10%. In this study the dimensions of

inner reflector was fixed at 60 cm.

In order to study the effect of dedicated reflector for decoupled moderators below the target we

calculated the intensities from the coupled H2 moderator with different materials (Pb, Be or Hg) for

the lower half reflector.

We performed neutronic calculations using a high energy hadron transport code of NMTC-

JAM8'9) combined with a low energy transport code MCNP-4Al0). The cross section library based

on JENDL10 was used in MCNP-4A calculations. Point detector tallies located at 2 m from the

moderator surfaces to the normal direction were used to obtain the time-integrated intensity inte-

grated the Maxwellian part, J and pulse peak intensity at 2 meV. The pulse width (FWHM) and the

pulse decay times (it and xi) were also calculated. The calculated spectral intensity data were fitted

using a semi-empirical formula12* to obtain J. The decay times (ti and T2) were determined as

shown in Fig. 2.

3. Results and discussions

3.1 Effects of the reflector material and sizes

Figure 3 shows the pulse shapes of cold neutrons at 2 meV from the coupled H2 moderator with

EPM for various inner reflector sizes and materials (Pb or Be) without the outer reflector-shield

and no cooling water. A larger Pb reflector (inner) gives higher peak intensity than a Be reflector

(inner), while the latter gives somewhat higher time-integrated intensity (see Fig. 4) but with a

longer pulse tail than the former. Figure 4 shows the reflector size dependence of cold neutron

performance for the case of the inner reflector only and the case with the outer reflector-shield. The

effect of the outer reflector-shield is discussed in the next section. In the former case the J values

and the peak intensities for both reflector systems increase with reflector sizes but saturate at larger

sizes. The saturated intensity for the Be reflector system is higher than for the Pb one. The saturated

peak intensity in the Pb reflector system is higher than in the Be one. For the Pb reflector system the

increase in J is due to the increase of the peak intensity, since the pulse width (FWHM) and the

decay times (Ti and ii) are almost unchanged with increasing reflector sizes as shown in Fig. 4.

While for the Be reflector system, the increase in J is due to longer decay times. The choice of
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larger reflector sizes for the Pb reflector system results in the higher peak intensity and shorler

decay times, but somewhat lower J compared with Be reflector system.

3.2 Effect of outer reflector-shield

As shown in the right hand of Fig. 4 (right hand side), the use of an outer reflector-shield gives

higher J and peak intensity from the case of the inner reflector only. The results means that even

with a small inner reflector, if there is an outer reflector-shield up to 300 cm in diameter, the

neutron intensities are the same as that in the case of a larger inner reflector only. The pulse width

and the decay times are almost unchanged by adding the outer reflector-shield compared to the case

of the inner reflector only.

3.3 Effect of cooling water in reflector

Figure 5 shows the effect of cooling water (D2O or H2O) in the reflector on the neutron pulse

shapes for each inner reflector (Pb or Be). Some important parameters of neutron pulse character-

istics (J, peak intensity, pulse width and decay times) are shown in Figure 6. Obviously the use of

H2O decreases both J and peak intensities much seriously than the case of D2O. Therefore the use

of D2O would be indispensable. However, even the case of D2O, the increase of the cooling water

fraction reduces the intensities significantly and gives a longer pulse tail. The result suggests that

the fraction of cooling water must be as small as possible. If we compare the effect of the cooling

water fraction in a Pb and a Be inner reflector, the intensity for the former decreases more rapidly

than for the latter. In JSNS we are aiming at realizing a D2O fraction of 5-10%.

The dependence of the cooling water fraction on the pulse width is rather small for both inner

reflectors.

The dependence on the faster decay time (xi) is also rather small, although the values for the Be

system are much longer than for the Pb system. In case of the Pb system there is almost no differ-

ence between D2O and H2O, but xi slightly increases with water fraction. On the other hand in case

of the Be system, Xi decreases with H2O fraction. This is considered due to the fact that the increase

of H2O results in the increase of the macroscopic absorption cross section in the Be reflector.

The longer decay time (X2) is also larger in the Be system than the Pb one. In the Pb system xa

increase with D2O fraction. This is due to the increase of the storing time of cold (thermal equilib-

rium) neutrons in the reflector by the D2O adding.

3.4 Effect of different reflector material for decoupled moderators

It has been proposed to use a mercury (Hg) reflector for decoupled moderatorsM\ An Hg reflec-

tor brings about a higher neutronic performance and engineering advantages; a higher peak inten-

sity with a faster decay, no need to use liners, a lower decoupling energy for a required decay time,

no need to cooling water (Hg itself can be coolant). However, The most important disadvantage

- 811 -



JAERl-Conf 2001-002

with the use of an Hg reflector is the significant decrease in the neutron intensity from a coupled H2

moderator. In order to solve this problem, we are proposing to use a composite reflector; the upper

half reflector consisting of Pb or Be for a coupled H2 moderator and the lower half consisting of Hg

for decoupled moderators. In order to examine this idea, we performed same calculations. On

composite reflector system, three materials (Hg, Pb and Be) are assumed for the lower half reflec-

tor to compare the performance.

Figure 7 shows the results; the intensity J in each composite inner reflector system is almost not

affected by the combination of materials for the upper and the lower. In other wards, even with an

Hg reflector for the lower half, if we use a Pb or Be inner reflector for the upper half, the cold

neutron intensity from the coupled H2 moderator is almost the same as a full monolith reflector

case.

3.5 Effect of reflector missing due to decoupled moderators

Figure 8 shows the effect of reflector missing, which is caused by the installing of decoupled

moderators and their beam holes, on J from a coupled H2 moderator with EPM. The reflector

missing reduces J by about 15 and 7% for Pb and Be reflector system, respectively. A larger de-

crease in J from the Pb reflector system is due to the reason that the reduction of reflector size

decrease J more rapidly than a Be one (see Fig. 4). A larger volume reduction due to the beam

extraction holes is equivalent to a reflector size reduction.

The results suggest that full system calculations are indispensable to study the neutron perfor-

mance even for a specific moderator.

4. Summary

From the present reflector studies for the coupled H2 moderator, we arrived at the following

conclusions

1) A larger Pb reflector brings about a higher peak intensity with a shorter pulse tail compared to

the Be reflector system, although J for the former is somewhat smaller (about 15%) than for the

latter.

2) The reflector saving effect of an outer reflector-shield is large even for a smaller inner reflector

of Pb or Be. It also useful to shield high energy neutrons, especially in case of a Be inner reflec-

tor.

3) The use of D2O reflector cooling water is indispensable. Even in case of D2O the intensity

reduction is significant. A water fraction as small as 5-10% would be a design goal.

4) For decoupled moderators the use of an Hg reflector is the best but it decreases J and the peak
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intensity from a coupled H2 moderator significantly. The use of a composite reflector, Pb or Be

at upper half for a coupled H2 and Hg at lower half reflector, could give almost the same neu-

tronic performance for a coupled H2 moderator.

5) The effect of reflector missing due to the existence of decoupled moderators is rather signifi-

cant. The intensity decrease is more pronounced in case of a Pb reflector system than a Be one.
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Fig. 1 Calculation model for reflector study. (Exploded view)

*EPM : extended premoderator
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Fig. 7 Effect of reflector material of the decoupled moderators on neutronic

intensity, J for the coupled moderator

- 821 -



JAERI-Conf 2001-002

c
2 <M

Pb
HI1

Pb

Pb
1

-A-
Pb

Be
H

Be

Be
mm

1
-CD-

Be

(without decoupled
moderators and beam holes)

3.49

N

4.01

: -

4.04 4 : 3 0

•

-

-

Fig. 8 Effect of the reflector missing with the decoupled moderators
and thier beam holes on neutron intensity, J for coupled H2 mod. with EPM

- 822 -



JPO150592
JAERI-Conf 2001-002

ICANS-XV

15thMeeting of the International Collaboration on Advanced Neutron Sources

November 6-9, 2000

Tsukuba, Japan

18.8
Premoderator and reflector effect on the neutronic performance of a

decoupled liquid hydrogen moderator

M. Ooi1 , T. Kamiyama1 and Y. Kiyanagi1

'Faculty of Engineering, Hokkaido University Kita-13, Nishi-8, Sapporo 060-8628, Japan

*E-mail:motoki@toybox. qe.eng.hokudai.ac.jp

Abstract

Adoption of a premoderator out side of a decoupled hydrogen moderator is one of methods

to increase spectral intensity. The effect of premoderator on the neutronic characteristics of

the moderator are expected to be depend on the premoderator material and also on the

reflector materials, moderating and non-moderating. We examined to premoderator materials,

H2O and D2O and two reflector materials non-moderating type reflector, lead, and moderating,

graphite. Calculational studies also performed in order to compare the results between

experiments and calculation and also to look for optimization condition.

In the case of moderating reflector we can get scarce intensity gain by using the

premoderator. On the other hand, in non-moderating reflector, we can get large intensity gain.

The intensity gain was larger by D2O than by H2O. There was large discrepancy in intensity

gain between experiment and calculation.

1. Introduction

It is well known that conventional methane moderator cannot be used at high power

spallation neutron sources although the neutronic performance is superior to other moderator

materials. Therefore, liquid hydrogen is the most realistic material for the cold neutron

moderator at present. But neutron intensity from this moderator is much lower than that from

the solid methane moderator. It has been desired to increase the neutron intensity from the

liquid hydrogen moderator. We previously applied a premoderator to a liquid methane

moderator and get a little gain even in such a high hydrogen density material by using heavy

water as a premoderator111, and by LCS calculation, we confirmed that neutron intensity from

- 823 -



JAERI-Conf 2001-002

a liquid hydrogen moderator increased by the premoderator placed, also in the liquid

hydrogen moderator. The enhancement of intensity was much larger for a liquid hydrogen

moderator with a lead reflector. To confirm the premoderator effect depending on

premoderator material, we have performed experiments and optimization calculations.

Premoderator :

<rf I ilia 1
Decoupler^ Moderator

[Target]

Fig. 1 Exp. TMRS outline

2. Experiment

The measurements were performed at the Hokkaido

LINAC at Hokkaido Univ. Neutron energy spectrum from

moderator was measured by time-of-flight method.

Emission time distribution was measured by using Bragg

reflection of PG crystal monochromator. Outline of the

Target-Moderator-Reflector-system (TMRS) is shown in

Fig. 1. Lead and graphite were used as reflector material.

The moderator is installed over the target. Cadmium and B4C resin was used for decoupler

with decoupling energies of 0.4eV and 2.5eV, respectively. Heavy water and light water were

used as premoderator, and the thickness of premoderator examined was 1 cm, 2 cm, and 3 cm.

However, since there was almost no effect of side premoderator when calculated about the

beryllium reflector, which is a slowing down type reflector. And the graphite that is similarly

a slowing down type reflector, so premoderator was used only for the bottom of moderator. In

the measurement, the distance from the target to the moderator is fixed.

Energy spectrum is measured for all combinations of reflectors (lead and graphite),

premoderators (H2O and D2O), and decouplers (Cd and B4C).

Pulse shape measurement performed so far were five cases: Graphite reflector with Cd or

B4C decoupler in the case without premoderator, lead reflector with Cd or B4C decoupler in

the case without premoderator, and lead reflector with B4C decoupler in the case with D2O

premoderator.

3. Calculation

LCS was used for the calculations, with ENDF/B-V and VI cross-section data. One of

purposes of calculation is comparison with the experiment. For the purpose we used geometry

of a TMRS simulating the experimental setup. The other purpose is optimization of the TMRS

with premoderator for JSNS projectf2]. In the TMRS for JSNS, mercury was used as the target.

Incidence proton energy is 3GeV and the neutron extraction hole was opened with an angle of

45 degrees. We survey materials and thickness of premoderator using a lead and a beryllium

reflector. Influence of premoderator on pulse shape was investigated at the TMRS from which

maximum intensity was obtained.
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4. Result and Discussion

4-1. Hokkaido LINAC experiment

Figure2-1 shows experimental result of premoderator effect on neutron intensity from the

liquid hydrogen moderator with lead reflector and Fig. 2-2 shows the effect in the case of

graphite reflector. In these figure open symbols are for light water premoderator, closed

symbols for heavy water premoderator. Triangle mark is for cadmium decoupled case and

circle for B4C decoupled one. In the case of graphite reflector, premoderator is not so

effective to increase neutron intensity. On the other hand, in the case of lead reflector,

premoderator gives 40% increase of intensity from B4C decoupled moderator and 73%

increase from Cd decoupled one. From these results, optimal thickness of light water

premoderator for a decoupled hydrogen moderator is 1 to 1.5cm and that of heavy water

premoderator is over 3cm. And more about neutron intensity, heavy water has better

characteristics than light water from an intensity point of view.

Figure 3 shows comparison between experiment and calculation. Calculation results show

similar tendency to experimental ones for all reflector-premoderator combinations, but
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discrepancy between the calculation and the

experiment is very large. The calculation gives twice

as high as intensity gain of experiment in the lead

reflector case. In the graphite reflector case, the

results of calculation overestimate of the decoupled

hydrogen intensity gain again.

Figure 4 shows measured FWHM moderator without

premoderator in the graphite reflector and the lead

reflector without premoderator (Ed=2.5eV for B4C

and Ed=0.4eV for Cd). B4C decoupled D2O
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decoupled moderators. The pulse width are almost the
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same, but compared these FWHMs with these of Cd

decoupled case, Cd decoupled case give wider pulse

width. From these results, we can say pulse width

depends mainly on decoupling energy. We compare

the FWHM obtained by the experiment with

calculational ones in Fig.5. Although the data show

good agreement in cold neutron range, in thermal and

epithermal range there is about 15% difference

between experimental and calculational values.

4-2. JSNS model calculations

From the results of premoderator optimization to

JSNS model, optimal thickness of the premoderator

is 2cm at the target side and 5 cm at the side if

moderator in the case of heavy water. In this

condition, neutron intensity increased by 52%

compared with the case without premoderator.

Similarly, optimization was done for beryllium

reflector. The neutron intensity gain was little,

since distance between a target and a moderator

increases by putting the premoderator, normally,

large distance decreases the intensity. Pulse

shapes at 119meV from hydrogen moderators

under various conditions are shown in Fig. 6. We

summarize B4C decoupled case. By introducing

premoderator to the lead reflector system, peak

intensity increases by 35% and FWHM spread

by about 3%. Furthermore, the tail of the pulse

decays becomes little bit slowly. In the case of

beryllium reflector, peak intensity is lower than

102 r
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that in the lead reflector case but the FWHM and tail of pulse is better.

Next, the Cd decoupled case. By introducing premoderator to the lead reflector system, peak

intensity increases by 70% and pulse width spread by about 15%. The tail of pulse becomes

worse remarkably. In the case of beryllium reflector, FWHM is wider than these in the lead

reflector system. However, when attention to the pulse decay, beryllium reflector system gives

earlier pulse decay compare with the lead reflector case.

Thus, when the decoupling energy is high, reflector composition gives less effect on pulse
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shape. However, when cadmium is used for decoupler, reflector composition gives large effect

on the pulse characteristic.

4-3 Consideration on effect of premoderator

If the low atomic number material like beryllium is used as a reflector, the reflector itself

works as premoderator. So, neutrons are slowing down within a reflector. Then the neutron, which

stayed on for a long time in the reflector, comes to be absorbed easily by decoupler, even if it

decoupling energy is low. And decay of the neutron pulse becomes fast. From this reason by

beryllium or the graphite reflector, the effects of premoderator will becomes very small or

sometimes it will appear in negative.

On the other hand, since there is almost no slowing-down within a reflector in the case of the

heavy material like lead, the neutrons arriving at the position far from the moderator return to

the moderator with rather higher probability. As a result, intensity can be enhanced since

many neutrons can enter into a moderator rather than the case of a beryllium reflector. On the

other hand, the number density of hydrogen in liquid hydrogen is lower than that of light

water or methane, so incident fast neutron will escape from a moderator before enoughly

slowing down.

Figure 7 shows energy spectra incident on a

moderator for three different conditions. It is

clearly seen that the spectrum in the case of

the lead reflector system without

premoderator has very high intensity around

105eV compare with other systems. The

spectrum becomes very soft by introducing

premoderator and the spectrum shape is very

similar to that in beryllium reflector case. The

intensity of neutrons from the moderator in

the case of lead reflector without

premoderator is almost the same as that in beryllium case, which suggest that lower energy

part of the spectrum of incident spectrum is effective to the neutron intensity from the

moderator. From these spectra, we can easily recognize that the premoderator is not effective

in beryllium system and also that higher intensity from the moderator in lead reflector system

comes from the higher fast neutrons around 105eV probably produced in the reflector.

Finally, premoderator is a technique for controlling a slowdown of the neutron within a

reflector, and is a kind of a composite type reflector. Therefore, if the reflector and

premoderator which character differs are combined, the influence will appear greatly.

nit
)

D

•e
O 10"

-t—*

c
c

:"""•" 1 1 K">"U',"":V ' "" -

.n ., jr. Without Premoderator
• Pb Reflector ŝ  •"•"""""N "
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5. Conclusion

Effectiveness of premoderator was confirmed by experiment and also by calculation, but the

obtained intensity gain is different between experiment and calculation.

By introducing premoderator to lead reflector system, we can get higher intensity compared

with beryllium reflector system.
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Abstract

JESSICA is designed for prototyping experiments on the optimisation of a target/reflector/
moderator system of the European spallation source (ESS). A full-size liquid Hg target is
placed in a short pulsed proton beam of the COSY accelerator at Jülich to produce spallation
neutrons. The neutronics and technical feasibility of advanced cold moderators will be
investigated by means of n-TOF diffraction technique and the aim is to validate complex
simulation methods of particle interaction and transport (mainly HERMES, MCNP-X,
CALOR, LCS etc.) and to optimise the technical layout of an ESS-type target-reflector-
moderator system.
The JESSICA experiments shall result in: i) nuclear spallation physics data, the neutronic
performance and optimised geometry of the ESS-type liquid Hg target system, ii) a rank list
of feasible advanced cold moderators, iii) experimental validation of simulation models.
The installation of JESSICA is complete and just recently the 1-Hg target has produced the
first water moderated neutrons from a pulsed proton beam (pulse width At«300ns) at 1.3 GeV
with approx. 5 108 protons per pulse at a repetition rate of 0.1 Hz. The bottom Une is that
JESSICA has become operational, recently. Commissioning tests and first real experiments
are about to commence.

1. Introduction

An international collaboration among 12 neutron research laboratories (ANL, FLNP, FZJ,
JAERI, KEK, LANL, ORNL, PSI, RAL, Soreq, TU Graz, U Hokkaido) was formed for joint
efforts and support of the JESSICA facility (Jülich Experimental Spallation Target Set-up In
COSY Area). JESSICA [1,2] is designed for studying science and engineering aspects of
high-power pulsed neutron spallation targets, namely for neutron intensity and pulse shape
optimisation upon varying the target and reflector material, geometry, moderators and proton
beam energy. The JESSICA set-up at the Jülich cooler synchrotron facility COSY provides a
unique opportunity for neutronic performance experiments on advanced cold moderators with
a realistic 1:1 sized ESS-type target-reflector-moderator mock-up. The vast importance of
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developing advanced moderator concepts is reflected by the request of typically 80% of all
new instrument proposals for cryogenic moderators at the next generation spallation neutron
sources, such as SNS or ESS.

However, there is a number of other goals tracked by the current installation of the JESSICA
facility at the research centre Jiilich, namely to obtain

i. a valuable and unique data set of nuclear transport and neutronic performance of an
ESS-type liquid mercury target / moderator / reflector system and its individual
components,

ii. experience for an optimised geometry of the assembly, i.e. the target to moderator and
target to reflector position and

iii. neutron spectra and neutron time distributions to validate MCNP-X coded simulation
models of target station concepts and scattering kernels for cold sources,

iv. and, last not least, a rank list of recommendable candidates of advanced cold moderators
with well determined neutronic parameters and considerations on their technical
feasibility.

2. Set-up of JESSICA

The COSY accelerator is employed in a modified mode [3] to produce short (At<l^is) proton
pulses of a variable energy (0.3-2.5 GeV). In fact, the "rather weak" COSY pulse intensity
of some 108 - 109 ppp (protons per pulse) is regarded as an advantage. It allows investigating
the neutronic performance of both the target/reflector assembly as well the moderator
intensity and time structure in much detail and without any hassle of radiolysis, activation
levels or shielding problems. Of course, COSY cannot provide for any high power beam tests,
which are performed either at AGS or IBR-2.

JESSICA consists of the following main
components:
i. Pulsed proton beam injection tube

with all necessary beam diagnostics
and vacuum systems.

ii. A stationary liquid mercury target of
10x30 cm2 front-end cross-section
and 965 mm length surrounded by a
lead reflector of many 30 mm
diameter lead rods packed into a
modular sandwich-like support
structure (fig. 1 in [2]).

iii. Referring to the ESS design, there is
space for four individual moderators,
one filled with life the others are
dummies. Experiments on the
neutronic performance of a number
of moderator types are anticipated:
the use of ambient water or liquid
hydrogen moderators for reference
purposes and, ultimately, advanced
cryogenic

JESSICA
REFLECTOR

sample table:

A4 + decoder
A3 + decoder
goniometer
focussing device

fig. 1: sketch of JESSICA
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moderators, e.g. made of pelletised solid methane in liquid hydrogen, clathrates etc. is
planned. There is sufficient space to alter the surface shape or angular position of the
moderator. The effect of coupling/decoupling or even pre-moderation with a water
cushion between the target and the moderator can be investigated, too.
The target itself is mounted on a sledge for axial position optimisation.
The integral intensity and spectral distribution of the pulsed neutron beam emerging
from the moderator is monitored with a direct view back-end detector.
A single crystal probe in the neutron beam allows for standardised Bragg diffraction
studies of the peak profiles and time distribution function of the neutron pulses (cf.
fig. 1). The viewing angle to the moderator is adjustable like both the in-pile and
reflected beam tubes are kept adjustable for optimised focussing conditions. The
probing crystal is pyrolytic graphite.

3. First results

The preparation of the JESSICA experiment hall had commenced in early 2000. The stainless
steel reflector vessel was filled with some thousands of lead rods with no D2O or polyethylene
filling the intersecting gaps. The target is filled with 35 litres of liquid mercury and for the
purpose of JESSICA no target cooling or a 1-Hg pumping loop is required. The mercury
filling level is interlocked with the COSY safety system and the axial target position is
adjustable within 670 mm from its nominal zero position. An ambient water moderator was
installed as a reference for the time of the start-up experiments. The operation licence was
granted in spring 2000.

At present a provisional neutron flight tube was installed with a Ce-doted LiJ single crystal
neutron detector directly viewing the moderator at 5.4 m distance. The tube will be replaced
later this year by a properly shielded and evacuated flight tube, manufactured and delivered
by ISIS. The probing crystal and its lign-up equipment will be ready for mounting by the end
of2000.

Meanwhile the provisional set-up was used to monitor the first neutron time-of-flight
spectrum of an ambient water moderator at the first beam-to-target event in August 2000.

It was a significant step forward to develop the COSY proton accelerator towards a pulsed
mode of operation and, in fact, the machine was stretched to its present technical limits.
Details of the COSY pulsed beam development will be reported elsewhere [3]. However, the
important beam parameters for the JESSICA application where achieved after some periods
of beam development tests:

table 1: JESSICA proton beam parameters

proton energy

beam intensity

pulse width

repetition rate

beam size

tunable up to 1.34 GeV (2.1 GeV/c)

o

up to 910 protons per pulse (exp. achieved)

At« 300 ns

0.1 Hz

« 4 mm (in diameter)
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The COSY proton beam parameter set-up is reproducible by software and, thus a previous
set-up can be recalled easily.

With these proton beam parameters the ambient water moderator spectrum was recorded
(fig. 2) in very good agreement with Taylor's description of the ISIS water moderator [4].
Taking into account a detection efficiency e~€o/vn the count rate is obtained from the ISIS
formula [4] by rewriting for time bins, for JESSICA At=6|j.s:

- exp - j = - w7

d

with En=0.5 nin ((L/t)2. The other values are compiled in table 2.

table 2: JESSICA neutron spectrum parameters

At

L
J
T
Wi

W2

Fo

5.4 m
398 n / sr 100 cm2

26.9 meV
55.2 meV *

5.1 meV
161 n /eVsr 100 cm2

1000
2.1 GeV/c (1.34 GeV) @ ~ 5.1 (f ppp, 0.1 Hz)

aa
CD

CM

II)

2

C

500-

0 -

first neutrons on JESSICA

(Aug 2000)

ambient water moderator

2500 5000

neutron time-of-flight (us)

7500
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It may be worth mentioning that this is actually the first experimental neutron spallation from
a 1-Hg target with pulsed protons at 1.34 GeV of energy. However, the presented data are
taken from one night of operation of JESSICA and clearly we are looking forward to
established a broader data base endorsing confidence in the reproducibility and intensity /
background level. The next experiments are firmly scheduled for March 2001.
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Appendix: picture series of the installation and set-up of JESSICA

The JESSICA facility: proton beam line (from top centre), reflector vessel with target and
moderator and primary neutron flight path (between reflector vessel and black detector box)
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JESSICA: installation process (March - August 2000)
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Abstract

The choice of the proton energy is an important issue for the design of an intense-pulsed-
spallation source. The optimal proton beam energy is rather unique from a view point of the
leakage neutron intensity but not yet clear from the slow-neutron intensity view point. It also
depends on an accelerator type. Since it is also important to know the proton energy dependence
of slow-neutrons from the moderators in a realistic target-moderator-reflector assembly (TMRA).
We studied on the TMRA proposed for Japan Spallation Neutron Source. The slow-neutron
intensities from the moderators per unit proton beam power (MW) exhibit the maximum at
about 1 -2 GeV. At higher proton energies the intensity per MW goes down; at 3 and 50 GeV
about 0.91 and 0.47 times as low as that at 1 GeV. The proton energy dependence of slow-
neutron intensities was found to be almost the same as that of total neutron yield (leakage neu-
trons) from the same bare target. It was also found that proton energy dependence was almost
the same for the coupled and decoupled moderators, regardless the different moderator type,
geometry and coupling scheme.

1. Introduction

When we consider the construction of an intense-pulsed-spallation source, the choice of the
proton energy becomes the most important issue. Since the maximum available proton beam
power depends on an accelerator type or a combination of accelerators, For example, a higher
energy but with a modest beam current would be more realistic for a synchrotron, while a lower
energy but with a higher current would be more likely for a full energy proton (H) linac plus
compressor ring (s). In Japan, an intense-pulsed-spallation neutron source of a 5 MW class has
been proposed. For simplicity, we tentatively refer to JSNS (Japan Spallation Neutron Source).
However, at the initial stage it was decided to start the project at 1 MW. Thus we had extensive
discussions for the upgrade path to 5 MW ; for example, 5 MW H linac + compressor rings vs.
two 6 GeV synchrotrons.

Another important issue is the choice of the pulse repetition rate. In the JSNS project one 3
GeV synchrotron is considered to supply 1 MW pulsed proton beam at 25 Hz. This repetition
rate is favorable for low repetition rate experiments. However, at 5 MW such a low repetition
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rate would be difficult. In this paper we concentrate on the proton energy issue.
Concerning leakage neutrons from a target, there are some measurements and calculations at

higher proton energies. Jerng et al.!) studied the intensities and the spatial distributions of leak-
age neutrons from a bare tantalum (Ta) target by calculations up to 12 GeV using the LCS code
system. On the total neutron yield, Nikolaev et al.2) reported measured values up to 3.5 GeV,
Vassil'kov et al.3) up to 7 GeV and Arai, et al.4) at 12 GeV. Dementyev et al5) performed calcula-
tions up to 100 GeV using the SHIELD code. These measurements and calculations were per-
formed mostly for lead (Pb) targets (20 cm in diam. and 60 cm long). The measured yields are
fairly well agreed with the calculations. Concerning the spatial distribution of leakage neutrons
from a mercury (Hg) target, measurements were performed using the AGS synchrotron at the
Brookheaven National Laboratory by an international collaboration (ASTE) at proton energies
1.5, 7.0 and 24 GeV using the threshold-activation-detector method6'. Calculations were also
performed on the ASTE experimental system and it was found that the measured reaction rate of
the threshold detectors were fairly well reproduced by calculations. Generally, it is known that
the neutron production rate per unit proton beam power is highest in the proton energy range of
1 -2 GeV. It decreases at higher energies because of the energy consumption for the pion produc-
tion, etc. The distribution of leakage neutrons becomes broader along the proton beam direction
with increasing proton energy, resulting in the decrease of the peak intensity of leakage neutrons
per unit proton beam power.

In spite of various available data on the neutron yield and the spatial distributions of leakage
neutrons from a bare target as mentioned above, there is very scarce available data on the proton
energy dependence of slow-neutron intensities at higher proton energies. Kiyanagi, et al7) calcu-
lated slow-neutrons below 1 eV from a reference decoupled H2O moderator (10 x 10 x 5 cm3) in
a beryllium (Be) reflector for proton energy up to 3 GeV. However, above 3 GeV there is no
data. Such information would be more important for the choice of the proton energy. Since a
moderator in a target-moderator-reflector assembly (TMRA) could collect leakage neutrons from
the target to some extent more widely, the proton energy dependence of slow-neutrons would be
more or less different from those of the leakage neutrons, and might depend on the moderator
type, target shape, etc.

Therefore, the calculation model must be as close as the real system. Such investigation has
not been performed yet in detail. In this paper we report the proton energy dependence of the
slow-neutron intensities based on the proposed TMRA for JSNS.

2. Calculation

2.1 Calculation model for the bare target system
In order to calculate the proton energy dependence of slow-neutrons beyond 3 GeV, we must

prepare a high-energy hadron transport code which can work at high energies (in the present
study up to 50 GeV). There are a few available codes for this purpose; HETC, LAHET, LCS,
etc. A new code JAM89), recently developed at Japan Atomic Research Energy Institute (JAERI),
involves almost all particles and photons associated with higher energies and treats their interac-
tions very precisely. Although, the validation of this code has already been performed, here we
would try to compare calculated results using this code with those using other codes on the total
neutron yield from a bare Pb target, 20 cm in diam. and 60 cm long, since there exist some
measurements2 4) and calculations up to 12 GeV. Measured and calculated values are compared
in Fig. 1. The results shows that up to 12 GeV, the agreement between our calculation using the
JAM code and the measured data seems to be satisfactory. Our calculated values are also consis-
tent with those using LCS, HETC/KFA2.

The calculation model of the bare target system is illustrated in Fig. 2. Mercury as the target
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Fig. 1 Comparison of measured and calculated neutron yields.

* from Arai et al4)

material is contained in a stainless steel vessel (316L, 2.5 mm thick) of a rectangular cross
section (flat target) with a hemicylindrical beam window. A flat target shape was adopted from
a neutronic point of view as proposed10). The smallest lateral dimensions of the target were
assumed; the beam height plus 3 cm in the vertical size and the beam width plus 4 cm in the
horizontal size. The maximum acceptable beam-current-density on the target was assumed to be
48 jiA/cm2 at the beam power of 5 MW in the case of proton energy of 1.5 GeV, judging from the
integrity of the target beam window under the proton irradiationn). An uniform beam-current-
distribution was assumed since we have confined that the neutronic performance with a para-
bolic or Moffet distribution was approximately the same as an uniform one. At other energies
the current density was assumed to be inversely proportional to the proton energy. The detector
tallies for the calculations of neutron intensities along the target axis, energy spectra, etc. were

Hemicylindrical

beam window

2 cm

Tally region

Tally region
center
middle
outerv

Target: Ha

Proton beam(13.35 x 5.16cm2)

Fig. 2 Calclation model for bare target system.
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located at 2 cm from the flat targets.

2.2 Calculation model for TMRA
Figure 3 shows an illustration of the TMRA model used for the present calculations as pro-

posed for JSNS12). The layout of the target-moderator in the reflector is shown in Fig. 4. The
coupling scheme of the target and the moderators was a wing geometry type.

The target size and proton-current profile were the same as the case of the bare target system.
In the present model a double wall container was assumed for a more realistic modeling instead
of a single wall used in the previous bare target model. The separation of the two walls was 5
mm. The space between the two walls was filled with cooling water (heavy water (D9O)).

In order to predict the effect of the target shape on proton energy dependence of slow-neutron
intensities, we also calculated on the cylindrical targets with a hemispherical beam window.
The one had dimensions of 12.37 cm diam. and 60 cm long (including unirradiated annular part
of 3 cm thick) and the same proton beam incident cross section with the flat target. The other had
dimensions of 21.73 cm diam. and 60 cm long also including same unirradiated part. The latter
one had two different beam cross section (the same area as the flat one and 4 times larger one
which means one forth current density). These cylindrical targets were also in a double wall
container made of a stainless steel as described above. The targets were moved to back and forth
along the proton beam direction to obtain the maximum slow-neutron intensity for each proton
energy. One coupled supercritical hydrogen moderator (12x12x5 cm3) at 20 K with extended
light-water (H2O) premoderator (2.5 cm thick and 15 cm extension13)) was located above the
target both for high-intensity and very high-resolution uses (the highest peak intensity together
with the highest time-integrated intensity). Hereafter, we call this moderator "coupled H2 mod.
with extended premoderator (EPM)". One decoupled H2 moderator (upstream) and one decoupled
H2O moderator at ambient temperature (downstream), both for high-resolution use, were lo-
cated below the target. We assumed rather small dimensions for decoupled moderators; 10 cm
xlO cm x 5 cm for the decoupled H2 moderator and 10 cm x 10 cm x 3 cm for the decoupled H2O
moderator. In the calculation model boron carbide (B4C) decouplers were used with a cut off

Proton
beam

Reflector (Pb)

drget (Hg)
oton bea 7P>*

.Coupled
H2 mod.
with EPM

Decoupled
H2 mod.
H2O mod.

Fig. 3 Calculation model of full system (Taget-moderator-reflecotor).
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Fig. 4 Calclation model of full system (Taget-moderator-reflecotor).

energy of leV.
A Pb reflector with dimensions of 100 cm wide x 120 cm longx 180 cm high was assumed.

For slow-neutron intensity calculations point detector tallies located at 2 m from the moderator
viewed surfaces were used.

2.3 Calculation methods
In order to predict leakage neutrons from the bare target and slow-neutrons from the modera-

tors in the TMRA, we performed neutronic calculations using the high energy hadron transport
codes (NMTC/JAERI14-151 and NMTC-JAM78)) combined with low energy transport code MCNP-
4A16). JENDL17) cross section library including recently evaluated the Hg cross section at JAERI18)

was used in MCNP-4A calculation. The neutron numbers detected at the tallies were determined
so that the statistical error is less than 0.05 at the peak intensity for the bare target and at the
Maxwellian peak of thermalized neutrons from the TMRA for the energy bin AE = 1/20. The AE
satisyfied En+1 = AE En, where En was neutron energy of nth. In order to obtain a time-integrated
intensity, J, integrated over the Maxwellian part and the slowing-down intensities at a selected
energy of 1 eV, <j),eV the calculated spectral intensity data were fitted using semi-empirical for-
mulas1^.
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3 Results and discussions

3.1 Proton energy dependence of leakage neutrons (Bare target system)
Figure 5 shows the total leakage neutrons (neutron yield) per proton from the cylindrical (20

cm in diam. and 60 cm in length) and rectangular Hg targets : It has already been proven that the
latter gave the maximum slow-neutron intensities from the moderators20). Although a larger
target (the cylindrical one) brings about a higher neutron production at the same proton energy,
it is not optimal for obtaining the maximum slow-neutron intensities from the moderators as
discussed later. With increasing target size the slow-neutron intensities are decreasing due to a
worse coupling efficiency between target and moderator. For comparison, we also show the
result from a Pb target of the same cylindrical size in Fig. 5. It turns out that the energy depen-
dences of neutron yields for cylindrical Hg and Pb targets are almost the same for this target
size.

Figure 6 shows the axial distributions of leakage neutrons from the target detected at 2 cm
from the surface faced to the moderators. It can be seen from this figure that the peak neutron
intensity drastically decreases with proton energy. The peak intensity at 50 GeV decreases to
about 0.27 as low as at 1 GeV. The peak position and the half width of the distribution (FWHM)
are important for installing the moderators at the highest luminosity position. If four modera-
tors, two above and another two below the target, are necessary to be installed on the target as
usual, it is generally difficult to put all the moderators at the best luminosity region. The peak
width in the leakage neutron distribution seems to be too narrow, especially at lower proton
energies for this requirement.

At higher proton energies the reduction in the peak intensity will be an important disadvan-
tage. The broader distribution along the target axis may partly compensate the demerit above, if
we look at the total slow-neutron intensity from all of the moderators. The existence of a reflec-
tor would also compensate the demerit of a narrow distribution. Therefore, the full system (TMRA)

9

I
CD

800

600

400

200

0

Cylindrical target (size : 20cm diam.
and 60 cm long)

Rectanguler target

(17wx8Hx60Lcm3)
Hg

0 10 20 30 40

Proton energy (GeV)

50 60

Fig. 5 Comparison of proton energy dependence of leakage
neutrons of different target shapes.
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Fig. 6 Comparison of axial leakage neutron intensity distributions using
NMTC-JAM and Lahet 2.7.

must be studied for discussing the proton energy dependence of slow-neutron intensities. This
will be discussed in the next section. Calculated distributions using different codes are also
shown in Fig. 6 for comparison. The results with LAHET tend to give lower intensities than
those with NMTC-JAM up to about 6 GeV. Above this energy, the results are reversed since the
differential cross section (p, xn) of LAHET 2.7 in the forward direction (0 < 6< 35) or the
backward direction (145 < 8< 180) in the neutron energy range from about 10 MeV to several
hundred MeV is larger than that of NMTC-JAM9).

3.2 Proton energy dependence of slow-neutron intensities (TMRA system)
The time-integrated slow-neutron intensities per unit beam power (MW) from the coupled H2

moderator with EPM are shown in Fig. 7 as a function of proton energy and moderator position
relative to the target (distance from incident surface). Slow-neutron intensities were averaged
over both viewed surfaces. For convenience in Fig. 8 the position dependence of slow-neutron
intensities shown in Fig. 7 is directly compared with axial distribution of leakage neutron shown
in Fig. 6. The former are much smeared than the latter. This is partly due to the fact that a
moderator has a finite dimensions in the axial and the vertical directions (this means that the
moderator can collect leakage neutrons more widely than the leakage distribution shown in Fig.
6) and partly due to the existence of a reflector. The wider moderator position dependence makes
two moderator installation on each side of the target more easy.

Figure 9 shows the ratio of the position dependence of slow-neutron intensities from de-
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Fig. 7 Time-integrated slow-neutron intensities, J, for the coupled H mod.
with EPM in the Pb reflector as a function of proton energy and position
relative to the target (distance from incident surface).

ITE

c ^

o o

Energy
(GeV)

1.5
3.0
6.0
12.0

-40 -20 0 20 40 60 80

Distance from incident surface (cm)

Fig. 8 Comparison of position dependence of slow-neutron
intensities from a moderator (relative to target) in TMRA and
leakage neutron intensity distribution.

- 8 4 2 -



JAERI-Conf 2001-002

coupled moderators (H2 and H2O) relative to the coupled H2 moderator. The ratios are normal-
ized at each peak position. The abscissas is the distance from the peak position in each position
dependent slow-neutron intensity. Unexpectedly the ratios are almost unchanged for different
moderator types. It has been thought that the position dependence for a decoupled moderator is
different from that for a coupled moderator because the effective moderator size is quite differ-
ent (for example, a coupled H2 moderator is larger than decoupled H2O moderator and the former
has an extended premoderator). Furthermore a coupled moderator has no slow-neutron absorb-
ing material such as decouplers nor liners around the moderator, while a decoupled one has on
such material.

Proton energy dependence of slow-neutron intensities from each moderator per proton and
per unit beam power (MW) at the peak position in Fig. 7 is plotted in Fig. 10 as a function of
proton energy compared with that of the leakage neutrons from the bare system (total leakage
and peak values). Each proton energy dependence is normalized at 1 GeV. Slow-neutron inten-
sity per MW has a maximum at about 1-2 GeV and then goes down with increasing energy, i.e.,
at 3, 6 and 50 GeV the intensities is smaller by about 9,24 and 53 %, respectively, than that of 1
GeV. This means that if we construct an intense-neutron-source with a higher proton energy, the
neutronic performance goes down, for example, a 5 MW spallation source with a proton energy
of 6 GeV is only equivalent to that of 3.8 MW with 1 GeV. The result is important for the
development of an intense-pulsed-spallation source (5 MW). It is noteworthy that the proton
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Fig. 9 Ratio of position dependent slow-neutron intensity from
decoupled moderators to that of coupled moderator. The
abscissas is the distance from the peak position in each position
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energy dependence of the slow-neutron intensity per proton or per MW is almost the same as
that of total leakage neutrons rather than that of the peak intensity. It is rather natural to under-
stand the present result, since moderators could collect leakage neutrons a more wide region as
mentioned above, compensating the reduction of the peak intensity.

To understand whether such proton energy dependence varies with target shape, we investi-
gated for different target shapes. Figure 11 shows the comparison of slow-neutron intensities
and total leakage neutrons for different target shapes and proton beam cross sections as a func-
tion of proton energy. Both intensities are normalized at the proton energy of 1 GeV for each
case. The target shapes for the bare system were the same as that for TMRA.

30

25

20
CD + -
Q . CO

X Coupled H2 mod. with EPM

o Dcoupled H mod.

A Decoupled H O mod.

Flat target:
17.35Wx8.16H 60 cm3

Total leakage
f^eak leakage

Proton energy, E (GeV)

Fig. 10 Proton energy dependence of slow neutron intensity
and leakage neutron from target per proton and beam power
normalized at 1 GeV.
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Roughly speaking, proton energy dependence of slow-neutron intensities from a TMRA ex-
hibits the almost the same dependence with total leakage neutrons from the same bare target. An
optimized flat target gives higher slow-neutron intensity than a cylindrical one. The proton en-
ergy dependence of slow-neutron intensity does almost not depend on the beam current density
(see lower two curves for a cylindrical target shape : one is with a reference current density,
while the other is for a reduced current density by a factor of 1/4 (4 times larger than beam cross
section). The upper two curves show those for a flat and cylindrical targets with smaller cross
sections than for the cylindrical one of the lower two curves. Slow neutron-intensities for the
smaller targets (upper two curves) are larger than for the larger target (lower two curves), but
proton energy dependence is similar. More exactly speaking the energy dependence becomes a
little bit different with increasing proton energy as seen in the figure. At higher proton energies,
the difference for different target size / shape becomes smaller. This is due to the fact that the
leakage neutron distribution becomes wider with proton energy.

Slow- Total leakage Targt shape
neutron neutron

Relative beam
cross section*

Target cross
section (cm2)

o
A

O
X

0

Flat (optimized) 1
Cylinder 1
Cylinder 4
Cylinder 1

141.6
120.2
370.9
370.9

10 40 5020 30

Energy (GeV)

Fig. 11 Comparison of slow-neutron intensities and total
leakage neutrons per MW normalized at 1GeV for each case.

* normalized at 68.9 cm2 of beam cross section
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4. Conclusions

From the present study we arrived at the following conclusions :
(1) The slow neutron intensities per unit proton beam power (MW) from the moderators has a
maximum at about 1-2 GeV and then decreases with proton energy. For example, the intensities
at 3, 6 and 50 GeV decrease to about 0.91, 0.76 and 0.47 times as low as at 1 GeV, respectively.

(2) The proton energy dependence of slow neutron intensities is almost the same as that of total
leakage neutrons from the bare target with same shape.

(3) Proton energy dependence from the coupled and decoupled moderators is almost unchanged,
in other word the energy dependence of slow neutron intensity does not depend on the modera-
tor type nor the geometry.
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Abstract

The Synthetic Scattering Function (SSF) allows a simple description of the
incoherent interaction of slow neutrons with hydrogenous materials. Its original formulation,
essentially aimed at describing molecular gases, has been extended to include the important
case of molecular solids. In any case, the main advantages of the Synthetic Model reside in the
analytical expressions that it produces for double-differential cross sections and energy-transfer
kernels, which in turn permit the fast evaluation of neutron scattering and transport properties.

The SSF routines were integrated into the NJOY code, in such a way that the
cross sections can be generated with the same format either from its standard library or from
our model.

We discuss in this work some aspects of the formalism developed to include the
case of molecular solids in a more detailed manner, and present applications of the original and
extended Synthetic Model to recent experimental results on liquid Hydrogen, Mesitylene, and
solid Methane.

1. Introduction

Neutronic design calculations involving thermal and subthermal neutron energies
demand the knowledge of reliable cross section data relative to the materials which conform
the system under consideration.

The relevant quantity to describe the interaction of thermal neutrons with condensed
matter is the Van Hove scattering function S(Q,G>), as it embodies all the dynamical and
structural information about a scattering system [1]. First-principles theories were developed in
the past to evaluate the scattering function, but the resulting expressions are usually not
appropriate for calculational procedures. Moreover, a detailed knowledge of the scattering
function over a wide range of energy (ha>) and momentum {hQ) transfer is not required in
many cases, and in fact only those interactions which are more operative under a given
condition must be carefully accounted for.
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The compromise solution adopted in standard Nuclear Data Libraries involves the
inclusion of scattering cross sections for a few common moderators at some selected
temperatures, and data for any different material or physical condition must be 'constructed'
from pieces of information actually corresponding to those few cases found in the existing files.

Those ideas were part of the main motivations for the development of a 'Synthetic
Scattering Function' T(Q,co;En), which incorporates the main dynamical characteristics of the
molecular unit, still retaining a high degree of simplicity in its formulation [2]. The SSF uses
the incident neutron energy Eo as the variation parameter, to determine the values of effective
translational masses, temperatures, and vibrational factors across the energy range.

The SSF has been applied to the evaluation of neutron cross sections and
thermalization properties of several moderator materials [3,4]. We have included the SSF
routines into the NJOY code, in such a way that the cross sections can be generated with the
same format either from its standard library (ENDF/B-VI) or from our synthetic model.

In this work we will briefly review the characteristic features of the synthetic model,
and its predicted results for the cross sections and other integral magnitudes for mesitylene,
liquid hydrogen, and solid methane, and compare them with the data produced with the latest
NJOY version and with experimental data when available.

2. The Synthetic Model

The synthetic scattering function has been developed to the extent of producing
analytic forms for a variety of magnitudes [2,3], and the accuracy of them have been verified in
a number of cases [4]. We will just summarize the main features of this formulation.

In terms of the synthetic model, the double-differential scattering cross section of a
molecular unit is written as, (see Ref. 3 for details)

where N is the number of dynamically nonequivalent atomic species, and «, represents the
number of atoms of each equivalent atomic species with a bound scattering cross section ab.
Finally, T(Q,co,E0) stands for the basic expression of the Synthetic Scattering Function
(SSF):

(2)

where fa and k denote the modulus of incident and scattered neutron wave vectors,
respectively, Q-kQ-k and ha>=Ea-E are the momentum and energy exchanged in the
collision process. S oX(Q,a>) is the scattering law for the neutron interaction with a quasi-
rigid molecule, and the second term on the right-hand side of Eq.(2) is a corrective one which
accounts for processes where the neutron exchanges energy with the m internal modes of the
atomic species, by creating or annihilating one phonon. The summation over inelastic processes
is performed under the assumption that the internal modes are represented by Einstein
oscillators, each with eigenfrequency (Oi, and effective mass Mx-
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The quantities /J0 , r0 and T represent the effective mass, temperature and vibrational
factor, respectively, that the scattering nucleus would present in the interaction, and they
depend explicitly on the incident neutron energy Eo.

Under those conditions, S r (Q,co) may be written as

• (3)

Analytic expressions are then obtained in a straightforward manner for the scattering kernels,
and the total scattering cross section, while the usual expansion of the double-differential cross
section in Legendre polynomials leads to the definition of the energy-transfer scattering
kernels. These kernels also admit analytic expressions within the frame of the Synthetic Model
[5-7].

3. The Case of Molecular Solids

In its original formulation, the SSF was devised to describe the interaction of slow-
neutrons with molecular gases [2], and its applicability extended to liquid and even solid [8,9]
systems as long as the energy of the incident neutrons is not too low as to detect departures
from a free gas behaviour during the interaction time.

When the cross sections of a material have to be properly described at low neutron
energies, as it is the case of solid cryogenic moderators, a different approach is imperative. A
new formulation has been developed to tackle those situations, and it is at present under
validation. Our new Synthetic Model for molecular solids (SMMS) uses a more realistic
description of the dynamics at low energies, and switches over the traditional molecular gas
formalism at higher neutron energies. Its basic hypotheses are just outlined in the following
paragraphs, where we can think of solid methane as a test case.

Let us assume that the low frequency part of the system's density of states can be written
as:

2 -(«»-« W (4)
to]

where the first term on the r.h.s. represents very low energy rotational excitations ( 1'), and the
second term is the Debye approximation to the lattice modes ('2'), existing for CO<COD. The
constant A reminds us that this is just a portion of the complete, normalized frequency
spectrum that also includes the intramolecular vibrational modes.

Under the assumption of no coupling between those modes, the intermediate scattering
function is the product of those associated to each mode. In addition, each of the factors is
assumed to satisfy the Gaussian approximation

; i=U (5)

where the time-dependent mean-square displacement y(t) is related to the frequency spectrum

Tit) = F ^ [{»(«) + l)eM + n(fl»)e-'*] (6)
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and n(co) is the occupation number.

The intermediate scattering functions admit a phonon expansion

r,(t) 2

; where 2W, ~^—v (0) (7)

and the associated scattering law is given by

The scattering law due to the two low-lying dynamical modes under consideration is
calculated as

S(Q,co) = ~ Jtf*, ( ^O^CaO^ ' " = Sx(.Q,co)®S2(Q,(o) (9)

and then, to describe the low energy neutron cross sections in our Synthetic Model for
molecular solids, we include up to three phonon terms in the inelastic scattering law:

P=\ P- » *=i

The functions G(l)((o) related to the 'rotational band' in the frequency spectrum were
calculated, as well as their convolution [10] with the G<2>((o) already obtained by Sjolander for
a Debye model [11,12], producing an analytical expresion for S(Q,co). Our final prescription
for a SSF for molecular solids is then formulated as a combination of the last expression with
the SSF for molecular gases, using a switching function determined by the elastic scattering
component [10].

The NJOY code [13] was modified in order to include the SSF formalism as an optional
way to calculate cross sections for moderator materials. The main modifications were
introduced in the THERMR module where new subroutines were added, adapting the
formalism of the synthetic model to the NJOY system.

4. Results for Some Cryogenic Moderators

Applications of the SSF to a variety of hydrogenous systems were presented in the past
[14], where different magnitudes were predicted and compared with available experimental
data or previous theoretical results. Here, we present NJOY results for thermal neutron
scattering kernels and total cross sections of liquid hydrogen, solid methane, and mesitylene
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obtained from both its original ENDF/B-VI.2 library (when available) and the Synthetic Model
formalism integrated in our modified version of the code.

4.1 Liquid Hydrogen
Our model for H2 was built on the basis of the Young-Koppel [15] formalism to describe

the rotational elastic and one-phonon inelastic cross sections, together with the prescriptions of
the general Synthetic Model for the vibrational and translational forms of the molecular
scattering function [16]. The energies of the three Einstein oscillators that represent the actual
(acoustic, rotational, vibrational) modes are 0.005, 0.0147 and 0.546 eV.

1000

100

10

1

0.1

10

Fig.l(a) Scattering Kernel forpara-H2 at 20K,
calculated by NJOY from ENDF/B-VI

Fig.l(b) Scattering Kernel for para-E, at 20K,
calculated by NJOY from SSF

In Figs. l(a) and l(b), we show the scattering kernels of liquid parahydrogen at 20K,
calculated by our modified NJOY with its two options, ENDF/B-VI and SSF, respectively.
The main differences between them are observed at the low energy groups, and they are
related to the different treatment of the translational motion in both models.

The total cross sections of normal and para-hydrogen calculated at 20K are compared in
Fig. 2 with the experimental results of Seiffert [17]. Once again, some discrepancies are
apparent at the low energy side, which emphasize the need for new measurements over that
energy range. Other SSF results for this system were presented previously [18].
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Fig.2: Total cross section of liquid Hydrogen.
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Fig.3: Observed and calculated neutron spectrum
emerging from a LiH2 moderator.
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Spectra calculations were performed using our libraries in MCNP, to describe an
experiment carried out at Hokkaido University [19]. In Fig.3 we compare the experimental
results [20] with our calculations for two different ortho/para ratios in liquid H2 at 20K, thus
demonstrating the good agreement achieved through the use of the SSF scattering kernels and
the sensitivity to the o/p concentration for this particular case.

The same set of input data for MCNP was used to predict the spectrum which should have
been observed in the Hokkaido experiment at different temperatures. The result is shown in
Fig.4, in the form of the logarithmic derivative of the neutron flux as a function of T, valid for
temperatures between 19K and 25K, and at constant density. In a similar way, the logarithmic
derivative of the neutron flux as a function of the ortho/para ratio has been calculated for the
same temperature range. This kind of information should be of interest to evaluate the effect
on instruments performance caused by variations of the cold moderator parameters.

Besides the question of the spectrum shape, referred to in the preceding paragraphs, the
other important parameter characterizing the quality of a cold moderator at a pulsed neutron
source is its time response. When the size of the moderator volume is large enough for a
fundamental decay mode to be established after the injection of a fast neutron pulse, the time
constant corresponding to that fundamental mode dominates the pulse width produced by the
source as a function of neutron energy. At the lower energies, whenever neutron diffusion
theory is valid for a particular geometry, the decay time becomes energy-independent and
determined solely by the geometrical buckling of the moderator system. We show in Fig.5
values of that quantity predicted by the SSF for different ortho concentrations in liquid H2 at
20K, together with an experimental result due to Wtirz [21]. The agreement in this case is
good, but one must be aware that the very strong variation of the mean free-path with o/p
concentration severely complicates the calculation of the actual buckling for a given situation
(geometry, concentration). This means that any atempt to correlate measured decay times with
concentration in a real cold source will depend on its geometry, but in any case it must rely
very heavily on model calculations. Conversely, it is possible for some special geometries to
optimize the neutron pulse shape in a specific case as a function of the o/p concentration.

' 'vN Ortho(%)

. . . ^

\ 1 o : \

75

50 x

25

^ \

| [
!\
\••. i <

- t *

Liquldl^]

(77% para)
• Exp.(Wuiz)
o Calc(SSF)

. \ . . . . . .

Fig.4: Spectrum derivative as a function of tem-
perature, for different o/p concentration.

Geometrical Buckling (cmJ)

Fig.5: Decay constant of the fundamental mode.

4.2 Methane
The SSF for this molecule was described in [22]. Due to the very low energies associated

to the rotational motion, these modes are usually excited by temperature and a quasi-classical
treatment of them is applicable in the frame of the SSF formalism. The three parameters (\io ,
To , F) of the model change as the neutron energy goes over the intramolecular vibrations'
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energies (lumped into two Einstein oscillators at 0.17 eV and 0.38 eV) according to the model
prescription. In fact, this set of input data for the SSF is appropriate to describe the neutron
scattering properties of methane in the gaseous and liquid phases. Solid methane is treated in a
different manner, in order to properly account for the lattice vibrations. As discussed in Section
3, the SSF for the solid system is built as a composition of a 'low' and a 'high' incident energy
parts, represented by a phonon expansion of the scattering law for a molecular solid, and the
classical form of the Synthetic Model, respectively.

s
I 150

• •

Experiment
SSF molec.
NJOY ENDF

•

>

- - •

SOLID METHANE

(ca 20K)

N
10' 10*

10' -

10' -

10* 7-

101

j

MCNP calculations
• Hokkaido (ENDF)

NyR (SSF) [prelim)
Hokkaido (Experim)

j |

SOLID METHANE

1

i ^^
I

-

Energy (eV) Energy (eV)

Fig.6: Total cross section of solid Methane. Fig.7: Observed and calculated neutron spectrum
emerging from a solid methane moderator.

While the 'solid model' for methane is being developed according to the algorithm sketched in
Sec.3, some preliminary results are included here to illustrate the expected quality of the model
description. The total cross section of solid methane ca 20K is presented in Fig.6, where we
compare the experimental data [23] with results obtained from NJOY using ENDF/B-VI and
the traditional SSF, with Einstein oscillators at 0.0065eV to represent the onset of rotational
excitations, and at 0.008eV as a characteristic excitation representing lattice modes described
by a Debye spectrum with a temperature TD - 140K [24]. The Hokkaido group has measured

the neutron spectrum emerging from a
solid methane system [19], and in Fig.7 we
compare their experimental results with
NJOY calculations based on its standard
library and using our preliminary scattering
kernel; once again the SSF seems to
produce highly encouraging results. Finally,
in Fig. 8 we present one result concerning
the SSF prediction for the time response of
a solid methane slab (12x12x5 cm3),
compared with the decay times measured
for that system [25]. Other neutronic
properties of this moderator evaluated
through the SSF have been presented
previously [14,22].

E 150 -

D
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CH,, Decoupled I

-

•

1 D

Coupled

T D = 124.7 Ms

•

• j

Decoupled

Wavelength (A)

Fig.8: Experimental and calculated decay constant
for a specific solid CH, (20K) moderator

4.3 Mesitylene
This material has been also proposed and used as a cryogenic moderator [26-28], and a few

measurements were performed on it at low temperatures [29,30]. Mesitylene was modeled in
the frame of the Synthetic Scattering Function [31], and we will show here some preliminary
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results from this modeling. As in the case of solid methane, a more detailed description of solid
mesitylene will include a phonon expansion as outlined in Sec.3 for low incident neutron
energies, and its conversion into the traditional SSF at the other end of the energy scale.

Our model for mesitylene (1,3,5 trimethylbenzene) was based on our previous work on
benzene [4] and methyl-group containing molecules [32], as well as on specific information
about the dynamics of this material [29,30,33]. The actual description [31] involves four types
of'atoms': two elements (H, C), each of them composing either a methyl group or the benzene
ring. The complete dynamics of the molecular system involves vibrations within the methyl
units, their torsional motion respect to the ring, the rotations of the entire molecule and its
translational motion. Using the low frequency part of the density of states measured for
mesitylene at 18K [30] (weight = 0.2355) and independent oscillators at 0.12eV, 0.17eV and
0.37eV, we have also created an input for NJOY.

In Fig.9 we compare our calculated scattering cross section of H in mesitylene with the
experimental points of Utsuro [29]. Although the theoretical curve seems to overestimate the
cross section at low energies, it will be very convenient to reconfirm this situation at the light
of new measurements. Finally, in Fig. 10 we show our predicted total cross section and its
elastic and inelastic components, from both the traditional SSF and NJOY.

CO
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"Vî " . . . . . . . .

\

f

1

MESITYLENE |

"" 1 • Exper 18K
I SSF20K

M M ,

MESITYLENE
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Inol
Total

Linos: SSF,
Symbols: NJOY

10J 10' 10' 10'

Energy (eV)

10* 10* 1OJ

Energy (eV)

10"

Fig.9: Total cross section of solid Mesitylene. Fig.10: Calculated elastic, inelastic and total cross
sections of solid Mesitylene.

5. Conclusions

The results presented in the previous section are typical of the SSF predictions for
hydrogeneous materials, and serve to illustrate the flexibility of this function to model quite
different molecular systems using a minimum set of input data with no adjustable parameters.

Some of those calculations have been performed using a modified version of the NJOY
code, in which a package of subroutines corresponding to the Synthetic Scattering Function
formalism has been integrated as a new option.

Although we continue benchmarking the results based on this new option, besides the
extensive applications already performed using the Synthetic Model, we expect that the
powerful capabilities of this model to describe complex systems will be very useful to tackle
new ideas related to nonconventional moderator materials.
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Abstract

A liquid hydrogen-liquid water composite moderator may provide performance like liquid
methane at high-power spallation sources where liquid methane is impractical. We have
measured the neutronic properties of such a composite moderator, where a hydrogen layer
1.25cm thick was closely backed by water layers of 1.75cm and 3.75cm thickness. We also
studied a moderator in which a 1.75cm water layer was closely backed by a 1.25cm hydrogen
layer. We further performed simulations for each of these systems for comparison to the
experimental results. We observed enhancement of the spectal intensity in the "thermal"
energy range as compared to the spectrum from a conventional liquid hydrogen moderator.
This enhancement grew more significant as the water thickness increased, although the pulse
shapes became wider as well.

1. Introduction

High-power spallation neutron sources, such as the Spallation Neutron Source Project to be
constructed at Oak Ridge National Laboratory, have high radiation damage rates in most of
the neutronically significant components, including the moderators. This is especially
important for moderators composed of liquid methane. In the liquid state (around 100 K)
methane suffers from severe problems with radiation-induced polymerization, to such a level
that the highest-power existing spallation sources must significantly limit the lifetime of their
liquid methane moderator vessels, imposing significant constraints on operational strategies
for the facility. At damage rates corresponding to the Spallation Neutron Source (2~MW of
proton power on a mercury target) the use of liquid methane does not currently appear to be
practical, even though it provides performance characteristics generally agreed to be highly
desirable. In fact, most "new" spallation source projects, when they develop proposed
instrument suites, assign approximately half of the initial instruments to liquid methane
moderators when that choice is offered. As no practical means to use liquid methane at these
damage rates has been demonstrated, we have explored an alternative moderator concept, the
hydrogen-water composite moderator, as an alternative to liquid methane, one which would
be tolerant of radiation.
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As part our study of a composite moderator, we have constructed a prototype moderator and
measured its performance at the University of Hokkaido Electron Linac facility. These
prototype experiments are essential to realistically judge the composite moderator usefulness,
since many aspects of the composite moderator performance depend on how closely the
hydrogen and water layers can reliably be placed while still maintaining their desired
temperatures and states.

2.General Description of Composite Moderator

The experiments were performed at the 45 MeV Electron Linac facility at the University of
Hokkaido. An outline of the experimental system is shown in Figure 1. The target is lead, and
is 7.5cm by 8cm by 15cm. A graphite reflector of thickness at least 40 cm surrounded the
target and moderator. A decoupler layer of B4C 3mm thick (corresponding to a decoupling
energy of 2.5eV) surrounded the moderator. A schematic diagram of the moderator vessel,
showing major dimensions of the various regions, appears in Figure 2. There are 2 chambers
which can be filled with water on each side of the liquid hydrogen chamber. We continuously
circulated water through the filled water chambers (different chambers were filled during
different parts of the experiment) both to keep the temperature constant and to prevent the
water from freezing. The water chambers could be filled with water and emptied of water
remotely in order to select the thickness of water on either side of the hydrogen vessel from
the options of 0cm (no water on a given side), 1.75cm, and 3.75cm. The water temperature in
all cases is the ambient room temperature, about 295K. The temperature of the hydrogen
remained at about 18K for all experiments.
We performed experiments on the five moderator configurations indicated in Figure 3. The

five cases are:
o H2 with 3.75cm H2O backing (NoA),
o H2 with 1.75cm H2O backing (No.2),
o 3.75cm H2O with H2 backing (No.3),
o 1.75cm H2O with H2 backing (No.4) and
o H2 alone(No.5).

We performed Measurements of spectral intensities and pulse shapes for all arrangements
except for No.3, since it was expected that the pulse shape for this configuration would be
almost the same as a water moderator, and experimental time was somewhat short.
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3.Experimental Result
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The measured energy spectra are shown in Figure 4. When the neutron beam is extracted
from the hydrogen side of the moderator we can clearly see a large increase in neutron
intensity for the composite moderator, when compared with the hydrogen alone, over the
energy regions observed. This increase is thus due to the water layer placed behind the
hydrogen (configurations 1 and 2 in Figure 3). Furthermore, the composite with the thicker
water layer gives about 1.8 times the intensity
below 90 meV than the composite with the
thinner water layer, as shown in Figure 5.
As expected, the spectrum of the ambient
temperature water is dominant in the systems
(numbers 3 and 4 in Figure 3) where the •£
composite was viewed from the water side. ^
Figure 6 shows pulse shapes from three "»
moderators; H, alone, H2 with 1.75cm water
backing and H2 with 3.75cm water backing, at
three different energies: 7.3 meV, 30 meV, and 90
meV. The pulse rises more quickly for a single H2

moderator than for composite moderators, so the
peaks of the H2 moderator pulses appear at earlier
times than do the composite ones. Decay rates
are much slower for the composite moderator
than for hydrogen, but the peak intensities of the
composite moderator are higher. This moderator does appear to work as a dual characteristic
moderator; namely, a thermal moderator when viewing the water side and a kind of cold
moderator when viewing the hydrogen side.

3
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CompiH^O 3.75cm Front
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Fig.4 Observed spectra from the
composite moderators

iou

4.Comparison of Calculational and Experimental Results

We performed simulations of the composite moderator experimental setup using HMCNP4B
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with ENDF/B-V and VI cross section data.
Our calculations used a simplified geometry
as shown in Figure 7, simulating our
experimental setup. First, we compared the cr
spectral shapes and relative intensities. To §
compare relative intensities, we normalized "£
the calculated spectra of the liq.H, with ^
3.75cm H,0 backing so as to give the same '35
value as the experimental measurement at 3
leV, as shown in Figure 8. '—'
There are some differences between the

measured and calculated spectral shapes, not
only for the spectra observed from H, side,
but also for those observed from H2O side. In
general, the energy spectrum falls of with
decreasing energy faster in the calculated Fig.8 Comparison of energy spectra obtained
spectra than in the measured spectra. The by experiments and calculations
measured spectral peak locations
(proportional to the spectral temperatures) are lower in the experimental values. In all cases,
the calculated spectral intensities at low energies are lower than the experimentally measured
intensities. We observe a big difference in the calculated and measured spectra in the case of
the 1.25cm thick hydrogen moderator.
The reason for this discrepancy is still unclear. It is likely partly due to over-simplification of
the target-reflector-moderator assembly geometry in the simulation. There may have been
some water remaining in supposedly empty water chambers, which might especially effect the
intensity of the thin hydrogen moderator. We are still trying to clear up this discrepancy.
We also compare pulse shapes, measured and calculated, in Figure 9, where they are

normalized to the same peak intensity, in order to see differences in shape. Overall, the shapes
are similar. The time-decay of the calculated pulse shapes is faster than that in the
experiments. We compare pulse width (full width at half maximum) in Figure 10. The
calculated results almost agree with experimental ones at higher energy but discrepancies
appear in the lower energy region.

10

Comp:H2O 3.75cm Back

Time bin = l(J.s
E=90meV

0 Experiment

~— Calculation

We observe a "double peak" shape in
calculated pulse shapes at higher energies
(above 80-90 meV), perhaps since
neutrons emitted from the water layer can
be directly observed through the
hydrogen layer. This might cause a
difference in flight time across the
distance between the viewed hydrogen
surface and the viewed water surface.
Such a calculated result is shown in
Figure 11 (black points with line), which

20 30 40 50 60 indicates a shoulder on the rising edge of
Emission Time (|is) the pulse shape. We performed one set of

Fig. 11 Double peak appeared at high energy pulse shape measurements in a higher
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resolution mode, with a lu.s electron pulse width and a 1 jus channel width on the time
analyzer, in the hopes of seeing any indication of this double peak behavior. We could not
observe any double pulse peak similar to the calculated one, although we did observe the
more gently rising edge in the composite moderator pulse shape than in that of the hydrogen
moderator. This is probably due to the fact that the hump in the rising side of the pulse shape
is smeared out by the relatively wide experimental time widths and instrumental resolution.

5.Comparison of Experimental Results to Liquid Hydrogen 4.5cm Moderator

We compare in Figure 12 the spectral
intensity of the composite moderator with
that of a 4.5cm thick hydrogen moderator.
The intensity of the composite moderator Q-
with 3.75cm H2O layer is higher in the §
thermal energy region due to the contribution •£>
of the thermal spectrum of the water w
moderator behind the H2 moderator. The £
intensity ratio of these two moderators is 2
shown in Figure 13. We clearly see that the ^
composite moderator gives higher intensity
only in the thermal energy region. The largest
intensity gain is about a factor of 2. We
compare pulse shapes in Figure 14. The pulse
shapes from the composite moderator rise

ltf

10'
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10'

10"

Comp:H2O 3.75cm Back

Comp:H2O 1,75cm Back

"Liq.H2 Unpoisoned 4.5cm

10 10"' io-2 10" 10u

Energy(eV)
and decay slowly when compared to the Fig. 12 Comparison with a 4.5cm H2 moderator
hydrogen moderator. At low energy, the pulse shape of the composite moderator is similar to
that of 4.5cm thick H2 moderator, although the peak intensity of the composite moderator is
much less than that of the Ft, moderator. The FWHM of the composite moderator pulse shapes
at lower energies are much wider than those of the 4.5cm H2 moderator.

6.Effect on Scattering Instrument Designs

Of course, the most important aspect of moderator performance is how well that moderator
satisfies the needs of scattering instrument designs. The reason we chose to look at the
composite moderator in the first place was as a possible replacement for liquid methane,
which is usually used for relatively high resolution scattering instruments. Thus the wider
pulses observed from all composite moderator designs, both in calculation and experiment,
are a serious disadvantage. This disadvantage probably outweighs most advantages gained
from the improved spectral intensity of a composite moderator. Even if the double pulse shape
seen in calculations is never present in experiment, as it was not in our experiments here, the
resolution effect alone might be an problem which cannot be overcome. The composite
moderator does, however, always have intensity superior or equal to a hydrogen moderator,
depending on energy, and has significantly higher intensity at low energies than any water
moderator. Thus, if resolution were not an issue for a particular instrument design, and that
instrument desired high intensity at all energies, it might very well benefit significantly from
the composite moderator.
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7. Conclusion

We have measured the neutronic performance of a variety of hydrogen-water composite
moderator configurations, and compare these measurements to the results of simulations.
We find that the simulation techniques do a reasonable job of predicting composite moderator
performance, but that there are significant discrepancies between simulation and
measurement.
We do not measure any "double peak" pulse shapes for any composite moderator

configuration in the energy range studied (below some 100 meV), in contrast to simulations
performed as part of this study and elsewhere. We do measure relatively broad pulse shapes
for our composite moderator configurations, broader than typical water or hydrogen pulse
shapes. These broader pulse shapes indicate that the composite moderator may not be able to
replace liquid methane for high resolution neutron scattering instruments. However,
instrument concepts which call for high intensity at all energies and are not limited in
resolution by the moderator pulse shape might benefit from the composite moderator.
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Abstract

We studied decoupled poisoned and unpoisoned composite moderators consisting of
20 mm thick hydrogen and 30 mm thick light water. The neutron pulses from unpoi-
soned one were much broader with longer decay times than a simple decoupled hydrogen
moderator in 50 mm thickness. It was also found that the poisoned composite moderator
provides higher pulse peak intensities relative to the hydrogen moderator (poisoned at 20
mm) below several tens meV with no penalty of pulse width.

1 Introduction

A decoupled composite moderator, which consists of hydrogen(H2) and light water
(H2O), has been proposed as an alternative of a high resolution liquid methane moderator
at MW-class short pulse spallation neutron sources. [1] The pulse shapes are considered
to be broader than a simple decoupled H2 moderator because of a coupling between the
H2 and H2O in spite of a higher time-integrated intensity in a range 50 - 100 meV. There-
fore, we studied decoupled poisoned composite-moderators aiming at narrower pulses and
shorter decay times. A poison sheet, such as gadolinium (Gd), is interleaved between H2

and H2O. We compare the pulse characteristics of the poisoned composite and poisoned
H2 moderators.

2 Calculation

The calculations were performed with NMTC/JAM [2, 3] and MCNP/4A [4]. For a
mercury, cross sections evaluated at JAERI [5] were used. The general parameters of the
calculation model are tabulated in Table 1. Figure 1 shows the target-moderator-reflector
system consisting of a mercury target, a beryllium (Be) reflector and moderators. The
moderators are a simple H2 of 50 mm in thickness, 50 mm H2 poisoned at 20 mm from
moderator surface, an unpoisoned composite and poisoned composite moderators. The
widths and heights of all moderators are 120 mm. The details are tabulated in Table 2.
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Table 1 General parameters for calculational model
Proton beam

Power 1 MW
Energy 3 GeV
Repetition rate 25 Hz
Current density profile Rectangular (fiat distribution)

Cross section
Target

Material
Dimension

Reflector
Material
Shape
Dimensions

130 x 50 mm2

Mercury (Hg)
400w x 80H x 750L mm3

Beryllium (Be)
Cylinder
600 mm in radius, 1200 mm in highet

Material
thickness

Poisoned

Poisoned

Table 2 Calculation model of

and
(mm)

material

position

Simple H2

H2 (50)

No

No

Poisoned H2

H2 (50)

Gd

20 mm from
viewed surface

moderators

Unpoisoned
composite

H2 (20)
+H2O (30)

No

No

Poisoned
composite

H2 (20)
+H2O (30)

Gd

between
H2 and H2O

\

'jocoupier

J5

oupler(1eV)

120

10'

\

Rof or
\lBoi

/

!00mm

45"

Fig. 1 Calculation model for target-moderator-reflector system (left) and a detailed dis-
cription of a composite moderator (right).
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For all cases, moderators are decoupled at 1 eV by B4C layers.
The pulse characteristics from the moderators are discussed by pulse peak intensities

(Ipk) and a pulse widths in full width at half maximum (FWHM).

10
is (n/cmVs/eV/sr/MW]

10"

3 Unpoisoned composite moderator

It is clearly shown in Fig. 2 that
the time-integrated neutron intensities
from the unpoisoned composite mod-
erator are somewhat larger than the
simple decoupled moderator between
20 and 100 meV. The pulse shapes are
shown in Fig. 3 for neutron energies at
20, 50 and 100 meV. It is obvious that

the pulse shapes from the unpoisoned
.. , J +1 4.1 • i Fig. 2 Time-integrated neutron intensities fromcomposite are broader than the simple b &

, i j t j -4--L i J *.• • a simple decoupled H2 (50 mm), unpoisoned and
decoupled H2 with long decay times m K v L v )•> v
, , . , poisoned composite moderators,
this neutron energy range. K ^

a)

3 10"
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Poisoned H ;
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• # * *

*, * .. Composite (unpoisoned) \

40 60
Time(ns)
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0.0
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f1
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o.o
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Time(ns)
20 40 60

Time(ns)

Fig. 3 Pulse shapes of 20, 50 and 100 meV neutrons from a 50 mm thick H2 and an
unpoisoned composite moderator. The decoupling energy is 1 eV.

4 Poisoned composite moderators

Figure 4 shows the pulse shapes of 20, 50 and 100 meV neutrons from Gd-poisoned
composite moderator. Those for the H2 moderators poisoned at 20 mm are compared in
the figure. The Gd-poisoned composite provides narrower pulses with shorter decay times
than the simple decoupled H2 ; much narrower pulse widths and shorter decay times when
compared with the unpoisoned composite in Fig.3.
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Fig. 4 Pulse shape of 20, 50, 100 meV neutrons from poisoned composite moderator and
poisoned H2 (20 mm). The poisons are Gd, the decoupling energy is 1 eV.

In Fig.5, the pulse width (FWHM) for composite moderators poisoned by Gd are
shown as a function of neutron energy. The figure also shows those from decoupled H2
moderators (poisoned at 20 mm from the moderator surface). At the energies below 100
meV, the energy dependences of the pulse widths are almost similar. This result shows
that the pulse widths in the neutron energy below 100 meV depend on the thickness of
viewed H2 in spite of the difference of backside material. In the energy region above 100
meV (higher than the poisoning energy of Gd), the pulse widths from the poisoned com-
posite are slightly wider than the poisoned H2 because of the H2O effect in the backside.

On the other hand, the pulse peak intensities are shown in Fig.6 for the poisoned
moderators (H2 and composite) mentioned above. The pulse peak intensities of poisoned
composite are larger at energies below several tens meV (~15% larger at 5 meV). At
energies above 100 meV, the pulse peak intensities are almost same between the poisoned
composite and the poisoned H2.

5 Results

The unpoisoned composite moderator provides broader pulses with longer decay
times than the simple decoupled H2 (50 mm) moderator in the neutron energy region
between 20 and 100 meV.

In the neutron energy region below 100 meV (nearly above Epoi), the pulse widths
of the poisoned composite moderator are almost same to the H2 poisoned at 20 mm,
however, the pulse peak intensities are larger. The reason why the pulse peak intensities
are enhanced is the premoderating effect of H2O layer and actually it was proposed aiming
this effect.
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10'
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Fig. 5 Pulse widths (FWHM) for the poi-
soned composite moderator and the poi-
soned H2 at 20 mm.
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Fig. 6 Pulse peaks for the poisoned com-
posite moderator and the poisoned H2 at
20 mm.

6 Conclusion

The unpoisoned composite moderator is not suitable for high resolution experiments
because of the broader pulse widths with longer decay times in spite of the larger time-
integrated intensities between 20 and 100 meV.

It should be mentioned that the larger pulse peak intensities can be obtained relative
to the poisoned H2 in the energy range below 100 meV without any increase of pulse
widths, by using the poisoned composite moderator. Therefore, we concluded that the
poisoned composite moderator can be a candidate for high resolution experiments below
several tens meV.
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1. Introduction

Liquid and solid CH4 have been used as high efficiency cooled and cold moderators in

spallation neutron sources, since CH4 has a rotational level of about 1 meV, which is very

effective at thermalizing the neutrons to low temperatures. Moreover, CH4 also has high

hydrogen number density. Heavy hydrogen-substituted methane, CH3D, has lower rotational

energy levels than CH4 but has lower number density of light hydrogen, that is, the

macroscopic scattering cross section is lower than that of CH4. Liquid H2 is the most

promising candidate as a cold moderator for high power spallation neutron sources, since it is

stable against radiation damage effects, but it lacks effective low energy levels to thermalize

neutrons. Molecular rotational energy levels are lower in HD molecules than in H2 but the

neutron scattering cross section is again much lower. Therefore, both deuterated materials

have merits (lower rotational energy levels) and demerits (lower scattering cross sections),

when compared with fully protonated materials.

We do not have cross section data for these materials to study the neutronic characteristics by

simulation calculation. Therefore we have studied experimentally the neutronics of CH3D and

HD moderators. We measured energy spectra and pulse shapes of these moderators, and we

compare and discuss the neutronic characteristics with those of CH4 or H2.
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2. Experimental setup

We performed our experiments using the Hokkaido linac; figure 1 shows the experimental

setup of a target-moderator-reflector assembly. The size of the moderator is 12 x 12 x 4.5 cm3.

We used a graphite reflector of about lnr volume. All moderators measured were decoupled

from the reflector by 0.5mm thick cadmium plates. Energy spectra were measured by time-of-

flight (TOF). Pulse shapes were measured by Bragg reflection from pyroiytic graphite (PG) at

a Bragg angle of 85°. The detectors are 3He proportional counters. The purity of D in CH3D is

98% and in HD 97%. The purity of the compounds is 98%. The HD and H2 moderators had

been held at 18 K for about 2 hours before measurement.

Under the above conditions we measured CH?D and CH4 at 100K and 18K each, HD and H2

at 18K.

Liquid N2 in the case of H2 and HD

Heat exchanger

Decoupler and liner
(Cd 0.5mm)

Reflector

(Graphite ~lm3)

Moderator Pb Target Collimator
(12 x 12 x 4.5cm3) (7 x 8 x 15cm3) (Boric Acid-Resin)

Fig. 1 Experimental setup
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3. Energy spectra

3.1 Comparison of CH3D and CH4

Figure 2 shows CH4 and CH3D energy spectra and the intensity ratio of CH3D to CH4 at 100K.

Concerning the peak energies of the spectra, that is, the spectral temperatures, the peak energy

is 10.8meV for CH4 and 10.6meV for CH3D and little difference was observed. From this

result, we conclude that there is almost no improvement in thermalization of neutrons in

CH3D compared with CH4. This is expected in view of the observation that the lowest energy

levels of CH3D and CH4 are both much lower than the mean spectral energy at the temperature

of 100K. The intensity of CH3D is lower by 25% compared to CH4 below about 50meV. The

ratio of proton number densities is approximately 3/4. So the loss of one proton per molecule

is the cause of the intensity decrease. The intensity loss appears below about 40-50 meV,

which is about 4 times the peak energies.

Figure 3 shows the energy spectra and intensity ratio at 18K. The peak energy of CH4 is

2.51meV and that of CH3D is 2.57meV. Below O.OleV, the intensity of CH3D is lower by

30% compared to CH4. As at 100K, at 18K the loss of proton number density more

significantly influences the spectral intensity than the lowering of the energy level of

molecular rotation. The intensity loss appears below about lOmeV, which is about 4-5 times

of the peak energies. A characteristic feature of the difference between the spectral intensities

is that the intensity is almost the same above about 4 times the peak energy. This suggests that

the intensity loss takes place mainly during the diffusion process. The intensity of CH3D at

higher is similar.

10'

104 IQQK ,

nl.5

0.0001 0.00010.001 0.01 0.1
Energy (eV)

Fig. 2
Energy spectra and intensity ratio of CH3D to CH4

0.001 0.01 0.1
Energy (eV)

Fig. 3

- 875 -



JAERl-Conf 2001-002

3.2 Calculation of the spectral intensity

It is possible that the defect of low proton number density may be compensated for by using a

thicker moderator. In order to study the effect of the thickness on the spectral intensity it is

easier to perform simulation calculations than to perform experiments.

However, there is no cross-section data for CH3D available now, but the experimental results

of the CF^D and CH4 spectra suggest that loss of proton number density more strongly

influences spectral features of CH3D and CH4 than the lower energy levels. So, we adopt the

cross-section data of CH4 as those of CFL,D, however, changing the proton number density to

a value three-fourths that of CH4. The calculation geometry is the same as that of the

experiment except for the refrigerator above the moderator. We used MCNP4B to calculate

the thicker version of the CH3D moderator at 100K.

Figure 4 shows the measured and calculated intensity ratios of CH3D to CH4. Because the

tendencies of both plots are similar, we are led to conclude that the method is valid to estimate

the thicker moderator of CH,D. Figure 5 shows integral ratios of intensities of the different

thicknesses of CH3D moderators to that for 45mm thickness of CH4. From this figure, the

maximum intensity ratio appears at 70mm thickness, although the intensity of the 70mm thick

CH3D moderator is inferior to that of 45mm thickness of CH4. Thus, we conclude that the

intensity from CH3D cannot exceed that from CH4 at 100K temperature.

1.5

o 1-0 -

c

£0.5

0.0
0.001 0.01 0.1

Energy (eV)

Fig. 4 The measured and calculated

intensity ratios of CH3D to CH4

• » . « < . „
B 8 • •

" i • • ' I ' • • • • • • •

• CH3D/CH4(measured)
" CH3D/CH4(calculated)

* • . •. o ' « * *
o

• o

• • i i ° • °
•

, ,1 , 1

40 50 60 70 80 90
Moderator thickness (mm)

Fig. 5 The integral ratios of intensities

of the different thicknesses of CH3D moderators

to that for 45 mm thickness of CH4
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3.3 Comparison with HD and H2

Figure 6 shows H2 and HD energy spectra and the intensity ratio of HD to H2 at 18K. Unlike

the CH4 and CH,D spectra, the spectral shape of HD differs from that of H2. There is the

transition from para to ortho around 15meV in H2, but there is no exactly corresponding effect

in HD. The peak energy in the spectrum of H2 is 3.04meV and that in the HD spectrum is

2.38meV: the peak energy of HD is lower than that of H2. HD appears to thermalize neutrons

significantly better than H2, although the penalty of reduced proton density causes the

intensity of HD to decrease compared with H2. In particular, the intensity of the HD

moderator is lower than in H2 by 70% around 15meV, namely at the energy corresponding to

the ortho-para transition. However, the intensity of the HD moderator approaches that of H2 at

lower energies.

Transition from ortho to para
8

I I I I I I III I I I I I I III I I I I I Mil I I I I I

0.0001 0.001 0.01 0.1
Energy (eV)

Fig. 6 Energy spectra and intensity ratio of CH3D to CKU

4. Pulse shape and pulse widths (FWHM)

4.1 Comparison with CH3D and CH4
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Figure 7 shows pulse shapes of CH4 and CH,D at 100K. The intensity of CH,D is lower than

that of CH4. However, pulse decay times are almost the same. For 1.83meV pulses, for

example, the decay time is 81.0 /i s for CH4 and 81.3 /i s for CH3D.

Figure 9 shows pulse widths (FWHM) of CH3D and CH4. The pulses of CH,D turn out to be

broader than those of CH4 both at 100K and 18K.

From the pulse shape point of view, there seems to be no advantage of the CH3D moderator

compared to CH4.
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Fig. 7 Pulse shapes of CHbD and CH4 at 100K
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Fig.9 Pulse widths (FWHM) of CHsD and CH4

4.2 Comparison with H2 and HD

Figure 8 shows pulses of H2and HD at 18K. At 1.83meV, the decay time is 91.0/i s for H2

and 117 /i s for HD. At that energy, the decay of pulses from HD is slower than those from H2.

However, at 16.5meV (far above the energy kBT) the decay time is 77.0 jl s for H2 and 23.5 jl

s for HD. At the higher energy, the decay of pulses from HD is much faster than from H2. At

the intermediate energy of 7.33meV, pulses from H2 have a decay time of 81.9 fl s, while the

pulse from HD exhibits a bimodal decay, the faster decay time being 43.0 U s, the slower

decay time, 102 ji s. We cannot claim at this time to understand these interesting observations.

(The earlier discussion should be removed as above because it needs more thought.)

Figure 10 shows the FWHM pulse widths of HD and H2 as functions of the energy. Although

the pulse widths of HD and H2 are almost the same around the transition energy of 15meV, at

other energies, the pulse widths of HD are broader than those of H2.
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5. Conclusion

From consideration on spectra and pulses, CH,D offers no visible advantages compared to

CH4. HD appears to thermalize neutrons better than H2, although the penalty of reduced

proton density gives inferior neutron characteristics at the cold neutron region. As future work,

it may be worthwhile to measure a thicker HD moderator, to make up for the loss in proton

density, and in order to get higher neutron intensity in the very cold neutron region.
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Abstract

This paper reports developments of the pellet formation and transport technologies required for
producing a liquid helium or hydrogen cooled methane pellet moderator. The Phase IUSDOE
SBIR project, already completed, demonstrated the production of 3mm transparent pellets of
frozen methane and ammonia and transport of the pellets into a40cc observation cell cooled with
liquid helium. The methane pellets, formed at 72K, stuck together during the loading of the cell.
Ammonia pellets did not stick and fell readily under vibration into a packed bed with a 60% fill
fraction. A 60% fill fraction should produce a very significant increase in long-wavelength
neutron production and advantages in shorter pulse widths as compared to a liquid hydrogen
moderator. The work also demonstrated a method of rapidly changing the pellets in the
moderator cell. The Phase II project, just now underway, will develop a full-scale pellet source
and transport system with a 1.5L "moderator" cell. The Phase II effort will also produce an
apparatus to sub-cool the methane pellets to below 20K, which should prevent the methane
pellets from sticking together. In addition to results of the phase I experiments, the presentation
includes a short video of the pellets, and a description of plans for the Phase II project.

1. Introduction

Existing and planned DOE neutron sources, such as IPNS and SNS, generate pulses of cold
neutrons for materials research. The efficiency of the components which convert the fast
neutrons to a cold neutron beam determines the usefulness of the facility. The existing solid
methane moderator at IPNS has a high efficiency, but the design cannot be scaled to the high
power levels planned for the SNS. A cold moderator concept using solid methane pellets, which
would be capable of high power operation, was proposed by Lucas in 1988[1]; however, the
technologies of producing and transporting the solid pellets has not yet been developed. CAFI
has previously developed equipment to produce and transport solid hydrogen pellets for the DOE
Fusion program. This paper reports the results of a USDOE SBIR Grant #DE-FG02-99ER82772
to extend these technologies to produce packed beds of solid methane pellets suitable for use as
a high power pulsed moderator.

During the phase I project an apparatus was constructed which produced batches of
approximately 1,000 high quality 3mm pellets of solid methane. A small liquid helium cooled
observation cell was constructed to collect and sub-cool the pellets. The methane pellets,
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produced at 73K, stuck together in clumps in the cell, preventing them from forming a tightly
packed bed. Ammonia pellets were also produced, which had no signs of sticking to each other
and produced a packed bed of pellets which could be fluidized with a vibrator. The packing
density of the ammonia pellets was measured to be 60% which is typical of a closely packed bed.
A method of rapidly melting the pellets and emptying the test cell was developed which will
allow the replacement of the pellets in an operating moderator to occur in less than one minute.
A full scale apparatus capable of producing pellets to fill a 1.5 liter test moderator cell was
designed for construction during the phase II project.

Spallation neutron facilities typically have several moderators located around a target which
operate at different temperatures to produce neutron beams of different energies to suit the needs
of different experiments. The longest wavelengths, which are highly desirable for materials
research, are produced by cold moderators which are typically refrigerated by liquid hydrogen.
The efficiency of these moderators is in large part determined by the density of the hydrogen

atoms in the moderator. The so-called advanced moderator materials [2,3,4] are characterized
by having a higher hydrogen density than pure liquid hydrogen. Molecules such as methane
(CH4) and ammonia (NH3) are of comparable size as pure hydrogen (H2) but contain more
hydrogen atoms.

Another desirable feature of advanced moderator materials is to have large numbers of
vibrational and rotational states in the low energy range [2,3] so as to more efficiently absorb
energy from the neutrons. Methane has several rotational energy transitions below 5 mev which
results in superior thermalization properties. The increased density and thermalization properties
yield an increase in neutron flux for solid methane.

Because of their superior properties, a number of solid methane moderators have been put into
service[5,6]; however, there have been significant operational problems which have occurred in
there use. A major problem is related to the molecular breakdown and polymerization of the
methane molecule caused by the neutron irradiation. This process produces long chain
polymerization products which can build up as tar like deposits [7,8] in the moderator vessel.
Another problem are the pressure bursts which result from the spontaneous exothermic
recombination of free radicals which accumulate in the solid methane. At low temperatures, due
to the their low mobility in the solid, the hydrogen and CH3 radicals produced during the neutron
irradiation can accumulate in the solid and build up until a critical concentration is reached at
which point a rapid exothermic re-polymerization occurs [9]. The rapid temperature rise
produces a pressure rise in the solid methane containers which has caused rupturing of the
moderator vessel. To prevent this the moderator is periodically increased in temperature,
allowing a controlled reaction to occur. This process is referred to as a burp since it releases a
burst of hydrogen gas from the solid methane. This problem will be aggravated in future high
power spallation sources such as the Spallation Neutron Source (SNS) now being designed. At
the higher neutron fluxes the present procedure of burping a solid block type moderator would
have to occur approximately once per hour.

A more fundamental problem, which is exacerbated by the poor thermal conductivity of solid
methane [10], will be the removal of the heat being deposited in the moderator by the intense
neutron beam. In previous pulsed neutron sources the heat deposited in the solid methane by the
fast neutrons could be removed by thermal conduction through the solid methane block. To
improve the thermal conduction aluminum fins or an aluminum felt matrix was interspersed with
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the solid methane. However these methods will not be sufficient to remove the heat deposition
of high power spallation sources.

In order to solve many of these problems, Lucas has proposed a moderator consisting of a bed
of solid methane pellets [11] which are cooled by passing the refrigerant, such as supercritical
hydrogen, directly through the pellet matrix. His calculations indicate that pellets smaller than
5mm radius could be adequately cooled at the power levels of the SNS. Furthermore by
transporting the methane pellets in and out of the moderator, the methane could be externally
processed, to continuously remove the free radicals and polymerization products. This work is
focused on developing the enabling technologies required to produce and transport solid methane
pellets for a pellet based cold moderator. In addition the research will also develop the feasibility
of using ammonia pellets as a cold moderator system. While much more work has been done
on the use of solid methane as an advanced cold moderator, ammonia does have several
characteristics which could lead to a good moderator system. First, the neutron thermalization
characteristics of ammonia [4] may be comparable to methane since it has a higher hydrogen
density and also has low energy rotational modes. Second it has a higher melting point and a
higher thermal conductivity, making the cooling characteristics better. Finally, the irradiation
products [12] end with hydrazine (N2H4) so that the buildup of tar products may be eliminated.
A major drawback is that nitrogen 14 has a large neutron absorption cross section which would

require the substitution of nitrogen 15 ammonia. Although expensive, N-15 ammonia at 99.9%
purity is commercially produced. The present cost of the material to fill a moderator would
presently be about $50,000. Total recovery and recycling of the ammonia and catalytic
conversion of the hydrazine back to ammonia could make a system feasible.

Phase I Results

Cryogenic Applications F, Inc. specializes in the development of technologies for freezing and
handling cryogenic solids. Under a previous DOE SBIR (DE-FG05-94ER81734), a method of
continuously producing high quality cryogenic pellets of frozen deuterium was developed as part
of a low tritium inventory pumping and fueling system for fusion reactors. Machines capable
of producing 6mm and 10mm diameter deuterium pellets were developed using both a closed
cycle G-M refrigeration system and liquid helium as refrigerants. This pellet production
technology was extended to the efficient production of frozen dry ice pellets for use in
commercial refrigeration applications and as a pellet source for dry ice blasting machines. A
machine capable of producing 30 kgrams per hour of 3mm diameter clear dry ice pellets was
constructed using a cascade refrigeration system.

The process developed by CAFI (U.S. Patent # 6,000,332) produces high-density clear cryogenic
ice by freezing gas directly to solid by reverse sublimation. The feedstock gaseous material is
introduced to the freezing chamber below the triple pressure. The gas then freezes out onto a
refrigerated surface maintained at a temperature below the equilibrium- vapor- pressure -
temperature of the gas in the chamber. The gas thus condenses directly to solid on the cold
surface. If the temperatures are far below the equilibrium point the ice forms as frost. However,
by controlling the temperature of the cold surface close to the equilibrium temperature, the ice
forms as a clear dense solid. The clarity of cryogenic ice is indicative of a defect free solid. An
additional benefit is that since the ice forms directly into the solid phase, the voids formed in the
process of freezing liquids ( due to the density change of the liquid to solid transition) are
eliminated.
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To make pellets of the desired shape and size, the freezing surface is formed into an array of
freezing cells similar to an ice cube tray so that the pellets are molded to shape. To prevent the
ice in individual cells from growing together, the freezing cell array is engineered to have low
conductivity barriers between the cells. The freezing cells are also positioned so that they are
facing downward, so that the pellets grow upside down. The pellets are released from the
freezing cells by warming the cells, causing the ice to detach and fall down and out of the cell.
This process can be done either by warming the entire array, releasing a batch of pellets, or by
heating and releasing individual cells. The process thus freezes and releases high quality pellets
with no moving parts. The 6mm deuterium pellet machine previously constructed for fusion
applications had an array of 127 freezing cells attached to a G-M refrigerator. This machine,
which had the capability of individual pellet release, continuously produced 0.3 pellets/s at a
temperature of 14K. A larger machine was produced to manufacture dry ice pellets which had
approximately 500,000 freezing cells on 45 square feet of honeycomb freezing panels . This
machine produced 30 kgrams of 3mm dry ice pellets per hour at a freezing temperature of 205K.
For a flat-panel-honeycomb-array, the freezing time for 3mm methane pellet at a 5K temperature
differential is about 25 minutes. A machine to produce 1 kgram batches of 3mm diameter
methane pellets would consist of about 6 square feet of honeycomb panels. It would require
about 10L of liquid nitrogen to freeze a 1 kgram batch of methane pellets.

A test apparatus to produce 3 mm hexagonal cylindrical pellets in a stainless steel honeycomb
array was constructed. A lOcmXIOcm SS honeycomb with 3mm cell size was soldered to a
6mm copper plate flange. The copper plate was thermally connected to the first stage of a
Gifford McMahon (GM) refrigerator by a flexible short copper cable. A set of resistance heaters
were attached to both the copper plate and the GM first stage to allow for accurate temperature
regulation of the copper plate. The GM refrigerator was chosen for use in the phase I project
over a liquid nitrogen cooling system due to its flexibility in operating at a broad range of
temperatures, especially for producing methane at low pressures.

The methane pellets were formed from high purity gas. A 20 liter SS gas storage vessel
instrumented with a high accuracy 5000 Torr capacitance manometer (MKS Baratron) was filled
with the gas to be condensed in the honeycomb. An MKS gas flow-controller was used to meter
the gas into the pellet growing chamber. A lOOTorr capacitance manometer monitored the
pressure in the growing chamber. The pellets were grown, by controlling the gas feed rate to
obtain a relatively constant growing pressure and adjusting the refrigeration system to maintain
the copper plate at a temperature slightly below the equilibrium condensing temperature. The
pellet length could be controlled by adjusting the dose of gas supplied during the growth phase.
The methane pellets were grown in 28 minutes. The release of the pellets from the honeycomb
is achieved by warming the copper plate while maintaining sub triple point pressure in the
growing chamber with a vacuum pump. The defrost cycle for the 3mm methane pellets was
completed in 10 minutes, resulting in a complete grow-defrost cycle of 38 minutes. Figure 1
shows a time sequence of the pellets growing in and releasing from the honeycomb. The pellets
sublime at the metal/solid interface and fall down and out of the honeycomb. The methane
pellets were well formed and transparent, which is indicative of high quality ice, however the
pellets were very sticky at the formation and release pressures tested, which were as low as 6
Torr and 70K which is well below the triple point of 90 Torr and 89K.
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Figure 1. Methane pellets growing in a 3mm SS honeycomb panel. From left: empty
honeycomb; 20 minutes into the growth cycle; 30 minutes, at the start of defrost cycle;
35 minutes, near the end of the release cycle.

In order to test the capability of cooling the pellets to liquid helium temperatures and to
determine the packing density of the pellets in a moderator, an apparatus was constructed to
collect the pellets in a small cell. A 42cc cylindrical or drum shaped stainless steel chamber was
fabricated with indium sealed Pyrex windows forming the drum faces which faced the sides of
the apparatus. A pellet feed tube was welded to the top of the drum cylinder and a drain tube
was welded to the bottom of the cylinder. The bottom of the cylinder was lined with a metal
screen which prevented the pellets from exiting the cell. The cell attached to the feed tube was
suspended in a 4" diameter tube with conflat room temperature windows in line with the indium
sealed cryogenic windows so that the pellets could be viewed in the cell. A liquid helium
transfer tube with a metering valve in the dewar end could be inserted into the feed tube to allow
liquid helium to flow through the cell and out the drain tube. The pellets drop out of the
honeycomb, are collected by a funnel, pass through a gate valve, down the feed tube into the
observation cell. Due to the stickiness of the methane pellets, the pellets did not fill the cell, but
stuck together forming a column up into the feed tube as shown in Figure 2.

Attempts at sub-cooling the pellets with liquid helium as they dropped through the 12" long feed
tube failed since the pellets would then stick to the cold tube walls. An attempt to try to break
up the pellet clump with a stirring stick also failed. However, the pellets which did collect in the
cell were successfully cooled down to 4.3K by flowing liquid helium over and through them
which is also shown in Figure 2. This experiment did however show that the pellets could be
cooled without thermal fracturing. Also there were some pieces which were not stuck to the
mass of pellets which remained free, indicating that the pellets were not sticky at liquid helium
temperature.
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Figure2. Left, methane pellets sticking together in the observation cell. Right methane
pellets with liquid helium flowing through the observation cell.

Since the simple attempts at unsticking the pellets were not successful and since it became
obvious that developing a sub-cooling apparatus was beyond the time scale of the Phase I project,
further attempts were abandoned in favor of the production of ammonia pellets.

The ammonia pellets were produced with the same apparatus operating at around 180K. A
dramatic difference in the ammonia pellets was the total lack of the stickiness, as compared to
the methane pellets, even though they were produced closer to the triple pressure than the
methane pellets. The ammonia pellets behaved fluidically, filling the test cell. A vibrator,
attached to the apparatus was used to settle the pellets and produce a well packed fluidized bed.
Figure 3 shows a batch of ammonia pellets just prior to and after turning on the vibrator. Once
the vibrator was turned on the pellets immediately flowed, filling the cell as a fluid would.

The test cell apparatus was designed to be able to measure the packing density by capturing the
gas evaporating from the pellets into the 20 liter gas tank. This was done by first evacuating the
tank, then valving the test cell from the growing chamber into the gas tank. After the system
equilibrated to room temperature, the gas tank Baratron gauge could determine the number of
moles of gas in the system. The pellet bed volume was determined by the dimensions of the test
cell and by determining the filling fraction of the cell from the videos of the pellet bed. Two
measurements were done, a run producing 3mm long pellets had a 62% filling fraction and a run
with 4mm long pellets had 58%. While these may be within the experimental error, the 3 mm
pellets seemed to pack better since there length matched the diameter. Figure 4 shows three
batches of ammonia pellets grown to different lengths.
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Figure 3. 3mm Ammonia pellets before(left) and after(right) turning on the vibrator.

Figure 4. Left, 3X3.lmm ammonia pellets with 62% packing density. Right 3X3.6 mm
ammonia pellets with 58% packing density.

Another test performed on the pellet bed was to determine the time it took to melt the pellets,
blow out the test cell, and pump it back down. This procedure was first tried by blowing room
temperature helium gas through the bed, however this tended to transfer the pellets mass
downstream where it could freeze up the exhaust tube. A much faster and robust system was
developed. Rather than helium gas , the pellet gas, i.e. ammonia gas for ammonia pellets, was
injected into the cell raising the pressure above the triple point. This produced a near
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instantaneous melt of the pellet bed since the heat transfer by condensation is very large and the
heat of liquefaction is four times greater than the heat of solidification. Figure 5 shows the cell
with ammonia pellets just prior to and 6 seconds after the admission of ammonia gas, during
which the pellets have been melted and blown out of the cell.

Figure 5. Flash Melt Process. Left, ammonia pellets just prior to the injection of
ammonia gas. Right, The empty cell 6 seconds later, the pellets have melted and the liquid
has blown out of the cell.

As a final part of the phase 1 project a
conceptual design of a full scale pellet
moderator system which could be constructed
and tested during the phase II program was
developed. A schematic diagram of the
proposed pellet moderator system is shown in
Figures 6. It consists of:

1. A pelletizer to fabricate 3 mm pellets of
either methane or ammonia capable of
producing 1.5 liters of pellets per hour. The
pelletizer will have two growing chambers with
a total of six square feet of honeycomb panels
refrigerated with liquid nitrogen.

2. A pellet sub-cooler which will efficiently
lower the temperature of the pellets from their
formation temperature, near the triple point
temperature, to below 20K. The sub-cooler is
designed to prevent the methane pellets from
sticking to each other during the cooling

Figure 6. Methane Pellet Moderator
Process Schematic.

PeHar Growing Tawk m

Pallet Growing YanK tti
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process. At 20K, the sub-cooled pellets should be able to be stored and transported without
sticking.

3.3 A liquid helium cooled cryogenic storage hopper which will accumulate and store 1.5 liters
of pellets at a temperature below 20K.

3.4 A prototype moderator cell which will be of similar design and shape as those proposed
for the SNS. The cell will be designed so that the pellets entering the cell entrained in the coolant
will be trapped in the cell and will fill the cell uniformly, with a high packing density. The cell
will further be designed to allow melted pellets to be blown out of the cell through the refrigerant
return line. The test moderator cell is patterned after the cold moderator conceptual design of
the SNS project. Since the pellets can be transported in a fluid like state, there are only a few
relatively minor changes required to convert a conventional liquid hydrogen moderator to one
that can accommodate pellets as shown in Figure 7.

Figure 7. Pellet Moderator Design. Left, conventional hydrogen moderator. Right,
modified design to accommodate methane pellets.

Cold
Moderator
from SNS
Conceptual
Design

Coolant/Pellet
Inlet

Modified
Moderator,
designed to
Accommodate
Pellets

Pellet Chamber

Coolant return
(along sides)

Pellet Stop
Screen

One change was to have the inlet tube feed the top of the moderator with the coolant exhaust
flowing out the bottom and up the sides of the moderator. A second change was to install a false
bottom in the liquid hydrogen portion of the cell which is designed to block the pellets from
exiting the cell and also will be designed, by adjusting the hole pattern, to produce an even flow
of coolant through the bed of pellets.

The filling of the moderator cell will occur by pneumatic conveyance of the pellets entrained in
the coolant flow. At the start of the fill cycle the coolant flow will be on and the hopper plug
valve opened allowing the pellets to stream out of the hopper down a vertical tube of similar size
to the coolant hose. At a point downstream from the hopper the coolant gas flow will join the
tube at a T provided with an aspirator collar so that the coolant enters the pellet flow coaxially.
The pellets are then carried with the coolant and, depending on the gas flow velocity, can travel
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around bends and actually uphill. The time to fill the moderator cell will be determined primarily
by the time required to empty the hopper which we estimate, based on our experience with dry
ice pellets, should take 18 seconds.

Emptying the pellets from the moderator cell will be demonstrated by the rapid melt process
demonstrated in part during the phase 1 experiments. To accomplish this, the coolant flow will
be interrupted by closing the inlet valve, allowing depressurization and then closing the exhaust
valve. The pellet hopper will also be isolated by closing the outlet gate valve . Room
temperature pressurized methane (ammonia for ammonia) gas will then be injected just below
the closed coolant inlet valve through the moderator cell and allowed to exhaust through a valve
located just upstream from the closed coolant return valve. Due to the large heat of liquefaction
of the methane gas condensing on the cold pellets, the pellets will rapidly melt. This process took
less than 5 seconds during the Phase 1 tests. At a methane gas flow rate of 0.26 kg/s the gas
velocity in the coolant return line will be about 150m/s. At this velocity the liquid methane in
the moderator cell will be blown out and carried with the methane gas through the coolant return
line in the mist flow regime. In this regime the gas velocity is great enough to break the liquid
into a fine mist and carry it through a vertical pipe in up-flow. When the exhaust temperature
of the methane reaches significantly above the liquefaction point, the methane gas injection will
be terminated and the residual methane gas will be evacuated with a vacuum pump. The helium
coolant will then be valved back in recooling the moderator and inlet lines. Once the moderator
reaches operating temperature, a new batch of pellets will be introduced from the hopper. The
complete emptying and refilling cycle should be accomplished in about 43 seconds ( 5 second
melt + 5 second blowout +3 second purge, +12 second cool-down +18 second refill).

Summary

The purpose of the project is to establish the enabling technologies required to produce and
transport solid methane pellets for an open-bed-pellet cold moderator. The phase I project has
demonstrated the production of high quality methane and ammonia pellets which would be
suitable for use in a pellet cold moderator. The phase I project has also shown that the methane
pellets, at temperatures of 72K are sticky, causing them to stick to each other and to cold
surfaces. The Phase I project demonstrated that ammonia pellets, which were not sticky, could
be transported into a freezing cell and fluidized with a vibrator to form a bed of pellets with a
packing density of up to 62%. This is equal to the packing density achieved in hoppers filled
with fluidized uniform spheres. The phase I project demonstrated the sub-cooling of both the
methane pellets and the ammonia pellets to temperatures below 20K with no apparent
degradation of the pellets. The phase I project produced a design of a pellet apparatus which will
be capable of producing either methane or ammonia pellets at a rate sufficient to supply a pellet
moderator which is changed out every 90 minutes. The phase I project has designed an apparatus
which will allow methane pellets to be cooled to temperatures below 20K while minimizing the
pellets sticking together. This will allow methane pellets to be transported and fill a moderator
at the packing densities obtained with ammonia. The sub-cooler will also efficiently cool both
methane and ammonia pellets while minimizing liquid helium consumption. The phase I project
has designed a cold moderator cell for use with pellets which has minimal changes to the
supercritical hydrogen cold moderator cells planned for SNS. The phase I project has
demonstrated a simple method of rapidly melting and blowing out the pellets in a moderator cell.
The phase I project has designed a pellet transport system which will allow a pellet bed to be
removed and replaced in a time of 43 seconds. Replacing the pellet bed every 90 minutes will
allow a beamline availability of 99%. To these ends the Phase I project has demonstrated the
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technical feasibility of the concept and has produced a design of a system, to be constructed and
tested in the phase II project, which will demonstrate the operation of a full size pellet cold
moderator.
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Abstract

A cold moderator using supercritical hydrogen is one of the key components in a

MW-scale spallation target system, which directly affects the neutronic performance both in

intensity and resolution. Since a hydrogen temperature rise in the moderator vessel affects

the neutronic performance, it is necessary to suppress the local temperature rise within 3K.

In order to develop the conceptual design of the moderator structure in progress, the flow

patterns were measured using a PIV system under water flow conditions using a flat model

that simulated a moderator vessel. From these results, the flow patterns (such as

recirculation flows, stagnant flows etc.) were clarified. The hydraulic analytical results

obtained using the STAR-CD code agreed well with experimental results.

Thermal-hydraulic analyses in the moderator vessel were carried out using the STAR-CD

code. Based on these results, we clarified the possibility of suppressing the local

temperature rise to within 3K under 2MW operating conditions. In order to achieve the cost

decreasing of the hydrogen loop, it is necessary to operate it reducing the hydrogen flow rate

and the whole hydrogen mass. Then improved moderator concept using blowholes and a

twisted tape was proposed, and we have tried to examine the effect of the blowing flow from

the inlet pipe. From the experimental and analytical results, the blowing flow could be

feasible for the suppression of the stagnant region.

1. Introduction

The Japan Atomic Energy Research Institute (JAERI) and High Energy Accelerator

Research Organization (KEK) have been progressing in the design and R&D of a

high-intensity proton accelerator under the High-Intensity Accelerator Project[l]. In this

project, a neutron scattering facility will be constructed in which high intensity neutrons are
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generated toward a target by a spallation reaction between the target material and a proton

beam of MW-scale power. Then, high intensity neutrons are divided into three energy levels

- cold, thermal and epithermal - by moderators which are placed close to the target. In order

to select cold and thermal neutrons, supercritical hydrogen will be used as a moderator

material (with its excellent pulsed neutronic performance both in sharpness and in high

intensity). However, the supercritical hydrogen moderator (cold moderator) has not yet been

applied to a MW-scale spallation target. To secure the neutronic performance induced by

neutronic analyses, it is necessary to solve technical issues on both the structural strength and

the thermal hydraulics. The structural strength of the moderator vessel under supercritical

hydrogen conditions of 1.5MPa and 20K also needs to be maintained. With thermal

hydraulics, it is necessary to reduce the recirculation and stagnant flows in order to maintain

the uniform temperature rise within 3K[2].

The representative structure of the cold moderator is that operated at the ISIS[3] using

liquid hydrogen. Figure 1 shows a present model of the cold moderator based on the ISIS

moderator. Supercritical hydrogen flows into the vessel through the inner pipe inserted in

the vessel. Then, it flows out through the outlet channel between the inner and the outer

pipes. To prove the feasibility of this concept, structural and hydraulic analyses as well as

flow pattern experiments using a water loop were carried out. This paper introduces the

hydraulic analytical and experimental results, and a feasibility of the moderator concept

improved based on these results.

2. Flow Pattern Measurements and Hydraulic Analyses of the Present Model

2.1 Experimental Apparatus and Conditions, Analytical Conditions

Flow visualization experiments were carried out under water conditions to clarify the

flow patterns and to verify the analysis code. Figure 2 shows the flow diagram of the

experimental apparatus for the flow pattern measurement. The water loop was composed of

a tank, a pump and a flow meter, supplying water to the test section. The test section that

was a flat model simulated a moderator vessel, consisted of acrylic resin for visualization.

The height of the inlet pipe was varied at 10, 30 and 50mm, and the inlet water velocity was

from 0.5m/s to 3m/s (flow rate: 0.25 - 1.47L/s, Re: 1.4xlO4 - 8.4xlO4) under room

temperature. The flow patterns of the impinging jet flow and the jet induced flow were

measured with a PIV system. The PIV system was a particle image velocimeter using a

laser pulse sheet. In this measurement, small amounts of fluorescence micro particles

(10u.m) were mixed with water as the tracer. Figure 3 shows an example of a particle image

obtained by the PIV system. By processing a series of 100 pictures taken at around Is

intervals using the PIV system, the velocity distribution in the vessel was effectively

visualized.

The hydraulic analysis was carried out with the computational fluid dynamics code,
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STAR-CD, for use with the steady, incompressible fluid flow under water flow conditions.

The turbulence model used the standard k-e model equations, and the boundary condition was

the standard law-of-the-wall boundary condition, and a steady state solution algorithm was

used the SIMPLE. Figure 4 shows the analytical model. The model used was the same as

the experimental model of a simulated moderator vessel and the flow conditions were also the

same as the experimental conditions.

2.2 Experimental and Analytical Results

Figure 5 shows examples of the experimental and analytical results at 10mm height of

the inlet pipe and 1.23L/s flow rate. In the experimental result, water flowed into the vessel

through the inner pipe, jetted and impinged on the bottom of vessel. Then it flowed parallel

with the vessel wall, and a recirculation flow induced by the impinging jet was generated near

the corner of vessel. While the flow parallel with the vessel wall increased in velocity

gradually, a stagnant region of occurred in the center of the vessel around the inlet pipe. In

the analytical results, the recirculation flow and stagnant flow were the same as the

experimental ones. Some experiments and analyses that were carried out varying the flow

rate and the height of the inlet pipe were also the same as the flow patterns. Thus, flow

patterns, such as the recirculation and stagnant flows, were clarified. The hydraulic

analytical results obtained using the STAR-CD code agreed well with experimental results.

2.3 Preliminary Thermal-Hydraulic Analyses

Preliminary thermal-hydraulic analyses were carried out for the moderator vessel

estimated now using the STAR-CD. The analytical conditions are as follows; liquid

hydrogen flowing at 20K, inlet flow rate was changed from 0.49L/s to 2.45L/S, the inlet

velocity = 1.0 - 5.0m/s, Re = 1.36xlO5 - 6.82xlO5. The analytical model used was similar to

the model in Fig.4, with an added aluminum alloy vessel wall and inlet pipe. The heat

deposition values that were obtained from the neutronic calculation in the hydrogen and the

aluminum alloy under the 2MW proton beam operation shown in Figure 6[4] were entered the

following function including 25% safety margin.

[Heat deposition of the hydrogen (W/cm3)]

= - 0.00084381 x3 + 0.034134 x2 - 0.5187 x + 3.6121

[Heat deposition of the aluminum alloy (W/cm3)]

= - 0.0018644 x3 + 0.067421 x2 - 0.90428 x + 6.2958

Here, x is the distance from a bottom surface of the moderator vessel (cm).

The distribution of the heat deposition in the horizontal direction was not considered for the

sake of safety. From the analytical results of velocity distributions, the flow patterns of

liquid hydrogen were almost the same as that of water shown in Sect.2.2.
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Figure 7 shows an example of the analytical results of temperature distributions, when

the inlet flow rate was 1.47L/s (iniet velocity = 3.0m/s). The temperature of vessel wall was

higher than one of liquid hydrogen because the heat deposition of the aluminum alloy was

larger than one of liquid hydrogen. So the maximum temperature was 23.8K at corner of the

vessel wall. As regards to the temperature of liquid hydrogen, a hot spot of 21.7K generated

in the stagnant flow rather than in the recirculation flow. Therefore, it is necessary to

maintain the temperature rise of the stagnant flow region within 3K in order to keep the

neutronic performance.

Figure 8 shows relationships between the flow rate and hydrogen temperature in the

stagnant region, outlet temperature of a first moderator and stagnant temperature of a second

moderator if connected behind the first moderator. From this result, if a moderator vessel is

used for a liquid hydrogen loop, our goal to maintain the temperature rise within 3K can be

attained easily in more than 0.817s flow rate. However, connecting the second vessel behind

the first one is planned in order to reduce the flow rate, the hydrogen inventory, and cost of

the moderator system. The stagnant temperature of a second moderator is the sum of the

hydrogen temperature in the stagnant region and the outlet temperature of a first moderator.

It is also necessary to suppress this temperature rise within 3K. Accordingly, an improved

moderator structure was proposed to satisfy this requirement with around l.OL/s flow rate

operation which reduces the flow rate as low as possible.

3. Flow Pattern Measurements and Hydraulic Analyses of the Improved Model

3.1 The Improved Moderator Structure

Figure 9 shows an improved concept of the cold moderator. As a method of

suppressing the local temperature rise, installing small blowholes in the inlet pipe that blow

hydrogen to the recirculation and stagnant flow region was proposed. A twisted tape used to

generate an intense swirl flow in order to maintain high heat transfer rate on the bottom

surface of the vessel was also installed into the inlet pipe. Some experiments and analyses

were carried out to confirm the effect of these means.

3.2 Experimental and Analytical Results

Some experiments and analyses for the improved concept were carried out under the

same conditions of Sec.2.2 with blowholes and a twisted tape installed in the inlet pipe.

Figure 10 shows examples of the experimental and analytical results at 10mm height of

the inlet pipe and 1.2317s of the flow rate. In the experimental and analytical results,

blowing water into the vessel through the blowholes was verified. The recirculation flow

region was reduced by the effect of this blowing flow. The stagnant region was also reduced

slightly. However, the flow rate from the bottom of the inlet pipe significantly decreased

(about 30%) compared with the previous model. The temperature rise of the bottom of the
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moderator vessel was expected because of the reduction of heat removal with a drop of the

flow velocity.

3.3 Preliminary Thermal-Hydraulic Analyses

Thermal-hydraulic analyses were carried out for the improved concept by similar

methods. Figure 11 shows an example of the analytical results of temperature distributions,

when the inlet flow rate was 1.47L/s (inlet velocity = 3.0m/s). The maximum temperature

was 26.0K at the bottom of vessel wall. The reason for this increased temperature is the

decreased flow rate from the bottom of the pipe discussed above. In the temperature of

liquid hydrogen, which affects the neutronic performance, the maximum temperature was

21.9K at a stagnant region between the blowholes. There was no significant difference

between this result and a previous model's result. If the optimizations of blowholes (such as

a number, a size and a position etc.) are carried out, it is possible that the temperature rise of

the moderator will be suppressed more effectively.

4. Conclusions

To prove the feasibility of suppression of the local temperature rise within 3K, which is

one of the difficulties in the design of cold moderator using hydrogen, the visualized

experiments and hydraulic analyses were carried out under water flow conditions. From

these results, the flow patterns were clarified and the hydraulic analytical results agree well

with the experimental results. In the thermal-hydraulic analyses under liquid hydrogen flow

conditions, it was verified that the hot spot is generated in the stagnant flow region rather than

in the recirculation flow region. In the case of using one moderator vessel for a liquid

hydrogen loop, the loop operating condition, which can satisfy the thermal requirement easily,

was estimated.

An improved moderator concept using blowholes and a twisted tape was proposed to

decrease the cost of the moderator system. The experiments and analyses were carried out to

confirm the effect of these adaptations. From these results, we verified that the blowing flow

could be feasible for the suppression of the recirculation and stagnant flow regions.
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Abstract

Shielding design for the JAERI/KEK spallation neutron source was studied. Bulk shielding
characteristics and optimization of a beam shutter were investigated by using Monte Carlo cal-
culation codes NMTC/JAM and MCNP with LA-150 neutron cross section library. The follow-
ing remarks were derived. (1) Neutron dose outside of the concrete shield at 6.6 m from the
center is ~ 10 jJ.Sv/hr regardless of angles with respect to the proton beam axis. The neutron
dose can be reduced more than a factor of 30 by adding natural boron of 5 wt% in the concrete.
(2) When a beam shutter position just outside the void vessel and the shutter length of 2 m are
assumed, a shutter made of copper (1.7 m) with polyethylene (0.3 m) is the optimum in terms of
shielding performance as well as cost merit. A shutter made of tungsten is not so effective. (3)
Further studies are needed for optimization of beam shutter position.

1. Introduction

It has already been recognized that the neutronic calculation on neutron beam line shield
is one of the most important but difficult issues in the design study of intense spallation neutron
sources. From a view point of shielding calculation, the spallation neutron source has rather
difficult complexity in the three-dimensional TMRA including many small parts, strongly angle-
dependent distributions of high-energy source neutron produced by proton-induced spallation
reactions, and many neutron beam lines penetrating through a very thick bulk shield. To inves-
tigate adequate shielding, i.e., sufficient but not too much, we have started shielding design
calculations for the JAERI/KEK spallation neutron source. This paper deals with the following
two topics: (1) bulk shielding calculations for a shield consisting of cast iron (5 m) and concrete
(1 m), and (2) optimization of a beam shutter configuration.

2. Calculation Models and Tools

According to the latest design of the JAERI/KEK spallation neutron source, the following
proton beam conditions were assumed: 3 GeV energy, I MW power, and rectangular beam size
of 130 mm (horizontal) by 50 mm (vertical). Figure 1 illustrates a three-dimensional calculation
model for inside of the void vessel. A mercury target, a liquid hydrogen moderator on the target,
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a light water moderator and a liquid hydrogen moderator under the target, pre-moderators and a
lead reflector form a target-moderator-reflector assembly (TMRA) of 0.6 m in radius and 0.6 m
in half-height. The TMRA is surrounded by a shield made of cast iron (7.3 g/cm\ 90 % in
volume) with cooling water (10 % in volume). Dimensions of the void vessel are 1.5 m in radius
and 1.5 m in half-height. Seven and thirteen neutron beam lines above and below the target,
respectively, are considered in the model. Each beam line has a square section of 100 mm by
100 mm. For beam line shielding calculations hereafter, the most forward directed beam line at
32.5 degrees with respect to the proton beam axis was considered because it was the most severe
case in view of shielding. A distance between the center of the target and the lower end of the
beam line is 90 mm (see Fig. 1 (b)).

For particle transport calculations, three Monte Carlo simulation codes, the NMTC/JAM
code (version 1.00) [1], the MCNPX code (version 2.1.5 ) [2] and the MCNP-4C code [3] were
employed. The LA-150 [4] neutron transport cross section library was used for the MCNP
calculations.

3. Bulk Shielding Calculation

3.1 Source Term Calculation

The bulk shielding calculation took two steps: a source term calculation and bulk shield-
ing calculations. For the source term calculation, the TMRA model in Fig. 1 without the sur-
rounding cast iron shield, i.e., the cylindrical part of 0.6 m in radius and 0.6 m in half-height,
was used. Spectral fluxes of neutrons leaking from the TMRA were scored by a very large
spherical surface tally that centered the TMRA. To consider the anisotropy of neutron produc-
tion, the surface was divided into 12 segments to score neutrons leaking toward every 15 de-
grees with respect to the proton beam axis. The NMTC/JAM code and the MCNP-4C code with

#Pre-Moderator
I DXTRAN Sphere

Hg-Target

Cast Iron Shield (90%)
+ Cooling Water (10%)

R = 1.5 m

(b) Elevation View

Fig. 1 Calculation model for inside of the void vessel.
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LA-150 were used above and below 150 MeV, respectively.
Figure 2 shows calculated neutron spectra for four angle ranges. Very strong angle-depen-

dence of neutron fluxes is found in the high energy part of spectra above 10 MeV. Most of
neutrons are in an energy range below 10 MeV, and the angle-dependence is not so remarkable
for the low-energy neutrons.

3.2 Bulk Shielding Calculation

The second step was the bulk shielding calculation with a one-dimensional spherical model
shown in Fig. 3. The TMRA was represented as a point source at the center that emitted source
neutrons having a spectrum for one of the 12 angle ranges. The central sphere within 0.6 m in
radius was a void region, and it was surrounded by a cast iron shield (7.3 g/cm3) of 5 m thickness
and a concrete shield (2.1 g/cm3) of 1 m thickness. Calculations were repeated for 12 times by
changing the angle-dependent source neutron spectrum. The MCNPX code was used with the
LA-150 library. The weight window technique was adopted for variance reduction with choos-
ing weight window parameters carefully.

The two-step calculation overestimates the results due to the following two reasons. (1)
All source neutrons are emitted to the direction of (i (cos 6) = 1 in the two-step calculation

102
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Fig. 2 Spectral fluxes of neutrons leaking from the TMRA for four angle ranges.
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model for bulk shielding

An isotropic point neutron
source representing the TMRA

Fig. 3 One-dimensional spherical model for the bulk shielding calculations.
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although neutrons have various \1 values ranging from 0 to 1 in the real situation. Neutrons
going to the \x = 1 direction are the most likely to penetrate the shield. (2) In the two-step
calculation, when a neutron is scattered in the iron region and returns to the void region, the
neutron reenter to the opposite side of the iron shield immiditely. In the real case, such neutron
enters into the lead reflector to be slowed down and/or absorbed.

Calculated neutron spectra for several shield thicknesses for the 0-15 degree neutron source
are shown in Fig. 4. In the iron shield up to 5 m, neutron fluxes above 1 MeV decrease con-
stantly by about two orders of magnitude for every 1 m thicknesses while those below 1 MeV do
not attenuate as effective as the high energy part. In the concrete shield, on the contrary, neutron
fluxes in an energy range from 0.4 eV to 1 MeV attenuate drastically, i.e., about 10 orders of
magnitude in 1 m, and slowed down neutrons accumulate in the thermal energy region.

Figure 5 shows neutron dose distributions in the bulk shield for several angles. Neutron
doses at the outside of the concrete shield are - 1 0 jiSv/hr for the 1 MW operation regardless of
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the angle with respect to the proton beam axis. The angle-dependence of the neutron dose is not
significant although high-energy source neutron fluxes have a strong angle-dependency as shown
in Fig. 2. Neutrons below 1 MeV and thermal neutrons contribute dominantly to the neutron
dose in the iron and the concrete shield, respectively. Most of these low-energy neutrons origi-
nate neutrons below 10 MeV in the source neutron flux in Fig. 2, and can penetrate the iron
shield easily by the so-called window streaming due to the several minima of total cross section
of iron between 20 keV to 400 keV. Therefore, the small angle-dependence of source neutron
fluxes below 10 MeV is the reason for the little angle-dependence of the neutron dose.

3.3 Effect of Boron Doping in Concrete

From Fig. 4, it is expected that the neutron dose at the outside of the concrete shield can be
reduced effectively by adding a thermal neutron absorbing material in the concrete. To demon-
strate the idea, another series of calculations was conducted by adding 5 wt% of natural boron in
the concrete with keeping the weight density of 2.1 g/cm3. As indicated in Fig. 6, the effect of
boron doping is remarkable. The neutron dose at the outside of the concrete is reduced to 0.3
u.Sv/hr for the most forward angle, and further less for other angles. In this case, an angle-
dependence of the neutron dose is clearly seen. This indicates that thermal neutrons are ab-
sorbed by boron atoms almost entirely, and the high-energy neutrons above ~ 1 MeV contribute
dominantly to the neutron dose.

4. Calculation for Beam Shutter

4.1 Source Term Calculation

Calculations for a beam shutter also took two steps, source term calculations and trans-
mission calculations in shutters. For the source term calculation, the 3-D model shown in Fig. 1
was used. The NMTC/JAM code and the MCNP-4C code with LA-150 were used above and
below 150 MeV, respectively.
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Fig. 6 Neutron dose distribution in the bulk shield with the boron-doped concrete.
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Neutron flux intensities for the four beam lines at 32.5, 62.5, 115.6 and 149.4 degrees
were calculated with the MCNP-4C code by putting a point detector at the exit of each beam line
at 1.5 m from the center. Note that neutron spectra above 150 MeV could not be calculated
because cross section data above 150 MeV which are needed for the point detectors were not
available. As shown in Fig. 7, although angle-dependence of neutron flux intensity is not so
significant below 10 MeV, neutron flux intensity around 100 MeV for the 32.5 degree is as
nearly 10 times large as that for backward angles.

Neutron flux intensities were calculated in the same way by changing positions of the
proton beam impingement by ± 16 mm for the 32.5 degree beam line. It was found from the
results shown in Fig. 8 that the effects are not so significant, at most ± 20 %, even for high
energy neutrons. This implies that the distance of 90 mm between the proton beam center to the
bottom of the beam line is very effective to protect direct contributions from the target to the
point detector. This fact was confirmed by analyzing the "score contributions by cell" given in
the output file of MCNP calculation. Most of contributions to the point detector are from the
moderator and materials in thin layers in just several centimeters surrounding the beam hole, but
not from the target.

Finally, a source term for the second step was calculated. A DXTRAN sphere was placed
at the exit of the 32.5 degree beam line at 1.5 from the center (see Fig. 1), and energy-angle
dependent neutron current crossing a 100 mm x 100 mm plane at the exit was calculated.

4.2 Intensity of the Source Neutron flux Compared to That in Bulk Shield

When the intensity of the calculated source neutron fluxes are compared to the neutron
flux in the bulk shield at the corresponding position, i.e., 1.5 m from the center, the former is not
about 10 times larger than the latter (see Fig. 9). Hence, when a shutter that is located just
outside of the void vessel and has a length of 2 m along the beam line is assumed, required
performance for the shutter is to attenuate the neutron flux by ten times more than the attenua-
tion in the surrounding cast iron of 2 m. Since high energy neutron fluxes attenuate by ~ 4.5
orders of magnitude in the cast iron of 2 m, attenuation of ~ 5.5 orders of magnitude is required
for the shutter. To achieve this requirement, copper is a candidate material that has somewhat
higher weight density of 8.93 g/cm3.
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4.3 Optimization for Beam Shutter Configuration

An optimum beam shutter configuration was surveyed with the calculation model shown
in Fig. 10. The shutter consists of a shielding plug made of a dense material at the head and an
end plug made of a hydrogen contained material (concrete or polyethylene), and remaining
spaces are filled with iron. Parameters changed for the optimization are the axial length (Zl),
the lateral length (X) and the material of the shielding plug, and the axial length (Z2) and the
material of the end plug. Neutron flux distributions in the shutter along the beam line and
neutron dose at the point detector located at the exit of the concrete shield at 6.6 m from the
center were calculated. Note that the calculations always underestimate neutron doses at the
point detector because neutrons coming from everywhere other than the source plane of 100 x
100 mm and source neutrons above 150 MeV are not taken into account. The calculations are
still effective for the optimization study to see relative changes of results when calculation pa-
rameters are changed.

Figure 11 shows total and high-energy (> 2.5 MeV) neutron flux, distributions in the core
and the side regions in four types of beam shutters (a) through (d). As for the shutter (a), the
whole core region is made of tungsten (0.2 x 0.2 x 2.0 m). Although the high energy neutron
flux attenuate rapidly up to 0.7 m in depth due to the high nucleus density of tungsten, the
attenuation slows after 1 m. After the 0.8 m depth, the high-energy neutron flux in the side

Source Plane
(0.1 x 0.1 m)

Point Detector @ 5 in
from the Source

Shutter Length 2 m
"1.9 m

Fig. 10 Calculation model for optimizing the shutter configuration.
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Fig. 11 Neutron flux distributions in the core and the side regions for the four types of shutter configu-
rations.

region of iron is larger than that in the tungsten core region due to the large difference of the
attenuation coefficients in the two materials. After the 1 m, high-energy neutron flux in the
tungsten core region is dominated by the neutron flux leaking in the side region. This result
indicates that it is not worth while extending the tungsten length more than ~ 1 m.

In the shutter (b), the length of tungsten is shortened to 1 m while an end plug of 0.3 m
made of polyethylene is attached. Although the length of tungsten for the shutter (b) is a half of
that for the shutter (a), differences in high-energy neutron fluxes at the end are not significant.
On the contrary, the total neutron flux at the end for the shutter (b) is reduced by a factor of 10
compared to the shutter (a) due to the addition of the end plug.

In Figs. 11 (c) and (d), the shielding plug is replaced by copper and iron in the nominal
density of 7.86 g/cm3, respectively. As it is expected, the copper shutter (c) is superior to the
iron shutter (d) for both high-energy and total neutron fluxes due to the higher weight density of
copper compared to iron. The copper shutter (c) has nearly the same shielding performance as
the tungsten shutter (b) although the copper shutter is much less expensive than the tungsten
shutter. By taking account of the conclusion in the section 4.2, it can be concluded that the
copper shutter is the most attractive in terms of shielding performance as well as cost merit.

4.4 Optimization for Beam Shutter Position

Figure 12 illustrates the weakest path for the beam line shielding starting from the target.

- 914 -



JAERI-Conf 2001-002

Weakest Path

Shutter Length X m -*r-
Cast Iron Shield (90%)
< Cooling Water ()0\)

Fig. 12 The weakest path for the beam line shielding.

Although the overall thickness of bulk materials from the target center to the outside of the
concrete shield is 6.5 m, neutrons from the target travel through the bulk shield of only 3.6 m
thickness when they take the weakest path. One of ideas to ameliorate the difficulty is to move
the shutter position outward. This movement, however, increases contribution of neutrons com-
ing via the moderator. Accordingly, there must be an optimum position of the beam shutter at
somewhere in the bulk shield. The beam shutter placed just outside the void vessel shown in
Fig. 12 is not optimum from a view point of shielding. Investigation to find out the optimum
position of the beam shutter is needed.

Summary

According to the shielding study, the following remarks were pointed out.
(1) Neutron dose outside of the concrete shield at 6.6 m from the center is ~ 10 |iSv/hr regard-

less of angles with respect to the proton beam axis. The neutron dose can be reduced more
than a factor of 30 by adding natural boron of 5 wt% in the concrete.

(2) When the beam shutter position just outside the void vessel and the shutter length of 2 m
are assumed, a shutter made of copper (1.7 m) with polyethylene (0.3 m) is the optimum in
terms of shielding performance as well as cost merit. A shutter made of tungsten is not so
effective.

(3) Further studies are needed for optimization of beam shutter position.
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Abstract

We have developed a very useful methodology for calculating absolute total (neutron plus
gamma-ray) dose equivalent rates for use in the design of neutron beam line shields at a
spallation neutron source. We have applied this technique to the design of beam line shields
for several new materials science instruments being built at the Manuel Lujan Jr. Neutron
Scattering Center. These instruments have a variety of collimation systems and different
beam line shielding issues. We show here some specific beam line shield designs for the
Protein Crystallography Instrument.

1. Introduction

Shielding of neutron beam lines at spallation neutron sources can present different (and
challenging) shielding issues compared to neutron beam lines at a fission reactor. For this
paper, we define neutron beam line shielding to include shielding of collimators, To-
Choppers, frame overlap choppers, experiment-caves, beam stops, etc. Each of these beam
line shield components may require a different neutron beam line shield composition and
thickness.

Until recently, calculational capabilities have been "lacking" for computing absolute neutron
and gamma-ray dose equivalent rates at the surface of neutron beam line shields at spallation
neutron sources. What has now made this problem tractable is the computing power of
modern workstations, and enhancements in the Monte Carlo codes used to perform spallation
calculations.

As mentioned above, shielding at a spallation neutron source is much more difficult than
shielding at a nuclear reactor. This is because at a spallation source you not only have to
shield against "fast" neutrons (i.e., evaporation neutrons with a "fission-like" spectrum) but
also against high-energy neutrons (i.e., neutrons with energies up to the energy of the incident
protons). The former neutrons are more-or-less isotropic in angle, while the latter neutrons
have a strong angular dependence. At the Manuel Lujan Jr. Neutron Scattering Center (Lujan
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Center) located at the Los Alamos National Laboratory, the proton energy is 800 MeV, so
neutrons can have very high energies. Characterizing the neutron source in energy and angle
for neutron beam line shielding calculations is a difficult and challenging problem.

At Los Alamos, as part of the Accelerator Production of Tritium (APT) project, selected
neutron cross section libraries have been extended to 150 MeV [1]. Also, the MCNPX [2]
code, which is a merger of the widely used MCNP [3] and LAHET [4,5] codes, has been
developed to use these libraries. The MCNPX code has the full complement of variance
reduction techniques that can be utilized in shielding calculations. We have used the
MCNPX code to develop a technique for designing neutron beam line shielding at the Lujan
Center.

We have applied this computational technique to design neutron beam line shields for several
new materials-science instruments being built at the Lujan Center. These instruments, which
have different beam line shielding requirements, include the Protein Crystallography
instrument, the High-Pressure Preferred Orientation (HIPPO) instrument, the Spectrometer
for Materials Research At Temperature and Stress (SMARTS) instrument, and the Detector
for Advanced Neutron Capture Experiments (DANCE) instrument. These scientific
instruments present different shielding issues because of dissimilar sample positions (ranging
from ~9 m to -27 m), distinctly different collimation systems (continuous and discrete), the
presence or absence of a To-chopper and other choppers such as frame overlap choppers, and
the presence or absence of a neutron guide.

We have looked at a variety of laminated shields of polyethylene and iron (as well as
polyethylene and magnetite concrete) around different neutron beam line components. We
calculate absolute values of the total (neutron plus gamma-ray) dose equivalent rates at the
surface of the beam line shields.

Figure 1 shows a plan view of the Experiment Room 1 (ER-1) and Experiment Room 2 (ER-
2) areas at the Lujan Center, and the present instrument layout. The performance criterion
for neutron beam line shielding in ER-1 is 2 mrem/hr for the peak total dose equivalent rate at
the outside surface of the beam line shield with the Lujan Center operating at 200 \iA. The
square-shaped ER-1 roughly extends from the bulk shield with a radius of -4.72 m from the
proton beam centerline to about 10-12 m. The corresponding performance criterion for
beam line shielding in ER-2 is 1 mrem/hr. To assure ourselves that we can achieve these
performance goals, we design our beam line shields to calculational design criteria of 1
mrem/hr and 0.5 mrem/hr peak total dose equivalent rates in ER-1 and ER-2, respectively.
We will discuss why we chose these (reduced) calculational design criteria later.

The physical layout of ER-1 imposes height constraints for our neutron beam line shielding
because of the presence of a radial crane and the need to move equipment around the area.
There are also limits on the floor loading capacity. Consequently, we have consciously
looked at minimizing the thickness of beam line shielding in ER-1, that is, we try to
maximize the efficiency of the beam line shielding in ER-1. We do not have similar
constraints on crane height for neutron beam line shielding in ER-2, but we do have floor-
loading restrictions.

For neutron flux-to-dose equivalent rate calculations, we use neutron flux-to-dose equivalent
conversion factors from the 10CFR835 & NCRP-38 publications. For gamma-ray flux-to-
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dose equivalent rate calculations, we use gamma-ray flux-to-dose equivalent conversion
factors from the ANSIMNS-6.1.1 -1977 document.

In this paper, we describe how we generate the neutron source-terms for our neutron beam
line shield calculations. We give examples of calculations we have performed for designing
the neutron beam line shielding for the new Protein Crystallography instrument at the Lujan
Center. In particular, we discuss our calculations for the beam line shield in ER-1 (including
the To-chopper shield) and the beam stop shield in ER-2 for this instrument. For all the
calculations discussed here, we use cylindrical geometry. Thus, our computations are two-
dimensional.

2. Calculational Method

The thermal-neutron/high-energy-neutron collimation system for the Protein Crystallography
instrument is B4C/Fe inside the Lujan bulk shield (i.e., for distances < -4.72 m from proton
beam center). Outside the bulk shield and within ER-1 (i.e. from -4.72 m to ~11.5 m) the
collimation system is BN/Fe. In ER-2 (i.e. from -11.5 m to -25 m), the collimation system is
BN/CH2(R), where CH2(R) means regular density polyethylene without boron. The B4C/Fe
segments inside the bulk shield, the BN/Fe segments outside the bulk shield (but inside ER-
1), and the BN/CH2(R) segments in ER-2 are uninterrupted. That is, the collimation system
for the Protein Crystallography instrument is "continuous" along the complete length of the
beam line from the Lujan target crypt to the location of the experiment cave. For example,
the diameters of the "thermal neutron" collimators for this instrument at 1.16 m and 27 m
from the moderator viewed surface are -11.5 cm and -1.0 cm, respectively.

Using the B^C/Fe collimation system for the Protein Crystallography instrument inside the
bulk shield, we generated an energy- and angle-dependent neutron source at -2.8 m from
proton beam center. Figure 2 shows a plan view of the Lujan target station showing the beam
line penetration through the bulk shield. Figure 3 depicts an elevation view of the
calculational geometry. Details of the Lujan Center spallation target system can be found in
Reference 6. We start the source-term calculation with 800-MeV protons incident on the
spallation target system. We defined a tally surface at -2.8 m from proton beam center to
insure appropriate source-term modeling when we perform neutron beam line shielding
problems near the outer surface of the bulk shield. To carry out the neutron source-term
calculation, we employed a pair of DXTRAN spheres to improve the computational
efficiency of the MCNPX calculation. We placed a cell of zero importance inside the beam
line collimation immediately following the tally surface to restrict the current tally to
outward-directed neutrons (i.e., neutrons heading toward the instrument). We used the APT
150-MeV cross section library [1] to allow the DXTRAN spheres to operate up to 150 MeV.
This enhances, but does not solve, our ability to adequately predict the high energy part of the
neutron spectrum. We used this calculated source term in our neutron beam line shield
calculations for the Protein Crystallography instrument.

We performed initial scoping calculations to determine an appropriate binning scheme to
obtain the angular distribution of the neutrons. The calculated angular distribution of
neutrons integrated over all energies (for the angular binning scheme used in the results we
report here) is shown in Figure 4. We selected 20 fine angular bins in the forward direction
(cos 9 > 0.999) with a coarser bin structure for larger angles. We chose the angle cos 0 =
0.999 because neutrons starting at the tally surface (-2.8 m) with this angle will be within the
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collimation before they reach the outer edge of the bulk shield at -4.72 m for nearly any
starting point on the tally surface. (We have since altered our angular binning scheme and
improved our ability to predict the higher-energy part of the neutron source. We are in the
process of evaluating how these improvements affect our neutron beam line shield
performance predictions for the Protein Crystallography instrument.)

Figure 5 shows the angular distribution of the neutron source in the forward direction (cos 0
> 0.999). There is about a factor of two difference in the beam intensity just in these
forward-directed neutrons. Accurately modeling this angular variation is important when
trying to minimize the thickness of a neutron beam line shield. Assumptions of a flat parallel
beam with an average intensity can result, for example, in an experimental cave or beam stop
with too little shielding (i.e., missing the peak neutron beam intensity). Also, with the
assumption of a flat parallel beam, one could end up with a neutron beam line with generally
more shielding than necessary because the angular distribution of neutrons is not being taken
into consideration properly.

We also generated neutron energy spectra as a function of angle. Figure 6 shows some of the
angle-dependent energy spectra. The energy spectra for angles with cos 9 > 0.999 are very
similar in shape, although there is some difference in the absolute intensity of the spectra.
For angles with cos G < 0.999, the energy spectrum seems to be less "thermalized" with an
increased high-energy neutron component as is evidenced by the change in slope of the lines
in Figure 6. This level of detail is important for beam line shield design near the bulk shield.
Note that the source term extends only to 150 MeV, as that is the limit of our evaluated
nuclear data. Over this energy range (0 to 150 MeV), -99.5% of the neutrons have energies
< 20 MeV.

Neutrons with energies greater than 150 MeV may contribute significantly to the calculated
dose equivalent rate. We account for this uncertainty by designing the beam line shield to
achieve a calculated dose equivalent rate that is half the shield performance criterion.

We used the tallied neutron current to create an angle- and energy-dependent MCNPX
neutron source. We used this neutron source term and the fUC/Fe, BN/Fe, and BN/CH2(R)
collimation systems, to perform both the unperturbed and perturbed neutron beam-line shield
calculations discussed below.

3. Results

We have performed numerous calculations of neutron beam line shields in both ER-1 and
ER-2 as well as shielding for the experiment cave and beam stop. We will only describe
here the calculations for the ER-1 beam line shield and the beam stop.

3.1 ER-1 Beam Line Shield Calculations

As mentioned earlier, because of crane access requirements in ER-1 and floor loading issues
in both ER-1 and ER-2, we consciously try to reduce the thickness of our beam line shields.
We studied the following five composite Fe/CH2 shields in ER-1 for the Protein
Crystallography instrument:

CH2(5%)/Fe/CH2(R)/Fe/CH2(5%)/CH2(R)/CH2(5%)
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2/6/2/9/1/4/1 (overall thickness 25 inches),

CH2(5%)/Fe/CH2(R)/Fe/CH2(5%)/CH2(R)/CH2(5%)
2/6/2/12/1/4/1 (overall thickness 28 inches),

CH2(5%)/Fe/CH2(R)/Fe/CH2(5%)/CH2(R)/CH2(5%)
2/6/2/15/1/4/1 (overall thickness 31 inches),

CH2(5%)/Fe/CH2(R)/Fe/CH2(5%)/CH2(R)/CH2(5%)
2/6/2/18/1/4/1 (overall thickness 34 inches), and

CH2(5%)/Fe/CH2(R)/Fe/CH2(5%)/CH2(R)/CH2(5%)
2/6/2/21/1/4/1 (overall thickness 37 inches),

where the 2 inch CH2(5%) shield is the innermost part of the shield adjacent to the
collimation system and beam pipe - CH2(5%) refers to polyethylene with 5 w% boron.

You will note above that we varied the overall shield thickness by changing the thickness (in
3-inch increments) of the outermost Fe layer just before the final CH2 laminate. Our intention
is to establish a basic laminate structure for Lujan ER-1 beam-line shielding using 3-inch-
thick Fe as a basis.

We performed two different types of calculations for the ER-1 beam line shields:

Unperturbed calculations where we assumed the beam-line shield surrounding
the neutron beam pipe containing the Protein Crystallography instrument BN/Fe
collimation system in ER-1 was continuous with no interruptions.

Perturbed calculations where we assumed the beam line shield surrounding the
neutron beam pipe containing the BN/Fe collimation system in ER-1 was
interrupted (perturbed) in several ways such as: a) by the outer magnetite concrete
layer of the Lujan bulk shield; b) by the magnetite concrete zone that transitions
from the round bulk-shield geometry to a flat-surface beam line geometry; c) by
the Hg shutter zone that holds the Hg shutter components; and d) by the To-
chopper hardware.

Unperturbed Calculations - In Figs. 7-8, we show the results of our unperturbed
calculations for two laminated shields with a thickness of 28 inches and 37 inches,
respectively. In these figures, we show the gamma-ray, neutron, and total dose equivalent
rates along the beam line for the Lujan Center operating at 200 \iA. We used a spatial
resolution increment along the beam-line shield of 25 cm. From these results, we make the
preliminary observations that we can use the 28-inch thick shield after -6.5 m, and the 37-
inch shield right up to the Lujan bulk shield surface at -4.72 m.

Perturbed Calculation for Single Shield Thickness - In reality, our neutron beam line
shields are perturbed because shield material must be removed to accommodate Hg shutter
reservoirs, To-choppers, etc. In order to study this effect, we perturbed the 37-inch beam line
shield described above with the necessary features to support the Hg shutter system in use at
the Lujan Center and the Lujan To-chopper design. Figure 9 shows the results of our
perturbed calculation for this 37-inch laminated shield. Again, we used a spatial resolution
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increment along the beam-line shield of 25 cm. However, we varied our spatial resolution in
the vicinity of the Lujan bulk shield to account for major perturbations in the beam line
shielding. From this perturbed calculation, we conclude that we can use the 37-inch
laminated shield only after -5.25 m. For distances less than -5.25 m, the shield must be
thicker than 37 inches. Note for the unperturbed case shown in Fig. 8, the 37-inch
unperturbed shield could be used right up to the bulk shield surface at ~4.72 m.

Perturbed Calculation for a 3-Step Shield - Based on the results of the above
computations, we performed a calculation for a 3-step perturbed ER-l laminated shield for
the Protein Crystallography instrument. The first step from the bulk shield at -4.72 m to 5.25
m was 46 inches thick. The second step from 5.25 m to 6.5 m was 37 inches thick. The third
step from 6.5 m to the ER-l wall at -11.5 m was 28 inches thick. We show this 3-step shield
in Fig. 10, and the results of our calculation in Fig. 11. In Fig. 11, we can see that our
calculated design goal of 1 mrem/hr is exceeded at around a distance of 6.5 m.

As a result of the above calculations, we recommended a beam-line shield in ER-l for the
Protein Crystallography instrument with three steps in it. The Fe sections of the three shields
adjoin at -5.25 m and -7.0 m from proton beam center. The first shield extends from the
Lujan bulk shield at -4.72 m to -5.25 m. This shield covers the magnetite concrete transition
region and the Hg shutter zone, and reaches to a height of at least 46 inches from the o.d. of
the neutron beam pipe. The second shield is a composite beam-line shield starting from the
juncture at -5.25 m and extending to -7.0 m. The thickness of this second step is -37 inches
as measured from the o.d. of the neutron beam pipe. The third shield is also a composite
beam-line shield starting from the juncture at -7.0 m and extending to the transition shield at
the ER-l/ER-2 wall. The thickness of this third step is -28 inches as measured from the o.d.
of the neutron beam pipe.

All shields are "capped" with a 6-inch composite CH2 layer (the thickness of this CH2 layer is
included in the above shield dimensions). The downstream surface of the 46 inch shield is
also "faced-off' with this CH2 laminate, extending the portion of this region above the 37
inch shield from -5.25 m to -5.40 m. The two composite beam-line shields "wrap"
completely around the beam line with the outer CH2 laminated zone replaced by a regular
concrete base extending to the ER-l floor. Around the To-chopper area (from -9.25 m to
-10.25 m, i.e., underneath the To-chopper), we are recommending that the regular concrete
base be altered to accept the 28 inch laminated shield with the outer CH2 laminate replaced
by magnetite concrete. This enhanced shield underneath the T0-chopper area is to help
address ground-shine issues in ER-l.

For the Protein Crystallography instrument, the To-chopper is located at -9.5 m. The
component of the chopper that blocks the beam is essentially a 12-inch-long by 4-inch-
diameter cylinder of Inconel. With the To-chopper blocking the beam, the calculated total
dose equivalent rate from neutrons plus capture gamma rays, averaged over a 6-inch diameter
cylindrical surface area and the length of the Inconel beam block, is -150 rem/hr. This dose
equivalent rate neglects the contribution from gamma rays in the Protein Crystallography
extracted beam, as well as neutrons in the extracted beam with energies less than 1 eV.

3.2 Beam Stop Shield Calculations

We have completed the design of a beam stop for the Protein Crystallography instrument
based solely on personnel radiation protection in ER-2. We have not specifically optimized
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the design of the beam stop for minimizing instrument backgrounds. However, we have
qualitatively considered reducing instrument backgrounds by employing the concept of a
laminated core for the beam stop and in the overall design of the beam-stop shield.

The "core" of the beam stop has square lateral dimensions of 8 inches by 8 inches. The
length of the core is -26.3 inches in the direction of the neutron beam. The core of the beam
stop is surrounded on the top, bottom, sides and downstream surface by 8 inches of laminated
polyethylene, forming (in the lateral direction) an overall square cross section for the beam
stop of 24 inches by 24 inches. For the results shown here, the upstream "snout" (that portion
of the beam stop shield extending from the front surface of the beam-stop core toward the
Protein Crystallography experiment cave) is 36 inches. The downstream side of the beam-
stop shield (the back-end) will be positioned -96 inches from the downstream wall of the
experiment cave. This was the farthest downstream distance that we were comfortable
accepting. Our desire is to get the beam stop as far from the Protein Crystallography
experiment cave as possible. With the 36 inches snout, the overall length of the beam stop
(from the front of the snout to the back of the beam stop) is -70.3 inches.

The recommended laminated core of the beam stop is as follows (from front to back):

• Pb/Gd/Flex-Panel(30%)/B4C/CH2(30%)/Cu/CH2(5%)/Cu/CH2(5%)/Cu @

1/0.002/0.25/1/3/5/3/5/3/5 inches.

The front part of the beam-stop core has been heavily-ladened with boron to reduce back-
streaming of neutrons into the Protein Radiography experiment cave. In the lateral and
downstream dimensions, the laminated polyethylene shield is CH2(5%)/CH2(R)/CH2(5%) at
2/5/1 inches. This beam-stop (core/shield) reduces the total dose equivalent rates in ER-2 to
below the calculational design value (for ER-2) of 0.5 mrem/hr with a proton beam current of
200 fiA incident on the Lujan target system at all locations accessible by personnel. The
beam stop design is depicted in Fig. 12.

We compared Fe to Cu for the beam-stop core and, from a personnel radiation viewpoint,
either material is acceptable. However, a Cu-core produces -20% lower axial total dose
equivalent rates towards the back of the beam stop than does a Fe-core. Similarly, a Cu-core
is better than a Fe-core by -25-50% at the downstream beam-stop surface. Copper
purportedly produces fewer gamma rays than Fe, but we could not discern a difference
between the two materials from a dose perspective. Therefore, the choice between the two
materials comes down to cost and instrument background issues. However, we
recommended a Cu-core for the Protein Crystallography beam stop.

The calculated total dose equivalent rate in the primary (incident) beam of the Protein
Crystallography instrument at 29 m is ~78 rem/hr with the Lujan Center operating at 200
fiA. This is only for primary incident neutrons with energies >1 eV, no primary gamma rays,
and no To-chopper in the incident beam.

4. Conclusions

We have developed a very useful methodology for calculating absolute total dose equivalent
rates for use in the design of neutron beam line shields at a spallation source. We have
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applied this technique to the design of beam line shields for several new materials-science
instruments being built at the Lujan Center. We showed a specific beam line shield design
for the Protein Crystallography instrument for ER-1 as well as the design for the beam stop.

The ER-1 beam line shield design described above for the Protein Crystallography instrument
should result in the shield meeting the performance criterion of 2 mrem/hr peak total dose
equivalent rate, with the Lujan Center operating at 200

We also studied composite CH2(5%)/magnetite-concrete shields in ER-2 for the Protein
Crystallography instrument. The composite shields we studied begin with a 2-inch-thick
inner layer of CH2(5%) followed an outer layer of magnetite concrete. For completeness, we
show here the thickness of the composite shield in ER-2. The shields start at the outside of
the void zone surrounding the beam pipe for the Protein Crystallography instrument. The
following composite CH2(5%)/magnetite-concrete shields meet the calculated design
criterion for beam line shield in ER-2 of 0.5 mrem/hr peak total dose equivalent rate with the
Lujan Center operating at 200 jiA:

> From the ER-l/ER-2 wall at ~11.5 m to -12.5 m, a 28-inch-thick shield of
•S CH2(5%)/Magnetite-Concrete
•/ 2/26 inches

> From -12.5 m to -16.0 m, a 24-inch-thick shield of
S CH2(5%)/Magnetite-Concrete
V 2/22 inches

> From -16.0 m to -20.0 m, a 20-inch-thick shield of
S CH2(5%)/Magnetite-Concrete
S 2/18 inches

> From -20.0 m to -25.0 m (the start of the experiment-cave), a 16-inch-thick shield of
•S CH2(5%)/Magnetite-Concrete
•S 2/14 inches

The Experiment cave for the Protein Crystallography instrument starts at -25 m. We have
specified the experiment cave shield design as follows:

> 8 inches of CH2(5%) contained in Fe
• Fe/ CH2(5%)/Fe
* 0.375/8/0.75 inches (8.75 inches overall).
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Figure 2. Plan view of the Lujan Center target station model used to calculate the beam line
shielding source term.

/
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Figure 3. Elevation view of the Lujan Center target station model used to calculate the beam
line shielding source term. The dimensions of the above figure are 80 cm long by
30 cm high.
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Figure 7. Dose equivalent rate for the 28-inch unperturbed laminated ER-1 beam line shield
as a function of distance along the beam line shield.
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Figure 8. Dose equivalent rate for the 37-inch unperturbed laminated ER-1 beam line shield
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Figure 9. Dose equivalent rate for the 37-inch perturbed laminated ER-1 beam line shield as
a function of distance along the beam line shield. The magnetite concrete
transition zone and the Hg shutter region (but not the To-chopper zone) perturbed
the shield.
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Figure 10. Illustration of the 3-step beam line shield for the Protein Crystallography
instrument in ER-1 of the Lujan Center. The neutron beam enters as indicated.
The dimensions of the above figure are ~5 m long by -1.3 m high.
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Figure 11. Dose equivalent rate for the 3-step perturbed laminated ER-1 beam line shield as
a function of distance along the beam line shield. The magnetite concrete
transition zone, the Hg shutter region, and the T0-chopper zone perturbed the
shield
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Abstract

We have examined the differences between a 2-D model and a 3-D model for designing the
beam-line shield for the HIPPO instrument at the Lujan Center at the Los Alamos National
Laboratory. We have calculated the total (neutron and gamma ray) dose equivalent rate
coming out of the personal access ports from the HIPPO instrument experiment cave. In order
to answer this question, we have investigated two possible worst-case scenarios: a) failure of
the To-chopper and no sample at the sample position; and b) failure of the To-chopper with a
thick sample (a piece of Inconel-718,10 cm diam by 30 cm long) at the sample position.

1. Introduction

We have compared the calculated total dose equivalent rate using 2-D model and 3-D models
of the neutron beam-line shielding above the T0-chopper [1,2,3] for the HIPPO instrument at
the Manuel Lujan Jr., Neutron Scattering Center (Lujan Center).
Furthermore, we used the 3-D model to solve one of the issues for the HIPPO instrument
shielding design, namely, the radiation level at the personnel access ports into the HIPPO
experiment cave (so called "manholes").
For this situation, the total (neutron plus gamma-ray) dose equivalent rate at the entrance of
the manholes must be 1 mrem/hr or less. This radiation level must be attained with the Lujan
Center operating at 200

We have calculated the total dose equivalent rate leaking out the manholes of the HIPPO
instrument for two possible worst-case scenarios. The scenarios and results are as follows:

> Failure of the To-chopper and no sample at the sample position. In this case, the entire
neutron beam strikes the beam stop.

> Failure of the To-chopper but with a thick sample located at the sample position. The
thick sample was assumed to be a piece of Inconel-718 with a diameter of 10 cm and a
length of 30 cm.
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2. The 3-D Model

We built a 3-dimensional MCNPX model of the HIPPO beam line, beam-line shielding,
experiment-cave shielding, and beam stop using the latest available drawings. This model
included the full collimation system, bulk shielding, mercury reservoir, To-chopper, To-
chopper motor, To-chopper cavity, beam-line shielding, experiment-cave shielding, a
cylindrical approximation of the snout shielding, and beam stop. We also modeled the
manholes explicitly and used this 3-dimensional model to calculate the total dose equivalent
rate coming out of the manholes. The Monte Carlo model is shown in Figures 1 and 2, and
does not have any flex-boral on the floor of the experiment cave.

To decrease the necessary computer runtime we did not run the whole problem with protons
as the starting particle, but with a source term, calculated by Gary Russell, which describes
the neutron current in HIPPO flight path at a position ~4 meters away from the proton beam
centerline. This source term was used to design the beam-line shielding, experiment-cave
shielding, and beam stop shielding for the HIPPO instrument.

3. Results

3.1 Comparison between the 2-D and the 3-D models

For the design of the beamline shielding for the HIPPO instrument Gary Russell used a 2-D
model, which allowed him to change the geometry very easily and to minimize computer
running time. When we built our 3-D model for HIPPO, we were interested how good
Russell's model matches with the new 3-D model. In order to do that we calculated the total
equivalent dose rate just above the To-chopper and compared the 2-D and 3-D results. The
calculated total equivalent dose for the 2-D model is 1.1 mrem/h ± 5%. In comparison, the
total equivalent dose rate for the 3-D model is 1.4 mrem/h ± 13%. If we separate the total
dose into the two individual (neutron and gamma-ray) components, we see some subtle
differences between the 2-D and 3-D models. The neutron dose equivalent rate for the 2-D
model is 0.67 mrem/h ± 5%, whereas for the 3-D model the neutron dose equivalent rate is
1.3 mrem/h ± 13%, the calculated neutron dose equivalent rate is for the 3-D model about
twice as high as for the 2D model. For gamma rays, the total dose equivalent rate for the 3-D
model (0.1 mrem/h ± 7%) is much lower than for the 2-D model (0.41 ± 1%). These
differences can be explained by the fact, that the 3D model is no longer cylindrical
symmetrical and therefore the neutrons hit the polyethylene at a different point in the
scattering process. Overall we can say that the 2-D model is a reasonable first approximation
for neutron beam-line shielding calculations.

3.2 To-chopper failure and no thick target at the sample position

The first possible worst-case scenario is a failure of the To-chopper and no sample at the
sample position. In this case the major part of the neutron flux coming down the HIPPO
beam line hits the center of the beam stop. Therefore, this calculation is a quality test for the
beam stop. It can be seen from the results presented in Table I, that the total dose equivalent
rate is less than 1.33 mrem/hr. We have also analyzed which parts of the geometry contribute
the most to the total dose equivalent rate. As it can be seen in Table 2, the ceiling, wall, and
floor of the HIPPO experiment cave are the largest contributors to the total dose equivalent
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rate exiting the manholes. In order to make sure that this statement is not misleading, one
needs to understand how these contributions are calculated.

To be able to even perform this calculation, one needs to use the variance reduction method
of the DXTRAN sphere. This method calculates the probability that a particle can make it
from its current position directly to the DXTRAN sphere. As mentioned above, most of the
neutrons will hit the beam stop in this case. If one calculates the direct contribution of these
particles to the DXTRAN sphere, their probability will be rather low because they are well
shielded by the beam stop per se. The iron beam stop is covered (except for the top) by a
polyethylene laminate composed of 1 inch of 5% borated polyethylene followed by 4 inches
of regular polyethylene and finally I inch of 5% borated polyethylene.

However, in these simulations, there was no polyethylene on top of the iron beam stop. Also
the concrete base on with the beam stop was placed is not covered with polyethylene. This
means that neutrons and gamma rays have a better chance to escape from the top of the beam
stop and the concrete base, scatter, and make a contribution to the DXTRAN spheres.

We have recommended to cover the top of the beam stop and the sides of the concrete beam-
stop base with at least 2 inches of 5% borated polyethylene. This should help reduce
experiment backgrounds as well.

3.3 To-chopper failure and a thick sample at the sample position

The second possible worst-case scenario is a failure of the To-chopper and a thick sample (as
described above) at the sample position. In this case, the HIPPO neutron beam strikes the
thick sample. The neutrons can be scattered in the thick sample and not directly strike the
beam stop. These scattered neutrons partly contribute directly to the total dose at the
manholes and partly go into the walls, ceiling, and floor of the experiment cave to interact
further and make contributions to the total dose equivalent rate exiting the manholes. In this
scenario, the calculated total dose equivalent rate at the open manhole position is -7.4
mrem/hr (see Table I). This is significantly more than the ER-1 calculated design goal of 1.0
mrem/hr. Also, in this case, the improvements to the beam stop discussed above will not help
because the neutrons are already getting scattered in the thick sample and those striking the
beam stop are diminished from the situation where there is no thick sample present.
Therefore, we had to consider covering the manhole openings.

We have performed two calculations where we covered the manholes with either 2 inches or
3 inches of 5% borated polyethylene. The result for the calculation with 2 inches of
polyethylene (see Table I) shows that it is possible to reduce the neutron dose equivalent rate
by nearly an order of magnitude (to -0.80 mrem/hr), but with the cost of increasing the
gamma-ray dose equivalent rate by 10% (to -0.65 mrem/h). This increased gamma-ray dose
equivalent rate is due to the (n,y) reaction in polyethylene. The total dose equivalent rate for
this calculation is 1.45 mrem/hr, which is still -50% above the ER-1 calculational beam-line
shielding design goal. Therefore, we investigated increasing the polyethylene thickness to 3
inches. The results are shown in Table I. It can be seen that (for manhole cover of 3 inches of
5% borated polyethylene), the total dose equivalent rate is 0.95 mrem/hr, which meets the
calculated ER-1 design goal of 1 mrem/hr or less.
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3.4 Conclusions

The comparison between a 2-D model and a 3-D beam-line shielding models for the HIPPO
instrument shows, that, for a first approximation of the beam-line shield, a 2-D model gives
reasonable results.

We have investigated the two possible worst-case scenarios for the dose equivalent rate
coming up the manholes used for access into the HIPPO experiment cave. We have
discovered that the worst-case scenario with a TO-chopper failure and a thick sample at the
sample location gives a total dose equivalent rate exiting the manholes of -7.4 mrem/hr. In
order to achieve the ER-1 calculated total dose equivalent rate design goal of 1 mrem/hr
exiting the manholes, we have recommended covering the manholes with 3 inches of 5%
borated polyethylene.
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Table I: Dose equivalent rate coming out of the HIPPO manholes for the Lujan Center
running at 200 \iA.

no To-chopper, no thick target

no To-chopper, with thick
target

manholes closed with 2 inches
of 5% boron polyethylene,
with thick target
manholes closed with 3 inches
of 5% boron polyethylene,
with thick target

Neutron Dose
Equivalent Rate

[mrem/hr]

1.21 ±7.3%

6.8 ±3.1%

0.80 ± 3.5%

0.41 ±5.7%

Gamma Ray Dose
Equivalent Rate

[mrem/hr]

0.113 ±3.9%

0.60 ± 2.4%

0.65 ± 3.0%

0.53 ± 2.2%

Total Dose Equivalent
Rate

[mrem/hr]

1.33 ±7.0%

7.4 ± 3.0%

1.45 ±3.2%

0.95 ± 3.7%

Table II: Contributions of the various parts of the HIPPO instrument shielding to the dose
equivalent rate coming out of the manholes.

no To-chopper, no thick target;
neutron dose
no To-chopper, no thick target;
gamma dose
no To-chopper, with thick target;
neutron dose
no To-chopper, with thick target;
gamma dose

floor

19.8%

10.5%

24.6%

12.0%

wall

25.5%

40.7%

22.1%

41.9%

ceiling

47.1%

30.0%

46.6%

34.0%

beam-stop

3.2%

11.4%

2.5%

7.7%

snout

3.7%

7.4%

2.1%

3.1%

thick target

4.2%

0.8%
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Abstract

In order to obtain fundamental data for the design of pulsed spallation neutron source,
the slowing-down and thermalized neutrons from an H2O moderator coupled with the
mercury target were measured using GeV proton beams at AGS (Alternative Gradient
Synchrotron) in BNL under the ASTE collaboration. The mercury target {<j> 20 cm x L
130 cm) was surrounded by a lead reflector (lxlxlm3) was irradiated by 1.94-, 12- and
24-GeV protons. The spectral intensities of thermal neutrons from the moderator was
measured by the current-mode time-of-flight technique using enriched 6Li and 7Li glass
scintillators. By this technique, only several incident pulses were needed to obtain suffi-
cient statistics for each incident energy. The results have shown that the neutron spectral
intensity per proton integrated over the Maxwellian region was almost proportional to
the proton energy. By moving the target along the beam direction within 15 cm, the
dependence of the relative moderator position to the target on the neutron flux was also
measured. With this position change, the difference with flux was found within 10 %.

1 Introduction

Incorporating the development of high intensity and high energy proton accelerator,
projects of high power pulse spallation neutron sources using a mercury target are ex-
tensively in progress in several countries. On the performance of the spallation neutron
source, some experiments have been carried out using activation foil[ 1, 2], time-of-flight
technique(3, 4], and Mn-bath technique[5]. Under the ASTE (AGS-Spallation Target Ex-
periment) collaboration, we have carried out a series of experiments[2] to characterize the
neutronics performance of the spallation neutron source using mercury target. To esti-
mate directly overall performance of a spallation neutron source, it is required to measure
neutrons produced from the moderator coupled with the target and a reflector. However,
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the measurements of the absolute neutron spectrum of slow-neutron from the moderator
under the circumstance mentioned above were scarce for proton energies above 0.8 GeV.
On the other hand, the planed spallation neutron sources such as JSNS, SNS and ESS
will be employing protons with incident energies ranging from 1.0 to 3.0 GeV. Thus, the
experimental neutronics validation with a simulated configuration play a key role for the
facility design.

As for the measurement of the neutrons produced from the moderator, the configu-
ration of the mercury target system used for the ASTE collaboration was modified to
couple with a lead reflector and a light water moderator. With increase in intensity of
neutrons per each proton pulse, however, it becomes difficult to apply a conventional
pulse counting technique because of the severe pile up of output pulse signals. In the
AGS experiment, it is rather difficult to reduce proton intensity at much lower level ac-
ceptable for the conventional pulse counting technique. Furthermore, available number of
pulses is smaller than 20 for each incident energy. To overcome the problem and to meet
the requirement, we have developed a new method by utilizing a Current mode Time
of Flight (CTOF) technique[6], which can make it possible, in principle, to measure the
neutron spectrum of interest with a single shot pulse. This paper deals with the brief
description of CTOF and experimental result in applying this technique to an intense
spallation neutron source measurements, and lead reflector curried out at AGS under
the ASTE collaboration.

2 Current mode Time of Flight technique

Since details of Current mode Time of Flight (CTOF) technique has already been
described in elsewhere[6], a briefly outline is given in this paper.

2.1 Principle of the CTOF technique

The principle of the CTOF technique is to measure an output current of the detector
as a function of time-of-light. In case of a low counting rate, the signal of the detector
can be resolved for each pulse. We chose enriched 6Li and 7Li glass scintillators as the
detector, by which neutrons are observed via the 6Li(n,«) reaction (Q=+4.8 MeV). As
increasing of the counting rate, the signal does not revert to the ground level due to the
pile up and exhibits the time-of-flight spectrum. The relationship between the neutron
spectrum and the time-of-flight spectrum by the pulse mode and the CTOF technique is
given by the Eq. (1),

dn/dEn = dY/dt • dt/dEn • 1/e = dQ/dt • dt/dEn • 1/Qe (1)

where, dn/dEn is the energy spectrum of neutrons, Y the count number obtained by the
pulse mode technique, dQ/dt the current of the detector, Q the average charge for each
detection event, e the detection efficiency for neutrons, and En and t the energy and time-
of-flight of neutrons, respectively. If the mean charge of the pulse for each detection event
is constant even in high counting rate, the instantaneous current will be proportional to
the number of neutrons striking the detector. Therefore, the neutron energy spectrum
can be obtained by observing the current instead of the pulse.

By the CTOF technique, the linearity of the charge for each detection event should
be kept constant even in the high counting rate. The linearity will be thought to become
break down due to space charge effect in a PMT (Photo Multiplier Tube). Therefore,
the characteristics of the current amplification of PMT was examined as described later.

- 942-



JAERI-Conf 2001-002

2.2 Neutron detector used in the CTOF technique

As a detector, the enriched 6Li glass scintillator, (GS20: Koch-Light Laboratories) of
50.8 mm in diameter and 6.4 mm in thickness was employed. The specification of the
GS20 is summarized in Table 1. Scintillation light produced by 4He and 3H nuclei via the
6Li(n,a)3H reaction is detected in the PMT. As a PMT, we used R1221 (Hamamatsu)
consisted of multi-alkali(Na-K-Sb-Cs) photocathode, which has a lower resistance than
an ordinary bialkali(Na-K-Cs) photocathode, in order prevent potential between cathode
and dynode from significant dropping due to high emission current from photocathode.
PMT was coated by the insulator of HA20 and covered by a magnetic shield.

The anode signal of PMT was observed by the Digital Storage Oscilloscope (DSO) of
HP2545 (Hewlett Packard) which had the resolution of 8 bit. The average signal for ~50
pulses was obtained by the average acquisition mode of DSO. The current of the anode
signal was converted to the voltage via DSO with a termination resistance (Ik or 10k Q).

In order to subtract the contribution of the 7 rays, an enriched 7Li glass scintillator
(GS30) was also used. In Table 1, the specification of the GS30 is also summarized.
Pulse height distributions of GS20 and GS30 are compared in Fig. 2 for the 7 rays of
137Cs and the neutrons of Am-Be source. The net signal for neutrons can be obtained by
subtracting the GS30 result from the GS20 one. By this technique, common noises due
to the spike of the kicker magnet and dark current of PMT can be eliminated.

2.3 Examine experiment for the CTOF technique

In order to develop the CTOF technique, an examine experiment was carried out using
a neutron beam at the H9 beam line of the pulsed spallation neutron source, KENS[7],
at High Energy Accelerator Research Organization (KEK). A schematic drawing of the
experimental setup is shown in Fig. 1. Slow neutrons were produced in a water (H2O)
moderator of with 100 x 100 x 50 mm3 located near the Ta target, which was irradiated
by the 500-MeV proton beam. Typical intensity of proton beam was 1012 per pulse.
The intensity of protons for each pulse was measured by the current transformer(CT) [8]
placed in front of the target along the proton beam line.

Neutron detectors were put at 7.3 m from the center of the moderator. For defining
the active area of the neutron beam, a B4C collimator of 50 mm thick with the hole of
10x10 mm2, was put in front of the detector. At the detector position, an intensity of
the thermal neutron was expected to be 1.0xl07/cm2/s per each pulse.

For the validation of the result by CTOF technique, the spectrum was also measured
by the pulse counting mode using a boron loaded plastic scintillator (BC454). The BC454
is loaded 5% weight of natural boron and has fast decay constant of 2.2 ns for scintillation
light. In order to avoid the pile up of pulses, a small scintillator (7 mm in diameter and
1 mm in thickness) was employed. For subtraction of contribution of 7 rays, a plastic
scintillator without boron, BC408, was utilized. Net counts of neutrons were obtained
by subtracting of the BC408 result from BC454 one.

In order to obtain the absolute thermal neutron flux, the activation technique was
also employed using a gold foil (13x12 mm2 and 50 fixn in thickness). The Au foil covered
with the Cd (0.5 mm in thickness) was also employed to subtract the contribution of the
epithermal neutrons above Cd cut off energy. Those foils were put at the detector position
of Li-glass and were irradiated by the neutrons for about 9 h. After the irradiation, the
7-rays of 198Au (412 keV) were measured by a Ge detector to derive the 197Au(n,7)198Au
reaction rate.
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2.4 Result of examine experiment and calibration

The comparison of energy spectra obtained by the CTOF and the pulse mode tech-
niques is shown in Fig. 3. The energy spectrum was obtained by the Eq (1). The absolute
intensities of the spectrum by the CTOF and pulse counting techniques are normalized
so that the integration of Maxwellian fit to the result of the activation of Au foils, which
is 1.42 xlCT8 (n/cm2/proton). It is found that both results are in a good agreement
each other. Therefore, it is assured that the present CTOF technique can be applied to
the absolute spectrum measurement. By the normalization above, the average charge
produced from the detector was determined to be 11.9 pC for each neutron detection
event. Using this result, the absolute neutron spectrum can be obtained.

3 Experiment at AGS

The experiment was carried out at the U-line of AGS at BNL. A schematic drawing
of the experimental setup is shown in Figs. 4 and 5. The mercury target, which had
been used for measurements of the activation reaction-rates[2] and pressure wave[9], was
employed. Mercury was filled in the cylindrical target container (^20 cm x L 130 cm),
made of the stainless steel (German standard DIN 1.4571) with thickness of 2.5 mm. For
the safety reason, the target container was confined in the secondary container which had
a rectangular parallelepiped shape. The secondary container was put in a lead reflector
(approximately lm3 cube). The secondary container was put on a movable plat-home and
driven by a stepping motor. By moving the container along the beam direction within
150 mm, it was observed that the dependence of the neutron intensity on the relative
moderator position to the target. The moderator of water (H2O) with 100 x 100 x 50
mm3 dimension was placed at 3 cm below of the target container. A slow neutrons were
extracted from the moderator surface having a cross section of 100 x 100 mm toward
the detector. An iron collimator was placed at the inside of the U-line tunnel. Neutrons
were transported through an evacuated duct having mylar foil window (0.25 mm) at the
entrance and the exit.

In the TOF house outside the U-line tunnel, the neutron detectors of 6Li and 7Li
glass scintillators were placed at a distance of 18 m from the moderator. The same
detectors, B4C collimator and DSO were employed as used in the examine experiment.
In order to confirm the conservation of the average charge for each detection event (Q),
the measurement of the pulse height distributions was performed for neutrons from the
Am-Be source. The Q value agreed well within 2~3 % with the data obtained at KENS.
After the AGS experiment, an additional calibration run was performed at KENS. It was
recognized that Q value agreed with the data obtained in examine experiment.

1.94-, 12- and 24-GeV protons with intensities about 1012 per pulse were injected in
the Hg target. The time width of each pulse was ~ 100 ns. Proton beams of 1.94 and
12-GeV were deliberated by a pulse on demand mode. By this mode, protons were able
to be delivered to the target at any time when all data acquisition system were ready. For
1.94 GeV, the proton pulses consisting of 8 bunches were deliberated with a repetition
time of several seconds in order to measure efficiently the neutron. In this mode, the
average storage mode of DSO was employed to obtain the average current of PMT.

Proton beam diagnostics devices are shown in Fig. 4. For the measurement of indi-
vidual incident proton-beam-intensity, an integrating current transformer(ICT) of ICT-
210-20:1 (Bergoz) was employed. The ICT consisting of a toroidal coil which is covered
with a copper shell produces output signals which are exactly 1/40 of the beam pulse
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charge. This ICT can be operated for a pulse width in a range from sub ps to several
Us. Also the activation method with Cu foil was employed to measure the total amount
of protons during irradiation. A Cu foil was placed in front of the target vessel, After
the irradiation, the 7-rays of 24Na (1369 keV) produced via the Cu(p,24Na) reaction were
measured by a Ge detector.

As the proton beam profile monitor, a segmented parallel-plate ion chamber (CHI-
DORI)[10] was used. CHIDORI was composed of parallel plates of anode and cathode
with active area 170 x 170 mm2. Anode and cathode electrodes were consist of Cu-coated
polyimide foil, which had thickness of 98.5 and 36 jum, respectively. As the ionization
gas, the helium was employed because the mobility of the electron is fast enough to avoid
the recombination of the electron/ion pair. In the chamber, helium gas flowed with the
pressure less than 108 kPa. Potential of -900 V was supplied to cathode for giving the
electric field in the chamber.

As an alternative monitoring of beam profile, an imaging plate (IP) technique with
Al activation foils were also employed. The profiles for individual pulses can not be
measured by this technique because the Al-foil were all the time exposed to the proton
beams during irradiation. On the other hand, the two dimensional profiles was obtained.
An aluminum foil in thickness 25 /j, m was placed at 6 cm in front of the target and had
been irradiated by the proton beams during measurement. After irradiation, the Al foil
was attached to an IP. IP was exposed to the radiations emitted from the activitated Al.
The image of IP represented to the intensity distribution of the radio activities, which
corresponded to the incident proton intensity profile. The relative exposure doses in each
pixels with size of 200 ^m2 can be measured by an imaging plate reader (Fuji Film).

It is ideal to duplicate the monitors to avoid unexpected failure and malfunctions by
the irradiation damage. Other beam monitors were settled by the AGS team. For the
measurement of profiles and intensity of the beam, a segmented wire ionization cham-
ber(SWIC) and a secondary emission chamber(SEC) were settled in the beam line.

4 Results and discussion

4.1 Proton beams

The whole number of protons used in the series of experiment are shown in Table 2.
The results of the proton intensity obtained by the activation technique are compared
with the results of ICT. For 1.94 GeV, the intensity obtained by the activation technique is
50 % smaller than the result of the ICT. However, it is found that the intensity obtained
by the ICT are in good agreements with those by the activation technique except for
1.94-GeV protons; for 24 GeV, the intensities obtained by activation technique shows
remarkably agreement with the results with the ICT within 1.4 %.

The beam intensity obtained by the SEC is compared in Table 2. Furthermore, the
results for TOF measurement obtained by the ICT and SEC are compared in Table 3. It
is found that the results by the SEC are in a good agreement with data by the ICT. The
difference was 18 % at the worst case. The number of protons pulses used in the CTOF
experiment is shown in Table 3. It should be noted that only several pulses are sufficient
to obtain good statistics for each incident energy.

The beam profile distribution obtained by the IP technique is shown in Fig 6 The left
side of the figure corresponds to the TOF detector side and incident protons penetrate
from the front to back surface. It is found that the shape of the beam for 12 and 24 GeV
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are well focused at the center and there is no local peak in the distribution. On the other
hand, beam for 1.94 GeV is broad and almost uniform distributed around center.

The results with CHIDORI are compared with those by IP in Fig 7. Although a small
background exists, the positions and the widths of peak obtained by IP show remarkably
agreements with the result of CHIDORI except for 1.94 GeV. The peak by SWIC is in
good agreement with the result of CHIDORI. The width obtained by SWIC are, however,
slightly larger than the results of CHIDORI and IP. This is probably due to the difference
in the number of secondary particles from the target, because the SWIC was located closer
to the target than the CHIDORI.

4.2 Neutron spectrum

The time-of-flight spectrum obtained by the CTOF experiment is shown in Fig 8.
After subtraction of signals 6Li from 7Li glass scintillators, the net TOF spectrum of
neutrons was obtained. By using Eq. (1), the time-of-flight spectrum was converted to
the energy spectrum. The detection efficiency of the scintillator used in Eq. (1) was
calculated with the MCNP-4A[11] code using a cross section library FSXLIB-J3R2[12]
processed from the nuclear data file JENDL-3.2[13]. By this calculation, it was found that
the detection efficiency of the enriched 6Li detector was 100 % for the thermal neutrons.

The neutron spectrum obtained by CTOF technique is shown in Fig. 9. In this figure,
the Maxwellian peak is clearly seen. It is recognized that the neutron intensity per proton
is almost proportional to the incident proton energies.

4.3 Intensity of Maxwellian peak (J)

By the integration of the neutron spectrum in the Maxwellian peak region, the inte-
gration value of J was obtained for the comparisons of the dependence of the incident
energies and positions. The integrated intensity over Maxwellian peak (J) per incident
power of the protons is shown in Fig. 10 for each incident energy and different moderator
position to the target position. With this position change, the difference with flux was
found within 10 %.

It is recognized that the intensity per power decreases as increasing the proton energy.
In the qualitative discussion, the present results show same tendency with the result of the
neutron production experiment using lead target by Mn-bath technique[5]. The intensity
is approximately proportional to the energy of projectile of protons.

5 Summary

In order to obtain fundamental data for the design of pulsed spallation neutron source,
the slowing-down and thermalized neutrons from an H2O moderator coupled with the
mercury target were measured at AGS in BNL under the ASTE collaboration. To measure
the neutron spectrum, we have developed current-mode time-of-flight (CTOF) technique
using enriched 6Li and 7Li glass scintillators. It is confirmed that the result by CTOF
technique is reliable comparing with the result by ordinary pulse counting technique. The
spectrum for thermal neutrons from moderator was measured by the CTOF technique.
Only several incident pulses are sufficient to obtain a good statistics for each incident
energy. The results have shown that the spectral intensity per protons integrated over
Maxwellian region is almost proportional to the proton energy in the range 12~ 24 GeV.
By moving the target along beam direction within 15 cm, the dependence of relative
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moderator position to the target was measured and resulted in the difference within
10 %. Using present experimental data, the confirmation and development of neutron
transport code such as NMTC/JAM[14, 15] can be performed[16].
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Table 1: Specification of Li glass scintillator used in the present experiment

Li content by weight (%)

Enrichment of 6Li (%)

Density (g/cm3)

Wavelength (nm)

Decay time for 7 rays (ns)

GS20 GS30

7.2

96

2.5

395

100

8.0

0.1

Table 2: Comparison of results for proton intensity obtained by ICT, activa-
tion technique and SEC.

Proton energy(GeV)

Number of pulses

Proton

Intensity

Ratio of

the results

ICT

Activation technique

SEC

ICT/Activation

ICT/SEC

1.9 12 24

864 56 18

6.42xlO14 4.52xlO13 2.07xl013

4.22xlO14 4.37xlO13 2.05xl013

5.55xlO14 4.09xl013 2.05xl013

1.522 1.035 1.009

1.157 1.105 1.014

Table 3: Results of proton intensity obtained by ICT and SEC for the time-
of-flight measurements.

Proton energy(GeV)

Used number of

Proton

intensity

Ratio of the results

Dulses

ICT
SEC

ICT/SEC

6.

5.

1.9

40

OOxlO13

09xl013

1.178

1.

9.

12

11

07xl013

56xlO12

1.120

1

1

24

14

.54xlO13

.51xlO13

1.018
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Fig. 1: Schematic drawing of examine experiment arrangement at KENS
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Fig. 2: Pulse height distribution of enriched 7Li (GS30) and 6Li (GS20) glass
scintillators for the 7 rays and neutrons of 137Cs and Am-Be source.
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Fig. 3: Comparison of the neutron spectra obtained by the CTOF and pulse
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Fig. 4: Schematic drawing of experiment arrangement at AGS
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Fig. 5: Schematic drawing of cross sectional view of experiment arrangement
on perpendicular plain for the beam direction at center of moderator.
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Fig. 6: Two-dimensional distribution of the incident protons obtained by
imaging plate technique. Left, center and right figures show the re-
sults for 1.94-, 12- and 24-GeV protons, respectively.

Fig. 7: Comparison of the results of beam profile obtained by CHIDORI,
imaging plate and SWIC. Left, center and right figures show the
results for 1.94-, 12- and 24-GeV protons, respectively.
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Abstract
An integral experiment on radioactivity induced in spallation neutron fields was carried out
under the ASTE collaboration using AGS at BNL. The spallation neutrons were produced
by bombarding a mercury target with protons of 1.6, 12 and 24 GeV. The number of protons
was 3~4xl013 for each irradiation. The irradiated materials were titanium, nickel, cobalt,
yttrium, and bismuth, and placed on the cylindrical surface of the mercury target at the
distance of 15—16 cm from the beam-incident-surface of the target. Disintegration rates of
induced radioactivities were measured at several cooling-time ranging from hours to months.
The principal nuclides contributing to the radioactivity were pointed out for each material.
The experimental results for bismuth were compared with the calculations with DCAHIN-SP
code.

1. Introduction

The Joint project for high-intensity proton accelerators is being proposed by Japan
Atomic Energy Research Institute (JAERI) and the High Energy Accelerator Research
Organization (KEK) [1]. Under the project, an intense spallation neutron sources driven by
3 GeV protons with power of MW are planning to be constructed for expanding fundamental
research in life science, material science, and so on. In order to design the facility, accurate
estimation of radioactivity induced in radiation fields associated with an enormous amount of
neutrons as well as GeV protons are required in the viewpoint of radiation safety. For
estimating the activities of radioactive products, the DCHAIN-SP code has been developed in
JAERI [2]. The DCHAIN-SP code can calculates the nuclide inventory, radioactivity,
decay-heat and gamma-ray spectra coupled with the nucleon-meson transport code
NMTC/JAM [3, 4]. However the code system have not been validated well due to lack of
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available experimental data.
An international collaboration on a spallation neutron target experiment at the

Alternating Gradient Synchrotron of Brookhaven National Laboratory, namely ASTE
collaboration, was organized to study neutronics characteristic of the mercury target and
mechanical properties of the target and its container. As for the experiment on neutron
characteristic, the reaction rate distributions for some kinds of threshold reactions were
measured by means of the activation method [5, 6]. Using the reaction rate data, the neutron
yield distribution around the mercury target was obtained, and the neutron spectrum was
deduced by means of the unfolding method [7]. These experimental data were used for
validating the Monte Carlo code system for simulating nuclear interaction and particle
transportation, the NMTC/JAM-MCNP code, which will be used to optimize a spallation
target system.

In this work, we focus on the activites induced by the spallation neutrons and their
decay properties. In the ASTE experiment, the activities of the irradiated samples were
measured at different cooling-time ranging from hours to months after the spallation neutron
irradiation. For the validation of DCHAIN-SP code system, we provide the experimental
data on the radioactivities for some materials.

The experimental procedure is described in Section 2. In Section 3, some of the
experimental data are presented, and principal radioactive nuclei are pointed out for each
material. The experimental results for bismuth were compared with the calculations with
DCAHIN-SP code as the first step of the code validation.

2. Experiment

The mercury target was set in the U-line tunnel between AGS and Relativistic Heavy
Ion Collider. Mercury was contained in a cylindrical target container made of stainless steel
with 2.5 mm in thickness. The dimension of the target container was 200 mm in inner
diameter and 1300 mm in inner length. The upper and side view of the mercury target are
shown in Fig. 1. For the neutronics experiment, the activation foils were put on the 4 acrylic
bars ("main" and "sub-1-3", see Fig. 1) and then installed on the four radial positions along
the beam axis as shown in the Fig. 2. More detailed description of the target container is
described in Ref. 6.

The shapes of titanium, cobalt, nickel and yttrium-foils are square with 20 mm x 20
mm and 1 mm in thickness. The bismuth-foils have round shape with 15 mm in diameter
and 1 mm in thickness.

The incident proton energies were 1.6, 12 and 24 GeV. The number of protons
were determined with the activation method using the Cu(p,x)24Na reaction [8]. The number
of protons was 3-4x1013 for each irradiation. The parameters of the proton bombardment
are summarized in Table 1.

The activities of each foil were measured with Germanium detectors at the cooling-
time from 2 hours to 2 months. Experimental data were derived as the radioactivity intensity
per unit weight (Bq/g). The radioactivity was identified by gamma-ray energies and their
intensity relationship. The activity of each radioactive product was deduced by considering
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the radioactive decay during a measurement. The decay property data were taken from
Table of Isotopes [9]. When there were multiple gamma-ray emission associated with decay,
the most intense gamma-ray line was used for the data processing. The gamma-ray detection
efficiency was corrected for geometric effects of foil sizes, gamma-ray self-absorption in foils
and coincidence-summing effect.

The sources of experimental errors were mainly attributed to the following items: 1)
statistical error of gamma-ray peak count, 2) error of the gamma-ray detection efficiency, and
3) error of the half-life and the gamma-ray emission rate. In this work, the data with the
statistical error more than 50% were not adopted. The error of detector efficiency was
estimated to be less than 3~5% by considering the error of the standard source activities for
the calibration. The errors of the decay data were negligibly small in comparison with the
other sources in almost all cases.

3. Results and Discussion

According to the measured reaction rate of U5In(n,n')U5mIn, the peak position of the
spallation neutron yield distribution is ranging the distance of 10-20 cm from the beam-
incident-surface of the target as shown in Fig. 3. In this paper, we present the results for the
titanium, cobalt, nickel, and bismuth foils irradiated on the "main"-bar at the distance of
15-16 cm from the beam-incident-surface of the target.

The experimental results for 1.6 GeV proton bombardment are shown as a function
of a cooling time in Figs. 4~8, respectively. In the figures, decay curves were drawn by
fitting the experimental data. For titanium (Fig. 4), the principal nuclei contributing to the
radioactivities were 44gSc, 47Sc and 46gSc. For cobalt (Fig. 5), the radioactive nuclide of 56Mn
with half-life of 2.58 h is the main contributor to the total activities before 14 h cooling.
After the cooling time more than 1 day, the radioactivity of 58gCo was the strongest
radioactive source in the sample. The activity of 58sCo had increased before 2 days cooling
due to the isomeric transition from 58mCo with the half-life of 9.2 h. The decay curve was
drawn by considering the contribution of the isomer in Fig. 5. The radioactivity of 60Co with
half-life of 5.2 y can be expected to be the pricncipal radioactivity after 100 days cooling.
The principal nuclei for the nickel sample are 57Ni at Te< 2 d, where Tc is the cooling time,
and 58Co at Tc> 2 d, as sown in Fig. 6. For yttrium (Fig. 7), the principal radioactive
products were 87mY (Tc < 2 d), 87gY (Tc< 2-15 d) and 88Y (Tc > 15 d). For bismuth (Fig. 8),
2O4Bi (Tc > 1 d), 203Pb (Tc~ 2 d), 206Bi (3 d < Tc< 20 d) and 205Bi (Tc > 20 d) were the principal
radioactive products. The activity of 203Pb had been increasing before 2 days cooling due to
the decay of 203Bi to 2O3Pb. It is expected that 2O7Bi with the half-life of 33.4 y is the principal
activity at Tc > 100 d.

The experimental data for bismuth were compared with the calculation with
DCHAIN-SP code system. Flow of the calculation using DCHAIN-SP is illustrated in
Fig. 9. In the code system, the nuclide production induced by the neutrons with the energy
below 20 MeV were calculated using the neutron cross section data taken from FENDL/A-2
data library and the neutron energy spectrum calculated with the NMTC/JAM-MCNP code
system. For the nuclide production induced by the neutrons with energies more than
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20 MeV, the production rates calculated with the nucleon-meson transport code NMTC/JAM
were used as input data. It is noted that, in the present version of DCHAIN-SP code, the
nuclide production rate calculated with the NMTC/JAM code were considered as the "ground-
state" nuclide production rate. This means that isomer production for the neutron with
>20 MeV was not taken into account.

The calculated decay curve for bismuth (Ep=1.6 GeV) are shown in Fig. 10. For all
proton energies, the calculated values show underestimation. In particular, for Ep= 12 and
24 GeV, the calculated values are lower than the experimental ones by a factor more than 2
for all nuclide except 206Bi. These discrepancies are due to the underestimation of the
nuclide production yields calculated with NMTC/JAM because all the nuclei listed in Table 4
are produced via the reactions induced by neutrons with energy more than 20 MeV.

5. Conclusion

The activity of the metal foils irradiated by the spallation neutrons generated by
bombarding 1.6, 12 and 24 GeV protons with the mercury target were measured using AGS
accelerator. The titanium, cobalt, nickel, yttrium and bismuth-foils were placed on the
cylindrical surface of the mercury target at the distance of 15-17 cm from the beam-incident-
surface of the target. After the irradiation, induced activities were measured at several
cooling-time ranging from hours to months. The principal radioactive nuclei are pointed out
for each material. The experimental results for bismuth were compared with the calculations
using the DCAHIN-SP code system as the first step of the code validation. The calculation
showed the underestimation. It is due to the to the underestimation of the nuclide production
yields calculated with NMTC/JAM. This work provided the first experimental data to
validate the DCAHIN-SP code system.
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Table 1 Parameters of the proton bombardment

Ep(GeV)a) Np(xl0l3)l 3 ) b ) Time(s)

1.6
12
24

3.710.3
4.810.4
4.210.4

3150
1078
240

a) Proton Energy
b) The number of protons
c) Time between the first and last proton pulse bombardment

Fig. 1

Fig. 2
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-1300-

O O Q ft ft O O 200

150-160

it
Upper view of the mercury target. The activation foils on which we focused in this study were set on
the position at the distance of 15-16 cm from the beam-incident-surface of the target. The foil-
position is marked in "•&" in the figure. The units of values in the figure are in mm.

X^AIuminum
Acrylic Bar

Foils

Arrangement of activation-foil holders. The incident protons penetrate from the front to back surface.
The samples in the present work were put on the "Main"-bar. The units of the values in the figures
are in mm.
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Fig. 3 The reaction rates of the "5In(n,n')"SmIn reactions on the main bars are plotted as a function of the
distance from the beam-incident-surface of the target. The peak position of the spallation neutron
yield distribution is ranging the distance of 10-20 cm from the beam-incident-surface of the target
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Fig. 4 Measured radioactivities of the titanium sample for 1.6 GeV proton bombardment at different cooling
times and the decay curves fitted to the experimental data.
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Fig. 5 Measured radioactivities of the cobalt sample for 1.6 GeV proton bombardment at different cooling
times and the decay curves fitted to the experimental data.
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Fig. 6 Measured radioactivities of the nickle sample for 24 GeV proton bombardment at different cooling
times and the decay curves fitted to the experimental data.
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Measured radioactivities of the yttrium sample for 1.6 GeV proton bombardment at different cooling
times and the decay curves fitted to the experimental data.
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Fig. 8 Measured radioactivities of the bismuth sample for 1.6 GeV proton bombardment at different cooling
times and the decay curves fitted to the experimental data.
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Fig. 10 Measured radioactivities of the bismuth sample for 1.6 GeV proton bombardment at different cooling
times and the decay curves calculated with DCHAIN-SP code.
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Abstract

We have developed a high energy particle transport code NMTC/JAM, which is an up-
grade version of NMTC/JAERI97. The available energy range of NMTC/JAM is, in
principle, extended to 200 GeV for nucleons and mesons including the high energy nu-
clear reaction code JAM for the intra-nuclear cascade part. We compare the calculations
by NMTC/JAM code with the experimental data of thin and thick targets for proton
induced reactions up to several 10 GeV. The results of NMTC/JAM code show excellent
agreement with the experimental data. From these code validation, it is concluded that
NMTC/JAM is reliable in neutronics optimization study of the high intense spallation
neutron utilization facility.

1 Introduction

NMTC/JAERI97 [1] has been used in combination with MCNP4A [2] as a standard
code system at JAERI in the neutronics design study for the spallation neutron source.
For the validation of NMTC/JAERI97, we used the experimental data, which have been
provided from the ASTE [3] (AGS Spallation Target Experiment) using a mercury tar-
get bombarded with protons at incident energies ranging from 1.5 to 24 GeV. Since
NMTC/JAERI97 cannot treat the nuclear reactions above 3.5 GeV, it is required to ex-
tend the available energy range to higher region. Thus we have introduced the high energy
nuclear reaction code JAM [4] into the intra-nuclear cascade part of NMTC/JAERI97 and
we have named this new code system NMTC/JAM. In NMTC/JAM code, we have also
upgraded the nucleon-nucleus nonelastic, elastic and differential elastic cross section data
above 100 MeV by employing new systematics. In this paper, we describe the main fea-
ture of JAM and the upgrading work for the cross section data. The comparisons with
the experimental data are shown with respect to the thin and thick target systems.
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Fig. 1 The rapidity distributions (left panel) and the transverse momentum distributions (right
panel) of proton, 7r+ and rr~ in pp collisions at 12 GeV/c.

2 High Energy Nuclear Reaction Code JAM

JAM (Jet AA Microscopic Transport Model) [4] is a hadronic cascade model, which ex-
plicitly treats all established hadronic states including resonances with explicit spin and
isospin as well as their anti-particles. We have parametrized all hadron-hadron cross sec-
tions based on the resonance model and string model by fitting the available experimental
data. Below cm. energy y/s < 4 GeV, the inelastic hadron-hadron collisions are described
by the resonance formations and their decays, and at higher energies , string formation
and their fragmentation into hadrons are assumed. Inelastic cross sections are assumed
to be filled up with the resonance formations up to y/s = 3 ~ 4 GeV. At higher energies,
the difference between experimental inelastic cross section and resonance formation cross
sections are assigned to the string formation.

We have parametrized the resonance formation cross sections in terms of the extended
Breit-Wigner form and used the established data [5] for its decay channels and proba-
bilities. At an energy range above y/s > 4 ~ 5 GeV, the (isolated) resonance picture
breaks down because width of the resonance becomes wider and the discrete levels get
closer. The hadronic interactions at the energy range 4 ~ 5 < y/s < 10 ~ 100 GeV
where it is characterized by the small transverse momentum transfer is called "soft pro-
cess", and string phenomenological models are known to describe the data for such soft
interaction well. The hadron-hadron collision leads to a string like excitation longitudi-
nally. In actual description of the string formation, we follow the prescription adopted
in the HI J ING model [6]. The strings are assumed to hadronize via quark-antiquark or
diquark-antidiquark creation. As for the fragmentation of the strings, we adopted Lund
fragmentation model PYTHIA6.1 [7].

3 Elementary Cross Sections of Hadron-Hadron

For the validation of above prescription of JAM, we compared the results of JAM for
the elementary cross sections of hadron-hadron with the experimental data. In Fig. 1 we
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show the calculated rapidity distributions and the transverse momentum distributions of
protons, positive and negative pions for proton-proton collisions at 12GeV/c and also the
data from Ref. [8]. The proton stopping behavior and the pion yields are well described
by the present model. Within our model, fast protons come from resonance decays and
mid-rapidity protons from string fragmentation.

Fig. 2 shows the energy dependence of the exclusive pion production cross sections
in pp reactions. We compare the results obtained from our simulation with the data [9].
Overall agreement is achieved in these exclusive pion productions. Smooth transition
from the resonance picture to the string picture at Ecm — 3 ~ 4 is achieved since no
irregularity of the energy dependence is present in the calculated results.

As for the other elementary cross sections of hadron-hadron, the results of JAM have
shown good agreement [4] with the experimental data.

6

_ 4 K: V,
pp-

x

1

->pp

^ 1

1

71°

B

I

-

-

*

Fig. 2 The energy dependence of the exclusive pion production cross sections for proton-proton
as a function of cm. energy.

4 Upgrade of the Nucleon-Nucleus Cross Sections

We have included the JAM code into the intra-nuclear cascade part of NMTC/JAERI97.
For this purpose, it is important to use reliable cross section data of nucleon-nucleus for
simulating nucleon and meson transport in medium. In NMTC/JAERI97, Pearlstein's
systematic [11] is used for non-elastic and elastic cross sections of neutron-nucleus reac-
tions, while for proton-nucleus reactions, elastic collision is not considered, and non-elastic
cross section is determined by Bertini model [12] (which is the intra-nucleus cascade model
used in NMTC/JAERI97). We have then made new systematics based on Pearlstein's for
proton as well as neutron nucleus cross sections.

In Fig. 3, we plot the results of new systematic (bold solid lines) for the non-elastic
cross section of p+C and p+Pb. In the same figure, we also show the results of LA150 [13]
(gray lines), the original Pearlstein's systematics (dashed lines), and the simulation results
of Bertini model (solid lines up to 3.5 GeV) and JAM code (solid line above 3.5 GeV).
The present results well follow the experimental data and also LA150 data, while the
results of the original Pearlstein's systematics overestimates the data below 100 MeV.
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The connection of the simulation results between Bertini and JAM is not smooth and in
the low energy region, the results of Bertini are too high. This is one of the reason to
create present new systematics.
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Fig. 3 Non-elastic cross section of p+C (left panel) and p-f Pb (right panel).
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Fig. 4 Angular distribution of the elastic cross sections.

We have also created the new systematics based on the Pearlstein systematics for
nucleon-nucleus elastic angular distributions. Fig. 4 shows the results of the new system-
atics of the angular distribution of the elastic cross sections. We compare the present
results with the experimental data and LA 150. The present results well reproduce the
experimental data for all over the incident energies.

5 Comparison with Experimental Data: Thin Target

By making use of these elementary cross sections, we have calculated the DDX of produced
particles from proton induced reactions on thin targets. In Fig. 5, we plot the invariant
transverse mass distribution of proton (left panel), n~ (middle panel), and K+ (right

- 967-



JAERI-Conf 2001-002

panel) from proton on thin Au target reaction at 13.7 GeV. The results of NMTC/JAM
(histograms) and data [10] are plotted for each rapidity bin quoted in the figure. For
all ejectiles, the results of NMTC/JAM agree well with the experimental data [10]. The
agreements are also shown in the other targets of Be, Al, and Cu in Ref. [4]
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Fig. 5 Invariant transverse mass distribution of proton (left panel), n (middle panel), and
(right panel) from proton on thin Au target reaction at 13.7 GeV.

6 Comparison with Experimental Data: Thick Target

We have applied NMTC/JAM to thick target analysis. Fig. 6(a) and (b) shows the dis-
tribution of the 209Bi(n,4n)206Bi and 209Bi(n,5n)205Bi ((a) left panel), 27Al(n,a)24Na, ((b)
right panel) reaction rates along the cylindrical surface of 20 cm diameter and 130 cm
long mercury target bombarded with 1.6, 12 and 24 GeV protons at AGS [3]. As seen
in Fig. 6(a), the results of NMTC/JAM reproduce the experimental distribution quite
well at the positions far from 30 cm in the longitudinal distance. As the foil position
becomes closer to the incident beam point, the agreement becomes worse. Since the
209Bi(n,4n)206Bi and 209Bi(n,5n)205Bi reactions are sensitive to the neutrons with energies
30 to 40 MeV, these neutron yield may be underestimated by the NMTC/JAM calcu-
lation. In the same figure, we have plotted the results of NMTC/JAM (dashed lines)
with only nucleons and pions as transport particles. The increases of the reaction rate
from the dashed lines to the solid lines are, therefore, due to the effects of the neutrons
produced via the transport of the other secondary mesons and barions. About 10 ~ 20%
enhancement by this effect is found on the total neutron yield at these energies. As shown
in Fig. 6(b), good agreement is obtained between the present NMTC/JAM calculation
and the experimental data for the 27Al(n,c*)24Na reaction at proton energies of 1.6, 12
and 24 GeV, respectively. In the actual calculations, the MCNP-4A code was employed
for the transport calculation of neutrons with energies below 20 MeV. we have also used
the Bertini model for the intra-nuclear cascade part below 3.5 GeV, and JAM above 3.5
GeV and used the in-medium nucleon-nucleon cross sections [1] in Bertini model. This
connection between Bertini and JAM models is due to the reduction of the calculation
time. The cpu time of JAM calculation is about ten times longer than that of Bertini
model, and the results of the cross sections calculated by both models are almost the same
below 3.5 GeV.
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Fig. 6 Reaction rates along the cylindrical surface of 20-cm diameter and 130-cm long mercury
target bombarded high-energy protons, (a) 209Bi(n,4n)206Bi and 209Bi(n,5n)205Bi reactions for
24 GeV proton incidence, (b) 27Al(n,ct)24Na reaction for 1.6, 12 and 24GeV proton incidence.

7 Summary

We have developed a nucleon-meson transport code NMTC/JAM, which is an upgrade
version of NMTC/JAERI97. The available energy range of NMTC/JAM is , in principle,
extended to 200 GeV for nucleons and mesons including the high energy nuclear reaction
code JAM for the intra-nuclear cascade part. JAM is a hadronic cascade model, in which
we have parametrized all hadron-hadron cross sections based on the resonance model and
string model by fitting the available experimental data. For the validation of JAM, we
have compared the elementary hadron-hadron cross sections and the particle production
cross sections from thin target with the experimental data. The experimental data are well
described by JAM for the energy range up to several ten GeV. For the transport part of
NMTC/JAM, we have upgraded the nucleon-nucleus non-elastic and elastic cross sections
by employing the new systematics. We have compared the calculations by NMTC/JAM
code with the experimental data of thick targets measured at AGS for proton induced
reactions up to several 10 GeV. The results of NMTC/JAM code show excellent agreement
with the experimental data. From these code validation, NMTC/JAM will enable us to
carry out reliable neutronics optimization study of the high intense spallation neutron
utilization facility.
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A renascence of interest for energetic proton induced production of neutrons origi-
nates recently by the inception of new projects for target stations of intense spallation
neutron sources (like the planned European Spallation Source ESS), accelerator-driven
nuclear reactors, nuclear waste transmutation and also the application for radioactive
beams. Here we verify the predictive power of transport codes currently on the mar-
ket by confronting observables and quantities of interest with an exhaustive matrix of
benchmark data essentially coming from two experiments being performed at the Cool-
er Synchrotron COSY at Jiilich . Program packages like HERMES, LCS or MCNPX
master the prevision of reaction cross sections, hadronic interaction lengths, averaged
neutron multiplicities and neutron multiplicity distributions in thick and thin(!) tar-
gets for a wide spectrum of incident proton energies, geometrical shapes and materials
of the target. While also the observables related to the energy deposition in thick
targets are in a good agreement with the model predictions, the production cross sec-
tion measurements however for light charged particles on thin targets point out that
problems exist within these models.

I. INTRODUCTION

A recurrence of interest for energetic proton induced production of neutrons originates recently by
the inception of new projects for target stations of intense neutron spallation sources [1], accelerator-
driven nuclear reactors nuclear waste transmutation and also the application for radioactive beams or
the production of tritium (APT project in the US).

In this framework the most important question is to determine the most efficient way to convert
the primary beam energy into neutron production. Although the task has been quite successfully
investigated experimentally by varying the incident proton energy for various target materials and a
huge collection of different target geometries—providing an exhaustive matrix of benchmark data—the
ultimative ambition is to increase the predictive power of transport codes currently on the market.

In the present paper we will essentially present two sets of experimental data. In the first part reac-
tion cross sections, hadronic interaction lengths, averaged neutron multiplicities, neutron multiplicity
as well as charged particle cross sections being measured within the NESSI campaign are investi-
gated in order to validate codes considered in the present contribution. Unlike older measurements
providing only average neutron multiplicities the NESSI collaboration has very successfully extended

'Corresponding author: Tel.:+49-(0)2461-615232, e-mail: d.filges@fz-juelich.de
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experimentally the available information by the eventwise measurement of the neutron multiplicity
dMn/dN [2] (and references therein) for different incident proton energies, various target materials
and a large number of different cylindrical target geometries using a high efficient 4TT gadolinium
loaded scintillator detector [3].

The second share will concentrate on the energy deposition mechanism of high intensity proton
pulses incident on target materials.

Precisely such systematic data—representing strong constraints on model calculations and at the
same time providing a heavyset matrix of benchmark data are urgently needed to validate or/and
improve high energy transport codes. This validation in turn is mandatory, since e.g. the optimization
and the design of geometrically expendable high power target stations will finally rely on general
Monte-Carlo particle transport codes having maximum predictive power.

In the present contribution the accent is put on the theoretical predictions obtained by the appli-
cation of different high energy program suites such as the HERMES, MC4 [4,5], LCS [6] or MCNPX
[7]. Experimental results from both experiments [2,9,10] will be confronted with these MC-models.
Alternative to these BERTINI based intra-nuclear cascade (INC) codes we implemented the Liege
INC code [8] in the latest version of MC4. This endeavor was necessary, because on one hand the
independent Liege model could not describe the transport of particles in thick targets. Instead so far
it has usually been applied as a stand alone code using a forced collision mode. On the other hand
the Liege model emerges as a very reliable INC code for thin targets as far as excitation energies
and production cross sections of charged particles and neutrons is concerned. At the same time the
new approach is giving rise to further parameters as for example the switching time from INC to
evaporation or the very fundamental variable of the nuclear radius ro being much smaller in the Liege
model than in the BERTINI based codes.

II. COMPARISON BETWEEN EXPERIMENT AND MC-APPROACH

A study was performed in order to investigate the predictive power of the combination of various
codes by intercomparing theoretical models and confronting the different approaches with experimental
results [2,9,10]. We will outline the influence of important parameters optionally chosen in the models
and finally point out some possible deficiencies in the models which shall be amended. While the
production of neutrons is generally well described over a broad range of incident energies and different
target geometries, there are big discrepancies with experimental data and among the different codes
themselves when looking at the charged particle production cross sections in thin targets. Due to
the multitude of possible interlinkings of these models and the plurality of adjustable options and
parameter within these codes here only a representative selection is executed. This repertory however
convinces already of the describability of the complex circumstances regarding neutron production in
thick targets. In the following for LCS/MCNPX and HERMES a "standard" set of parameters was
applied. The RAL evaporation-fission model [14] and the HETC level density have been selected.
In addition the cutoff parameter for particles escaping during INC phase was set to 7 MeV. If not
differently specified in the following all calculated observables will include the correction for the precise
detector response, respectively. The details of both experimental setups can be found elsewhere
[2,9,10].

A. The NESSI experiment

1. Reaction cross section and hadronic interaction length

For measurements using the 4ir neutron detector BNB [3,2] and thick targets of the order of several
cm in diameter and length the key observables are the neutron multiplicity Mn (measured eventwise!)
and the reaction probability Preac. Since we are counting all incident protons and the BNB provides
also a prompt light signal with a rather low energy threshold (2 MeVee) even without the emission
of any neutron, we are able to specify not only the neutron multiplicity per reaction, but also per
incident proton—or Prtac related to the inelastic reaction cross section.

The hadronic interaction length for Pb, Hg and W following the MC-approach correspond with the
experimental values [2] of 10.84 ±0.2,15.06 ±0.3 and 18.00 ±0.3 cm, respectively. The experimental
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reaction cross section aTeac as deduced from 1-Prea.c amounts to areac = 1-46 ± 0.03,1.64 ± 0.05 and
1.69 ± 0.03 barn as compared to calculated values (HERMES) of 1.62, 1.71 and 1.73 barn for W, Hg
and Pb, respectively. This eminent conformity is confirmed also by calculations using the LCS2.70 or
MCNPX code and shows that the observable areac is well under control.

2. Neutron multiplicities

The average number of neutrons produced per incident proton Mn/p can be derived from the inde-
pendently measured product of the reaction probability P r eac and the mean number of neutrons per
inelastic reaction (Mn). Representative as a function of target length and for the two energies 1.2 and
2.5 GeV Fig.l shows Mnfp for Hg, Pb and W. The solid line presents the HETC+MORSE calculation
using the RAL evaporation model, BQ = 10 for Pb, Bo = 8 for Hg and W, option fission and elastic
scattering switched on. After considering the detector response the theoretical prediction (dashed
line) agrees completely with the experimental data (symbols) over a broad range of geometries, target
materials and incident energies. The observed shift towards higher Mn/p for thicker targets is related
to the increase of (Mn) due to secondary reactions and the increase of Preac with target thickness.

1.2 GeV 2.5 GeV

40 —

2 0

O

4O

2 0

O

4 0

2O —

O

HERMES
O HERMES

eff.incl.
O NESSI

10 2O 30 40 O 10 20 30 40
target length in cm

FIG. 1. Average neutron multiplicity produced per incident proton Mn/p as a function of target thickness
(diameter 15cm) for 1.2 and 2.5 GeV p+Hg, Ph and W. Solid line: HETC+MORSE, dashed line: HET-
C+MORSE with detector efficiency taken into account, o; NESSI exp.data.

In contrast to previous measurements the event-wise character of the experiment NESSI allowed to
gain access even to the distributions d.Mn/dN rather than average values only.
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2 O 4O O 20 40

M_/Reac

FIG. 2. Neutron multiplicity distributions following the reaction 1.2 GeV p+Pb for different target thick-
nesses (diameter 15cm). Histograms: HETC+MORSE(left) and LCS2.70(right), o: NESS1 exp.data.

As a general tendency for all incident proton energies and target geometries the model predictions are
in good agreement not only as far as the absolute values, but also the shape of the Mn-distributions
is concerned as demonstrated in Fig.2. For all codes under consideration the deviation between
experiment and model for Preac and (Mn) is well below 8% except for peripheral reactions (low
neutron multiplicity) on thin targets, where large deviations are obvious. The decrease of the latter
deviations are due a compensation effect to be discussed below.

3. Deficiencies and particular variations within the codes

The previous section documented a very good general agreement between experimental and calcu-
lated neutron multiplicities and reaction cross sections for thick targets. If one decouples however the
entire transport of the whole particle ensemble within thick targets and regards the primary reaction
(one single nuclear reaction in thin targets) and specific decay channels (protons, neutrons, TT,...) sep-
arately, then serious inconsistencies not only between experiment and simulation, but also among the
codes themselves show up. This already indicates a kind of compensatory effect or redistribution of
the total available energy in thick as compared to thin targets.

More specifically it is obvious e.g. that using BERTINI-like intra-nuclear cascade codes [12] we
observe thermal excitation energy distributions in thin targets which are extending to larger values
than the distributions of the INCL2.0 [8] calculations do for the same incident proton energy—as
demonstrated in Fig. 3.
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FIG. 4. Kinetic energy spectra of -IT* and TT°
per unit lethargy following an inelastic reaction of
1.2 GeV p on Au for INCL2.0 and HETC codes.

For the cut-off conditions determining equilibration standard parameters have been taken, respec-
tively. ISABEL [13] and INCL2.0 calculations have been normalized to the reaction cross section of
1688 mbarn which is widely independent on incident proton kinetic energy.

Confronting do/dE* with experimental distributions [9] an almost perfect agreement can be ob-
tained only with the INCL2.0 and ISABEL approaches. The BERTINI based codes fail to predict
da/dE*. On the average for large incident proton energies the BERTINI codes predict almost a factor
of two higher E* values than INCL2.0 does.

The considerable deviant between BERTINI on one hand and INCL2.0/ISABEL on the other hand
for higher E" is all the more pronounced the larger the energy of the incident proton is.

One assertion which could explain the disagreement is the way the originally transfered energy is
being exhausted. While the INCL2.0 code predicts many relatively high energetic particles during the
INC, the HETC codes (LAHET or HERMES) produce not only fewer, but also less energetic particles
as shown representatively in Figure 4 for TT* and TT° production following the reaction 1.2 GeV p+Au.
All pion kinetic energy distributions shown in Fig.4 are based on the same inelastic reaction cross
sections of 1688mb. While conserving the total incident energy in all codes, it is obvious that during
the INC the originally transfered energy is partitioned differently between E* and the sum of kinetic
energies and multiplicities of emitted particles or J^o n± p „ Ekin + X^o %± m-* °2- As a matter of
energy balance for BERTINI at the expense of larger E* the quantity ^ o n± pn Ekin + J2n° •K±mn^2

is smaller than for the INCL2.0 approach. Since the pion model implemented in HERMES and
LAHET is essentially the same, the kinetic energy spectra and pion multiplicities predicted by these
codes coincide perfectly. Note also that evidently the pion spectra show a shift of the n+ energy
distributions compared to the TT~ distributions due to the effects of the Coulomb field of the nucleus
on the emitted pions.
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FIG. 5. Production cross sections of neutrons H- and He isotopes as a function of the atomic number Z

following the bombardment of 1.2 GeV protons.

As a consequence of the extremely high thermal excitation energy E* in the BERTINI based codes
(in addition to deficiencies in the evaporation codes) also the particle production cross sections are
overestimated. This applies especially to charged particles p, d, t and a, because they are subject to
the Coulomb barrier and therefore preferentially emitted form high excitation energies. As shown
by [9] for 1.2 and 1.8 GeV proton induced reactions on a variety of thin targets (mg/cm2) ranging
from Fe to U the production cross sections for H (all targets) and He (for heavy targets) isotopes are
overestimated by a factor of two for BERTINI based codes, while the INCL2.0 code coupled to the
statistical evaporation model GEMINI [11] gives reasonable agreement with the NESSI experiment as
representatively demonstrated in Fig.5 for 1.2 GeV proton induced reactions.

The question whether these different multiplicities and energies are a matter of the different basic
approach or whether different fundamental cross sections in the INCL2.0 code—enabling a dissenting
production mechanism are responsible can currently not yet be answered.

B. The energy deposition experiment

As already mentioned next generations spallation neutron sources [1,15,16] will have proton beam
power between 1 MW and 5 MW in lfis pulses of up to 100 kJ/pulse. Liquid mercury has been
selected as first priority material for the next generation spallation targets in Europe, Japan, and the
United States. The container material for the liquid mercury will be subject of high radiation damage,
high thermal mechanical load and corrosion by the liquid metal. Computer calculations show that,
because of high thermal mechanical load tensile stresses may occur in the container. Therefore, it
is essential to understand in great detail the energy deposition mechanisms of high intensity proton
pulses incident on target materials. Since spatial distribution and intensity of the energy deposition are
initial values for the thermodynamic calculations, it has also influences on: - the design of the target
container, like mechanical stability, flow dynamics of the liquid metal and optimization of the cooling;
- the request at structure materials, like behavior in relation to strong temperature gradients, fatigue
strength, corrosion resistance; - and the life time of the target; Reliable prediction of the distribution
and intensity of the energy deposition in the target presuppose an accurate simulation of particle
production, particle transport and energy deposition mechanisms. Since the rise in temperature
produced in the target is caused mainly as a consequence of ionization processes of charged particles
the power density in the target can be determined via measurement of this processes. We applied the
proton beam of COSY FZ Julich with 0.8 and 1.2 GeV to mercury and lead targets of 15 cm diameter

- 976



JAERI-Conf 2001-002

and 35 cm length, which were equipped with 200 TL-detectors. The measured energy distributions
were compared with detailed Monte Carlo calculations using the HERMES code system [4,5]. In the
framework of the ASTE collaboration (AGS-Spallation-Target-Experiment) [17] the energy deposition
and the temperature rise in the target during a proton pulse train of 24 GeV incident energy and a
deposition power of 30 kJ per pulse were also investigated.

1. Theory

Charged particles lose their energy during the passage through material mainly by inelastic scat-
tering at the atomic shell and by ionizing the atoms. The Bethe-Bloch formula serves to describe the
mean energy loss dE of a charged particle by ionization on a distance dx. To draw conclusions from
a dose measured in the detector material on the energy deposition in a spallation target the different
stopping power of a charged particle related to the material must be considered. The quotient of the
stopping power of the target material and the detector material serves to convert the dose in CaF2 to
the dose of the target material. Fig. 6 shows the stopping power for protons in the target material
(Hg) and detector material as function of the proton energy. The ratio of stopping power from Hg and
CaF2 approaches in the area relevant for the measurements above 20 of MeV kinetic energy of the
particles against a constant value. Due to this behavior of the quotient the measured dose in
can be transferred to the target material.

10

1 0 2

1 10 N T 1015

energy [MeV]
FIG. 6. Proton energy dependent stopping power S in CaF2, Hg, and their stopping power quotient

2. Energy deposition experimental set up

For the measurements CaF2:Tm detectors from Harshaw were used with a chip size of
0.3 • 0.3 • 0.1mm3. The dose response of the used TLD is linear in protons -, He2+-, Ne10+ -, and in
7r"~-fields up to a linear energy transfer (yo) smaller than 30 keV^m"1, or 70 keV/xm"1 [18]. The
detectors are not sensitive against neutrons.

Measurements were executed with incident proton beam energies of 0.8 GeV and 1.2 GeV on lead
and mercury targets. Fig. 7 shows the set-up of the mercury target and the position of the detectors.
The Hg target material was in containers of 15 cm diameters of different thicknesses. The target
length amounted to 35 cm.
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FIG. 7. Geometry of the Mercury Target

The detectors were positioned between the target segments by a position-disk of 1mm thick stainless
steel. The first disk was equipped with 73, all following with 33 TL detectors.

In the first experiment at the mercury target with 1.2 GeV protons the TL position-disk in front
of the the target was equipped with 33 detectors along the vertical (y axis), the horizontal (x axis),
and the 45°-axis. The discrete measured values on the x and y axis were fitted with a gaussian
function to optain a continuous intensity distribution to determine the beam profile intensity used
for the simulations. The measured values of the x-axis and y-axis corresponded good to the applied
values of the Gauss function. It was assumed that a superposition of the two gaussian distributions
present the distribution of intensity in the xy-plane in the form: f(x,y) = a/(*)/(y) Fig- 8 shows the
comparison of the measured values to the 45°-axis and the assumed gaussian fit.

O . 6

- o

FIG
of the

- y LW1>'J -+- y - y l^" • "J -+. y

. 8. Comparison of the measured values on the 45°-axis and the assumed gaussian fit for the irradiation
mercury target with 1.2 GeV protons. Explanations see text.

For the measured point x=-0.8, y=0.8 the error resulting from the assumed function fhg is shown
as an example. Related to the measured value the assumed function indicates f(xiy=x) an error of
63%. The deviation of the measured values in relation to the assumed function f(x,y=x) is caused
mainly by a shift of the maximum by 0.4 cm. This deviation is situated however in the context of
the measurement inaccuracy, which results from the position of the TL detectors in the measurement.
Under this aspect the approximation in the simulation, specified above, could be used.
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FIG. 9. Measured (Triangle) and Simulated (Line) Intensity Distribution of the Proton Beam for the Irra-
diation of the Lead Target with 1.2 GeV Protons

In additional irradiation experiments using a lead target a higher spatial resolution of the dis-
tribution of intensity of the proton beam could be obtained, because of a new position-disk. The
distribution of intensity of the proton beam could be mapped completely by the TL-detectors, which
cover an area of 2.8 • 2.8 cm2. This enabled the application of a simulation method, which simulated
accurately the measured distribution of intensity. With the help of a special developed source par-
ticle generator (SPG), implemented in the HERMES, any source distribution can be produced. The
response is shown in Fig. 9. The filled triangles indicate the measured distribution of intensity and
the line the simulated ones.

3. Results of energy deposition issue
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FIG. 10. Distribution of the energy deposition along the z-axis for the irradiation of mercury target (above)

and lead target (below) with 1.2 GeV protons.
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The axial energy deposition can be described by the following features:

1. The energy deposition in the target window, which produces thermal load must be considered
for the design of the containment.

2. Value and position of the peak-energy deposition in the target parameters determine the pressure
gradient in a liquid target material.

3. Shape of the function of energy deposition along the z-axis of the target

Fig. 10 shows the measured and simulated distribution of the energy deposition along the z-axis
of the mercury and lead target irradiated with 1.2 GeV protons. The triangular marks indicate
the measured values, the circles the simulated results. The first position (z=0) indicates the energy
deposition normalized to stainless steel in the target window. All further results were normalized to
the target material. For the both simulations the contribution of protons, deuterons, tritons, helium,
pious, unions and recoils to the energy deposition were estimated. The simulations correspond good
with the measurement. They underestimate the maximum of energy deposition in the target. With
increasing depth the energy deposition is slightly overestimated. The measured values, the results
of the simulation (Calc.) and the deviation of the simulation related to the results of measurement
(Exp.) are represented in Tab. IIB 3. The absolute agreement between simulation and experimental
results is fairly well. For the Hg-target the peak deposition on z-axis is slightly underestimated by
the simulation whereas the tails of the distribution along the z-axis is slightly overestimated. The
accuracy between simulation and experiment is in the order of 5-10 percent. We are concluding from
the results of the validation of the experiments that the predictive power simulating energy deposition
in mercury and lead spallation targets is sufficient and accurate to supply reliable parameters for the
engineering layout.

TABLE I. Comparison of Measurements (Exp.) und Simulation (Calc.) of the energy deposition along
z-axis for Hg and lead targets with incident proton energy of 1.2 GeV* Normalized to stainless steel, **
Normalized to target material

Proton Energy 1.2 GeV

Tar. Pos.

z-axis

[cm]

0.05'

0.05"

1.50

3.70

9.15

14.35

19.55

24.75

Exp.

[ lO-^Jcm-V 1 ]

Hg

0.436

0.751

0.940

0.732

0.512

0.268

0.146

0.070

Pb

1.29

1.86

2.00

2.06

1.72

1.00

0.49

Calc.

[ lO-^Jcm-V 1 ]

Hg

0.438

0.754

0.857

0.784

0.522

0.368

0.224

0.114

Pb

1.24

1.79

1.91

1.78

1.54

1.03

0.67

Calc./Exp.

Hg

1.00

1.00

0.91

1.07

1.02

1.37

1.53

1.64

Pb

0.96

0.96

0.96

0.87

0.90

1.02

1.36
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C. Conclusion

The superior aim of the current contribution was to revise and improve the predictive power of
nuclear reaction models for spallation source relevant data and the extension of INC/evaporation-
codes with improved physics. A multitude of nuclear model calculations has been performed and
compared to latest benchmark experiments. The NESSI experiment as well as an energy deposition
experiment at COSY Jiilich have been consulted to validate models with regard to reaction cross
sections or reaction probabilities, neutron production cross sections and multiplicity distributions
following proton induced reactions on thick Hg, Pb and W targets in a broad range of incident
energies.

Due to the large variety of options, parameters, and-to some extend-liberties in the various models
it is almost impossible to judge the quality of the codes in respect to all observables. Both the
HERMES code system and the LCS or MCNPX packages master generally the prevision of neutron
production in thick (and thin!) targets for a wide spectrum of incident energies and geometrical shapes
of the target. All code packages convince of the describability of the complex circumstances regarding
neutron production and energy deposition of the incident proton in thick targets. The predictive
power of reaction probabilities and neutron multiplicities or neutron multiplicity distributions is almost
perfect for the HERMES code for all target materials under consideration (Hg, Pb, W), but shows-
especially for LCS and MCNPX-some weaknesses in the high incident energy domain (2.5 GeV) for
dense targets like tungsten.

The complete implementation of a modern INC approach in MC4 is waiting for the latest release
of the Liege (INCL3.0) code which is supposed to describe the excitation energy distributions and, as
a consequence, the charged particle production cross sections superior than the BERTINI based INC
codes.

Finally we pinpointed some possible deficiencies of the models essentially related to presum-
ably too high thermal excitation energies in the BERTINI model. Also in the appended RAL fis-
sion/evaporation model Coulomb barriers are found to be underestimated. Even though in respect
of such discrepancies the emission of charged particles in thin targets is drastically affected, the final
abundance of neutron production in thick targets is accurately described.

The energy deposition is sufficiently well described by the codes for proton induced reactions on Hg
and Pb targets in the energy regime relevant for spallation sources.

The deficiencies are identified in the present contribution and shall be amended in future releases
of high energy transport codes. Although the state-of-the-art of computational models is sufficient in
many cases for assessing spallation source/target systems performance, further "benchmarks" between
users, experimentalists and code developers should be done in order to still improve the predictive
power of nuclear reaction models.
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Abstract

The AGS experiment on a mercury target with a moderator and a lead reflector bombarded by
GeV energy protons was analyzed to investigate prediction capability of Monte Carlo simula-
tion codes used in neutronic designs of spallation neutron sources. The NMTC/JAM code was
used for nucleon meson transport calculations above 20 MeV while the MCNP-4A code with
the JENDL cross section library was used for neutron transport below 20 MeV. The MCNPX
code with the LA-150 library was also used for a reference. The calculations were compared
with the experimental data obtained with 1.94, 12 and 24 GeV proton beams: (1) neutron flux
distributions along the mercury target and (2) spectral fluxes of thermal neutrons extracted from
a light water moderator. As a result, it was found that all the calculations predicted these experi-
mental results with accuracies better than ± 50 % in absolute values. Accordingly, it was con-
cluded that these calculation codes were adequate for neutronics designs of spallation neutron
sources.

1. Introduction

Several spallation neutron sources driven by MW order proton accelerators are under plan-
ning. To provide experimental data for validation of neutronic calculations for such neutron
sources, a series of neutronic experiments on a mercury target has been conducted by using AGS
at BNL, under the AGS Spallation Target Experiment (ASTE) collaboration. The first stage of
the experiments [1-3] investigated neutron production characteristics of a bare mercury target
bombarded by 1.6, 12 and 24 GeV proton beams. In the second stage of the experiments [4-6],
a light water moderator and a lead reflector were attached to the bare mercury target to simulate
basic physical processes of spallation neutron sources, i.e., neutron production in the mercury
target, reflection in the lead reflector, and thermalization in the moderator. Activation reaction-
rate distributions and spectra of thermal neutrons leaking from the moderator were measured
with bombarding the mercury target by 1.94, 12 and 24 GeV protons. In this study, the latter
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experiment was analyzed by using several calculation codes to investigate accuracy of the cal-
culation methods in prediction of neutronic performance of spallation neutron sources.

2. Brief Description of the Experiment

Figures 1-3 shows experimental configurations. These figures are produced by using a
geometry plotter of the MCNP code [7] with an input data for analyses that will be described
later. Although the geometry is somewhat simplified for easy modeling, these figures would
help readers to understand the experimental configurations. Dimensions of important compo-
nents in millimeters are as follows: the mercury target (200 ()) x 1300), the lead reflector (~ 1000
x 1000 x 1000) and the light water moderator (100 x 100 x 50).

For measurements of neutron flux distributions along the mercury target, the foil activa-
tion technique was adopted [4]. As shown in Fig. 2, four detector arrays of activation foils
denoted as Main, Sub-1, Sub-2 and Sub-3 were attached on the target to monitor beam position
dependency of activation reaction-rates. Detector materials used were Al, Co, Ni, Nb, In and Bi,
and total 16 kinds of activation reactions were measured.

For measurements of spectral fluxes of thermal neutrons leaking from the moderator, a
newly developed technique, "current-mode time-of-flight (TOF) technique" [5, 6], was used.
As Fig. 3 illustrates, 6Li- and 7Li-glass scintillation detectors were placed at 18 m from the
moderator. To investigate moderator position dependencies on thermal neutron intensity, mea-
surements were repeated by changing the position of the mercury target on the axis of the proton
beam.

Proton beams of three distinct energies, 1.96, 12 and 24 GeV, bombarded the mercury
target. An absolute number of protons in each pulse was monitored by an integrating current
transformer (ICT). The Cu(p,x)24Na reaction-rate was also used to determine the proton beam
intensity. Numbers of protons per pulse were ~ 1012 regardless of the proton energy. To monitor
beam profiles, a separated ionization chamber (named as CHIDORl) and imaging plates (IP)
with activation of aluminum foils were employed. Proton beams of 12 and 24 GeV were well
focused to ~ 20 mm in full width at half maximum (FWHM) while those of 1.94 GeV were
rather broadened to - 60 mm in FWHM.

3. Code Analysis

3.1 Code and Data

Three combinations of Monte Carlo simulation codes and cross section data libraries were
employed for the analysis.

(a) NMTC/JAM version 1.00 [8] ( ^ = 20 MeV)
MCNP-4A [7] with JENDL-3.2 [9] and JENDL Fusion File [10]

(JAERI standard)

(b) NMTC/JAM version 1.00 (E M = 150 MeV)
MCNPX 2.1.5 [11] withLA-150 [12]

(c) MCNPX 2.1.5 with LA-150 (Etran= 150 MeV)

Differences in cross section data in JENDL and LA-150 below 20 MeV are considered to be
small according to benchmark calculations for D-T fusion applications, and both case (a) and
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case (b) use NMTC/JAM for high energy parts of calculation. When results by the case (a) and
(b) are compared, we can investigate differences in a transition energy (Etran) at which a low
energy code takes over neutron transport calculations from a high energy code. In the energy
range from 20 to 150 MeV, NMTC/JAM is still running for case (a) while MCNPX with LA-150
has already taken over the calculation. By comparing results obtained by case (b) and (c), we
can compare the two high energy codes, NMTC/JAM and the LAHET and FLUKA modules in
MCNPX.

3.2 Consideration on Beam Position

The activation reaction-rates measured on the four detector arrays are very sensitive to the
incident proton beam position. When a beam center shifts just 10 mm in elevation, a ratio of a
reaction-rate on the Sub-3 bar to that on the Main bar increases by 40 % according to a survey
calculation. Center positions and widths in vertical and horizontal directions for each proton
pulse is provided basing on the beam profiles measured by CHIDORI. When the center posi-
tions and widths provided were used in the calculations, the calculations however did not repro-
duce reaction-rate ratios between two adjacent bars in some cases. The contradiction might be
due to miss-alignment of experimental instruments. On the other hand, the reaction-rate ratios
would reflect the real situation, i.e., the ratio works as another beam position monitor. Hence, in
the calculations, the beam center was adjusted to reproduce the measured reaction-rate ratios:
shifted by 20 mm upward for the 12 and 24 GeV proton beams.

3.3 Activation Cross Section

Activation cross sections are important to reduce reaction-rates. Although cross sections
for low threshold reactions have been established, those for high threshold reactions still have
some ambiguities in their values. In this analysis, a dosimetry cross section set [13] that was
produced by considering differential cross section data as well as results of several integral
activation experiments was used. Figure 4 shows two examples of cross section.
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Fig. 4 Activation cross sections for the 209Bi(n,4n)206Bi and 209Bi(n,7n)203Bi reactions in ENDF/B-VI
[14], IEAF [15], measured data by Kim [16] and the data used in this analysis.
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Fig. 5 Measured and calculated reaction-rate distributions on the Main bar for the 209Bi(n,7n)203Bi,
209Bi(n,4n)206Bi, 93Nb(n,2nf2mNb and "5In(n,n')"!mIn reactions for the 1.94, 12 and 24 GeV proton
energies. The four reactions are induced mainly by neutrons in the 60-100 MeV, 30-50 MeV, 10-20
MeV and 1-10 MeV energy ranges, respectively.
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4. Results and Discussion

4.1 Activation Reaction-rate Distribution

Measured and calculated reaction-rate distributions on the Main bar for the 209Bi(n, 7n)203Bi,
mBi(n,4n)206Bi, 93Nb(n,2nf2mNb and "5In(n,n')"SmIn reactions are compared in Fig. 5. As a whole, all
calculated results agree very well with the experimental data in both intensity and shape of the
spatial distributions. A general trend is found that neutron fluxes in an approximate energy
range between 30 to 100 MeV represented by the two bismuth reaction-rates are underpredicted
by ~ 30 % by all calculations while the discrepancies decrease for lower neutron energies repre-
sented by the niobium and the indium reactions (approximately 1-20 MeV neutrons).

Discrepancies among the three cases of calculations are not so significant. For the
209Bi(n,7n)203Bi reaction, results by the NMTC/JAM with MCNP and JENDL are closest to the
experimental data among the three. For the "5In(n,n')11SmIn reaction, the MCNPX calculation
gives the best agreement to the experiment compared to the other calculations.

When we look at one set of code and data, trends in agreements between the experiment
and the calculation for 12 and 24 GeV are similar while not so for 1.94 GeV. There are two
possible reasons for the distinct trends. One reason would be in the differences in physics
model. The NMTC/JAM and MCNPX codes use the Bertini model for intranuclear cascade
calculation below -3.5 GeV while they use the JAM model and high energy models in FLUKA,
respectively, above ~ 3.5 GeV. Another reason would be in the experimental conditions. Proton
beams for 1.94 GeV is much broader than those for 12 and 24 GeV.

In the experiment, fifteen threshold reactions with threshold energies ranging from 0.3
MeV to 45 MeV were measured. By utilizing these reaction-rates, neutron flux spectra at the
sample positions were derived as shown in Fig. 6 by the spectrum adjustment method with the
SAND-II code [17]. Since the adjusted spectrum is just a reflection of the original reaction-
rates, relation between the adjusted and calculated spectra is the same as mentioned in the dis-
cussion of reaction-rates. All the calculations trace the adjusted spectra appropriately.

4.2 Thermal Neutron Spectrum

Figure 7 compares measured and calculated thermal neutron spectra leaking from the light
water moderator. As a whole, again, all the calculated results agree very well with the experi-
mental data. In the epi-thermal energy region above 0.3 eV, neutron fluxes by the three calcula-
tions for 12 GeV and 24 GeV are slightly smaller than the experimental values, while those for
1.94 GeV are slightly larger. The results are just the same as those for neutron fluxes around 1
MeV (see Fig. 6). This implies that we can rely on the cross section data for materials used in
the experiment in the energy range from 1 MeV to 0.3 eV where much efforts have been devoted
in developing cross section data libraries for fission and fusion applications.

Neutron fluxes in the thermal energy region are calculated larger than those in the epi-
thermal region compared to the experiment, although differences are small as ~ 20 %. It is
difficult to think that the reason lies in the calculation. Probably, neutron absorption by some
thermal sensors and their supporting structure in the moderator, and by glue to seal the alumi-
num container would be the reason because the parasitic absorption is not considered in the
calculation.

In Fig. 8, moderator position dependencies of thermal neutron flux integrated in the en-
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0.007 eV to 0.3 eV. The NMTC/JAM and MCNP(LA150) calculations (open circles) and the
MCNPX(LAl50) calculations (open diamonds) are plotted only for one moderator position for
each proton energy.

ergy range from 0.007 eV to 0.3 eV are presented. Although some discrepancies are found in the
flux intensity, especially for the 1.94 GeV case as observed in Fig. 7, the moderator position
dependencies are reproduced adequately by the calculations for all the three proton energies.
The good agreements indicate that the neutron production process in the mercury target by
proton induced spallation reactions as well as the neutron transport process in the lead reflector
are treated adequately in the calculations.

Conclusion

According to the analysis of the AGS experiment on the mercury target with the modera-
tor and the reflector, all the adopted calculations showed very excellent prediction capabilities
for the fast neutron distributions along the target as well as spectral fluxes of neutrons extracted
from the moderator. All the calculations predicted these experimental results with accuracies
better than + 50 % in absolute values. It should be noted that the energy range treated in this
analysis ranged from 24 GeV to the thermal energy, more than 12 orders of magnitude starting a
GeV energy proton incident. It was demonstrated that we could rely on the calculation codes
and nuclear data bases used in this study (the NMTC/JAM, MCNP-4A, and MCNPX codes and
the JENDL and LA-150 libraries) for designing spallation neutron sources.
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Abstract

The Taiwan Research Reactor (TRR) project (TRR-II) is carrying out at Institute of Nuclear
Energy Research (INER) from October 1998 to December 2006. The purpose of Cold Neutron
Source (CNS) project is to build entire CNS facility to generate cold neutrons within TRR-II
reactor. The objective of CNS design is to install CNS facility with a competitive brightness of
cold neutron beam to other facilities in the world. Based on the TRR-II CNS project schedule, the
conceptual design for TRR-II CNS facility has been completed and the mock-up test facility for
full-scale hydrogen loop has been designed.

1. Introduction

The Taiwan Research Reactor (TRR) project (TRR-II) is carrying out at the Institute of
Nuclear Energy Research (INER) from October 1998 to June 2006. One of TRR-II major tasks is
to install various modern experimental facilities such as Cold Neutron Source (CNS) facility and
material irradiation test facilities.

The purpose of CNS project is to install a current state-of-art CNS facility with a competitive
brightness of cold neutron beam to other facilities in the world [1-5]. The specific functions of
CNS system will provide the follows:

(1) A moderator is capable of slowing down thermal neutrons and producing an energy
spectrum (and wavelength distribution) in the range of cold neutrons, a wavelength
between 4 A and 15 A, as efficiently as possible.

(2) A two-phase thermosiphon for hydrogen loop is capable of removing the heat generated in
moderator, moderator cell, and transfer tube to maintain operating pressure at 1.2 bar.

(3) A double containment barrier system for hydrogen loop is capable of maintaining
separation of flammable moderator material and atmospheric air.

(4) An insulating vacuum is capable of isolating moderator and support system from
surrounding environment.

(5) The barriers and buffer volume should ensure that a single component failure does not lead
to fire, explosion, or the release of radioactive materials.
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(6) A metal hydride storage system is capable of absorbing the total hydrogen gas inventory in
a short time period.

The scope of this CNS project includes design, procurement, fabrication, testing, and
installation of entire CNS facility to generate cold neutrons within TRR-II reactor. Based on the
TRR-II CNS project schedule, the conceptual design for TRR-II CNS facility has been completed
and the mock-up test facility for full-scale hydrogen loop has been designed. This report
illustrates the current status of the TRR-II CNS facility.

2. System Description and Operating Conditions

The CNS system consists of a natural circulation hydrogen loop, a helium refrigerator loop to
remove the heat load generated from the hydrogen loop, and auxiliary systems such as vacuum
system, hydrogen supply system, metal hydride system, and nitrogen gas containment. The
general layout of CNS system is shown in Fig. 1. The major design parameters of CNS system
are listed in Table 1.

The hydrogen loop is a cryostat that includes a moderator cell, cold transfer tube, a condenser,
and a buffer tank. The hydrogen loop is enclosed by heavy water tank or by light water in reactor
pool. Figure 2 shows the schematic diagram of hydrogen loop.

The moderator cell has a cylindrical annulus shape, 130 mm in diameter, 300 mm in height,
hollow structure with 17.5 mm thickness of liquid hydrogen layer, to moderate neutrons to an
energy spectrum corresponding to an effective temperature around 50 K. The material of
moderator cell is A^6061-T6. The position of moderator cell is around 40 cm from the center of
core. Its perturbed thermal flux is about 1.4><10'4 cm"2 s"1. It is close to the maximum thermal
neutron flux area in D2O tank to get the maximum possible brightness about l*10'2n cm'V'A"
'sterad"1 at 4 A with a tolerable heat load about 1200 W, acceptable impact on the reactor core,
and a lifetime over ten years.

During normal operation, the cavity of inner shell will be filled with only hydrogen vapor, as
any liquid will boil off, and the resultant pressure will not allow liquid to enter from bottom.
This arrangement allows a large viewing area for beams, while reducing the total hydrogen
inventory and mechanical stress effectively. The tube connecting two parts of moderator cell
reduces normal liquid vapor interchange, and allows vapor to have a different ortho/para
hydrogen ratio from liquid. (Normal hydrogen is 75% ortho, while the equilibrium ratio at 20 K
is virtually 100% para.) For cold neutron efficiency, the vapor should approach equilibrium with
nearly 100% para, while the liquid should be maintained at nearly 65% ortho, since the ortho
form with spin 1 is a strong neutron scatter while para form with spin 0 is a weak scatter. While
both the cylindrical and spherical shape and other details are not new to this source, and have
shown to work satisfactorily in a hydrogen source at Saclay and NIST.

The cold transfer tube provides the transport routes of the liquid and gas hydrogen for the
close two-phase thermosiphone loop. Its design requirement not only makes alignment simple but
also fabrication easy. The design of cold transfer tube is a double wall concentric-pipes tube
with the liquid and gas hydrogen route in the single inter-tube without flooding to simplify the
transfer tube design. The liquid hydrogen from condenser along an inner tube, 45 mm OD with
1.2 mm thickness, flows down to moderator cell. The vapor hydrogen returns from moderator
cell to condenser through the empty space of inner tube. The outer annulus is a vacuum tube (<
10"5 torr) for the heat transfer insulation and the barrier between moderator and reactor. The cold
transfer tube comprises a straight section and a curved section. The straight section is vertically
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installed in reactor and directly above CNS with the outer vacuum tube, 156 mm OD, made from
6061-T6 aluminum with 8 mm thickness containing a moderator cell and a hydrogen line. The
curved section of vacuum tube and hydrogen transfer line will allow easy to handle the thermal
expansion of the transfer tube.

The preliminary design of hydrogen condenser is a shell and tube type heat exchanger
connected to transfer tube, helium refrigerator, and buffer tank In the condenser, the hydrogen
vapor flows upward through a vapor tube then flowing downward to liquid hydrogen tubes. The
hydrogen vapor tube is 1200 mm in height, 25 mm in diameter with 1 mm thickness. There are
40 liquid hydrogen tubes and each tube is 1200 mm in height, 12 mm in diameter with 1 mm
thickness. During normal operation, the pressure in condenser is around 1.2 bar. The cold
helium gas enters condenser at pre-determined temperature. As helium passes through
condenser, the flow direction of helium is controlled by baffle plate and the warmed helium
returns to refrigerator at temperature approximately 18 K. The condenser is entirely
surrounded by a vacuum chamber in order to insulate heat transfer from the reactor pool.

The buffer tank locates in reactor pool with 1.27 m3 volume, 2500 mm in height, and 810
mm in diameter. The purpose of buffer tank is to provide an adequate hydrogen gas reservoir
tank to hold the entire hydrogen inventory at a pressure less than 5 bar when the system is at
300 K. The buffer tank is entirely surrounded by a nitrogen blanket in order to prevent air
from entering to hydrogen system. During normal operation, the pressure in the buffer tank is
around 1.2 bar.

The helium refrigerator loop mainly consists of a cold box including a control heater, an oil
screw compressor, two heat exchangers, two static gas bearing expanders, refrigerant transfer
lines, a cooling water system, and a helium tank. The complete system provides refrigeration to
an external heat load of 3 kW with a helium gas supply temperature of 14 K The refrigeration
control shall be provided by electrical heater to operate in response to pressure sensors in
hydrogen loop.

The auxiliary system includes vacuum system, hydrogen supply system, metal hydride
storage system, and nitrogen gas containment. An insulating vacuum is capable of isolation of
hydrogen loop and helium refrigerator loop from surrounding environment. The hydrogen
supply system including hydrogen gas cylinders is used to supply hydrogen into hydrogen loop.
A metal hydride storage system is capable of absorbing the total hydrogen inventory of
hydrogen loop in less than 6 minutes at a pressure less than 3 bar. Nitrogen gas containment
surrounds buffer tank in order to provide double containment to prevent air from entering
hydrogen system.

The hydrogen loop including buffer tank is entirely closed. This eliminates further gas
handling, and thus minimizes the possibility of inadvertent oxygen contamination. In addition,
all hydrogen tubes are either within D,0 tank, or run in reactor pool to prevent air from entering
to hydrogen-containing system. The cold hydrogen loop is immersed either in D2O tank or in
reactor pool. The buffer tank is completely surrounded by a 1.2 bar of nitrogen gas, maintained
above atmospheric, so that there can be no in-leakage of air into the system, and thus no oxygen
is available to combine chemically with hydrogen. The major controlled and monitored system
parameter is the absolute pressure of hydrogen in buffer tank. The entire design philosophy is
to rely on simple, passive safety features to minimize the possibility of a system failure or a
procedural problem. With a closed system, the gas handling is minimized and the only charging
is done at installation or after the system is opened for corrective maintenance. If the system
must be emptied of hydrogen to allow maintenance of a component, the entire hydrogen
inventory can be absorbed into the metal hydride system.
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The normal operations of CNS system have three operation modes: shutdown mode, cool-
down mode, and cold neutron production mode. The shutdown mode is entered only at reactor
shutdown. Then, the reactor core decay heat has fallen sufficiently for moderator cell temperature
stabilized below than 100°C without forcing cooling. The hydrogen loop pressure is stabilized at
3.3 bar for the shutdown mode of CNS system.

The cool-down mode of CNS system will always be started prior to the start-up of reactor.
In this mode, the helium refrigerator system operates automatically and a heater in helium
refrigerator is controlled by buffer tank pressure to ensure hydrogen temperature to not fall below
14 K for preventing the freeze of liquid hydrogen.

The transition from cool-down mode to cold neutron production mode is completed when
the two-phase hydrogen loop stabilizes at their normal operating conditions of 1.2 bar with
corresponding to a saturated hydrogen temperature around 20 K.

During cold neutron production mode, the heater in helium refrigerator is controlled by
hydrogen loop pressure only. So, the system pressure will be automatically maintained at 1.2 bar
by controlling the heater of helium refrigerator to compensate the small variation of nuclear heat
load applied to moderator cell during reactor power transients.

3. Cold Source Design and Performance

In order to characterize the neutron performance of various cold neutron moderators for
TRR-II, the Monte Carlo neutron and photon code, MCNP [6], was chosen for calculations.
MCNP allows an exact representation of complex volumes bounded by segments of spheres,
cylinders, and ellipsoids, etc.

None of the standard neutron sources contained in MCNP could be used to adequately
represent a realistic distribution of neutrons entering the model. Thus a simplified core was
developed to perform parametric studies of cold source as core design was proceeding, such as
liquid hydrogen thickness, diameter, length, and D2O gap between cold source, and beam tube.
The gain and brightness of cold source were calculated after the realistic core design was finished
and loaded with experimental apparatus.

It was necessary to model entire core for the generation of surface sources. The surface
enclosed only the region of interest, in and around cold source and beam port, for gain
calculations. The gain, depending on wavelength, is defined as the current of neutrons from cold
source divided by the current without cold source. The cold neutron current was tallied using
DXTRAN command across a plane at the entrance of a neutron guide, with direction cosines
greater than 0.9997.

All criticality calculations require a large number of neutrons to be tracked in a number of
cycles of fission generations to converge to eigenvalue keff. A number of cycles were skipped

before the criticality calculation is started. In all generations of surface sources for parametric
study, the first 20 cycles were skipped to converge to a stable source distribution in core and a
total of 330 cycles were run with 5000 neutrons in each generation. For gain and brightness
calculations, a total of 1220 cycles were run with the same neutrons in each generation.

As for the ortho content of liquid hydrogen, 65% was chosen [7] for all neutron performance
calculations, although the early paper reported that ortho would convert to para due to the
presence of radiation and low temperature stimulation [8].

Gain is defined as the ratio of cold neutron flux between CNS on and CNS off (D2O there
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only). The gain of TRR-II CNS is plotted in Fig. 3, and is compared with the data from JRR-3M .
The gain of such an annular type cold source of 17.5 mm thick liquid hydrogen is somewhat
better than the JRR-3M cold source.

The brightness of a cold source is the most important parameter to judge the performance of a
cold source. The cold neutron current of TRR-II CNS without the effect of BT-lwas tallied at the
entrance surface of cold guide with direction cosine 0.9997. The brightness showed in Fig. 4 is
compared with the data of NIST sphere annulus cold source. The perturbed thermal flux averaged
over CNS was 1.42xlO14 n/cmVsec.

Based on the results of parametric study and performance calculation, a cold neutron source
of cylinder annulus type was recommended. The outer shell of cold neutron source is 30 cm in
length and 13 cm in diameter, and the inner shell is 26.37 cm in length and 9.37 cm in diameter.
The liquid hydrogen will be filled in the gap of 1.75 cm between outer shell and inner shell. The
length of cold neutron source recommended was 30 cm temporarily, but there is a possibility to
reduce the length to 26 cm or 27 cm without significant effect to performance.

4. Thermal-hydraulic Analysis and Mockup Test Plan for Cold Hydrogen Loop

The schematic of the hydrogen system for TRR-II CNS is shown in Fig. 2. The cold
hydrogen loop includes moderator cell, moderator transfer tube, and condenser. The heat
generated by neutrons and gamma rays in liquid hydrogen and in the moderator cell, material A£-
6061-T6, is removed by the nucleate boiling of liquid hydrogen. The hydrogen vapor generated
from the boiling of liquid hydrogen in moderator cell, flows upward to condenser through the
moderator transfer tube. The vapor hydrogen condenses in condenser flows downward from
condenser to moderator cell through the cold transfer tube. Thus, the hydrogen inventory
circulates in cold hydrogen loop by means of two-phase thermosiphon. During normal operating
conditions, the pressure of entire hydrogen system including buffer tank is around 1.2 bar and the
moderator temperature at approximate 20 K.

The steady-state natural circulation in a closed two-phase thermosiphon is reached when
the driving force is balanced to the flow resistance resulted from friction pressure drops of liquid
hydrogen and hydrogen vapor in loop. One of design requirements of CNS is to provide stable
operations, such as, keeping the liquid hydrogen level stable in the moderator cell and preventing
a sudden bubbling during reactor power transients. A cold hydrogen loop with a closed two-
phase thermosiphon is designed for this purpose [9]. Kawai, et al., had performed a series of
analytical work on a closed two-phase thermosiphon for Kyoto University Reactor (KUR) cold
neutron source [9-12]. Their approach is adopted to analyze the thermodynamic characteristics of
two-phase thermosiphon for TRR-II CNS [13].

Recently, a single-tube type of transfer tube was designed by FRM-II CNS facility [14]. A
single-tube will not only make design simple but also fabrication easy. With the similar design of
FRM-II CNS, TRR-II must confirm that flooding does not occur in transfer tube during CNS
operations. The Counter-Current Flow Limitation (CCFL) or flooding phenomenon is associated
with carry-over of liquid flow caused by the interaction between an upward gas flow and a
countercurrent falling liquid flow. The flooding in two-phase thermosiphon loop will prevent
liquid falling back to moderator cell.

We have studied basic parameters for design of single transfer tube by using the well-
known flooding correlations of Wallis and Kutateladze, respectively. The tube diameter of 50 mm
is accessible for heat load up to 1500 W [13]. To prove the performance of two-phase
thermosiphon and to investigate parametric effects on the onset of flooding, a series of mockup
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experiments is required to perform.
A full-scale hydrogen loop mockup testing represents a major step in the validation of TRR-

II CNS conceptual design. The objectives of hydrogen loop mockup testing are :

(1) Validate a correct operation and thermosiphon heat removal in CNS hydrogen loop
design ;

(2) Demonstrate no onset of flooding in a single transfer tube under CNS operating
conditions; and

(3) Demonstrate the hydrogen loop system stability under normal and fault conditions.
The design features of mockup test facility include:

(1) Full-scale hydrogen loop ;
(2) Using R-ll(CFCf,) as a fluid to reduce costs of mockup tests [15] ;
(3) Experiments with the same density ratio (p Liquid / p vapor) and scaling heat load to

achieve the similarity of Wallis-numbers between CNS hydrogen and R-ll as shown in
Table 2. Wallis-number is the most important scaling-number for simulating the onset
of flooding [15] ; and

(4) Examination on the influence of incline angle upon the onset of flooding with a
possible incline angle ranging between 0° and 10°.

In order to have a confidence that the design of CNS moderator cell is adequate, the mockup
testing to observe the flow pattern in moderator cell with liquid nitrogen will be performed. A
glass vessel and electrical heaters will be used for simulating the geometry and heat load of
moderator cell, respectively. The major goals of the mockup tests are :

(1) Visualize the actual flow pattern in TRR-II CNS source geometry ;
(2) Evaluate the bubble growth and bubble size on a heated surface [16] for variation of

heat flux and surface condition ; and
(3) Evaluate the bubbling correlation for nitrogen and hydrogen on a heated surface [17].

5. Safety Analysis Plans

The primary safety philosophy in CNS design is a defense-in-depth approach. The safety
goal of CNS design is (1) personnel safety and (2) reactor safety wherever the maximum credible
CNS accident.

The safety features in CNS design include: containment by multiple barriers to prevent
hydrogen leakage, use of high quality material, fail-safe design, passive safety, simple to operate,
and redundancy for safety consideration. CNS safety features are illustrated as the follows.

(1) Containment by Multiple Barriers — Hydrogen will be contained by at least two barriers
• A vacuum surrounding is the inner barrier and a pool water surrounding is the outer

barrier for cold hydrogen loop.
• A nitrogen gas blanket surrounding is the inner barrier and a pool water surrounding

is the outer barrier for buffer tank.
• The vacuum level and nitrogen gas pressure are on-line monitored.

(2) Use of High Quality Material
• Hydrogen pressure boundary materials and the gases used in CNS will be at a very

high quality level.
• All pressurized components will be designed to meet ASME Code and piping

standards for governing the pressure boundary.
(3) Fail-safe Design Features
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• The hydrogen pressure boundary will sustain the maximum credible detonation in
hydrogen loop.

• A large volume buffer tank exists to hold the entire hydrogen inventory at a pressure
less than 5 bar when CNS has loss of refrigerator at reactor shutdown.

• The helium refrigerant pressure will be higher than 5 bar. It does not allow hydrogen
to reach refrigerator if any internal leakage of condenser occurs.

(4) Passive Safety Features
• The CNS design will use passive safety feature to achieve safety objectives. For no

pressure relief anywhere, the hydrogen pressure boundary will withstand design
basis detonation pressure. In the event of a refrigerator failure, CNS is completely
passive returned to safe shutdown.

(5) Simple to Operate
• The hydrogen system will be filled once and sealed to minimize hydrogen handling.
• For easy operation, only one parameter of hydrogen pressure is used to control

refrigerator at any reactor power level.
(6) Redundancy for Safety Consideration

• The redundant instruments related to the safety of CNS should be installed for the
conservative consideration in safety system design.

The purpose of accident analysis is to show that the CNS system will not involve in any
reactor safety problems. Analyze the following possible occurrence of hydrogen-related hazard to
demonstrate not to cause any damage to reactor, cryogenic system, any safety system, or reactor
confinement building itself.

• Hydrogen release in reactor confinement building
• Rupture of moderator cell
• Air contamination of hydrogen system and refrigerator system
• Air leakage in vacuum chamber
• Explosion of hydrogen gas in the vacuum chamber.

6. Schedule

The CNS project schedule is based on assumption that cold source component should be
completely installed in TRR-II in advance of the first reactor critical in July 2006. The following
factors will affect the schedule.

• Problems encountered in testing program,
• Efficiency of detailed design and procurement activities, and
• Quality and timing of review process.

The special concerns to the above mentioned factors would be made in the planning
activities to minimize the risk of schedule delay. If TRR-II project schedule is modified, the
schedule for this project should also be revised to meet the overall TRR-II project schedule.
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Table 1 Design Parameters of CNS

Parameter Value
I. Hydrogen Loop

Nominal Reactor Power
Neutron Flux in CNS
Size of Moderator Cell
Material of Moderator Cell
Moderator Cell: Mean Wall Thickness
Volume of Moderator Cell
Mass of H2 in Moderator Cell
Total Hydrogen Mass
Temperature of Moderator Cell
Pressure in Moderator Cell
Pressure in Warm H2 System
Volume of Buffer Tank
Heat Load

2. Helium Refrigeration Loop
Refrigeration Capacity
Supply Helium(99.995%)

•Pressure
•Temperature

Return Helium
•Temperature

Helium Flow

20 MW
2 x l 0 M c m V
300mm H * 130 mm 0
Aluminum alloys (A^6061-T6)
0.65 mm
3.585 liters
133 g
407 g
20 K
1.2 bar
3.3 bar
1.27 m3

1164 W (823 W for nuclear heating
and 341 W for non-nuclear

heating)

3.0 kW

5.5 bar
14 K

18K
80g/s

Table 2 Comparison of Operation Conditions between TRR-II CNS and Mockup Test

Operating Pressure (kPa)

Operating Temperature (K)

Density Ratio ( pf fpg)

Heat Load (kW)

Mass Flux (g/s)

Wallis Flooding Correlation

Vapor (fg)

Liquid (j'f)

TRR-II CNS (H2)

120

20.8

44.4

1.2

2.7

0.19

0.0285

Mockup Test (R-11)

569

356.5

44.4

8.0

51.3

0.19

0.0285
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Abstract

By irradiating a gas mixture of d+tyi with a high-intensity laser, the high intensity of 14 MeV
fusion neutrons can be created. Using a properly chosen short-pulse laser, the space
dependent and time dependent source of high intensity neutrons is created which is suitable
for neutron-scattering experiments.

1. Introduction

Muon-catalyzed fusion occurs through dt|i molecular formation, which is the
resonance reaction of shallow binding energy (v=l, J=l) above the ground state of tp.+d [1].
The dt fusion occurs as soon as a dtji molecule is formed. At liquid density, dtjx molecular
formation occurs in the rate of lOVsec.

2. Laser enhancement of dt|i formation

When the dt target density is 103 of liquid dt density, the formation rate is reduced to
105 /sec . Muons injected into this density of a dt target can create fusion only once during a
muon decay-time of 2.2 usec. If we irradiate the dtyi mixture with a laser intensity of 10u

watt/cm2, the formation rate is increased by 103 times [2], it becomes 108 /sec; hence, by
radiating with this high-intensity laser, we can make fusion reactions during 10~8 sec. Figure
l.a shows the (dt(i.) molecular formation rate as function of laser intensities with the angular
frequencies of a) =7.6 to 22.8 X1013 rad/sec; Figure l.b shows one for the (dd|i) molecular
formation rate. Thus, by irradiating the d+tji, target with laser intensity of 1012 /cm2, in a
duration of only 10"8 we can generate a dtfx fusion reaction and produce the 14 MeV fusion
neutrons with a pulse width of 10"8 sec. The energy consumed for laser irradiation is
104joule/cm2. By focusing the laser beam, the fusion reaction occurs only small regions, and
the diffusion of the muon is so small that high-intensity 14 MeV fusion neutrons are
produced. It is an ideal source of neutrons for high-energy-neutron scattering experiments.
Use of the thermal neutron scattering requires some slowing down , and the neutron source
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will be spread somewhat, but comparing the thermal neutron source from a reactor and
spallation neutron source, for the former is much better collimated and has smaller energy
spread. When a high intensity laser focused in the 102 cm2 is used , a small part of dtu;
mixture will generate the fusion. The 14 MeV energy neutrons with short pulse of 10"8 sec can
be created in these small regions of 10"2 cm2.

8
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LASER INTENSITY, In uniU of W/cm

Figure l.a Molecular formation rate of (dtji) as the function of laser intensities

with the angular frequencies of 0) =7.6 X1013 rad/sec to 22.8 X1013 rad/sec.
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Figure l.b Molecular formation rate of (ddu,) as the function of laser

intensities with the angular frequencies of (0 =7.6 X1013 rad/sec to

22.8 X1013 rad/sec.

3. Neutron source density

Assuming 3 GeV proton is injected into some target, it will create the negative muon
per 6 GeV; thus 1 proton produces 0.5 negative muons. When a 3.3 mA proton is used, a
negative muon of 6X 1018X3.3X 10"3X0.5 = 10'5 is created. If it is assumed that the whole
negative muon is stopped in a target with length of 10 cm and area of lcm2 =10 cc volume,
the density of the negative muon will be n|4=1014/cc during 2.2 p,sec, and the density of d+tp.
mixture gas will be 1014/cc the same as the negative muon. When a short pulsed laser beam
with pulsed width of 10'8 sec which is focused with lmm2 radiates the gas target from the side
as shown in the figure 2, we can create the fusion reaction in each 0.1 cc (:assume 10 cmX
0.01cm2) from this volume of the regions generated by the fusion reaction, and produce the 14
MeV monochromatic neutrons from these small irradiation regions in the very short time of
10"8 sec. The high density neutrons source with 10'4X0.01/10'8 =1020 neutron/cc/sec will be
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dt target (10**3 liquid

High intensity laser

Figure 2 Laser irradiation to d+tu gas target to create time and space
dependent 14 MeV neutron source.

obtained. By subsequently irradiating a different part of the dt(i target, the fusion neutrons
will be generated. For each shot, these pulsed neutron are created, so that we can make a
time-dependent and spatial-dependent correlation (Figure 2). Since the neutrons are produced
where laser field is applied, the neutron source is time-dependently and spatial-dependently
generated. Many kinds of neutron scattering experiments can be carried out using this high-
intensity neutron source which is spatially-and time-dependent. In the above calculation, an
enhancement factor of 103 by laser irradiation is used, but, as shown in figure l.b, in the case
of ddp, molecular formation, an enhancement factor of 5 X 10d can be obtained with the proper
choice of the laser wavelength and intensity. Therefore, a higher intensity and shorter neutron
source can be achieved .
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The possibility for generation the intense slow neutron pulsed fluxes in
the modified LHC beam dump is considered. The one-turn extraction of
the 7-Tev protons, stored in main ring LHC on the heavy or middle
weight target with inner moderator give the possibility to produce the
giant slow neutron pulses with relative small duration. For the W-target
with inner ZrH2 moderator the calculations gives the peak flux thermal
neutrons density ~ 1.5.1019neutr/cm2s with ~ 120 mcs duration.

The possibilities to use such pulses in the neutron physics research is
discussed.

1. Introduction

The creation of the unique accelerator-storage complex LHC (fig 1, [6]) opens the
unexpected possibilities for physical research in the superhigh dense pulsed fluxes of
low-energy neutrons (thermal, cold and ultracold). Here is considered the use of
thermal neutrons. The possible experiments with cold and ultracold neutrons in the
stage of estimations now.

One of the wonders of nature is that, the circulation time of protons in big cycled
accelerators is close to the lifetime of thermal neutrons in the hydrogenous moderators
(HzO, ZrFfc and others). It is a base to produce the relative short thermal neutron
pulses with giant peak flux density (up to ~ 1019 -1020 neutr/cm2s).

Yet Robert Wilson [1] proposed to use the high energy proton accelerators (for tens
and hundreds GeV) for "electronuclear breeding" (ENB). But here was a mistake -
the most effective proton energy for ENB is about 1,2 GeV [2]. With the increase
proton energy the direct proton ionization losses decrease and most proton energy loss
go for the nuclear interactions, that ends by the neutron production - the main process
for ENB. In region ~ 0,5 GeV begin the intensive production of the n° - mesons. This
leads to the secondary ionization losses - through electron-photon showers caused by
the 7t°-s decay. As a consequence - the broad maximum in the specific yield of
neutrons (number of neutrons per the I GeV proton energy) in the proton energy
region near 1,2 GeV [2]. The specific spallation neutrons yield for lead at this
maximum is about 24 neutr/proton GeV.
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The high number protons, stored at the end of the acceleration cycle in rings of big
accelerators and his high energy give the possibilities, by using one-turn extraction, to
produce a giant neutron pulses [3]. Although the specified neutron yield is relative
low, for example only ~ 2,5 neutr/proton GeV at 7 TeV [4], full yield ~ 18000
neutrons per incident proton for 60 cm thick W-target. Main limitations - the heating
of target during the pulse.

2.Giant neutron pulses in the beam dump of the LHC.

According to the available information [6] the main LHC mode provides the
acceleration and storage of ~ 3.1014 protons with energy 7 TeV and "cleaning" the
main rings every 10 hours at the end of a physical run,, when the beam has swelled,
luminosity degraded and a refill is necessary. 10 hours is the lifetime of luminosity.
For the "cleaning" carry out the one-turn extraction and the protons transported into
graphite beam dump.

The LHC beam dump is ~ 10 meter long graphite block, surrounded with aluminum
and iron layers for shielding (fig. 2). Must be use two beam dumps, for the both main
rings.

By [6] the beam damping system (fig. 3) kick horizontally the circulating beam
into an iron septum which bends the beam vertically so that it be transported to an
external zone sufficiently far away (~ 750 m). For both beam dumps used one
extracting system IP6.

For decreasing of the heat load, on the graphite block face is forming the broad
beam with help of two orthogonal-deflecting kicker-magnet, which sweep the beam
over the front face of the dump. This kickers supply - 14 kHz, 15 kV.

As it can see, by correspondingly synchronization both deflecting magnets, inside
of the graphite block arise the ring-shaped beam. If we insert in this beam the thick
ring-shaped tungsten target we receive the ring-shaped spallation neutrons source for
the generating slow neutrons flux in the inner moderator. The longitudinal distribution
of the spallation neutrons sources in such target we can see on fig. 4.

The calculations of V.G.Miroshnichenko based on spallation neutron yield for the
thick tungsten target (60 cm, [4]) and the NeuMc code give the thermal neutrons
peak flux in ZRH2 moderator ~ 1.5.10 l9 neutr/cm2s. This is possible by use only one
third of the full intensity (-10 14 proton per extraction case). The limitation is
connected with the heating of target material. 1014 protons give the heating of
tungsten in end proton pulse near 2500C. Such heating per pulse seems acceptable if
the dense packing of the tungsten roads will be used in the target design (fig. 5). Other
protons can be passed through the graphite outside the tungsten. It is possible to use
the proton multiple scattering in front of graphite layers for beam swelling in target,
if it will be necessary.

The calculations of the thermal neutron pulse duration with the help of NeuMc-
code (for 80 mcs revolution time in main ring) gives ~ 120 mcs.

It is possible some optimization of the target for decreasing the delayed neutrons
relative yield. The delayed neutrons emission is connected with the nuclear fission.
The heavy nucleus fission probability is proportional to Z2/A. If suppose that such
dependence will be for a middle nucleus too, significant decrease in the delayed
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neutrons yield will be for Zr-target. The foil spallation neutrons yield will be ~ two
times smaller. The thermal neutron flux decrease will be not so strong, because of the
decreasing flux depression in the moderator caused by neutron capture in target. The
target heating will bo decrease too.

As we can see from the considered example, the main facilities for the production
of the giant neutron pulses are foresee, at least in principle, in the LHC Conceptual
Design. This give a possibility and the relative cheapness of this neutron source
realization.

For the neutron experiments my be used all intensity of LHC, without any harm
interference with the classical particle program.

3. The possible use of the LHC beam dump for the neutron
research.

This neutron source give, my be, the first possibility for the direct high accuracy
measurement of the neutron-neutron scattering length [5,7].

The neutron-proton scattering cross-section is measured with the accuracy ~ 0,5 %.
The possibility for the synonymous interpretation of p-p scattering experiments is
limited by the strong coulomb effects. The n-n scattering length has the evaluation
only from indirect experiments (f.e. from the n(D,p)2n reaction research). The n-n
scattering date is very significant for the fundamental hypothesis of the charge
independence of the nuclear forces. Therefore the research programs all new neutron
sources contain such experiments (see f.e. [8]). But the relative small intensity and the
worse background conditions give not the possibility for the direct n-n experiment.

The calculations of S.A.Novoselov for the beam dump LHC with W-target and
ZrH2 - moderator show (INR, [5,7]), that the neutron current from the vacuum cavity
in the moderator through the neutron detector, caused by the n,n scattering in neutron
gas, would be ~ 105 neutrons per giant pulse. At the one pulse may be received
necessary statistical accuracy for the n-n scattering length. More 2 - 3 pulses will
allow to research the secondary effects (neutron scattering on recoil nucleus from the
vacuum chamber walls, on the reminding gas, the measurements of the slow neutrons
energy spectrum by time-of-flight methods and so on). All this gives the hope for high
accuracy for the measurements this fundamental value (in range 1 %).

The high thermal neutrons peak densities and the high interaction cross sections
for the thermal neutrons will allow the research of the new class multineutron nuclear
reactions, when the nuclei captured a few, minimum two neutrons before decay. Up to
day such reactions are observe only by the nuclear explosions, but it give not any
possibilities their mechanism to investigate. Particularly, appear the possibility for
the neutron-surplus transuraniums synthesis by the multineutron capture in heavy
targets (f.e. 254Cf, 257Fnv, 260Md). In consequence of increasing the life time with
neutron number in nucleus, the neutronsurplus isotopes can be relative long-living.
This will give the possibilities for detailed investigations of their properties.

It appears the possibility for investigations neutron interaction with radioactive
nucleus too, including with the originated by radiation capture during pulse.

The interesting research region my be connected with the neutron solid state
physics. For example - the neutron-photon scattering, particularly - experimental
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investigation the predicted amplification this process [9] near phonon resonances in
crystals.

The considered heavy target in the beam dump LHC will give the intensive
neutrino fluxes too. By time selection will be possible to separate the prompt neutrino
connected with the proton beam and the delayed v from the decay of the neutron-
deficit nucleus after spallation.

4. Conclusion

The creation of the middle-heavy target assembly inside the graphite beam stop
LHC will be allow to develop a new directions for research in particle, nuclear and
solid state physics without any harm interference with the classical particle physics
program.
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Figure 1: SPS-LHC transfer lines
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Periodic cleaning of the main ring of LHC by one-turn extraction of the
stored protons on the gives the possibility to generate the giant pulses of
slow neutrons in ring-shaped target-moderator assembly, inserted into
head part of the graphite beam-dump. The evaluation of the peak thermal
neutron density gives the value ~ 1.5xlO19 neutr/cm2s for hydrogen
containing moderator. This opens the unique possibility for the direct
measurements of n-n scattering length by registering neutrons, scattered in
the vacuum cavity inside this moderator.

1. Introduction

According to the hypothesis of the charge independence of nuclear forces, the
interaction of the two nucleons in the same quantum states should be equal. In
particular, at low energies neutron-neutron scattering lengths in the state with isospin
T = 1 and spin S = 0 should be equal, i.e.

The np- and pp-scattering were measured many times. Taking into account the
corrections for Coulomb interaction, interaction between magnetic moments, the
difference of neutron and proton masses, the vacuum polarization and finite sizes of
nucleons [1-4], the singlet scattering length are equal:

lanp = (- 23.516 ± 0.013) fm
1app = (-17.25 ± 0.16) fm

*) Correspondent author. E-mail: stavs@t-online.de
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About 50 indirect measurements of nn-scattering length are known. They are based
on studying the influence of two flying neutrons on the C-particle energy spectrum in
reaction A + B —* C + 2n. The obtained values are ranged within

-11.2 fm [5] > 'a™ > - 25 fm [6]

The scattering length averaged over the published data is presented in work [7]:

'a™ = (- 16.70 ± 0.38) fm

With increasing the accuracy, some experiments reveal a divergence in a measured
value of 'am in different reactions.

Thus, apparently 'anp noticeably differs from 'a™ and 'app. And if the difference
Aa = | 'anp - lam | ~ 7 fm can be explained by indirect electromagnetic processes
(mass difference of charged and neutral n ' and p mesons), the question about
character of the difference between 'a™ and !app is still open as the estimates of the
both values are rather uncertain.

The successes in elementary particles physics achieved recently enables one to
hope that within the framework of the up-date theoretical models the different strong
interaction characteristics at low energies (see, for example [8]), in particular,
difference between laan and 'app could be estimated accurately. In this case, by
measuring 'a™ we can compare the different theoretical models.

The experiments on low-energy nn-scattering were proposed many times.
Moravcsic [9] proposed to use the nuclear explosion. Also, there was discussed the
possibility of using a nuclear reactor in space [10], as well as a pulsed reactor IBR-2
[11]. A detailed analysis of the possibility for performing such experiment with high-
flux and pulsed reactors [12,13] shows that the main problem is the suppressing of the
background of fast and delayed neutrons.

In [14] discussed the possibility of direct measurement of 'a™ at the Moscow
Meson Facility. An advantage of using the thick lead target of meson facility as a
pulsed neutron source is the low intensity of fast (delayed) neutrons between pulses. It
give the possibility to eliminate by time selection the flux of fast (delayed) neutrons
and to decrease sufficiently the corresponding background.

2. Giant neutron pulses in beam dump LHC

The creation accelerator-storage complex LHC (fig. 1) opens up the unexpected
capabilities for physical research in pulsed fluxes of low-energy neutrons with extra
high density (thermal, cold and ultracold) [15]. Here are discussed the experiments
with thermal (-300K) neutrons. Possible experiments with cold and ultracold
neutrons are in stage of estimations and discussions.

According [16] the main LHC mode provides acceleration and storage of ~ 3.1014

protons with energy 7 TeV and one-turn extraction of the full intensity into graphite
beam dump every 10 hours in consequence of loss of the luminosity in interaction
points due the beam spread. The Conceptual Design [16] calls for corresponding
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kiker- and septum magnets and special spreading system that give the possibility to
form ring-shaped beam at entrance into graphite beam-dump [15], fig. 3.

If one inserts into the initial part of the graphite beam dump the ring-shaped heavy
target (f.e. tungsten) with inner hydrogen-contained moderator, in the moderator will
be generated the high density pulsed flux thermal neutrons. The diffusion time of
thermal neutrons in light hydrogen-contained moderator is close to the protons
revolution time in main ring LHC and, corresponding, emission time of spallation
neutrons. It is the base for a generation giant pulse of thermal neutrons with relative
short duration. Our calculation performed using original NeuMC code for moderation
and thermal neutrons diffusion in light water (or zirconium hydride) gave peak flux
density of thermal neutrons in cavity ~ 1.5.1019 neutr/cm2s at pulse duration ~ 120
mcs and using only 1014 protons per cycle. This limited by heating the target in pulse.
The specific neutron yield for 7 TeV protons and heavy target (W, Pb) - ~ 2.5
neutr/pGeV [17] was estimated by using FLUKA [18] and CALOR [19] codes.

3. Principal scheme of the Neutron-Neutron scattering experiment

A principal scheme of thermal neutrons nn-scattering experiment with pulsed
neutron source based on spallation process (fig.2) is similar the Moscow Meson
Facility proposal [14]. The neutron source is the Mo-, Zr-, W- or 238U-target
irradiated by pulsed proton beam from storage ring. Close to the target 1 is arranged
the moderator 2 with a cylindrical hole (cavity) being part of vacuum volume.
Vacuum volume is restricted by back wall 3 and detector 4. The detector is isolated
with system of collimators and diaphragms 5 absorbing thermal neutrons such it does
not "see" the moderator and vacuum chamber surfaces. Therefore, under ideal
condition it can detect only those neutrons which are scattered inside vacuum volume
in region big flux.

The main background sources in the experiment are the following:
1) Fast neutrons from target (if the detector is switched off during spallation neutrons

pulses) this background caused only by delayed fast neutrons. This neutrons is
connected with fission in target. It is known that fission is proportional ~ Z2/A, the
neutron yield ~ A, then "signal/noise" ratio is proportional ~ A/Z2. Therefore it is
interesting using the relative light targets.

2) Thermal neutrons scattered from edges of collimators as well as from vacuum
chamber walls (manly from back wall).

3) Neutrons scattered by residual gas in vacuum volume. This background is
proportional to residual gas pressure and peak flux neutron density. At high
neutron density possible to use relative "bad" vacuum.

4) Cosmic neutrons background.

4. Neutron-Neutron scattering at LHC

Taking into account the possible conditions for the nn-scattering investigations at
LHC we have chosen the following scheme of the experiment. The neutron source is a
tungsten ring-shaped target with inner zirconium-hydride moderator ~ 030 cm x 60
cm with vacuum hole 020 cm and vacuum < 10 "7 Torr. The distance between the
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center of target-moderator assembly (TMA) and outside surface of the iron-water
shield is ~ 11 m towards detector and ~ 9 m towards vacuum chamber back wall. The
distance between center TMA and back wall of the vacuum volume ~ 25 m, up to
detector ~ 12 m. It used three collimators on distance 2, 4 and 6 m from TMA,
consist from iron-water and boron-carbide layers and have thickness 100, 150 and 180
cm correspondingly, the trap 0100 cm. In collimators located cadmium diaphragms
and coatings. Detector diameter - 22 cm, the diameter the back-wall "spot" from
which neutrons can reach detector - 80 cm.

5. Results of calculations

After a pulse beginning the detector is switched off during ~ 3 ms (for decreasing
the background from the fast and epithermal neutrons). In this case all neutrons with
energy En>0.84 eV emitted by TMA and neutrons with energy En>2.2 eV reflected
from back wall are "time-selected". At the same time about 70% of events of nn-
scattering are detectable.

Under indicated parameters of the assemble the thermal neutron flux through
detector will be ~ 105 neutr/pulse. The background of thermal neutrons scattered from
edges of collimators as well as from vacuum chamber walls is ~ 1 % of this effect.
The backgrounds of thermal neutrons, scattered by residual gas with a pressure P ~
10 ' 7 Torr is ~ 6 %. The background of delayed fast neutrons my be neglected. The
background of cosmic neutrons (from cosmic muons) is « 1% of the effect. The
estimation show that for a measurement of nn-scattering lengths with an accuracy ~
1% sufficient ~ 3 giant pulses, including the background and correction experiments.

6. Conclusion

The calculation of spallation neutrons yield, moderation and diffusion of neutrons
in target-moderator assemble of special beam dump LHC, evaluation neutron-neutron
scattering in vacuum cavity and accompanied backgrounds give the hope for direct
measurement the nn-scattering length with high accuracy ( ~ 1%).

The authors are glad to express their gratitude to |M.A.Marko\j, A.N.Scrinsky,
V. A.Kuzmin and A.P.Serebrov for fruitful discussions and support.
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Figure 1: SPS-LHC transfer lines
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Abstract

In the 1999 Fall the solid methane moderator (CM) has been installed and tested at full
power at the IBR-2 pulsed reactor. Its main features are a beryllium reflector and a light water
premoderator. Radiation load on the methane was three times as much as that of IPNS facility,
namely, 0.1 W/g. Effects of temperature, operation time, concentration of a hydrogen
scavenger, and annealing procedure on both neutron and service performances were studied.
Maximum operation time of a newly loaded portion of methane was 4 days. In this time
around 30% of methane is transformed into hydrogen, ethane, and high molecular
hydrocarbons, and yet no deterioration in cold neutron intensity was detected.

Among new knowledges, the most important are two facts observed: two-fold decrease
in hydrogen formation rate when methane is poisoned with 2.5% to 5% of ethylene, and low
formation rate of solid, inremovable products of radiolysis - (1.5-f-3) 10"7 g/J, which means
that after 10 years of operation the methane chamber will be filled with only 100 g of residue.

Gain of factor 20 in cold neutron flux was obtained as compared to the routine
grooved light water moderator. Presently, it is the highest among the intense pulsed neutron
sources.

Introduction

The IBR-2 high flux periodically pulsing reactor offers a means for investigation the
field of condensed matter physics. The reactor has been in routine operation since 1984. The
source of slow neutrons is room temperature light water moderators which provide a peak
density of a neutron flux at a moderator surface of up to 1016 n/cmcm/sec at a pulse frequency
of 5 Hz.

To extend the experimental capabilities of the reactor, the decision was once made to
design and construct a solid methane cold moderator which would enhance the cold neutron
flux (at A>4A) by a factor 20-r30. According to design calculations, a gain factor of 2-K3 in the
cold flux can be obtained by using solid methane at 20K under the IBR-2 operating conditions
as compared to liquid hydrogen. In addition, it is safer and more trouble free in operation.
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In spite of the fact that the use of methane present certain difficulties (due to its
vigorous radiolysis with the release of hydrogen and the storing of energy in radicals) solid
methane moderators were operating rather successfully at Japanese and US neutron centers.

In 1992, the prototype of a solid methane cold moderator (SMCM) was constructed
and installed near the reactor core in place of a grooved water moderator for experimental
channels 4 to 6 [4-7]. It had operated for about 270 MWh at the reactor power of 2 MW
before the damage of the methane chamber forced us to remove the moderator for inspection.

The results of operation and investigation of the SMCM prototype are used as a basis
for creation of a regular moderator for the IBR-2 reactor.

In 1995, the project for creation of a regular moderator for the IBR-2 reactor was
elaborated and in 1999 the regular cold methane moderator which was constructed in 1995-
1998 and installed near the core of the reactor and tested at full power in 1999.

Characteristics of the cryogenic moderator for the IBR-2 reactor:
Moderating material
Cooling substance
Moderating material of a premoderator
Thickness of a water chamber
Volume of a methane chamber
Thickness of a methane chamber
Calculated working pressure
Temperature of methane in the operational

"Cold" mode
"Warm" mode

Operation life (for the reactor power up to 2 MW)

methane (CH4)
helium gas
light water
90 mm
1.2 litters
25 mm
0.6 MPa

30-35 K
60-70 K
5000 hours

The brief description of the cold moderator

The cryogenic moderator (See Fig.l) consists of
a) water premoderator,
b) methane cavity,
c) helium heat exchanger,
d) vacuum jacket,
e) beryllium blocks.

The water premoderator reduces generation of hydrogen in methane considerably,
with only moderate loss of cold neutron flux density.

The methane-helium chamber is the determining unit of the whole structure. The
vertical and horizontal cross sections of the methane-helium chamber are the squares 240 mm
by 240 mm.

The outer side of the methane-helium chamber has six 25 mm high edges of rigidity on
which 12 beryllium blocks hang.

The basic purpose of the beryllium blocks is to double the neutron flux due to
reflection of fast neutrons. Heat, the result of radiation heating of the beryllium blocks, helps
to form a slit gap between solid methane and the aluminum wall of the methane chamber.

This gap of 2-3 mm creates most favourable conditions for release of radiolytic
hydrogen from solid methane and prevents its accumulation inside the chamber.

Inside the chamber are 492 heat conductors made from pure aluminum. The heat-
conductors are the pivots with the diameter 2 mm and the height 23 mm in methane which
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have a threaded connection with the wall of a helium heat-exchanger. The heat conductors are
arranged with a step 10 mm.

On the upper side wall, the methane chamber has a pipeline for introducing methane
into the chamber and the release of gases.

The walls of the methane-helium chamber are made from aluminum alloy. The
thickness of the outer wall relative to the neutron flight direction is 5 mm.

Over the volume of the methane chamber there are 9 thermocouples for the continuous
control of temperature in the operational mode in the interval from 10 to 350 K.

The helium heat exchanger maintains the necessary thermal mode of operation of the
cryogenic moderator. The heat exchanger is made from aluminum alloy with a comparatively
high thermal conductivity at cryogenic temperatures, i.e., 270 W/m-K for 20 K. In the heat
exchanger, cooling helium is divided in two equal flows which move upwards along slit flutes
in two central sections cooling the wall of the methane chamber as well as methane by means
of heat-conductors. Then the flows turn by 180°, move along the slit flutes in the peripheral
sections of the heat exchanger and leave the exchanger through outlet pipes.

The simplified flow diagram of the CM is shown on the Fig 2.

Description of the modes of operation

It is planned to use the cryogenic moderator for 3 reactor cycles a year.
The reactor cycle is 250-280 hours. Thus, the operation life of the moderator is

6-7 years. Then, it must be put in a storage.
The modes of operation of the cryogenic moderator at the reactor power 2 MW are:

1) The "warm" operational mode. The temperature of methane is 60-70 K. The mode lasts
120 hours. Then, methane is reloaded.

2) The "cold" operational mode. The temperature of methane is 30-32 K. The mode lasts also
120 hours, but with 4-̂ 5 annealing when the methane temperature is held 65-75 K for an
hour. During annealing radiolytic hydrogen diffuses from the methane chamber.

3) The operational mode without methane in chamber; the water premoderator at 300 K
serves then as a thermal neutron source. The walls of the chamber are cooled with gaseous
helium filling the vacuum jacket of the chamber.

Operational parameters for operation of the cold moderator

The test period spanned a total three reactor cycles. The reactors power in cycles
varied from 0.2 to 1.5 MW, and the methane temperatures range was from 30 to 70 K. The
total energy obtained by the moderator during the test was 731 MWh.

Cold moderator operated for 216 hours at 30-40 K and for 242 hours at 60-70 K.
Also, CM was tested 295 hours without methane in chamber at the 1.5 MW power.

In all seven methane loading were condensed, six of which were of 32 mole, and one
of 22 mole. The main tasks to have had to be solved in the tests were:

measuring of neutron characteristics of the cold moderator,
determination of the effect of methane doping with ethylene to reduce hydrogen

production rate,
determination of the possibility of CM operation without methane in chamber,
assessment of the accumulation rate of solid radiolisis products.
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Neutron measurements

The neutron measurements were performed using spectrometers: YMO (beam 4),
FDVR (beam 5) and DN-2 (beam 6).During the trials in the reactor power mode, the spectral
gain factor in the neutron beam intensity was measured compared to the water grooved
moderator (Fig.9). Figure 4 depicts the spectra measured for three different CM states:
T=30 K, T=60 K, T=300 K (without methane).In addition to shifting of spectrum maximums
towards larger wavelengths as the temperature degreases, a specific characteristic is a strong
eat- away in the vicinity of beryllium boundary (X,=3.96 A, X=3,58 A, and X=3,46 A). Figure 5
illustrates the G-factor at transition from warm to cold state In the wave range from 1 A to
1.8 A G<1, from 2 A to 4 A grows from 1 to 10, and at X=6.5 A it reaches 20. A comparison
of spectra from a CM prototype and a regular CM is shown in Fig.6. It is seen that the regulur
CM gives a noticeable gain at X,<2.5 A and also at A>4 A; and also at A>8 A for which the
gain reaches 4.

Radiolytic hydrogen production rate

This value was estimated by measuring of pressure in a receiver builded up with a
released hydrogen. For a pure methane, hydrogen production rate was found to be:

— = (0,93 ±0,03)- 10~3-M(l + e~Q / Q ») (1)
dQ

where is an amount of molecular hydrogen (mol) produced per 1 MWh of reactor
dQ

operation; M is mass of methane (mol) loaded; Q is a value proportional to a burn-up of
methane, or, to an energy generated by the reactor, MWh; Qo=(55±5) MWh.

In the 5-th, 6-th and 7-th runs the chamber was loaded with a mixture of 95%-97.5%
methane and 2.5%-5% ethylene. The results of doping with ethylene on hydrogen are
illustrated in Fig. 10. The upper curve shows the release of hydrogen from pure methane.
Bottom curves shows the release of hydrogen from methane with additives of ethylene. It is
seen that reduced production rate (by-50%) occurs only over a period of -30 hours after
condensation of a fresh methane+ethylene mixture. Effect of doping is insensitive to the
concentrations explored.

Assessment of accumulation rates of solid radiolysis products

The amount of solid residue was determined by the method based on the extraction of
volatile radiolysis products. According to the literature, the main components are high-
molecular saturated hydrocarbons such as C20 and those higher up to polymers. The radiation
release of volatile products (mainly hydrogen) from such substances is G = 2-4
molecules/1 OOeV. For polyethylene, it is G = 3 or ~3 10"7mol/J. During the CM start-up, after
methane and low boiling-temperature products evaporated and high boiling-temperature
products were pumped out, the chamber was cut off the receiver and the solid residue was
subjected to irradiation at reactor power of 1.5 MW and temperature in the chamber of 340-
350 for 1 to 2 days. Observing changes of pressure in the chamber and tubes it is possible to
assess the amount of solid residue assuming that it is polyethylene with a formula:
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M ( t ) . ( v / T W d P / d . = 5 . l o 3 d P
R-GC H 2 -qv-3600 dp '

where (V/T)eff=0,067 1/K is the effective ratio of chamber + tubes volume (which is 9.1 1) to
temperature,
R=0.08055 1-atm/K is the gas constant
G is defined above, qv is a radiation dose rate in polietylene (0.06W/g)
DP/dt is the growth rate of radiolytic gas pressure in the chamber (atm/hr).

Under the condition that the chamber is pumped out for 10 to 12 hours after methane
evaporates in every loading, the accumulation rate of solid resins appeared to be of the order
of 2 g per 4 days of irradiation, i.e., 12 g per one year of CM operation. If the chamber is not
pumped out the accumulated amount of resins will be about 100 g per year.

The final product, carbon black, will be accumulated in the chamber at the rate
~ 10 g/year (in 3 reactor cycles of CM operation)

Conclusions

A new solid methane cold moderator installed at the IBR-2 reactor has provide
substantial gains over the routine water grooved moderator and previous prototype of the cold
moderator.

Presently, experiments on study of CM performances is proceeded. More detailed
investigation of effects of scavengers are planned with a broader range of concentration. In
addition, optimal amount of the methane in chamber will be defined to make the cold neutron
flux the highest.
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Abstract

Following the shutdown of the High Flux Beam Reactor (HFBR) it has been proposed to
substitute the reactor based source with a CW accelerator driven source. Both sub-critical
assemblies and spallation sources have been explored. The accelerator driven sub-critical
assemblies include a spallation neutron source surrounded by a sub-critical blanket. The
neutron source is a bed of randomly packed I84W spheres cooled by heavy water. The sub-
critical blanket consists of a co-axial bed of randomly packed coated graphite spheres, which
have been infiltrated with uranium carbide. The uranium is 20 % enriched, and has a volume
averaged density of 1.0 g/cc. The spallation source only option consists of a target design
which is conceptually the same as the neutron sources, described above, used in the driven
sub-critical sources. The surrounding reflector in both cases consists of an inner Be/D2O
volume and a larger D2O outer volume. Both volumes are co-axial with the source.

A series of calculations was carried out for the driven sources in which the proton energy was
varied (500 MeV<Ep<1000 MeV) and the power adjusted to achieve a thermal neutron flux of
10'5 n/cnr-s in the outer reflector volume. The flux level and total power are comparable to
the original HFBR operating point. The spallation only source was limited to an accelerator
power of 10 MW and a proton energy of 1000 MeV.

The shielding surrounding the target was also investigated. The existing HFBR facility
shielding was compared to shield designs consisting of light water and stainless steel, with an
inner and outer lead layer.

Introduction

The High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory (BNL) was
permanently shutdown in 1999. This reactor was a steady state neutron source used to carry
out a variety of fundamental experiments in physics, biology etc., and when operating at its
rated power of 60 MW, was able to generate a peak thermal flux in the reflector (useful to
experimenters) of approximately 1015 n/cm2-s [1]. In addition to thermal neutrons, cold
neutrons thermalized in a cryogenic moderator (liquid hydrogen) were also available. A
vertical section through the reactor and shield is shown on Fig. 1. Since its shutdown a variety
of accelerator driven replacement sources have been studied. These include sub-critical targets
driven by a spallation source, and a spallation only source. Advantages of a driven sub-critical
source are:
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1) It is easier to control compared to a critical reactor (no control system etc.),

2) Since it is significantly sub-critical, criticality initiated and driven accidents can be ruled
out,

3) Due to the source multiplication effect, a less powerful accelerator is sufficient for this
application compared to that required for a spallation only source, for the same performance.
This has cost, materials, and source brightness implications.

However, despite the above advantages essentially the same mass of fission products will be
generated compared to a critical reactor, since the sub-critical blanket is expected to operate at
similar power and power density as a critical system. The spallation only source has the
unique advantage of generating essentially no fission products (fission being a rare event in a
spallation target at the proposed proton energy). However, spallation products will be
generated, which are similar in nature to fission products but have advantages regarding decay
heat production and decay time.

All the spallation targets to be considered below consisted of randomly packed beds of I84W
spheres cooled by D2O, contained in a stainless steel vessel. The target cross section in the
direction of the proton beam was sized to be approximately consistent with an average proton
current per unit window area of 0.2 A/m2. This criterion could not be satisfied for all cases,
since the accelerator power requirements to achieve the desired performance goals out grew
the window size. This degradation in performance will be discussed below. The sub-critical
blanket consisted of a randomly packed bed of coated graphite spheres, infiltrated with
uranium carbide. The uranium is assumed to be enriched to 20 % in the fissile isotope 235U, in
order to render it acceptable as a non-proliferative fuel form. There are several coating layers
on the surface of the fissile material containing graphite kernels. The most likely combination
would consist of a pyrolytic carbon layer followed by a layer of silicon carbide. The blanket
is configured as a coaxial volume which contains the coated graphite spheres and surrounds
the spallation source. It is cooled by D2O flowing radially through the bed from the outside to
the inside and out past the outside of the spallation source. The blanket and spallation source
are assumed to have separate cooling loops. In all cases the neutron generating volumes are
surrounded by an inner and an outer reflector. The inner reflector consists of a mixture of
beryllium spheres and heavy water, and the outer reflector consists of pure heavy water. In
one case (spallation only) the source was surrounded only by heavy water, as a comparison to
the two stage reflector concept.

In order to judge the performance of the existing HFBR shield, and alternative shield
concepts, the dose due to neutron and gamma-ray leakage from the source in rads/s deposited
in water at the outer edge of the shield was determined. The unacceptably high dose for
accelerator driven targets shielded by the currently installed concrete shield necessitated the
use of alternative shield concepts. In the current study a stainless steel water mixture (35 %
H2O - 65 % stainless steel) surrounded by an additional 10 cm of lead, was considered for the
case using a spallation only neutron source. The acceptable performance of this concept would
require the removal of the existing concrete shield and indicates that acceptable shield
concepts for this application are possible.
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All the calculations reported in this paper were carried out using a combination of LAHET
2.8.3 and MCNP-4B, or MCNPX [2,3,4]. These code packages are compatible and the
individual application was based on convenience. The heat transfer and fluid dynamic
estimates were carried out using correlations for pressure drop and Nusselt number in
randomly packed beds of spheres. The heat deposition in the target, window, and blanket were
determined by the above code packages.

Driven Sub-Critical Blanket Systems

As described above these systems all have a centrally located spallation source surrounded by
a sub-critical blanket and a reflector. In order to determine the size of the system the following
steps had to be carried out:

1) Determine the window area assuming an accelerator power, proton energy, and a window
current density limited to an average of 0.2 A/m2,

2) Configure the spallation source diameter, length, and composition. This step also includes
any structural size and material definitions,

3) Configure the surrounding blanket consisting of fissionable material, coolant, structural
material, and reflector arrangement, and

4) Determine the multiplication factor (ke) of the entire system.

Steps 3 and 4 will generally need to be carried out several times until an acceptable value of ke

is achieved for the entire system. In the configurations of interest in this study a value of ke =
0.975 was used. This required a blanket with a volume of 30 litres with an inner diameter of
17.5 cm, an outer diameter and height of 36.7 cm. The fuel consists of graphite spheres with
uranium carbide infiltrated into the naturally occurring void spaces in the graphite. The
spheres will be coated with an appropriate layer which is impervious to the transport of fission
products. Pyrolytic carbon applied by the chemical vapor deposition method has been used in
the past for this purpose, and could be used in this application as well. Finally, a coating of
silicon carbide will be applied to the outside to act as a final fission product barrier, and as a
pressure vessel to contain^any build up of pressure due to the generation of volatile fission
products. This pressure is not expected to be very high in this particular application since
there is a substantial void in graphite (~ 25 %), and this can be increased by various means to
further reduce the internal pressure from fission product generation. The spallation source
consisted of a cylindrical shape 10.0 cm in diameter and 54.0 cm long. The inner reflector
extended out to a diameter of 90.8 cm and had a height of 88.8 cm. The proton beam was
brought in from the bottom. Finally, the heavy water reflector extended out to a diameter of
200 cm. The entire assembly was surrounded by a 20 cm thick inner lead shield, to reduce the
gamma-ray heating on the outer shield. This was followed by either the, currently in place
HFBR concrete shield, or an alternative light water and stainless steel shield followed by a 10
cm thick lead shield. The latter lead shield is used to attenuate the 2.2 MeV capture gamma-
ray resulting from neutron captures in the hydrogen of the light water. Fig. 2 shows a vertical
section through a typical source.
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Three systems, assuming proton energies of 1000 MeV, 750 MeV, and 500 MeV respectively
were investigated. The overall goal was to achieve a thermal neutron flux of 10ls n/cm2-s in
the outer (heavy water) reflector. This performance is comparable to the HFBR operating at
full power. In addition, the current density on the window of the spallation target was limited
to an average of 0.22 A/m2. The results given in Table 1 satisfy the current density
requirement, while the results given in Table 2 show the implications of requiring the thermal
flux goal to be satisfied. Table 3 shows the radial variation of the thermal neutron flux at
selected locations at the blanket mid-plane. The position of these locations pass through both
the inner (Be-D2O) and outer (D2O) reflectors. The first practical location for a beam tube
would in all likelihood be the first radial position (50.7 cm) in the outer reflector. Irradiation
thimbles could be placed at closer locations in the inner reflector.

Table 1 - Results for cases with same proton current density on window
(Average current density = 0.22 A/m2)

Case number 1
Proton Energy (MeV) 1000
Accelerator Power (MW) 1.52
Target thermal power (MW) 0.77
Blanket Power (MW) 60.2
Max. Thermal Flux (n/cm2-s) 10'5

The results shown in Table 2 assume a constant maximum thermal flux in the outer (heavy
water) reflector

Table 2 - Results for cases with constant maximum thermal neutron flux
(4>max=lO15n/cm2-s)

Case number 1
Proton Energy (MeV) 1000
Accelerator Power (MW) 1.52
Target thermal power (MW) 0.77
Window Current 0.22
Density (A/m2)
Blanket Power (MW) 60.2 60.2 60.2

The thermal neutron flux at selected radial positions from the proton beam centerline in the
inner and outer reflector are shown in Table 3. These values all assumed an average proton
window current of 0.22 A/m2.

2
750
1.14
0.7
43.1
7.2xlO14

3
500
0.76
0.56
24.5
4.1xlO14

2
750
1.59
0.98
0.31

3
500
1.87
1.37
0.54
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Table 3 - Cell averaged thermal neutron flux as function of radial distance
from beam centerline

Mean Radius
32.9
50.7
60.5
71.5
82.5
94.0

1000 MeV
1.8(15)*
1.0(15)
7.2(14)
4.9(14)
3.1(14)
1.7(14)

(n/cm-s)
Case
750 MeV
1.3(15)
7.2(14)
5.2(14)
3.5(14)
2.3(14)
1.2(14)

500 MeV
. 7.2(14)

4.1(14)
2.9(14)
2.0(14)
1.3(14)
7.1(13)

Reflector
Inner
Outer
Outer
Outer
Outer
Outer

* 1.8(15)= 1.8x10"

The power distribution in the fissile blanket will be approximately dish shaped, with a peak
around the outside circumference of the co-axial shaped volume, a minimum at an
intermediate radius and a less pronounced peak along the inner circumference of the volume.
The average power density in the blanket is 2 MW/liter. The highest power density will occur
along the inlet surface where the coolant temperatures are the lowest and the pressures are the
highest (Tsa, at this location will be furthest from the particle surface temperature), thus boiling
is less likely. At the outlet the temperatures are the highest and the pressures are the lowest
and it is here were the possibility of coolant boiling will be investigated. Based on values
measured at the HFBR the peak/average power can be expected to be approximately 3. Thus,
the power density along the outside of the blanket will be approximately 6 MW/liter, and
along the inside it will be close to 2 MW/liter.

In determining the parameters of a particle bed the particle size and coolant velocity are
primary values from which the bed pressure drop and surface film temperature drop can be
determined for a given coolant type. It is important to minimize the pressure drop (to reduce
the forces, and the implied loads on the structural components), and simultaneously to
minimize the film drop in order to avoid coolant boiling at the particle surfaces. Boiling can
be suppressed by operating at elevated pressures. However, this option is not very desirable,
since pressure vessels would require thicker walls in this case, which implies added radiation
heat deposition, and increased thermal stresses. The coolant velocity is determined by the
requirement to remove the heat generated in the volume. Assuming inlet and desired outlet
conditions the enthalpy rise per unit mass of coolant can be determined and given the total
power the mass flow rate and the velocity follow. Based on known correlations it can be
shown that for a bed of randomly packed particles the pressure drop [5] and film temperature
drop [6] vary in the following ways as functions of particle diameter and velocity.

Ap~ V2/dp

A T - dp
5/4/V3/4

where
Ap = Pressure drop across bed
AT = Film temperature drop between coolant and particle surface
V = Average coolant velocity
dp = Particle diameter
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The above relationships indicate that it is not possible to simultaneously minimize both the
pressure drop and film temperature drop, and thus a compromise is required.

The average coolant mass flow rate, particle diameter, and operating points for the highest
power density blanket (60 MW), and spallation neutron source (1.52 MW) are given below.

Blanket Parameters

Coolant mass flow rate (kg/s)
Particle diameter (mm)
Inlet temperature (°C)
Inlet pressure (bar)
Outlet temperature (°C)
Outlet pressure (bar)
Outlet film drop (°C)
Outlet particle surface temperature (°C)
Outlet condition saturation temperature (°C)

361.2
3.0
20
19
60
6
26.3
86.3
158

In the case of the spallation targets the dominant power variation will be assumed to be axial
along the direction of the proton beam. This maximum occurs approximately 4 cm from the
window for the case that will be considered (although this case is not a likely practical
configuration due to the high average proton beam current per unit area of window). The
implied power density at this location for this case is 0.66 MW/liter. The coolant mass flow,
particle diameter and operating parameters are given below.

Spallation Target

Coolant mass flow rate (kg/s)
Particle diameter (mm)
Inlet temperature (°C)
Inlet pressure (bar)
Outlet temperature (°C)
Outlet pressure (bar)
Outlet film drop (°C)
Outlet particle surface temperature (°C)
Outlet condition saturation temperature (°C)

9.15
5.0
20
7
60
6
30
90
158

The above operating points indicate that in both cases the particle surface temperature is well
below the saturation temperature, thus avoiding the onset of coolant boiling. The
complications associated with coolant phase change are not desirable, and can lead to
undesirable mechanical loads. Notice that particle diameter used in the fissile blanket is
smaller than the diameter used in the spallation source. This reduction in diameter is
necessitated by the requirement that the particle surface temperature be below the saturation
temperature at all locations within the bed. Since the power peaks on the outer edge of the
blanket the highest film drop occurs at this location. However, the coolant temperature and
pressure are at inlet conditions at this location (lowest temperature and highest pressure), thus
the saturation temperature will be the highest value, and that a large film drop can be tolerated
before the onset of boiling. The reduction in particle diameter implies a higher pressure drop
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across the blanket, and to result in reasonable conditions at the outlet a higher inlet pressure is
implied. The coolant outlet conditions are essentially the same for the blanket and the
spallation source.

The proton window will be a double walled structure of Inconel, with a separate cooling
channel between the walls. This design is used at other accelerator facilities, and thus with an
average current density of 0.22 A/m2 a practical design should be possible. Higher current
densities (significantly higher than the current accelerator experience) or different window
materials (beryllium or carbon/carbon) will require a window development program.

Spallation Target System

The spallation source remains in the same location, and the fissile blanket is replaced by an
extended inner reflector. In all these systems it was assumed that the accelerator has a power
of 10 MW, the proton energy is 1000 MeV, and that the average proton window current is
limited to 0.2 A/m2. The target is assumed to be rectangular in shape, and thus the other
parameters of interest are the aspect ratio of the rectangular shape, and the particle diameter.
Once these parameters are fixed the pressure drop and film temperature drop can be
determined, and finally the system pressure can be specified, the magnitude of which has to be
sufficient to prevent boiling on the particle surfaces.

Based on the above window current limit, proton energy, and accelerator power the beam
footprint on the window will be 500 cm2. Two target configurations will be examined in this
study. The first will be rectangular with dimensions of 10 cm x 50 cm, and the second will be
essentially square with dimensions of 20 cm x 25 cm. The coolant flow is arranged to flow
across the shortest distance in both cases, and thus for the same particle diameter and flow rate
the first configuration will have half the pressure drop of the second configuration. In a
practical sense it will be possible to place beam tubes closer to the target in the second case
than the first case, and thus it should be possible to achieve higher thermal neutron fluxes in
the second configuration. However, it might be possible to arrange for irradiation ports close
to the target in the first case. Fig. 3 shows a vertical section through the 20 cm x 25 cm source.

Results of the thermal flux calculations carried out for the above targets are shown on table 4,
as a function of radial position and azimuthal angle.
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Table 4 - Thermal flux as function of radial position and azimuthal angle for three spallation
source configurations.

Radius/Azimuthal
angle

27.7/0°, 180°
27.7/90°,270°

3 8.9/0°, 180°
38.0/90°,270°

50.7/0°,180°
50.7/90°,270°

60.5/0°, 180°
60.5/90°,270°

71.5/0°,180°
71.5/90°,270°

82.5/0°, 180°
82.5/90°,270°

94.0/0°, 180°
94.0/90°,270°

10x50
Inner: Be/D
Outer: D2O

-

4.858(14)
4.753(14)

3.022(14)
3.323(14)

2.30(14)
2.554(14)

1.638(14)
1.810(14)

1.106(14)
1.214(14)

6.325(13)
6.884(13)

Target description
20x25

2O Inner: Be/D2O
Outer: D2O

7.474(14)*
6.628(14)

4.852(14)
4.720(14)

2.987(14)
2.951(14)

2.262(14)
2.249(14)

1.616(14)
1.60(14)

1.089(14)
1.079(14)

6.238(13)
6.173(13)

20x25
Inner: D2O
Outer: D2O

6.874(14)
6.142(14)

5.412(14)
5.210(14)

3.80(14)
3.741(14)

2.873(14)
2.844(14)

2.027(14)
2.018(14)

1.354(14)
1.354(14)

7.685(13)
7.690(13)

* 7.474(14) = 7.474 x 1014

The above results indicate that the azymuthal variation of the thermal neutron flux is only
significant at the first radial position. At this point the a2ymuthal change is approximately 10
% and then decreases quite rapidly. The highest practical thermal neutron flux is seen to be
approximately 30 % below that of the HFBR when it is operating at full power. Methods of
increasing this flux have not been explored, and it felt that it should be possible to further
increase the flux by using a target material which has lower parasitic neutron absorption, or
using a two stage target with an inner high production volume (large n°/p+) surrounded by a
volume with a lower parasitic capture cross section, but still capable of producing neutrons.

The maximum axial power density in the targets considered in this section are of similar
magnitude as those determined for the targets discussed above. The maximum power density
is 625.0 W/cm3, which is essentially the same as for the spallation source outlined above. This
is a reasonable result, since the average window current density is essentially the same, and
thus one would expect that the spallation rate behind the window would be the same,
assuming the same target material. Since it was possible to cool the above mentioned targets,
this target should also be cooled, using the same parameters as the shown in the table above.
The window cooling should also not be any different, since the average current density,
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material, and material thickness are all assumed to be the same. More detailed analyses will be
carried out in the next stage of the design.

Shielding Study

Shielding which surrounds the HFBR core and reflector, and is currently in place, consists of
an inner lead layer (~ 25 cm) which protects the remaining shield from the leakage gamma-
rays , and a thick (~ 225 cm) concrete layer to attenuate any neutrons leaking out. The
performance of any alternative designs will be measured relative to the performance of this
configuration. At this stage there is only one alternative concept, which consists of a mixture
of stainless steel and light water (35 % H2O/65 % stainless steel), and an additional lead (10
cm thick) layer placed around the outside. The thickness of the water/stainless steel layer must
be determined. It is expected that the light water will reduces the energy of the leakage
neutrons, which are then absorbed by either the iron in the steel or the hydrogen in the water.
The outer lead layer is there to ensure that any of the capture gamma-rays generated in the
shield are attenuated before they have a chance to leak out.

A series of shield calculations was carried out using the configuration consisting of a centrally
located spallation neutron source surrounded by a blanket. All these estimates used the
existing HFBR shield, the only variable being the energy of the incoming proton. The
measure of performance in all shield comparisons was the dose in rads/s expected on the outer
periphery of the shield. This determination was made by estimating the dose in a layer of light
water immediately surrounding the shield at this location. Furthermore, this location
corresponds to the experimental floor, and is thus a measure of the expected human dose on
the experimental floor.

The results of this first series of calculations is given below for three proton energies.

Table 5 - Dose as a function of proton energy for the existing HFBR shield
(rads/s)

Proton energy Accelerator power Shield description Dose (n° and y)
(MeV) (MW)
1000 1.52 25 cm Pb/225 cm Concrete 0.015
750 1.59 Same 0.012
500 1.87 Same 0.006

These results indicate that the dose is unacceptably high, and since the shield configuration
yields acceptable dose values for reactor conditions, the significant doses with a spallation
source are due to high energy neutron leakage. However, they indicate quite clearly that the
dose is reduced by reducing the proton energy.

A comparison between the existing HFBR shield and the alternative shield configuration
described above was carried out using the 1000 MeV spallation only source.A total
accelerator power of 10 MW was assumed for all these cases. The results are given below in
table 6:
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Table 6 - Comparison between current and alternative shield designs
(rads/s)

Shield description Dose (n° and y)
Current design (20 cm Pb;225 cm Concrete) 0.267
Alternative (20 cm Pb;225 cm Steel/water) 0.001
Alternative (20 cm Pb;380 cm Steel/water; 10 cm Pb)

It is seen that the dose from a 1000 MeV spallation only source surrounded by the standard
HFBR shield is extremely high. However, substituting the stainless steel/light water
combination in place of the concrete reduces the dose, and increasing the thickness of the
steel/water region to 380 cm essentially eliminates the dose. This extended shield
configuration can be constructed in the existing facility, provided that the exiting concrete
shield is removed.

This is not the only alternative design of the shielding and a more exhaustive study would
consider other designs.

Future Work

Described above are two possible conceptual designs of possible replacements for the steady
state neutron source supplied by the HFBR. In these studies no effort has been made to
optimize the design in any way. Only broadly defined limits were put on the designs in order
to ensure that they were practical from both a neutron flux, and an engineering point of view.
Future work will include studies on the following topics.

1) Spallation targets

The spallation target assumed above could be replaced by either a liquid metal target (Pb/Bi
eutectic), or a two stage target consisting of an extremely dense core (W spheres cooled by
liquid metal); surrounded by a less dense volume with lower parasitic absorption. The first
target would be an alternative for relatively low proton energies since the liquid density ~ 11.5
g/cm3, and the implied nuclide number density is ~ 0.033 atoms/b-cm. The second
configuration would be better suited to a higher proton energy, since the average density is
expected to be ~ 16.3 g/cm3. Heat removal will play a pivotal role in choice of target
configuration.

2) Blanket fuel management

The fissile material will be depleted at the rate of approximately 60 g fissile material/day
(assuming I MW ~ 1 g 235U per day). In addition, the mass of fission products increases
monotonically with time. The loss of fissile material and the increase in fission products both
tend to decrease the value of the multiplication constant (ke) The fissile material must
therefore be continually replaced, or following a prescribed reduction in the value of ke the
source is shutdown and a fresh fissile load is introduced. The management of the fissile
material in the blanket has not been addressed in this paper, and will be the subject of the next
phase of the study.
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A variety of possibilities for managing the coated fissile graphite particles exist. First the
continual replacement of the particles will be studied, this is not different, in principle, from
the method used in the demonstration reactor AVR. Second, the batch replacement of the
entire particle load is comparatively easy since the particles could be removed and added
hydraulically, implying an extremely short shutdown of the source for re-fueling.

3) Window design concepts

Currently designed windows consist of a two walled structure (generally of Inconel-718), with
demineralized water coolant flowing between the walls. As the pressure of the target volume
increases it becomes necessary to increase the wall thicknesses, leading to increased heat
deposition in the walls and increased thermal stresses, which add to the mechanical stresses.
An alternative concept consisting of an outer wall of a low "Z" material (to minimize heating)
followed by alternating layers of coolant (water) and Inconel, which carries the load, will be
investigated. In this manner the layer which is only cooled on one face would have a
minimum of heating and the thicker load bearing layers would be cooled on both faces. The
final metal layer could again be made of low "Z" material, depending on the details of the
target internal design.

4) Alternative shield concepts

The shield which is in place at the HFBR facility was designed to shield against radiation
leaking out of a reactor based source. This is limited to well thermalized neutrons and gamma-
rays with a peak at approximately 1 MeV. In the case of spallation based sources there is a
high energy neutron flux, well beyond the energy of neutrons leaking from reactors, which
require special attention. Generally these neutrons are shielded by thick (~ 5 m) iron shields
surrounded by concrete (~ 1 m). In the exploratory study outlined above an alternative shield
composition consisting of a water and stainless steel mixture showed positive results with
significantly thinner shields. The thickness of the shield is an important factor in this
application, since the facility already exists, and for selected applications distance from the
source reduces the brightness of the source. In addition to this concept other concepts will be
investigated for application to this problem.

Finally, a sub-critical blanket source driven by a neutron source which is not based on the
spallation reaction will be investigated. It is possible to generate neutrons using photons with
energies above ~ 8 MeV from most nuclides; except Be and D which require photons of- 1.7
MeV and 2.2 MeV respectivly. It is possible to generate photons of the appropriate energy by
impinging high energy electrons on a heavy target (i.e. Ta). The neutron source has an energy
spectrum very much the same as fission neutrons,- and thus the existing shield at the HFBR
facility could be used. The disadvantage of this type of source is the relatively short stopping
distance of electrons in a heavy metal target, implying extremely high power densities. In
addition the neutron production (n°/e") is relatively inefficient, thus requiring an extremely
high electron current to generate sufficient neutrons to drive the sub-critical blanket. This
situation could be ameliorated by operating the blanket at a higher value of ke (ke= 0.985), but
this possibility is limited by the desire to stay sufficiently below unity to rule out any safety
hazard. This option will also be studied as an alternative to the shielding problem; and to
determine the maximum possible neutron flux, and target heat removal.
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Conclusions

The following conclusions can be drawn from this preliminary study:

1) It is possible to design a steady state neutron source to match the performance of the HFBR
using an accelerator with a power less than 2 MW driving a target surrounded by a fissile
blanket,

2) A spallation only based source will require an accelerator power equal to or greater than 10
MW to achieve the same performance as the HFBR,

3) The shielding currently in place at the HFBR is optimized for a reactor based source and
will have to be removed and re-constructed if a spallation based source is used, and

4) Alternative solutions to the short coming posed by the current shield are possible within the
HFBR facility.
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Figure 1: Elevation of the Reactor Vessel Shielding,
Showing a Typical Beam Tube, Shutter, and Thimble
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Figure 2: Spallation Neutron Source Surrounded by a Fissile Blanket
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Proton Beam

Figure 3: Spallation Only Neutron Source
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Abstract

Successful operation of the Spallation Neutron Source (SNS) Facility in Oak Ridge,
Tennessee depends on providing guide systems that channel neutrons to each experimental
instrument position with a minimum loss in flux. These guide systems originate
approximately lm from the moderator and pass through Shutter Gates. The guide sections
passing through the Shutter Gate, called Shutter Inserts, align with features separate from the
Shutter Gate. These features are located on the first guide section called the Core Vessel
Insert. This arrangement accommodates accurate alignment of the guide system without
requiring accurate alignment of the heavy Shutter Gate. These Core Vessel and Shutter
Inserts are being developed for the SNS Facility and will be tested in the Design Validation
Test Stand (DVTS). This paper addresses the DVTS Core Vessel and Shutter Inserts.

Overview and Design Objective

The Spallation Neutron Source (SNS), being constructed in Oak Ridge, Tennessee
will be a world-class facility with the world's most powerful pulsed neutron source. The
High Power Target Station will provide (up to 24) different pulsed neutron beam lines
allowing the use of a wide range of neutron scattering instruments for experimenters to
conduct research. Most of these neutron beam lines are equipped with guide systems that
originate approximately lm from any of the four moderators. The first guide sections, closest
to the moderators, consist of two subassemblies known as the Core Vessel Insert and the
Shutter Insert. These sections, that will be tested in the Design Validation Test Stand
(DVTS), are illustrated in Figure 1. In the SNS Facility, these work in conjunction with the
Shutter to turn the neutron beam off and on to allow the replacement of samples and
instruments. The Shutter Gate blocks the neutron beam when the Shutter Gate is in the upper
position. The neutron beam passes through the Core Vessel Insert and the Shutter Insert
when the Shutter Gate is in the lower position. The Core Vessel Insert and the Shutter Insert
must be aligned with the beam center line within ± 1 mm when the Shutter Gate is in the
open position (Shutter Gate down). The Core Vessel Insert is mounted to the Core Vessel
flange and is accurately positioned by two alignment dowel pins. A special alignment system
is provided to accurately align the Shutter Insert.

Design Philosophy

Alignment is one of the most challenging issues involving the Shutter Insert design.
Several factors prohibit precise alignment of the Shutter Gate from being a viable option for
providing alignment of the Shutter Insert. First, the Shutter Gates weigh as much as 39,000
kg, making positioning of the Shutter Gate extremely difficult. Second, the Shutter Gate is
guided in rails with a clearance of 3 mm and a straightness of only ± 3 mm. In addition, each
end of the Shutter Insert must be positioned to within ± 1 mm. Obviously, this alignment

- 1052 -



JAERI-Conf 2001-002

requirement is nearly impossible to meet if the Shutterlnsert is mounted rigidly in the Shutter
Gate. A simple solution to this situation is to allow the Shutter Insert to float within the
Shutter Gate and to use an independent set of alignment supports to provide accurate
alignment when the Shutter Gate is in the open (down) position. Verifying the operation of
this design is the main objective of the DVTS.

SINGLE CORE VESSEL
INSERT ASSEMBLY

SINGLE SHUTTER
NSERT ASSEMBLY

SHUTTER INSERT
ADJUSTMENT ASSEMBLY

SHUTTER GATE OUTBOARD
GUIDE RAIL

Figure 1. DVTS Core Vessel Insert and Shutter Insert Installation

The Shutter Insert rides inside a stepped through-hole formed in the Shutter Gates.
This stepped through-hole has a cross section that is approximately 25 mm larger in width
and height than the cross section of the Shutter Inserts. This arrangement allows the Shutter
Insert to move (float) within the Shutter Gate through this hole, allowing the alignment
supports to engage when the Shutter Gate lowers to its open position. When the Shutter Gate
is in the down position the neutron beam passes through the Core Vessel Insert and the
Shutter Insert allowing researchers to perform their experiments. When the Shutter Gate rises
to its upper position, the beam is completely blocked by the Shutter Gate. This position
allows replacement of samples and instruments.

The Shutter Insert is equipped with two sets of mounts. One set of mounts supports
the Shutter Insert when the Shutter Gate is in the upper position. These mounts consist of
three ball transfers that are mounted in the bottom side of the Shutter Insert. As the Shutter
Gate rises, these ball casters engage into counterbored contours that are formed in the Shutter
Gate stepped through-hole. The diameter of these counterbored contours are sized to allow
the Shutter Inserts lateral motion within a 16mm diameter zone. This arrangement is shown
in Figure 2. The second set of mounts consists of the alignment supports. The Shutter Insert
rests on the alignment supports when the Shutter Gate is in the down position (beam open).
When the Shutter Gate is lowered to its down position, the Shutter Insert alignment supports
engage mounting surfaces on the Core Vessel Insert and the Adjustment Mechanism. The
Adjustment Mechanism is mounted on the Shutter Gate outboard guide rail. These supports
provide accurate alignment of the Shutter Insert.
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SHU'fJEH INSERT BALI TRANSFERS REST IN COUNTF.R&ORE
TO LIMIT MOTION WHEN IN I HE CLOSED POSITION

CORE VESSEL INSEST-. SHUTTER INSERT
BALL TRANSFER

COUNTERBORE-' SHUTTER GATE-

Figure 2. DVTS Shutter Insert Ball Transfer Supports

Shutter Insert

The Shutter Insert alignment supports consist of a classic kinematics mounting
system. These alignment supports are illustrated in Figures 3, 4 and 5. Three spherical
mounting surfaces are located on the Shutter Insert. These three spherical mounting surfaces
interface with mating surfaces when the Shutter Gate is in the open position. Two of these
spherical mounting surfaces interface with mating surfaces on the Core Vessel. The third
spherical mounting surface rests in the adjustment mechanism. The two spherical mounting
surfaces that interface with the Core Vessel Insert rest in a tapered contour and on a flat
surface. The spherical mounting surface that interfaces with the Adjustment Mechanism

S E E D E T A I L

T H E S H U T T E R INSERT R I G H T S I D E IS S U P P O R T E D
B Y T H E S P H E R I C A L M O U N T R E S T I N G IN THE.

CORE." V E S S E L C O N I C A L S O C K E T W H E N S H U T T E R
G A T E IS IN T H E O P E N P O S I T I O N

SPHE R If.AI MOUNT I N-
CONICAL SOCKE.T

DETjx I L

Figure 3. DVTS Shutter Insert Right Alignment Support

rests in a v-groove. Each mounting surface is hardened to RC 45 to 50 to insure that no local
yielding occurs. The spherical radii were sized to insure that the maximum contact stress in
the alignment supports is less than 135,000 PSI, assuming the Shutter Insert is completely
filled with steel shielding material.
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THE S H U T T E R INSERT -LEFT SIDE IS S U P P O R T E D
BY T HE S P H E R I C A L M O U N T R E S T I N G ON THE FLAT

S U R F A C E OF THE CO R E V E S S E L W H E N THE
SH U T T E R GATE IS IN THE OPEN POSITION)

CORE VESSEL INSERT-''
•SHUTTER INSERT

AUXlL lAftv VIEW
SCALE 0.125

SPHERICAL MOUNT
ON FLAT SURFACE

DETAIL

Figure 4. DVTS Shutter Insert Left Alignment Support

:ORE VESSEL INSERT
SHUTTER IMSERT-

THE SHUTTER INSERT REAR
IS SUPPORTED BY A BALL
RESTING IN A GROOVE
IN THE OPEN POSITION

C-*
SEC7I0N A-A

SECTION C-C

Figure 5. DVTS Shutter Insert Rear Alignment Support

Two styles of Shutter Inserts will be provided. One style will accommodate a single
beam line and the other style will accommodate two beam lines. The single beam line
Shutter Insert weighs approximately 3,700 kg. The double beam line Shutter Insert weighs
approximately 7,700 kg.
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Core Vessel Insert

The Core Vessel Insert is attached to the Core Vessel flange by four-threaded studs
that protrude from the Core Vessel flange. A double Helicoflex™ metal o-ring seals the
mating flanges. The Core Vessel flange is equipped with tubing to accommodate cooling,
vacuum and helium supply. Two lines are coolant supply and return lines, two are helium
supply lines and one is the vacuum supply between the double o-ring seals.

The Core Vessel Insert is also equipped with mounting surfaces that interface with
two of the Shutter Insert spherical mounting surfaces. One of the surfaces consists of a
conical socket as illustrated in Figure 3. These surfaces are hardened to RC 45 to 50 to insure
that no local yielding occurs.

Two styles of Core Vessel Inserts will be provided. One style will accommodate a
single beam line and the other will accommodate two beam lines. The single beam line Core
Vessel Insert weighs approximately 1,250 kg. The double beam line Core Vessel Insert
weighs approximately 1,900 kg.

SHUTTER INSERT ADJUSTMENT MECHANISM PROVIDES
0.75 INCH VERTICAL AND HORIZONTAL ADJUSTMENT

T H U U D t D iHSEDT
SLIDING BLOCK

ASSEMBt

EACH SLIDE BLOCK IS GUIDED 3T A CAM ROLLERS
AND TWO BEAR IMG PLATES

AUXILIARV VIE* SECTfON 1-1

Figure 6. Shutter Insert Adjustment Mechanism

Adjustment Mechanism

The adjustment mechanism is mounted on the Shutter Gate outboard guide rail as
shown in Figure 1. The rear spherical mounting surface of the Shutter Insert rests in a v-
groove that is formed by chamfers on two sliding blocks. This arrangement is illustrated in
Figure 6. The sliding blocks are driven by drive screws and guided by a set of cam followers.
The drive screws are positioned so that the slide blocks are driven inward and outward along
a 30-degree angle. The rear spherical mounting surface (Rear Alignment Ball) moves
vertically when the sliding blocks are driven in the same direction, either in an inward or
outward direction. As the slide blocks are driven inward (toward each other) the v-groove
closes inward causing the Shutter Insert rear spherical mounting surface to rise. As the slide
blocks are driven outward (away from each other) the v-groove opens outward causing the
Shutter Insert rear spherical mounting surface to fall vertically. When the sliding blocks are
driven in opposite directions, the rear spherical mounting surface moves laterally. The
adjustment mechanism provides the capability to reposition the Shutter Insert rear spherical
mounting surface of the Shutter Insert to any position within a 19 mm diameter circle. The
chamfered surfaces forming the v-groove are hardened to RC 45 to 50 to insure that no local
yielding occurs.
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Construction

Both inserts are constructed using conventional construction practices and materials.
Each insert is fabricated from carbon steel welded construction and stress relieved to remove
any local residual stresses and to eliminate the possibility of local yielding. The maximum
bending stress in these welded members is also limited to 12,000 PSI to eliminate the
possibility of yielding. The Core Vessel flange is constructed from stainless steel to
accurately represent the facility Core Vessel flange during seal testing. The Core Vessel
flange and the main Core Vessel Insert flange will be fabricated with a flatness of 0.001 of an
inch to accommodate the double o-ring Helicoflex™ seal requirements. All carbon steel
components will be nickel plated to minimize corrosion.
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Abstract

The new high flux research reactor of the Technical University of Munich (Technische
Universitat Munchen, TUM) will be equipped with a cold neutron source (CNS). The centre
of the CNS will be located in the D2O-reflector tank at 400 mm from the reactor core axis,
close to the thermal neutron flux maximum. The power of 4500 W developed by the nuclear
heating in the 16 litres of liquid deuterium at 25 K, and in the structures, is evacuated by a two
phase thermal siphon avoiding film boiling and flooding. The thermal siphon is a single tube
with counter current flow. It is inclined by 10° from vertical, and optimised for a deuterium
flow rate of 14 g/s.
Optimisation of structure design and material, as well as safety aspects will be discussed.
Those parts of the structure, which are exposed to high thermal neutron flux, are made from
Zircaloy 4 and 6061T6 aluminium. Structure failure due to embrittlement of the structure
material under high rapid neutron flux is very improbable during the life time of the CNS (30
years). Double, in pile even triple, containment with inert gas liner guarantees lack of
explosion risk and of tritium contamination to the environment.
Adding a few percent of hydrogen (H2) to the deuterium (D2) will improve the moderating
properties of our relatively small moderator volume. Nearly all of the hydrogen is bound in the
form of HD molecules.
A long term change of the hydrogen content in the deuterium is avoided be storing the mixture
not in a gas buffer volume but as a metal hydride at low pressure. The metal hydride storage
system contains two getter beds, one with 250 kg of LaCo3Ni2, the other one with 150 kg of
ZrCo(0.8)Ni(0.2). Each bed can take the total gas inventory, both beds together can absorb the
total gas inventory in less than 6 minutes at a pressure < 3 bar.
The new reactor will have 13 beam tubes, 4 of which are looking at the cold neutron source
(CNS), including two for very cold (VCN) and ultra-cold neutron (UCN) production. The
latter will take place in the horizontal beam tube SR4, which will house an additional
cryogenic moderator (e.g. solid deuterium).
More than 60% of the experiments foreseen in the new neutron research facility will use cold
neutrons from the CNS.
The mounting of the hardware components of the CNS into the reactor has started in the
spring of 2000. The CNS will go into trial operation in the end of year 2000.
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Introduction

Modern research reactors should provide neutron beams not only in the thermal neutron
energy range but also mainly in the cold neutron energy range (E < 10 meV). At the Munich
Research Reactor II (FRM-II) more than 50 % of all beam positions will use cold neutrons.

Here we report on the features and the status of the "big" cold neutron source (CNS) for the
FRM-II under construction. The basic design of this CNS has been presented at previous
IGORR meetings. For a report on a "mini D2 UCNS" and further papers related to FRM-II see
/I/.

Features of the CNS

Tab. 1 summarises the essential data of our CNS as compared with the CNS of the old
Munich Research Reactor FRM, and with the vertical ("reference") CNS at ILL Grenoble (in
its' 1985 version).

The integral cold neutron flux in our CNS will be comparable to that in the vertical one at ILL
although the ILL reactor runs at a power nearly three times as high. This is possible because :

the core of the FRM-II is light water cooled and more compact

the axis of the CNS is much closer to the core

the flux depression in the CNS due to voids is less

the cooling power needs can be kept small by reducing size and wall thickness of the CNS.

The centre of the CNS is so close to the core that the cold moderator volume is partly located
in the thermal neutron flux maximum. At this location the epi-thermal and fast neutron flux is
considerable, in spite of the light water cooling of the core. The moderator fluid therefore has
to absorb a high specific heat load of up to 4 W/g, leading to a high bubble content and a
strong internal fluid circulation.

In order to keep the refrigeration needs below 5 kW, the mass of the cold moderator fluid has
been limited to 2000 g, of which about 100 g will be hydrogen, the rest deuterium (D2). This
is a possible mixture to adapt the mean free path of the neutrons to the vessel dimensions. The
optimum concentration of hydrogen will be determined during the first tests with reactor
power.

Although the total integral neutron flux in the CNS is about the same as at the ILL vertical
CNS, the spectral distribution will be much flatter between 1 and 4 A, emphasising the
thermal part of the spectrum (Fig. 1). This can be of some advantage for cold neutron users.

In spite of the fact that nowadays very exact and detailed data for zircaloy are available 121, the
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lack of knowledge about the hydrogen diffusion into zircaloy under radiation at low
temperature, and consequently about the risk of embrittlement in a zircaloy wall of the
moderator cell, led to the decision to use the aluminium alloy Ai-6061 T6 instead. This strong
alloy shows no important embrittlement during the projected life time of our reactor. A mean
wall thickness of only 1 mm is sufficient for withstanding a 6 bar overpressure inside the
moderator cell.

During a normal operation cycle the maximum overpressure in the deuterium system should
not occur when the moderator cell is warm. This will be achieved by chemically storing the
warm moderator fluid (gas) as a metal hydride in two getter beds, one containing 250 kg of
LaCo3Ni2, the other one 150 kg of ZrCo(0.8)Ni(0.2). The D2 storage capacity is about 1 to 2
%weight, depending on the pressure. Each getter bed can store the total inventory of gas on its
own.

Additional advantages of such a metal hydride storage system :

the total deuterium inventory is only about 60 % of a CNS with gas buffer

during reactor stop the in-pile system is always empty of hazardous gas

the whole (later tritium-activated) gas inventory can be shipped as compact solid nuclear
waste for retreatment or underground storage

the isotopic mixture does not change its concentration with time due to fractional distillation,
because there is no buffer volume.

The vacuum vessel of the in-pile part will be made from zircaloy, the moderator cell and
tubing from the aluminium alloy 6061 T6. The insert, which optimises the geometry of the
cold moderator volume, will be made from magnesium. The deuterium condenser has a 10 m2

heat-exchanger area made from aluminium tubing. Bi-metallic junctions (Al/stainless steel)
are used at the 25 K level in different places to take advantage for thermal insulation from the
low thermal conductivity of the stainless steel. The in-pile part will be connected to the gas
handling system via flexible stainless steel tubing throughout in order to guarantee vibrational
decoupling of the in-pile part to the rest of the reactor building in case of an external shock
(e.g. earth quake or air craft accident).

The main feature of the gas handling system is the double containment of deuterium
throughout. All vessels and tubes, including the metal hydride storage tanks, which do (or
could eventually) contain D2, are surrounded be at least one envelope containing pure
nitrogen as an inert gas at a pressure slightly higher than ambient. Such a system allows a
continuous leak testing and makes impossible the build-up of an (explosive) D2-air mixture.
Also, the vacuum exhaust pipes are connected to a tritium monitor to detect traces of (later
activated) D2 which could have leaked into the insulation vacuum.
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The refrigerator has to move 5 kW of nuclear radiation heating away from the cold source at
the 25 K temperature level. It can be upgraded to 8 k.W refrigeration power by adding an
extra compressor and further expansion turbines, in case of additional needs of refrigeration
near the reactor core (e.g. for a second CNS). The actual compressor will need about 500
kW of electrical power to deliver about 300 g/s of helium at 16 bar.

Status of the CNS construction

Monte Carlo simulations with the MCNP-4A codes to optimise the moderator shape and
position, and to estimate the heat load, have been completed 131. The general contractor, Linde
AG, Germany, is now responsible for the construction of the 4 main components of the CNS,
i.e. the in-pile part, the gas handling, the metal hydride storage system, and the refrigerator.
Main subcontractors are ACCEL GmbH for the in-pile part, HYCOB GmbH for the metal
hydride storage system, and Linde Kryotechnik (CH) for the refrigerator.

Two rooms on the 11.70 m floor of the reactor building are dedicated for the CNS cold box,
gas handling and control desk. Additional floor space is foreseen inside and near the
compressor building. All the buildings are erected now, and the mounting of the hardware has
completed. First test operation is due in November 2000.
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Tab. I
FRM Cold Neutron Sources : essential characteristic data

FRM Cold Neutron Sources : essential characteristic data

Nominal reactor power

Integral neutron flux in CNS

Distance from core (axis to axis)

Specific heat load at hot point / on axis

Size of the moderator cell

Material of the moderator cell

Moderator cell: mean wall thickness

Volume of the moderator cell / insert

Moderator fluid

Mass of H2/D2 in the moderator cell

Temperature of the cold moderator

Pressure in the cold moderator

Pressure in the warm H2/D2-system

Expected refrigeration power

Hydride forming time (for 95 % D2)

Volume of the gas buffer

Number of tubes in the thermal siphon •

Material of the in-pile vacuum thimble

Mean wall thickness of the thimble

Vertical beam tubes for VCN/UCN

Horizontal beam tubes

Horizontal cold guides or coliimators in-pile

FRM

4

2-1013

300

0,3/0,1

146x250

A!Mg(3)

1

0.9

H2

65

18

3.5

4.5

400

N/A

7.5

2

AIMg(3)

10

0

1

1

FRM-ll

20

4-1014

400

2.6/1.2

0300x240

Al 6061

1.0

20 /6

D2+(5%)H2

2000

25

150

~0

5000

6

15')

1

Zry

4

1

3

10

ILL vertical CNS

57

4-1014

760

1/0,5

0360

Al (99.5)

1.8

24/4,5

D2

3000

25

150

300

6000

N/A.

18

3

Zircaloy (Zry)

6

1

1

5

units

MW

cm-V

mm

W/g

mm

%

mm

litres

liquid

g

K

kPa

kPa

W

min.

m3

mm
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Fig. 1
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Fig. 1 : Cold Neutron Source FRM-II:
Neutron Flux at a Point Detector in the Beam Tube at 4m.
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22. Neutron Source - UCN
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Abstract: A new ultra cold neutron (UCN) production in a spallation neutron

source is discussed. The new method uses phonon excitation in He-II, where we can

use large phonon phase-space for neutron cooling. The new method is free from the

Liouville's theorem which limits the turbine UCN source at Grenoble. The spallation

neutron source reduces the phonon up-scattering which depends on temperature,

because of small y heating compared with the reactor. The phonon up-scattering rate

limits the UCN storage time. As a result, higher neutron flux can be applied to He-II,

and therefore, an enhancement of 103 in the UCN production is expected compared with

the turbine UCN-source which is the most intensive at present.

Ultra cold neutrons (UCN) have been used for various kinds of experiments,

for example, neutron electric dipole moment (EDM) measurements, neutron |3 decay

experiments, quantum mechanical tests and surface physics experiments. The

measurement of the neutron EDM is one of the most stringent tests of T violation.

Many CP-violation theories have been tested with the neutron EDM. Recent topic of

the CP violation is a comparison with a baryon asymmetry, which is an asymmetry in
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abundance between matter and anti-matter in the universe. The existence of CP-

violation processes is believed to be indispensable for the formation of matter after the

big bang. The standard model, which predicts a neutron EDM of 1031 cm can not

explain the observed baryon asymmetry, while the baryon asymmetry suggests a much

larger EDM of 1026~27cm in a super symmetric model. [1] The present experimental

value of the neutron EDM is less than 1O"25 cm. We have no significant improvement of

the accuracy in these 10 years. One of the main reasons for this saturation is the limit of

an available UCN density. A breakthrough in the UCN density will improve the

accuracy of the neutron EDM, and also open new opportunities for neutron /J-decay

experiments. Nuclear jS-decay coupling constants, GK and Gv are obtained by the

neutron /£-decay without the uncertainty of the nuclear structure. According to the CVC

theory, Gv dose not change upon the renormalization of the strong interaction, and

therefore, is represented by GF Vm. GF is the Fermi coupling constant whose value is

obtained precisely in the muon decay. Vm, which is represented as cos0c is the largest

Kobayashi-Maskawa matrix element. 6C is the Cabbibo angle. The value of Vm has

been obtained from nuclear /? decays for super-allowed Fermi transitions. However, the

value from the (3 decays contradicts the value obtained from the unitarity relation of

Kobayashi-Maskawa matrix elements. Precision experiments of neutron /3-decay

asymmetry are expected to resolve this discrepancy. The neutron experiments are free

from nuclear uncertainty. The accuracy of the neutron polarization is indispensable for

the precision experiment. Almost 100% polarization is obtained for UCN, because the

temperature of the UCN is very low. An intense UCN source is also indispensable for

the precision experiment.

At present, UCNs are obtained upon very cold neutron deceleration by a

turbine at the reactor. Here, the UCN density is limited by the Liouville's theorem. The

UCN density does not increase upon the deceleration, since the phase-space volume is

invariant for this system. A break through is a "superthermal" UCN production in He-II.

Neutrons are cooled by phonon excitation in He-II, where large phonon phase-space is

used. As a result the new UCN-production method will greatly improve the UCN

intensity. The point of neutron cooling is in energy-momentum relations for the neutron

and interacting particle. If the interacting particle has the same energy-momentum

dispersion curves as the neutron, the energy and momentum is effectively transfer from

the neutron to the interacting particle. The transfer efficiency is well explained by a

parameter called lethargy £ , which is approximated by

| = 2/(M/m + 2/3). (1)
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M and m are the target-nucleus and neutron mass, respectively. The lethargy is a

logarithm of an average energy loss rate for one collision. Free protons or deuterons in

300-K thermal and 20-K cold moderator are used for neutron moderation from MeV to

meV regions. Below 20 K, almost all materials freeze and therefore, no free-particle

excitation by meV neutrons except phonon excitation. It means the mass M becomes

too large to cool down the neutron. Below the cold neutron region, phonon excitation is

used for the neutron cooling. The phonon dispersion curve of He-II intersects at the

cold neutron region with the neutron dispersion curve. As a result, cold neutrons can be

further cooled down to a UCN region through the intersection point. A UCN-

production rate, P is obtained by the UCN-production cross section and neutron flux at

the intersection point as [2]

P = (2/3)4>(EJkBToy
2(Eo*/kBTo)

 1/2exp(- E*lkBT0 )[2NocaS (*•)]. (2)

<fr is the thermal-neutron flux. The incident flux is assumed to be in a thermal

equilibrium. To is a neutron temperature. kB is the Boltzmann constant. Eo* and k* are

energy and momentum at the intersection point, respectively. Ec is an average Fermi

potential of the bottle. N is a helium nuclear number density. ac is the coherent-

scattering cross section of 4He. a is vn*/(vn* - vg). (vn* is the neutron velocity at the

intersection point. vg is the phonon group velocity.) S(k*) is a He-II form factor, which

is obtained by experiments.[3] A steady-state UCN density is obtained by the product

of the UCN-production rate and an UCN storage time, TS in the bottle. The phonons

excited by the cold neutrons defuse away in the He-II. Phonons are also excited by

thermal energy. These phonons can excite UCNs to usual neutrons. The process is

called up-scattering. The number of phonon is greatly suppressed at low temperature.

The phonon up-scattering rate becomes comparable to the neutron p-decay rate at a

temperature of 1 K. The UCN has also finite life because of absorption by the nucleus.

The absorption rate is obtained as

l/Tabs=7Va{Tavn. (3)

Na is a nuclear-number density and <7a is an absorption cross section. The UCN storage

time is obtained by the reciprocal of the sum of the up-scattering rate and absorption

rate. The absorption rate in liquid 4He is zero.

The operation of the superthermal source should be carried out very low
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temperature to reduce the up-scattering rate, that contradicts the requirement to realize a

high intensity UCN source. We need high cold neutron flux near the neutron source

center where y heating is large. In this point of view, the spallation neutron source has

great advantage, since it has a lower y to neutron ratio than the reactor. In the reactor,

the configuration of the fuel element and neutron moderator is designed to keep the

chain reaction. A large number of neutrons are consumed in the chain reaction. On the

other hand, the configuration of the neutron production target and moderator in the

spallation source is designed only for neutron source performance. The neutron

absorption in the spallation target is small. As a result, a 5 MW spallation source is

comparable to the 60-MW research-reactor at Grenoble in the point of the thermal

neutron flux. [4, 5] Since y production is expected to be proportional to the source

power, a y to neutron ratio is small in the spallation neutron source. In addition to this

advantage, the y heating is greatly reduced by placing a 7 ray shield, since the spallation

source has freedom in the configuration.

The spallation neutron source has another advantage for the UCN production.

Neutrons are emitted upon proton beam irradiation. A pulsed operation is rather easy,

which will greatly improve background problems. Almost all kinds of radiation

promptly emitted from the source upon the proton beam irradiation quickly disappear

after switching off the proton beam. The pulsed operation is fairly suitable for high

precision experiments, since the background subtraction is essentially important for

high precision experiments.

The He-II UCN production was experimentally observed by ILL, KEK and NIST. [6, 7,

8]. The idea of spallation UCN source has been developed for the experiments of the

neutron EDM and ft decay. [5, 9] A horizontal He-II bottle was proposed for an EDM

experiment in liquid helium. A vertical He-II bottle was also proposed for neutron j3-

decay and other UCN experiments. [10] In the vertical bottle, gaseous phase is

separated from liquid phase where UCNs are produced. The He-II bottle is connected

to a UCN experimental chamber through a UCN guide as shown in Fig. 1. The three

parts work as a UCN bottle. There is no cryogenic window between the UCN

production area and experimental chamber, therefore, no UCN extraction loss. A UCN

storage time is limited by up-scatterings by impurities at a bottle wall, phonons in liquid

helium and helium nuclei in gas. The latter two up-scatterings depend on phonon

density and helium atomic flux, respectively, and therefore depend on the He-II

temperature. Below 0.8 K, the two up-scattering rates are much smaller than the up-

scattering rate at the wall and comparable to the P-decay rate of the neutron.
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Fig. 2 Target moderator configuration for He-II UCN production.
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The configuration of target and moderator is optimized so that large cold

neutron flux is obtained in He-II with low y heating. [11, 12] In Fig. 2, the result of the

optimization is shown. Neutron flux at the intersection point is estimated by using the

LSC-code which is the Monte Carlo simulation code of Los Alamos. Here cold

moderator is assumed to be the 20-K ideal gas which comprises deuteron and oxygen

with a nuclear number density ratio of 2 to 1. A UCN production rate is calculated with

the neutron flux following the equation of Golub and Pendlebury. [2] The result of the

production rate is 103/cm3 s in the whole He-II bottle. The volume of the He-II is 10 /.

Here, we assume the proton beam power is 12 kW (400 MeV x 30 \iA). If we assume

the UCN storage time in the bottle is 100 s, the UCN density becomes lOVcm5. The

result of the y heating is 3 W in the He-II bottle. At 20 K, heavy water freezes,

>\\ I! /;

SKD 220 (MW at 13K
8»War«K)n

Fig. 3 Spallation UCN source of He-II
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therefore, neutron temperature dose not reach the heavy water temperature. If we

assume the neutron temperature is 80 K, [13] we should take a reduction factor of 1/8

into account.

The y heating of 3 W is removed by a usual 3He cryostat through a heat

exchanger of fine copper-fins. The heat exchanger was developed for a polarized

proton filter for neutron polarization. Liquid 4He was used as coolant for polarizing

material, which was cooled by liquid 3He through the heat exchanger. [14] Liquid 3He

was removed from a neutron beam line, since the 3He nucleus has strong neutron

absorption cross section. A same kind of heat exchanger is used for He-II bottle cooling.

A cooling power of 3 W is possible at 0.8 K by usual 3He pumping.

A spallation UCN source configuration is shown in Fig. 3. A UCN production

experiment will be carried out in a 400-W-proton (400 MeV x 1 jxA) beam-line at

RCNP, Osaka University and then the UCN source will be placed in JAERI-KEK joint

project for high intensity proton accelerators.
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Abstract
Solid state UCN detectors with 6Li compound converters with a variety of critical

velocity, 2.1 - 5.0 m/s, were tested at ILL. All detectors are usable as the UCN

detectors. However, the detectors seemed to ignore their critical velocities. They

measured Ultra Cold Neutrons down below their critical velocities without showing

the cuts predicted by the elementary theory. This anomalous absorption of UCN is

thought to be attributed to the micro-structure of the solid state converter layers.

Any substance has a Fermi potential, U, and corresponding critical velocity, Vc,

for slow neutrons. It is the space diluted nuclear potential and given by the number

density of atoms, p, and the average coherent scattering length per atom for the

neutron scattering, b,

U - (h2/2m)Anpb (1)
Vc = (n/m).(47rp6)1/2 (2)

U is typically 2.4x 10~7 eV and Vc is 6.8 m/s for nickel. The ultra cold neutrons

(UCN) with the energy lower than such potential are totally reflected by the poten-

tial and can be stored in a vessel. On the other hand, this noble feature generally

hampers the direct UCN detection, because neutrons with vertical incident veloci-

ties those are smaller than the critical velocity hardly come into the detector.
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We have been developing a type of solid state UCN detector, [1], which measures

the UCN directly without gravitational acceleration. This time, we prepared solid

state detectors for a variety of critical velocities, 2.1 - 5.0 m/s, and tested them at

ILL. This note presents the results of the test on the effect of critical velocity to

the detector efficiency. The exploration of the absorption of UCN into the strongly

absorptive converters will open a new way to investigate the interactions of UCN

with solid matter.

Experiment and results

Our detector was originally designed for the direct measurement of UCN in a liquid

helium cryostat. Therefore, it consists of all solid components, a thin converter film

of QLi compound in a frame and a PIN silicon-diode which detects the produced

t and a from the reaction 6Li(n^ <x)t. The use in a cryostat requires it to be

compact, simple and sturdy. Fig.l shows our present standard unit, which consists

of a thin converter target and a silicon-diode. The size of diode is 3.6 cm square and

its sensitive area is 7.84 cm2. The converter is easily replaced, and several units are

used in parallel for the purpose.
$800 r

' • V

•••.* vv.

V.-

Figure 1. Detector
Left: Silicon diode, 3.6 cm square, and
Right: one set of detector;

converter and diode

Figure 2. Pulse height distributions,
n + 6 Li -> a(2.05MeV) + <(2.73MeV)
(a) LiF and (b) LiOH
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Two types of converter target were developed, Ti — LiF and LiOH — PET.

The LiF is evaporated on a titanium foil of 15 fj,m thickness, and the titanium

foil faces the incident neutrons. The LiOH is deposited on a PET foil of 0.9 //m

thickness by the water solution method, and the LiOH layer directly faces incident

neutrons. Fig.2 (a) and (b) show their pulse height distributions, where the t and

alpha peaks are seen. The discrimination level was set at 3/4 of the t peak position

in the present test, i.e. mostly t's were measured in a 2TT geometry. Our standard

set of discrimination levels are however at 1/2, which is shaded in Fig. 2. This is

sufficient to discriminate the gamma tail from the lower side. The pre-amplifier is a

charge sensitive amplifier.

Table 1 Converter targets, (* He cps = xl/2)

Abbre.

9F
5F
9H
5H
He

material

95%* LiF
50%6iiF
95%6LiOH
50%6LiOH
3He counter

Vc
m/s

5.0
4.2
2.9
2.1

3.2(A1)

UCN<7.5m/s
cps

2.97
3.34
2.67
3.14

*3.56

VCN>7.5
cps
6.35
6.15
4.67
4.07

*6.20

VCN/UCN

2.14
1.84
1.74
1.30
1.74

Thermal n
cps,arb

1.69
0.85
1.18
0.42

Table I lists the converter targets used in the present measurement, 95%6LiF(9F),
50%6LiF(5F), $5%6LiOH(9H), and 50%6LiOH(5H), where the percentages
denote the fraction of &Li in lithium. The fraction of GLi adjusts the critical veloc-

ity, Vc= 5.0, 4.2, 2.9 and 2.1 m/s respectively.

The measurement was made at the UCN test beam line of ILL during June and July,

2000. The UCN beam from the horizontal guide tube (v > 3.2 m/s) was bent 90

degrees and vertically transported by 0.90 m. The velocity of UCN at the detector

were defined by the vertical time of flight method (TOF) in the top 0.50 m distance

using a horizontal rotating chopper.

Before discussing the data, we briefly review what the elementary theory predicts

for a strongly absorptive medium such as the present converter. For a potential, U,

(3)

k2 = k2
o- 4TTP6 , (4)

where ko is the wave number in vacuum and fc is the complex wave number in the

medium with strong absorption due to its complex scattering length,

6 = 6 ' - ib" . (5)
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By the optical theorem, b" = kocrt/4n « kacra/4Tr, (6)

k2 = k2
o — 4irpb' + ipkocra . (7)

The surface transmission probability is given by

T(v) = l~\(k-ko)/(k + ko)\
2 . (8)

The transmission probabilities, T(v), for step function potentials are shown in Fig.7

(a) for 9F, 5JP, 9H and 5H targets respectively. They have tails below the critical

velocities due to the quantum penetration, although the amount of tail is small

for the nominal absorption cross section and the cut feature is always clear at the

critical velocities.

Fig.3 shows the velocity dependence of neutron counting of detectors with and

without filters, (a) the 50%6LiF detector (5F) with and without aluminum filter,

(b) the same with and without nickel filter, and (d) and (e) are corresponding en-

larged plots. The aluminum filter is made of two superimposed 20 fxm thick foils,

and the nickel filter is made of a 2000 Angstrome thick layer on a 15 jxm thick

aluminum backing foil. The curves, P, are the penetration probabilities of the fil-

ters, which are the ratio of two curves with and without a. filter. They show the

expected cuts of the filters at their critical velocities. The TOF resolution whose

FWHM is shown by the horizontal bars shows the smearing of the observed cuts

for nickel. However, the detector measured UCN below Vc(Ni)—6.8 m/s, and fur-

thermore down below its critical velocity, Vc(50%8LiF)=4.2 m/s without showing

the expected cut. This peculiar absorption of UCN in LiF was also observed in

the reflection measurement of UCN from 6LiF, [2], where the single crystal of LiF

showed a cut at 5.1 m/s, nominal critical velocity of 6LiF, and the evaporated LiF

absorbed UCN down below 3 m/s. Figures, (c) and (f), are similar plots for the

50%6LiOH detector (5H) with and without nickel filter. It also measured UCN

below its critical velocity, Vc(50%6 LiOH) = 2.1 m/s.

Fig.4 compares detectors, (a) 5F and 9F, (b) 5H and 9H, (c) 3He gas counter

and 5F, where the curves are normalized at 7.5 m/s to compare only the velocity

dependences. The points, which are the ratios of two curves, show the relative

efficiencies. It is clear that the 50% targets are more efficient than the 95% targets

in the UCN region for both of LiF and LiOH, i.e. the lower the critical velocity,

the larger the efficiency in the UCN region. A similar comparison of 5F and 9H

shows that they have very simlar velocity dependences. Therefore, the efficiency for

the UCN measurement and also the signal to noise ratio are larger in the inverse

order of critical velocities.
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Figure.4 Comparison of detectors,
curves are normalized at 7.5 m/s.

(a) 95%QLiF(9F) and 50%6LiF(5F),
(b) 95%6LiOH(9H) and 50%QLiOH(5H),
and (c) 3iJe counter and 5F.
The points are the ratios of two detector curves.
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9F < ( 5Fzz9H \ < 5H. (9)

« He(> 3m/a)

We tested a 3ff e gas counter in the same beam condition as a comparison. It is a

standard flat 3He counter with a diameter of 10 cm and 100 micron thick aluminum

window, and we measured only the (p -f- *) peak in a 4TT geometry. Figure (c)

compares the helium counter and 5JP detector. Their velocity dependences are very

close above the aluminum cut, however, the absolute count of the helium counter

(per 7.84 cm2) is about twice of that of the 5 F detector, (Table I), because of the

difference of 47T and 2TT detections.

The neutron count of detector is generally given by

C(v) = $(v).[T(v).ecap(v)].eat (10)

$ is the neutron flux and e a t is the counting efficiency of detector for produced a

and t, which is approximately a constant for each detector. Therefore, the velocity

dependence of the detector is in [T(v).ecap(v)), the interaction probability per

neutron, where T is the surface transmission probability into the target. In the case

of Ti — LiF converters, the titanium foil penetration, Pn(v), is included in T.

ecap is the absorption probability of neutrons in the target layer by the 6Li nuclear

interactions and given by

ecap(v) = 1- exp(-*a(v').Na.x) (11)

= <jth-Na.x for thermal neutrons (12)

cra(v') = (Tth-vth/v' , (13)

Na is the 6Li atom density, aa the absorption cross section, v' the velocity in

the matter, and the subscript, th, denotes thermal neutrons. ecap has a peak at

the critical velocity and decreases exponentially towards thermal velocity. Table I

summarizes the result, where the thermal neutron counts are proportional to the

amount of 6Li, (eq.12). Since the thickness of targets were approximately adjusted

to be the same for each of LiF and LiOH, the amount of 6Li shows wide spread

which is proprtional to the fraction of GLi in lithium. However, the UCN counts

(<7.5 m/s) are not much different from each other in spite of the large spread of

the thermal neutron counts, because the critical velocities of detectors are in the

UCN region and the absorption cross section increases divergently at the critical

velocitiy. For the present conveter thickness, the ecap(v) is less than 0.015 for

thermal neutrons, therefore, a good signal to noise ratio for UCN measurement is
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guaranteed. In the present 50% 6LiF target, the amount of 6Li is about 0.074

mg/cm2.

Fig.5 shows the neutron counting efficiencies of the detectors (counts per neutron),

[T(v).ecap(v)].eat, obtained from the data. The neutron flux was estimated from

the 9F data by applying a) the measured titanium-foil penetration, b) the surface

transmission obtained from the Bates's data, [2] , c) the calculated €.cap(v), and

d) eat obtained by a simulation. The neutron counting efficiencies are about 0.45

per neutron for the 5 F and 5H detectors at 5 - 6 m/s and 0.2 at 3.2 m/s with

our standard discrimination level. Fig.5 shows what we have seen in raw data

more quantitatively. The 5H detector measures UCN more efficiently than the 9F

detector. However it does not reflect its critical velocity, 2.1 m/s, directly.

Discussion

We have seen that the velocity dependences of present detectors did not follow

the prediction of simple elementary theory. It is thought to be due to the micro

structure of converter layers. Fig.6 (a) and (b) show the surface of the 95% eLiF

converter layer viewed by secondary-emission electron microscopy. The evaporated

layer is divided into islands of tens micron size by many cracks, and the outline of

islands are irregular and their surface is not perfectly flat. They are not large single

crystals but large pieces of dried mud of micro crystals, much smaller than 0.1 /im

which is the wave length of 4 m/s UCN. It was reported that the evaporated LiF

layer was full of micro voids and the voids occupied 30% of volume. [3] Fig.6 (c) and

(d) are similar pictures of the surface of the 95%6LiOH converter layer made by

the water solution method. It is an aggregation of large crystal flakes of few/several

^m size with a thickness of 0.1 - 0.2 /zm. The crystal flakes stand randomly and

the surface is full of caves and valleys.

Thus, the present target layers are rough and porous. The micro voids (smaller

than the neutron wave length) especially in LiF will dilute the density and reduce

the height of potential, U. They will also smooth out the shape of the potential

at the surface from the step function. Both of these facts reduce the reflection and

increase the absorption, and the effect is phenomenologically represented by one

parameter, the enhancement of absorption cross section, aa —> Xcr^a- The macro

(larger than the neutron wave length) cave can trap UCN as in a micro-UCN-bottle.

This also increases the absorption and the effect is included in the above x<r- Even

for a finely treated copper wall for the UCN storage, it was reported that an artificial
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increase of \<T °y 2.6 could describe the reflection loss of UCN, [4].

Fig.7 (a) is T, the surface transmission predicted by the theory, (eq.8), and (b) is

[T(v).ecap(v)}, which includes the absorption in the target, slightly shifted from

(a). A large x<y enhances the T especially below the critical velocity. As can be

seen in Fig.7 (c) for Xa- of 15, the 9F transmission curve is enhanced close to the

Bates data, [2], which is shown by the solid curve in the figure.

On the other hand, the macro size planes covering the surface with random di-

rections in LiOH,(Fig.6 (d)), will give large incident angles for neutrons, which

effectively stretches the T curve towards large velocity. For this effect, we intro-

duce the incident-angle spread parameter, 0in. Fig.7 (d) shows the T curves for the

isotropic incident-angle distribution limited below 9in= 45 degrees, where the curves

are stretched and the heights are completely suppressed at their critical velocities.

The modified efficiencies by just one of parameters, 9 F in (c) and 5H in (d),

reproduce those of 9F and 5H in Fig.5 well. Therefore, we conclude that the ob-

served peculiar behavior of velocity dependence is attributed to the micro structure

of the solid state targets and the two parameters can represent the rough structure.

Conclusions

All tested detectors measured UCN down below their nominal critical velocities

with nice signal to noise ratios. They all can be used for the direct UCN measure-

ment. Their velocity dependences are not much different from each other despite

of the spread of critical velocities because they apparently ignore their critical ve-

locities. The total counting efficiencies of the detectors, [T(v).€cap(v)].eat, are

approximately 0.45 per neutron at 5-6 m/s and falls off below 3 m/s for 9F, 5F

and 5H, Fig.5. However, more detailed investigation in the comparison of the nor-

malized velocity dependences shows that the lower the critical velocity, the larger

the UCN efficiency. The 50%6LiOH(5H) is the best among the tested ones for

general use, and the 50%GLiF(5F) detector might be the best for use in a liquid

helium cryostat.

The anomalous absorption of UCN observed in the present detectors, apparently

ignoring of their critical velocityies, is qualitatively understood as an effect of the

porous structure of the converter layers. It suggests a direction for further improve-

ment, for example, in detectors with much higher sensitivity below 3 m/s.
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Figure 6. Surfaces of the converter layers viewed by Secondary-emission Electron Mi-
croscopy

(a) and (b) are LiF converter, and (c) and (d) LiOH converter. Magnification: (a) and
(c) xl500, and (b) and (d) x7500. The horizontal bars are the scales in microns.
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Abstract

Neutronic optimization studies were performed to get highest cold neutron intensity in a He-
ll chamber for ultra cold neutron (UCN) production as a UCN source to be installed at a
spallation neutron source. Main components of the system studied were Pb-Bi target • shield
system, graphite reflector, D2O thermal moderator, D2 cold moderator and He-II UCN source.
Effect of the size of these components on cold neutron intensity and on heat deposition was
studied under the condition of 600MeV proton energy and 20fxA proton current. It was found
that in the limitation of 1 W heat removal of the He cryostat we would obtain a cold neutron
average flux of 7x10" (n/cm2/sec) in the He chamber.

1. Introduction

In a spallation neutron source the y ray heating is much lower than that in a reactor, so we may

place a He-II super thermal ultra-cold neutron (UCN) source near a spallation target to increase

the UCN intensity. At the beginning of our UCN project in Japan, we considered that PSI

would be one of a candidate for a spallation source since a plan to build a UCN source was

proposed at PSI. The system they planed was different from our source but there was a common

part of the structure to be developed in the UCN source.

For the optimization study, limit of cooling power of a cryogenic system for a He-II chamber

is important parameters. Therefore, in the design of such a UCN source it will be necessary to

take into account not only neutronic characteristics but also heat deposition in a He chamber.

Each component in a UCN source such as a target, a moderator and so on affects both neutronic
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characteristics and heat deposition, so we evaluated the effects in detail.
Here, we report results of the simulation calculations of a UCN source, assuming a power of

the PSI accelerator, while now we have had a plan to use a small proton accelerator in Japan and
optimization studies are being performed for this UCN source.

2. Simulation code and model

size: 80 X 50,cm

10"

upper surface "

Bi thickness

target system

' H i
I

'SI

>P

1

I

••:•: •.:

-I

1 • • • ; : • : .

i t

. . . . •

100$

He position

bottom of D,

The LCS (LAHET Code System) with cross section data of ENDF-B/V and VI was used for
simulations. The proton energy was 600 MeV and the current 20 jiA. We calculated average
cold neutron flux and heat deposition in He.

A model of UCN source is shown in Fig. 1, in which parameters studied here are also
indicated from a to f. The sizes indicated are the initial values of this optimization study. Pb
was used as target since it has small absoiption cross-section although nucleus number density
is not so large. Bi was placed above the Pb part for y shielding. Graphite was chosen as reflector
material because of economical reason. D2O was used as thermal moderator and D2 for cold
moderator. He-II chamber with a diameter of 16cm was placed in a D2 cold moderator. Structure
material of D2 cold
source chamber and He
chamber was Zr.

Cold neutron intensity
in the He chamber was
calculated since the
intensity is proportional
to the intensity of
neutrons with the energy
of 1 meV which are the
neutrons directly

interacting with He to
produce the UCN. Heat
deposition . in the He
chamber was also
calculated since the
cooling power of the He
chamber is rather limited,
for example, the
maximum power is
about 1 W.

In this system UCN is
extracted in horizontal
direction. Both of
horizontal and vertical
extractions were studied,

uppei surface of target

upper surface of Pb

graphite reflector thickness

a: upper surface position of Pb

b: target surface position

c: graphite thickness

d:D2O radius

e: bottom of D2

f: He position

Fig.l Geometry of horizontal extraction system for a UCN

source. Numbers indicate initial values of size in cm.
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but we report here the study of the horizontal extraction since the horizontal extraction system

gave a little bit higher cold neutron intensity.

3. Optimization studies
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3.1 Upper surface position of Pb in a Pb-Bi target system
First, we examined effect of

position of upper surface of
Pd in a Pb-Bi composite
target system (cf. a in Fig. 1).
In this calculation the surface
of Bi was kept at 25 cm from
the proton beam center. The
results are shown in Fig. 2.
The neutron flux and the heat
deposition decrease with
moving the surface position
upper-ward. However, the
neutron flux is within 5.5-
6.0x10" (n/cm7s) and the
heat deposition is in a range of 0.85-1.05 W. This result indicates that Pb is effective to shield y

ray while it reduces the neutron intensity a little. Around 20 cm the ratio of neutron flux to heat
deposition becomes maximum. We chose a thickness of 15-20 cm for Pb.

0 5 10 15 20 25

Upper Surface Position of Pb (cm)
(Bi upper surface was kept at 25cm)

Fig.2 Change of cold neutron intensity and heat
deposition in He by Pb thickness in a (Pb-Bi) target
system.

3.2 Target surface position
Next, effect of the thickness

of the target system was
studied (cf. b in Fig. 1). The
neutron flux begins to
decrease at a thickness of 25
cm and the heat deposition
monotonically decrease with
the thickness over 20 cm as
shown in Fig. 3. We chose 25
cm for a target surface.
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Fig.3 Change of cold neutron intensity and heat deposition

by target surface position.
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3.3 Reflector thickness
The cold neutron intensity and the heat deposition monotonically increase with graphite

reflector thickness (cf. c in Fig. 1) as shown in Fig.4. The maximum heat deposition is less than
1 W, so the value is not so large since the cooling power of the He chamber is expected to be
about 1 W. We chose 40 cm for the graphite reflector thickness.

3.4 D2O thermal moderator radius
D2O works as a thermal moderator to supply the thermal neutrons to the D2 cold moderator.

The radius dependence of the cold neutron intensity is shown in Fig. 5 (cf. d in Fig. 1). The
intensity increases gradually with radius but the change is very small, since neutrons mainly
come from the bottom side of the moderator. The heat deposition is almost constant in the range
of radius studied and the value is less than 1 W. We chose a radius 50 cm.
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Fig.4 Change of cold neutron intensity

and heat deposition in He by

reflector thickness.

Fig.5 Change of cold neutron intensity

and heat deposition in He by

D2O size.
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3.5 D2 cold moderator position
D2 is the cold moderator which supplies the neutrons with the energy of about 1 meV, the

neutrons interacting with roton of He to produce the UCN by scattering. The vertical position in

the thermal moderator is very important parameter. Figure 6 shows the cold neutron intensity

and the heat deposition as a function of bottom position of the D2 chamber, namely, distance

from the proton beam center (cf. e in Fig. 1). Both values decrease with increasing the distance.

We should chose 35-40 cm for the distance since the gradient decrease in intensity is still small

at this range.
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33
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°
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Fig.6 Change of neutron flux and heat deposition
by the bottom position of D2.

65

3.6 Shape of D2 chamber
Here, we are using a horizontal extraction. Therefore, amount of D2 along the He chamber is

also important so as to get the highest cold neutron intensity. We chose an elliptical shape and
studied the effect of the minor axis of the chamber. Figure 7-a shows a cross section of the
system and a parameter Rm indicates the minor axis of the chamber. The results are shown in
Fig. 7-b. Increase in intensity is observed up to about 30 cm and the heat deposition shows
almost the same tendency as the intensity. So, we chose 30 cm as a minor axis.

- 1090-



JAERI-Conf 2001-002

Rm

T V . . i l l

Fig.7-a Cross section of system indicating the shape of the D2 chamber.
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3.7 He chamber position
Finally, we studied the

effect of the He chamber
position. Figure 8 shows the
neutron intensity as a function
of the distance from the proton
beam center to the center of He
chamber (cf. f in Fig. 1). The
cold neutron flux reaches the
maximum value at 60 cm and
at this distance the heat
deposition is about 1.45 W.
The heat deposition decreases
monotonically with the
distance. From the neutronic
point of view we should
choose 60 cm but the heat
deposition is much higher than 1 W. Therefore, we need total optimization taking into account
both neutron intensity and heat deposition since the heat deposition would limit the neutron
intensity.

Figure 9 shows neutron temperatures (peak energy) of the energy spectra as a function of the
He chamber position. The neutron temperature decreases with increasing the distance from the
proton beam center and saturates around 70 cm. However, the change is very small. This result
indicates that the assumption that the intensity of 1 meV neutron is proportional to the average
flux has been valid. 2.10
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He Position (cm)

Fig. 8 Effect of He position on cold neutron intensity
and heat deposition in He.
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Fig.9 Effect of He position on neutron temperature.
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3.8 Total optimization
Here, we assume the maximum cooling power of the He chamber is 1 W. We should look for

the highest cold neutron flux in the He chamber under the condition of maximum cooling power

of 1 W. Figure 10 shows maximum intensity at each distance from target center to the target

surface for various D2 and He chamber positions under 1 W condition. It is indicated that we

can obtain the highest cold neutron flux of the order of 7.3x10".

8 1011

7.5 1011 "

o

55

|

7 1011 "

Z 6.5 1011 "

6 101'

Dg positic n
He position

° 60-35
• 60-40
• 70-35
o 70-40
D 70-45
• 75-45

5 10 15 20 25 30 35 40 45

Distance from Target Center to Target Surface (cm)

Fig. 10 Neutron intensity under the condition of heat deposition of 1W.

4. Conclusion

Average cold neutron flux and heat deposition in He chamber were calculated at various
conditions. It was found that maximum average neutron flux of 7.3x10" (n/cm2/sec) in He
chamber was obtained at the condition of target thickness around 25-30 cm, D2 position around
40-45 cm, and He position at 70 cm. Ideally we would obtain 4xlO5 UCN/cm3 by this flux.

If maximum cooling power of the He chamber is around 1 W, the intensity of the neutron flux
is restricted by this cooling power. In such a case the accelerator power of 12 KW is too high, so
we should look for optimal accelerator power suite for this cooling power.
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Abstract
A spallation neutron source was designed for super thermal UCN production in He-II.

The configuration of neutron production target, moderator and He-II bottle was

optimized in order to obtain high neutron flux with low y heating in He-II. In the

optimization the advantage of the spallation neutron source is used: The spallation

neutron source has high n/y ratio and freedom in target moderator configuration in

comparison with the reactor. As a result, a great improvement in UCN density is

expected compared with the present most intense UCN source at the Grenoble reactor.

Introduction
Ultra cold neutrons (UCNs) have been used for the measurements of /3 -decay

lifetime, neutron electric dipole moment (EDM) and so on. UCNs have also a promising

role in neutron p-decay asymmetry experiments. The experimental accuracy and
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possibility in these experiments are limited by UCN density. The motivation of the

present work is to realize high intensity UCN source far beyond the Grenoble UCN

source that is the most intense UCN source at present.

A super thermal UCN source will make a breakthrough for the UCN production [1].

The super thermal source applies phonon excitation to neutron cooling Cold neutrons

are down scattered into a UCN region at the intersection point of the energy-momentum

dispersion curves of the neutron and phonon. The number of UCNs builds up during a

UCN storage time in a UCN bottle. The storage time is limited by a UCN up-scattering,

absorption and the P-decay. The up-scattering is a reverse process to the down-

scattering. An up-scattering rate depends on the temperature of phonon medium, while a

down-scattering rate is independent of the temperature.

Constituent nuclei in the phonon medium should have small neutron-absorption

cross-section. We use He-II as the material of phonon medium, since the 4He has no

absorption cross section. Solid deuterium is also good material, but the deuteron has

small absorption cross-section. UCN has a finite lifetime because of the absorption, 200

ms in deuterium, which is very short compared with the P-decay lifetime.

A spallation neutron source is quite suitable for the super thermal UCN production [2].

In order to obtain high UCN density, we need cold neutron flux as high as possible in

He-II, where temperature should be kept below 1 K so that the up-scattering rate

becomes comparable to the P-decay rate. The dominant heat deposit in the He-II comes

from the y rays of the spallation neutron source. The spallation neutron source has 12

times higher neutron/ r ratio than the reactor. In the spallation source, a y-ray shield can

be placed near the neutron-production target that is a dominant y ray source. These

properties are quite suitable for the super thermal UCN production. We designed a

spallation neutron source for the UCN production in He-II. We optimized the target

moderator configuration in order to obtain higher neutron flux in He-II with lower y

heating. We used a Monte Carlo simulation code, LCS code of Los Alamos for the

optimization.

Optimization
A schematic view of the UCN source is shown in Fig. 1. A cy lindrical He-II bottle is

vertically placed above a neutron production target. The target is covered with a lead y

- 1 0 9 5 -



JAERI-Conf 2001-002

ray shield. For neutron moderation, cylindrical 20-K heavy water and 300-K heavy

water surround the He-II bottle. The 300-K heavy water is surrounded by a graphite

neutron reflector and a polyethylene neutron shield. A heat deposit on He-II is removed

by a 3He cryostat (or 4He cry ostat). The proton beam power for the production of the

spallation neutrons is assumed to be 400W (400MeV x 1 ULA), which is available at

RCNP, Osaka University.

The optimization of the UCN source was carried out in the following way. Firstly,

two kinds of target materials, lead and tungsten are compared in the point of cold neutron

flux and y-ray heat deposit in He-II (CD) • Secondly, optimal thickness of the lead y

shield ((2)) , the 300-K heavy water and 20-K heavy water ((I),®) were searched for.

Finally, the cold neutron flux and the heat deposit were calculated for three He-II bottles

of zirconium, stainless steel and aluminum ((£)) .

UCN chamber

Graphite

o
a
us
o
o

^ t

O
S k

Pb shield
1 Target |

Figl Basic configuration of UCN source.

The numbers enclosed by circles indicates parameters for optimization.

- 1096 -



JAERI-Conf 2001-002

(D Target material
The cold neutron flux and the heat deposit in the He-II obtained by the Monte Carlo

calculation for the two targets are shown in Table 1. Here, a UCN production rate,

which is obtained from the estimated cold neutron flux following the equation of Golub

[1], is shown. The result shows that the two materials are comparable to each other.

The heat deposits are much lower than the coolingpower of the helium cryostat at ~1K.

In the following calculation, we fix the target material as lead.

Table. 1 UCN production rate and heat deposit as a function of target materials

Material

Pb

W

UCN production rate [n/cm3/sec]

16.6

15.9

Heat deposit [mW]

43

41

(D Thickness of Pb shield
The thickness of the lead y shield was treated as a variable in the calculation of the cold

neutron flux and the heat deposit. The target distance from the He-II bottle was also

changed along with the shield thickness, but other parameters were not changed. The

both cold neutron flux and heat deposit increase as the target approaches to the He-II

bottle. The ratio of the two variables was almost constant. The result suggests the

effect of target y ray is small. A shorter target distance is desirable, because we can

obtain a higher neutron flux with a smaller proton beam current. In the following

calculation, we fixed the lead-shield thickness at 5 cm.

(D Moderator thickness at the bottom
Here, we assumed 20-K heavy water to be the 20-K ideal gas that has the same density

as solid heavy water at 20-K. We assumed the both 20-K and 300K moderators to have
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the same thickness at the bottom. Here, the variable is the total thickness of 300-K and

20-K heavy water.

The UCN production as a function of the total moderator thickness is shown in Fig. 3.

The UCN production rate increases as the total thickness decreases. The heat deposit has

similar behavior, except it varies more rapidly in the region of the total thickness less than

15cm. The result suggests that scattering between high-energy neutron and He nucleus

induced the rapid heat increase at small distance. We fixed the total thickness at 15cm.

300-K and 20-K moderator thickness are fixed 10 and 5 cm, respectively, since the

radiation damage induced by neutron collision is more serious for solid. The cold neutron

flux has no significant dependence on the ratio of the 300-K moderator thickness to the

20-K moderator thickness.
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Thickness of Pb shield (cm)

Fig. 2 UCN production rate and heat deposit as functions of target position.

Open circles and crosses show the production rate of UCN and heat

deposit, respectively.

Thickness of D20 (cm)

Fig3 UCN production rate (circle) and heat deposit (cross)

as functions of total moderator thickness.
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(D Radial width of solid D2O
The UCN production rate and the heat deposit as functions of a radial width of the

20-K heavy water are shown in Fig. 4. The cold neutron flux increases as the radial

thickness increases, and saturates at 15-cm thickness, while the heat deposit is almost

constant. We fixed the radial thickness at 20 cm.

at

•8

o

P.

- 20

o
ft

4

5

Width of DfcO (cm)

Fig. 4 UCN production rate (circle) and heat deposit (cross)

as functions of radial width of the moderator

(D Material of He bottle
The results of the Monte Carlo calculation for a 0.5-mm thick stainless steel, a 0.5-mm

thick zirconium and a 2-mm thick aluminum He-bottle are shown in table 2. The

stainless steel is common as a cryogenic material, but it has the large neutron radiative-

capture cross-section that results in neutron attenuation and y heating. In this point of

view, zirconium is one of the best materials, since it has very small neutron cross-sections

and is a good material for cryogenics [3], Aluminum has also similar properties as

zirconium, but mechanical strength is rather weak compared with zirconium. We need
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thicker bottle wall for aluminum. For the first UCN production, we will use aluminum

because of easy fabrication.

Table.2 Table.l UCN production rate and heat deposit

as a function of He- II bottle materials

Material

SUS

Zr

Al

Thickness [mm]

0.5

0.5

2.0

UCN production rate [n/cm3/sec]

11.9

16.3

14.6

Heat deposit [mW]

39

16

26

Conclusion
The result of the optimization is summarized in Table 3. In the table, other important

parameters, a volume of He-II, the UCN storage time are listed. The storage time is

obtained from the up-scattering rates in He-II, in helium gas in a UCN bottle and at the

bottle wall. The former two up-scattering rates depend on He-II temperature, which is

assumed to be 0.92 K. The up-scattering rate at the wall is assumed to be 1/100 s"1.

The heat deposit of 75 mW is easily removed by a usual 3He cryostat.

Table.3 Optimized values

UCN production

Neutron flux at He- II bottle

He-II volume

Heat deposit at He- II bottle

Temperature of He bottle

Storage time

Density (Tn=20K )

Density (Tn=80K )

20.2 (n/cm3/sec)

1.5Xl010(n/cm2/sec)

l.lX104(cm3)

75 (mW)

0.92 (K)

85 (sec)

425 (n/cm3)

57 (n/cm3)
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At 20-K, heavy water freezes, therefore we can not treat nuclei in heavy water as free

particles for low energy neutrons. The neutron temperature should be higher than the

moderator temperature, which results in decrease of the cold neutron flux from the

present value. If we assume the neutron temperature rises from 20 to 80 K, [4] we

should take a reduction factor of 1/8 into account. The study of the form factor of the

neutron scattering is under preparation for accurate calculation.

The UCN density of 425 UCNs/cm3 in an experimental chamber expected by the

present calculation is much larger than the best UCN density in an experimental chamber,

1 UCNs/cm3, at Grenoble [5]
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Summary

The new Munich high-flux reactor FRM-II offers the possibility to install a unique
source for ultracold neutrons (UCN), the Mini-D2 UCN source, with a small vol-
ume of solid deuterium at a temperature of 5 K as converter, exposed to the cold
neutron flux. This new source, being dedicated for storage experiments, is de-
signed to be much superior to any existing UCN facility.

In the pulsed operation mode the Mini-D2 source is expected to provide UCN
densities up to 104 n/cm3. This density is orders of magnitude larger than that
from the best existing source at Institut Laue Langevin (ILL) in Grenoble (-50
n/cm3 at the exit of the neutron turbine).

The large gain factor will enable new precision measurements of elementary
properties of the free neutron, especially the electric dipole moment, the lifetime,
and the angular correlation coefficients of the decay. These quantities are of fun-
damental interest in particle physics.

Operated in the continuous mode, the UCN source will provide an UCN flux den-
sity of up to 5-1O5 n/cm2s at the exit, to be compared with -3-104 n/cm2s at ILL.
This improved UCN-flux offers new possibilities for traditional studies with
UCN.
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1. Introduction

Ultracold neu-
trons can be
stored

Storage experi-
ments
superior

Long ob-
servation
times

Relative
measure-
ments

Key experiments:

EDM

n-lifetime

Asymmetry
coefficients

Ultracold neutrons (UCN) have such low energies that they are re-
flected by many materials at all incident angles and can be stored in material
bottles or confined by magnetic potential walls. For instance, the effective
UCN potential of Beryllium is UBe=252neV, equivalent to a height h in the
earth's gravitational field respectively to a magnetic induction B, corre-
sponding to a neutron velocity v, wavelength A and temperature T of:

UBe=252neV h = 257 cm B = 4.19T v = 6.9 m/s X= 57 nm T = 3mK

Losses due to absorption or up-scattering can be as small, as 51O"5 per
wall collision for Be at a temperature < 30 K. Thus storage times of several
minutes may be obtained, compared with observation times of milliseconds
in typical beam experiments. Storage experiments make possible high- pre-
cision measurements of the properties of the free neutron and its decay,
which are superior to any other method.

For instance, the extraordinary sensitivity in the detection of a possible
electric dipole moment (EDM) of the neutron is directly related to the ob-
servation time. The present upper limit of the EDM is dn <
[Alt96], [Smi90].

10"25 ecm

In the case of the lifetime measurement in a storage experiment, no ab-
solute calibration is needed, neither for the neutron flux nor for the effective
volume, where decays may be observed, nor the detection efficiencies for
the decay protons or electrons [Pau..], [Ktig..]. The best present value for the
lifetime is Tn = 886.7 ± 1.9 s.

These experiments as well as the measurements of the other decay pa-
rameters of the neutron are of great fundamental interest. The physics inter-
est behind the EDM experiment is related to the observation of the breaking
of a fundamental symmetry in particle physics (CP symmetry), which is re-
flected in the asymmetry of matter over antimatter in the universe. This
symmetry breaking is not understood and belongs to the most exciting top-
ics in particle physics, both theoretically and experimentally. A sensitivity
increase in the determination of the neutron EDM (of which the pure exis-
tence would be another effect of CP-symmetry breaking) by 1-2 orders of
magnitude could either establish or falsify the most popular super-theory of
particle physics (super-symmetry). Currently two large accelerators are built
to address just this question.

The neutron decay rate is proportional to (gv +3gA~), with gv and gA the
weak vector and axial vector coupling constant. The value of g^ is only
available from neutron decay. The neutron lifetime measurement together
with other decay parameters tests the electro-weak Standard Model. How-
ever, at least equally important is the impact on other fields of physics,
where the weak coupling constants are needed to calculate cross sections for
applications, as in big bang cosmology, in astrophysics, in solar physics
(e.g. for the solar neutrino problem), and in neutrino detection efficiencies.
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2. The Munich concept of an UCN source

Mini-D2:

Super-thermal
source

Previous work

Other proposals

2.1 Basic ideas

The Mini-D? UCN source is foreseen to provide UCN densities of up to
104 n/cm3 corresponding to a gain factor of -200 compared to the source at
ILL. To achieve this the concept of Mini-Di is based on three ideas:

• The temperature of the converter for the production of UCN by
down-scattering of faster neutrons is sufficiently low, so that the
equilibrium of UCN production and losses will no longer be deter-
mined by up-scattering, but by absorption in the converter only (su-
per-thermal source).

• At FRM II the UCN will be produced continuously. Storage ex-
periments are to be refilled typically every few minutes. In order to
match the continuous production operation to the pulsed filling re-
quirements the UCN should be accumulated in the intermediate pe-
riods (storage source).

• Attention has to be paid to the transfer of UCN from the converter
near to the centre of the reactor to the experimental area outside.
The UCN density at the exit of the neutron turbine at ILL is -50
n/cm3. The initial densities finally obtained in the succeeding stor-
age experiments some 5 m apart from the turbine exit are generally
of the order of 1 n/cm . Almost two orders of magnitude are lost by
transportation and mismatching. In Mini-D2 the accumulating stor-
age vessel is at the same time the UCN guide from near to the reac-
tor core at the converter to outside of the biological shield at the en-
trance of the experiment in the experimental hall. In the ideal case
the UCN density in the converter is transferred to the outside end of
the accumulator tube with only minor losses. For this the accumu-
lator has to be well designed with respect to volume, geometry and
properties of the walls and windows.

The principle of the source is discussed in more detail in [Tri98, TriOO].
It is a development, which was inspired by a proposal of a thin film source
[Gol83, Yu86], though the Mini-D2 converter is a small block, not a film.

First experimental work on a solid D2 UCN source with rather big vol-
ume (6 liter) was performed in Gatchina [Alt80, Ser94, Ser95, Ser97]. Pres-
ently this source is not operating any more.

Recently UCN production in a solid ortho-D2 converter (< 1 liter) ex-
posed to premoderated spallation neutrons were studied at LANSCE, Los
Alamos (see below) [CarOO]. Based on these results a dedicated pulsed
UCN source is proposed at LANSCE (-1.1 liter D2 at - 5 K). In the storage
bottle above the converter UCN densities of up to 400 n/cm3 are expected.

Similar plans are under way at the neutron spallation source of PSI,
Villigen.
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At the moment both statistical and systematic errors are largely deter-
mined by the comparatively low UCN density: with the measuring times
available at high-flux reactors they forbid not only accumulating a sufficient
number of events but also hinder a very thorough test for systematic uncer-
tainties. An increase of UCN densities by orders of magnitude would open a
completely new range of accuracy.

Quasielastic UCN
scattering for low
momentum trans-
fer

Reflectometry

Tests of quantum
mechanics

There are, in addition, interesting experiments on the more application-
oriented side. UCN are very well suited to investigate the surfaces of solids
and liquids. Here one of the most promising methods is quasi-elastic scat-
tering at low energy transfer hco and low momentum transfer hco. UCN and
instruments like the gravity diffractometer [Ste92] or NESSIE [Ste83] with
their very good energy resolution could extend the accessible energy-
transfer range to values below a few neV, a region never reached before
[Mic97]. Furthermore, the gap in momentum transfer between the hco values
accessible by optical spectroscopy (below 0.005 A"1) and that exploitable
with the neutron-spin-echo technique (above 0.015 A"1) could be closed.
The measurements with UCN were always hampered by a profound lack in
neutron flux. An increase by about one order of magnitude would change
this situation considerably.

The unprecedented resolution of gravity-based neutron-spectroscopy ar-
rangements will also allow improvements in reflectometry studies. The de-
termination of the critical energy is, e.g., a way to very precisely determine
the scattering length of elements. Another application would be reflectivity
measurements of thick films: the complicated fringe pattern generated could
be resolved, and density measurements in layers up to a few um below the
surface could be performed. Among the interesting applications are investi-
gations on protective layers for preventing oxidation of metals or corrosion
problems.

In principle the investigation of magnetic surfaces is - due to the mag-
netic moment of the neutron - the domain for UCN. They are easily polar-
ized, and their polarization - which is changed during interaction if the
probe magnetization is not aligned with the neutron spin - is easily detected.
Such measurements may be of interest for the technology of magnetic stor-
age devices.

But UCN offer even more interesting possibilities. They reach from ba-
sic quantum-mechanics experiments like the detection of neutron bound
states in box-like potentials in thin layers [Ste80] or even in the gravity po-
tential of the earth to neutron microscopy [Arz86, Ste88]. All experiments
would profit tremendously from the strongly increased flux to be expected
at the new UCN source at FRM-II.
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2.2 The converter

A super-thermal
source

Solid D2 con-
verter

D2 temperature
< 5 K

Incoming neutron
flux Tn~30 K

D2 volume < 1 1

The general way to a source with high UCN intensity is to shift the
maximum of the Maxwellian velocity distribution to values as low as possi-
ble by minimizing the moderator temperature. UCN are produced by down-
scattering of higher-energy neutrons, i.e. neutrons which lose energy by cre-
ating phonon excitations in the moderator material. The UCN produced
travel through the moderator scattering elastically, until they (a) escape from
the moderator, (b) are captured or (c) up-scattered to leave the UCN-energy
region. Up- and down-scattering are balanced at thermal equilibrium. The
phonon spectrum in the moderator and thus the up-scattering depends
strongly on the moderator temperature. Below a critical temperature, where
the UCN-loss rate due to up-scattering is negligible compared to absorption,
the equilibrium becomes independent of temperature. Below this tempera-
ture no gain in UCN yield can be achieved. The resulting source is called
super-thermal.

The neutron moderator (hereafter called the converter) should have a
high inelastic scattering cross section and low absorption cross section. A
possible converter material is solid D2, which combines rather low absorp-
tion cross section and high UCN conversion yield at a temperature of about
5 K. Figure 1 depicts calculations of UCN densities in solid D2 as a function
of its temperature [Sei99]. Following [Yu86] the calculations are based on
phonon-energy spectra and density of states of solid and liquid ortho-
deuterium, respectively. An incoming cold neutron flux of <E>o = 2.4-1013

n/cm s was assumed with a Maxwellian energy spectrum corresponding to a
temperature of Tn = 40 K. This is a realistic assumption for the location
foreseen, in the nose of the beam-tube SR-4 at FRM II, which looks hori-
zontally on the cold source. The curve shows, that the UCN density in-
creases with decreasing temperature of the D2, reaching a plateau for very
low temperatures. At 5 K the UCN density is -1.3104 n/cm3. The UCN
density in liquid D2 at 19 K is also shown in Fig.l for comparison. The gain
factor in the UCN density for solid D2 at 5 K as compared to liquid D2 is
about 60.

The temperature dependence of the UCN density in solid D2 is mainly
due to the temperature dependence of the up-scattering cross section, as
shown in Fig.2 in combination with the temperature independent absorption
cross section. Below a temperature of ~5 K up-scattering in solid deuterium
is less important than absorption. Thus further cooling would result in minor
improvements only. This result favors the convenient cooling with helium at
a temperature just above 4.2 K.

In Fig.3 the UCN density is shown as a function of the temperature Tn

of the incoming neutron flux, for solid D2 at 5 K, at 17 K, and for liquid D2

respectively. For solid D2 a flat maximum appears at Tn ~ 30 K. This fits
well to the cold neutron flux from the liquid-D2 cold source at FRM II, op-
erated at -25 K, resulting in an effective neutron temperature of Tn~40 K.

The dimensions of the converter should be matched to the effective dif-
fusion length of UCN in deuterium (-14 cm). The probability to escape
from the converter is small for UCN from deeper layers. Therefore the vol-
ume of the DT may be less than ~ 1 liter. A small volume also is advanta-
geous with respect to the heat load by neutron and y radiation. The maxi-
mum temperature may be smaller, and with it the up-scattering.
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Fig.l
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Pioneering work
from Gatchina

2.3 Experimental evidence for the production mechanism

The rather high gain factors for UCN densities produced in solid D2 at
low temperature were investigated experimentally for the first time by Al-
tarev et al. in 1980 in Gatchina [AH80], Figure 4, taken from [Alt80], shows
in diagram (a), curve 2, the yield of UCN against the Di temperature. The
gain factor for the yield at ~ 8 K compared to that at ~ 20 K is about 7,
while the corresponding value calculated from Fig.l gives about 20. The
discrepancy may be explained by three facts: first the incoming neutron
spectrum had a temperature of 300 K instead of 30 K, secondly no measures
were taken to reduce the amount of para-D2 in the converter, thirdly the H
content, which strogly influences the gain, is not known.

Volume 80A, number 5,6 PHYSICS LETTERS 22 December 1980

Fig. 4

UCN yield as a function
of the D2 temperature,
from [Alt80]
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Fig. 1. (a) Curve 1: yield of UCN against temperature for hydrogen (o, experimental points obtained during cooling of the source;
•, experiment!! points obtained during heating of the source). Curve 2: yield of UCN against temperature for deuterium (o, ex-
perimental points obtained during cooling of the source), (b) Yield of UCN against hydrogen pressure at 280 K, 85 K, and 30 K.
(c) PiKsuteof the ballast tank against temperature of the source. 1 Condensation phase; II phase attended by increase in liquid
hydrogen pressure; III crystallization phase.
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Results from
Los Alamos

Very recently UCN production in solid D2 as function of the D2 tem-
perature was measured at the LANSCE accelerator at Los Alamos, where a
pulsed 800 MeV proton beam impinging on a tungsten target produced 18
fast neutrons per proton [CarOO]. These spallation neutrons were reflected
back by Be blocks at 80 K and moderated to -40 K by polyethylene. The in-
serted solid D2 converter had a volume of up to 1 liter. Figure 5 from
[CarOO] shows the detected UCN against the D2 temperature compared with
calculations based on the same assumptions as above. The calculated values
take into account a number of known and experimentally verified effects
causing losses due to H impurities and contaminations with para-LV As
Fig.5 shows, there is agreement between experiment and theory within a
factor of 0.75, remaining unexplained so far.

Fig. 5

Measured and
calculated UCN
yield as a function
of the D2 tem-
perature, from
[CarOO].
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Figure A5.6. Measured and calculated temperature dependence of UCN yield from a 150 cc SD2
source. The temperature measurements plotted are taken from the diode thermometers on the UCN
source. The calculations are plotted using a normalization factor of 0.73.

It has to be noted, that these results were obtained at a rather low pri-
mary neutron flux and thus at a low irradiation level. For the Mini-D2
UCN source the continuous impinging neutron flux and y radiation is ex-
pected to be at least an order of magnitude larger than the mean values at
LANSCE.
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2.4 The concept of Mlni-D2

The principle of
Mini-D2 based on
solid D2

Volume: 200 cm3

Temperature: 5 K

The Mini-D2 UCN source proposed for the FRM-II will be installed in
the SR-4 beam tube, which is looking horizontally on the cold source. The
flux of cold neutrons (effective temperature Tn ~ 40 K) is about On(40K) ~
2.4 1013 n/cm2s at the very end of SR-4 (see Appendix A. 1).

FRM-II
Reactor
core

o
Cold
source
Tn~40K

Experiment

T~SK
UCN - storage tube

T-25K

Shutter

pvcn~104/cm3

I <t>(40K) - 2.4*10 13 /cm2 S

*(300K)<8*1014/cm2S
Shielding

Fig, 6 Scheme of the Mini-D2 UCN source

A schematic view of Mini-D2 is shown in Fig.6. Mini-D2 will have a
rather small converter (-200 cm") of solid D2 at a temperature of < 5 K. The
converter is placed in a long evacuated tube, the UCN storage tube (diame-
ter ~ 6 cm, length ~ 8 m, volume ~ 20 liter). One end of this tube (contain-
ing the converter block) is directed towards the cold source of the reactor,
the other towards the experiments outside the reactor shielding. UCN pro-
duced in the converter can escape into the storage tube. Here an UCN den-
sity builds up, which is given by the equilibrium of the production rate in
the converter with the total loss rate, consisting of (a) absorption and up-
scattering in the converter, (b) losses during wall collisions (absorption or
up-scattering), (c) decay, and possibly (d) escape through holes.

The converter is built up in the core-near end of the UCN storage tube
by condensing D2 gas at low pressure on the nose, which is kept at a tem-
perature of < 5 K.

The inner walls of the UCN storage tube are covered at the inside with a
thin layer of Be (repulsive potential UQ&= 252 neV). They have to be cooled
to a temperature < 30 K to obtain wall losses as low as 5-10"5 per collision
[Age85, Alf92]. Furthermore, in order to keep diffuse reflection low the
roughness of the surface should be smaller than the wavelength of the UCN
(-100 nm).

At the outside end of the UCN storage tube, however still inside of the
tube, a Be - covered shutter allows to extract the UCN through thin Al win-
dows into the experiment, if required.

The UCN storage tube is inside of an evacuated cryostat tube. Both
tubes together are moved as far as possible into the SR-4 beam tube.
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2.5 UCN density calculations

The UCN density in the storage tube will reach about the same magni-
tude as in the converter if the total losses in the storage-tube are small com-
pared to those in the converter. The storage tube first works as a buffer,
where the UCN can survive much longer than they would inside the con-
verter, and, secondly, it transfers the high UCN density from near the con-
verter to the experimental area.

The UCN density distribution in the tube may be calculated with the
help of diffusion theory [Sei99]. Because of the constant cross section and
cylindrical symmetry of the tube the variation along the axis may be de-
scribed by a one-dimensional differential equation of second order with the
coefficients depending on the part of the tube considered (converter, evacu-
ated part). The parameters are the diffusion coefficients D and the effective
storage time constants x. The general solution for the case of stationary
equilibrium is given by

p(x) = acoshjc/L + jisinhx/L + p0

Here p is the UCN density, x the coordinate along the axis of the tube, L
- (D x)in the diffusion length, a and (3 are constants to be determined by
appropriate boundary conditions, and p0 is the (maximum) UCN density in
the converter, without UCN escaping into the evacuated part of the storage
tube (converter completely enclosed by reflecting walls).

Figure 7 shows typical results: the solid curve was calculated for a wall
loss factor fi = 51O"5 and /= 12.5% diffuse reflection, the dashed curve for
the same wall loss factor, but with / = 50% diffuse reflection, and the dotted
curve for increased wall losses jl = 5-10"4 and / = 12.5% diffuse reflection,
as in the first case. All curves show a step in the density at the boundary
between the converter and the evacuated part of the tube. This is caused by
the fact, that UCN are produced at the potential Um ~ 103 neV and hence
are accelerated when leaving the converter. As a consequence the momen-
tum part of the phase space is enlarged by the factor r\:

= (1 -K 3 ) / (1-K2)3 7 2 = 1.61 With K = (£/D2/[/Be)
1/2

According to Liouville's theorem the six-dimensional phase-space den-
sity is equal on both sides of the boundary. Therefore the spatial density in
the evacuated part has to increase by just the same factor Tj = 1.61 '.

The solid curve in Fig. 7 for both, low losses and low diffuse reflection,
shows only a slight decrease of the UCN density along the storage tube. The
dashed curve shows the effect of enhanced backwards reflection. By this the
probability increases to stay inside the strongly absorbing converter, thus
reducing the total number of UCN, especially far away from the converter.
The dotted curve reflects the drastically enhanced wall losses, which now
determine the density drop along the axis of the evacuated tube and cause a
general decrease, although only to roughly about 50% of the original values,
because losses in the converter still predominate.

1 The same result is obtained by calculating the portion of total reflected neutrons impinging
in the evacuated volume onto the converter boundary [Tri98].
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Fig. 7

UCN density distribu-
tion along the axis of
converter and storage
tube for different wall
loss factors u. and dif-
fuse reflection prob-
abilities/

Converter
(enlarged)

2.0x10

1.5x10"

1.0x1(T
3c
0)

Z
5.0x103

0.0

Storage tube

f=0.125. n = 5 1 0

f=O.S, n=

f=0.125, n=

200 400 600

x - coordinate in axial direction (cm)

Design values:

p~ 104n/cm3

O~5105n/cm2s

It is convenient to compare the losses in the various parts of the source
by means of the respective storage time i. In the D? converter at 5 K the up-
scattering cross section corresponds to about 80% of the absorption cross
section and the resulting effective storage time Tconv ~ 0.08 s. In the evacu-
ated storage tube wall losses and p- decay cause Tevac ~ 170 s and Tevac ~ 20 s
for \l = 510'5 and ji = 510 4, respectively. Taking into account that the neu-
trons stay in the evacuated tube -1000 times longer than in the converter,
we can explain the observed effects in Fig.7 quite well. The time constant
for filling the storage tube with UCN from the converter is approximately
given by Tconv ~ 0-08 s multiplied by the ratio of their effective volumes (~
100), and the reciprocal ratio of average velocities (~ 4 / 6).

Generally the results from Fig.7 confirm the UCN densities expected of
approximately 104 n/cm3, even if 30% losses in the Al windows are taken
into account [Sto78]. Results of Monte Carlo simulations are in excellent
agreement with these analytical calculations [Lei99], [Sei99].

The upper limit of the UCN flux density O emerging from the converter
into the evacuated tube in the continuous operation mode (open shutter at
the far end) can be estimated from the balance of UCN production in the
converter and UCN losses by a) absorption, b) up-scattering, and c) flow
into the evacuated tube, assuming low wall losses and high specular reflec-
tivity [Tri98]:

$> = p 0 ( 4 / VCOnv + Tconv / /conv ) "'

with po ~ 104 n/cm3 the UCN density in the converter without leakage, vconv

~ 4 m/s the average UCN velocity in the converter, Tconv ~ 0.08 s and /eonv ~
7 cm, the axial length of the converter. With these numbers one obtains <I> ~
5105n/cm2s.

2.6 An open question and preventive counter-measures
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Of crucial im-
portance: the
thermal conduc-
tivity of the D2

converter

For achieving the design value of UCN density and flux, respectively, a
crucial quantity is the effective storage time in the converter material, which
was assumed to be Tconv ~ 0.08 s. This value corresponds to absorption in
solid D2 and to up-scattering ( -80 % of absorption at 5 K, see Fig.2). In or-
der to prevent additional absorption, the D2 has to be sufficiently clean.
Based on the absorption cross sections shows we must ensure, that the
atomic concentration of H is < 10"4 and that of N2 < 10"5 e.g. to be of negli-
gible influence. These requirements can be fulfilled if adequate precautions
are taken.

An enhanced up-scattering can have various causes. It depends on the
portion of para-D2, and on the temperature. From Liu et al. [Liu99] one ob-
tains for the lifetime due to up-scattering on a fraction xpara of the solid D2

content of the solid D2 [Liu99]:

lpara 0.00147/jtpara [s]

In order to get x p a r a » xconv ~ 0.08 s, the fraction of para- D2 should be
•Vra < 5-10"3. This can be obtained from natural D2 (for which, at room tem-
perature, ;tpara = 1/3) by storing the D2 at a temperature < 20 K for a period
of several months [Sil80]. In addition, intense radiation seems to drive the
D2 into the ortho state, as is indicated from experiments by the group at
PNPI in Gatchina [CarOO].

The temperature of solid D? is given by the heat load due to irradiation
and by the thermal conductivity. The heat load is on the average Pin ~ 0.14
W/cm3 inside the nose of SR-4, where the converter will be placed [Gau99].
The thermal conductivity depends firstly on the phonon density and thus
temperature and secondly on the fraction of para - D2 and other scattering
centers for phonons. Figure 8 shows the thermal conductivity X(T) of D2 for
different values of xpara as a function of the temperature [Gor81]. The maxi-
mum at T ~ 4 K is a consequence of the density of phonons and phonon -
phonon scattering, both increasing with temperature.

Fig. 8

Thermal conductivity of
solid D2 as a function of
temperature for para frac-
tions x from 2.2% to 33%,
from[Gor81].
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Maximum tem-
perature con-
trollable by cold
finger

The maximum value may be reduced drastically by additional scattering
centers, for instance by radiolysis effects, by para - D2 production, or simply
by mechanical cracks. While the last two causes can be considered to be
controllable, the effects of radiolysis are not sufficiently well known at pre-
sent. Measurements at LANSCE of the UCN production rate as a function
of the primary proton pulse intensity showed no deviation from the expected
linear dependence so far [CarOO]. Care has to be taken, however, when try-
ing to transfer and extrapolate to the present situation. At best the maxi-
mum pulses in that experiment correspond to an irradiation intensity an or-
der of magnitude smaller at Mini-D?.

In order to prevent the reduction of thermal conductivity by additional
phonon scattering centers, the cooling of the D2 converter has to be opti-
mized. Therefore the Do is contained in a cylinder jacket with inner and
outer radii n and r0, respectively, formed by two coaxial, double-walled
tubes with He gas as coolant between the walls, keeping them at a tem-
perature of Tw< 5 K. Assuming infinite length of the tubes and constant
thermal conductivity, one obtains with Ar = ro - r, the maximum tempera-
ture:

T(rm) = Tw + Ar2 Pin / (8 X) at rm = (r, + r0) / 2

This shows that a reduction in X could be compensated very effectively
by a corresponding reduction in Ar2. Of course, a decreased converter vol-
ume also causes less UCN to be produced. However, the gain factor for X is
(1 - n / ro)~~ = 4 for n / r0 = Vz e.g., while the reduction of the converter vol-
ume then is (1 -\\ I r0

2) = % only. The optimum value for r, at given r0 can
be determined by experiment under the real conditions.

Fig. 9
Radial temperature
profiles.
Outer radius ro fixed.
Parameter: radius rs

of cold finger.

T
IK]

Figure 9 shows the radial temperature profiles calculated for fixed r0 =
3 cm and different values for r,, with Tw = 5 K and X assumed to be tem-
perature dependent: A.(T) - 18.75 / T3 [W / cm K], corresponding to the
common right branches of the curves in Fig. 8. These temperature profiles
can be understood rather well with the approximate relationship given
above.
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3. The technical design

Positive preliminary
approval by the
technical experts
(TUV)

Fig. 10
Scheme of the
mechanical design

The technical design of the Mini-Di UCN source, as described in this
report, takes into account all safety aspects to be expected at FRM II as a
nuclear installation. The design was examined by the experts of the techni-
cal safety authorities (TUV) with the result that it could be approved in case
of an official request, which will be submitted, however, only after the third
partial construction license for the reactor itself has been obtained.

He25K UCN

Vacuum

I He5K
He25K

Figure 10 shows a schematic view of the Mini-D2 UCN source inside
the beam tube SR-4. From left to right we find:

• the cold source inside the D2O moderator,
• the SR-4 beam tube crossing the biological shield and the H2O pool,

closed by
• the end plate of SR-4, which has a hole for
• the double-walled in-pile cryostat (colored in green), connected to

the end plate via a double-walled membrane bellow (light green),
and to the other side followed by

• the double-walled, curved cryostat tube (bending radius 1.5 m, an-
gle 50°, He gas protected), which brings the system out of the direct
irradiation flux, finally ending with

• the double-walled, He gas protected cylindrical end vessel (diameter
~ 60 cm, height - 1 m) with feeders for coolants, vacuum pumping
and D2 gas and thin Al windows for UCN;

• the cryostat houses the double-walled UCN storage tube (purple)
with the cup (blue) containing in the maximum ~ 200 cm3 of solid
D2 as converter (green, hatched) at the very end near the cold
source, and with a shutter and a thin Al window at the other end.
The total length of the storage tube is 8 m, the inner diameter -57
mm, and the volume ~ 20 liter.
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in-piVe cryostat

Fig. 11
Cut away- view of the
source with the con-
verter

oling channels

sooling pipes

solid D, - converter

UCN - storage tube 25 K cooling channels

Technical details Figure 11 shows a cut-away view of the end piece of the in-pile part of
the Mini-D2 UCN source close to the cold source. It is inserted in the SR-4
beam tube, which contains He protection gas (130 kPa). The (orange) dou-
ble-walled cryostat of the source (outer diameter -108 mm, inner diameter
~ 99 mm, wall thickness 3 mm respectively 2 mm) is made of Zirkaloy ZR4.
This material has high yield strength even at the maximum temperature of
700 °C, which would only be achieved in case of a cooling failure. The
cooling of the inpile crystat is provided by He gas (-300 K) being pumped
through the gap between the walls.

Inside the evacuated cryostat the (yellow) double-walled UCN storage
tube is installed. This tube is made of A16061, an aluminum alloy especially
suited to withstand high irradiation levels in a nuclear reactor environment
(outer diameter -65 mm, inner diameter -57 mm, wall thickness 0.8 mm
each). The very end of the storage tube has a coaxial finger (length - 50
mm) to improve the cooling of the solid D2 converter, which will be con-
densed into this part of the tube (green). The cup containing the converter
will be cooled by supercritical He (single phase only, maximum pressure
-300 kPa, temperature < 5 K), provided by separate tubes (diameter - 12
mm). The rest of the storage tube is cooled by He gas at - 25 K flowing at a
pressure of ~ 300 kPa in the gap between the walls.

The D2 condensed into the cup at low temperature (< 5 K) will expand,
when warmed up. Between 5 K and the melting temperature (18.7 K) the
density decreases by about 3 %. To prevent the converter cup and the cen-
tral cooling finger from rupturing they are formed slightly conical, so that
the solid expanding D2 can slide out in axial direction.

The inner surface of the storage tube will be polished to achieve good
specular reflectivity, then plated with Ni, and finally sputtered with Be. The
Ni layer is needed, because Be sputtered directly on Al would not form ab-
solute complete coating.
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solid D2 converter

} i
Cold source

in-pile cryostat

LJCN -
sroi age tube

SR-4 beam tube

Fig. 12
Cut away- view of
the SR-4 beam tube
with the in-pile part
of the source baam s'.oppei

-4 end plate

UCN source
movable in axial
direction by 1.8 m

Figure 12 shows a cut-away view of the SR-4 beam tube with the cold
source at one end and the SR-4 end plate in the experimental hall. The Mini-
D2 in-pile cryostat with the UCN storage tube penetrates the end plate.

Outside the end plate another about 2 m long straight part of the in-pile
cryostat is running inside a long double-walled membrane bellow, which
closes the He protection gas volume in the SR-4 beam tube and thus repre-
sents a barrier against water loss of the reactor pool in case of a break of the
SR-4 beam tube. The space between the walls of the bellow is filled with He
protection gas. Pressure loss would indicate a leakage of one of the walls of
the bellow. The length of the bellow can be varied by 180 cm. By this the
in-pile part of the UCN source may be withdrawn from the high radiation
level region back into the internal shielding block of the SR-4 in order to
save cooling, if the UCN source is not operating. The He protection volume
of the SR-4 needs not to be opened during this procedure. The outer part of
the cryostat, the end vessel as well as parts of the surrounding shielding, the
D2 gas handling system and the cryostat with the secondary cooling circuits
(see below) will be moved at the same time. Plan views of the experimental
hall for both positions are shown in Figures 13 a) and b).

The flow-diagram of the whole system including the deuterium gas
handling system and the cooling circuits is described in Appendix A. 5. Here
also some safety aspects are listet.
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4. Status of the project

4.1 Project progress

According to the project time schedule shown in table 1 and 2 five dif-
ferent stages are defined for each of the seven sub-projects. These stages
are:

1. Conception
2. Design
3. Construction documents
4. Construction
5. Tests / Commissioning

In the following list short comments on each sub-project are given.

• Mini-D^: It includes the complete UCN storage tube and the cry-
ostat (in-pile part, bended part, and cylindrical end vessel).

• SR-4 (internal) beam stopper: The standard beam stopper had to be
replaced by a stopper with enlarged cross sections for the UCN
source. The modified stopper and end plate is ready for being in-
stalled.

• D2-gas handling: It includes the D2-gas storage, the small cryo-plant
for converting the para- into the ortho-D2, and the vacuum-system
of the source.

• D2-Test-cryostat: This is a He-gas protected cryostat for preparatory
investigations of the D2-converter and alternative materials. It
serves the testing of the prototype UCN storage tube and its cooling
circuits, to study the influence of high y irradiation on the thermal
conductivity using the bremsstrahlung from the 2.3 GeV-electron
synchrotron in Bonn, to study the UCN-production at a pulsed
TRIGA-reactor in a collaboration with the University of Mainz (see
below). The construction of the test-cryostat is almost completed.

• Be-sputtering laboratory: A new sputtering device is being installed
allowing surface coatings by different materials e.g. beryllium, to
meet the various requirements on well-defined surfaces needed for
handling UCN. The sputtering device is under commissioning.

• Cryo plant: It includes the primary refrigerator, the 5 K and 25 K
secondary cooling circuits, the 300 K circuit, and all He gas storage
capacities.

• Infrastructure: It includes the external shielding and the carriage
system to remove the source from the high level radiation region.

At present the overall progress of the project is already beyond the 50 %
mark. This includes the following topics:
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The design of the source is completed
All relevant parameters are fixed
Calculations were made on following topics:

- UCN-densities
Neutron fluxes
y fluxes
Heat load
Heat removal
Maximum temperatures

- Mechanical stability
- Tritium activation

Shielding (in progress)
Technical design is in progress
System description is in progress
Flow-diagram is in progress
Internal SR-4 beam stopper and end plate is ready for installation
Technical developments for construction of the UCN storage tube,
the converter cell, and the in-pile cryostat are under way
Be sputter device is under commissioning
Test cryostat for preparatory investigations of D2 as converter is al-
most complete
A program for experiments at the Mini-D2 UCN source is under way

4.2 Time schedules

Table 1 shows a correlation schedule of all parts of the project with the
different stages. Table 1 gives the time schedule. It shows that the commis-
sioning of the source is expected to occur during the first half of year 2003.
For this the commissioning of the FRM II is assumed to take place in time.

Informations on manpower, collaborations and cost estimate are summa-
rized in Appendix A.6.

- 1121 -



JAERI-Conf 2001-002

Tab. 1 Project progress

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

2
2.1
2.2
2.3
2.4
2.5
2.6
2.7

3
3.1
3.2
3.3
3.4
3.5
3.6
3.7

4
4.1
4.2
4.3
4.4
4.5
4.6
4.7

5
5.1
5.2
5.3
5.4
5.5
5.6
5.7

Task
Target
start
date

Conception
Mini-D2
SR-4 bear
D2-Gasha
D2-Testcr
Be-sputtei

Cryo plant
Infrastructi
Conceptioi
Design
Mini-D2
SR-4 bear
D2-Gasha
D2-Testcr
Be-sputte

Cryo plant
Intrastructi
Design tok

01.01.99
01.01.99
01.01.99
01.01.99
01.01.99
01.01.99
01.01.99
01.01.99

01.04.99
01.04.99
01.04.99
01.04.99
01.04.99
01.04.99
01.04.99
01.04.99

Target
end
date

01.04.00
01.01.00
01.01.00
01.01.00
01.01.00
01.04.00
01.04.00
01.04.00

01.07.00
01.01.00
01.04.00
01.01.00
01.01.00
01.07.00
01.07.00
01.07.00

Construction documents
Mini-D2
SR-4 beat
D2-Gasha
D2-Testcr
Be-sputtei

Cryo plant
Infrastructi
Document^

01.03.00
01.01.00
01.03.00
01.09.99
01.09.99
01.07.00
01.07.00
01.09.99

Construction
Mini-D2
SR-4 bear
D2-Gasha
D2-Testcn
Be-sputtei

Cryo plant
Infrastructi
Constructk

01.02.01
01.04.00
01.02.01
01.01.00
01.01.00
01.02.01
01.02.01
01.01.00

01.01.01
01.04.00
01.11.00
01.01.00
01.01.00
01.01.01
01.01.01
01.01.01

01.07.02
01.09.00
01.04.02
01.10.00
01.07.00
01.07.02
01.07.02
07.07.02

Tests/Commissioning
Mini-D2
SR-4 bear
D2-Gasha
D2-Testcr
Be-sputtei

Cryo plant
Infrastructi
Tests/Con

01.09.02
01.09.00
01.05.02
01.11.00
01.09.00
01.09.02
01.09.02
01.09.00

31.12.02
01.10.00
01.10.02
01.01.01
01.10.00
31.12.02
31.12.02
31.12.02

Portion
of

proqress

4,00%
3,00%
3,00%
2,00%
2,00%
3,00%
3,00%

20,00%

4,00%
3,00%
3,00%
2,00%
2,00%
3,00%
3,00%

20,00%

4,00%
3,00%
3,00%
2,00%
2,00%
3,00%
3,00%

20,00%

4,00%
3,00%
3,00%
2,00%
2,00%
3,00%
3,00%

20,00%

4,00%
3,00%
3,00%
2,00%
2,00%
3,00%
3,00%

20,00%

Actual
start
date

01.01.99
01.01.99
01.01.99
01.01.99
01.01.99
01.01.99
01.01.99
01.01.99

01.07.99
01.07.99
01.04.99
01.03.99
01.04.99
01.04.99
01.04.99
01.03.99

01.03.00
01.01.00
01.03.00
01.09.99
01.11.99
01.04.00
01.04.00
01.03.99

01.04.00

01.02.00
01.01.00

Actual
end
date

01.04.00
20.12.99
20.12.99
20.12.99
20.12.99
01.04.00
02.01.99
01.04.00

20.12.99
01.04.00
20.12.99
20.12.99

01.04.00

01.11.99
31.12.99

01.04.00

MCltlal

progress

4,00%
3,00%
3,00%
2,00%
2,00%
3,00%
3,00%

20,00%

3,50%
3,00%
3,00%
2,00%
2,00%
2,00%
2,50%
18,00%

1,00%
3,00%
1,00%
2,00%
2,00%
0,50%
0,50%
10,00%

0,00%
2,50%
0,00%
1,50%
2,00%
0,00%
0,00%
6,00%

0,00%
0,00%
0,00%
0,00%
0,00%
0,00%
0,00%
0,00%

Total

20,00%

38,00%

48,00%

54,00%

54,00%
Total 100,00%
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Subtotal

Construction documents
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Subtotal

Tests, commissioning

Subtotal

Total
Project progress (F)
Date

Target
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####
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4,00% 4 0C%

#### 4.00%
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4,00% 4,0D?<

t">S? 4.0C%

####

31.3.99

4,00%

####
12,00%

####

20,00%

####

32,00%

32,00%,

i ^ 2000

J,F,M

4,00%

20%

4,00%

4,00%

2,00%

A,M,J |J,A,S

####

4,00% ####

20%

4,00% 4,00%

2,00% ,2,00%

O,N,D

4,00%

20%,

2,00%

#### 2,22%

31.3.00

46,00%

45,00%

####

56,00%

54,00%

####

62,00%|

####

70,22%

2001

J,F,M |A,M,J J,A,S |o,N,D

####

2,00% 2 00%

2.22% 2,22%

a.oo% 2.00%

232% 2.22%

31.3.01

74,44%

30.6.01

78,66%

30.9.01

82,88%

31.12.01

87,10%

2002
J,F,M |A,M,J |j,A,S O,N,D

Z.00% 2,CC% --!)!!-•#

20'J,o

20%

2003
J,F,M A,M,J M,A,S O,N,D

####

' 100%

31.3.02 ####

91,32%| 95,54%

I

####
97,76%

####

99,98%

31.3.03

100%J

####
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Appendix A.I

Neutron fluxes in FRM II beam tube SR-4

Results of Monte Carlo calculations of neutron fluxes along the axis of beam tube SR-4 in FRM
II without any installations by W. Gaubatz (13.10.98).

For four different energy sections, as a function of the distance r [cm] from the centre of the
cold source.

Neutron flux F in 10^ n / cra^ sec

Energy sections:

k=0 : <4.5 meV
k=l : 4.5 meV < E < 625 meV (thermal)
k=2 : 625 meV < E < 821 keV
k=3 : 821 keV < E < 14.9 MeV

F
i, 1

F.
100

10

\

... \ _ ,•. i
• \

• \ _

>——

•

j

V

20 40 60 80 100 120 140 160 180 200 220

Distance from centre of cold source [cm]
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Appendix A.2

Tritium production in Mini-D2 converter

Deuterium quantity : 40 g = lOmol =

Mean distance from the centre of cold source:

Thermal neutron flux at r = 22.5 cm

Absorption cross-section for v = 2200 m/s :

Reactor cycle:
Irradiation time per year:
Irradiation time / total time:

Nj = 12.04 1024 D-atoms

r = 22.5 cm

= L 6 l o 1 4 n / c m 2 s

cyabs= 5-2 10~28 c m 2

^ 1 = 7 3

5 x 52 = 260 days
e = 260/365

Tritium-decay-coefficient: A. = ln2 /Ti /2 = 1.78 10"9 / s

Number of Tritium-nuclei as a function of time: Nti := l - e

Tritium-activity in Bequerel: dNtr.-^Ntl. s- i

2*10

dNtl , . , 0 "

5*10

time in years

Result: Per reactor cycle a tritium-activity of 7.8 10^ Bq would be produced in the D2-
converter, if the D2 would be irradiated all the time. After four years the activity would be 1.4

10^ I Bq. If then would occur an accident, so that all of the D2 would enter the gas collecting
vessel JBU55 BB550 of the exhaust system and then 1/5 of that further into the exhaust chim-
ney, then the tritium-activity released into the environment would still stay below the admissible

activity limit of 3 lO'^Bq (per one day).
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Appendix A.3

Tritium production in liquid helium coolant of Mini-D2

4He-quantity : 5kg = 1250 Mol =

^He-atoms (fraction in commercial He: 0.3 10~6 ) -.

Irradiated fraction :

N H e 4 = 75 1025

N H e 3 = 22.5

K = 0.02

r = 20 bis 210 cm

^therm = 3.36 1013 n/cm2s

Irradiated section (from centre of cold source):

Mean thermal neutron flux in this section :

Absorption cross-section of 3He (v = 2200 m/s, En=25meV): ĉ abs = 5.33 10~21

Tritium-decay-coefficient: X, = In 2/T1/2 = 1-78 10"9 / s

Reactor cycle : tcycl = 73 days
Time of irradiation per year : 5 x 52 = 260 days
Time of irradiation / total time : e = 260 / 365

Tritium is created by neutronen-capture in •'He. Then tritium decays creating again

Tritium-nuclei as a function of time: Nt2. :=. 1 \- e
K£

1 NHe3•^He-nuclei as a function of time: Nhe3. :=
' 0 •* -K-E +• X

•\_X - H O - * -E e

Tritium-activity in Bequerel: d N t 2 . :=?

2»10

dNt2.
1

years

Result: After 12 years of permanent irradiation the tritium-activity in the liquid He coolant would be still

considerably smaller than the admissible activity limit of 3 1 0 ^ Bq (per one day).
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Appendix A.4

Heat input by irradiation in zircaloy ZR4

Specific heat input P [W/G] by p\ 7 and neutron radiation in zircaloy ZR4 along the axis of beam
tube SR-4 in FRM II as a function of the distance r [cm] from the centre of the cold source, ac-
cording to Monte Carlo calculations by W. Gaubatz (2.11.99).

Density of ZR4 : 6.57 g/cm*3

Approximation: Approx = 1.45 e-0.031 r

* P ,

.5 Approx.
0.1

0.01

\

\

>
\

1

1
;

20 30 40 50 60 70

r.

80 90 100 110 120

distance from centre of cold source [cm!
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Appendix A.5

The flow - diagram and cooling circuits

The flow - diagram of the D? gas system and the cooling circuits are presented in Fig.A.5.1.
They provide the following functionality and features.

The deuterium gas handling system

The deuterium gas system (on the left side of the flow-diagram, inside the box colored with or-
ange background) provides preparation, filling, evacuation, and storage of the deuterium gas.
The gas system satisfies the conventional requirements for a system in the nuclear-reactor envi-
ronment. It is completely protected from outside by a shield of inert He gas (1.8-105 Pa), being
contained in a big vessel (in Fig.A.5.1: BB300, volume: 1.5 rrr), which is calculated to withstand
a hypothetical inside explosion of a D2-air mixture (corresponding to a static over-pressure of 13
bar).

The D2 gas is stored in the inner vessel (BB101, 0.3 m3) with slight under-pressure (0.9-105 Pa).
The required ortho-modification of the D2 is prepared in the cold container (BB102, 400 cm3)
cooled by a small, separate refrigerator head (~ 10 W) at a temperature < 20 K. It can be used
also for cryo-pumping.

For the exhaust of the irradiated, tritium - contaminated D2 a system will be used, which is very
similar to the approved exhaust system of the FRM II cold source. The D2 exhaust gas will be
diluted in a big vessel (BB550, ~ 1 m3, in Fig. 14 left of BB300, the orange box) by inert nitro-
gen gas to less than 4% D2, the minimum concentration for ignition. Then the gas can be given
to the exhaust chimney of FRM II, monitored by a tritium detector. In Appendix A.2 it is shown
that the maximum amount of tritium activity, which could escape into the environment, would
stay below the upper limit of the admissible per-day tritium emission (single event).

The cooling system

The specific heat input, mainly caused by y radiation, is according to calculations by Gaubatz
[Gau99] and Appendix A.4 for the different materials at the very end of the source:

Solid D2: -0.14 W/cm3

A16061: -1 .8
Zirkaloy: - 4.4
Liquid He: -0.035 "

The heat input decreases exponentially with a characteristic length of 32.3 cm for all materials
(see Appendix A.4).
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There are three different temperature levels, at which the heat has to be cooled away. In the fol-
lowing list the temperature and the respective total heat load is summarized.

< 5 K level: 200 W (Converter cell with solid D2, cooling pipes;
from this: < 28 W in the D2 converter itself)

~ 25 K level: 400 W (UCN storage tube except converter cell)
~ 300 K level: 2000 W (In-pile cryostat tube)

Correspondingly there are three He gas cooling loops operating at the different temperature lev-
els: <5K, ~ 25 K, and ~ 300 K. Helium which flows in these circuits through the active zone of
the nuclear reactor is contained in closed secondary systems, separated from the helium of the
refrigerator primary circuit, though the estimated tritium activity from 3He contamination in the
4He coolant would be extremely small (see Appendix A.3). The heat exchangers for the 5 K and
25 K circuits are inside a big evacuated cryostat vessel (BB210 in Fig. 14, right-hand side, bot-
tom).The He coolant flow in both loops is forced by mechanical, cold turbines which can over-
come a pressure drop of up to 0.7 bar in the low-temperature circuits. These turbines provides
very efficient cooling, resulting in a temperature difference of -0.3 K between the walls and the
coolant. An absolute reference pressure of about 3 bar is always kept with the help of a buffer
reservoir (BB231, in Fig. 14 right-hand side, top), in which this value is automatically main-
tained from the outside by a system of membrane compressors and the large 40 m3 storage vessel
(BB232) with very clean helium. The pressure value of about 3 bar is essential to guarantee
cooling by one-phase supercritical helium in the 5 K circuit, as cooling cannot be efficiently
done with boiling liquid helium under the given heating conditions. Interconnections between the
5 K and 25 K loops allow cooling of both systems in series from the 25-K turbine for the stan-
dard pre-cooling procedure. When no cooling power is available the emergency room-
temperature circulation can be automatically provided by the membrane compressors.

Safety aspects

In spite of a very small amount of D2 used (40g D2 correspond to -200 cm3 of wood to fire) the
design takes into account all requirements concerning the safety rules at FRM II:

• Three barriers against water loss from the reactor pool
• Two barriers against deuterium loss
• Complete enclosure of deuterium by He protection gas
• At least 1 barrier withstand inner D2 / air explosion
• Safe design with respect to specific earth quake and plane crash
• No affect on the safety of the water barriers on cooling breakdown
• No disturbance of reactor by operational failure of the UCN source
• Tritium activity below the per-day emission limit
• Helium coolant enclosed in separate secondary system
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Appendix A.6

Manpower

At the Physics Department El8 of the Technical University of Munich a working group on
UCN physics at the FRM II was installed under the leadership of Prof. Dr. S. Paul, presently
consisting of further four senior scientists and three students. One engineer and two precision
engineers are assigned to the group (all full-time). Further engeneering capacity is available from
the central institutions of the Faculty of Physics, the Accelerator Laboratory of the University of
Munich and the Technical University of Munich, and from FRM II.

In addition the filling of the position of a professor (C3) for UCN physics at the Pysics Depart-
ment E18 is under way.

Brief biographies of the members of the UCN group

Stephan Paul, Professor (C4), Dr., head of the Physics Department E18, chairman of the re-
search council of the Accelerator Laboratory of the University of Munich and the Technical
University of Munich
Research:

Igor Altarev, Dr., senior scientist
Research:

Joachim Hartmann, Dr., Dr.habil., senior scientist
Research:

Wolfgang Schott, Dr., senior scientist
Research: experiments on neutron physics and nuclear physics, accelerator physics.

Uwe Trinks, Dr., Dr.habil., senior scientist
Research: experiments on elementary particle physics, development of neutron storage ring

NESTOR, accelerator physics, development of superconduct. magnets and rf-cavities.
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Collaborations

• From June 99 until June 02 we have a 'Bilateral Cooperation in Science and Technol-
ogy', Reference number BRA 077/97 ENV, between the Munich UCN group and a group
of scientists of the Petersburg Nuclear Physics Institute, Gatchina (head: Prof. V. Lo-
bachev). The joint project is divided into two parts, the construction of the Mini-D2 UCN
source at FRM II, and the performance of an EDM experiment at this source. For the first
part the Munich group is responsible, for the second the Gatchina group.

• Sine March 99 until March 01 an INTAS cooperation is working with the title 'Investi-
gation of a recently discovered phenomen of rare events of small energy change -heat-
ing/cooling - of UCN in traps'. In addition to the Munich group three other groups are
involved: a team from the Institute Laue Langevin ILL in Grenoble with Dr.V. Nesviz-
hevsky as leader, a team of the Joint Institute for Nuclear Research JENR in Dubna
(Laboratory of Neutron Physics) with Dr. A.V. Strelkov as leader, and a team of the Kur-
chatov Institute in Moscow (Laboratory of Neutron Investigations) with Dr. V.I. Moro-
zov as leader.

• A collaboration of the Munich UCN group is being installed with the Institute for Physics
(Prof. Dr. Werner Heil) and the Institute of Nuclear Chemistry (TRIGA reactor, Dr. Nor-
bert Trautmann) of the University of Mainz, the Institute Laue-Langevin ILL in Grenoble
(Dr. Peter Geltenbort and Dr. V. Nesvizhevsky) and the Joint Institute for Nuclear Re-
search JINR in Dubna (Dr. Yu. Pokotilovski). The collaboration shall install a test facility
at the pulsed TRIGA REACTOR for investigating solid D2 and other materials (heavy
methane) as UCN converters. At the TRIGA reactor thermal neutron pulses (length ~ 35
msec) with apeak flux of 5.5-10l4n/cm2s can be produced.
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23. Neutron Source - Target Engineering
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Abstract

The major concern in current R&D effort is radiation damage and foreign atom production
(mainly hydrogen and helium) in structural materials of the ESS mercury target. Mechanical
tests on specimens from spent targets at LAMPF and ISIS are being performed. The results
show a remarkable strengthening and embrittlement with all three investigated materials
classes (austenitic and martensitic steels as well as nickel-based alloys). The residual ductility
observed with specimens subject to the highest available dose of 10 dpa (corresponding to
about 2 months of operation of ESS) are, however, sufficient for being employed as structural
materials of ESS targets. Furthermore, an additional extended irradiation program at PSI
(STIP) is just about to be started.

Pressure waves in mercury as well as the resulting stress waves in the container walls of
the ASTE mercury target are being investigated at the AGS in Brookhaven. A comparison
with results from finite elements calculations is under way.

Heat transfer experiments in mercury loops in connection with computational fluid dyna-
mics studies are being conducted. This is to investigate the active cooling of the proton beam
window of the target container.

Within the present R&D phase several paths for developing radiation resistant or at least
better manageable cold moderators such as small pebbles of solid methane (2 to 3 mm dia-
meter) or methane clathrates (e.g. from water ice) are being pursued. Irradiation behavior of
solid methane is being performed at the IBR-2 reactor in Russia. The neutronic properties
(intensities and pulse shapes) of the different variants will be studied employing the ESS tar-
get-moderator-reflector module JESSICA, which became operational recently at the Jiilich
Cooler Synchrotron.

1. Introductory remarks

It is beyond the scope of this presentation to give a comprehensive view of the entire R&D
work being performed concerning target and moderator issues. We have selected the so far
most thoroughly investigated tasks including some remarks on recently started activities. The
emphasis of this research is on the most highly loaded components, i.e. target and moderators.
The integrity of these parts clearly will be decisive for the duration of uninterrupted operation
periods of the entire facility. The extraordinary loads on the mercury target are on the con-
tainer proper and its secondary enclosure, in particular, where the protons penetrate the re-
spective beam windows. Of these loads, radiation damage and foreign atom production
(mainly hydrogen and helium) are of particular concern. The other major concern, stress
waves, will be discussed in a different section.
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2. Radiation-induced Changes of Mechanical Properties of Target Structural Materials

The lifetime of the ESS target structure (proton beam window, return hull, Hg-container)
will be determined by radiation damage (displacements per atom, dpa) and H- and He- pro-
duction due to high energy protons and neutrons [1]. Because of the different radiation condi-
tions, data from fission and fusion materials research cannot be directly transferred to the
spallation case. At present, the only supply of information are specimens obtained from spent
target components of already operating medium-power sources such as ISIS (UK) and LAN-
SCE (USA). The ESS-target group has collected all available high dose components of these
sources in the Hot Cells of the FZ-Jiilich. Specimen preparation and first mechanical test were
started in 1997. A detailed discussion of the present test program is presented by F. Carsughi
[2]. The results obtained up to now [3-5] can be summarized as follows:

The irradiation causes a hardening/strengthening connected with a decrease in ductility
(the so-called low-temperature embrittlement) in all 3 investigated types of materials, Fig. 1:
an austenitic stainless steel (AISI 304 L), a martensitic/ferritic steel (DIN 1.4926) and a high-
strength Ni-based alloy (Inconel 718). The fracture mode is, however, different: whereas the
fracture remains transgranular for 1.4926, it changes from ductile transgranular in the initial
material (see Fig. 2a) to brittle intergranular in 304 L (see Fig. 2c) and Inconel 718. At present
detailed transmission-electron-microscope (TEM) investigations are under way to correlate
the mechanical behaviour with the irradiation-induced changes of the microstructure.
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Fig.l: Yield strength, uniform elongation resp. strain to necking measured at 20°C vs. displacement
dose after 800 MeV proton irradiation for austenitic steel AISI 304 L, martensitic steel DIN 1.4926, a
Nickel-based alloy IN 718 and Tantalum.

The maximum doses available up to now are limited to about 10 dpa which corresponds to
a full power operation time of about 2 months for ESS conditions. The observed ductilities at
this dose level are small (>1%) but acceptable, especially if the fracture toughnesses of >50
MPam172 measured in similar specimens is taken into account.

Higher dose levels are expected from the international irradiation programme STIP in the
SINQ target. First specimens should soon arrive in Jiilich for mechanical tests in the hot cells.
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Complementary information, especially on the basic radiation damage mechanisms is ob-
tained by simulation irradiations with light ions from the Jiilich Kompakt-Zyklotron. A pre-
liminary analysis of the data suggests that the observed changes of properties are mainly due
to displacement effects whereas the simultaneously produced helium plays only a minor role
for concentrations below several 0.1 at %.

3.3 ipa 7-9 ipa

Fig. 2: Scanning electron micrographs of fracture surfaces of 304 L steel after tensile testing for
unirradiated reference material and specimens after irradiation to 3.3 dpa and 7.9 dpa, respectively.
The change in fracture mode from ductile-transgranular to brittle-intergranular is clearly seen.

3. The stress wave problem

Stress waves within the container walls of liquid metal targets are generated by direct heating
of the beam window as well as by pressure waves due to the pulsed heating of the liquid
metal. Early calculations indicated that the stresses in the container wall of a 5 MW mercury
target may be already beyond admissible limits [6]. Experiments on this crucial issue have
been planned and performed at the Alternating Gradient Synchrotron (AGS) in Brookhaven
with the mercury target of the international ASTE (AGS Spallation Target Experiment)
collaboration. Using a recently developed laser interferometric technique for measuring
pressure waves in liquid metal targets provided reproducible results.

On the other hand, the comparison of the ASTE experimental results with finite elements
calculations (ABAQUS) of the pressure waves within the ASTE target turned out to be
satisfactory only for the time interval between power input and arrival of the pressure wave
front at the target container wall after about 60 u,s (see Figs. 4 and 5). So, for a quantitative
description of the measured pressure wave at later times a more sophisticated model including
the pressure sensor was needed and developed.

The ASTE target consists of a cylindrical, 2.5 mm thick steel hull of 20 cm diameter with a
hemispherical beam window and at the opposite side with a thick flange. Figure 3 shows the
FEM model of a quarter of the ASTE target including the pressure sensor port close to the
front end of the target.
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Fig. 3: The FEM model of a quarter of the ASTE mercury target

This port of 5 cm diameter is equipped with a mechanical pressure sensor, which is a thin
(0.3 - 0.4 mm) circular steel membrane joined to a proper flange. Its displacements from the
equilibrium position are measured with laser interferometry and converted into pressure val-
ues with the help of a static calibration of the sensor. The sensor was modeled and meshed
and FEM static calculations were performed confirming the experimental calibration. Its ei-
gen frequencies were calculated to identify them if accidentally excited.

In a first step a simplified FEM geometry on the ASTE target was modeled, in which the
flange and pressure sensor were not taken into account. For different radii of the circular
beam cross section and also for different deposited energies, the pressure values for times up
to 400 us after the proton pulse were calculated at the location in the mercury corresponding
to the sensor position. One can see in Figs. 4 and 5 that the pressure is zero for the time the
pressure wave front needs to travel at the velocity of sound (for mercury ca. 1400 m/s) from
the zone in which it originated (corresponding to the beam profile contour) to the sampling
zone.

f i"

i i i

0 16 OS [i.KJ-, 0.3

TIME f d i i ;

Fig. 4: Calculated time-dependent pressure in mercury at the location of the pressure sensor for a
single pulse with a deposited energy of 10 kJ and a proton beam radius of 2 cm.

The bigger the beam radius (for given deposited energy) the smoother and smaller are the
peaks where the mercury is under tensile stresses (positive values in Figs. 4 and 5). It seems
worthwhile to point out that this fact may offer a means of mitigating the impact of pressure
waves on the target structural materials.
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Fig. 5: Calculated time-dependent pressure in mercury at the location of the pressure sensor for a
single pulse with a deposited energy of 10 kJ and a proton beam radius of 4 cm.

The agreement between calculations and experiment (not shown) is good only for the first
70 (is in which the value and the shape of the first peak in compression (negative values in
Figs. 4 and 5) resembles the measured one. But, importantly, for later times the oscillations
differ completely from experiment. A possible reason for this discrepancy may be the fact that
the pressure has been calculated in the mercury at the location of the sensor, but not taking
into account the dynamical behavior of the sensor itself. Therefore, a less simplified geometry
including the sensor flange and the pressure sensor was modeled and meshed. A detail of the
mesh for the measurement flange and the upper part of the sensor is shown in Fig. 6.

Fig. 6: Detail of the mesh used for modeling the pressure sensor location of one quarter of the ASTE
target

4. Heat transfer experiments for target container proton beam windows

Strong thermo-mechanical loads are to be expected on the proton beam window of the
mercury target container due to temperature gradients as well as transients due to accelerator
tripping. Temperature gradients will arise due to the fact that the window is planned to be
actively cooled only from the inner, the mercury side. Anyway, adequate cooling of the
proton beam window is of utmost importance, even if it can be only done by the mercury
itself. Therefore, extended test programs for investigating the heat transfer conditions have
been devised [7]. Measurement techniques for determining transfer coefficients have been
developed and experiments performed, which are compared to computational fluid dynamics
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results. The experimental configuration has been designed according to the chosen concept of
steering the mercury flow through the ESS target container as well as past the proton beam
window as shown in Fig. 7.

11

'. ' J

\
10

Fig. 7: Cutaway drawing of the ESS target container indicating the forced mercury flow past the
proton beam window

For the heat transfer experiments a mercury loop and a target test section have been designed
and installed at the Institute of Physics of the University of Latvia in Riga. The most essential
part of the test section are the HETSS (Heat Emitting Temperature Sensing Surface) sensors,
thin fiberglass-copper composite strips attached to the wall to be cooled by the mercury
flowing past the sensors. Details on the HETSS sensors may be found elsewhere [8]. An ex-
ploded view of the test section is shown in Fig. 8 and an example of a comparison of experi-
mental data with computational fluid dynamics results is shown in Fig. 9.

Fig. 8: Exploded view of the test section for heat transfer measurements. The HETSS sensor strip
along the flow channel can be seen in the left. From [7].
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Fig. 9: Measured and calculated temperature differences for a particular flow rate and Reynold's
number using HETSS sensors. From [7].

5. Advanced Cold Moderator development

Cold moderators have gained increasing importance in the past. Quality and quantity of neu-
trons produced with a pulsed source can be particularly improved, if cold moderators can de-
liver and sustain short pulses over a broad energy range. The ideal slowing down medium for
that purpose is methane because of its high proton density and many low lying rotational vi-
bration modes. But, as well known experience at IPNS and ISIS has shown, highly active
radicals are formed in methane, in particular CH3~ und H+. In liquid methane (100-K-
moderator) this gives rise to the formation of higher alkane homologues, which is eventually
clogging the piping. In its solid state (20-K-moderator), in addition to radiolysis, crystal
defects like interstitials are generated. The stored energy together with recombination of
radicals can lead to spontaneous energy release (Wigner effect), which in turn may destroy the
moderator vessels.

Within the present ESS R&D phase several paths for developing radiation resistant or at
least better manageable cold moderators are being followed. One way is the production of
small methane pebbles (2 to 3 mm diameter), which as a bed are cooled by flowing liquid
hydrogen. A detailed account of the technological steps for producing methane pellets has
been presented during the last ICANS meeting [9]. A second possibility is the inclusion of
methane in porous substances (e.g. zeolites) or clathrates (e.g. from water ice), both again as
small pebbles. Radiation damage and Wigner effect will thus be restricted to small particles.
A timely and regular exchange of the pebble beds would prevent the destruction of the vessel
and sustain the neutronic quality of the moderator. A third way would be the utilization of dif-
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ferent hydrocarbons (with many freely rotating methyl groups), which do not exhibit the
unfavorable radiolysis behavior of methane.

Irradiation behavior of pelletized moderator media are being performed at the pulsed
reactor IBR-2 in Dubna. A detailed account of these irradiation experiments is given in an
recent ESS report [10].

The neutronic properties (intensities and pulse shapes) of the different variants will be
studied in a to scale mock-up of the ESS target-moderator-reflector module. The construction
of this test facility at the cooler synchrotron (COSY) of Forschungszentrum Jiilich had been
finished recently and produced first results [11]. These experiments are performed under the
auspices of the international collaboration JESSICA (Jiilich Experimental Spallation target
Set-up In COSY Area).

6. The ESS target/moderator/reflector mockup JESSICA

The JULICH EXPERIMENTAL SPALLATION TARGET SET-UP IN COSY AREA (JESSICA) is a to
scale mock-up of the ESS target/moderator/reflector assembly. A detailed presentation of its
design and experimental goals is given in a separate paper [11]. The main purpose of
JESSICA is the optimization of the target and moderator efficiency, in particular with respect
to the neutronics of advanced cold moderators. The JESSICA experimental hall is shown in
Fig. 11.

Fig. 10: JESSICA room at COSY (FZ Julich). The proton beam line can be seen at top center, the
neutron flight path from target-moderator-reflector module to the left (shielding partly removed).
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Abstract

MEGAPIE (Megawatt Pilot Target Experiment) is an initiative launched by Commisariat a I'Energie
Atomique, Cadarache (France) and Forschungszentrum Karlsruhe (Germany) in collaboration with Paul
Scherrer Institut (Switzerland), to demonstrate, in an international collaboration, the feasibility of a liquid
lead bismuth target for spallation facilities at a beam power level of 1 MW. Such a target is under
consideration for various concepts of accelerator driven systems (ADS) to be used in transmutation of
nuclear waste and other applications world wide. It also has the potential of increasing significantly the
thermal neutron flux available at the spallation neutron source SINQ for neutron scattering. SINQ's beam
power being close to 1 MW already, this facility offers a unique opportunity to realize such an experiment
with a reasonably small number of new ancillary systems. The paper describes the basic features of the
experiment and its boundary conditions, the technical concept of the target and underlying research
carried out at participating laboratories.

1. Background and Goals

MEGAPIE (MEGAwatt Pilot Experiment) is a joint initiative by six European research institutions and
JAERI, Japan, to design, build, operate and explore a liquid lead-bismuth spallation target for 1MW of
beam power, taking advantage of the existing spallation neutron facility SINQ at PSI, Switzerland

A liquid metal spallation target based on the lead-bismuth eutectic mixture with a melting point as low as
125°C and a boiling point as high as 1670°C is the preferred concept in several studies aiming at utilising
accelerators to drive subcritical assemblies (ADS). The main goal in these efforts is to transmute long
lived radioactive species into shorter lived isotopes in an effort to ease problems of long term storage and
final disposal of nuclear waste. However, to date, such a target has never been operated. This lends a
speculative element to all of these designs, which must be eliminated if serious consideration is given to
the implementation of a demonstration facility. Apart from ongoing research into several of the underlying
issues, a full demonstration of a working system is highly desirable. For obvious reasons such a
feasibility demonstration should be carried out on an existing accelerator with suitable design features.

More specifically, the current orientation in France is a step by step approach towards a possible ADS
Demonstration Experiment, as visualised in Fig. 1. In this context the test of a 1 MW liquid metal target is
a crucial milestone, even if the final choice of the type of target (solid vs. liquid) has yet to be made. The

* Present partners of the MEGAPIE collaboration are: CEA (France), CNRS/SUBATECH (France), ENEA (Italy)
FZK (Germany), PSI (Switzerland) SCK*CEN (Belgium) with other institutions having expressed interest to join.
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MEGAPIE experiment will be an important ingredient in defining and initiating the next step, a dedicated
ADS-quality accelerator plus irradiation oriented target plus (at a later substage) a low power, subcritical
blanket.

It is the goal of this experiment to explore the conditions under which such a target system can be
licensed, to accrue a design data base for liquid lead-bismuth targets and to gain experience in operating
such a system under the conditions of present day accelerator performance. Furthermore, design
validation by extensive monitoring of its operational behaviour and post irradiation examination of its
components are integral parts of the project. An extensive pre-irradiation R&D program will be carried out
in order to maximise the safety of the target and to optimise its layout.

HIGH INTENSITY
ACCELERATOR
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300 MOX) and high flux (= 1015 n/cm2s); time horizon 2015

[: experimental ATW; time horizon 2015

Figure It A step by step approach towards the validation and demonstration of the ADS concept

The only accelerator in Europe which has a sufficiently high proton beam power to make the installation
of such a target a meaningful experiment is the ring cyclotron at PS1 with 590 MeV proton energy and a
continuous current of 1.8 mA, being in the process of an upgrade to 2 mA. It is used for a large range of
scientific research tools, the most prominent one being a spallation neutron source (SINQ) with its large
number of different user facilities. Furthermore, the very existence of this spallation source with its heavy
shielding and complete suite of ancillary systems makes this experiment much more easily affordable.
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2. Opportunities and boundary conditions at PSI

2.1 Accelerator facilities and proton beam line

A large complex of research facilities at the Paul Scherrer Institut is based on a cascade of three
accelerators that deliver a proton beam of 590 MeV in energy at a current up to 1.8 mA. A schematic floor
plan of these facilities is shown in Fig. 2. The proton beam is pre-accelerated in a Cockroft-Walton
column to an energy of 800 keV and is brought up to an energy of 72 MeV in the 4-sector injector
cyclotron. This has replaced the original Phillips injector cyclotron (Inj. 1) also shown in the figure, which
is currently operating for different applications and is intended to be utilised also in the underlying
research efforts for MEGAPIE, as discussed below (LiSoR experiment). Final acceleration to 590 MeV
occurs in the 8-sector main ring cyclotron, from which the beam is transported through the experimental
hall in a shielded tunnel. A small fraction of the beam (20 uA) is split off early on to serve a proton
irradiation and cancer therapy test facility. (PSI is in the process of providing a separate accelerator for
the cancer therapy facility in the near future and thus taking off some operational restrictions on the main
accelerator system that result from this additional use.) The main beam passes through two pion
production targets (M and E), whereby its energy is reduced to 575 MeV. After passing through Target E
the beam can either be dumped in a beam stopper or can be recaptured and bent downwards for onward
transport to the spallation neutron source SINQ. Target E, which is a 4 cm long graphite target, causes
some scattering of the beam. After this target 2/3 of the beam current (1.2 mA) can be recaptured and
transported to the SINQ target. The beam power presently available for SINQ thus is roughly 0.7 MW and
is expected to increase to 1 MW by 2004, the period for which the operation of the MEGAPIE target is
planned.

Exper i mentaI Fac i I i t i es
ftround the PSI-Accelerators

SI NO-Target Hall

;SIN0-Neutron
'Guide Hall

RF-BuiIding

Pion- and MuGfi
Fac iIi t i es
(nucl. ohvs

Proton Therapy

• Position of the SINQ (MEGAPIE) target _^ Horizontal access port to hot cell

O Location of the LiSoR experiment

Figure 2: Schematic floor plan of the PSI accelerator complex and associated research facilities
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2.2 The spallation neutron source SINQ and its ancillary equipment

SINQ is designed as a neutron source mainly for research with extracted beams of thermal and cold
neutrons, but hosts also facilities for isotope production and neutron activation analysis. Except for its
different process of releasing the neutrons from matter, it resembles closely a medium flux research
reactor for most of its users, since the neutron beams are extracted from a 2 m diameter heavy water
moderator surrounding the target, as shown in Fig. 3. Beam injection into SINQ is from underneath and
the target is inserted from the top and is suspended from the upper edge of the target shielding block.
Although the beam interaction region in the target is only about 30 cm long, the target unit is a 4 m long
structure with 20 cm diameter in its lower 2 m, which widens to 40 cm in the upper half. These
dimensions must also be adhered to with the MEGAPIE target. The present target is an array of solid
rods cooled in cross flow by heavy water. Since it is essential to minimise neutron absorption in the
region of the moderator tank in order to obtain a high neutron flux, the part of the target unit extending
into the moderator tank is filled with heavy water, except for the rod bundle, which is about 40 cm long
and is located in the centre of the moderator tank. The lower half of the target unit is enclosed in a double
walled shell with separate heavy water cooling. This shell is presently made of aluminium alloy. Although
it will be necessary to have such a shell surround the liquid metal container also in the case of the
MEGAPIE target, it remains to be decided whether aluminium alloys are still suitable or whether a
material with higher strength at elevated temperatures needs to be chosen.

skyshine shild
(stacked
concrete)

borated concrete
steel shielding

neutron —=

buried steel shield

Figure 2: Vertical cut through the target block and part of the proton beam transport line of SINQ

The water cooling loop for the target has a heat removal capacity well above what is needed for either the
solid or liquid metal target. It is, however, limited to operating temperatures below some 80°C and is not
suitable for pressurisation to more than about 0.8 MPa. Hence, the water temperature of this loop cannot
be raised to more than 125°C in order to prevent freezing of the PbBi. A different solution must be found
for this problem.

The target is inserted into and removed from its operating position by means of a specially designed
exchange flask which has an internal hoist to lift the target. This flask is transported by means of the
overhead crane in the SINQ target hall, whose capacity is limited to 60 tons. The shielding of this flask is
currently optimised for the solid target, which has its radioactivity concentrated in the bottom region.
Although the specific activity of the liquid metal target will be much lower due to its significantly larger
target mass, it remains to be examined whether the shielding in the upper part of the flask is sufficient.
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Possibilities for back-fitting of the present flask are very limited due to both, its design and the weight
limitations on the overhead crane.

2.3 The active handling area ATEC

The area in the PSI Experiment Hall immediately adjacent to the SINQ Neutron Guide Hall (Fig. 2) is
designed and equipped to handle large radioactive components and is generally used to service, repair
and prepare for disposal all kinds of radioactive parts used in the operation of the facility. Its hot cell is
equipped with a power manipulator, master-slave manipulators and a movable heavy duty working table
as well as several other items such as radiation monitoring, video cameras etc. Although access to the
hot cell is possible through its roof, a specially designed port for horizontal access (arrow in Fig 2) is used
to insert the SINQ target, because limitations in height prevent vertical insertion with sufficient clearance
for the manipulations required. The SINQ targets No. 1 and 2 were successfully dismantled and prepared
for disposal in this cell. Samples from the target material and container shell were removed and one
target was also reassembled in this hot cell. In principle this cell and its special equipment prepared for
the handling of the SINQ solid target should also be suitable to dismantle the liquid metal target. There
are, however, some severe boundary conditions, the most important one being the fact that this hot cell is
not equipped and licensed to handle a- activity. Thus, even if a method is developed to drain the liquid
metal from the target before opening it, as is desirable for a variety of reasons, one must still be able to
guarantee that no a- active isotopes are released into the cell during the manipulations foreseen.
Alternatively, the cell might be retrofit for handling a-active parts, but this would not only mean a
significant additional expense, it would also make access much more difficult and would shut down the
area for an extended period of time. The latter is a particular problem because the cell is more or less
continuously utilised and must be available on short notice in case any of the vital components in the
accelerator or beam transport systems fail. It shall, therefore, be an important task in the MEGAPIE
design phase to develop a procdure for use inside the hot cell that guarantees that no a-activity is
released into the cell when the target is opened to remove those parts on which post use examinations
are foreseen.

2.4 PSI hot cell facilities and PIE equipment

PSI is operating well equipped hot cells in which post irradiation examinations (PIE) can be carried out
with a large variety of different methods. Final definition of the PIE program will be a relevant part of the
project activity during the R&D and engineering design phase.

2.5 Operation of the MEGAPIE target

The MEGAPIE target will, for a period of time of up to one year, replace the neutron production target in
SINQ while utilisation of the facility will continue. This means that a high reflector flux and reliable
operation are important issues in the project.

2.6 Target development for SINQ in view of the MEGAPIE initiative

The first target (Mark 1) used for commissioning the SINQ facility was made up from simple Zircaloy rods.
While this is a relatively well proven material in nuclear applications, its neutron yield is not optimum. It
has, therefore, been an important goal of the SINQ target development program to improve the neutron
flux in the moderator and to maximise the time of reliable operation of the targets. In order to establish a
data base for the design and operation of future targets, the first target was removed after half a year of
operation (500 mAh total charge delivered). It was replaced by another one (Mark 2) which, while still
being essentially a Zircaloy rod bundle, incorporated several test elements designed to provide data for
future target concepts. Apart from a large number of test specimens which will allow to examine radiation
effects in a mixed proton- fast and thermal neutron spectrum under varying load for the first time (STIP-
collaboration, see below), the target also contained rods made from lead filled steel tubes. Although
results from post irradiation examinations are not yet available, the fact that no problems were
encountered up to a total charge of 6.8 Ah (at which point the target was removed) seemed to justify the
use of a target made up of lead filled steel tubes. In this way the thermal neutron flux increased by a
factor of 1.45 relative to Zircaloy. This target (Mark 3) is again loaded with test specimens. Following the
investigation of the material from the Mark 2 target it is intended to decide whether or not Zircaloy can be
used as a tube material for the lead rods, in which case another gain factor of 1.3 would be expected for
the thermal flux. Currently the projected operating life for each target is 2 calendar years.
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As for the MEGAPIE target, a period of 2 years (2000 and 2001) has been allotted to carry out the
research and engineering work necessary to decide what the final design should be and to prepare the
preliminary safety analysis report. At the end of this period a decision will be made whether to go ahead
with the detailed design and construction, for which another two years are foreseen, including testing
without beam. This sets the beginning of the year 2004 as the goal for putting the MEGAPIE target into
SINQ. A standby target will be ready in case some unforeseen difficulty arises in the last minute. This
target will be used at the end of the operating period of the MEGAPIE target, unless a follow up liquid
metal target will be available. The duration of the irradiation period will be decided upon, based on the
results obtained up to that point from supporting research, but the design goal was set to 6000 mAh,
which corresponds to 1 year of full power operation at 1 MW. A rough schedule of the MEGAPIE project
is shown in Fig. 4.
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Figure 4: The MEGAPIE project phases and major mile stones

3. Level 0 Baseline of the MEGAPIE project

The overall (level 0) project baseline as agreed upon as a basis to draw up an Agreement of
Collaboration between the partners is as follows:

(1) MEGAPIE is an experiment to be carried out in the SINQ target location at the Paul Scherrer Institut
and aims at demonstrating the safe operation of a liquid metal spallation target at a beam power in the
region of 1 MW. It will be equipped to provide the largest possible amount of scientific and technical
information without jeopardising its safe operation. The minimum design service life will be 1 year
(6000 mAh).

(2) MEGAPIE is an international collaboration in pursuit of common interests and in order to pool existing
know how and resources. The experiment will not constitute a major disruption to the primary mission
of SINQ, namely the supply of neutrons to the user instruments. No specific new requirements will
result for the operation of the PSI accelerator system.

(3) The maximum incremental total project cost (ITPC, total project cost over and above efforts going on
in the participating laboratories or funded by other sources, e.g. EU-programs), to be shared by the
participants, shall be 10 MSFr, including final disposal. No charge will be levied by PSI for the proton
beam. Start of irradiation will be March 2004; the duration of the project will be though 2006, including
PIE and decommissioning.

(4) Target material will be the PbBi eutectic mixture. The design beam power is 1 MW at 600 MeV.
Existing facilities and equipment at PSI will be used to the largest possible extent. Cooling water loops
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of the target station will be left largely unchanged and will be ready for use with a solid target again
within less than 1 month after termination of the MEGAPIE irradiation.

(5) The overall project leadership rests with CEA, while PSI takes charge of the technical co-ordination,
since the experiment will be licensed under Swiss authority. The project will be overseen by a Project
Steering Committee (PSC) in which the participating laboratories are represented. Each participating
laboratory will nominate a responsible Local Co-ordinator (LC), who will be a member of the Project
Management Group (PMG) and will be given the executive power to see to it that the laboratory fulfils
its technical commitments in accordance with the overall project needs. The PMG will be chaired by
the Project Director (PD). Task leaders (TL) will be nominated for specific sub-units of the project. The
TL and the PMG will form the Project Control Team (PCT).

4. The MEGAPIE Collaboration

Originally proposed by three laboratories, CEA Cadarache (F), FZ Karlsruhe (D) and PSI (CH), the
MEGAPIE collaboration has since been joined by four more institutions, namely ENEA (I), SCK-CEN (B),
JAERI (J) and CNRS (F) - jointly with SUBATECH. An Agreement of Collaboration (AoC) was worked out
in which the terms of the collaboration are laid down. In accordance with the general project baseline
(see above), a Project Steering Committee (PSC) was formally established as the controlling body of the
project. All participating institutions are represented in the PSC. Its main tasks are to ensure the
necessary support from the different parties, approve the project planning, authorise the project spending
plan, monitor progress and decide on corrective actions. The Collaboration is open to new members who
are willing to contribute actively to the funding and realisation of the project. The PSC will decide on the
use of additional funds from new partner or research programs.
A "Common Funding" was agreed upon as joint funding for the Project to cover the amount of new money
(money to be spent specifically for the execution of the Project, not including own man power and direct
or indirect cost of related R&D - as opposed to supporting developments - at the Parties). This Common
Funds will be controlled by the PSC. While a fixed distribution key has been agreed upon for this common
funds, the supporting R&D work is carried out on a best effort basis by the participating laboratories and
all results are made available to all participants.

5. Boundary Conditions and Technical Baseline of the MEGAPIE Target

The MEGAPIE target will be used in the existing target block of SINQ. A vertical cut through this target
block and parts of the proton beam line is shown in Fig.2.

The beam enters the target block from underneath and passes through a collimator system which, on the
one hand prevents the proton beam from hitting the central tube of the moderator tank surrounding the
target and, on the other hand limits the intensity and angular divergence of the evaporation neutrons
streaming back from the target into the beam transport system. A special, heavily shielded catcher device
is located beneath the last bending magnet to avoid soil activation by the remaining neutrons and, in case
of a catastrophic target failure, hold the debris that would eventually fall down. This part of the beam line
is designed for use with a solid target only and some retrofitting will become necessary for use with a
liquid metal target. Apart from this, the fact that an existing target location is used clearly constitutes a
significant advantage in terms of cost and time, but, together with the fact that the primary mission of
SINQ remains to provide neutrons to a user community, also results in a number of boundary conditions
that are listed in the following:

5.1 Boundary Conditions

5.1.1 General
The target and its handling operations must be conceived such that a-contamination of accessible areas
in the SINQ facility is excluded under all conceivable conditions.
The target design shall follow the present SINQ target philosophy that includes a separately cooled safety
enclosure around the regions affected by radiation damage.
The safety shell shall be able to withstand a spill of the target material into the interspace until
solidification of the target material has occurred.
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The interspace between the safety shell and the target container shall be surveyed for leakage of either
one of the two components.
Double enclosure of all volatile or potentially volatile radioactive materials shall be foreseen.
Decisions about PIE and disposal (what, where, how) must be final before test operation of the target with
beam is started.
Permission of the regulatory body responsible for PSI must be obtained, based on a Safety Analysis
Report (SAR); prior to installation of the pilot target in SINQ.

5.1.2 Mechanical
The target's outer dimensions must be such that it fits into the target position of the SINQ facility, the
existing target exchange flask including its contamination protection devices and the existing target
storage positions.
Sufficient shielding must be provided towards the top of the target to allow personnel access for
disconnecting the coolant piping, electrical supplies and other media transport lines prior to removal of
the target from its operating positions.
Space around the target position required for access to perform maintenance or handling operations
must not be obstructed by auxiliary or ancillary equipment.
It must be possible to revert changes made to any of the existing equipment for the solid target
operations within one month after the end of the liquid metal target test operations.

5.1.3 Thermal-hydraulic:
Pressure level, pressure drop and temperature level at the secondary side of the heat exchanger must be
within the specifications of the existing cooling loops. The operating parameters of the present cooling
loops are listed in Table 1.

Table 1: Operating parameters of the SINQ cooling loops (05.11.99 - ISINQ = 1030 mA @ 575 MeV)

- - - — LOOP

Parameter — — _ .

Medium

Forward flow temperature (°C)

Return flow temperature (°C)

Forward flow pressure (MPa abs)

Return flow pressure (MPa abs)

Mass flow (kg/sec)

Purification bypass (kg/sec)

Coolant volume (litres)

Approx. actual power (kW)

Nominal power rating (kW)

Target

D2O

34

43

0.7-1.1

0.5

10 (-15)

0.4

3400

375

650

Target enclosure

D2O

34

35

Moderator

D2O

32

36

0.7-1.1 ! 0.35

0.5

22

0.08

460

7

35

0.2

3.1

0.55

5710

60

111

Shielding

H2O

33

35

0.4

0.2

7.2

0.28

2480

oo

210

5.1.4 Proton beam:

The target will be designed for 1MW of beam power at a proton energy of 575 MeV, i.e. a total beam
current of l0 = 1.74 mA. The beam on target has elliptical distribution with Gaussian intensity profiles
characterised by cx = 19 mm and ay = 33.1 mm, as obtained for a 4 cm thick target E upstream of SINQ.
The Gaussians are truncated at c*a, with c = 2. The beam distribution in x and y direction then becomes:

Uy = l0*exp(-(rx,y/ox,y)
2/2) / (27ioxo/(1-exp(-c2/2))

For scoping calculations an average o of 25.08 mm (=V(ax*ay)) can be used.

A graphical representation of the different beam profiles is given in Fig. 5.
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Figure 5: Reference beam intensity distribution for the design of the 1 MW MEGAPIE target
OSINQ = 1-74 mA at 575 MeV)

It is also important to realise that the stability of beam delivery cannot be guaranteed at all times. The
MEGAPIE heat removal system must be able to cope with frequent short beam trips and occasional
unstable operation (an example is given in Fig. 6) up to days long shutdown periods.

Beam current on SINQ target: 66h period 03.05.00 - 05.05.00

•KOO-r

400

3 min average
?? JHJn. avBrajje

10 30 4

Time (hours)

Figure 6: Example of beam stability problems the MEGAPIE target will have to cope with. Solid line: 3
min average; dashed line: 30 min. average

5.1.5 Time limitations
Installation of the target can be made only during the annual accelerator shutdown period which starts the
day before Christmas and usually lasts until end of February of the following year. An extension of no
more than two weeks is acceptable. It is currently planned to operate each solid target for two years,
which makes the beginning of even-numbered years the preferred periods for installation of the pilot
target. If the year 2004 cannot be met, installation will be delayed by at least one year.

5.1.6 Neutron ic
Although MEGAPIE is an experiment aiming at the demonstration of a liquid metal target, it will also serve
as the neutron production target for SINQ during its operation time. For this reason care should be taken
in its design and construction to optimise the resulting neutron flux in the surrounding reflector. This
relates to the diameter of the target (within the maximum limit given above) as well as to elements
present in the part that protrudes into the reflector. Here, elements with low thermal neutron absorption
are to be preferred and strongly absorbing elements should be avoided.
Examples (not a complete list) of

"Excellent" elements (aabs < 100 mb) are: Be, C, D, O, F, He, Ne, Mg, Bi

"Good" elements (100 < aabs ^ 500 mb) are: Si, P, Zr, Pb, H, Al, Ca, Rb
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"Tolerable" elements (500 < aabs < 1000 mb) are: Na, S, Ar, Ce, Sn,

"Undesirable" elements (1000 < a3bs < 5000 mb) are: N, Ba, Cr*. Cu, F, Ga, Ge, Fe*, Ni*,Nb, Ti, V

"Bad" elements (aabs à 5000 mb) are: Sb, B, Cd, CI, Co, In, I, Ir Au, Hf, Li, Mn, Hg,
Mo, Pt, Re, Rh, Se, Ag, Ta, W, Xe,

*The main constituents of steel have: Fe: 2.6, Cr: 3.1 and Ni: 4.6 barn.
Therefore, from a neutronic point of view, it is desirable to have a thin container and central guide tube
with low nickel content.

5.2 Technical Baseline

The technical baseline of the MEGAPIE target developed in view of the above boundary conditions is
schematically represented in Fig. 7, showing the main components of the target unit and the required
new auxiliary systems.

5.2.1 The Target unit
The original concept for the SINQ target was to move the liquid metal from the beam interaction zone to
the heat exchanger by natural convection [5]. This has the benefit of being a completely passive system
and it was shown that, in an equilibrium situation, is also sufficient to establish the necessary flow of
about 4 l/sec/MW. However the situation during transients is difficult to control. In order to avoid the risk
of local overheating it would be necessary to restart the beam after each trip with a carefully controlled
ramp. In particular the flow configuration at the beam entrance window becomes very unpredictable. In
order to rectify this latter problem tests were carried out at the large mercury loop of the University of
Latvia in Riga, using a pumped bypass flow across a hemispherical window in a full scale mock-up of the
SINQ target [10], [11]. It was shown that, even in a non-wetting condition inverse heat transfer
coefficients of 0,5 K/(W/cm2) could be obtained, which is a factor of 5 lower than without a bypass flow.
For this reason the concept of a pumped bypass flow of 1 I/sec to cool the window was adopted as a
reference for MEGAPIE. Although this flow from the bypass pump might be sufficient to avoid overheating
during transients, the technical baseline for MEGAPIE was chosen to include a pump also for the main
flow. Its estimated capacity should be 4 I/sec at a pressure head as require by the flow resistance in the
target. Although an EM-pump has been selected as reference concept, other alternatives will still be
evaluated.
The heat exchanger system must be designed such that freezing of the liquid metal can be safely
avoided everywhere in the system even in cases of variable beam power or extended shutdown periods
(e.g. the weekly 1-2 days of accelerator maintenance and beam development). Several options to
achieve this have been identified. The one selected as the reference concept includes a double walled
heat exchanger with an intermediate heat transfer fluid whose level can be varied (e.g. by pressurising a
gas volume connected to it). Since the existing target exchange flask is shielded to handle solid targets,
i.e. has most of its shielding in the lower part, it is important to keep the amount of PbBi in the upper part
of the target small. To this end displacement bodies of steel are foreseen around the heat exchanger pins
and below the heat exchanger - pump unit. The main flow guide tube which serves to separate the
upward flow in the centre of the target from the downward flow in the outer annulus is planned to form
one unit together with the pump system. It will have a ceramic insulated heater system attached to it in
order to facilitate initial filling of the target and as a second means of preventing the liquid metal from
freezing. A gas filled expansion volume will be located above the liquid metal level.
The structural material for the target container is foreseen to be martensitic (French designation T91
type) steel, at least in its lower part. For the upper part the use of austenitic (316L type) steel is being
considered, which is more readily available and easier to weld. This is contingent upon sufficiently high
liquid metal corrosion resistance, because the highest temperature gradient in the system will occur along
the heat exchanger. In order to facilitate the transition between two different materials the two parts will
be joined by a flange system. The whole target container will be surrounded by a second enclosure with
an insulating vacuum between. In the lower part this enclosure will be double walled with heavy water
cooling as is the present target shell. The material for this part will be chosen for minimum neutron
absorption and sufficient strength at any temperature the shell might reach in the case of a breach of the
target container. Presently Zircaloy 2 is the favoured material, but this needs to be studied in detail.
Again, as in the present target concept, the upper and lower parts of the outer shell will be joined by a
flange. The upper part of the outer shell will be stainless steel. Sufficient shielding shall be provided in the
top part of the target to avoid excessive radiation levels in the target head room from direct gamma
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radiation from the liquid metal. Whenever possible, the feeds through this shield should be designed to
avoid direct sight.

MEGAPIE local control system

Enclosed cover gas
w. spailafion product

Operating parameter
monitoring system

Vacuum system with
leakage monitctrin^

Target enclosure _
cooling (D2O)

Target head
""with hoist

atiachment

r

Severe accident
management system

Target block boundary

Target top shielding

HX level control gas
LM expansion volume
with cover gas
LM flow baffle plate

HX contact medium

Upper target container shell

Main flow pump

Target insulation vacuum

Bypass flow pump

HX grid plate

Upper target enclosure

LM displacement body (steel)

Lower target container sheli

Bypass flow guide tube

Lower target enclosure
(double walled; D2O cooled)

Auxiliary heaters

Main flow guide tube

Moderator tank central tube

t-Sf

Fig. 7 The basic concept (left) and conceptual design (right) of the MEGAPIE target

5.2.2 Auxiliary systems
While changes to existing auxiliary systems of the SINQ target shall be kept to a minimum, there will be a
number of additional auxiliary systems required for the safe operation of the MEGAPIE target. They are
schematically indicated in Fig. 7
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Cover gas and spallation product handling system
Volatile spallation products will enter the cover gas of the expansion volume during operation of the
MEGAPIE target. This will include light species (isotopes of hydrogen, helium) as well as noble gases
and possibly mercury. An assessment of the production rates can be found in [12]. All condensable
species should be trapped either inside the expansion volume (e.g. by a water cooled baffle) or in a
specially enclosed cover gas handling system. The question of tritium treatment needs still to be
evaluated. It can either be released under controlled conditions into the ventilation system or retained in
special getters.

Liquid metal fill and drain system
Filling the target must be effected in a very careful manner, making sure that all surfaces and the target
material are in the required conditions. It remains to be decided whether the PbBi will be drained from the
target or whether it will be allowed to solidify after the end of the irradiation period. This decision will have
a strong effect on the design and location of the LM Fill and drain system. In any case this work package
will include the liquid metal technology system. There will also be a close interrelation with the expansion
room cover gas system, since this will be used to preheat the structure for filling and, eventually, to push
the PbBi out of the container.
Filling and draining must also be provided for the heat exchanger intermediate fluid with precautions
taken for potential radioactivity of the fluid after use.

Vacuum and leakage monitoring system
A new vacuum system with controlled exhaust will be required to maintain the insulating vacuum between
the LM container and the outer target shell. This vacuum will be continuously monitored for spallation
products and water vapour in order to detect any leaks in the system. The question, whether or not a
continuous stream of a small amount of carrier gas is desirable to speed up the response time of this
monitoring system needs yet to be decided, It is intended to have also other, redundant, leakage monitors
such as electrical contacts in this volume.

Heat removal and liquid metal temperature control system
As mentioned before, heat removal from the target needs to be closely controlled in order to avoid
freezing of the LM anywhere in the system. Various concepts have been identified which can be
implemented individually or in combination. These include:
- activating the auxiliary heater system in the guide tube;
- using an economiser-second heat exchanger, eventually with water preheating in a bypass stream, to
keep the water temperature level in the heat exchanger pins higher than in the existing cooling loop;
- controlling the heat transfer in the primary heat exchanger, for example by varying the level of an
intermediate heat transfer fluid;
- varying the efficiency of the EM-pump through the frequency of its current supply.
The economiser-secondary heat exchange system will have to be installed in the room above the target
head.

Pump and heater power supply system
The power supplies for the pumps and heaters will have to be installed outside the target head room for
easy access and space. This requires new cabling into the target head room.

MEGAPIE local control system
All additional parameter monitoring and controlling required to operate the MEGAPIE target will be
handled by a local control system which will be located outside the target head room and will be
connected to the main SINQ control system.

Operating parameters monitoring system
All operating parameters which need to be monitored (temperatures, pressure, flow rates etc.) in order to
verify design predictions but are of no or little safety relevance will be collected in this system and will be
transferred to the SINQ control system for data logging. Details of the parameters to be surveyed need
yet to be defined.
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Severe accident management system
Every possible precaution will be taken to avoid severe accidents during the operation of the MEGAPIE
target. As far as the target block is concerned, the necessary precautions against the consequences of
an earth quake or an air plane crash have already been implemented. A breach of the outermost shell or
both shells of the lower, D2O cooled enclosure is equivalent to the same accident in the present situation
and need not be discussed further. Similarly, a breach of the LM container alone would not constitute a
severe accident because the target could still be removed by the normal procedure. The one potential
severe accident that needs to be studied in detail for the liquid metal target as opposed to the solid target
is the simultaneous breach of all three shells separating the liquid metal from the beam line vacuum.
Since the three shells of the target containment are exposed to different environments during operation
and are likely to be made of different materials, the only credible common cause of failure would be an
inadvertent focusing of the proton beam and consequent overheating of all three shells. The collimator
below the target and several monitors along the beam line are in place to guard against this situation, but
there is no passive system to avoid it in the event of a loss of Target E. In this case liquid metal would
enter the proton beam vacuum and would severely contaminate parts of the beam vacuum tube. While
this is not an accident which would pose an immediate risk to the public, its consequence might be a very
long shutdown of SINQ and significant radiation exposure of workers during the cleanup operation. It is,
therefore, a question of risk management within PSI, whether and to what extent modifications to the
existing system (vacuum pipe, catcher and collimator below target) shall be implemented to shorten a
potential shutdown period in the unlikely case of such an event. The present position is to study possible
measures and their implications and to decide about their realisation on the basis of a serious analysis.
This decision will have to be made at latest in the early months of the engineering design phase before
submission of the safety analysis report.

6. Supporting R&D at the participating laboratories and in international
collaborations

While the MEGAPIE Collaboration aims directly at designing, building and testing a PbBi liquid metal pilot
target in a 1 MW proton beam, it is embedded in and will profit from a variety of different related research
activities its members are involved in and which cover most of the questions of more fundamental nature
related to this endeavour. The most important ones of these collaborations and activities are listed below.
Furthermore, a proposal to fund design support and integral testing of the MEGAPIE target is under
preparation for the second call of the 5 EU Framework Programme.

6.1 The STIP collaboration

As mentioned above, the unique opportunity of investigating the radiation effects from a perfectly realistic
spectral mix of the different particles in a spallation environment in the SINQ target is being taken
advantage of in an effort to broaden the data base for a variety of materials considered as candidates for
target and structural materials in future spallation facilities. A collaboration was formed supported by
laboratories from all over the world. Different types and materials were assembled in 10 of the SINQ
target rods and embedded in the Zircaloy target Mark 2 that went into operation in the beginning of the
year 1998. At the end of the target's service life (end of 1999), the peak radiation damage from protons
alone was of the order of 10 dpa in steel, with a similar contribution resulting from the fast neutron flux.
The specimens were removed from the spent target during the summer of 2000 and will be shipped to
the participating laboratories for examination by different methods such as tensile testing, tear testing,
bend bar and Charpy testing as well as electron microscopy. Due to the rather large range of radiation
damage levels and irradiation temperatures which the specimens experienced in different positions of the
SINQ target, a large parameter space will be covered by the data obtained.

Furthermore, 13 rods were made up either of different types of steel as bulk material or of steel tubes
filled with lead. In addition to 5 Zircaloy rods designed for easy removal from the target, these are
available for non-destructive and destructive testing using, among others, neutron small angle scattering,
neutron radiography and internal strain measurements with neutrons at SINQ.

With this first round of sample irradiation (STIP-1) completed successfully in December 1999, the follow-
up target, which went in operation in March 2000, was equipped in a similar way but predominantly with
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materials and materials combinations in which interest has arisen more recently (STIP-2). Furthermore,
this target now has a higher neutron yield due to the use of lead as spallation material and experiences a
higher peak current density as a consequence of the shorter Target E (4 cm as compared to previously
6 cm). This new target also contains capsules in which steel is irradiated in contact with stationary liquid
metal (PbBi and mercury).

6.2 The LiSoR experiment

One of the major unknowns in liquid metal target development is related to the question, whether liquid
metal-solid metal reactions (LiSoR) in the presence of (static or cyclic) stress are enhanced under
irradiation. Since this is a problem that must be solved before a liquid metal target can be irradiated in a
proton beam for an extended period of time, an experiment has been initiated to use PSI's 72 MeV
Phillips cyclotron to irradiate stressed steel specimens in contact with flowing liquid metal. Scoping
calculations showed that, while much less radioactivity is produced, the damage levels and gas
production in thin specimens by 72 MeV protons are, within reasonable limits, comparable to those on the
inside of the proton beam window at 600 MeV. Also, the beam parameters can be adjusted in such a way
that relevant heating rates at the solid-liquid interface are obtained. A proposal to carry out such an
experiment has been received positively by the Experiment Review Committee and irradiation time has
been set aside for the operating period of the year 2001. Currently the rig is being designed by
SUBATECH and PSI with support from CNRS and CEA. LiSoR was originally planned as a stand alone
investigation. Due to its immediate relevance for MEGAPIE it was incorporated into the project, but, for
the time being, is still pursued on an largely independent basis. This is mainly due to temporal restrictions
which result from PSI's intention to discontinue operation of the Phillips cyclotron after 2001 and from the
time, when results are needed to affect the MEGAPIE design. Support for LiSoR has been granted under
the first phase of the EU 5th Framework Program (TECLA Program, see below).

6.3 The TERM experiments

In a quest to study some of the unresolved problems related to the design of liquid metal targets in the
context of the ESS project and in preparation of a data base for thermal hydraulic studies for a possible
later SINQ liquid metal target, a Test Experiment at the Riga Mercury Loop (TERM) was set up. The main
goal was to study experimentally questions of heat transfer between the window and the fluid and related
flow distributions in various geometrical configurations. The first phase, which used the geometry of the
SINQ target has been finished. Methods developed and used include Ultrasonic Velocity Probes (UVP),
based on a though the wall measurement of the Doppler effect in the fluid, Heat Emitting Temperature
Sensitive Surfaces (HETSS) and Infrared Surface Thermography. Data from this phase of the experiment
are still being evaluated, but it is obvious that a jet flow accross the target window improves the heat
transfer to the liquid metal by roughly a factor of 5 in the SINQ geometry [10], [11]. Ongoing experimental
work now concentrates on the geometry of the ESS target and the effect of gas in the fluid on the
coolability of the beam window. The full scale SINQ target model is also still available for further
investigations.

6.4 The PSI Lead Bismuth loop

In order to be able to carry out experiments even more realistic for SINQ than were possible at the Riga
Mercury Loop, a PbBi-loop has been constructed and is being commissioned at PSI. Without a test
section attached, the loop contains 0.12 m3 of PbBi and has a total height of 5.1 m. Operating
temperatures are rated at 250°C and below. It is equipped with an EM-pump (32-58 kVA) with a head of
1.5 m LBE and a capacity up to 200 l/min. The pressure rating of the loop is -1 to 2 bar. Test sections can
be added to the loop depending on the problem under investigation. The loop is intended for both, testing
of individual components as well as studies of flow configuration and heat transfer problems.

6.5 The Karlsruhe Lead Laboratory KALLA

Within the German HGF-Strategy Fund Project 99/16 entitled ..Reduction of Radiotoxicity", the KArisruhe
Lead LAboratory KALLA is being planned and constructed at the Forschungszentrum Karlsruhe. KALLA
comprises three different experimental loops, each emphasising on different specific objectives, briefly
summarised in Tab. 2, together with the main data.
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Table 2: Investigations and capabilities at KALLA:.

Technology Loop

Oxygen measurement

Oxygen control
Measurement techniques
Heat transfer and turbulence
High-performance heaters

Fluid volume: 0.1 m3

Temperature: max 550°C

Flow rate: max 5 rrvVh

Thermal-hydraulic Loop

Single-effect investigations:
Solid beam window
Windowless design
Closed Target module
Fuel element
Steam generator
Heat exchanger

Integral investigations:
Core heat removal
Decay heat removal

Fluid volume: 0.5 - 4.0 m3

Temperature: max 550°C
Power: 0.3 - 4.0 MW
Flow rate: max 100 m3/h

Corrosion Loop

Corrosion mechanisms

Protection layers
Mechanical tests

Fluid volume: 0.03 m3

Temperature: max 550°C

Flow rate: max 3.5 m3/h

6.6 The SPIRE programme
As part of the SPIRE programme funded under the first phase of the EU 5th Framework Programme
irradiation effects in structural materials under a proton neutron mixed spectrum will be investigated
Within this framework, CEA has taken leadership in a programme the objectives of which are to (i)
determine the in service properties of the selected structural steels: tensile properties, fracture
toughness, irradiation creep and swelling, (ii) provide the basic understanding and modelling of the
observed phenomena induced by atomic displacements and production of spallation elements, and (iii)
contribute to a validated data base. The programme includes studies aiming at the understanding of the
effects of spallation elements production (He, H, Ca, P, S, Ti) on the physical metallurgy, microstructure
and mechanical properties of the selected steels, neutron irradiation in Phenix (Antares up to 40 dpa) and
Bor60 (AltaTr up to 30 dpa) to complement the existing data base, post irradiation examination (PIE) of
conventional martensitic steels included in SITP-1, and basic studies to predict the hardness and the
cohesion energy of segregated boundaries.

6.7 The TECLA Programme
Corrosion, quality control in Pb-Bi and associated technology will be investigated as part of the
programme "Technologies, Materials, Thermal-Hydraulics for Lead Alloys" (TECLA) also funded under
the first phase of the EU 5th Framework Programme. The objectives of this corrosion programme are to
provide a validation of the envisaged structural materials under varied experimental conditions: (i)
quantify the corrosion kinetics under different chemical (oxygen and spallation elements contents) and
hydraulic (Pb-Bi velocity) conditions and (ii) identify and assess structural materials protection methods
against corrosion. Corrosion kinetics versus oxygen potential of the various selected materials will
evaluated within a co-operation with IPPE Obninsk. This experimental effort will result in a data base that
will allow the comparison between the selected materials and offer a reference baseline to anticipate the
behaviour of the MEGAPIE window. Different devices, static and rotating probes, will be used in CEA to
asses the effect on corrosion of flow velocity and of spallation elements introduced as chemical
impurities. This includes initial impurities before start-up, corrosion products, spallation products,
impurities, such as air, introduced during operation, etc. . After identifying sources and nature of
impurities and establishing functional specifications of purification systems, selected processes (cold
traps, getters, filters, EM traps, ... ) have to be qualified. A benchmark is being organised to provide a
standard for the laboratories involved in physico-chemical studies in order to be able to compare results
from various laboratories. CEA is working on a chemical specification for lead bismuth in collaboration
with its European partners.
Research activities are also foreseen to validate a strategy to maintain a constant oxygen concentration:
Various processes will be elaborated to maintain the oxygen concentration at a constant value, in order to
protect the structures against corrosion. The oxygen value will be defined from corrosion studies. The
processes of gas control cold trapping, equilibration method, 'electrochemical pump1 will "be investigated
and compared. The most promising processes will be tested on the available experimental facility.

- 1160 -



JAERI-Conf 2001-002

Thermal hydraulic investigations will be performed at FZK (within KALLA), ENEA (within CIRCE) and
FZR.

6.8 The French GEDEON Network (Groupement de Recherche)

The GEGEON "Groupement de Recherche" is a joint initiative of CEA, CNRS, EdF and FRAMATOME, which
co-ordinates the R&D activities on ADS in France as a contribution to the research on innovative options for
waste management. GEDEON has launched a number of research projects in the fields of materials for
targets and beam windows (radiation effects, physico-chemical properties and behaviour), neutronics of
subcritical systems, spallation physics, nuclear data, accelerator requirements and system studies. The
CEA/CNRS participation in the MEGAPIE project will be co-ordinated through GEDEON.

7. Conclusions

The MEGAPIE project will be an essential step towards demonstrating the feasibility of the coupling of a
high power accelerator, a spallation target and a subcritical assembly. It will specifically address one of
the most critical issues, namely the behaviour of a liquid metal target under realistic operating conditions.
As an intensely instrumented pilot experiment it will provide valuable data for benchmarking of frequently
used computer codes and will allow to gain important experience in the safe handling of components that
have been irradiated in contact with PbBi.
The supporting R&D activities focus ongoing research and streamline efforts in several European
laboratories.
MEGAPIE will also be a valuable contribution to potential collaborations with partners outside Europe,
and can help to establish an effective sharing of work.
The envisaged target date (irradiation in 2004) is consistent with development plans in the Accelerator
Driven System domain and with the milestones of the 5th and 6th European Union Framework Programs,
as well as with upgrade plans in the SINQ facility.
The results obtained in this pilot experiment will also help PSI to decide whether or not it wants to go
ahead with the development of a liquid metal target for routine use in its spallation neutron source. If the
answer is positive, this will be a continuous source of experience and information which will benefit the
ADS activities of all participating parties.
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Abstract

An experimental facility with a lead-bismuth spallation target/coolant is

proposed to be built under the JAERI-KEK joint project for high intensity proton

accelerator. This facility aims at studying basic physics and technological issues

relevant to the accelerator-driven systems (ADS) development. Proton beams of 600

MeV and 0.3 mA (200 kW) are to be delivered to this facility. A frequency and pulse

width of the beam are 25 Hz and 500 i± s, respectively. The principal objectives of the

facility are to accumulate material irradiation database, in particular, for a beam window,

fuel cladding candidates and structural material of ADS. The target is designed to be

able to irradiate several kinds of materials. A radiation dose over 10 DPA/year can be

achieved with a 200 kW proton beam by optimizing the beam profile. The current

design study is presented with emphases of target neutronics and thermal properties of

the target/coolant system.

1. Introduction

A study of the transmutation of minor actinides (MA) and long-lived fission

products (LLFP) has been performed at Japan Atomic Energy Research Institute

(JAERI) under the national OMEGA program'1'. JAERI proposes accelerator-driven
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system (ADS) as a primary option of the transmutation of MA.
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many technical subjects summarized in Fig. 2. In the figure, there are specific issues to

ADS in terms of a neutronics of the subcritical blanket driven by spallation neutron, an

engineering application of the high power spallation target, a development and

operation of the intense proton accelerator and so on. They have been never considered

in power reactor development.

In 1998, JAERI and High Energy Accelerator Research Organization launched

a joint project to build a research complex with high power proton accelerator12'. Figure

3 illustrates the latest layout of the research complex.

3 GeV Synclotron

Transmutation
experimental Facility

J_
600MeV LINAC

50GeV PS Exp. Facility

3 GeV PS Exp.
Facility

50 GeV Synclotron

Fig.3 Facility layaout of the JAERI-KEK joint project

The complex is composed of a 600 MeV superconducting proton LINAC, a 3 GeV

proton synchrotron, a 50 GeV proton synchrotron and experimental facilities for life

science, material science, fundamental particle physics and ADS physics and

engineering. The experimental facility for ADS aims at studying basic physics and

technological issues relevant to the accelerator-driven systems (ADS) development.

Proton beams of 600 MeV and 0.3 mA (200 kW) are to be delivered to this facility. In

this paper, a conceptual study of a material irradiation experimental facility with a lead-

bismuth eutectic (Pb-Bi) spallation target is summarized.

2. Objective of the facility

ADS is a hybrid system of an accelerator and a subcritical reactor. A beam

window acts as a boundary of both components. Beam window receives heavy
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irradiation of accelerated proton and spallation neutron, thermal stress caused from

proton beam operation (i.e. startup, shutdown and beam trip) and external load by the

pressure difference between the beam duct and liquid target flow. To satisfy an accuracy

of the structure analysis and lifetime estimation of beam window, a detailed design

database with reliable experimental data is required. A database must be prepared not

only for the beam window but also for the fuel cladding, blanket structure and other

components of ADS. Material irradiation for these materials and newly developed

material for target/coolant for the ADS has to be performed.

JAERI proposes a lead-bismuth eutectic as a primary cadndidates of the

target/coolant of the accelerator-driven transmutation system'31. By using liquid metal

target/coolant, issues associated with temperature and radiation damage becomes not

critical. In addition, the neutron economy will be improved by omission of a structure to

support the target and a cooling by light element coolant. Furthermore, the technologies

for sodium-cooled fast reactor could be applicable to the Pb-Bi because the melting

temperature of the Pb-Bi is similar to that of sodium. However, to handle the Pb-Bi in

safe, there are limited experimental data as a coolant and no exiperience as a spallation

target. Thus, a step by step accumlation of the data and experience is a key element of

the facility. A particular interest is placed on providing experimental data of the material

compatibility with the Pb-Bi under the proton and neutron irradiation fields at a

servicing temperature. Handling technology of the Pb-Bi is also an important subject

along with the thermal hydraulic of the Pb-Bi target/coolant system. Table 1

summarizes the experimental items to be studied at this facility.

Table 1 Experimental items of the facility

Subjects

Material Irradiation

Material Compatibility

with Liquid Metal

System Operation

Item

Irradiation effect of the material with proton and neutron

PIE of the irradiation samples

Data base construction for ADS design

Corrosion by liquid metal

Correspondence of irradiation damage and corrosion

Heat removal by liquid metal coolant

Development of the purification system

Transient analysis at beam on/off and beam trip
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As known well, data for Pb-Bi coolant are exist in Russia based on their

military application. Part of the data is provided but it is still not enough to construct a

database for system design. From the provided data, a quite high solubility of nickel in

Pb-Bi eutectic is reported. Erosion of stainless steel, well verified material for sodium-

cooled fast reactor, is also observed. To select a structural material for Pb-Bi, irradiation

of new material such as Cr-Mo steel and F82H steel and confirmation of the

effectiveness of the adjustment of oxygen concentration in Pb-Bi will be examined at

this facility.

3. Outline of the transmutation engineering experimental facility

A transmutation engineering experimental facility mainly consists of a Pb-Bi

spallation target, a Pb-Bi cooling system (primary loop), a helium gas cooling system

(secondary loop), access cells to handle irradiation test pieces, and an emergency beam

dump. A facility has one basement floor and two ground floors. A tentative layout of the

basement floor is illustrated in Fig. 4.

34m

Fig.4 Floor layout of the facility

Pb-Bi eutectic is filled into a cylindrical vessel made by stainless steel. A size

of the vessel is 15cm diameter and 60cm long. A number often or more irradiation

samples can be irradiated simultaneously in the target vessel. The primary Pb-Bi loop is

designed to allow Pb-Bi flow with 2m/s of a maximum velocity and 450 degree
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centigrade of maximum temperature. Though we selected type 316 stainless steel as the

structural material of the target vessel, other candidate material can be used according to

the result of corrosion test in Pb-Bi cold loop.

A target vessel is installed at the target room surrounded by the iron and

concrete shield. Water cooling channels for the heat removal are located at the inside

wall of the shield. Target vessel is mounted on a movable trolley and the target vessel is

to be extracted to the access cell by the trolley. The access cell has functions of

replacing target vessel, cleaning up of residual Pb-Bi to reduce exposure dose by the

spallation products, and picking up irradiated material test pieces remotely. The primary

cooling devices are also located in the access cell to make a short path of the loop and

improve maintainability.

Other components, e.g., the radioactive waste removal circuits, a solid

radioactive waste storage, the air conditioners, an electricity and machinery, and a

radiation control systems are located in the facility.

4. Neutronic performance of the Pb-Bi target

A preliminary analysis of the Pb-Bi target neutronics was performed.

Parameters and a two-dimensional cylindrical analysis model are shown in Table 2 and

Fig. 5, respectively. A Pb-Bi eutectic (45%Pb-55%Bi) is filled in a cylindrical vessel

made by type 316 stainless steel. Average Pb-Bi temperature is fixed to 400 degree

centigrade. Thickness of the vessel is 1 mm. A sample holder for the irradiation

materials, which is installed in a real target, is not considered at this analysis. The

irradiation room is filled with a helium atmosphere and a target is located at the center

of the room. Cooling channel in the wall of the irradiation room is considered.

Table 2 Neutronics analysis parameters

Proton Beam Energy 600 MeV
Proton Beam Current 333 /I A

Annual Operation Hours 5000 hrs

Beam Profile 1 to 6 cm diameter, flat distribution
Target Diameter / Length 15 cm / 60 cm

Target Material 45% Pb - 55% Bi
Target Average Temperature 400 °C

Target Vessel Material, Thickness 316 Stainless Steel, lmm
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An ATRAS code system1"1 was used for the analysis. ATRAS code system

consists of a NMTC/JAM code[5] for the spallation analysis, FSOURCE code for the

fixed source file creation, SCALE code[5] for the effective cross section formation,

TWODANT code171 for the low energy neutron transport and BURNER[8] code for the

burnup analysis. Pre/post processores for input generation and data tabulation and

JENDL-3.2t91 based multigroup cross section library are also included in the code

system.

At the analysis, a Bertini model, the nucleon-nucleon cross section given by

Pearlstein and the level density parameter given by Ignatyuk were implemented. The

cutoff energy of the cascade code for proton and neutron were set at 20 MeV. A

transport analysis of the neutrons below 20 MeV was done by TWODANT with P3-Sg

approximation. Figures 6 and 7 indicates a axial distribution of the total neutron flux

and annual DPA (Displacement per Atom) of type 316 stainless steel along to the center

of the target, respectively. An axial peak position along the center of the target is seen

about 3 cm depth for neutron flux and 6 cm depth for DPA. A radiation dose over 10

DPA is observed at the depth from 2cm to 10cm. Figure 8 shows a radial neutron flux

distribution at the axial flux peak point in the target. Figure 9 shows an annual DPA

distribution of type 316 stainless steel along the radial axis at an axial DPA peak point
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in the target. The figures indicate that this target has enough performance to irradiate

samples at ADS operating condition by adjusting the beam profile. A maximum neutron

flux level is as same order as that of JMTR (Japan Material Test Reactor). Over 10

DPA/y of irradiation can also be done at this facility. And it is also possible to irradiate

many samples simlteniously in one operation period by spreading a proton beam.
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5. Thermal-hydraulic performance of the Pb-Bi Target

A beam window of the Pb-Bi target receives heavy irradiation of protons and

neutrons and the thermal and mechanical stresses. The thermal stress is occured by the

temperature swing at times of the startup, shutdown and beam trips. The mechanical

stress is caused by the pressure difference between vacuum in a beam duct and the

flowing Pb-Bi eutectic. Shape of the window is a half sphere with an outer diameter of

120 mm. Material of the window is a modified 9Cr-lMo steel which is assumed to

suppress a corrosion of nickel. Maximum allowable pressure and temperature of the

window is assumed 0.7 MPa and 600 °C.

According to the parameters, the required thickness of the window is assumed

to 1.15 mm. Considering a margin for erosion by Pb-Bi eutectic, a preliminary window

thickness is tentatively determined to be 1.4 mm.

A preliminary estimation of the beam window lifetime was

performed.Parameters for beam operation are the same as those of neutronics analysis

(600 MeV-200kW, 5000hours/year operation). A model for the hydraulic calculation by

the STAR-CD code is shown in Fig. 10. Pb-Bi flows from right side to left side of the

figure. An orifis is located in front of the beam window. A temperature map around the

beam window and a temperature distribution of the beam window surface is shown in

Figs. 11 and 12, respectively. From the results, servicing temperature of 400 *C was

obtained while the maximum temperature of the beam window was kept less than

600 °C.

(Unit in mm)

Fig. 10 Thermal-hydraulic analysis model

Based on the temperature distribution of the beam window, structure analysis

was performed. A maximum stress is about 95 N/mm2. From the stress analysis, lifetime
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of the window is about 4000 hours and the maximum cycle of beam on/off (including

beam trip) is estimated about 104 times. By increasing the heat transfer coefficient, a

lifetime can be increases over 106 hours. Further optimization of the structure around

beam window to improve the heat transfer efficiency must be required.
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Fig. 11 Temperature map around beam window
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Fig. 12 Temperature distribution at the beam window surface
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6. Conclusion

The Pb-Bi target is designed to be able to irradiate a number often or more test

materials simultaneously. Over 10 DP A/year dose can be achieved with a 200 kW

proton beam by optimizing the beam profile. According to the thermal-hydraulic

analysis further optimization was required to increase a lifetime of the beam injection

surface of the target.
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Abstract
The Japan Atomic Energy Research Institute (JAERI) and the High Energy Accelerator

Research Organization (KEK) are promoting a plan to construct a neutron scattering facility

under the JAERI / KEK Joint Project. Design and R&D works are being carried out

vigorously for realizing the mercury target system consisting of the mercury target,

moderators and reflectors working as a spallation neutron source, as well as a remote

handling system for exchanging such components which will be highly irradiated. This

report introduces an outline of the present status of design and development activities on the

spallation target system.

1. Introduction
The Japan Atomic Energy Research Institute (JAERI) and the High Energy Accelerator

Research Organization (KEK) are promoting a plan to construct a neutron scattering facility

at Tokai Research Establishment, JAERI, under the High-Intensity Proton Accelerator

Project (the JAERI / KEK Joint Project). In the facility, a 1MW pulsed proton beam from a

high-intensity proton accelerator will be injected into a mercury target in order to produce

high-intensity neutrons for use in the fields of life and material sciences [1].

From the viewpoint of engineering, there are a lot of unknown technical factors

involved in constructing the target system working as a spallation neutron source in the

MW-class neutron scattering facility. Design and R&D works are being carried out

vigorously for realizing the mercury target system consisting of the mercury target,

moderators and reflectors, as well as a remote handling system for exchanging such
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components which will be highly irradiated.

This report introduces an outline of the present status of design and development

activities on the spallation target system being carried out under the JAERI / KEK Joint

Project.

2. Overview of the target station
Figure 1 shows a cutaway view of the target station. The mercury target and a

mercury circulation loop are installed on a target trolley, which will be maintained or

repaired in a maintenance cell after the target trolley is withdrawn from a bulk bio-shield.

The mercury circulation loop supplies mercury to the target vessel at a maximum flow rate

of lm /min. The reflector- moderator assembly is fixed on the bottom of an exchanging plug

and set in a helium vessel. Neutrons generated in the target are reduced in energy to the

proper value in the moderators, and then the neutron beams are supplied to the users through

the neutron beam lines. About 20 neutron beam lines are installed in the neutron scattering

facility under the present design. An in-cell crane and a power manipulator are used to

exchange the target vessel, mercury circulation components etc. Spent components such as

the target vessel and mercury circulation components are stored in the storage room in the

basement.

3. Mercury Target
3.1 Thermal Hydraulic Experiment & Analysis

JAERI proposed the Cross-Flow Type (CFT) target in which the mercury flows across

the proton beam path, and has continued the optimization of the flow channel structure with

the thermal-hydraulic analysis code. Figure 2 shows the concept of the CFT target for a

1MW operation [2,3]. The target vessel is a single-wall structure without an additional vessel

cooling jacket, whose dimensions are 80mm in height, 460mm in width and 800mm in

effective length. The cross-flow velocity distribution of mercury that conforms to the heat

load distribution along the proton beam path can be achieved by placing the flow distributors

properly in the target vessel. The target vessel is covered with a water-cooled safety hull to

prevent mercury leakage into the helium vessel.

Based on the results obtained by thermal-hydraulic analytical work, a mock-up model

of the cross-flow type target was fabricated to verify the analytical results under water flow

conditions. Figure 3 shows pictures of the full-scale mock-up model, which is made of

plexiglass and simulates the inner structure of the mercury target. Experiments have been

carried out under water flow conditions up to 5m /min, and the water flow patterns in the

target vessel have been measured with a particle imaging velocimetry (PIV) technique. In

the experiments, the maximum inlet water velocity was set to 5m/s corresponding to the

Reynolds number of 8.2 x 105, which also corresponds to the mercury velocity of 0.6m/s at

the mercury temperature of 50 deg C.

Figure 4 shows the experimental and analytical results of the flow patterns in the target
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vessel obtained under the inlet water velocity of 3m/s [4]. The analytical result agrees well

with the experimental result especially near the beam window where the heat deposition by

the spallation reaction has its peak. Based on these results, we will optimize the

computational grid for the thermal hydraulic analysis, which affects the accuracy of

analytical results.

3.2 Heat Transfer Experiment by Hg Loop
A small-scale mercury test loop was constructed in 1997, in order to acquire the heat

transfer data between mercury and the metal wall as well as long-term operation data of

mercury circulation components such as mercury pumps, a flow meter and pipelines (pipe

inner diameter of 25mm). Figure 5 shows an outer view of the test loop. Mercury is

circulated either by an electro-magnetic pump (the maximum flow rate of 14 liters/min) or

by a gear pump (20 liters/min), and the flow-rate is measured by an electro-magnetic flow

meter. The mercury loop is installed in a movable box enclosed tightly with plexiglass

plates and a steal pan. The volumetric capacity of the mercury loop is 30 liters, with 20

liters of mercury being used in the experiment.

Since the mechanical gear pump showed good performance for mercury circulation

in the experiments, this type of pump is planned to use for the practical mercury circulation

system. Presently, heat transfer experiments are being carried out to determine the

turbulent Prandtl number (Prt) which is indispensable for the thermal-hydraulic analyses of

the mercury target.

Figure 6 shows the relationship between the Peclet number (Pe) and the Nusselt

number (Nu) [5]. Experimental data obtained with a circular test tube installed in the

mercury test loop, as well as existing experimental data are shown in the figure. Analytical

heat transfer rates obtained with Prt of 1 and 3.14 are lower than our experimental results in

the region of the Peclet number greater than 2000 which is the operating condition of the

mercury target. So, in order to estimate the mercury temperature conservatively, Prt of 1.5

is currently being used in the target design analyses.

3.3 Structural Analysis
From the viewpoint of structural integrity of the target vessel, dynamic stress caused

by pressure waves is one of the most important technical issues, as shown in Fig. 7. In

parallel with the AGS spallation target experiments at the Brookhaven National Laboratory,

which is an international collaboration among USA, Europe, and Japan, we have started to

examine the propagation behaviors of the stress and pressure waves using an impact test

apparatus [6].

Figure 8 shows the outer views and the schematic drawing of the impact test

apparatus using the split Hopkinson pressure bar technique. This test apparatus can

generate the maximum pressure of 150 MPa in mercury by using an air gun, which is 5 times

larger than the analyzed pressure obtained under the condition of the 1MW proton beam
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incidence. From the test results of dynamic stress behaviors, it is supposed that cavitation

bubbles would generate in the mercury or on the bar surface due to the pressure wave

propagation. We are improving the analytical model to predict mercury behaviors more

accurately in relation with the pressure wave propagation.

4. Moderator
Liquid hydrogen will be used as the cold moderator material in our present design.

Figure 9 shows a concept of a MW-class cold moderator with a thin-walled structure,

120mm long x 120mm high x 50mm wide, which has almost the same configuration as that

of the ISIS moderator except its thickness is less than 4mm. The photograph and the

schematic drawing of the test apparatus for measuring the flow patterns in the cold

moderator are also shown in the figure. The test model was made of plexiglass, which

simulated the inner structure of the cold moderator vessel. Flow patterns were measured

with the PIV system under water flow conditions [7]. In parallel to this experimental

approach, the structural and thermal-hydraulic analyses have been carried out to prove the

feasibility of this thin-walled structure concept. Through these activities, the structural

strength issue will be met by using forged aluminum alloy such as A2219 or A7039, but this

is currently in planning. The analytical flow patterns agreed well with the experimental

results, and the result of the thermal hydraulic analyses showed that the hot spots in the

hydrogen would be prevented at a flow-rate of more than lliter/s.

For the R&D of the cold moderator system, we constructed a liquid nitrogen loop for

testing cryogenic equipment and for examining the system dynamics of the cold moderator

system. Figure 10 shows the outer view of the liquid nitrogen loop. The loop consists of

a cryogenic pump, a buffer tank, transfer tubes and so on. Currently, the loop is in a trial

operation phase, and the centrifugal cryogenic pump is being tested under the conditions of

1.5MPa and below 120K.

5. Beam Window
A proton beam window works as the boundary between a high vacuum region of the

proton beam transport line and a helium environment around the target assembly. Figure 11

shows a concept of the water-cooled proton beam window available for the proton beam

shape of 50x130mm and the present design of a window assembly connected with an

exchanging plug, which will be withdrawn and inserted vertically. In order to suppress the

proton beam diffusion at the window wall, a flat type window made of Inconel 718 alloy was

adopted, whose thickness is less than 3mm [8]. Although a beam harrow monitor is shown

in the figure, this is a sketch of an idea and the specifications of beam diagnostic devices

such as a beam position monitor and a core monitor are not fixed yet.

Structural strength analyses coupled with thermal-hydraulic analyses have been

carried out in order to verify feasibility under a MW-class proton beam operation.

Analytical results showed expected performances of the stress distributions far less than an
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allowable stress and much lower surface temperature than the water saturation temperature

under an operating pressure of 0.6MPa.

6. Remote Handling
Figure 12 shows a simplified scenario of the transfer procedure of the spent target

vessel to the storage room [9]. Using the power manipulator, the spent target will be stored

in an air-tight cask after being disconnected from the mercury pipelines, and then transferred

to the storage room with the in-cell crane. In order to optimize the remote handling

procedure, this scenario has been animated with the simulation code "ENVISION-TR" on

the basis of 3D-CAD drawings.

Remote handling is an important issue not only for the spent target replacement but

also for the maintenance and the repairing of the target system components which are highly

activated. To verify and optimize the operational procedure as well as improve control

system and devices, a test facility for the target remote handling is now being designed, and

will be constructed at JAERI at the end of March in 2001. Figure 13 shows the schematic

view of the test facility. This facility will be installed in a large experimental box (13.5m

long x 10m wide x 15m high) and a simulated target and a piping system will be fixed on a

simplified trolley. These components will be handled remotely using a power manipulator

with 6 axis, which has an overhead traveling function.

7. Concluding remarks
We introduced the outline of present status of design and development activities on the

MW-class spallation target system being carried out under the JAERI / KEK Joint Project.

Now we are in the phase of engineering design and, if everything goes well, this facility will

be in operation in 2007.
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Outer View of Mercury Loop
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Fig.5 Outer View of JAERI Mercury Test Loop
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Abstract

The Japan Atomic Energy Research Institute (JAERI) and the High Energy Accelerator
Research Organization (KEK) are promoting a plan to construct a neutron scattering facility.
In the facility, 1 MW pulsed proton beam from a high-intensity proton accelerator will be
injected into a mercury target in order to produce high-intensity neutrons for use in the fields
of life and material sciences. In the spallation mercury target system design, an integrated
structure of target vessel with a safety hull was proposed to ensure the safety and to collect
mercury in case of mercury leakage caused by the target beam window failure. The inner
structure arrangement of the mercury target vessel was determined based on the thermal
hydraulic analytical results of 3GeV, 1MW proton beam injection. The safety hull consists
of vessels for helium and heavy water. The vessels for mercury target, helium and heavy
water will be connected each other by reinforcement ribs mounted on the surface of each
vessel. From the structural analyses, the structural integrity of the safety hull would be
maintained under the static pressure of 0.5MPa.

1. Introduction

The Japan Atomic Energy Research Institute (JAERI) and the High Energy Accelerator
Research Organization (KEK) are promoting a plan to construct a neutron scattering facility at
Tokai Research Establishment, JAERI. In the facility, 1MW pulsed proton beam from a
high-intensity proton accelerator will be injected into a mercury target in order to produce
high-intensity neutrons for use in the fields of life and material sciences[l]. In the spallation
mercury target system design, an integrated structure of target vessel with a safety hull was
proposed to ensure the safety and to collect mercury in case of mercury leakage caused by the
target beam window failure.
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The inner structure arrangement of the mercury target vessel was determined based on the
thermal hydraulic analytical results of 3GeV, 1MW proton beam injection. The mercury
target currently under conceptual design adopted a cross-flow type (CFT) target vessel [2].
In the CFT target vessel, mercury crosses the main part of the target in order to remove heat
generated by spallation reaction. The CFT target vessel has definite advantages with regards
to the flow distribution, issues of erosion and structure strength. This is because the mercury
flow in the main part of the CFT target vessel can be distributed according to heat generation
distribution along the target length, the mercury velocity in main part of the CFT target vessel
would be smaller than that in the SNS/ESS type target under the same mercury flow rate,
blade flow distributors which form flow paths in the CFT target vessel could be used as the
supports to increase vessel strength.

The safety hull consists of vessels for helium and heavy water. The vessels for mercury
target, helium and heavy water will be connected each other by reinforcement ribs mounted
on the surface of each vessel.

This paper presents a current status of the CFT target thermal hydraulic design using the
blade flow distributors, CFD analytical results of the CFT target, an integrated structure of
target vessel with a safety hull.

2. Thermal-Hydraulic Design of CFT Mercury Target

Table 1 shows the heat load on the mercury target currently under conceptual design for
JAERI/KEK joint project. Thermal-hydraulic design criteria of the CFT mercury target for
JAERI/KEK joint project are as follows.

(a) Maximum mercury temperature in the target shall be less than 300 °C.
(b) Maximum target vessel temperature shall be less than 200 °C.

In the thermal-hydraulic design of the CFT mercury target, the blade flow distributors were
arranged in order to obtain appropriate mercury flow distribution by CFD analysis[2]. The
flow distribution in the axial center of the CFT mercury target was adjusted to be the same as
the volumetric heat generation along the axial length of the CFT mercury target while
suppressing recirculation or stagnant flows in order to avoid generating hot spots. Figure 1
shows cutaway view of CFT mercury target with a safety hull. The CFT target vessel will
consist of a single vessel for less than 2MW operation and will consists of double vessels for
up to 5 MW operation. Mercury enters into the target from the furthest side from the beam
window, and flows along the blade flow distributor in the inlet plenum toward each end of the
blade, and then crosses over the proton beam and returns back through the outlet plenum
along the blades. Heat generated in the beam window will be removed by bulk mercury
flow for 1MW operation. The target vessel will be made of 316-stainless steel and its size
presently under design is 260 mm in width, 80 mm in height at the front of the target and 800
mm in effective length. The effective volume of the CFT target will be about 23 L.
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Table 1 Heat loads on CFT mercury target for JAERI/KEK joint project

Proton Energy
Proton Current
Pulse Frequency
Pulse Duration
Heat Deposited in Target

Average Heat Load
Total Beam Power
Total Power in Target
Maximum Volumetric Heat Generation Rate
in Mercury (Power Density)

Loads During a Single Pulse
Energy Deposited in Target per Pulse
Maximum Energy Density in Mercury
Maximum Pulse Temperature Rise

(GeV)
(mA)
(Hz)
(US)
(%)

(MW)
(MW)

(MW/m3)

(kj)
(MJ/m3)

(°C)
Maximum Instantaneous Volumetric Heat Generation
Rate in Mercury (Power Density)

Max. Instantaneous Rate of Temp. Rise
(GW/m3)
(°C/sec)

1st stage
3.0

0.333
25
1.0

54.7

1.0
0.55
372

21.9
14.9
8.0

14,880
8.0 X106

2nd stage
3.0
1.67
50
1.0

54.7

5.0
2.74
1861

54.7
37.2
20.0

O"7 l o f t

37,220
20.0 X 106

Figure 2 shows the volumetric heat generation rate in the target along the target axial length
used in the CFD analysis for thermal-hydraulic design of CFT mercury target. These
volumetric heat generation rates were calculated for the proton beam energy at 3.0 GeV by a
neutronic code system NMTC/JAERI and NCMP-4A[3]. 30% of margin was already
included in these heat generation rates. The proton beam profile currently assumed in the
design is a rectangular shape of 13 cm x 5 cm with a uniform current of 5.1uA/cm2. The
peak value is around 0.37 kW/cm3 for 1MW operation.

Figure 3 shows three-dimensional CFD analytical results of the velocity and temperature
distribution in the CFT mercury target. Mercury inlet temperature of 50 °C, which is the
maximum temperature of the mercury target, mercury flow rate of 40 m3/h and an average
inlet velocity of lm/s were used in the analysis for 1MW operation. CFD analyses were
carried out by STAR-CD code. In the analyses, the standard k-s turbulence model was used.
As for the turbulent Prandtl number 1.5 was assumed. In the analysis, the vessel outside
boundary condition was assumed to be thermally isolated.

A maximum velocity of 2.5 m/s was observed near the front end of the oultet plenum. On
the other hand, a maximum temperature of 130.1 °C was observed in the center of the target
where the volumetric heat generation rate was relatively small. This is because due to the
recirculation flow in this region.. The maximum temperature of 130.1 °C is far below the
mercury saturation temperature of 356 °C under atmospheric pressure. This result satisfied
the thermal-hydraulic design criteria of "Maximum mercury temperature in the target shall be
less than 300 °C".

Figure 4 shows inner and outer surface temperatures of the mercury target vessel analyzed
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by STAR-CD code. Vessel thickness at the proton beam window will be 2.5 mm in order to
decrease thermal stress caused by temperature difference between inner and outer surfaces,
while keeping sufficient structural strength against the stress caused by inner pressure ,
pressure wave etc. Maximum outer surface temperature was obtained at the beam window
and was calculated to be 190.1 °C. On the other hand, maximum inner surface temperature
was calculated to be 149.4 °C as shown in Fig.4. This result satisfied the thermal-hydraulic
design criteria of "Maximum target vessel temperature shall be less than 200 °C".

3. Structural Strength Analysis of Integrated CFT Target with Safety Hull

In the spallation mercury target system design, safety is a first priority of the system. In
order to ensure the safety of the target system, an integrated structure of target vessel with a
safety hull was proposed for collecting mercury in case of mercury leakage caused by the
target vessel beam window failure as shown in Fig.5. The safety hull consists of vessels for
helium and heavy water as describes above. The vessels for mercury target, helium and
heavy water will be connected each other by reinforcement ribs mounted on the surface of
each vessel by welding. During the structural strength analyses, arrangement of
reinforcement ribs were changed in order to decrease the stress and displacement of each
vessel [4].

Feasibility study of the integrated mercury target vessel with the safety hull was carrid out
preliminary in order to clarify structural integrity of the vessels. Structural strength of the
integrated mercury target vessel under static pressure condition of 0.5 MPa, which is the
maximum design operating pressure of the mercury target system, was analyzed by using
ABAQUS code. In the analysis, allowable stress of 316-stainless steel 142.5 MPa at 300 °C
was compared with static-stress analytical results. Maximum allowable displacement of
lmm was used as one of the design criteria for the CFT target vessel.

Figure 6 shows stress and displacement analytical results of the mercury target vessel under
the static pressure condition of 0.5 MPa. Maximum stress is appeared on the center line of
the vessel and is calculated to be 53.6 MPa. On the other hand, the maximum displacement
of the vessel is appeared near the front of the vessel and is calculated to be only 0.17 mm.

Figure 7 shows stress and displacement analytical results of the helium vessel which is an
inner vessel of the safety hull under the static pressure condition of 0.5 MPa. Maximum
stress is appeared in the front part of the center region of the vessel and is calculated to be 125
MPa. On the other hand, the maximum displacement of the vessel is appeared near in the
center region of the vessel and is calculated to be 0.32mm.

Figure 8 shows stress and displacement analytical results of the heavy water vessel which is
an outer vessel of the safety hull under the static pressure condition of 0.5 MPa. Maximum
stress is appeared in the front part of the center region of the vessel and is calculated to be
111.7 MPa. The maximum displacement of the vessel is appeared near the region where the
maximum stress was obtained and is calculated to be 0.2 mm.

From the above results, stress and displacement analytical results meet the our design
criteria of the integrated mercury target vessel with the safety hull. At present, integrated
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stress analyses including stress caused by pressure wave, static and dynamic thermal stress etc.
have not been performed yet. These analyses will be carried out soon in order to feasible the
integrated mercury target vessel.

4. Concluding Remarks

In the spallation mercury target system design, an integrated structure of target vessel with
a safety hull was proposed to ensure the safety and to collect mercury in a case of mercury
leakage caused by the target beam window failure. The inner structure arrangement of the
mercury target vessel was determined based on the thermal hydraulic analytical results of 3
GeV, 1 MW proton beam injection. The safety hull consists of vessels for helium and heavy
water. The vessels for mercury target, helium and heavy water will be connected each other
by reinforcement ribs mounted on the surface of each vessel. As for the feasibility of the
integrated mercury target vessel with the safety hull, the static structure strength analyses
were carried out under the condition of an internal pressure of 0.5 MPa, which was the
maximum operation pressure of the target system, in order to clarify its structural strength.
As a result, it was made clear that the maximum static stress appeared on the each vessel by
the internal pressure could be suppressed less than the allowable stress of SUS316L at 300 °C,
142.5 MPa, by adding reinforcement ribs on the surface of each vessel.
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Abstract

Pressure wave is one of critical issues for structural integrity of the mercury target vessel for a

MW-class neutron scattering facility. Impact tests on mercury were carried out under high

strain rates to estimate the viscosity of mercury and to verify FEM code. An elastic-solid

model without dependency on the strain rate could be used to predict impact behaviors in

mercury. And, to estimate structural integrity of the target vessel made of stainless steel (the

assumed allowable stress of 370.8 MPa), FEM analyses on the pressure wave were carried out

under 1 MW (3 GeV, 25 Hz) proton beam condition. It was found that the maximum mises

stress of 220.8 MPa was caused by the pressure wave on the outer surface at the center of the

window.

1. Introduction

In the Japan Atomic Energy Research Institute (JAERI), the neutron scattering

facility connecting with a MW-class high-intensity pulse proton beam accelerator is being

developed cooperating with the High Energy Accelerator Research Organization (KEK) [1].

The mercury target will be used for this facility from the viewpoint of a good neutron yield

and a heat-removable advantage compared to a solid target-water cooling system.

However, mercury has large thermal expansion coefficient and low specific heat,

hence, a pressure wave will be induced in mercury by rapid energy depositions due to the

pulse proton beam whose pulse duration is 1 \xs. And it is critical issue for structural integrity

of the target vessel because the induced pressure wave is large and is loaded repeatedly, more
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than 106 times, to the target vessel in its lifetime.

The ASTE (the AGS Spallation Target Experiment) collaboration has been carried

out to examine the pressure wave generated in the mercury target and the response of the

target vessel due to the pressure wave as well as verify analytical codes used for a mercury

target design. In this experiment, displacement velocity on the target vessel was measured by

a laser-Doppler-viblometer. The experimental results agreed well with the analytical results

by using the Finite Element Method (FEM) analysis until 100 us after the proton beam

injection [2]. After 100 u.s, the response on the displacement velocity of the target vessel

became slower in the experimental result than the analytical result. It was considered that the

viscosity of the mercury caused this phenomenon.

Impact tests on mercury were carried out to estimate the viscosity of mercury under

high strain rate and to verify the FEM code. And then, structural strength of the target vessel

was analyzed under 1 MW (3 GeV, 25 Hz) proton beam condition by using the explicit FEM

code, LS-DYNA [3]. This paper introduces the mercury impact test results and structural

analytical results of the mercury target.

2. Liquid mercury behavior and verification of mercury model

2.1 Experiment apparatus and analystical model

In order to examine the dynamic behavior of the mercury under high pressures and

high volume strain rates, impact tests on the liquid mercury were carried out by using a split

Hopkinson pressure bar (SHPB) apparatus, as shown in Fig. 1. A vessel for mercury was set

between the input and output bars. Mercury was carefully poured into the vessel without any

air bubbles. The diameter and length of the bars are 10 mm and 1500 mm, respectively. The

vessel had enough stiffness to ignore the deformation due to the pressure, and rubber o-rings

were installed into between the vessel and the bars; the clearance between outer diameter of

the bars and inner diameter of the vessel is about 0.1 mm, to prevent a leakage of the mercury

followed by bars moving. Such a stiff vessel may realize a constraint condition as a uniaxial

strain condition in the mercury. An impact bar shot by an air gun collides with the input bar to

generate the stress wave. The stress wave propagates in the input bar and transmits to the

output bar thorough mercury, loading the pressure wave with high strain rate. Measurements

on the stress waves propagating through the bars were taken at the axial centers of each bar by

strain gauges. The stress propagation on each bar and liquid mercury were analyzed by using

the explicit FEM-code, LS-DYNA, which is used for the design of the target vessel on the

pressure wave. Figure 2 shows the three-dimensional FEM model. The mercury was modeled

as elastic-solid, where Young's modulus is 6.651 MPa and Poisson's ratio 0.49995 (nearly

0.5), so that the bulk modulus becomes 22.2 GPa.

2.2 Results
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Figure 3 (a) and (b) show the strain wave histories of the input and output bars. As

seen in these figures, the analytical results agree well with the experimental result. The

average axial pressure P and volumetric strain AV/V histories in mercury were obtained by

using following Kolsky formulas [4] under the uniaxial strain condition;

^ j { - s , - s > (i)
'•s

AE i \
(2)

where Sj, sr and s t are stresses propagating through the input and output bars, and A, E and

Co are sectional area, density and sound speed of the bars, and As and ls are sectional area and

length of the specimen. Figure 4 shows the relationships between the pressure P and the

volume strain AV/V in the various impact velocities. P increased almost linearly with AV/V in

the early stage in any cases. These gradients are independent on the impact velocity and agree

with the bulk modulus of mercury, 22.2 GPa.

3. Design analyses for mercury target vessel

3.1 Analytical model

Figure 5 shows a three-dimensional FEM model of JAERI/KEK mercury target used

for FEM analysis. In Fig.5, the target width, height and length direction are made to be x, y,

z-axis, respectively. The target vessel is 800 mm in length, 350 mm in width and 85 mm in

height. The shape of window has the curvature in x-direction, whose radius is 800 mm to

reduce thermal stress. The vessel was divided into 10,000 shell elements whose thickness is

2.5 mm at window, 5 mm at front wall, and 10 mm at side and top walls except area facing to

moderators, whose thickness is 7.5 mm. Inside of the target vessel, 10 mm thick baffle plates

were installed as model of distributors for cross flow [1]. Inside of the target vessel was filled

with liquid mercury divided into 132,000 solid elements. From the experimental results

mentioned above, liquid mercury is modeled as elastic solid without the dependency on the

strain rate whose Young's modulus is 6.651 MPa and Poisson's ratio 0.49995 (nearly 0.5) to

be bulk modulus is 22.2 GPa, thermal expansion coefficient 61 x 10"6 /K and density 13285

kg/m3. The target vessel will be made of austenitic stainless steel, such as type 316L

(SS316L) or type 316LN (SS316LN), which Young's modulus is 188 GPa, Poisson's ratio is

0.3, thermal expansion coefficient 15.3 x 10"6 /K and density 7890 kg/m3. Temperature

dependency and load rate effects for the properties of these materials are not considered in

this analysis.

Figure 6 shows energy deposition distribution in the mercury obtained by the Monte

Carlo code, NMTC/JAERI under a 3 GeV proton beam (1MW) condition: the proton beam

size is 130 x 50 mm and an energy profile is rectangular. Since this energy deposition shows a
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time-averaged value, the pulse beam intensity was estimated on the basis of above energy

deposition under 25 Hz and lus pulse duration. Then, we added the 30% margin to the pulse

beam intensity. Temperature rise distribution, T(x,y,z), due to the proton beam pulse is

estimated by following equations by using the energy deposition distribution expressed by a

function, f (x, y, z).

T{x,y,z) = •- v •• ; r > 1/zs
cp

 x P

where, x is a pulse duration, cp specific heat of mercury (137 J/kg-K) or stainless steel (511

J/kg*K) and p density of mercury or stainless steel. The maximum temperature rise is only

7.6°C at 30 mm apart from the window on the cross sectional center of the target.

3.2 Analytical results

Figure 7 shows time responses of pressure wave at the positions where the maximum

temperature rise appeared, A, and where mercury contacts with the window center, B. At the

position A, the maximum pressure of 33 MPa appears at 1 (is after proton injection ,which

continues while 20 us. Pressure at position B decreases immediately after proton beam

injection stops at I/is. This is because the constraint for the mercury becomes so weak as to

make the mercury pressure negative, which would allow free deformation of mercury due to

an expansion of the vessel due to pressure wave. These phenomena might induce cavitaion on

and close to the vessel, which would cause cavitation erosion on the vessel surface.

On the other hand, the vessel is loaded by pressure wave and a stress wave due to the

thermal expansion of the vessel itself. Figure 8 shows the stress responses at the center of the

window. In this figure, the stresses on the inner surface, the midpoint and the outer surface are

shown on x, and y -components. Every stress components show compression of 15 MPa due

to the temperature rise in the vessel, and reverses to tensile after the pressure wave propagates

to the window so as to expand it. The maximum y-direction tensile stress at the midpoint is 70

MPa at 37 us after the proton beam was injected into the target. The stresses on the outer and

inner surface of the window become 150 MPa and -35 MPa (compression) at that time,

respectively, due to bending stress. At 160 us after the proton beam injection, the maximum

stress of 254 MPa appears on the outer surface, the maximum compression stress of 250 MPa

appears on the inner surface.

3.3 Structural integrity

The stress on the target vessel due to the pressure wave is assumed as the secondary

stress because the pressure wave is generated by the thermal expansion of mercury, that is, the
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stress on the target vessel results from the deformation of mercury. Assuming 3 Sm as the

allowable stress of the target vessel concerned with the secondary stress, the allowable stress

is 345 MPa for SS316L and 414 MPa for SS316LN.

Figure 9 shows the mises stress contour of the vessel on the outer surface at 160 us

after the proton beam injection. The maximum mises stress of 220.8 MPa appears at the

center of the window.

Other loads including this category are thermal stress induced by a steady thermal

load and the stress due to the inner static pressure. The thermal stress generated on the target

vessel was estimated by using the ABAQUS/Standard [5] with the same model of the target

vessel as shown in Fig.5. The temperature distribution was analyzed using the following

parameters; a= 10000 w/m2 of the heat transfer rate from the vessel to mercury, 50 °C of the

inlet mercury temperature and X= 16.0 W/nvK of the thermal conductivity of the stainless

steel. From the stress analysis carried out by using the temperature distribution data, the

maximum mises stress adding the thermal stress to the stress due to the pressure wave was

found to be 371.8 MPa at the center of the window.

4. Summary

The impact tests on the mercury using the SHPB apparatus and the design analyses

were carried out. From the analytical results with the elastic-solid mercury model, the

maximum pressure wave of 33 MPa generated at 30 mm apart from the window on the cross

sectional center of the target. And the maximum mises stress of 220.8 MPa was caused by

the pressure wave. The maximum mises stress of 371.8 MPa appeared by adding the thermal

stress to the stress due to the pressure wave. This value is little over the assumed allowable

stress of SS316L, 345 MPa, and below the allowable stress of SS316LN, 414 MPa. Althogh

the maximum mises stress due to the pressure wave is below the assumed allowable stress of

SS316L, it has the possibility that the maximum mises stress would be suppressed below the

allowable stress of SS316L by decreasing the thermal stress by means of the heat transfer

enhancement etc.

As the next step, we will examine the fatigue characteristics of SS316L and

SS316LN under loading pressure waves.
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Abstract

The status, problems and possible perspectives of target complexes of the Moscow meson factory is
described in the report. The results of test proton beam session to neutron source are analysed. Some
technical features of targets and expected modes in the nearest sessions are stated.

1. Introduction

The defined progress in development of Moscow meson factory was made for past 2.5 years.
Now linear accelerator have following parameters: proton current is 150 uA (1998 year.- 70 uA), energy of
particles is about 305 - 365 MeV, pulse repetition rate - 50 Hz. RFQ - system was installed in an initial
part of the accelerator. It has increased time of stable operation of accelerator up to ~ 90%. Besides in an
initial part of the accelerator the chopper is installed for support of physical experiments by short pulses of
protons. The technical condition of the accelerator allows supporting a current up to ~ 300 ^A with pulse
repetition rate 100 pps, but this possibility is not realized because of outstanding works on the
experimental area hi.
This progress has stimulated a works on the neutron complex of INR. Now structure of a neutron complex
of INR include: complex of neutron sources, beam stop, 100 t lead slowing-dawn neutron spectrometer,
solid state spectrometers and accompanying infrastructure ensuring operation of this facilities (fig.1).

2. Beam Stop

The beam stop (fig.2) consists of a changeable ampoule containing water-cooled tungsten plates. Inside
an ampoule there is a vertical channel for irradiation of objects by a diameter ~ of 50 mm and height 100
-150 mm with autonomous cooling. Removable ampoule is placed inside heat shield and is closed by
steel plugs IZI.
Main functions of beam stop on experimental area is next:
• Reception of a perturbed beam after passing by it thin targets of experimental installations,
• Transmitting of proton beam across beyond beam stop,
• Carrying out of physical experiments with use of the channel for irradiation of samples,
• Irradiating of structural materials in the mixed proton and neutron fields with their consequent delivery

in hot laboratories IPPE (Obninsk) for researches.
• Isotopes production.
The degree of readiness of object is evaluated in 95%.
The top part of a radiation shield is not finished. The experimental zone (above the beam stop) is
equipping by the irradiation channel loading and unloading machine and monitoring.
Water coolant is in vessel of beam stop during 3.5 years. Is not observed of visible consequences of
corrosion, at the present, though the water-chemical regime of the coolant was not ideal. It is the indirect
certificate of a regularity of choice of Ti-coating as corrosion protection for Al and W units and
maintenance of their compatibility 141.
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Inspection of internal surfaces of beam stop is in the nearest plans. The purpose of the inspection is the
determination of a condition of surfaces, channels and velocity of corrosion. The possibility of such
inspection is stipulated by low activation of the beam stop in the last proton session. This data are
necessary for assembling of the second ampoules of a beam stop and a neutron source with the Be-
reflector. Some modifications of cassettes with tungsten plates will be made during assembling.
Primal problem of the beam stop is provision of reception 50 uA of proton current.
The following experiments with use the beam stop are studied:
• Imitation of conditions characteristic for radiation layers of the Earth. Experimental researches of an

electronic engineering intended for long-term working in space.
• Measurement of a rate generation of radiation damages in metals at cryogenic temperatures by a

measurement of an electrical resistance.
• Research of radiation stability of perspective structural materials of nuclear engineering.

Development of express - tests of materials 151.
• Research of structural transformations in magnetic and unmagnetic materials under irradiation ones

by the mixed proton and neutron fields.

The beam stop can be modified. Special liquid metal insertion (Pb-Bi, Hg, Pb) with pipe specimens under
gas pressure can be installed instead of irradiation channel. In this case the pipe specimens will be under
influence of several permanent factors simultaneously such as mechanical stress, liquid metal, irradiation
by the mixed proton and neutron fields, temperature gradient and so on. At that, the local heat release
density ~ 1kW/cm3 can be obtained in the stainless steel specimen at acting of the narrow proton beam
(diameter ~ 1 cm) /6/.

3. Complex of neutron sources

3.1. Pulse neutron source.
Pulse neutron source is located in the first box of a radiation shield (fig.3) and is intended for a research
of solid and nuclear - physical experiments 12,3,41.
This neutron source (scheme is represented on fig.4) naturally compensates shutting of research
reactors in Moscow which have been used for physical experiments. It is basis for creation of the new
research center near Moscow approximately hour' journey from majority of the interested institutes of
Russian Academy of Science and Ministry of Atomic Energy. Some scientific groups are moving in INR
one's the experimental facilities.
The water-cooled tungsten target without Be-reflector is installed as neutron source now.
The first neutrons on the pulse neutron source were received during a test short-term session in end of
1988 year. The purpose of this session was examination of all systems of the experimental area providing
the beam guide. The proton beam directed on the target during session had the following parameters:
current have been ~ 0.01 - 3 uA in different moments of time, proton energy ~ 209 MeV, pulse repetition
rate is about 1 pps, duration of proton pulses ~ 60 mks. Instrumental neutron spectrum of upper
moderator is shown on fig.5.
Some modifications in control systems were made after test session. In particular, new detector of beam
position is being installed before the target 111.
The works at the storage of a liquid radioactive waste providing collection of coolant of first loop are
finished.
The top part of a radiation shield is not finished. Without it sessions for checking systems of the
experimental area providing the beam guide and studies of characteristics of neutron source and
spectrometers is possible only.
The degree of readiness of object is evaluated in 95%. Next sessions will carry out after finish of
assembling of the lead slowing-dawn neutron spectrometer and adjustment of spectrometers for
researches of solid.
There is next plan for development of a neutron source with the purpose of increase of a neutron flux in
account on one initial proton:
• Mounting of the new tungsten target with Be-reflector enveloping upper moderator (target is under

assembling). It will increase the thermal neutron flux about 1.8-2 times.
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• Modification of the existing W-target. (Mounting of the Be-refiectors on upper and lower moderators, a
number of modifications into a construction of the target). The possibility of realization of this point is
stipulated by low activation of the existing target.

• Mounting of the U-target with fuel elements on base of natural uranium of a high density that will
increase neutron flux about 1.4 times in additionally 141. Almost all details of target are ready.

• Creation of the multiplying target with the multiplication < 10, for magnification of neutron flux - 3 - 4
times in comparison with the target on base of natural uranium 141, This stage of the program closely is
connected to the program of creation of a neutron source in second target boxing.

3.2. Multi-purpose neutron source in the second box of radiation shield.

The second box is free at the present. From above the box is closed by steel shielding plugs to ensure
acceptable radiation conditions at work of a neutron source located in the first box. The degree of
readiness of an accompanying infrastructure of the object, which is common for both boxes, is ~ 95 %.
Earlier in this boxing of radiation shield was planned to place a quasi-stationary neutron source for search
of n-n oscillations and direct measurement of length of neutron - neutron scattering /2,3/.
In an inheritance from these initial plans in the radiation shield have remained four the neutron guides and
the through wide-aperture channel.
On a basis of this channel it is possible to organize an extraction of not less six neutron beams with the
help of system of collimators, located inside the channel and two bent neutron guides. In this case ten
neutron beams will be deduced from the second box of radiation shield
However there is large vertical diversity between the axis of a proton beam and axes of neutron guides
(reaching 47 cm for the lower group of neutron guides, consisting from 8 channels) and large distance
between axes of neutron guides located above and below than target (67 cm)
Without essential reconstruction of radiation shield these sizes can be reduced only at the expense of
change of a moderator diameter in limits of neutron guides with the appropriate installation of collimators.
Therefore the following "scripts" of creation of a neutrons source in the second box are possible:
• To perform the W-target ensuring the maximum possible.flux of neutrons only in two upper channels,

located above level of a proton beam on 20 cm. Neutron flux in other channels is provided according
to technical possibilities. Such way makes the extremely ineffective 8 channels located below level of
a beam on 47 cm.

• To displace a proton beam maximum down (~ 5 cm), as far as a diameter of proton guide allows.
Moderators located above and below level of the proton beam should be approached to the target in
a maximum way, having reduced diameter up to 10 cm with appropriate installation of collimators in
neutron guides. In this case vertical offset between an axis of a proton beam and centers of
moderators will be accordingly ~ 20 and ~ 32 cm. It will increase flux in the lower moderator leaving in
the wide-aperture channel (~ 6 neutron beams) and will decrease in upper moderator (2 neutron
beams). Two neutron guides located below proton beam will be excluded from work completely. The
neutonics of such source will be still far from optimum.

• To use the multiplying target and to ensure a high flux of thermal neutrons in all channels for a radical
solution of a problem.

However, the multiplying neutron source with a direct action on uranium core of the intensive proton beam
(300-500 uA) will be too expensive in exploitation because of a short lifetime of such target and necessity
of frequent replacement of target modules.
So, for example in the ISIS, the lifetime of all uranium (not multiplying) targets with disk elements has
been disappointingly short (several months). At this a mean current of protons did not exceed - 150 uA
/8/.
If to suspect, that with cylindrical fuel elements and other high-density uranium alloys 141, lifetime of the
target will increase in two, three and more times, it will be obviously insufficient for the multiplying target.
The running time of core of the pulse reactor IBR-2 (JINR) is already ~ 10 years /9/. Therefore scheme of
the uranium target with a direct action of a beam on core more correspond to currents ~ 5-30 ^A (KEK /10
/, IPNS /11.1) where achieved rather long terms of exploitation.
In this case (for second cell of a radiation shield of MMF at proton current ~ 300 - 500 uA) the scheme
like accelerator-driven subcritical systems (ADS) is more corresponding to the multiplying neutron source
(W or Pb-Bi easily removing target module and a multiplying blanket).

- 1210 -



JAERI-Conf 2001-002

However in this case horizontal input of beam in the target and positions of moderators complicate its
realization strictly connected to neutron channels.
Some approaches to the scheme of the multiplying target also may be. The calculations and initial studies
of different versions of such neutron source are now carry out with the purpose of finding the optimal
configurations of the target, blanket and moderators.
Certainly the scheme of the multiplying target with central W - target is less effective, than classic from
the point of view of a neutronics. The number of primary neutrons per incident proton generated in W or
Pb-Bi target is about 1.4 times less than in uranium target /4/. Therefore the multiplying coefficient should
be higher approximately the same value in comparison with classic target for compensation only of this
loss.
However the following advantages compensate this lack:
• The subcritical assembly is outside of a direct action of the proton beam and has a long term of

exploitation (-10 years),
• The conditions for maintenance of nuclear safety of the object because of absence of often

manipulations with fuel are much better,
• There is no necessity to use dense uranium alloys. Quite enough to use well of itself recommending

in nuclear engineering of kinds of fuel including oxide fuel,
• The separate changeable tungsten target module has much more lifetime in a comparison with the

uranium target /8/,
• The system of moderators also can be made as separate changeable modules that increase

experimental possibilities of source,
• Besides there is a possibility to simulate and experimentally study some aspects electronuclear and

transmutation systems. It essentially expands the list of the organizations interested in cooperation
and accordingly basis for creation of such facility.

The possibility of using of similar source for analysis of problems of an electronuclear way for energy
production and nuclear transmutation is based on the following circumstance.
The proton beam with energy 360 - 600 MeV creates inside extended targets (Pb-Bi, W etc.) an initial
spectrum of neutrons (spectrum of evaporating neutrons) practically completely conforming with spectrum
at energy of a beam 1.2 - 1.3 GeV (fig. 6). The full output of neutrons from the leaden target is presented
in fig. 7 /12,13,14/. The identity of spectra of an external source allows to imitating the basic neutron-
physical features of the full-scale facility on a demonstration stand. Such stand created from special
changeable modules should have simultaneously features of the Large Physical Stand (E<t>C) and reactor
BR-10 (IPPE, Obninsk). The modular principle of construction of the stand would allow experimentally
studying various configurations ADS. The maximum size of modules, from which the stand could be
assembled, is dictated by sizes of intermediate storages for ampoules of a neutron source. The power of
the stand could compound ~ 6 MW at a multiplying coefficient ~ 10 and achievement by the linac of
design parameters (500 ixA, Ep = 600 MeV).
The vertical channels for irradiation samples and productions of isotopes should be stipulated in the
stand.
The installation would allow finishing a cycle of researches for an electronuclear method of production of
energy and nuclear transmutation and providing complex checks of the various concepts and obtaining a
technological experience on the demonstration stand INR RAS.
Besides the cavity of a wide-aperture channel inside a radiation shield is the most suitable place for
neutron therapy. In this case the special cell can be placed about 5 m from source. It essentially increase
fluence of neutrons, allows to use existing technology of Institute for Radiation Medicine (Obninsk), and
also to compensate future closing of the reactor BR-10 in IPPE - Obninsk used now for this purpose.
At the present the basic specifications and philosophy of a multi-purpose stand are formulated, the
coordination with IPPE and OKB "Hydraulic press" is conducted.
The alternative versions of creation of a neutron-source in the second cell are simultaneously considered.

4. Lead slowing-down neutron spectrometer

100 t Lead slowing-down neutron spectrometer 121 is palsied near radiation shield of complex of neutron
sources (fig. 1). It can be used for researches in the field of fundamental and applied physics and radiation
medicine.
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The physical features of the lead slowing-down neutron spectrometer dictate the following main requests
to construction:
• Minimum quantity of structural materials in order to reduce the inelastic scattering of neutrons,
• The minimum quantity of cavities in order to reduce leaving of neutrons from the slowing down

process.
These effects increase duration of neutron pulse in slowing down process and decrease a resolution of
spectrometer.
The mounting of the lead slowing-down neutron spectrometer is completed. The continuous lead target
with air coolant has installed in spectrometer now. Therefore intensity of the beam directed on the target
is limited to a current ~ 1 uA.
In future we suppose using liquid metal Pb-Bi target with power ~ 30 kW and air cooling for increasing of
neutron intensity of spectrometer (fig.7).
The main technical characteristics of the Pb-Bi target should be following:
• Diameter of target in lower part is about 32 cm. This dimensions a little exceeds the range of protons

with energy ~ 600 MeV in Pb-Bi and corresponding to diameters of temporary storage's
• Temperature of Pb-Bi eutectic is about 200 °C in order to the electromagnetic pump had maximal

efficiency and a minimal corrosion rate of container take place.
• Diameter of proton guide is 60 mm within spectrometer. Therefore maximum density of heat release

in a stainless steel will not exceed ~ 50 W/cm3 and the maximum density of thermal flow on surface of
the container will be ~ 5 - 7 W/cm2 in depending on a thickness of a wall. Accordingly, speed of
coolant in window region will not exceed ~1 m/s.

• Height of the target ~ of 1.5 m. Upper part of Pb-Bi target must be beyond lead spectrometer in order
to remove the main quantity of heat from target outside of cube and do not transfer the additional heat
to the surrounding layers of lead (fig.8).

The electromagnetic pump can be required for initiation and support of natural convection and reductions
of period for formation of convection. The difference of pressure between rising and descending parts of
flow can be insufficient for maintaining this process because of small height of the target.
High intensity is one of the main advantages for the 30 kWlead slowing down neutron spectrometer. This
spectrometer can be beyond comparison for researches of cross-section of rare nuclear reactions and
reactions with micro samples (10'1 g) in that part where energy resolution is not determining.
Apart this spectrometer can be a prototype of electronuclear facility with the slowing-down neutron
spectrum /15/.
Low level of y - rays and the rather small sizes of spectrometer allow to organize the medical channel for
neutron therapy with good background conditions.
Negotiations about financing of Pb-Bi project between INR, IPPE and Ministry of Atomic Energy are
carried on.

5. Conclusion

The program for advance of multiple-purpose neutron sources of MMF is developing by experts of
Russian Academy of Science and Ministry of Atomic Energy. Further development of neutron sources of
MMF will depend on this program. The authors are grateful to the employees of the research and design
organizations of the Ministry of Atomic Energy (IPPE, OKB "Hydropress", ITEP and al) for discussion of
the problems affected in the paper.
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•fc* ! _

Fig. 1. Proton linac and experimental area of MMF: 1- linac, 2 - experimental hall, 3 - storage ring, 4 -
beam stop, 5 - complex of neutron sources, 6 - second (free) box, 7 - box of pulse neutron source, 8
- lead slowing-down spectrometer.
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Fig.2a. Sketch of the present
beam stop at the MMF:

1. - water cooled shielding,
2. - beam stop insert made of

tungsten plates,
3. - proton beam channel,
4. - irradiation insert in

thimble,
5. - aluminium vessel,
6. - removable top shield

(steel plugs).

Fig.2b. Sketch of the proposed LM -
irradiation insert that would replace the
present irradiation insert, requiring only
minor modifications to the tungsten plate
assembly:
7. - liquid metal container,
8. - liquid metal,
9. - jet forming manifold for window

cooling,
10. - outer container of stainless steel with

gas atmosphere,
11 . - receptacle for irradiation insert with

water filled catcher volume,
12. - AI2O3 cover of the bottom part of the

aluminium vessel for corrosion
protection in case of LM leak,

13.- EM-pump,
14. - water cooland.

• • • • • • • - • • • • • • i p
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Fig.3. Assembly of neutron sources. 1 - cell of the pulsed neutron source, 2 - cell of demonstrated
research stand, 3 - neutron gates, 4 - vertical channels for additional equipment, 5 - neutron guides,
6 - iron shield, 7 - storage's of radioactive tanks and ampoules (modules), 8 - proton guides, 9 -
equipment of the first water loop (pumps, filters, heat exchanger and etc.), 10- heavy concrete shield,
11 - heat shield, 12 - the wide aperture channel.

M—-

Fig. 4. Scheme of the pulsed
neutron source. 1 - tungsten
core, 2 - moderators, 3 -
beryllium reflector, 4 - the
ampoule (the module) with
shielding plug, W - core, Be -
reflector and moderators, 5 -
the gas tanks, 6 - heat shield, 7
- the remote-controlled vacuum
sealing, 8 - the beam position
sensor, 9 - proton guide, 10 -
iron shield, 11 -the removable
steel plugs, 12 - neutron guides.
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Fig.5. Instrumental neutron spectrum. Proton energy - Ep = 209 MeV, time of
flight length - 1 0 m, wide of time channel - 128 us, the parameters of neutron in
100-th channel: En = 3.2-10~3 eV, A = 5.07 A.
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H=1.7m

1=1.03 m
The channel with
wide aperture

8

H=1.03m
D=0.15m

H=1.7m
D=0.2 m

Fig. 6. Scheme of disposition of neutron guides (heights and diameters are shown) and the
main modules (one of possible variants) in the second box: 1 - upper moderator joined with
target module -2,3- module of subcritical assembly, 4 - module of lower moderator, 5 - Be-
Ni reflector, 6 - proton guide, 7 - channel for irradiation samples, 8 - module of upper
moderator.
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Fig.7. Spectra of neutrons generated inside of the cylindrical lead target (R=1O cm, L=60 cm) at
irradiation by proton beam with energy 360, 600 and 1200 MeV: a) normalized on a yield, b)
normalized on a one neutron.
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Fig.8, Yield of neutrons with energies below 10.5 MeV from the whole surface of the cylindrical lead
target (R=1O cm, L=60 cm) in dependence on the energy of proton.

Fig.9. Specific yield of neutrons with energies below 10.5 MeVfrom the whole surface of the cylindrical
lead target (R=1O cm, L=60 cm) in dependence on the energy of proton.
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A-A

Fig. 10. Lead slowing-down spectrometer: 1 - lead (3.0 x 1.8 x1.5 i 3), 2 - Pb-Bi target, 3 •
heater, 4 - loop of air cooling, 5 - divisor of the ascending and descending Pb-Bi currents, 6 -
proton guide, 7-channels for samples.
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Abstract

We present results of numerical modeling for processes of primary protons and spallation
neutrons interactions with structural materials at the RADiation Experiment facility of the
Neutron Complex. The installation has a vertical irradiation channel inside the beam stop for
horizontally incident protons with energies up to 600 MeV of the Moscow Meson Factory of
the INR RAS. The calculations are based on a set of computer codes SHIELD and
RADDAM, which were developed in the INR RAS and give data on point defect generation
by irradiation, rate of accumulation of H and He atoms produced in nuclear reactions,
energetic spectra of primary knocked-off atoms in collision displacements, temperature of
samples under irradiation. Different positions of the channel, which are available by rotation
of a target relatively the vertical axis for angles 0, 60, 120 and 180 degrees to the proton beam
direction, are considered. Changes of irradiation damage parameters due to various inputs of
primary protons and spallation neutrons at different target orientations are demonstrated. It is
shown also that the spallation neutron facility RADEX may provide with perspective
experimental possibilities for modeling of irradiation conditions for fusion reactors ITER and
DEMO.

1. Introduction

Neutron targets of high intensity proton accelerators may give intensities of spallation
neutrons much higher than neutron fluxes at operating nuclear power devices and expected
characteristics of fusion energy reactors [lj. This circumstance gives unique opportunities for
nuclear materials testing under irradiation. The existing experience of radiation damage
investigations at high current proton accelerators of Los Alamos Meson Physics Facility
(LAMPF, USA) and Paul Scherrer Institute (PSI, Switzerland) shows, however, the necessity
of more advanced understanding of fine details in radiation damage kinetics. This is in the
course of the total situation in the radiation damage physics where different neutron spectra of
various neutron sources must be compared. Simultaneously, a growing interest to spallation
neutron sources as tools for irradiation experiments becomes evident [2].
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According to tentative estimations [3], the Moscow Meson Factory (MMF) of the thelnstitute
for Nuclear Research (INR) of RAS allows to perform a broad circle of irradiation
experiments in studies of a radiation behaviour of nuclear materials. This work may be based
on the primary beams of protons (with the initial energy 160 -- 600 MeV) and secondary
(spallation) neutrons. The MMF gives a capability of a fast accumulation of dozes in terms of
atomic displacement numbers and hydrogen and helium concentrations produced in nuclear
reactions.
The certain possibilities for radiation tests of fusion reactor candidate materials for first wall,
in conditions close to the expected in reality, can be obtained in the neutron target (trap) of a
proton beam — the RADEX installation. This facility enters into the structure of a neutron
complex at the experimental area of the MMF [4].
A reliable operation of nuclear power installations is limited by the degradation of physical
and mechanical properties under prolonged irradiation. The physical background of such
transformations is attributed to production of atomic displacement cascades by energetic
irradiating particles.
The primary violations of a crystalline structure are determined by a nature of bombarding
particles, dynamics of atom-atomic collisions in a lattice and nucleation of small initial
complexes of point defects with the sizes of the order of nanometer. The long-term kinetics
has a quasi-chemical nature: the diffusion-controlled processes of growth of vacancy,
interstitial and impurity substructures are displayed on macroscopic scales about the
crystallite size.
The primary radiation damage (PRD) depends on the energy spectra of primary knocked-off
atoms (PKA) and integral characteristics: the radiation damage rate of a target material, the
rate of accumulation of helium and hydrogen atoms. The less investigated characteristics, on a
degree of their influence on the properties of structural materials, are the mass distribution
and the charge states of nuclides - the products of nuclear reactions initiated by irradiation. A
special interest of researchers, in a more precise consideration of PRD by molecular dynamics
modelling, attracts probable contribution of the spatial distribution, sizes and mobility of
small point defects clusters, which are forming immediately during several picoseconds of a
collision cascade relaxation [5].
The available experimental data about influence of irradiation on metals and alloys are
obtained at the nuclear power reactors, with different energy spectra and fluxes of neutrons,
and other irradiation facilities. Due to absence of intense sources of neutrons with the energy
of 14 MeV the special problem of prediction of behaviour of materials in radiation fields of
fusion devices exists. The need to extrapolate the accessible data toward the dozes and
conditions of the irradiation, which have not been realised so far experimentally, puts a
problem of the comparative analysis of the results for irradiations at various nuclear power
installations. The purpose of such analysis is the consideration of a capability to reproduce
expected radiation effects at one installation by means of the other. As it follows from the said
above, the starting point for such analysis is the comparison of the characteristics of PRD for
considered irradiation sources.
In view of distinction of parameters of PRD, the impossibility to reproduce all combination of
conditions, that are characteristic for one installation, in experiments on the installation of
other type is obvious.
Experimental data are necessary for materials used in reactors with fast neutrons, at dozes up
to 1023 I/cm2. The smaller dozes (up to 1021 I/cm2), but at much more hard spectra of
neutrons, are of interest for researches of materials intended for the first wall of fusion
installations. The intense beams of protons with the energy about 1 GeV and the fluxes of
spallation neutrons are the working conditions for the materials of electronuclear breeding
systems.
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The actual duration of irradiation experiments is essentially less than operation terms of
nuclear power plants or fusion reactors. Researches at high fluxes of irradiation for property
estimations may be desirable for a preliminary selection of structural materials.
According to contemporary point of view at PRD, the accelerated experiments with materials
intended for fission and fusion reactors are imitative. Any extension of the data of imitative
experiments to real working conditions of particular materials requires theoretical
interpretations of differences in spectra of primary knocked-off atoms. Such a translation is
essentially dependent on the used physical models and perfection of the theory. Therefore the
special attention is attracted to the possibilities of material testing in conditions approaching
those in the projected installations of interest.
The most acute is a problem of materials for the first wall and blanket layers of the fusion
reactor. To make a selection of fusion device materials the international project of the
installation IFMIF [6] is intended.
Below, in Section 2, a design sketch of the installation for realisation of irradiation
experiments in mixed fields of primary protons and secondary (spallation) neutrons is
presented. In Section 3 the calculation a code of hadron cascade SHIELD is described. In
Section 4 the procedure of calculation of PRD by means of the code RADDAM is adduced. In
section 5 the new computational data on the parameters of PRD inside the installation
RADEX are presented. In Section 6 results of calculations of cooling modes of samples in the
RADEX irradiation channel are concerned. Section 7 contains the discussion of the results
and comparison of experimental capabilities of the RADEX installation and nuclear power
facilities of fission and fusion. Section 8 contains conclusions.

2. Description of the installation RADEX

The characteristics of MMF linear accelerator of protons and H" ions are presented at this
Conference in [7]. The proton current density can be varied over a wide range by means of a
focussing of the proton beam.
Design of MMF proton beam stop [8] was developed by Research and Design Institute of
Power Engineering (RDIPE) and represents the installation for research of a radiation
behavior of materials RADEX (RADiation Experiment). The proton beam from ion guide
passes through an aluminum first wall and falls to an active zone of the beam stop assembled
from tungsten plates with titanium coatings, cooled by a light water. Inside the active zone, on
the depth of ~ 4 m from a top of the beam stop and at a distance ~ of 40 mm from the first
wall, the cylindrical irradiation channel with the diameter of 52 mm and altitude of 100 mm is
located. The channel is completely autonomous. It can be vacuumed and arranged with its
own system of cryogenic [9], water, liquid metal or gas cooling. In the irradiation channel the
radiation tests of standard samples of perspective alloys can be performed both in purely
neutron spectra, and in a mixed spectra of protons and spallation neutrons. The installation
RADEX is arranged with the beam monitoring system representing a combination of a few
induction and ionization sensors, arranged along the ion guide length with the purpose to
determine precisely the proton beam propagation direction and its shape. For on-line
monitoring of neutron flux in RADEX irradiation channel the special radiochemical detectors
having small sizes are developed, that allows to receive the cartogram of neutron fluxes inside
the irradiation channel. The active zone of a beam stop is mounted in a cylindrical body,
which can be rotated round a central axis to cause the variation of the position of irradiation
channel concerning an axis of a proton beam and first wall. Six various positions are available
(Fig. 1). In a position located most closely to the first wall, the fluxes of neutrons and protons
in the irradiation channel are maximum. In accordance with distance from the first wall and
from an axis of a proton beam, the intensity of proton component in a spectrum of irradiation
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drops, at the same time the neutron component varies a little. Thus, the spectrum of irradiation
is softened, giving rise to considerable decreases of helium and hydrogen formation .
Complementary to horizontal variation of the irradiation channel position concerning the axis
of a proton beam, vertical movement of irradiating samples along the irradiation channel is
possible. The given circumstances also allow changing a spectrum of irradiation and both the
ratio of accumulation rate of helium and hydrogen in a sample to the generation rate of
displaced atoms.
In the MMF experimental hall the horizontal distribution of beams of protons is adopted. In
this connection, the input of a proton beam in the target implements sideways at altitude 1.5 m
from a zero mark.
According to tentative estimations [3], the fast neutron flux density, which is considerd as the
mean over time and average over volume of the irradiation channel of 250 cm3 value, can
reach 2xlO14 l/cm2s at a full current of protons 0.5 mA (i.e. 3.10l3protons/s). Such estimation
allows considering a possibility of irradiation tests for structural materials at the RADEX
facility in conditions close to the radiation loading in the nuclear-power installations of fission
and fusion.
Below the new data of detailed calculations of PRD in steel samples by primary protons and
secondary (spallation) neutron beams of the installation RADEX are presented. These
calculations were made to determine modeling possibilities of the RADEX facility for
radiation effects in nuclear materials.

3.The method of calculation of hadron cascade in condensed matter.

The PRD of a material of the macroscopic target under an operation of a proton beam of
intermediate energy (about 1 GeV) grows out of complex, multistage process. The primary
proton, passing through the target, interacts with the atomic nuclei of a substance of the target,
initiating nuclear reactions (inelastic hadron-nuclear interaction). Yields of this reactions are
the secondary particles - the fast cascade protons, neutrons, pions, mesons, slow "evaporated"
particles, and also - the residual nucleus. The latter has certain recoil energy and represents a
PKA, which initiates a cascade of atomic displacements in a crystalline lattice of a target
material, that results in PRD of a material.
The secondary particles, in turn, initiate similarly the nuclear reactions, generating particles of
the next generation and the new PKAs. At elastic hadron-nuclear scattering, the recoil nuclei -
PKAs also will be formed which, despite of a smaller kinetic energy as compared with the
case of inelastic interaction, also give the certain contribution to PRD of the target material.
The contribution to PRD of a material of the target is introduced also by the secondary
neutrons of low energies (about several Me V), formed on final, equilibrium (or
"evaporation") stage of a nuclear reaction. Though the PKA, formed due to transfer of
"evaporative" neutrons have, on the average, much lower energy, their contribution to PRD
can be significant, due to a large plurality of evaporative neutrons and their much more short
mean free path before an interaction as compared with the fast hadrons.
Under irradiation, beside the PRD, the generation of gas (isotopes of hydrogen and helium) in
the target has a large influence on the properties of a material. The main part of gas generation
corresponds to the "evaporation" stage of a nuclear reaction due to emitting of slow protons,
deuterons, nucleus of 3iH, 32He, 4iHe. Such process also happens at the expense of the fast
protons, which have stopped in the target. Some of gas atoms will be formed during the
transfer of a slow neutrons in reactions of {n, p), (n, a), etc.
Thus, the processes of PRD and gas generation in a material of the target are rather
complicated under nuclear physics point of view. These processes require for their theoretical
description the knowledge of many nuclear constants in a broad interval of energies, and also
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adequate procedure of the description of the hadron cascade in the medium. The additional
difficulty is that the design of the macroscopic target can be rather complicated in a sense of a
geometric configuration and chemical composition. This situation practically excludes the
application of analytical methods for calculation of neutron fluxes and PRD.
Therefore the unique method of the solution of a posed problem is the statistical modeling of
process of interactions (the Monte-Carlo method). The tool of such modeling is a so-called
hadron transport code. Only a little bit transport codes exist which are adequate to the given
problem and one of them is the Russian code SHIELD used in the present activity.
The transport code SHIELD is intended for computer modeling of the interaction of high-
energy particles with complex macroscopic targets. It was developed as the universal tool for
a wide range of researches. The initial version of a code SHIELD was developed in JINR
(Dubna) in the beginning of 1970-th [10,11]. During more than 25-years of its successive
progress the code SHIELD was fruitfully applied to the solution of various problems.
The modern version of the code SHIELD [12] is applied in the same areas of research, as the
known foreign transport codes HETC (High Energy Transport Code) and FLUKA and has
their own singularities and advantages. The code SHIELD includes the known Russian
models of nuclear reactions ensuring the modeling of inelastic hadron-nuclear interactions in
the exclusive approach in the field of energies up to 1 TeV

At the end of 1998 the code SHIELD was included to the program library of an information
center RSICC (Radiation Safety Information Computational Center) of the Oak-Ridge
National Laboratory (USA). The code SHIELD successfully participates in an international
comparison of transport codes (benchmarking) in 1995 [13].
The modern version of code SHIELD allows to simulate the transfer of nucleons, pions,
kaons, antinucleons and muons at the energy up to 1 TeV, and also heavy ions. The ionization
losses of charged particles and ions, straggling (for particles) are taken into account. For .
transfers of pions and kaons, the two-particle and three-particle modes of decay are taken into
account.
The geometric configuration of the target can represent arbitrary combination of bodies
bounded by the surfaces of the second order [14]. The chemical and isotope composition of
medium in geometric zones of the target is arbitrary. Any chemical elements can be included,
beginning from hydrogen and up to transuranium elements.
The tree of the hadron cascade in the target is stored completely during its generation. So all
individual parameters of all secondary particles, ions and nucleus — products of all
generations are recorded in special files, as well as all cases of a lost in the target, decay,
absorption and interaction. Such organization of calculations allows uniformly organize a
procedure of filing and output of results for any particular problem without any interference in
a simulating part of a code. Such additional possibilities like as visualization of a tree of the
hadron cascade remain opened.
Under the modeling of hadron cascade in the target, the sources of y-quantum, electrons,
positrons and neutrino (as a products of the meson decays), and also source of low energy
("evaporated") neutrons with the energies En < 14.5 MeV are formed. After the modeling of
the hadron cascade is completed, the calculation of transfer of particles from sources begins.
The transfer of neutrons with the energies lower than 14.5 MeV is simulated by a Monte-
Carlo method with the help of the original neutron transport code LOENT based on a 28-
group system of neutron constants BNAB [15].
Under development of a code SHIELD the opened architecture of a code was stipulated,
which facilitates its modification and development. In particular, the inclusion of new
particles in the process of transfer, replacement of the current version of the generator of
nuclear interactions with newer, increase of dimensionality of the internal arrays due to
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increase of the energy of particles and complexity of the target, use of the statistical weights
etc. were stipulated. All these items have justified themselves in practical activity with a code.
The capabilities of hadron transport code essentially depend on the used generator of inelastic
nuclear interactions. In a code SHIELD the generator MSDM (Multy Stage Dynamical
Model) [16] is used. It includes the known Russian models of nuclear reactions. The generator
MSDM allows to simulate in the exclusive approach hadron-nuclear and nucleus - nucleus
inelastic interactions in the field of energies up to 1 TeV (up to 1 TeV/A for the nuclei). The
fast, cascade stage of a nuclear reaction at energies lower than 1 GeV is simulated on the base
of Dubna's model of intranuclear cascades (DCM).
The evolution of the excited residual nucleus to an equilibrium condition is described in terms
of preexcitation model based on the solution of appropriate master-equation by means of the
Monte-Carlo method.
Further equilibrium deexcitation of the residual nuclei includes a few mechanisms. For the
light nuclei (A < 16) the modified model of the Fermi break-up is used. The mean and heavy
nuclei at moderate excitations (E* < 2 MeV/nucleon) break up by means of evaporation of
particles, including a competition of evaporation and fission for the heavy nuclei. Highly
excited nuclei (E* > 2 MeV/nucleon) can break up to some excited fragments according to
Statistical Model of Multifragmentation (SMM) with consequent emission of particles from
the fragments. The equilibrium stage of deexcitation finishes the activity of the generator
MSDM.
It should be outlined that in the given problem of PRD the interaction of protons of rather low
energy (below 1 GeV) with substance of mean nuclear mass (structural materials) is
considered. Therefore the many of capabilities of a code SHIELD in the given problem are
not involved. Actually only the nucleon cascade in the target, and also the transfer of low
energy neutrons are simulated. The contribution of 7t-meson components to the hadron
cascade is not essential.

4. The description of RADDAM code.

The passage of nuclear particles in substance of the target is accompanied by the energy loss
of particles in this media. The mechanisms of energy transfer in the medium can conditionally
be divided into three parts: process of electron excitation and ionization, processes of elastic
and inelastic interaction of projectile particle with the nuclei of atoms. The dominance of one
or other mechanism in each particular case depends on many factors, in particular on a kind of
particles, their energy, and physical properties of the media. From a point of view of the
creation of radiation defects, the processes of elastic and inelastic scattering of particles are
interesting, which result in the transfer to atoms of the target of some kinetic energy Eo. This
energy can turn out to be above the threshold energy Ed, which is necessary to displace the
atom from its steady state position in a lattice and to transfer it in the interstitial position or
even to initiate the whole cascade of atomic displacements. The intersitial atoms and formed
on the places of displaced atoms vacancies are the point radiation defects. Thus, the radiation
defects will be formed as a pair of defects of Frenkel. The PRD of media under irradiation of
proton with intermediate (600-800 MeV) energies occurs as a result of elastic
(electromagnetic and nuclear) and inelastic interactions of primary protons with atoms of the
target. The inelastic interactions introduce the main contribution in defect production at
energy of protons Eo> 100 MeV. At inelastic interactions, apart the displacement of atoms of
the target due to the nuclear reactions, the nuclei-fragments (nuclides) will be formed, and the
light particles such as nucleons, hydrogen, helium are emitted. Thus the residual nucleus gains
a kinetic energy about several MeV. Under the moderation in a material of the target such
residual nuclei creates the primary knocked-off atoms (PKA), which in turn transfer their
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energy to another atoms of medium by means of the cascade of atom - atomic collisions. The
energy of PKA, T, is distributed into two parts: t] (7), which is spent for electron excitation
and part of energy, v(7), going to the creation of radiation defects. Further v(T) will refer as a
cascade function.
The maximum energy transferred by an external nonrelativistic particle to an atom of matter
in the event of elastic interaction, Tm, is determined by the expression:

T.-™«L, (1)
(M + m)2

where En and m -are the energy and mass of projectile particle, and M -is the mass of the
nucleus- target.
Unlike the Tm does not depend on a nature of interaction between a particle and atom, the
distribution of transferred energy T is determined by a kind of particles and their energy. It is
convenient to express the energy distribution of PKA with the help of the differential cross
section do(Eo, T) of transfer the energy in an interval from T up to T + dT from a particle with
the energy of EQ to the displaced atom. The energy transferred by the recoil nuclei in the result
of the cascade of atom - atomic collisions, is determined by the expression:

T, (2)
dT

(3)
dx

where A^ - is the concentration of atoms in the unit volume of substance of the target, dE/dx -
the ionization losses of a charged particle at passage in the media, Sn (E) - the energy loss of a
particle due to nuclear interactions at their motion in the medium. The expressions for Sn(E)
and da/dTwere obtained by Lindhard e.a. [17] within the framework of Thomas-Fermi
model. As ionization losses the tabulated values from the ref. [18] were used. Thus, the full
energy, which is spent by one primary particle on the PRD at passage in medium of the target,
can be related as follows:

]^X??^T. (4)
dT

The cascade function v(7) is determined by means of well known expressions of the NRT -
standard [19]:

£ = T/Z7
2

/3/0m69keV,
where Z2, A2 - are the charge and mass of the nuclei of a material of the target.
The above mentioned relations were putted in the basis of a simple computer code RADDAM
for an evaluation of accumulation of point defects in targets at passage of nucleons, and also
light and heavy ions. RADDAM code is connected with the hadron transport code SHIELD,
which after playing of the events by means of a method of Monte Carlo gives all necessary
input information for RADDAM code. They are the individual characteristics of nuclear
reactions, all primary and residual nuclei and particles formed in the nuclear reactions,
including their masses, charges and kinetic energies. All formed products of nuclear reactions
and primary particles are considered by the program RADDAM as the sources of PKA and
pass a procedure of (4-5) for the evaluations of energy, spent by them on the creation of point
radiation defects. Apart from the energy of PRD (4) in thin (in comparison with free path of
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primary particles in a material of the target) samples, sometimes it is expedient to enter the
so-called cross-section of radiation damage a^.

ou = am E , (6)

where am - is the cross-section of inelastic interaction of a primary particle with the nuclei of
the target. However in the general case of extended targets the approach (6) ceases to be fair
and the basic computational value is the energy, spent by primary particle on the creation of
point radiation defects (4). The energy of PRD created by each primary and all secondary
particles are summarized over geometric zones, into which the geometric module of the
program SHIELD breaks the real macroscopic body. Thus, the result of a joint operation of
SHIELD and RADDAM is the distribution of PRD in a volume of a macroscopic body of the
target. The LOENT code for transfer of a slow neutrons is included in a structure of SHIELD
code, therefore at the RADDAM stage the evaluation of energy of PRD both from cascade
and evaporative, and from a slow neutrons happens.
In summary, we compare the PRD of the thin target made of the various substances from Be
up to W under irradiation of protons with the energy of 600 MeV, calculated with the help of
codes SHIELD+RADDAM and HETC (High Energy Transport Code) [20]. This comparison
is illustrated in Fig. 2. As it may be seen, the results are in a good agreement.

5. The results of calculation for the RADEX facility.

The sketch of the installation is presented in Fig. 1. This geometric configuration was used in
the calculation. In the Figure all necessary sizes and the direction of a proton beam are
specified. In the calculation a number of the simplifying suppositions was made. In particular
the tungsten target with the water-cooling was assumed to be a homogeneous mixture of
tungsten and water (see Fig. 1), the metal walls of a target container are not taken into
account. However all essential moments are taken into account and the adopted
simplifications cannot noticeably affect the results of calculation. The installation can be
rotated round a vertical axis. Thus the irradiation channel displaces from an axis of a proton
beam. This possibility provides a variation of a radiation field in the irradiation channel. The
four positions of the irradiation channel were considered. They are shown on Figure 1 and
correspond to rotation angles of the installation of 0, 60 120 and 180 degrees. The rotation
angle of 0 degrees corresponds to the greatest intensity of irradiation in the channel. The test
sample is represented by natural iron (Nat2 Fe) sphere with a radius of 1 and 2.5 cm. The
sample is placed in the irradiation channel at the axis of the proton beam, i.e. the center of the
sphere and the axis of the proton beam were in one horizontal plane. At the location of the
irradiation channel of the installation on the angles of 60 and 120 degrees, the sample goes
out from the irradiation of the primary protons and is irradiated only by secondary (mainly
neutron) irradiation. The mean free path of 600-MeV protons up to a stop in the target of the
installation RADEX is equal approximately to its diameter. Therefore at the rotation angle of
180 degrees the test sample again falls under influence of the primary proton beam (but
already with smaller energy of protons). The proton beam, in the calculations, had the zero
cross-sectional sizes (narrow, or point beam). With such beam four versions of calculation
corresponding to the rotation angles of the installation of 0, 60 120 and 180 degrees were
made. In addition, at the rotation angle of 0 degrees two calculations for a proton beam with
both the energies of 600 and 300 MeV were carried out for the actual cross-sectional sizes of
the proton beam. It was supposed, that the density of protons in cross section of a beam has
normal distribution with a spatial dispersion ox = oy= 1 cm. The results of the calculations of
PKA energy spectra are shown in a Fig. 3 and in Table 1. The PKA spectra, formed as the
result of: (1) the inelastic interactions of the cascade hadrons; (2) the elastic interactions of the
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cascade hadrons; (3) the interactions of neutrons with the energy lower than 14.5 MeV, are
shown separately. The PKA spectra, formed in inelastic interactions are summarized over all
types of PKA {A-,, Z,); that mostly concerns to the PKA formed by a slow neutrons. The PKA
spectra are given in absolute units PKA/MeV/proton/g.

6.The thermal regimes inside the irradiation channel of RADEX facility.

The feature of operation of design elements in a MMF proton beam is connected to non-
uniformity of density of the proton beam, which can be approximated by the normal Gaussian
distribution. The advantage of experiments at accelerators, as compared, for example, with in
reactor experiments, consists in a capability of focusing of a proton beam. Under this
circumstances its intensity grows in inverse proportion to the square of a dispersion of the
Gaussian distribution a. However the capabilities of the increase of the proton beam intensity
in irradiation channel of the installation RADEX are largely limited by necessity of picking
up heat allocated in the samples under irradiation. Some estimations for the colling problems
for the first wall of neutron targets were done in [21,22,23]
The problem of heat pick up for samples having the form of cylindrical is considered in [24].
Such a form is the acceptable approximation for the standard samples, which mechanical
properties are studied in nuclear reactor tests. The solution of a problem of determination of a
temperature field inside the sample is presented in [24]. The calculation of temperature fields
in the samples of various length and diameter was considered for the cooling by gas flows of
an air or helium.
The calculations of temperature fields in the rods of the different sizes made of nuclear steel
cooled by various gas heat-carriers were carried out. The temperature distributions along the
length of a sample depending on speed of helium flow, which is cooling a sample, for the
regular proton beam (<r=l cm, 7=0.2 mA) and for the case of extreme narrow and intensive
proton beam (cr= 0.4 cm, I - 1mA) were estimated. For the first case, it seems to be quite
probable to cool the sample rods (with length 1.5 cm and diameter 0.075 cm) at rather small
speeds of helium flow (20-50 m/s). However, the difference of temperature along the length
of a sample in the case of extreme intensive and narrow beam is much higher, than in ordinary
case. Beside helium the air-cooling has been considered. As it follows from the carried out
calculations, gas cooling can easily allow to remove the heat allocated inside the samples and
to hold the temperature of samples in the required temperature range between 300 - 500°C.

7. Comparison of experimental capabilities of the installation RADEX and the fusion
and fission facilities

As it has been described in the Introduction due to impossibility of nowadays realizations of
irradiation experiments up to dozes ~ 1023 n/cm2 in fusion devices the study of radiation
stability of structural materials intended for the designing of installations ITER and DEMO
requires the imitative experiments. It is believed that such experiments can be performed on
the existing nuclear reactors and irradiation devices such as the projected neutron generator
IFMIF and existing installation RADEX of MMF of INR RAS.
The reliability of the results obtained in imitative experiments, requires the development of a
few items, namely: (i) the criterions of a comparison of parameters of PRD realizable in
various conditions of irradiation; (ii) the criterions of a similarity of radiation - induced
changes of a microstructure at distinguishing parameters of PRD; (iii) the criterions of a
similarity of the evolution (degradation) of the mechanical properties and dimensional
stability of the structural materials on the macroscopic level, having in mind the differences in
evolution of a microstructure.
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It is necessary to note, that the rather full criterions of a similarity are not yet formulated even
for the more simple case — the transfer of the experimental data obtained in the research
nuclear reactors to the conditions of irradiation in power nuclear reactors.
It is known, that properties of structural materials, with other things being equal, are, in a
great extend, some function of its internal structural-phase state. Hence, rather full
understanding and description of degradation of macroscopic properties requires the
establishments of interrelations between the items: the macroscopic properties — the
morphology — the microstructure at a level of a grain. Moreover the description of evolution
of the grain microstructure can be considered as the first link in the causal network of
radiation-induced mechanisms governed by the internal parameters of substance, the fields of
temperatures, the stresses and PRD.
The calculations for various positions of the irradiation channel of the installation RADEX
relatively an axis of a primary proton beam confirm a capability to vary the PRD parameters
inside the sample due to change of a ratio between nuclear processes. The calculation results
are summarized in the Tables 2 and 3 and Fig. 4. The data of Tables 2 and 3 are normalized to
one primary proton and a unit weight of a sample. The presented data can permit the
comparison of PRD characteristics of different facilities.
In Table 3 the parameters of the installation RADEX and fusion (thermonuclear reactors
ITER and DEMO) and fission (research reactor on thermal neutrons IVV-2M, the high flux
research reactor SM-3 and research reactor on fast neutrons BOR-60) facilities [25], and also
the data on the international project of the neutron generator IFMIF are adduced.
For a zero degree position of a irradiation channel relatively the proton beam, the results of
evaluations appropriating to the energy of protons 600 MeV(in a numerator) and the energy of
300 MeV (in a denominator) are presented. For the other positions of a channel the
computational values correspond to the proton energy of 600 MeV on the input of the target.
At the energy of 300 MeV, protons practically stop before entering the irradiation channel in
the case of its zero position. The remaining positions of the irradiation channel correspond to
the case of irradiation by the field of secondary neutrons. As can be seen from the Table 3 the
data on relative rate of hydrogen accumulation inside the target for the proton energy of 600
MeV at the rotation angle of 180 degrees and for energy of 300 MeV in the position of 0
degrees are coincided. In both cases the high rate of hydrogen generation is stipulated largely
by stop of primary protons at the end of their run.
The comparison of the data at the zero position of the irradiation channel for the energy of
600 MeV shows (see Tabs. 2 and 3), that the defect generation rate normalized to the unit of
proton current does not depend on the dispersion under its variation from <JX = ay = 0 up to crx

= oy= 1 cm at the radius of irradiated area R = 2.5 cm. These data reflect the fact, that the
radiation defects will be formed inhomogeneously within the irradiated volume, being
grouped near to an axis of a proton beam.
The calculation results for irradiated volume with a radius of 1 cm show, that the rate of PRD
in such volume is approximately 5 times higher at a zero dispersion, or 1.5 times higher at the
dispersion ox = ay = 1 cm as compared with the case of R=2.5 cm. The difference between the
cases of zero and 1 cm dispersions is explaned by the Gaussian distribution of the beam
intensity when the part of protons fly outside of considered volume. The values of PRD
parameters adduced for R - 1 cm and <jx- ay = 0, give the upper evaluation of the PRD rate.
The spreading of a proton beam reduces the value of PRD rate. The data for the greatest
radius of irradiated area (R = 2.5 cm) give the lower evaluation of possible PRD rate in a
material of the target.
The comparison of the data for nuclear reactors and RADEX facility indicates the increase of
generation rates of helium and hydrogen relatively to the rate of PRD formation. This is
pursuant to general imaginations about the mechanisms of both protons at intermediate
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energies and secondary (spallation) neutrons interactions with the substance of targets. The
decrease of primary proton energy results in the greater heat release in the target, decrease of
defect formation rate and increase of hydrogen generation rate. In terms of the integral
characteristics, the parameters of irradiation in the installation RADEX can be close to the
characteristics of PRD in thermonuclear reactors. According to evaluations of [24], the
irradiation of rather large number of samples is possible under the appropriate temperature
regime. Comparing the data presented in Tabs. 2, 3 and in Fig. 4, it is easy to notice, that the
capabilities of the installation RADEX allow to approximate the conditions of irradiation in
ITER and DEMO in terms of such parameters as the dpa/sec, appm He/dpa, and appm H/dpa.
As can be seen from Fig.4, the significant difference in the distribution of PKA energy is
observed at E> 100 keV. This fact should have an effect on the mean volume of a cascade
zone, and also on the fraction of defects surviving in a cascade, and types and concentration
of clusters.
Such characteristics of PRD, as mean volume of a cascade zone, mean quantities of the
vacancies, interstitials and their primary small clusters formed after the recombination stage
during a relaxation of cascades of atom - atomic collisions, are essentially the
phenomenological parameters estimated with the help of data obtained by the molecular
dynamics simulation. So, for example, from the data of [5] it is possible to estimate the
number of point defects pairs Nf, which are finally created by the cascade of atom - atomic
collisions (after its relaxation) in iron initiated by PKA with the energy Ep, following the
relation:

NF = 5,57(Ep,keV)0&3, (7)
According to this expression and conventional imaginations, the number of the survived point
defects is less than the NRT-standard computational values. The difference grows with the
increase of PKA energy. The area of applicability of the relation (7) is limited to PKA
energies about 100 keV. The influence of PKA with higher energy on the structure of
cascades and sub-cascades, which are typical to the recoil nuclei formed at interaction of
neutrons with energies of the order 14 MeV and higher, is essentially less investigated [2].
The characteristics of PRD at a level of cascade events enter as the initial parameters in the
modern kinetic models of a long-term evolution of irradiated metals and alloys properties
(see, for example, ref. [26]). However the problem of their role at various stages of evolution
of a microstructure remaines opened till now. It is believed that the use of experimental
capabilities of the installation RADEX for a variation of the characteristics of PRD allows
achieving the progress in the given direction of researches.

8. Conclusions

1. The installation RADEX of MMF of INR RAS allows conducting the irradiation
experiments in the mixed radiation fields of primary protons of intermediate energies and
secondary (spallation) neutrons. The experimental capabilities of the installation suppose a
variation of PKA spectra and gaseous yields of nuclear reactions.
2. The integral parameters of PRD of the installation RADEX are closest to the appropriate
characteristics of fusion devices, that submits capabilities to realize the imitative studies of
structural materials in conditions approximate to expected in fusion reactors.
3. There is a capability to realize the experiments at an accelerated rate of displacements, for
the express analysis of radiation stability of samples at the search researches, by means of
increase in intensity and additional focussing of proton beam.
4. The temporary modulation of a irradiation regime is possible with the purpose to produce
the temporary structure of thermonuclear installations.
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5. From the carried out evaluations it is visible, that it is possible to maintenance temperature
in samples within the range of 300-500°C.
6. The coordinated experimental researches of the standard samples of nuclear materials
within the framework of the unified approach on the installation RADEX and other nuclear
facilities would allow to reveal the regularities in degradation properties of structural
materials connected with the difference of PKA spectra and generation of gaseous yields.
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Fig. 1. The sketch of the RADEX facility. The cylinder can be rotated by 0,
60, 120, and 180° around the vertical axis.
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Fig. 2. The comparison of calculation results of
SHIELD+RADDAM and HETC codes on primary radiation
damage in thin layers of Be, C, Na, Al, Fe, Cu, Mo and W
under irradiation of proton beam with the energy of 600 MeV.
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Fig. 3. The energy spectra of PKA, formed in iron sphere of radius
R=lcm under irradiation of proton beam with the energy of 600 MeV
and ox=oy=l cm. The rotation angle of irradiation channel is- 0°.
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Table 1. The parameters of radiation effect of proton beam with the energy of
600 MeV on the iron test sample of different sizes located in the 0°
position of irradiation channel of installation RADEX at different beam
dlSpers ion .The influence of cascade hadrons and neutrons with the energies lower than 14.5
MeV are shown separately. All quantities are normalized to one primary proton and one gram of
specimen weight.

Specimen radius
Beam dispersion

Number of inelastic
interactions
Mean PKA, (A,Z)
Mean PKA energy (keV)
Number of elastic
interactions
Mean PKA energy (keV)
Total number of
interaction
Mean PKA energy (keV)
Total radiation damage
RD (keV)
Inelastic interaction part
Elastic interaction part
Heat release(MeV)
Gas production: 'H

2H
3H

3He
4He

R=2.5 cm
cyx~ciy=0. cm

Hadron

6.18E-04
(51.5,24.5)

1830

4.17E-04
38.3

1.04E-03
1110

0.210
0.199

0.0106
0.155

8.24E-04
8.7E-05
2.7E-05
2.2E-05
4.8E-05

R=1.0cm
oy=ay=0. cm

R=1.0cm
CTx=av=1.0 cm

cascade

2.97E-03
(50.7,24.2)

2160

1.74E-03
38.4

4.71E-03
1380

1.04
0.995

0.0441
0.830

4.15E-03
5.10E-04
1.63E-04
1.14E-04
2.93E-04

9.48E-04
(51.2,24.3))

1920

5.96E-04
37.0

1.54E-03
1190

0.324
0.308
0.0146
0.249

1.32E-03
L49E-04
4.7E-05
3.5E-05
8.2E-05

Under transfer of neutrons with En < 14.5 MeV
Number of capture (n,c)
Number of inelastic
interactions. (n,n')
Number of (n,2n) reaction
Number of elastic inter.
Total
Mean PKA energy (keV)
Total radiation damage
RD (keV)
Elastic interaction part
Gas production: 'H

2H
4He

1.6E-05

3.50E-04
2.7E-06
2.71E-03
3.O8E-O3

30.5

0.0593
0.0345
4.5E-06
1.9E-07
1.3E-06

2.5E-05

6.09E-04
5.8E-06

3.52E-03
4.16E-03

39.0

0.101
0.0553
7.9E-06
2.5E-07
2.2E-06

1.6E-05

3.75E-04
2.7E-06
2.84E-03
3.24E-03

31.4

0.0642
0.0378
6.0E-06
2.2E-07
1.7E-06
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Table 2. The comparison of installation RADEX at different location of irradiation channel and proton energies with the
nuclear power facilities of fusion and fission in terms of their PRD parameters.

PRD parameters

Point defects
generation rate,

dpa/year,

dpa/sec

Helium
accumulation rate,

appm He/dpa
Hydrogen

accumulation rate
appm H/dpa

The location of RADEX irradiation
channel relatively the proton beam*'

0°
600 MeV
300 MeV

LZ
3,9

2,6xlO'7

l,3xl(T7

26
16

340
1200

60°

0,77

60

120°

0,44

5,9

65

180°

1A

11

1200
—

Nuclear Pov
fusion

ITER

8,7

12

45

DEMO

19

8,2

32

IFMIF

20-55

9,5-13

35-60

/er Facilities
fission

SM-2

9,6

0,31

4,9

BOR-
60

44

0,088

3,7

IVV-2

4,6

0,12

4,7

*} Radius of irradiated sphere of iron is 2,5 cm, proton current is 200 uA (1,2x10° proton/sec), beam dispersion is ax=CTy=l
cm.

>
m
2o
o



Table 3. The comparison of installation RADEX at different beam dispersions and the sizes of irradiated sphere with the
nuclear power facilities of fusion and fission in terms of their PRD parameters.

PRD parameters

Point defects
generation rate,

dpa/year,
dpa/sec
Helium

accumulation rate,
appm He/dpa

Hydrogen
accumulation rate,

appm H/dpa

Installation RADEX*'.
Channel location relatively proton beam

0 ° . •

Radius of irradiated sphere and beam
dispersion

R=2,5 cm
ax=ay=0 cm

19
0,61xl0"6

34

450

R=l,0cm
ax=ay=0 cm

95
3,0xl0"6

39

470

R=l,0cm
crx=av=l,0 cm

30
0,94x10"6

12

150

ITER

8,7

12

45

Nuclear pov

fusion

DEMO

19

8,2

32

T T

IFMIF

20-55

9,5-13

35-60

ver facilities

fission

SM-2

9,6

0,31

4,9
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60

44

0,088

3,7

IVV-2
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4,7
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Abstract

A cross-flow type mercury target, which controls mercury flow rate distribution in the
target channel using perforated plates, is proposed to simplify the target structure for the
JAERI/KEK spallation neutron source (JSNS). Computational fluid dynamics (CFD) is being
used to assess feasibility of this target structure for 2 MW beam power spallation sources. The
high Reynolds number form k-e turbulence model with turbulent Prandtl number (Prt) of 1.5
is used with turbulent boundary conditions calculated by wall functions. The CFD simulations
show that the proposed target structure can realize high cooling performance with allowable
flow rate using simple perforated plates when its open area distribution is optimized.

1. Introduction

A next generation spallation neutron source (proton beam power of MW order) is
being planned in Japan as a joint project between JAERI and KEK [1J. High-energy (3 GeV)
protons are injected into a target material with a beam power of 1 MW (at the first stage) to
produce a high-density neutron flux by spallation reactions. Because of the high heat density
caused from spallation reactions in the target, mercury is to be used as target material to
resolve the heat removal problem.

A cross-flow type target, named because of the mercury flow direction which is
lateral to the proton beam incident direction, is being considered because of its better cooling
performance for the beam incident surface of the target (target window), compared to that for
a return-flow type. A problem arises in how to realize a suitable flow rate distribution in the
irradiation region, according to the heat generation profile, which avoids hot spots generation
that may cause flow instability by mercury boiling and accelerate corrosion of structural
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materials, within an acceptable pressure loss. To resolve this problem, a simple target
structure with perforated plates, which allows easy target manufacture, was considered to
control mercury flow rate by an open area distribution.

To assess thermal-hydraulic performance of this target concept, steady state, three-
dimensional CFD simulations are performed using k-e turbulence model with time averaged
heat generation rate. Beam pulsation effect, such as pressure wave generation caused from
rapid thermal expansion, will be investigated separately.

2. Target models

The heat generation profile for the mercury target is calculated by the hadron
transport code NMTC/JAERI and MCNP-4A [2]. Figure 1 shows the heat generation profile
at 2 MW beam power used in this study, which involved a 30 % margin in the data from
nuclei calculations. A rectangular footprint of the beam on the target window of 50 x 130
mm2 and flat power distribution normal to the beam incident direction were assumed. Heat
density is high near the window, takes its maximum value of 744 MW/m3 20 mm downstream
and decreases exponentially. The energy conversion rate to heat in the target is 55 % (1.1
MW) to the total beam power.
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o

\

• — .

0 200 400 600 800

Distance from proton beam incident surface (mm)

Fig. 1. Calculated heat generation profile along proton beam incident direction
for JSNS mercury target (2 MW)

As shown in Fig. 2, the target is horizontal relative to the beam direction, and
consists of beam irradiation region (target channel), one inlet channel and one outlet channel
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separated by two perforated plates. The cross-sectional dimensions of the target channel are
80 x 200 mm2 decided by the proton beam cross section and some margins that satisfy the
maximum height of the target vessel when coupling with moderators is considered. The
length of the target channel is 800 mm decided by flight pass of 3 GeV protons. The target
beam window is hemicylindrical so that the design pressure can be realized using as thin as
possible vessel wall thickness. The inlet and outlet channels have the same dimensions (80 x
150 mm2) and their outer surface are hemicylindrical for the same reason as the window is.
The width of the inlet/outlet channels is tapered towards the target nose to reduce the mercury
inventory in the target vessel because of reduction of neutron absorption.

Proton Beam
(130X50 mm2)

Beam Irradiation Region
(Target Channel)

Beam Stopper

^ Mercury Outlet

Perforated Plates

DDDDDDDDDODDDODDQO,.

800 mm

• I

Mercury Inlet

80-96 mm

Fig. 2. Simplified cross-flow type mercury target with perforated plates

The flow rate distribution of mercury in the target channel is controlled by the open
area distribution of the perforated plates. To realize a mercury flow pattern, which can
suppress the hot spot generation, thermal-hydraulic calculations are needed to optimize the
open area distribution of the perforated plates. For a base case, the plate is subdivided into 20
sections and open area fractions are decided in each section. The first section toward the
target window is fully opened and open area fractions for other sections are proportional to
relative heat density to the peak value. The result for the base case is used to modify the open
area distribution to suppress maximum mercury temperature.

The flow rate of mercury is set to 50.9 mVh which corresponds to mean velocity of

1.25 m/s at the inlet channel and its Reynolds number is 1.67 x 106. Mean temperature

increase of mercury is 44 K which means a 70 % margin to the design maximum temperature,
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473 K, when inlet temperature is 323 K.

3. Numerical

The calculation code used in this study is STAR-CD [3] (Simulation of Turbulent
flow in Arbitrary Regions) which is used extensively to compute many types of flow
phenomena in various applications. The high Reynolds number form k-e turbulence model is
used with the standard model coefficients [4] and turbulent Prandtl number (Prt) of 1.5 in
combination with the wall functions.

The differential equations governing the conservation of mass, momentum, energy
and turbulence variables are discretised by the finite volume method using the QUICK
(Quadratic Upstream Interpolation of Convective Kinematics) scheme. QUICK is a third
order scheme that fits a parabola through two points upstream and one point downstream to
get an interpolated value at a cell surface. The discretised equations are solved by an iteration
technique using the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations)
algorithm [5]. All variables are under-relaxed in every iteration to obtain converged
solutions that satisfy a maximum residual for each variable less than 0.1 %.

The computational model of the target is shown in Fig. 3. Total mesh number for the
target model is 177,240 and fine meshes are used near the wall and near the separation plates
to get better resolution. Inlet flow velocity is assumed to be uniformly 1.25 m/s, perpendicular
to the inlet channel boundary and inlet mercury temperature is assumed to be 323 K. The
distributions of variables on the outlet boundary are evaluated by extrapolation from upstream

Perforated Plates

Target Channel

Target Window

Fig. 3. Computational model of simplified cross-flow type target
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on the assumption of zero gradient, and the velocities are adjusted to give the required outlet
flow rate. The mercury outer surface contacted to the target vessel wall, except for the target
window, and separation plate surfaces are insulated. Heat generation in the target window is
considered by heat flux of l.lMW/m2 at the beam incident region. The heat generation profile
in mercury is applied by a user subroutine program.

4. Results and discussion

4.1 Base case

A calculated distribution of velocity magnitude for the base case in the horizontal
cross section at the midpoint of the target height is shown in Fig. 4. In the front half of the
target channel, mercury flows across the beam incident direction, but a large recirculation
flow is generated backwards in the target channel because of the small open area of the
perforated plates. Bulk velocity near the target window is 1.7 m/s which is too fast to remove
heat, even if there is a peak heat generation region. The maximum velocity, 2.3 m/s, is
observed at the outside of the outlet channel and velocity gradually becomes uniform toward
the outlet boundary of the target.

A calculated temperature distribution in the same cross section as for the velocity
vectors is shown in Fig. 5. The maximum temperature, 463 K, is observed at the center of the
recirculation region. This is rather critical for thermal stress of the target vessel if no cooling
measures is considered outside it. On the other hand, in the front half region of the target
channel, mercury is well cooled down, especially near the target window, and the maximum
temperature increase of mercury around there is just 50 K. Optimization of the open area
distribution of the perforated plates should be made to suppress this recirculation flow and
decrease the flow rate in the front half of the target channel.

4.2 Modified case

Optimization of the open area distribution of the perforated plates is carried out by
try and error. The calculated results of the base case are used to modify the open area
distribution of the perforated plates. Figure 6 shows the velocity component across the beam
incident direction at the center of the target as a function of the location from the target
window. Calculated result for the modified case in which the open fraction is proportional to
the square root of the heat density is compared to that for the base case. In the modified case,
mercury velocity near the target window is decreased and the recirculation flow in the
backward region of the target channel is moved downstream in the target channel.

A calculated distribution of velocity magnitude for the modified model in the
horizontal cross section at the midpoint of the target height is shown in Fig. 7. Due to the
increased open area of the perforated plates in the backward target channel, flow velocity is
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Recirculation Flow

Max. Velocity 2.3 m/s
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Fig. 4. Calculated velocity magnitude for base case in the horizontal cross section
at the midpoint of the target height

Max. Temperature 463 K
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Fig. 5. Calculated temperature distribution for base case in the horizontal cross section
at the midpoint of the target height
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Fig. 6. Calculated profile of velocity components across the beam incident direction
at the center of the target

increased in that region and the large recirculation flow, seen in the base case, is not observed.
There is a small recirculation flow near the end of the target channel, but the heat density in
this region is small so that mercury temperature will not increase so much. Mercury bulk
velocity near the target window decreases to 0.9 m/s, as a result, maximum velocity outside
the outlet channel is decreased to 1.8 m/s which is favorable for decreasing vessel erosion.

A calculated temperature distribution in the same cross section as for the velocity
vectors is shown in Fig. 8. The hot spot at the center of the recirculation flow, seen for the
base case, is not observed. The maximum temperature is 417 K near the front corner of the
target channel, which fully satisfies the design temperature, 473 K. Because the distribution
profile of mercury flow rates in the target channel is similar to the heat density profile, there
are no hot spots in the target channel and the mercury temperature is almost uniform.

From the calculated results shown above, the simplified cross-flow type target with
perforated plates is judged to be a candidate for the 2 MW target configuration. Further
optimization of the open area distribution is needed to take into account vessel cooling by
mercury, especially for the target window. To evaluate temperature distribution of the target
vessel which is needed to assess thermal stress, calculations for the conjugate heat transfer
problem, that is coupled heat transfer within a fluid and the target vessel, should be carried
out in the future.
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Fig. 7. Calculated velocity magnitude for modified case in the horizontal cross section
at the midpoint of the target height

Max. Temperature 417 K
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Fig. 8. Calculated temperature distribution for modified case in the horizontal cross section
at the midpoint of the target height
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5. Conclusions

Three-dimensional thermal-hydraulic analyses were carried out to evaluate feasibility
of a simplified cross-flow type mercury target, which controls mercury flow rate distribution
in the target channel using perforated plates. The high Reynolds number form k-e turbulence
model with Prt of 1.5 was used in combination with the wall functions. Optimization of the
open area distribution of the perforated plates was carried out to get better cooling
performance. The results were as follows.

(1) Calculated results for the base case in which the open area fraction was
proportional to the heat density profile showed the large recirculation flow in the target
channel. The maximum mercury temperature of 463 K was observed in the center of the
recirculation region which would be rather critical for the thermal stress of the target vessel if
no cooling measures were considered outside it.

(2) Calculated results for the modified case in which the open area fraction was
proportional to the square root of the heat density showed the maximum temperature of 417 K
near the front corner of the target channel which fully satisfied the design temperature (473 K).
This type of target was judged to be a candidate for the 2 MW target configuration. Thermal-
hydraulic analyses in conjunction with heat transfer to the vessel wall should be carried out to
assess thermal stress in the target vessel in the future.
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Abstract
Mercury target was designed for megawatt neutron scattering facility in JAERI/KEK spallation

neutron source. The incident proton energy and current are 3 GeV and 333 juA, respectively: the
total proton energy is 1MW in short pulses at a frequency of 25 Hz. Under the guide rule the

mercury target was designed: the maximum temperature of target window is 170°C and induced

stresses for the type 316 stainless steel are within limits of design guide. In order to demonstrate
ADS transmutation critical and engineering facilities have been designed conceptually. In
engineering facility lead-bismuth spallation target station is to be planned. Objective to build the
facility is to demonstrate material irradiation. According to neutronics calculation irradiation
damage of the target vessel window will be 5dpa per year.

1. Introduction

Under the framework of joint project between JAERI and KEK, a liquid mercury target has
been designed in the accelerator complex [1]. The objective of the target system facility is to
employ advanced neutrons scattering research by means of a megawatts spallation target. There are
two-neutron source in both organizations: JRR3M is a fission reactor neutron source at a power of
20MWt and KENS is a pulsed spallation neutron source with proton energy of 500MeV and 3kW. A
demand for intensified neutron source, however, is supported by potential industrial-aided
application as well as scientific research. There is the other facility where a principal of mechanism
of nuclear transmutation is to be proven in conjunction with high intense proton accelerator. A
liquid lead-bismuth target will supply materials irradiation and corrosion experimental facilities.
The accelerator complex consists of a normal conducting proton linac, a superconducting proton
linac, mercury spallation target for neutron scattering, 3 GeV synchrotron ring 50 GeV synchrotron
ring and ADS which consist of critical assembly and engineering-aided lead-bismuth target.
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Fig. 1 Conceptual arrangement of accelerator and test facilities.

2. Material in mercury spallation target
Table 1 summarized current status of mercury spallation target design.

Mercury target was selected as our design of megawatt neutron scattering facility in the
following specification:
- The incident proton energy and current are 3 GeV and 333 \iA, respectively: the total proton
energy is 1MW in short pulses at a frequency of 25 Hz.
- The duration of pulse width is about 1 (is and the reputation rate of pulses is approximately 40 ms.

As a consequence of short pulse, the deposit heat in the target leads to the production of
pressure waves at the speed of sound in the target. In the mercury it is estimated to be 1400m/s
when no bubbling occurs. A response of target container against the pressure wave in the mercury
was reported [2] through ASTE collaboration at BNL. The target container must endure against
proton and neutron irradiation under the condition of pressure wave and thermal cycling in the
mercury environment. Accelerator beam trip is the reason why the target container suffers thermal
cycle loading. So it needs a proper modeling in order to know induced stress intensity as a
function of time. Next items are main works relevant to target engineering design.
-Pressure wave experiment at BNL insures proper simulation of pulsed spallation target.
-Target fluid tests insure the favorable structure for heat removal.
-Pressurizing test of moderator proves design criteria for the transient condition.
-Impacting test of split Hopkinson bar demonstrates a pressure wave in the mercury.
-Corrosion test in the mercury shows a corrosion rate.

Design guide is referred to ASME code[3] or domestic code. Stress intensity value, Sm, is
defined by yield stress ay and ultimate strength an as shown in eqn(l). For short-pulsed
spallation target a fatigue life is important. Allowable cycles to failure, Nd, is evaluated by
eqns.(2) and (3), here Aet: total strain, Nf: number of cycles to failure, Cp, Ce, ap, ae: coefficients,
n: design cycles. Candidate materials for mercury target are type 316 stainless steel and F82H
ferritic steel. These materials have the database of mechanical properties of post irradiation
examination under the proton and /or neutron. The value of Sm is nearly 200MPa for SS316
austenitic stainless steel and 400MPa for F82H ferritic steel, respectively, under the unirradiated
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condition. Fabrication method and weldment condition will be determined after finalizing target
geometry.

A change of mechanical property of irradiated material is a key issue to assess a lifetime of
target vessel. And potential parameters to determine the target lifetime are combinations of damage
elements listed in the table. Yield stress tends to increase with increasing of dpa. Uniform
elongation, however, reduces with increasing of dpa and fracture surface may change from
transgranular to intergranular features. Design temperature of target vessel is under 200C and
corrosion rate will be ignored. Fatigue is a repeated loading. One of the main reasons is
accelerator trip. The target is designed within an allowable cycles. Fracture toughness K tends to
decrease with increasing of dpa. Anyway as long as corrosion is controllable it does not become a
problem. Cavitation erosion may cause surface damage. Fatigue crack growth rate will estimate a
time of crack penetration along a plate thickness. So the diagnoses of target vessel are further
R&D items in the prototype target.

Items

Proton beam and
neutronics

Engineering
design

Design guide

Material choice

Life assessment

Table 1 Design
Current parameters and
status
3GeV and 33OuA: 1 MW
at 25Hz.
lfxs pulse width
History of T,CT, e and
pressure as a function of
time
ASME code or MITI 501

Type 316 and F82H

Dpa/ay:
Dpa/ ductility:
Corrosion:
Cavitation erosion:
Fatigue
Dpa/K
Fatigue crack growth
Diagnoses

status of mercury target
Comments

Update path: 3GeV and 2.5MW at 25Hz

Sm = Minimum { 2/3cy, l/3ou } (1)
Aet = CpNfap + CeNfae (2)
£ (n/Nd) < 1 (3)

Fabrication
Weldment
Strain hardening
Fracture mode
Rate
Pits
Allowable cycles
Fracture toughness
Growth rate
Method

Fig. 2 shows the design view of mercury spallation target [4]. Design works of mercury target
have been doing in conjunction with neutronics, structural mechanics, fluid dynamics, heat transfer
and safety. From the point of view of high neutron intensity, moderators favor to locate near target.
So target shape is flattened and moderators will be put upon the top surface and beneath the bottom
surface. Blade type flow distributor in the cross-flow target controls mercury flow. Flow guide
plates also keep shape of target container. Target window will be a critical design part because of
damage by proton-neutron irradiation, mercury corrosion and thermal stress cycling. It is
emphasized that target container is a replacing component and must be done according to an
operating schedule before a failure. In the pulsed spallation target there are small changes of
temperature corresponding to short pulses. But within seconds, a temperature in the mercury
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container becomes steady state condition [5]. The maximum temperature of target window is 170°C

at the beam window and the minimum temperature of the window is 130°C in the engineering

target design.

Fig.2 Mercury spallation target[4].

Proton Beam

Main Pump

0 m

Fig. 3 Conceptual design of nuclear transmutation plant[6].

3. Material for ADS target

R&D on ADS coupled with nuclear transmutation has been deployed [1]. A conceptual design
goal is shown in Fig.3[6]. The plant consists of Pb-Bi target in the center beam duct, fuel region in
the core, pump and steam generator. First neutrons produced in spallation target will be used for
changing long-lives nuclei to short-lives ones in the fuel region surrounding the target. The lead-
bismuth cooled option is the primary candidate for the ADS. Lead-bismuth plays roles of both
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spallation target and coolant. It also offers the possibilities to achieve a harder neutron energy
spectrum and to avoid a positive void reactivity coefficient. Its chemical inertness is particularly
favorable for safety in the event of coolant leakage. But disadvantage is generation of reaction
products such as Po, Hg. Again technical issue for developing ADS, from points of views of
engineering matters as a first step, is a beam window material. The beam window must endure
against

- Proton and neutron radiation damage,
- Thermal stress cycling and
' Corrosion-erosion.

In order to demonstrate ADS transmutation critical and engineering facilities have been
designed conceptually[7]. In engineering facility lead-bismuth spallation target station is to be
planned. Fig. 4 is a conceptual view of the engineering facility. Access cell is behind a target station
to prepare a further PIE. Objective to build the facility is to demonstrate material irradiation by the
incident proton and neutron under the Pb-Bi flow. Potential degradation of the material performance
is radiation damage, liquid metal corrosion and liquid metal embrittlement. Post irradiation
examination will be done for development of materials available to ADS. Specification of the test
facility is:

- The incident proton energy and current are 600 MeV and 333 uA, respectively: the total proton

energy is 200 kW in pulses at a frequency of 25 Hz,
- The duration of each pulse is about 500 us and the period between pulses is approximately 40 ms,

- Target is lead-bismuth.
- Average beam density is less than 30 uA/cm2'
- Beam profile 10 4cm, flat,

- Target material is Pb-Bi Alloy (45%Pb-55%Bi) ,

- Target temperature is 450/350 °C (Inlet/Outlet)

- Target shape is cylinder, 20 cm dia. x 60 cm length.
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Fig. 4 Conceptual view of the engineering facility.
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Fig. 5 Illustration of lead-bismuth corrosion test loop.

Pressure waves will not be a major technical issue, as it plays important roles in the mercury
spallation target of l|is short pulse because duration of pulses is long, 500u.s. According to
neutronics calculation done by ATRAS [8] irradiation damage of the target vessel window will be
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5dpa per year. The best sample of post irradiation experiment for future ADS material is the target
window itself. A lead-bismuth loop for material corrosion test is shown in Fig.5. Test facility
consists of test section, heater, cooler, electromagnetic pump electromagnetic flow meter, and
storage tanks. The facility performances are as follows:

- Coolant: Pb-Bi (45%-55%),

- Maximum Pb-Bi temperature: 450 °C,

- Flow rate: 5 000 cc/min.

Changing the tube diameter varies flow speed in the test section. We expect around lm/s at the ADS
target window. There are three Pb-Bi test loops inclusive this one in Japan. Through CRIEPI
experience under the condition of uncontrolled oxygen environment modified 9Cr-lMo and 2.25

Cr-lMo steels showed good evidence against corrosion at 500 °C during 6000hrs. On the contrary

type 304 stainless steel showed corrosive in the Pb-Bi [9]. First candidate material for our target
container is type 316 austenitic stainless steel. Alternative material is F82H (8Cr-2W)
ferritic/martensitic steel [10]. Another candidates are oxide dispersion strengthened materials of
ferritic/martensitic steel and high Cr/Fe steel[ll]. In these tests oxygen concentration in the lead-
bismuth will be controlled. Through IPPE experiences oxygen concentration must be within a
particular range[12]. Low concentration will remove oxide scales from the material surface and
high oxygen concentration makes lead oxide. It is important issue to find suitable values of oxygen
concentration but a careful decision must be made if it is a right way to rely on thin film on the
material surface or not in the huge nuclear transmutation system.

5. Summary
Material program related to JAERI/KEK spallation target project was overviewed. R &D of

mercury target system and an international collaboration experiment on pressure wave have been
doing. As a result the mercury target vessel was designed. Induced stresses for the type 316 stainless
steel are within limits of design guide. There are parameters to assess a lifetime of target vessel
which is to be replaced periodically; that is, a change of mechanical properties due to proton and
neutron irradiation, repeated cycles of loading and the effects of cavitation are weighted parameters.
The spallation target irradiation program (STIP) at SINQ has been progressing[13]. Post irradiation
examination of STIP-I will start in 2001. The second spallation target is Pb-Bi in the nuclear
transmutation facility. The objective of these facilities is to irradiate candidate materials for
spallation target vessel under the flow condition of target. So before construct test facilities material
corrosion test is performed. Liquid metal corrosion and liquid metal embrittlement will be examined
first without proton and neutron irradiation.
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Abstract

In a MW-scale neutron scattering facility coupled with a high-intensity proton

accelerator, a proton beam window is installed as the boundary between a high vacuum

region of the proton beam transport line and a helium environment around the target

assembly working as a neutron source. The window is cooled by water so as to remove

high volumetric heat generated by the proton beam. A concept of the flat-type proton

beam window consisting of two plates of 3mm thick was proposed, which was found to be

feasible under the proton beam power of 5MW through thermal-hydraulic and structural

strength analyses.

1. Introduction

The Japan Atomic Energy Research Institute (JAERI) and the High Energy

Accelerator Research Organization (KEK) have a plan to construct a MW-scale neutron

scattering facility at the Tokai Research Establishment, JAERI.Il] A proton beam

window is one of the key components of the neutron scattering facility, which is the

boundary between a high vacuum region of the proton beam transport line and a helium

environment around the target assembly working as a neutron source. Since high

volumetric heat will be generated in the window, it is necessary to cool the window with

water so as not to generate excessive thermal stress due to large temperature difference

along the window plate and hot spots by water boiling. In this paper, we will introduce a

flat-type water-cooled proton beam window proposed for a 5MW proton beam operation.
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2. Conceptual Design

Figure 1 shows a concept of a flat-type beam window for applying to a 5MW proton

beam operation. The dimension of the proton beam window is 330 mm in width, 235 mm

in height and 65 mm in depth. Light water flowing from two inlet pipes is adjusted by

using flow guides in order to distribute it's flow rate uniformly in the window section.

The window section consists of two flat plates made of Inconel 718 alloy, with dimensions

200 mm wide and 60 mm high. In this concept, the thicknesses of the plate and the gap

between the plates (coolant channel) are 3 mm and 5 mm respectively, but these are

tentative values. We will optimize these values so as to suppress the proton beam

scattering in the window section.

Figure 2 shows a detailed drawing of the beam window concept. Pillow seals are

used for vacuum and helium gas sealings, which are installed at the both end of the

window. Also, the window has a space to install diagnostics such as beam harrow,

position and core monitors, but their types and specifications are not yet decided. This

window will be fixed on an exchanging plug as shown in Fig.3, and transferred with the

plug to a handling cell in order to replace a window.

3. Structural Strength Analyses

3.1 Stresses by Internal Pressure

Three dimensional analyses of structural strength were carried out using the

structural analysis code, ABAQUS. The total computational grid number in the window

section was 90,000, and the internal coolant pressure of IMPa was given as the design

value. As shown in Fig.4, the maximum bending stress of 254 MPa appears near the

lower end of the window section. This bending stress caused by the internal pressure is

less than 1/3 of the allowable bending stress of Inconel 718 alloy which gives 1.5Sm : Sm

is the design intensity value of Inconel 718 alloy, 560MPa.

3.2 Thermal Stress

In order to estimate the thermal stress, it is necessary to obtain a temperature

distribution in the window plate. The temperature distribution was analyzed by using

the thermal hydraulic analysis code, STAR-CD, under the following conditions!

Inlet water temperature : 40 °C

Water flow rate : 20 m3/h

Water velocity in inlet pipes : 2.5 m/s
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Volumetric heat (heat density) in the window section '• 960 W/cm3

(under the 5MW proton beam operation)

Turbulent model : Standard k — e model

Total number of three-dimensional computational grid : 300,000

Boundary conditions on the outer surface of the plates : adiabatic

As for the heat density in the window section, it is available in the region of 130 mm

wide and 50 mm high that is coincident with the proton beam profile. Thermal hydraulic

analyses results are described in the following section.

Using the temperature distribution obtained with the Star-CD, the thermal stress

was analyzed with the ABAQUS. Figure 5 shows the analytical result of the thermal

stress. As seen in the figure, the maximum thermal stress of 1179MPa appears at the

center of the plate, which is less than the allowable thermal stress of Inconel 718 alloy

that gives 3Sm, 1680MPa. From the analytical results of the thermal stress as well as

the bending stress described in Section 3.1, this concept would be feasible on the

structural strength.

4. Thermal Hydraulic Analyses

Thermal hydraulic analyses were carried out under the conditions mentioned in

Section 3.2. Figure 6 shows the velocity distribution. As seen in the figure, almost

uniform velocity distribution of about 10 m/s is realized in the window section. Figure 7

shows the inner surface temperature distribution of the window plate. Hot spots cannot

be seen in the window section. The maximum temperature is 92 V,, which is less than

the saturation temperature of 150 Xl, under the water pressure of 1 MPa. This means

that the onset of flow boiling can not occur, so that it is not necessary to consider flow

instability induced by flow boiling under normal operating conditions. Since the water

flow rate of the inlet pipes would change in practical operations due to branch effects in

the inlet pipelines etc, we also analyzed the inner surface temperature distribution

under the asymmetry inlet flow condition of ±10 %. The maximum inner surface

temperature increased only 0.3 t against the idealized condition without inlet flow rate

deviations (the equal inlet flow rate). These results show that the proposed structure of

the proton beam window would be feasible from the thermal hydraulic viewpoint.

5. Concluding Remarks

A concept of the flat-type proton beam window consisting of two plates of 3mm thickness

was proposed to meet higher proton beam power (up to 5MW) from the viewpoint of the

future plan of the joint project. Through structural strength analyses using a three
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dimensional model, it was found that stress caused by the internal pressure and thermal

stress could be below the allowable stress of Inconel 718 alloy. Also, through thermal

hydraulic analyses, it was found that the water flow distribution could be kept almost

uniform in the window section, so that the surface temperature of the window plate could be

suppressed far below the water saturation temperature without hot spots, even under the

asymmetry inlet water flow condition of + 10 %. From these analytical results, the proposed

concept would be feasible from the viewpoint of structural strength and thermal hydraulic

performances. We will improve the conceptual design to decrease the window plate thickness

to 1.5 mm and also make clear an exchanging procedure of the beam window.

References

[1] "The Joint Project for High-Intensity Proton Accelerators" , JAERI-Tech2000-003(2000).
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Fig.4 Analytical results of stress distribution caused by internal pressure
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Fig.6 Thermal hydraulic analytical results of coolant velocity distribution
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Abstract

A MW-class mercury target of the spallation target generates much larger amounts of radioactive

nuclides than existing spallation neutron sources. To estimate the maximum level of public exposure under

the guillotine break of mercury pipelines that is one of the major accidents of the target system, the hazard

analyses were carried out by using a transportation model which considers heat transmission of mercury

decay heat, diffusion of evaporated radioactive nuclides, etc. In the analyses, mercury, iodine, bromine and

noble gas were selected as the effective source term because of their high vapor pressures and activation

levels. From the preliminary analytical results obtained under the conservative conditions of 2 m/s of the air

velocity around the mercury leakage area, the maximum level of the public exposure was approximately

5.8 X10"3 mSv. This level is negligible in comparison with the lmSv one-year natural radiation exposure.

1. Introduction

In the joint project (JAERI/KEK) of spallation neutron source, a spallation neutron source coupled

with a MW-class pulsed proton beam was planed to supply high-intensity neutron beams to life and

material sciences (1). A mercury target system working as the spallation neutron source has been designed at

the Japan Atomic Energy Research Institute since 1997 (2>. The mercury target produces much larger

amounts of radioactive nuclides by spallation reaction than those in the existing spallation neutron source.

Almost all these nuclides are considered to exist in mercury in the form of mercury compounds.

Since mercury including these nuclides, namely the radioactive mercury is prospected to have large

hazard potential, safety analyses are needed to ensure the safety to the public, the workers and the

environment. In the safety analyses, postulated events that are initiated at the target system by equipment

failure, natural phenomena and human error has to be considered (3>.
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In this study, the source term in the radioactive mercury and the maximum public exposure in relation

with mercury transportation were estimated under a major accidental event in order to clarify safety

concept of the spallation target system.

2. Safety Design Concept of Spallation Target System

2.1 Safety Design Concept

The safety concept of the spallation target system is roughly categorized as normal and abnormal

operation modes as shown in Fig. 1. Basic safety concepts in each operation mode are as follows.

(1) Normal Operation Mode

On the basis of the as low as reasonably achievable (ALARA) concept, designs of equipment are

considered very carefully for protection of radiation and confinement of radioactive nuclides. Moreover,

safety is improved to promote the skills in the operation, maintenance and quality controls, for decreasing

human factors. As a result, we expect the worker exposure to be negligible small.

(2) Abnormal Operation Mode

The concept of defense-in-depth is applied to ensure the safety at the accident. This concept consists

of three stages: (1) To prevent abnormal event occurrence, (2) To prevent abnormal events escalating into

accident, (3) To minimize accidental effects for the public. The concept demands quality assurance,

conservative design margins for some transient events and successive physical barriers for protection

against the release of radioactive nuclides. In addition to these demands, the spallation target system

requires some recovery functions from the accidents.

Normal operation

At accident

ALARA To ensure safety To promote skill in
operation, quality control

and maintenance

Defense-In-Depth

Prevention of
abnormal events
- High reliability -

Prevention of abnormal event
escalating into accident

- Detection in an early stage -

Safety
design

Design with
enough
margin

Beam
shut
down

Independent
systems

1—B
To minimize

accidental effects
for the public

Protection of
boundaries:

Confinements

Fig. 1 Safety Concept of Spallation Target System (JAERI/KEK Joint Project)
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2.2 Hazard Potential for Spallation Target System

The spallation target system contains the radioactive nuclides in mercury, cooling water and structural

materials. Inventories of the radioactive nuclides, especially mercury, are used as the source term in order

to estimate the hazard potential.

The accidental potentialities of the spallation target system were roughly categorized as the following

three items as shown in Fig. 2.

(1) Mercury boundary breakage

Activated mercury exists in the target vessel and the mercury flow loop consisting of pumps, surge

tanks, heat exchangers and pipelines. In the source term estimation, it would be more serious in the case of

break of the mercury flow pipe, because the mercury inventory in the mercury flow loop is about 40 times

larger than that in the target vessel. So we must estimate the maximum public exposure in the case of

abnormal events brought about mercury release.

(2) Decay heat

Although activated mercury produces decay heat, effect of decay heat to equipment is very small,

because the maximum heat density in mercury is small about 0.001 watt/cm3 due to large amount of

mercury volume. It seems that decay heat has little possibility to cause the accident.

(3) Fire and explosion

Hydrogen circulates cryogenic moderator vessels, hydrogen pipeline, etc. If the hydrogen leaks to the

helium vessel in the case of the moderator vessel rapture, the helium vessel where helium gas is filled up

can prevent the events of fire and explosion. Then, the proton beam injection is also stopped by an

emergency control system.

Mercury boundary breakage
Release of mercury from
target vessel and loop

o

Target vessel

Target Trolley
Maintenance room

Proton beam

Heat source
Decay heat

Natural cooling
(small heat density)

Fire and explosion
Hydrogen combustion

and explosion

Prevention of He gas

Floor
concrete

Fig.2 Accidental Potentialities of the Spallation Target System
(JAERI/KEK Joint Project)
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From these conditions, the event of mercury boundary breakage was selected as a major accident.

Especially, the event of the guillotine break of the mercury pipeline would cause the harshest situation

without working a collection system, because almost all the mercury in the target vessel and the mercury

pipelines flows out to the target trolley maintenance room. Then, the spilled mercury behaves as the source

term.

3. Preliminary Estimation of Source Term

3.1 Nominal Case

Since the source term depends principally on the behavior of the spilled mercury, we assumed the

typical scenario of the spilled mercury release from the target trolley maintenance room to the atmosphere.

This scenario contains the mercury transportation processes as shown in Fig. 3: evaporation and dispersion

atmosphere, capture by a filter and release from a stack. In the conceptual design of the spallation target

system, almost all the spilled mercury collects to a dump tank, so that the amount of the remainder of

mercury is expected to be small on the floor in the target trolley maintenance room. However, to estimate

source term conservatively, we assumed that mercury of 2 m3 containing in the mercury loop is browed out

over the half area of the target trolley maintenance room, 3.5 m wide and 15.75 m long. Table 1 shows

major analytical parameters as the nominal case. These parameters have high safety margins in the source

term analyses for the following reasons:

(1) We assumed that the accident would be occurred at the end of operation time, i.e., in order to maximize

the inventories of radioactive nuclides and the decay heat under a 30-year continuous injection of the 1MW

proton beam into mercury target, and

(2) the initial temperature of the mercury was assumed to be 150 °C which is almost same as the maximum

mercury temperature in the target vessel; average mercury temperature in the target vessel is below 100 °C

under the 1 MW proton beam operation.

Stack

Target trolley
maintenance room

Filter

Spilled mercury area

Ventilation air flow
Characteristic length

Fig. 3 Release Concept of radioactive Mercury at the Accident
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Table 1 Major analytical parameters of nominal case for source term

Accelerator

- Energy

- Power

Spallation target system

- Target material

- Total volume of target material

- Operation period

- Length of target trolley maintenance room

- Wide of target trolley maintenance room

- Initial temperature of floor concrete

- Filter efficiency for mercury

- Filter efficiency for noble gas

Specifications

3GeV

1MW

Mercury

2m3

30 years

15.75 m

7m

20 °C

95percents

0 percents

3.2 Radioactive Nuclide

To select nuclides for the source term, we must consider the hazard potential which is defined as the

ratio of the radioactivity to annual limit of intake for inhalation. Figure 4 shows radioactive nuclides of 1 %

contribution to total hazard potential of inhalation after 30 years operation of 1MW power. Gd-148, Hf-172,

Hf-178m, Ir-192m, Au-195 and Hg-203 are shown in this figure. As for the nuclides of 0.1 % contribution

to total hazard potential, Eu-154, Os-185, Hg-195 and Hg-197, are also listed. These are non and semi

volatile elements. The contribution of these nuclides to the total hazard potential was 97.5 % just after the

1.0E+12

1.0E+11

ID

'•E

f
•8
g 1.0E4O9
X

1.0E4O8

1.0E-W7

1.0E-W0 1.0E+02 1.0E+04 1.0E+06 1.0E+08 1.0E+10

Cooling time (s)

Fig. 4 Radioactive nuclides of one percent contribution to total hazard potential

of inhalation after mercury target operation of 1MW power for 30 years
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1.0E408 1.0E+10

Relationship between the maximum temperature

on mercury surface and the cooling time

accident. The remainder of 2.5 % was mainly contributed by the noble gas (Ar, Kr, Xe), volatile elements

(Br, I) and shot-lived radioactive nuclides.

3.3 Temperature of Spilled Mercury

It is important to examine the spilled mercury temperature in respect of source term analyses, because

the vapor pressure of mercury is strongly affected by the temperature. Temperature of the spilled mercury

decreases with increasing cooling time owing to the heat transmission to the floor concrete and ventilation

air. The temperature change of the spilled mercury was calculated with the STAR-CD code. Figure 5 shows

the relationship between the maximum temperature on the mercury surface and the cooling time which

means the time after the pipe rupture. As seen in the figure, the mercury temperature goes down to the

initial temperature of the floor concrete, 32 °C, after one day.

3.4 Evaporation and Transportation Models for Mercury

The spilled mercury vapor is transported by the ventilation air flow to the filter. The amount of

transported activated mercury, Mng, was assumed by using the following equation ':

dy
aD(p0 - p = ) < a D x p 0 (1)

where DairHg: Binary diffusion coefficient between air and mercury vapor

a D: Mass transfer coefficient

p 0: Equilibrium mercury concentration on spilled mercury surface

p «,: Mercury concentration of bulk ventilation air flow.
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Fig. 6 Relationship between cumulative amount of

evaporated mercury and the cooling time

The mass transfer coefficient is expressed as the following equations:

laminar flow:

I. l

0.664 x Re 2ScJD
Ctr

air-Hg
(2)

turbulent flow:
0.037 x Re 5Sc3D a i r .h g

(3)

where Re:

Sc:

L:

Reynolds number

Schmidt number

Characteristic length of the ventilation air flow (see in Fig. 3).

On the other hand, assuming that the mercury vapor behaves as the ideal gas, a equilibrium concentration

of mercury can be expressed as

where

Po =

PHg:

R:

T:

' Hg

RT

vapor pressure of mercury

gas constant

mercury temperature.

(4)

Figure 6 shows the relationship between the cumulative amount of evaporated mercury and cooling time.

As seen in the figure, the amounts of evaporated mercury after a day and a month were small about 1.25

g/m2 and 5.03 g/m2, respectively.
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Table 2 Comparison of typical atmospheric dispersion factor

to evaluate public exposure for research reactors in Japan

Research Reactor

(Japan)

JRR-3

HTTR

STACY

TRACY

MONJU

Height of stack

m

40

0

80

0

50

0

Atmospheric dispersion factor

Z/Q

h/m3

2.2 X10"9

1.2 XlO'7

1.0 XlO"9

7.3 XlO"8

4.2 X10"9

3.0 XlO"8

3.5 Filter Efficiency

We assumed that almost amount of the evaporation mercury would be collected at a filter. Ninety-five

percents of the filter efficiency was assumed to all nuclides except noble gas, which is generally used in the

safety analyses for research reactors in Japan.

3.6 Dispersion Factor of the Atmosphere

The dispersion factor of the atmosphere depends mainly on a climate and a height of stack. Table 2

shows the dispersion factor used for the safety analyses of the typical research reactors in Japan. On the

basis of the values shown in the table, 1.0XlO"7 h/m3 of the dispersion factor was selected in order to

obtain a conservative estimation value for the public exposure.

3.7 Release Rate of Radioactive Nuclides

Radioactive nuclides, which contribute to the total hazard potential, can be categorized into four forms

as mentioned in 3.2; (1) gaseous elements such as noble gas (Ar, Kr and Xe), (2) volatile elements (Br, I),

(3) semi-volatile element (Hg) and (4) non-volatile elements (Eu, Gd, Hf, Os, Ir and Au). Since solubility

of above-mentioned elements in mercury is not clear, we assumed that all the elements are solved in

mercury. This assumption would be conservative, i.e., noble gas would be eliminated with a purge gas

circulation system in operation of the spallation target system. Figure 7 shows the relationship between the

temperature and the vapor pressures except the noble gas. As seen in the figure, since the vapor pressure of

the non-volatile element such as Eu, Gd, Hf, Os, Ir and Au are much smaller than that of mercury (less than

1013), such non-volatile would have almost no effect to the source term. We assumed that the volatile

elements, semi-volatile elements and noble gas except non-volatile elements would be released with the

evaporation of the mercury as the first step of the public exposure estimation.
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Table 3

Case

No.

1

2

3

4

5

6

7

8

9

10

11

12

Analytical cases and theu major parameters for estimation of the public exposure

Spilled Mercury

Length

(m)

15.75

15.75

15.75

15.75

15.75

15.75

15.75

15.75

15.75

15.75

15.75

15.75

Width

(m)

7.0

7.0

7.0

3.5

3.5

3.5

1.75

1.75

1.75

0.875

0.875

0.875

Depth

(m)

0.018

0.018

0.018

0.036

0.036

0.036

0.072

0.072

0.072

0.144

0.144

0.144

Initial Temp.

(C)
150

150

150

150

150

150

150

150

150

150

150

150

Air
velocity

(m/s)

0.02
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2.00

0.02

0.20

2.00

0.02

0.20

2.00

0.02

0.20

2.00

Remarks

Nominal case

3.8 Public Exposure

Mercury evaporation rate especially depends on the condition of the spilled mercury area and velocity

of the ventilation air flow. In order to estimate the maximum public exposure with having high safety

margin, parameter survey was carried out. Table 3 gives analytical conditions. Figure 8 shows analytical
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Fig. 8 Parameter survey results of public exposure

10

results of the public exposure for 10 days. As seen in the figure, effects of the evaporation areas of mercury

changed from 13.8 to 110 m2 to the public exposure is small under the same velocity. The maximum public

exposure was 5.8 X10~3 mSv/year. This value was obtained under the conservative conditions: (1) mercury

evaporation area is 110 m2 which is the total area of target trolley maintenance room, (2) average velocity

of ventilation air flow is 2 m/s. This exposure is negligible small in comparison with the lmSv one-year

natural radiation exposure.

4. Concluding Remarks

The public exposure was estimated by using a mercury transportation model under the guillotine break

of the mercury pipeline. Though conservative analytical conditions and parameters were used, the

maximum public exposure was only 5.8 X10'3 mSv under 110 m2 of the spilled mercury area and 2 m/s of

the ventilation air flow, which is negligible small in comparison with the 1 mSv one-year natural radiation

exposure.

Reference

[1] The Joint Project Team of JAERI and KEK, "The Joint Project for High-Intensity Proton Accelerators",

JAERI-Tech 99-056 (1999).

[2] Design Group of Research Complex for Neutron Science, "Proposal of the Research Complex for the

Neutron Science (The First Plan)", JAERI-Tech 99-030 (1999), [in Japanese].

[3] Jack Edwards, "Safety in High-Power Accelerator Applications: The Accelerator Production of Tritium

Example", AccApp 98, P94 (1998).

[4] Kaneyasu Nishikawa and Yasunobu Fujita, "Dennetsugaku", Rikougakusha, (1982) [in Japanese].

- 1275 -



JP0150634
JAERI-Conf 2001-002

ICANS-XV
15lh Meeting of the International Collaboration on Advanced Neutron Sources

November 6-9, 2000
Tsukuba, Japan

23.13
Conceptual Design of the Handling and Storage System

for Spent Target Vessel

Junichi Adachi*, Shinobu Sasaki, Masanori Kaminaga and Ryutaro Hino

Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan
*E-mail: adachij@cat.tokai.jaeri.go.jp

Abstract

A conceptual design of a handling and storage system for spent target vessels has been
carried out, in order to establish spent target technology for the neutron scattering facility.
The spent target vessels must be treated remotely with high reliability and safety, since they
are highly activated and contain the poisonous mercury.

The system is composed of a target exchange trolley to exchange the target vessel,
remote handling equipments such as manipulators, airtight casks for the spent target vessel,
storage pits and so on.

This report presents the results of conceptual design study on a basic plan, a handling
procedure, main devices and their arrangement of a handling and storage system for the
spent target vessels.

1. Introduction

The Japan Atomic Energy Research Institute (JAERI) is promoting the High-Intensity
Proton Accelerator Project in cooperation with the High Energy Accelerator Research
Organization (KEK), and is designing a MW-class neutron scattering facility, which is one of
the main facility in the project[1]. In designing of the neutron scattering facility, a spent
mercury target vessel should be replaced with remote handling devices in order to protect
radioactive exposure, since it would be highly activated by the spallation reaction between
mercury of the target material and the proton beam induced from the accelerator. In the
storage system design of the spent target vessels, it is necessary to consider decay heat of the
target vessel and mercury contamination caused by vaporization of the residual mercury in
the vessel.

This report presents the results of conceptual design study on a basic plan, a handling
procedure, main devices and their arrangement of a handling and storage system for the
spent target vessels.

2. Basic Plan

2.1 Design Bases
(1) The spent target vessel shall be handled and stored after draining of mercury. Decay heat
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of the vessel can be cooled by natural convection in the air, but mercury in the vessel cannot
be removed completely. The vessel shall therefore be stored in an airtight storage cask.
(2) The spent target vessel shall be handled remotely, since the cask does not have the
biological shield. On the other hand, sufficient biological shield plugs shall be installed over
storage pits in order to enable personnel to access in a storage room.

2.2 Exchange frequency and storage capacity of spent target vessel
It is planned that the target vessel is exchanged every four months and stored for eight

years at the longest for cooling before the spent target vessel will be shipped to another long-
term storage facility. The storage capacity is therefore 24 of the spent target vessels.

3. Transfer Root and Procedure for Spent Target Vessel

A transfer root for the spent target vessel is shown in Fig.l.
The spent target vessel removed and packed in the cask is transferred to a storage room

and then stored in the storage pit. It is shipped to a post-irradiation test facility or a long-term
storage facility after a cooling period.

A transfer procedure of the spent target vessel is shown in Figs.2 and 3, from withdrawal
of the target vessel out of the helium vessel to storage in the pit. The spent target vessel is
withdrawn from the helium vessel into the target trolley room with a target trolley, removed
from the front end of the trolley and then packed in the cask. The cask is transferred to the
storage room in the basement through a transfer port and put into the pit.

Target trolley room(1F)

Spent target vessel

i Packing !
i

Cask

j Transfer •

[Port 1 " ~
V

i ••

: Receiyeing ;

Target handling room(1F)

! Shipment to post-irradiation test facility
:or long-term storage facility

"""f
Container

'• Packing I

I Transfer '<
Target transfer room(1F)

• Lifting-up

•Port 2 Storage room(BIF)

' Picking-up

""T"'
Cask

Storage in the pit

Meaning of marks:

Form of material • Operation • i Path boundary of transfer j

Fig.l Transfer root of spent target vessel
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Fig.2. Withdrawal of a target vessel out of the helium vessel

In-cell crane Target trolley room

Target trolley
maintenace room

Cask I Ilil —

Spent target storage pit

Fig.3 Transfer of the spent target vessel to storage room
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4. System Arrangement

Shown in Figs.4 and 5 is arrangement for the handling and storage system of the spent
target vessel. In the first floor, there are the target trolley room to exchange the target vessel,
a target trolley maintenance room to maintain the target trolley, a transfer corridor to transfer
a new target vessel contained in the cask and the target trolley room. The spent target storage
room is located in the basement. The remote handling operations such as connection and
disconnection of pipe connectors are carried out by means of wall-through master-slave and
crane-mounted power manipulators and so on.

Target station
® ©

\-m 13500 »-)

Target trolley room

Manipulator
operation room{2)

^MasfePslave
manipulator

-Target exchange

v Target exchange trolley
-Target trolley

"Target trolley
maintenace room

-Reflector
maintenance room

KEtarget Unit: mm

Fig.4 Arrangement of handling system for spent target vesseKFirst floor)

Target station

Storage pit of
' Spent target vessel

Storage pit of
moderator vessel

Q target Unit: mm

Fig.5 Arrangement of storage system (Basement)
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5. Main Devices for Handling and Storage of Spent Target Vessels

5.1 Storage Cask
The storage cask is shown in Fig.6. Helium gas is filled in the cask instead of the air.

The gap between the inside surface of the cask and the outside surface of the spent target
vessel is devised to become as small as possible, in order to remove the decay heat of the
vessel efficiently. The lower part of the cask is therefore slimmer than the upper part, and so
the cask cannot therefore stand alone on the floor, while can be stably put on a rack in the
storage pit as shown in Fig.6. Accordingly, it has legs that can open to stand stably on the
floor. The legs of the cask open automatically by pushing up center rods as shown in Fig.7,
when the cask comes in contact with the floor. The cask put on the floor is shown in Fig.8.
On the contrary, they close by means of springs, when the cask is lifted up. The cask is also
used to transfer the new target vessel.

Spring
Cask \ Leg

Detail of part A

Frame Hole
B

Hoi

-2210 Cover,
, Fixing arm
Storage pit

Target vessel
B Unit--mm

Fig.6 Cask for spent target vessel (in storage pit)
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#\ Detail of part A

Rod
Fig.7 Opening mechanism of cask leg

(View BB in Fig.6)

Detail of pariA

Hoi

target vessel / / Unit: mm
Rod

Fig.8 Cask for spent target vessel (on floor)
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5.2 Target Exchange Trolley
A target exchange trolley is shown in Fig.9. It is used to remove the spent target vessel

and to install the new target vessel, and has a lifter to lift up the target to a setting position.
A target inserting mechanism for the spent target vessel to insert into the cask is

composed of springs, a hydraulic cylinder and a valve as shown in Fig. 10. The valve is
opened so that the cask could freely moves up and down when the spent target vessel is
inserted into the cask and it is closed to support the cask rigidly after the spent target vessel
has been inserted into the cask. The spent target vessel can therefore be inserted into the cask
smoothly without any complex control system with sensitive sensors and actuators under
high radiation field.

A porter is used for traverse between the target exchange trolley room and the target
trolley room. It has a lifter to lift up the target exchange trolley. The target exchange trolley
can have high reliability, since it does not need any complex steering mechanism.

Sprin Lifter

Cy l i nde r - ^ D e t a i | o f p a r t A

(Target inserting mechanism)

Target inserting mechanism

Porter' " Target exchange trolley

Fig.9 Target exchange trolley (loading cask)

Target vessel

Cask^ (

Lower support

Cylinder

Fig. 10 Target inserting mechanism

Upper support

Lifter
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5.3 Handling Procedure of Spent Target Vessel
At first, the cask is loaded on the target exchange trolley, then the target exchange

trolley is set in front of the target trolley and moved toward it to insert the target vessel into
the cask. Pipe connectors and fixing bolts are next released by means of the manipulators,
and the target exchange trolley is moved away from the target trolley to close the cover of
the cask. The cask is then transferred to the storage room through the floor port and stored in
the storage pit finally.

6. Conclusions

A conceptual design of the handling and storage system of the spent target vessels has
been carried out in order to establish the spent target technology for the Neutron Scattering
Facility. As the results, a plot plan of the system as well as a block flow diagram of handling
and storage procedures are drawn up, which are aimed to protect radioactive exposure, to
decrease mercury contamination and to remove the decay heat effectively. Conceptual
structures of main components such as the spent target cask and the target exchange trolley
are designed from viewpoints of assuring of high reliability and high operability.

Reference
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Abstract

In order to remove the high heat density generated in the mercury target effectively

under the 1MW proton beam operation, we have proposed the Cross Flow Type (CFT) target

using bladed flow distributors. From three dimensional numerical simulations using the

general purpose computational fluid dynamics (CFD) code (STAR-CD), it was found that the

maximum local temperature rise could be suppressed less than 58.2K under a mercury flow

rate of 40m3/h. This paper presents the current CFD analytical results of the 1MW CFT

mercury target.

1.Introduction

The Japan Atomic Energy Research Institute (JAERI) and the High Energy Accelerator

Research Organization (KEK) have planned to construct a MW-class neutron scattering

facility connected with a high intensity proton accelerator under the High Intensity

Accelerator Project. In designing the neutron scattering facility, it is necessary to establish a

concept of spallation target working as a MW-class neutron source. We have proposed a

cross-flow type (CFT) mercury target with a safety defense container (safety hull).

To optimize the CFT target concept from the viewpoint of thermal-hydraulic performance,

three dimensional (3D) numerical simulations have been carried out by using a general

purpose computational fluid dynamics (CFD) code. This paper presents the current CFD

analytical results of a 1MW CFT mercury target.

2.CFT Target and Analytical Flow

Figure 1 shows a cutaway view of the CFT target for the 1MW proton beam operation. The

CFT target consists of an inner vessel (target container) and an outer vessel (safety hull)
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which will be cooled by heavy water. Between the inner and the outer vessels will be Helium

(He) gas. Mercury flows across the proton beam through bladed flow distributors so as to

suppress a re-circulation flow, which would make the mercury temperature rise excessively

under high heat generation density caused by the spallation reaction between the mercury and

the proton beam. The target container, presently under design, will be made of SUS316L, with

dimensions, 200-500mm in width (beam window- flange), 100mm in height, and 800mm in

effective length.

Figure 2 shows the time-averaged volumetric heat generation (heat density) distribution in

the mercury target under 1MW of the proton beam power (3GeV and 0.33mA), assuming a

margin of 30% for the original value obtained with the NMTC/JAERI code system[l]. In this

analysis, the proton beam has a rectangular shape of 130mmX 50mm and a uniform beam

power density in the beam shape. The maximum heat density of 314W/cc occurs at around

30mm apart from the beam window.

Figure 3 shows the CFD design flow for optimizing the thermal-hydraulic performance of

the CFT mercury target. The CFD design flow is divided into three groups: (1) modeling with

detailed drawings, (2) grid-generation, and (3) analysis. Detailed drawings of the CFT target

are made with CAD softwares such as the AUTO-CAD or the Pro-Engineering, which are

also used for structural analyses of the CFT target as well as the 3D simulation of the target

disassembling by using remote handling devices.

3D computational grids are made of the detailed drawings by using the ICEM CFD/CAE

code, which is a time consuming job. Then, 3D computational grids are transfered into the

CFD code, the STAR-CD, which is a numerical solver for analyzing the three dimensional

steady-state velocity, pressure and temperature distributions coupled with the heat density

distribution shown in Fig. 2. By using the FIELD VIEW and TECPLOT, analytical results

obtained with the STAR-CD, which are digital data, are transformed into visible figures such

as vector map, contours, etc.

3. Analytical Results

Figure 4 shows the history of the CFT target concepts for the 5MW operation which is our

future goal. As for the first CFT target concept with wing type flow distributors, it was very

difficult to distribute mercury near the beam window, which caused excessive temperature

rise in mercury due to the heat density distribution shown in Fig.2. Based on these results, the

second concept using bladed flow distributors (extended wing type blow distributors) was

made. Through several modifications, thermal-hydraulic performance of this concept has been

almost optimized under the 5MW operation.

In the High-Intensity Proton Accelerator Project (JAERI/KEK Joint Project), since the

initial proton beam power was set at 1MW, a simplified concept of the CFT target has been

made on the basis of the 5MW CFT target concept. Figure 5 shows computational grids and

boundary conditions of the 1MW CFT target. Computational domain is the upper half of the

- 1285 -



JAERI-Conf 2001-002

target considering the structural symmetry. The total number of the mesh (grid) is 400,000.

From the viewpoint of conservative estimation on temperature distributions, the outer

surface of the target container was assumed to be adiabatic, so that the heat generated in the

beam window was assumed to be transferred to mercury. Then, the heat flux on the beam

window of 2.5mm thick was 0.5MW/m2 using the heat density of 212W/cm3 shown in Fig.2.

Analyses were carried out under the inlet temperature of 323K and the inlet mercury velocity

of lm/s ( mercury flow rate of 40m3/h ) , which would be a reference condition to optimize

the inlet condition.

Table 1 shows the analytical conditions. Analyses were carried out under steady-state

incompressible turbulent flow conditions. The two-equation (standard) k- f model associated

with the log-low-based wall function was used to analyze flow fields, and the zero-equation

model to analyze heat transfer by using the experience value of the turbulent Prandtl number

( Prt). In the heat transfer analyses, Pit of 1.5 was given on the basis of experimental results

obtained by a mercury test loop of JAERI [2]. To improve the precision of the analytical

results, the SIMPLE method was used as algorithm, and 2nd-order self-filtered central

differencing scheme to non-liner terms.

Figure 6 shows a velocity contour and temperature distribution on the center plane of the

target. Analytical results shown in Fig. 6 were obtained under the structure with 10mm thick

bladed flow distributors. As seen in the velocity contour, a large re-circulation flow was

clearly evident in the rear of the target. The maximum local temperature (hot spot) occurs in

the re-circulation flow, whose temperature rise is only 58.2K against the inlet mercury

temperature of the 323K, as seen in the temperature distribution. This temperature rise is far

below the mercury saturation temperature of 629K. On the other hand, mercury temperature

near the beam window where the heat density distribution has its peak is suppressed below

381.2K, which shows that mercury is distributed efficiently by the bladed flow distributors.

The pressure drop between the inlet and the outlet of the target is a rather low value, 21.5kPa,

which would indicate the possibility of making a compact mercury pump. The maximum

velocity of the 2.4m/s appears at the outlet side wall, so that countermeasures against erosion

should be considered. In the present design, the side wall thickness is more than 10mm

considering erosion and structural strength.

Figure 7 shows the temperature distributions obtained with 7.5mm and 5mm thick blade

structures. The maximum local temperature appears in a wake region near the beam window,

which is 398.5K for 7.5mm thick blades and 403.8K for 5mm thick blades. Based on these

results, a rather large value of lmm might be accepted as the tolerance of the blade thickness.

4.Concluding Remarks

Thermal-hydraulic simulations by using the CFD code, STAR-CD, have been carried out

from the viewpoint of effective removal of the high heat density generated in the mercury

target under the 1MW proton beam operation. As a result, a concept of the cross flow type
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target with bladed flow distributors was found to be feasible. Since the Proton beam profile

injected into the target is not fixed yet, further optimization of the flow structure such as

bladed flow distributors will be carried out after we obtain a realistic proton beam profile.

References

[1] M.Teshigawara (JAERI), private communication.
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Table. 1 analytical condition

Condition
Discretisation
Algorithm
Non-liner term

Turbulence model

Heat-transfer model

. Steady-state, Incompressible, Viscosity Flow
Finite Volume Method
SIMPLE
self-filtered central differencing scheme
(2nd order)
Standard k- s model
associated with log-low-based wall function

0-equation heat-transfer model
Turbulent Prandtl number 1.5
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Abstract

In this study the effectiveness of the cross-flow type mercury target structure
was evaluated experimentally and analytically. The average water flow velocity
field in the target mock-up model, which was fabricated with plexiglass, was
measured at room temperature using the PIV technique. The water flow analyses
were conducted and the analytical results were compared with the experimental
results. The experimental results showed that the cross-flow could be realized in
the former part of the proton beam path where the heat load by the spallation
reaction is large, and the analytical result of the water flow velocity field showed
good correspondence to the experimental result in the case of the Reynolds number
of more than 4.83 x 105at the model inlet. With these results, the effectiveness of
the cross-flow type mercury target structure and the present analysis code system
was demonstrated. Then the mercury flow field and the temperature distribution
in the target container were analyzed assuming the proton beam energy and power
of 3GeV and 5MW. The analytical result showed that the cross-flow field of mercury,
which is similar to the water flow field, could also be attained.
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1. Introduction

In the proton beam path of the target, vast amount of heat is generated by
the spallation reaction. If a stagnant region is generated in the proton beam path
by the recirculation flow, excessive temperature rise and boiling of the mercury will
arise there, which will cause degradation of the neutronic performance and the
structural integrity, and flowinduced vibration. Thus suppressing the creation of
the recirculation region in the proton beam path is very important for the mercury
target container design.

In order to meet this technical demand, JAERI proposed the cross-flow type
target container in which the mercury flows across the proton beam path, and has
continued the optimization of the flow channel structure with the thermal-hydraulic
analysis code. Through the analytical works, we got the prospect to achieve the
cross-flow velocity distribution that conforms to the heat load distribution along
the proton beam path by using the flow guide plates [l]. Based on these results, we
fabricated a plexiglass mock-up model of the cross-flow type target in order to verify
the analytical results under water flow conditions.

In this study, the experimental result of the water flow velocity field in the
mock-up target model measured with the Particle Image Velocimetry (PIV) technique
[2] and the analytical result conducted with the standard k-s turbulent model are
reported to evaluate the validity of the analysis code and the cross-flow type target
geometry. The analytical results of the mercury flow and the temperature field,
assuming the proton beam energy and power of 3GeV and 5MW, are also reported.

2. Experimental set-up

Fig. 1 shows the water loop used
in this experiment. Water is supplied
to the target model from the
reservoir tank, of which capacity is
3m3, by a water pump. The rated flow
rate of the water pump is 5m3/min.
A heat exchanger is installed at the
outlet of the target model to prevent
the water temperature rise by the
pump heat injection. The water flow
rate is measured with an electro-
magnetic flow meter and is regulated
by the rotational frequency of the

Secondary „
Coolant -cx)*-|

Reservoir
Tank

Target Model

Heat
Exchanger

3m3

Electro Magnetic Pump
Flow Meter

Fig. 1 Water loop for the target
experiment
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water pump.
Fig. 2 shows a picture of the PIV system

devices. Very fine particles are mixed in the
water as light reflectors and they flow in the
target model. They are irradiated by pulse
laser sheets with very short intervals of ca.
50[AS. Pictures of the flow field in the target
model are taken with a CCD camera with the
same timing as the laser sheet emission. Two
adjacent pictures are compared digitally and
the water flow velocities are calculated with
the moved distances of the particles seen on
the CCD camera images.

Fig. 3 shows the structure and the
dimensions of the mock-up model of the mercury target used for the water
experiment. This model was designed assuming proton beam power of 5MW, proton
energy of 1.5GeV, and rectangular cross section of proton beam of 68.8mm x 100mm.
The model was made of transparent plexiglass for the flow velocity field measurement
by the PIV technique. The inner structure and the dimensions of the model are the
same as that of the mercury target. Four flow guide plates of 5mm thickness are
placed on both sides of the proton beam path which is 100mm in width and is
shown as the hatched area in the figure. The water flow crosses the proton beam
path area between the flow guide plates. In the following discussions, we distinguish

the flow channels between

Fig. 2 Experimental setup of the
PIV system

Honeycomb Flow Guide
Proton Beam Path Sensor Hole A 225

100100

Measuring Plane for PIV

Fig. 3 Experimental model of the cross-flow
type mercury target
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the flow guide plates with
numbers as shown in Fig. 3
and express the position in
the target model with the
position on the x axis of
which origin is set on the
inner surface of the beam
window. Since the heat
generation density by the
spallation reaction reaches
its peak near the beam
window, which is 1.9kW/cm3

in the 5MW target system
with the proton beam energy
of 3GeV, plenty of mercury
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should be distributed to No. 1 channel along which the mercury flow is guided to
the beam window. In order to increase the flow rate in No. 1 channel, the flow
channel gaps were decreased, to increase the flow resistance, as their position
approaches the center axis of the model. The model was submerged in a water bath
to minimize the deformation of the laser sheet on the rounded surface of the model.

3. Experimental condition

While the water temperature is room temperature (300K) at the model inlet,
the mercury temperature is designed to be 323K (50 deg C) at the inlet of the mercury
target. By comparing the kinematic viscosities of water and mercury under these
conditions, it is known that the water flow velocity approximately 8.2 times higher
than the mercury flow velocity is needed to equalize the Reynolds number at the
target inlet and to simulate the mercury flow with the water flow. This Reynolds
number is introduced as the tentative standard in comparison with the water and
the mercury flow in the target container. The maximum water velocity at the model
inlet was set to 5m/s in order to secure the solidity of the plexiglass model against
the inner pressure. This water velocity corresponds to the Reynolds number of 8.05
x 105 and to the mercury flow velocity of 0.6m/s. The measuring plane was set at the
center level of the model height horizontally, as is shown in Fig. 3.

4. Analytical method and model

In order to compare the experimental results of the water flow with the
analytical results and to simulate the mercury flow field, we conducted the
computational analysis using the three dimensional model of the same structure
with the experimental model. The conventional thermal hydraulic analysis code,
STAR-CD, was used. The analytical methods are as followŝ

Analytical scheme • Finite volume method
Solution Algorithm •' SIMPLE method
Spatial discretisation scheme : Quadratic upstream interpolation of

convective kinematics (QUICK)
Turbulence model • Standard k-e model
Wall boundary condition : Law of the wall

The analytical model is a half model assuming mirror symmetry with respect to the
horizontal plane at the midpoint of the target model. The cell shape is hexahedral
and the total cell number is 242632.
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5. Water flow experiment and analysis

5.1 Experimental results

Fig. 4 shows the vector map of the water velocity under the condition of inlet
flow velocity of 5m/s. The flow velocity at the No. 1 channel inlet is about 3.8m/s,
which is slightly slower than the average velocity at the model inlet, but the flow
velocity at the other channel inlets are faster than the model inlet velocity. The
flow velocity is about 7m/s at the No. 2 channel inlet, and lOm/s at the No. 3 and
the No. 4 channel inlets. The mass flow percentages are ca. 40% in No. 1 channel,
ca. 32% in No. 2 channel, ca. 14% in No. 3 and No. 4 channels. These percentages
were calculated with the inlet velocities of each channel multiplied by the channel
cross sections. As we intended, more than 40% of the whole inlet water was
distributed to No. 1 channel and that increased the flow velocity near the beam
window where the hea t
generation density is the largest.
The cross"flow field was
successfully realized from y
x=0mm to x=450mm where the
volumetric heat generation rate
is high. Although there is a large
recirculation flow in the area
from x=450mm to x=750mm, the
temperature rise in the area
appeared to be modest in the
mercury flow analysis which will
be mentioned later. Part of the
water flow of No. 2 channel
joined with the water flow of No.
1 channel, which made the flow
velocity large at the inlet of No.
8 channel. The separation flows
and small vortices were
generated in the downstream
side of the flow guide plates at
the inlet of No. 7 and No. 8
channels. Because these vortices
are out of the proton beam path,

Fig. 4 Experimental result of the water
flow Field (Inlet velocity : 5m/s)

200 400 600 800 [mm]

Fig. 5 Analytical result of the water
flow Field (Inlet velocity : 5m/s)
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they are not considered to be the cause of
the excessive temperature rise of mercury.

5.2 Analytical result

For the water flow analysis, the
water temperature was set to room
temperature and the water flow velocity at
the inlet of the model was set to 5m/s. The
volumetric heat generation was not
considered.

Experimental result

Analytical result

200 800400 600
x [mm]

Fig. 6 Experimental and analytical
By comparing the analytical result result of the Vy distribution along

of the flow pattern in Fig. 5 with the t h e c e n t e r a x i s (Inlet velocity : 5m/s)
experimental result in Fig. 4, it can be seen
that the flow pattern of the whole flow velocity field of the analytical result
corresponds well to the experimental result. Several characteristic flow patterns
seen in the experimental results are simulated successfully. For example, the large
flow velocity at the inlet of No. 3 and No. 4 channels, also the large flow velocity at
the front end of the flow guide plate of No. 8 channel, the shape of the jet flow
crossing the proton beam path, and the separation flows at the downstream side of
the flow guide plates. The recirculation flow seen in the area over x=450mm is also
simulated well.

Fig. 6 shows the experimental and the analytical results of the y-component
(Vy) distribution of the flow velocity along the center axis (x). The Vy distribution
patterns also show the good correspondence. The Vy value is especially well simulated
quantitatively near the proton beam window where sufficient flow rate is necessary
for the swift cooling of the spallation heat. But the analytical result is about 100%
larger than the experimental result from x=200mm to x=350mm, where the jet flow
from No.3 channel crosses the proton beam path. The reason of this difference is
thought to be the pressure loss increase in No. 3 channel due to the deformation of
the flow guide plates caused by the pressure difference between the flow channels.
In the rear part of the proton beam path, the Vy peak by the jet flow from No. 4
channel at x=400mm and the center of the recirculation flow at x=600mm are also
simulated quantitatively well.

With these results, the present analysis code is considered to be effective to
analyze the fluid flow field of high Reynolds number in the target container.
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6. Mercury flow analysis

As mentioned before, mercury will be used as the target material for the
actual neutron scattering facility, so the flow structure of the mercury in the target
container is what we are most interested in. Using the present analysis code and
the computational model, of which effectiveness was demonstrated in the former
section, we conducted thermal and hydraulic analysis assuming mercury as the
coolant fluid.

6.1 Analytical condition

For the mercury flow analysis, the inlet mercury temperature was set to 50
deg C and the inlet velocity was set to 0.6m/s, l.Om/s, 1.5m/s and 2m/s. The volumetric
heat generation was considered. Although the experimental model was originally
designed assuming the proton energy of 1.5GeV, it has changed to 3GeV in the
present accelerator design. So, the mercury flow analyses was conducted assuming
the proton energy and power of 3GeV and 5MW. The distribution of the volumetric
heat generation rate (Q) in the mercury target used in the analysis is shown in Fig.
7. This was computed by the neutronic code system NMTC/JAERI and is expressed
by the following correlation.

Q = 4233.5*(l.-2.1682*EXP(-0.17587*(x+10.148)))*EXP(-0.061024*(x+12.14))) [MW/m3]

In the mercury flow analysis, the Q value was multiplied by 1.4 to include safety
margin. Fig. 7 shows the multiplied value. The thermal condition at the wall
boundary was set to adiabatic except the
proton beam window wall where the heat
income from the wall was set to 255W/
cm2. The turbulent Prandtl number was
set to 1.5. The physical properties of
mercury were assumed to be constant and
they were set at the temperature of 50 deg
C under the pressure of 0. lMPa as follows:

Proton beam :
3GeV, 5MW

Density : 13472.51 kg/m3

Viscosity : 1.41 x 103 kg/m/K
Specific heat capacity •' 138.5 J/kg/K
Thermal conductivity : 9.36 W/m/K

0 200 400
x [mm]

600 800

Fig. 7 Distribution of the volumetric
heat generation rate including 40%
margin
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6.2 Analytical results

Since the analytical
results of the flow patterns
and the t e m p e r a t u r e
distributions were similar in
all cases, the flow velocity and
the temperature contour
maps in the case of the inlet
velocity of 1.5m/s are shown
in Fig. 8 and Fig. 9 as the
representative case.

The flow field pattern of
mercury shown in Fig. 8 is
almost the same as the water
flow field shown in Fig. 5. The
larger flow velocity near the
proton beam window and the
cross flow in the proton beam
path were also realized in the
mercury flow. The maximum
velocity is 3.7m/s at the inlet
of the number 3 channel.

1.5 m/s

Fig. 8 Analytical result of the mercury
flow field (Inlet velocity '• 1.5m/s)

Max. 527K (254 deg C)

Fig. 9 Analytical result of the mercury
temperature field (Inlet velocity • 1.5m/s)

[deg C]
500

Fig. 9 shows that the mercury
temperature is under 473K (200 deg C) in
most of the flow field. The maximum
temperature is 527K (254 deg C) at the
inner side of the flow guide plate where
the mercury flow from No. 3 channel
impinges and the flow velocity slows.
Looking at the recirculation area in the
rear of the proton beam path, the
temperature rise is modest, 439K (166 deg
C), at the center of the recirculation,
because the heat generation density in the
area is relatively low as shown in Fig. 7,
which is under 100W/cm3 in the 5MW
target system. So this recirculation is not considered to cause the excessive
temperature rise.

- 1300 -

450
0.5 1.0 1.5 2.0

Inlet mercury velocity [m/s]
Fig. 10 Maximum temperature
dependence on the inlet mercury
velocity
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Fig. 10 shows the maximum mercury temperature dependence on the inlet
mercury velocity. As the mercury velocity becomes higher, the spallation heat cooling
would be easier at the sacrifice of the target container lifetime which will be
shortened by target wall erosion. The design criteria for maximum mercury velocity
in the target container will be determined with the trade-off between those two
factors. The lifetime of the target container is set to at least 6 months from the
viewpoint of the irradiation damage. Considering the target wall thickness of 3mm
in the present design, the mercury velocity should be as low as possible. The heat
conduction through the flow guide plate, which was not taken into account in this
analysis, would contribute to the decline of the maximum temperature and it will
lead to the lower mercury velocity in the target. Correlation between the mercury
velocity and the erosion speed needs to be investigated in the material researches.

7. Transient flow (Experimental results)

As shown in Fig. 9, the hot spot was generated at the inner side of the flow
guide plate where the mercury flow velocity slowed. Because the analysis was
conducted under the steady state condition, the temperature field of Fig. 9 is based
on the fixed flow field shown in Fig. 8. Considering that the flow field in the target
container is essentially transient, it is expected that the transient effect might
promote the turbulent heat transfer in the mercury and make the maximum
temperature lower. In order to observe the transient flow field at the hot spot position,
we made the animation with the vector map images of the water flow measured by
the PIV system. 100 images taken at intervals of one second were used for the
animation.

Fig. 11 shows the sequence of the flow field vector map images at intervals of
two seconds. The velocity vectors near the flow guide plate on the right side are not
shown because the flow field could not be measured due to the reflection of the
laser sheet at the surface of the flow guide plate. Although the average flow velocity
is low at the hot spot position, the flow direction and the velocity magnitude of the
instantaneous flow vectors vary greatly. It can be seen in the figure that the flow
velocity at the hot spot is almost zero at 0s, but the stagnant area is swept by the
small vortices and disappears with several second intervals. The influence of the
transient flow on the maximum temperature of mercury will be analyzed in future
work.
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Os 2s 4s

6s 8s 10s

12s 14s 16s

18s 20s 22s

Fig. 11 Sequence of the instantaneous water flow fields at the
hot spot position measured by PIV
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8. Concluding remarks

The average water flow behavior in the mock-up model of the cross-flow type
mercury target was studied experimentally at room temperature using the PIV
technique. The water flow analyses were also conducted with the general
computational fluid dynamics code, STAR-CD, and the experimental results were
compared with the analytical results to evaluate the effectiveness of the present
computational model and the code system. Then, the mercury flow field and the
temperature distribution in the target container were analyzed assuming the proton
beam energy and power of 3GeV and 5MW. The obtained results are summarized
as follows •

(1) It was confirmed in the water experiment that the cross flow, which is the
characteristic of the cross flow type target, could be realized in most of the proton
beam path area where the removal of the high density heat is important.

(2) Using the standard k-£ model and the high-order discretisation scheme (QUICK),
the water flow field in the target container was analyzed and the analytical
result showed good correspondence to the experimental result. With this, the
effectiveness of the present analysis code to simulate the liquid flow field in the
target container was demonstrated.

(3) Using the same computational model and the analytical scheme as those for
water flow analysis, the mercury flow field in the target container was analyzed.
The analytical result showed that the cross-flow field of mercury could be attained
in the former part of the proton beam path where the heat load by the spallation
reaction is large.

(4) The recirculation flow seen in the rear of the proton beam path is considered to
cause no excessive temperature rise.
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Abstract

The design of a MW-class spallation target system using a mercury target is in progress, in

order to produce a practical neutron application while keeping to the highest levels of safety.

To establish the safety of the spallation target system, it is important to comprehend the

thermal-hydraulic properties of mercury. From thermal-hydraulic experiments by using the

mercury experimental loop of 20L/min at maximum, the wall friction factor was relatively

larger than the Blasius correlation because of effects of wall roughness and the heat transfer

coefficients agreed well with the Subbotin correlation. Also for a proton beam window

working as a safety barrier between a proton beam line and the target system, high heat

removal performance is required to keep structural integrity of the window. Heat transfer

experiments were carried out using a rib-roughened narrow rectangular channel under water

flowing condition. Heat transfer coefficients obtained by the experiments were about two

times higher than those of a smooth channel.

1. Introduction

In the Joint Project of High-Intensity Proton Accelerator (I), a next generation neutron

source is being developed to utilize high intensity neutrons for using in the fundamental

sciences and nuclear engineering fields. Mercury will be used as the target material of

MW-class target for JAERI/KEK joint project. A proton beam window, which acts as a

boundary between vacuum in the proton beam line and the mercury target system as well as

that in a safety hull which will protect mercury spreading in target vessel in case of the target
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vessel failure, will be cool down by water flowing through narrow channels. The coolability in

the mercury target and beam windows of the proton beam window and the safety hull are

important to design the target system in order to keep their structural integrity. But heat

transfer coefficient and pressure loss characteristics with mercury flow or heat transfer

coefficient and CHF with water in narrow channel with micro-ribs are not well known. In

previous research, heat transfer coefficients of liquid metal including mercury were

experimentally measured, but detail conditions of these experiments are not clear today. Also

experiments of heat transfer coefficients, the CHF and the friction factor with water in

micro-rib roughened narrow rectangular channel are very scarce. Therefore we planed to

clarify the heat transfer coefficients of mercury in circular tube and water in micro-rib

roughened narrow rectangular channel, in order to develop the mercury target system.

This paper presents experimental results on the heat transfer obtained by using mercury

experimental loop and a water loop with micro-rib roughened narrow rectangular channel

2. Heat Transfer Experiments with Mercury

2.1 Schematics of Mercury Experimental Loop

Figure 2.1 shows the mercury

experimental loop of JAERI. The loop

consists of a heated test section, an

expansion pot, an electro-magnetic

pump, a gear pump, an

electro-magnetic flow meter and a heat

exchanger. Piping size is 25A-Sch80

(inner diameter is 25mm). Figure 2.2

shows a schematic drawing of the

mercury loop. Heated test section is

circular tube of 15A-Sch80 (inner

diameter is 14.3mm) and 1000 mm

length (heated length is 600mm). The

expansion pot is pressurized by argon

gas to keep constant pressure in the

loop. Two pumps are installed in

parallel to use independently. Elevation

change is about 1.5m and total piping

length of the loop is about llm.

Inventory of mercury is about 30 little

at maximum. All components are made

Fig. 2.1 Outer View of the Mercury
Experimental Loop.

Heat Exchanger
. :Piping ; 25A ;

Electro-MagnetiCL ;

Fig. 2.2 Schematic of the Mercury
Experimental Loop.
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of SUS316 stainless. To protect the

leakage of mercury and its vapor,

acryl plates cover this loop, and

charcoal filter is installed in an

exhaust system.

Specifications of the mercury

experimental loop are as follows;
Pressure
Introduce i—-
Nozzle 1-4

i

Flow Rate
: 15 little/min (2.5 X10"4

by

m3/s)

Electro-Magnetic Pump

20 little/min (3.3X10"

by
Inventory

Material

Pressure

Gear Pump

: Max

At testing

: SUS316

0.5MPa

At

0.4MPa

*m3/s)

30 little

20 little

Max

testing

Fig. 2.3 Schematic drawing of the Test Section.

Figure 2.4 outer View of the Test Section.
Figure 2.3 shows a schematic

drawing of the heated test section, and figure 2.4 shows outer view. The test section is a

stainless steel tube covered with heater block of 4.5 kW. 32 thermocouples are installed on the

stainless steel tube surface. Two thermocouples are inserted into the tube to measure inlet and

outlet mercury temperature. Pressure loss was also measured in the distance of 640mm

including the heated region.

2.2 Experimental Condition

The experimental conditions are as follows.

Flow Rate

Velocity

Pressure

Inlet Temperature

:0
8

:0

"•-10 little/min (Electro-Magnetic
.5 ~ 20 little/min (Gear Pump)

^ 2m/s

.4MPa

•~40°C

Pump)

- 1 3 0 6
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Surface temperature inside of the stainless steel tube is calculated by using one dimensional

heat conduction equation under a steady-state condition. Mercury temperature at the test

section inlet was several degrees higher when the using electro-magnetic pump, since the

mercury was heated by a magnet coil.

2.3 Experimental Results

Figure 2.5 shows the relationship between friction factor and Reynolds number. The Blasius

correlation is also shown in Fig.2.5. In the case of about l.Om/s of the mercury velocity, the

pressure drop reaches about 9000 Pa, which is about 80% higher than that estimated by the

Blasius correlation. In turbulent flow region as shown in the figure, experimental data are

about 50 ~ 80 % higher than the Blasius correlation. This would be caused by relatively

large wall roughness. However, friction factors obtained by a machined test section agreed

well with the Blasius correlation(2), which carried out during commissioning test of the loop.

Figure 2.6 shows the relationship between the Nusselt number and Peclet number. The

Peclet number is product of the Reynolds number and the Prandtl number (Pe=Re X Pr). In this

figure, the previous experimental results and following correlations^ are also shown.

Martinelli-Lyon correlation (1949)

Nu = 7 + 0.025Pe08 (1)

Subbotin Correlation (1962)

Nu =5 + 0M5Pe°8 (2)
Lubarsky and Kaufman correlation (1955)

Nu = 0.625Pe0A (3)

SNS Design correlation by Siman-Tov et al.(3) (1997)

Nu = O.6S5Peomm (4)

Our experimental results agreed well with the Subbotin, and were expressed as follows.

Nu =0.5603Pe04475 (5)

For example, the heat transfer coefficient is about 3500 W/m2-K obtained under the the

lowest mercury velocity (about 0.05m/sec). And the heat transfer coefficient about 18000

W/m2 • K under the condition of the mercury velocity of 2.0m/s.

We will accumulate more experimental data to improve above correlations.
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0.01

1.0E+Q3

—-Blasius
0.316*Re~0-25

64/Re

<t> Experimental Data

1.0E+04 1.0E+0S 1.0E+O6

Re(-)

Figure 2.5 Relationship between Friction factor and Reynolds number.
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D Johnson 3

. MacDonald

Ampleyev

, Petukhov
Subbotin formula

Martinelli-tyon formula

W i f
W

Ignore the turbulence diffusion in
Martinelli-Lyon (Nu=7.0)
Molecular heat conductivity in
turbulence (Nu~6.6)

— — Laminar flow (Nu=4.36)

*"»™ '^"Approximately value with natural
convection (Nu=5.0)
Lubarsky and Kaufman

•"""' •"• SNS Design correlation

•*••"** " SNS Design correlation for non-
wetting

—— Dittus-BoelteKPr=0.021)

10 100 1000 10000 100000

Pe (Peclet Number)

Figure 2.6 Relationship between Nusselt number and Peclet number with Previous Experimental

Data and Correlations.
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3. Heat Transfer Experiments with Water in Rib-Roughened Narrow Rectangular
Channel

3.1 Experimental Facility

N2GAS •

COOLING
WATER

,SURGE
TANK

HEAT
/EXCHANGER

(180 kW)

MASS
FLOW METER,

PURIFICATION
TANK ~ \ .

ELECTRODES

SECTION

—FLOW
CHANNEL

HEATER

ELECTRODES

Figure 3.1 shows a schematic

diagram of the CHF test loop. The test

loop is composed of a heat exchanger, a

re-circulation line, pumps, a mass flow

meter and a test section with the narrow

rectangular channel in it. Water is used

as the coolant in these experiments.

The heat exchanger installed in the loop

has a heat removal capacity up to 180

kW and about 0.1 m3 in volume for

primary coolant. During experiments,

the inlet temperature of coolant will be

kept by using the heat exchanger and the inlet pressure will be kept by using a surge tank.

Pressure is controlled by pressurized N2 gas. Either upward or downward flow can be selected

by using stop valves.

The test section has lower and upper plenums as shown in Fig.3.2. Figure 3.3 shows a

schematic of test section. The configuration of the rectangular flow channel is 1.2 mm in water

gap, 18 mm in width and 204 mm in length. The coolant is heated from both sides by a heater

with a smooth surface and a heater with micro-ribs with rib-pitch (p) to rib-height (k) ratio p/k

Figure 3.1 Schematic diagram of CHF test loop.

Spring Coil

Window

• Plentra

Insulator Heater
'eflop) BrctKl 600

- (,2mm

Sids View of Cross
Section of Row Area

11.2mm I

b

J 02rmi

I i

Row Direction

Figure 3.2 Outer view of CHF
test section.

Figure 3.3 Schematic drawing of the CHF test section.
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=10. One side heating by each of heaters can also be selected. The dimensions of micro-ribs

are 0.2 mm in rib-height (k), 0.2 mm in rib-width and 2.0 mm in rib-pitch (p). The

dimensions of the heaters are 8 mm in width and 100 mm in length. Both heaters are made

of Inconel 600 and heated by a direct current up to 24 MW/m2 by using a DC power supply. A

test section without micro-ribs will also be used to understand the effect of micro-ribs on CHF.

Major parameters in this experiments are heat input, flow rate of water, inlet coolant

temperature, the presence/absence of micro-ribs and one/both side(s) heating. The experiment

will cover a velocity range of 0.1 to 6 m/s for upward flow.

Specifications of these facilities are as follows.

DC Power source : ~ 42 kW (20V X 2100A)

Flow Rate : —12.0 kg/sec

Heater Material : Inconel 600

Heated Length : 100mm

Pressure : ~0.5 MPa (abs.)

3.2 Experimental Condition

The Experimental conditions are as follows.

Heater Power : 21 kW (each side heating)

Heat flux : ~ 3.6 MW/m2 (Maximum ; 24 MW/m2)

Velocity at test section : 1.4 ~ 6.0m/s

Test section outlet pressure : about 0.4 MPa

Inlet temperature : about 25°C

3.3 Experimental Results of Friction Factor, Heat Transfer Coefficient and CHF

Single phase forced convection heat transfer coefficients and friction factors were measured

before CHF experiments to verify the test section design by comparing with existing

experimental results obtained for channels with micro-ribs. During heat transfer experiments,

the coolant was heated from the heater with micro-ribs (one side heating) and the coolant

velocity was changed from 1.4 to 6.0 m/s (Re =3500 to 14600), while the inlet coolant

temperature was kept almost constant of 25.0 to 25.8 °C.

Figure 3.4 shows friction factors measured in this study for Re larger than 3000. The solid

bold line through the data points is the least-square fit shown as follows.
/ = 0.110 -Re'0A6 (6)

In Fig.3.4, the following correlation obtained for a micro-ribbed channel with p/k =10 by

Takase and Hino(5) and the Blasius correlation for smooth surfaces are also shown.
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/ = 0.1222 -Re-°U1 (7)

Measured friction factors are about 186 to 234% higher than the friction factors estimated

by the Blasius correlation and -19 to -21 % lower than those estimated by Eq.(7). As shown

in Fig.3.4, present results show good agreement with the existing correlation of Eq.(7)

allowing the error of about 20%.

Figure 3.5 shows the relationship between Nusselt number and Reynolds number for

upward flow under single-phase forced convection where Re larger than 3500 obtained in this

study. Heat losses from the test section were evaluated to be less than 5% during the

experiments. Experimental results can be correlated well by the following correlation.

Mi = 0.0755 -.Re0-740 -Pr04 (8)

In Fig.3.5, the following heat transfer correlation obtained for a micro-ribbed channel with

p/k =10 by Takase and Hino(5) and the Dittus-Boelter correlation are also shown.

Nu = 0 . 0 8 4 4 - R e o m -Pr04 ( 9 )

Heat transfer coefficients obtained in this study are 63 to 148% (on the average 92%)

higher than those estimated by the Dittus-Boelter correlation and -21 to 18 % (on the average

-8%) lower/higher than those estimated by Eq.(9). As shown in Fig.3.5, Eq.(9) gives good

prediction within the error of-21 to 18%.

From the above results, it can be concluded that the heat transfer and friction loss

characteristics obtained for the test section used in this study were consistent with the existing

experimental results.

Figure 3.6 shows the CHF experimental result, and CHF predicted by Sudo correlation(6)

and CHF predicted by Sudo model(7) for the test section investigated in this study heated from

one side. During the CHF experiment, the coolant was heated from the heater with micro-ribs

and the heat flux of the heater increased step-wisely until any of thermocouples attached on

the back surface of the heater detects the CHF. Only one thermocouple located near the exit

(Z^=90mm) was connected to the CHF detection system, which can shut off the DC power

supply. In the experiment, CHF was occurred at the location of Z/,= 75 mm, therefore when the

CHF detection system detected CHF, it was too late to prevent the burnout of the heater as

shown in Fig.3.7. CHF was occurred under following conditions.

v=1.38m/s, ATsmin=n.5°C, &TSUBo =49.1 °C and 9c//F=3.58 MW/m2.

The CHF predicted by Sudo correlation and Sudo model increase with an increase of

coolant velocity for both cases. Sudo correlation gives higher CHF than Sudo model in this

case. CHF data obtained in this study agreed well with Sudo model, even the model was

obtained for a channel without micro-ribs. At present, only one data was obtained and it is

difficult to conclude the CHF for the channels with micro-ribs. More CHF data will have to be

accumulated to understand the CHF.
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4. Concluding Remarks

Thermal Hydraulic experiments with mercury and Heat transfer experiments with water in

rib-roughened narrow rectangular channel are conducted, and conclusion obtained by these

experiments are as follows;

1. Pressure drop is much larger than the Blasius correlation because wall roughness is

relatively large.

2. Heat transfer coefficients agreed well with the Subbotin correlation. And the data are

expressed as follows.

Nu =0.5603Pe04475

3. Friction factor with water in rib-roughened narrow rectangular channel is about 200%

higher than those by the Blasius Correlation.

4. Heat transfer coefficients with water in rib-roughened narrow rectangular channel is

about two times as those by the Dittus-Boelter Correlation.

5. Only one CHF data was obtained and it is difficult to conclude the CHF for the channels

with micro-ribs. Then more CHF data will have to be accumulated to know the CHF

characteristics in tube with micro-rib.

Based on these results, we will conduct much more experiments and use the experimental

data for detail analyses and design of mercury target and proton beam window
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Abstract

The temperature responses of major points in a mercury target cooling
system and in a cold moderator system of JKJ were simulated by the analytical
code MATLAB (SIMULINK).

As a result, it was made clear that non-control of mercury temperature is
the best way to control the mercury target cooling system. If the mercury
temperature of the system is controlled by the PID control system using an outlet
temperature of heat exchanger, the PID control system shows the characteristics
of an on-off control system, and the temperature cannot be controlled.

Analytical results also showed that mercury temperature remained below
the boiling point of 356°C under O.lMPa during a transient at one cooling pump
trip.

Analytical results for the cold moderator system showed that the outlet
temperature of cold moderator vessels could be kept within a temperature range
of Ik during steady-state conditions.

1. Introduction

In a mercury target cooling system, the temperature of the mercury rises
due to spallation reaction between the proton beam and the mercury. It is
necessary to keep the mercury temperature in the system below the boiling point
in order to maintain system safety during normal operation, as well as during
both transients and accidents.

In a cold moderator system, the temperature of the liquid hydrogen rises
through high-energy neutron heating. When the temperature of liquid hydrogen
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rises, the performance of its neutronic characteristics deteriorates.
Therefore, it is important to understand temperature response in the

mercury target cooling system and in the cold moderator system. In the current
operation plan for the proton beam induced from the accelerator in the facility,
after 80 pulses appear in the frequency of 25 Hz, 4 pulses will be lost at the target
in order to deliver these pulses to the 50GeV proton synchrotron.

The temperature responses of major points in the mercury target cooling
and in the cold moderator systems were simulated by the analytical code
MATLAB (SIMULINK) for both normal operation and operational transient
conditions.

As a result, it was made clear that the mercury temperature never reached
the boiling point in the target cooling system during operational transient
conditions, and non-control of mercury temperature was the best way to control
the system. If the mercury temperature of the system is controlled by the PID
control system using an outlet temperature of heat exchanger, the PID control
system shows the characteristics of an on-off control system, and the temperature
cannot be controlled.

Analytical results for the cold moderator system showed that the outlet
temperature of the cold moderator vessels could be kept within a temperature
range of Ik during steadystate conditions without temperature control.

2. System description and analytical model

2.1 System Description
The system diagram of the mercury target cooling is shown in Fig. 2.1.1.

The mercury target cooling system consists of three sub-systems! a primary
mercury loop! a secondary water loop! and a tertiary water loop. During normal
operation condition, two circulation pumps are operated at 50 % capacity in each
sub-system.

The system diagram of the cold moderator is shown in Fig. 2.1.2.
Supercritical hydrogen is refrigerated by a helium chiller and three units of cold
moderator vessels are cooled in series. A multiplex pipe of helium, vacuum and
hydrogen is used near the entrance of the cold moderator vessels.

2.2 Analytical Model
An analytical model based on the relations of each temperature was

developed for the mercury target cooling system, including the transfer function of
each heat exchanger, the delay time of the fluid and the transfer function of the
expansion tank.

The following operating conditions can be analyzed by the analytical model;
normal operation; proton beam off; one or both primary mercury circulation pump
unit(s) trip! one or both secondary and tertiary water circulation pump unit(s)
trip; and temperature responses of primary and secondary cooling system due to
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cooling tower outlet temperature or cooling capacity changes.
In the analytical model of the cold moderator system, the following items

were considered; the transfer function including the multiplex pipe! the helium
chiller and gas separation or expansion tank; time delay of the fluid! the radiation
heat from the surface of liquid hydrogen pipe; and the neutron irradiation heating
at cold moderator vessels and pipe near the cold moderator vessels. The following
operating conditions can be analyzed by the model; normal operation; proton
beam off; one or both liquid hydrogen circulation pump unit(s) trip! and
temperature responses due to helium chiller unit capacity changes.

The analytical model can simulate two proton beam operation cases; proton
beam off periodically', and random proton beam off around every three seconds.

3. Simulation result

3.1 Start-up period
In normal operation, the proton beam is injected into the target as shown in

Fig. 3.1.1. The time response of the target vessel inlet temperature is shown in Fig.
3.1.2 during the start-up period. The target vessel inlet temperature rises about
27°C due to spallation reaction, and 1,550 seconds after the beginning of the
proton beam injection, the mercury temperature reaches 95% of its final value. In
this case, the period of the pulse loss of the proton beam is the only dominant
parameter that affects mercury temperature rise inside the target vessel. After
target vessel outlet mercury temperature reaches the steady-state condition, it
changes from 48°C to 73°C (temperature difference 25°C) periodically, which is
shown in Fig. 3.1.3. On the other hand, the target vessel inlet mercury
temperature change is restricted to fluctuation of 1°C by the time lag of the first
order element of the expansion tank installed in the system.

The liquid hydrogen temperature response of the cold moderator vessels
during the start-up period is shown in Fig. 3.1.4. After reaching the steady-state
condition, the temperature of liquid hydrogen in cold moderator vessels can be
kept within the temperature range of 20.0 + 0.4K, 20.9 + 0.4K, 21.7 + 0.4K for the
first, second and third moderator vessels respectively, at the outlet of each vessel.

The temperature responses in case of the random proton beam off around
every three seconds are shown in Fig. 3.1.5 and 3.1.6.

3.2 Proton beam off
In this analysis, it was assumed that the proton beam was shut off during

steady-state operation as shown Fig. 3.2.1. The response of the target vessel inlet
mercury temperature during the transient is shown in Fig. 3.2.2. Heat generation
in the target vessel stops with the shut off of the proton beam, and mercury
temperature drops 10°C about 160 seconds after the proton beam off.

The response of liquid hydrogen temperature of cold moderator vessels in
this transient is shown in Fig. 3.2.3.
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The temperature responses in case of the random proton beam off around
every three seconds are also shown in Fig. 3.2.4 and 3.2.5.

3.3 One primary mercury circulation pump unit trip
The responses of the mercury temperatures are shown in Fig. 3.3.1 and Fig.

3.3.2 for target vessel inlet and outlet, for the case of one pump unit being tripped
in the mercury loop. The highest mercury temperature during the transient was
calculated to be less than 130°C, and it is far less than the boiling point (356°C) of
mercury. Therefore, there is no need to send a proton beam trip signal from the
viewpoint of mercury boiling prevention.

The temperature responses for the case of random proton beam off around
every three seconds with one pump unit trip are also shown in Fig. 3.3.3 and 3.3.4.

3.4 One liquid hydrogen circulation pump unit trip
The response of liquid hydrogen temperature in the cold moderator is

shown in Fig. 3.4.1 for the case of one pump unit in the liquid hydrogen loop. In
this case, the base temperature of liquid hydrogen rises 6.5K, and the
temperature change width also increases, from 0.8K to 1.6K.

3.5 One secondary or tertiary water circulation pump unit trip
The responses of the target vessel inlet mercury temperature are shown in

Fig. 3.5.1 and 3.5.2 for the cases of one pump unit being tripped in either the
secondary or tertiary water circulation loop. Because the highest mercury
temperature was calculated to be less than 90°C in each case, there is no need to
send a proton beam trip signal from the viewpoint of mercury boiling prevention.

The temperature responses for the case of random proton beam off around
every three seconds are shown in Fig. 3.5.3 and 3.5.4.

3.6 Cooling tower temperature change
The response of the target vessel inlet mercury temperature is shown in Fig.

3.6.1. In this transient, ±5°C temperature change was assumed at the cooling
tower outlet, as shown in Fig. 3.6.2. When the temperature of the cooling tower
changes with low frequency, the mercury temperature simply follows suit, and a
±5°C temperature change effects a similar change of temperature in the mercury
system.

3.7 Variation of helium chiller inlet helium temperature change
The response of liquid hydrogen temperature is shown in Fig. 3.7.1 for the

case of helium temperature increasing Ik at the helium chiller inlet, as shown in
Fig. 3.7.2. Liquid hydrogen temperature follows the change in temperature of the
helium chiller, and base temperature of liquid hydrogen increases IK.

3.8 Temperature control
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The response of the PID controller output signal (MV value) of the mercury
temperature control system is shown in Fig. 3.8.1, and the response of the target
vessel inlet mercury temperature is shown in Fig. 3.8.2. In this case, the
secondary coolant flow rate was controlled in order to keep constant temperature
at the primary heat exchanger outlet. PID parameters used in the calculation are
3 for the P value, 0 for the I value, 0 for the D value, and 60°C for the set point. As
shown in Fig. 3.8.2, it is impossible to control the mercury temperature. The PID
control system shows the characteristics of an on-off control system. It shows the
same action even if PID values are varied, because heat input changes as much as
650kW and the change in the width of the beam power cannot be controlled.

4. Concluding remarks

The temperature responses of major points in the mercury target cooling
system and in the cold moderator system during normal operation and during
operational transient conditions were simulated by using MATLAB. As a result, it
was made clear that non-control of mercury temperature was the best way to
control the mercury target cooling system. Analytical results also showed that the
mercury temperature remained below the boiling point of 356°C under O.lMPa
during a transient at one cooling pump trip.

Analytical results for the cold moderator system showed that the outlet
temperature of cold moderator vessels could be kept within the temperature range
of Ik during steady-state condition.
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Abstract

The material Zircaloy 4 can be used for the pressure retaining wails for the cold and
hot neutron sources and beam tubes. For the research reactor FRM-ll of the
Technical University Munich, Germany, the material Zircaloy 4 were chosen for the
vessels of the cold and hot neutron source and for the beam tube No. 6.

The sheets and forgings of Zircaloy 4 were examinated in the temperature range
between -256 °C and 250 °C. The thickness of the sheets are 3, 4, 5 and 10 mm, the
maximum diameter of the forgings was 560 mm. This great forging diameters are not
be treated in the ASTM rule B 351 for nuclear material, so a special approval with
independent experts was necessary. The requirements for the material examinations
were specified in a material specification and material test sheets which based on the
ASTM rules B 351 and B 352 with additional restriction and additional requirements
of the basic safety concept for nuclear power plants in Germany, which was take into
consideration in the nuclear licensing procedure. Charpy-V samples were carried out
in the temperature range between -256 °C and 150 °C to get more information on
the ductile behaviour of the Zircaloy 4.
The results of the sheet examination confirm the requirements of the specifications,
the results of the forging examination in the tangential testing direction are lower than
specified and expected for the tensile strength. The axial and transverse values
confirm the specification requirements.

For the strength calculation of the pressure retaining wall a reduced material value
for the forgings has to take into consideration.

The material behaviour of Zircaloy 4 under irradiation up to a fluence of ~ 1 • 102z

n/cm2 was investigated. The loss of ductility was determined. As an additional criteria
the variation of the fracture toughness was studies.
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Fracture mechanic calculations of the material were carried out in the licensing
procedure with the focus to fulfill the leak before rupture criteria of the vessel wall.
The results shows a good material behaviour against specified cracks in the
unirradiated and irradiated material condition.

Fatigue analysis curves were determined under consideration of the material test
data and the influence of the irradiation fluence up to 1 • 1022 n/cm2.
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1. Introduction

For the cold and hot neutron sources and the beam tube No. 6 of the research
reactor FRM-II, the material Zircaloy 4 were used for the pressure retaining
walls. The constructional dimensions of the components are for the

hot source
inpile part (outer vessel)
0a i = 289 mm 0n = 283 mm Si = 3 mm U - 709 mm

inpile part (outer tubes)
0a2 = 74 mm 0,2 = 68 mm s2 = 3 mm l2 = 1440 mm
0a3 = 86 mm 0j3 = 80 mm s3 = 3 mm l3 = 3282 mm

inpile part (inner vessel)
034 = 283 mm 0 i 4 = 277 mm s4 = 3 mm l4 = 720 mm

inpile part (inner tubes)
0a5 = 66 mm 0 i 5 = 60 mm s5 = 3 mm l5 = 4806 mm

cold source (vacuum vessel)
bottom part
0 a = 319,5 mm 0 j= 311,5 mm s = 4mm I = 503 mm

top part
0a i = 14Omm 0j=134mm s = 3mm 1=1476 mm
0a 2 - 230 mm 0j = 224 mm s = 3 mm I = 286 mm
033 = 402 mm 0\ = 394 mm s = 4 mm I = 892 mm
0a4 = 540 mm (flange part) I = 80 mm

beam tube
0 a i = 265mm 0j i = 255mm s=5mm 1=1030 mm
0a2=163mm 0,2= 155 mm s = 4mm 1=1508 mm
0a 3 = 27Omm (flange part) I = 90 mm
0 a 4 = 400 mm (flange part) I = 135 mm

For manufacturing of these parts the following semi-finished product were
ordered:

sheets: 21 pieces with 3 mm thickness
sheets: 17 pieces with 4 mm thickness
sheets: 2 pieces with 5 mm thickness
sheets: 5 pieces with 10 mm thickness

forgings: 21 pieces (plates, rings, rods) with 0 a up to 370 for plates,
0 a = 550 mm , 0 j = 384 mm for rings and 0 a = 125 mm for rods
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2. Material specification

The requirements for the semi-finished product were fixed in the material
specification [1] and the material test sheets [2], [3]. The material specification
and material test sheets based on the ASTM rules B 351-92 /5/ and B 352-92
[4]. In the chemical analysis the composition of the element hydrogen (H),
carbon (C), oxygen (O) were restricted to H < 20 ppm, C <_200 ppm, O = 900-
1400 ppm.

Further the elements Pb, Ca, Cl, Na, Nb, P, S, Ti, V were measured.
The requirements for the mechanical properties of the annealed condition in the
longitudinal and transverse testdirection for the tensile strength, the yield
strength and elongation for the sheets are identical with the values in [4].

The requirements for the mechanical properties for the forgings based in the
longitudinal direction on the values of [5]. For the transverse or tangentional
direction at room temperature (RT) the values for the tensile strength, yield
strength and elongation, which were not specified in [5], the same values from
the longitudinal direction were used for acceptance values. At higher tempera-
ture no acceptance values were further fixed, these values shall be fixed within
approval of the material with the independent experts.

For the charpy-V-test the lowest single values at RT was fixed for acceptance of
> 24 J/cm2.
The following tests were specified in the material test sheet.

1. Chemical analysis at the ingot and the semi-finished products
2. Tensile Tests at RT and Designtemperature
3. Charpy-V-Tests at RT
4. Charpy-V-Tests in the temperature range between -256 °C and +150 °C
5. Bend test for plates
6. Corrosion tests
7. Metallographic Tests (Type of Microstructure, Cleanliness, Grain Size)
8. Hardness Tests
9. Ultrasonic Tests
10. Dimensional Control
11. Roughness Tests
12. Visual Inspection

These tests were part of the inspection and test manual of the manufacturer.

The material specification [3] and the material test sheets [4], [5] contains the
requirements of the basic safety concept for nuclear power plants in Germany,
which was take into consideration in the nuclear liscensing procedure. The
material specification and the material test sheets were approved by the
independent experts.
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For the sheets the number of tests were fixed per lot, where a lot contains 5
sheets, for the forgings the lot was specified per 500 kg.

Additionally to the material test sheet examination further material testing occur
within the individual expert analysis and opinion report.

The following additional testings were carry out for the sheets:

For thickness 4 mm
- 2 transverse tensile test at room temperature at each end of each master

strip
- 2 transverse bend test at each of each master strip
- 1 longitudinal + 1 transverse tensile test at 288 °C at one end of each

master strip

For thickness 10 mm
- 1 longitudinal + 1 transverse tensile test at 288 °C at one end of each

master strip
- 2 transverse tensile test at room temperature at each end of each master

strip

Further for the 10 mm thickness Charpy-V-tests at the temperatures 150 °C,
RT, -196 °C, -256 °C in the longitudinal and transverse direction were tested.

For the forgings are carry out material testings for tensile tests and Charpy-V-
tests near these surface, at d/4 and d/2 of the forging diameter to check the
forging ratio in the tangentional and axial direction. Further tensile and Charpy-
V-tests are carry out for different testing directions and temperatures. The
material testing and samples plans for forging-dimension are explained in figure
1 and 2.
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Samples corresponding material test sheet

1. Chemical analysis

2. Tensile test at Roomtemperature (RT)

3. Tensile test at Design temperature

4. Charpy-Vtest

5. Charpy-V test for toughness curve,

temperatures-196 'C, -20°C, +150 *C

6. Corrosion test

7. Metallographic test

8. Hardness test 3 x

Additional Samples corresponding expert approval

9. Charpy-V test at 180*

10. Charpy-V test at -256 *C

11. Tensile test, RT

12. Tensile test, axial

13. Tensile test, tangential at 288 °C

14. Tensile test, axial at 288 *C

Figure 1: Material Testing- and Sampling Plan
Forging dimension 560 / 374 mm rd. x 120
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Samples corresponding material test sheet

1. Chemical analysis

2. Tensile test at RT

3. Tensile test at DT

4. Charpy-V test at RT

5. Charpy-V test

6. Corrosion test

7. Metallographic test

8. Hardness test 3 x

Additional Samples corresponding expert approval

9. Charpy-V test, tangential at RT

10. Charpy-V test, tangential D/4 at RT

11. Charpy-V test, tangential D/2 at RT

12. Charpy-V test, axial D/4 at RT

13. Charpy-V test, tangential at -256 *C

14. Tensile test, tangential at RT

15. Tensile test tangential D/4 at RT

16. Tensile test, tangential D/4 at RT

17. Tensile test, axial D/4 at RT

18. Tensile test, tangential at 288 'C

19. Tensile test, axial at 288 *C

Figure 2: Material Testing- and Sampling Plan
Forging dimension 342 mm rd. x 200
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3. Material delivery

The production of the Zircaloy 4 were fixed from the manifacturer in a special
process flow outline. This process flow outline has fixed the fabrication process
from the preparing of the electrodes with the sponge, the alloying elements
and/or recycled material to the ingot and slab preparation and final production of
the plates and forgings.
The ingot production for the plates and the final production of the plates take
place in a french company, the final production of the forgings takes place in a
german company.

- 1335 -



JAERl-Conf 2001-002

4. Test results of the sheets

4.1 Chemical composition

The chemical composition on finished product are within the specification.

ELEMENTS

Specification

Results
(3 mm)
Strip Nr. 21.1
Strip Nr. 21.2

Results
(4 mm)
Strip Nr. 11.1
Strip Nr. 11.2

Results
(5 mm)
Strip Nr. 12.1
Strip Nr. 12.2

Results
(10 mm)
Strip Nr. 35.1
Strip Nr. 36.1

NITROGEN

< 80 ppm

29
25

28
30

23
25

29
27

HYDROGEN

< 25 ppm

9
9

9
10

9
13

9
9

OXYGEN

900-1400
ppm

1220
1210

1210
1180

1200
1220

1190
1220

THIN

1.20 to 1.70
%

1.32
1.31

1.34
1.32

1.32
1.32

1.54
1.53

IRON

0.18 to 0.24
%

0.21
0.21

0.21
0.21

0.21
0.21

0.21
0.21

CHROMIUM

0.07 to 0.13
%

0.11
0.11

0.10
0.10

0.10
0.10

0.11
0.11

IRON +
CHROMIUM

0.28 to 0.37
%

0.32
0.32

0.31
0.31

0.31
0.31

0.32
0.32

4.2 Mechanical Properties

The results of the mechanical properties for the tensile tests are shown in table
1, 2, 3, 4, 5. The results are higher than specified. The values of the uniform
elongation are between 8,75 % an 13,5 %.

AT ROOM TEMPERATURE

Direction

Specified

Strip Nr. 21.1

Strip Nr. 11.1

Strip Nr. 12.2

Strip Nr. 35.1

Ultimate Tensile
(N/mml)

L

>400

503

502

496

518

T

>386

478

479

469

495

0,2 %
Strength

L

>241

337

353

332

344

Yield
(N/mm2)

T

>303

429

427

411

451

Elongation
(%)

L

>25

30

31

29

27

T

>25

31

30

31

32

Area reduction
when breaking (%)

L T

for information purpose

52

51

52

43

62

60

58

56

Table 1: Mechanical properties at RT
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AT15O°C

Direction

Specified
Strip Nr. 21.1

Strip Nr. 11.1

Strip Nr. 12.2

Strip Nr. 35.1

Ultimate Tensile
(N/mm2)

L T

0,2 % Yield
Strength (N/mm2)

L T

Elongation
(%)

L T

Area reduction
when breaking (%)

L T
for information purpose

358

360

376

378

317

328
310

330

235

226

213

232

270

277

251

300

41

42

44

37

48

47

47

44

64

62

63

51

71
71
86

66

Table 2: Mechanical properties at 150 °C

AT 250 °C

Direction

Specified
Strip Nr. 21.1

Strip Nr. 11.1

Strip Nr. 12.2

Strip Nr. 35.1

Ultimate Tensile
(N/mm2)

L T

0,2 % Yield
Strength (N/mm2)

L T

Elongation
(%)

L T

Area reduction
when breaking (%)

L T

for information purpose

272

270

261

283

244

235

234

250

147

144

130

154

173

172

158

197

46

42

42

40

48

45

49

43

68

66

64

62

79

75

74

72

Table 3: Mechanical properties at 250 °C

Direction

Specified
Strip 11.1
Top

Strip 11.1
Bottom

Strip 11.2
Top

Strip 11.2
Bottom

Strip 11.3
Top

Strip 11.3
Bottom

Strip 35.1
Top

Strip 35.1
Bottom

Strip 36.1
Top

Strip 36.1
Bottom

Ultimate Tensile
(N/mm2)

T

>386
474

474

473

474

462

462

494

492

499

492

0,2 % Yield
Strength (N/mm2)

T

>303

425

428

422

425

412

415

453

450

459

450

Elongation
(%)

T

>25

31

32

32

32

33

32

30

28

30

31

Area reduction
when breaking (%)

T

for information purpose

59

61

61

59

62

61

56

56

53

54

Table 4: Mechanical properties for additional testing at RT
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Direction

Specified

Strip Nr. 11.1

Strip Nr. 11.2

Strip Nr. 11.3

Strip Nr. 36.1

Ultimate Tensile
(N/mm2)

L

>186

253

247

244

248

T

> 179

222

220

215

227

0,2 % Yield
Strength (N/mm2)

L

> 103

126

138

128

131

T

> 120

149

151

144

171

Elongation
(%)

L

>30

43

43

43

36

T

>30

44

45

44

41

Area reduction
when breaking (%)

L T

for information purpose

67

66

68

60

78

79

74

64

Table 5: Mechanical properties for additional testing at 288 °C

4.3 Impact strength

The results of the impact strength fulfill with exceptions of two single values
(strip 35.1 and 36.1) the aimed value of 24 J/cm2 The impact strength decrease
with lower temperature than RT and is appropriate for the material involved. For
the higher temperature 150 °C the impact strength increase to a mean value of
56 J/cm2 and is higher than the aimed value of 24 J/cm2. All specimen shows no
crystallin proportion in the temperature range between 150 °C to -256 °C.

Strip Nr.

12.1

12.2

35.1

36.1

Thickness

3

3

10

10

Specimen
direction

Transv.

Transv.

Transv.

Transv.

Long.

Transv.

Transv.

Transv.

Transv.

Transv.

Long.

Testtemp.
°C

RT

RT

RT

RT

RT

RT

150

-20

-196

-256

-196

Impact Mean value
strength J/cm*

30/30/31 30

30/29/32 30

21/30/31 27

19/31/30 27

34/36/26 32

25/25/25 25

41/64/64 56

19/25/24 23

8/11/11 10

11/14/10 12

16/15/13 15

Table 6: Results of Charpy-V-tests

- 1338



JAERI-Conf 2001-002

4.4 Grain Size Determination

The specification value of finer or equal to 9 ASTM E112 were fulfilled with
values of
• 11,5 for 3 mm thickness,
• 11 for 4 mm thickness,
• 10,5 for 5 mm thickness,
• 9 for 10 mm thickness.

4.5 Hardness tests Rockwell B

Specification

Strip Nr. 21.1 (3 mm)
Top

Bottom
Strip Nr. 21.2 (3 mm)

Top
Bottom

Strip Nr. 21.3 (3 mm)
Top

Bottom
Strip Nr. 11.1 (4 mm)

Top
Bottom

Strip Nr. 11.2 (4 mm)
Top

Bottom
Strip Nr. 11.3 (4 mm)

Top
Bottom

Strip Nr. 12.1 (5 mm)
Top

Bottom
Strip Nr. 12.2 (5 mm)

Top
Bottom

Strip Nr. 35.1 (10 mm)
Top

Bottom

Strip Nr. 36.1 (10 mm)
Top

Bottom

< 98 HRB

92 - 92 - 92
93 - 94 - 94

92 - 93 - 93
93 - 92 - 93

93 - 93 - 92
95 - 93 - 94

91-92-91
93-92-93

91-91-92
93 - 92 - 93

90 - 92 - 92
92-91-93

90 - 91 - 91
93 - 93 - 92

91 - 91 - 92
92 - 92 - 92

88 - 87 - 88
87 - 89 - 89

90 - 89 - 89
88-87-88
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4.6 Corrosion resistance

The 72-hours corrosion tests at temperature of 400 °C on pickled samples at
pressure 105 bar shows a weight gains of
• 18.0, 18.7 mg/dm2 (3 mm plates)
• 19.5, 18.5 mg/dm2 (4 mm plates)
• 18.4, 18.3 mg/dm2 (5 mm plates)
• 19.6, 19.8 mg/dm2 (10 mm plates)
and fulfilled the specified gain of < 22 mg/dm2.

4.7 Bend tests

The bend tests with a radius of 3 x plate thickness for 3, 4, 5 mm strips and
5 x plate thickness for 10 mm strips (one face machined up to 8 mm) shows no
evidence of cracking on the outer surfaces.

4.8 Dimensional and visual Inspections are conform the specification

4.9 Final heat treatment

The final heat treatment takes place for the 3 mm, 4 mm and 5 mm in a
continuos furnace with a speed of 1 m/min (3 mm), 0,8 m/min (4 mm),
0,6 m/min (5 mm) at a temperature of 745 °C, for the 10 mm strips in a static
furnace with a time of 3 to 4 hours, at a temperature of 650-700 °C.

4.10 Ultrasonic testing

The ultrasonic testing of the slabs and of the finished product are conform the
specification.
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5. Test results of the forgings

5.1 Chemical analysis

The check analysis of the pieces shows for H = 9 ppm, N =23 ppm and
O = 1230 ppm, the other element are within the specification requirements.

5.2 Mechanical properties

The specified values for the tensile test are listed in table 7.

Temperature

°C

RT

RT

316

316

Specimen
Direction

Transverse
Tangentional

Longitudinal

Longitudinal

Transverse
Tangentional

Ultimate Tensile

N/mm2

413

413

214

0,2 Yield
Strength

N/mm2

241

241

103

Elongation

%

14

14

24

to evaluate in the approval

Table 7: Specified mechanical properties for RT

For the design temperature of the cold and hot neutron source and the beam
tube under consideration of a linearity between RT and 316 °C we get the
following values listed in table 8 for the ultimate tensile and 0,2 yield strength.

Temperature
°C

130

150

180

250

288

Ultimate Tensile
N/mm2

338

325

305

258

233

0,2 Yield Strength
N/mm1

190

180

166

133

115

Table 8: Expected mechanical properties for 130,150,180, 250, 288 °C

A comparison from the material test results with these values shows, that for
some specimen the Ultimate Tensile Strength (UTS) for RT and higher
temperature in the tangentional and/or transverse direction are lower than
expected in table 8 (see also figure 3 and 4).
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There is a deviation of maximum 31 N/mm2 in the tensile strength at RT for the
specimen No. 518-1 and 520-15, this is a variation of -7,5 % of the specified
and expected value.

Figure 3 shows the variation range of the test results to the specified UTS of
413 Mpa in the tangentional direction. Figure 2 shows the deviation at the test
temperatures of 150 °C, 250 °C and 288 °C. The line in figure 2 is the linearity
between the two specified points of 413 Mpa at RT and 214 Mpa at 316 °C.

The results of the mechanical properties for the tensile tests are shown in
table 9.
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Specimen
Nr.

516-2
516-11
516-12
516-3
516-13
516-14

517-2
517-3

518-1
518-2

519-1

520-2
520-14
520-15
520-16
520-16
520-3
520-18
520-19

521-1
521-2

522-1
522-2

523-1

524-1
524-2

525-1

526-2
526-10
526-12
526-3

526-11

527-1
527-2

528-1
528-2

529-1
529-2

530-1
530-2

531-1
531-2

532-1

533-1
533-2

534-1
534-2

Temp.
»c
RT
RT
RT
150
288
288

RT
150

RT
150

RT

RT
RT
RT
RT
RT
150
288
288

RT
150

RT
250

RT

RT
250

RT

RT
RT
RT
250
288

RT
250

RT
250

RT
250

RT
250

RT
130

RT

RT
130

RT
180

Specimen
Direction

Tang.
Tang.

Transv.
Tang.
Tang.
Axial

Tang.
Tang.

Tang.
Tang.

Tang.

Tang.
Tang.
Tang.
Tang.
Axial
Tang.
Tang.
Axial

Tang.
Tang.

Tang.
Tang.

Tang.

Tang.
Tang.

Tang.

Transv.
Axial

Transv.
Transv.

Axial

Tang.
Tang.

Tang.
Tang.

Tang.
Tang.

Tang.
Tang.

Tang.
Tang.

Tang.

Tang.
Tang.

Tang.
Tang.

Ultimate
Tensile

404
389
498
383
211
264

427
359

382
301

395

408
394
382
385
564
298
194
279

397
288

415
239

416

410
222

409

436
466
465
255
222

414
232

427
236

434
237

396
227

455
346

446

470
375

480
339

0,2 % Yield
Strength

292
300
400
296
134
164

322
248

296
208

317

323
305
299
299
407
213
125
164

311
210

328
161

329

322
145

325

369
295
405
182
118

316
145

321
146

347
159

313
154

355
252

352

384
282

381
239

Elongation

18
21
24
23
47
37

18
25

24
34

25

23
30
26
26
29
31
43
37

28
36

24
38

26

24
50

23

12
21
16
28
50

29
41

23
39

17
33

21
46

19
32

19

28
36

24
36

Area Re-
duction

39
36
48
38
57
70

38
47

38
48

47

45
41
42
41
51
51
55
67

46
47

44
58

43

45
55

44

46
32
41
59
62

41
57

41
58

41
51

42
57

41
47

40

49
54

44
50

Umform
Elongation

11.3
12.0
11.7

11

12.6

11.1

11.3
11.7
13.9
12.2
22.2

12.9

11.8

13.0

10.2

11.9

5.5
12.7
8.1

14.3

11.7

9.9

10.8

9.8

10.2

9.0

9.8

Table 9: Material test results for RT, 130, 180, 250, 288 °C
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350 tangential
specimen

transverse
specimen

axial
specimen

Figure 3: Ultimate tensile test (UTS) at RT for the tangential, transverse
and axial direction of forgings
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Figure 4: Ultimate tensile strength (UTS) of Zircaloy 4 forgings versus temperature
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5.3 Impact strength

The results of the impact strength fulfill the aimed value of 24 J/cm2 for RT.

The Charpy-V-tests near the surface, at d/4 and d/2 of the forging diameter

shows no variation in the impact strength and confirm a good forging ratio. The
transition curve of the impact strength from 150 °C to -256 °C is presented in
figure 5 and shows at low temperature a constant toughness behaviour.
All specimen has no crystallin proportion in the temperature range between
150°Cto-256°C.

Specimen
Nr.

516-4
516-5
516-5
516-5
516-9

516-10

517-4

518-3

520-4
520-5
520-5
520-5
520-9

520-10
520-11
520-12
520-13

521-3

522-3

524-3

526-4
526-8
526-9

527-3

528-3

529-3

530-3

531-3

533-3

Temperature
°C

RT
150
-20
-196
RT

-256

RT

RT

RT
150
-20

-196
RT
RT
RT
RT

-256

RT

RT

RT

RT
RT
RT

RT

RT

RT

RT

RT

RT

Specimen
direction

Tang.
Tang.
Tang.
Tang.
Tang.
Tang.

Tang.

Tang.

Tang.
Tang.
Tang.
Tang.

Tang, (surface)
Tang. (D/4)
Tang. (D/2)
Axial (D/4)
Tang.(D/4)

Tang.

Tang.

Tang.

Transv.
Transv.
Long.

Tang.

Tang.

Tang.

Tang.

Tang.

Tang.

Impact Strength
J/cm2

48/38/38
45/43/45
33/33/31
24/19/18
35/38/35
16/15/13

25/38/30

50/60/40

35/33/33
43/41/40
26/29/26
10/13/10
38/38/35
30/35/35
35/30/33
55/43/60
14/18/15

33/35/33

38/40/38

38/35/40

53/50/43
112/135/88
38/54/50

35/40/35

33/35/33

30/50/50

35/35/33

33/40/35

33/40/35
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(J/cm3)

-260 -240 -220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160

(Temp. °C)

Figure 5: Transition curve of the impact strength for forgings

5.4 Grain Size Determination

The grain size determination are between 6 and 8 (ASTM-values).

5.5 Hardness Test

The hardness measured with Vickers 3 are between 157 and 204.

5.6 Corrosion tests

The corrosion tests shows a loss of weight of 17.7/14.9/15.8/17.6/14.7/15/14.1/
14.9 mg/dm2 < 22 mg/dm2 allowable.

5.7 Dimensional and visual inspection are conform the specification

5.8 Final heat treatment

The final heat treatment takes place in a vacuum furnace at a temperature of
720 °C +10 °C and a time of 4.5 or 7 hours, depending of the thickness.

5.9 Ultrasonic testing

The ultrasonic testing of the forgings, based on the german guideline SEP
1921, was acceptable and shows no indications.
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6. Strength calculation

For the strength calculation of the pressure retaining parts the UTS at RT is
used to form the allowable value of Sm (Sm = Min (UTSRT/3; 0,2 YST/1,5). So
the deviation of-7,5 % has to take in consideration for calculating the Sm-value
for the forging parts of the components.

7. Zircaloy 4 behaviour under irradiation

The material behaviour of Zircaloy 4 under irradiation up to a fluence of 1 • 1022

n/cm2 (fast neutrons) with respect to variation of the tensile properties was
investigated. The study shows a loss of ductility and an elongation after fracture
of - 5 % and a percentage elongation before reduction of ~ 1 %. As an additio-
nal criteria the fracture toughness of the Zircaloy-4 was studies up to the
fluence of 1 • 1022 n/cm2. These data were take over for fracture mechanic
calculations.

8. Fracture mechanic calculations

Fracture mechanic calculations of the material were carried out for the operation
and emergency conditions temperature between -20 °C to 150 °C. For the
fracture toughness value Kic of irradiated material (fluence of 1,5.1022n/cm2)
the following values were used for the annealed material condition [6], [7]:

= 45MPaVmfor100oC

= 25 Mpa Vm for -20 °C to -180 °C

For the weld lower values were used

K|C=30MPaVmfor100°C
= 20 Mpa Vm for -20 °C to -180 °C

The fracture mechanic calculation shows with a postulated crack at the surface
of 0,4 mm deepness and 20 mm length and the stresslevel a safety value
between the crack length to the critical crack length of 6-8,5 for the design and
operational condition and 2-4 for emergency conditions. So the required leak
before rupture criteria in the design of the vessels of the cold and hot neutron
source and the beam tube No. 6 in the licensing procedure was fulfilled.
Fig. 6 shows the wall break through stress and fig. 7 the critical length of
through crack of the vacuum vessel of a cold Neutron source.
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crack depth / wall thickness

Figure 6: Failure stresses of vacuum vessel of COLD NEUTRON SOURCE
(length of surface crack 20 mm, wall thickness 4 mm)
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Figure 7: Critical length of through crack of vacuum vessel of
COLD NEUTRON SOURCE
(wall thickness 4 mm, welding)
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9. Fatigue curves for Zircaloy 4

Low cycle fatigue design curves for the unirradiated material Zircaloy 4 were
calculated with the method of the Universal Slope of Manson. The material test
results were take into consideration. On the base of this results the expected
fatigue design curves for irradiated Zircaloy-4 was evaluated, see figure 8, 9.
These low cycle fatigue design curves are the base for the fatigue analysis of
the vessels of the hot and cold neutron sources and the beam tube No. 6 of
FRM-II.

10. Summary

The results of the material testing, the irradiation investigations and the fracture
mechanics calculations confirm the use of Zircaloy-4 for vessel material of hot
and cold neutron sources and beam tubes for a life time of 30 years and a
fluenceof 1 • 1022n/cm2.
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Abstract
The conditions, in which the ORPHEE type cold neutron source with an an-
nular cylindrical moderator cell could have a self-regulating characteristics,
were obtained through thermodynamic considerations. From a view point of
engineering, it is not easy to establish these conditions because three param-
eters are involved even in an idealized system without the effect of the mass
transfer resistance in the moderator transfer tube between the condenser and
the moderator cell. The inner shell of the ORPHEE moderator cell is open
in the bottom, but it is expected that only hydrogen vapor is contained in
the inner shell and liquid hydrogen in the outer shell. The thermodynamic
considerations show that such a state is maintained only when a liquefaction
capacity of the condenser is large compared to heat load and three parameters
are optimized with a good balance. We proposed another type of a moderator
cell which has an inner cylindrical cavity with no hole in the bottom but a
vapor inlet opening at the uppermost part of the cavity. In this structure,
a self-regulating characteristics is established easily and the liquid level in
the outer shell is maintained almost constant against thermal disturbances.
Therefore it is enough to control one parameter, that is, the reservoir tank
pressure corresponding to the liquefaction capacity of the condenser given by
the refrigeration power of the helium refrigerator.

1 Introduction

Cold neutrons are commonly called as those having wavelengths longer than 4A, which
corresponds to the Bragg cutoff of beryllium. Cold neutrons have longer wave lengths
compared to thermal neutrons and thus are suitable for studying polymer, bio-polymer,
glass, functioning materials which have long range structures. They are polarized easily
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using magnetic mirrors working under low external magnetic fields of about 5 gauss be-
cause of their low kinetic energies [1, 2]. They are also used in the field of fundamental
physics such as the measurement of neutron (3 decay due to their long flight time. However
the intensity of cold neutrons is about 1 or 2 % of the total neutron flux in the thermal
distribution in a conventional research reactor. A way to increase the cold neutron flux
is to cool down moderator from which cold neutrons are extracted through the neutron
guide tubes. The facility with such a function is called a cold neutron source(CNS). And
now, many cold neutron sources are installed in research reactors.

Although there are several choices of materials as a cold moderator in principle, only
liquid hydrogen and liquid deuterium are used except for supercritical hydrogen [3] due to
their suitable cross sections and negligible radiation damage. When many neutron guide
tubes or guide tubes with wide width are required to be installed for raising utilization
efficiency of a research reactor, usually a large volume of liquid deuterium is used as a
cold moderator due to its small absorption cross section. The largest CNS with liquid
deuterium moderator, 29 I in volume, was installed in HFR at ILL in 1972 [4].

However, when liquid deuterium is used, several problems are brought up: (l)nu-
clear heating becomes large as an inevitable result of usage of a large volume of liquid
deuterium, (2)tritium is produced as a result of neutron absorption reaction, and then
deuterium gas release through the reactor stack is limited even if its air contamination
occurs, (3)deuterium gas is expensive and purity maintenance cost is also high.

Hydrogen is much useful except that an available volume is restricted because of its
large absorption cross section for neutrons. For solving this problem, the moderator cell
with a cavity was used in HFR in ILL and the cylindrical annulus type moderator cell
was constructed at ORPHEE reactor in Saclay in 1993 [5]. In 1995 the spherical annulus
one was constructed in NIST reactor in Gaithersburg [6]. Both are now working and show
good gain factors of cold neutron fluxes. Super-critical hydrogen gas could not be used
in such a type of moderator cell.

TRR-II project is now proceeding at INER(Institute of Nuclear Energy Research) in
Taiwan. TRR-II reactor is a pool type reactor of 20 MW with a heavy water reflector.
CNS with a cylindrical annulus type moderator cell is planned to be installed in TRR-II.
On the other hand, the KUR(Kyoto University Research Reactor) of 5MW has a closed
thermosiphon type CNS which shows a self regulating characteristics to the heat load
fluctuations since flow resistance is neglible in the two-phase countercurrent flow tube
(a moderator transfer tube) between the condenser and the moderator cell. The liquid
level in the moderator cell is kept almost constant against heat load distubances [7, 8, 9,
10, 11, 12]. And good operational performance is obtained in combination with a simple
feedback control, by which only pressure of the deuterium gas tank is controlled. We
now plan to construct TRR-II CNS with a cylindrical annulus moderator cell which has
a self-regulating characteristics against heat load disturbances.

The report describes thermodynamic considerations on a self-regulation of CNS with
a cylindrical annulus moderator cell and derives the conditions in which the inner shell
includes only hydrogen vapor and the outer shell liquid hydrogen.
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a:hydrogen cold system
cidealized system

He

Figure 1: Closed thermosiphon CNS and its idealized system

2 The closed thermosiphon CNS with a self-regulation
The principal design criterion of CNS is the maximum increase of the cold neutron flux,
and a stable supply of the cold neutron flux. For this purpose, the liquid level must be
kept stable in a moderator cell with an appropriate size and shape, and sudden bubbling
must be prevented. The idealized thermosiphon cooling system is shown in Fig. 1 which
is a sort of heat pipe without a flow resistance between the condenser and the moderator
cell.

The mechanism of self regulation is as follows: when an extra heat load is applied
to the hydrogen cold system consisting of a condenser, a moderator transfer tube and a
moderator cell, the pressure in the system rises by the evaporation of liquid hydrogen and
the boiling point of hydrogen rises. The liquefaction capacity of the condenser is increasing
with a rise of temperature, because the refrigerating power of the helium refrigerator
increases linearly with temperature rise of the system [8, 12].

Therefore the effect of the thermal load increase is compensated and canceled. Such
a CNS is called to have a self-regulation to the thermal load disturbances [7, 9j.

However if a flow resistance in the moderator transfer tube is large, the pressure rise
due to heat load increase in the moderator cell could not transfer to the condenser without
time lag, and thus a self-regulation is not established. Countermeasures for reducing the
flow resistance in the moderator transfer tube were considered [13] and applied to KUR
CNS. In this case, the closed thermosiphon loop is described as an idealized system shown
in Fig. 1-(C).

3 Thermo dynamic considerations on a CNS with a
cylindrical annulus moderator cell

Typical example of the CNS with a cylindrical annulus moderator cell is ORPHEE CNS
represented shematically in Fig. 2. The moderator cell consists of two parts, one of which
is the inner shell with a hole in the bottom and expected to contain only hydrogen vapor.
Another one is the outer shell containing liquid hydrogen. However the mechanism for
such a state to be maintained is not evident until now. Thermodynamic considerations is

1 3 5 4 -
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moderator
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Figure 2: Cylindrical annuius type moderator cell.

ft vapor

liq H2

cylindrical
hollow

Figure 3: Idealized sysytem of CNS with a cylindrical annuius type moderator cell. The
effects of the moderator transfer tube is not taken into account.

then applied to the idealized model and this point will be clarified. The idealized model
of a cryogenic loop of CNS with a cylindrical annuius moderator cell is shown in Fig. 3.

The effects of the moderator transfer tube is not taken into account. For this case, the
mass balance equation for the hydrogen vapour Mx(g) in the outer shell can be written
as;

~ - = {Qi - U.A^T, - THe)}//\ H (1)

where Qx{Jjs) means heat load in the outer shell including nuclear heating and radia-
tion, Ui{W/cm2 • K) the total heat transfer coefficient of the condenser evaluated at
the temperature Tj(A') of hydrogen vapor in the outer shell, A\(cm2) the cryo-area of
the condenser, 7#e the temperature of the helium refrigerant, A H the latent heat of
evaporation of hydrogen. The first term of the right side of the equation represents the
vapor quantity evaporated per unit time due to heat load and the second term stands for
the liquefied vapor quantity. In the same way, the mass balance equation for the hydrogen
vapour M2{g) in the inner shell is;

dM2

IT (2)
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where the subscript 2 means that the quantity is related to the inner shell, and thus A-2
expresses the surface area of the inner shell.

If we represent quantities at the steady state with a subscript 0, the following equations
hold in the steady state ;

dM
—^ = {Qxo - UtA^Tn - THe)}/& H = 0, (3)

"" = {Q20 - U2A2(T2O - 7\0)}/A H = 0. (4)
dM2o

dt
It is reasonable to assume that state equation for an ideal gas holds for hydrogen vapor.

dP dM dT

T = ~M+T (5)

Substituting the Clausius-Clapeyron relation,

^ = (A HP)/(RT2) (6)

into Eq. (3.5) with the gas constant R(Jjmole • K), the following results;

^ = {A HI(RT') - l/T}dT (7)

where A H is assumed to be constant. Eq. (3.7) is integrated and results in;

MT = M0T0 exp {A H(T - TQ)I{RT%) }. (8)

When only small deviation from the steady state is considered, the following equation can
be obtained from Eq. (3.8);

M = MO{1 + AH(T- T0)/(RT£)} (9)

where we assumed that T ~ To and A H/(RTQ) >̂ I/To. Eq. (3.9) is transformed as

T - 7o = (M - Mo)#To7(MoA H). (10)

Thus the following expressions can be obtained by subtracting the corresponding terms
in Eqs. (3.3), (3.4) from the respective terms of Eqs. (3.1), (3.2);

- Q10) - LhMT, - 7\0)}/A H, (11)

Applying Eq. (3.10) to Eqs. (3.11), (3.12) with m = M - Mo and q = Q - Qo, the
dynamic expressions controlling the idealized system with a cylindrical annulus moderator
cell result;

dmi

^ qu (13)
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A H~- + r]2m2 -r?3ma = q2, (14)

where,

m = U2A2RT2
2

O/(M2O& H),

rji symbolizes the liquefaction capacity of the condenser assuming a constant helium tem-
perature, 772 the liquefaction capacity of the inner shell, 773 the effect of liquefaction ca-
pacity of the outer shell to the inner shell.

Eqs. (3.13), (3.14) are used as a starting point for discussing the self-regulation on a
closed thermosiphon CNS with a cylindrical annulus moderator cell.

If we suppose that the stepwise heat load qx = q®, q2 = q2 at £ = 0 are applied to each
regions and maintained thereafter, the changes of the vapor quantities in them are given
using the relaxation term r = A H/rj and the boundary condition, m = 0 at t — 0 as;

m1 = (q0
1/m){l-exp(-t/r1)}, (15)

m2 = QJ{1 - exp(-t/r2)} - a2 exp(-t/r2) x {1 - exp(t/T2 - *M)}, (16)

where,

We could understand that Eq. (3.16) is much intricate compared to Eq. (3.15). From
the result, we can easily find out the behaviour of mi for t —y 00, that is, mj reaches
an another steady state, raj = q®/r]i. The greater the liquefaction capacity (1 /TI) of the
condenser, the more rapidly the new steady state is established. Therefore, r means the
relaxation time and we call 1/TJ the self-regulating power of the idealized system. In
case of the large liquefaction capacity of the condenser, the change of m2 is described
as m2 = Qfi{l — exp(—i/r2)}. The larger the liquefaction capacity of the condenser, the
more mi decreases quickly and T\ also lowers. This leads to the apparent increase of
the liquefaction capacity of the inner shell. And m2 reaches also the new steady state.
However, when the refrigerating capacity of the condenser is not so large, it is not so easy
to control these parameters with a good balance in order to maintain the state in which
the inner shell contains only hydrogen vapor and the outer shell the liquid hydrogen.

If we introduce a sinusoidal heat load like q = ^°sin(w t) into the each regions, Eqs.
(3.13), (3.14) turn into followings;

+ (l/TOrrn - (9?/A H) sin(u; t), (17)

dT
Solutions are as follows;

— ^ (l/r2)m2 - ( l / r 3 ) m 1 = (q°2/A H) sin(u; t). (18)

m i = 7i sin{u; t — arctan(wri)}, (19)
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rri2 = 72 sinjo; t — arctan(u;r2)} — 73 sin{u; t + arctan(a;r2)} -f 74, (20)

where, in Eq. (3.19) the term wrj exp(—t/ri) is neglected because we are interested in a
state after the transient, and

72 = {q°JA H + (9?/ih)/[r3(l + K) 2 ) ]} X r2/{l + (u,r2)
2},

73 = {(q°JA H)UT*/[T3{1 + (un)2)]} x u;r2/{l

74 = K / A f f +
{(«°/A //Vr2/[r3(l + H) 2 ) ]} x r2/{l + (cur2)

2}.

It can be seen from Eq. (3.19), (3.20) that the phase of the output, mi, lags behind the
input and its lag approaches to TT/2 for UJ —V 00, and m2 consists of delayed and advanced
terms by TT/2. Thus, oscillating phenomena occur depending on the quantities of 72 and
73. Thus, it is not so easy to keep the state against the heat load fluctuations in which
the inner shell contains only hydrogen vapor, and the outer shell liquid hydrogen. When
r]i is large, that is, T± is small, Eq. (3.19) is approximated by

mi - («i/»7i)sm(fa; t)

and mi follows the heat load variation without a significant phase lag. When the liquefac-
tion capacity of the condenser is 2.5 times larger than the heat load, 5% variation of the
heat load results in only 2% variation of the liquid level of the moderator cell. In usual
research reactors, the thermal power variation is less than 5 %. When the cryosystem
fulfills this condition and three parameters, 7?i,?]2,^3, are adjusted with a good balance,
mi and m2 responds to the heat load variation with the almost same way. In this case,
the state in which the inner shell contains only hydrogen vapor, and the outer shell liq-
uid hydrogen is established. The small change of quantities of hydrogen vapor in both
regions means that the liquid levels are almost stable against the heat load disturbances.
Such a CNS has a self regulating characteristics under the negligible flow resistance in the
moderator transfer tube, even if the moderator cell has an inner shell.

Therefore, we could design the CNS with a cylindrical annulus moderator cell having
a self-regulating characteristics against the heat load variation, if the moderator transfer
tube has only a negligible flow resistance.

4 Proposal of a self regulating CNS with a cylindrical
cavity type moderator cell

The inner shell in the moderator cell of ORPHEE is open in the bottom. The hydrogen
vapor evaporated due to the nuclear heating pushes out the liquid, and appropriate quan-
tity of hydrogen vapor is contained in the inner shell. In this structure, many parameters
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Figure 4: Example of a moderator cell structure with a cylindrical cavity. Dimension
shown in the figure are arbitrary.

at least three must be optimized as mentioned above, for maintaining the state in which
hydrogen vapor is in the inner shell and liquid hydrogen is in the outer shell. However
it is not so easy to optimize three parameters depending on the structure and size of
the moderator cell from the view point of engineering, because of the difficulties of the
heat load simulation of the inner shell and the separation of the three effects during the
mock-up test.

We propose the another selection of the moderator cell structure shown schematically
in Fig. 4. The inner shell has no hole in the bottom and has a vopor inlet hole in the
uppermost part of the inner shell. We call this type the cylindrical cavity moderator
cell. Evaporated hydrogen vapor comes into the cavity through the vapor inlet hole. In
this case, the dynamic equation controlling the liquid level of the outer shell is only Eq.
(3.13), and solutions are Eqs. (3.15), (3.19). In this case the self-regulations is easily
establised and liquid level in the moderator cell is maintained almost stably against heat
load fluctuations. Therefore it is enough to control one parameter, that is, the reservoir
tank pressure corresponding to the liquefaction capacity of the condenser given by the
refrigeration power of the helium refrigerator. One parameter control is very easy in
the closed thermosiphon. In practice, the temperature of the helium refrigerant at the
exit of the refrigerator corresponding to the the liquefaction capacity of the condenser is
modified or controlled by the difference between set and process values of the reservoir
tank pressure using simple feedback control system.

Usually, we recommend the liquefaction capacity, TJI , of 2.5 times larger than the heat
load, considering the factor (<?J/T?I) and the maximum amplitude of the nuclear heating
fluctuations of 5 % in research reactors. When the single tube is used as the moderator
transfer tube, the structure shown in Fig. 5 is recommended.

5 Effects of a mass transfer in the moderator transfer
tube in case of a cylindrical cavity moderator cell

When the effects of the mass transfer through the moderator transfer tube is negligible,
the time lag due to the mass transfer is also negligible and the closed-thermosiphon loop
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Figure 5: Example of a moderator cell structure with a cylindrical cavity when a single
tube is used for a moderator transfer tube.

behaves as if there were not the moderator transfer tube. The smaller the diameter
and the longer the length of the moderator transfer tube is, the more steeply the flow
resistance becomes large because of the pressure-drop. The pressure rise in the condenser
lags behind that resulted from evaporation of liquid hydrogen in the moderator cell. This
results in the time lag of the increase of the liquefaction capacity of the condenser. The
behavior of the system deviates from that of the idealized one described by the Eq. (3.13).

We assume that the closed thermosiphon loop of the CNS with a cylindrical cavity
moderator cell is in a steady state. In this case, the steady flow of hydrogen vapor from
the moderator cell to the condenser through the moderator transfer tube is established
under the heat load of Qio(W). If we express the values at the moderator cell (the outer
shell) and the condenser by the subscripts 1 and 2 respectively, and the flow resistance by
r(cm~x • s~l), the flow rate W/(g/s) of the hydrogen vapor can be expressed in the form:

Wf = (Px - P2)/r (21)

where P(dyne/cm2) is the pressure of the system and the pressure in the cavity is assumed
to be the same as that of the outer shell. The mass of the hydrogen vapor is given by the
equations:

dMl

~dT = (Ql/AH)~Wf

dM2

dt
= Wf-UA(T2-THt)/AH

(22)

(23)

where we considered hereat only heat load due to nuclear heating which fluctuates, and
U(W/cm2 • K) is an overall heat transfer coefficient of the condenser, A(cm2) the cryo-
surface area of the condenser, and T//e the refrigerant temperature. The second term in
the right hand side of Eq. (5.23) is written by

{C/A(T20 -

UA(T2 ~ THe)/A H
H - UART2JA H2}

= (UART2J(M20AH2))M2 + (24)

(25)
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where £ expresses the coefficient of M2 of the first term on the right side of Eq. (5.24)
and e the second term. Substituting Eq. (5.25) into Eq. (5.23) gives the following:

• - C M2 - e (26)
at

The dynamic equations describing the effect of the flow resistance of the moderator trans-
fer tube are obtained with m — M — Mo, q — Q — Qo and wj = Wj — W/o from Eqs.
(5.21), (5.22), (5.26):

^p- = (ft/A H) - (ATimi - K2m2)jr (27)

dni2 '" - A'2m2)/r - C m2 (28)
dt

where K, being now assumed to be constant, is the conversion factor from the pressure
to the mass of the hydrogen vapor. When we eliminate m2 from Eq. (5.27) and mx from
Eq. (5.28), the dynamic equations expressing the change of the masses of the hydrogen
vapor in the moderator cell and in the condenser against the nuclear heating fluctuation
are given:

= (I/A H)(d~^) + (LJA H)q (29)

(30)

where, 2/i = (A'i + K2)jr + (, k2 = Ki(/r, Lx = K2/r + (, L2 = K\/r. For simplicity, we
assume that the heat load changes sinusoidally as q± — c^smui t. In this case, it is easy
to obtain the particular solutions mi/, m2! for equations Eqs. (5.29), (5.30) as:

w t + arctan(u/L1) - arctan(2Au;/(A:2 - UJ2))} (31)

m2f = (q2//^/{k2 - LO2)2 + 4h2u2) sin{a; t - arctan(2/iu;/(A;2 - UJ2))} (32)

where, qxl = (q°/A H)^L2+u>2, q2t = (q0JA H)L2.
On the other hand, the general solution of Eq. (5.29) can be expressed in three

different forms according to the conditions imposed to the constant factors as follows: (1)
for h2 — k2 < 0, the general solution m\ is obtained by setting — £2 = h2 — A:2:

ml = exp(-M)(Ci cos £ t + C2 sin ( t) (33)

where, C\, C2 are arbitrary constants determined from initial conditions. This solution
exhibits the damped oscillation. (2)for h2 — k2 > 0, the solution is given using v ~h2 — k2

in the following form:

m{ = C1 /exp{(t /- / i )0 + C<2'exp{-(i/ + h)t} (34)

This solution tends to zero for t —> oc. (3)for h2 — k2 = 0, the solution is:

ml = e x p ( - ^ ) ( d " + C2"t) (35)
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The general solution m^ for Eq. (5.30) is written similar to m\.
The response of the hydrogen vapor mass in the moderator cell and the condenser to

the sinusoidal heat load applied to the system can be expressed by the particular solutions
Eqs. (5.31), (5.32) excluding the transient period. The followings are clear from these
solutions: (l)When the variational frequency uj of the heat load is equal to k, the quantities
of the hydrogen vapor at the moderator cell and the condenser approach to their maximum
value, that is, the resonance phenomenon appears. In this case, the phase lag at the
condenser is TT/2 and larger than that of moderator cell by arctan{w7\'i(/r/(A2/V -+• ()}•
(2)In case of the low flow resistance in the moderator transfer tube and UJ < fc, the
maximum quantity of hydrogen vapor becomes small and the phase lag at the condenser
is approximately arctan{(/\"i + I\2)w/(Ki()} a n d nearly equal to that of the moderator
cell. Thus the system shows characteristics like the case in which the effects of the
moderator transfer tube is negligible. (3)The vapor quantities and phases are generally
different between the moderator cell and the condenser. Therefore, the self-regulating
characteristics disappear when the effect of the mass transfer through the moderator
transfer tube is not negligible.

A mockup test facility of the full-scale hydrogen loop will be built at INER for de-
signing the TRR-II CNS in order to (1) investigate self-regulating characteristics of the
cylindrical annulus moderator cell, in which the inner shell has hole in the bottom and
has no hole in the top and vice versa, (2) demonstrate no onset of flooding in case of
a single moderator transfer tube under CNS operating conditions [14] and validate the
operating stability and good performance under the normal and faulted conditions. The
design features of TRR-II CNS mockup test facility are to use a full-scale hydrogen loop
and R-ll (CFCl3) as a working fluid for reducing a cost of the experiments [15]. The
results of the mockup tests will be published [16].

6 Concluding remarks

In case of the cylindrical annulus moderator cell like ORPHEE type of CNS, the result
of thermodynamic considerations shows that three parameters must be optimized and
adjusted with a good balance to maintain the state in which the inner shell contains only
hydrogen vapor and the outer shell liquid hydrogen. It is not so easy to optimize three
parameters in a good balance from view point of engineering. So, we recommend CNS with
a cylindrical cavity moderator cell which has no hole in the bottom but has an opening
for the hydrogen vapor inlet at the uppermost part of the inner shell. In this case the self-
regulation is easily establised and liquid level in the moderator cell is maintained almost
stably against heat load fluctuations. Therefore it is enough to control one parameter, that
is, the reservoir tank pressure corresponding to the liquefaction capacity of the condenser
given by the refrigeration power of the helium refrigerator. One parameter control is very
easy in the closed thermosiphon. In practice, the temperature of the helium refrigerant
at the exit of the refrigerator corresponding to the liquefaction capacity of the condenser
is modified or controlled by the difference between set and process values of the reservoir
tank pressure using simple feedback control system.

It is also shown that the self-regulating characteristics disappear when the flow resis-
tance through the moderator transfer tube is large. Because a resonance phenomenon
and a large phase lag in the mass transfer between the moderator cell and the condenser
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occur.
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The results of calculations of the specific spallation neutron yield
(number of neutrons with energy < 10,5 MeV per 1 GeV proton energy)
for the cylindrical lead target 0=20, L=60 cm irradiated with the protons
with the energy up to ~10 TeV are presented. The calculations made by
the Monte-Carlo method, based on the universal transport code SHIELD
(up to 100 GeV) and hadron codes FLUKA and CALOR (up to ~ 10
TeV). A comparison with the experimental data also given.

The specific yield have a broad maximum at ~ 1,2 GeV caused by
the competition of the direct ionization losses of the primary protons and
the same of electron-photon showers caused by the JI° decays.

Computer simulation of the interaction of particles with complex extended targets is
a necessary stage of broad circle of studies in fundamental and applied nuclear
physics. Therefore universal computer codes that allow to perform such
computational experiments are an obligatory part of modern toolbox in nuclear and
particle physics and give rise to an important direction of the investigative
techniques.

Presently several transport codes are in use. The modern versions of the HETC
(High Energy Transport Code) [1], such as LAHET (LANL), HERMES (Julich,
KFA), NMTC (JAERI) etc. are widespread now. This codes are based on the
Bertini's model of intranuclear cascades [2], which describe in details all stages of
the nuclear reactions inside of a target in the exclusive approach and are used in the
energy range below 10-20 GeV.

The Russian analogue of HETC is the SHIELD code. The initial version of the
SHIELD code was designed at JINR (Dubna) in early 1970's.[3]. The modern version
[4,19] is based on well-known Russian models of nuclear reactions. It allows to
simulate nucleon, pion, kaon , antinucleon and muon transfer as well as transport of
the nuclei with arbitrary (A,Z) through extended complex targets in energy range up
to 0,1 TeV.
The next independent hadron transport code was FLUKA. Its first version [5] came up
in 1974; it used the inclusive approach to modeling of nuclear interactions.
Subsequently the code was many times improved. The modern version of the

*) Corresponding author: E-mail sobolevs@al20.inr.troitsk.ru
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FLUKA code [6,25] uses at high energy the Dual Parton Model (DPMXET, J.Ranf),
while at energy near 1 GeV it employs an original version cascade-evaporation model
that allows to stimulate the hadron cascades in matter at particle energy up to 20 TeV
in the exclusive approach.

There are also ingenious combinations of available codes which allow to solve a
broad circle of tasks. In particular the CALOR code [7,26] includes HETC, MORSE
and EGS4 as well as multichain fragmentation model of hadron-nuckleus collisions
[8]. Designed interface between the codes and extrapolation procedures allow to
perform the calculations in the range of energy up to 20 TeV.

In the region of accelerator energies broadly used also the inclusive hadron
transport code MARS [9], the first version of which came up in 1975 (N.V.Mochov,
MEP, Protvino).

The process of neutron generation in extended heavy target (W, Pb, U and other)
under proton irradiation is the base of a number any important trends in the nuclear
physics and technology. This is, primarily, the neutron sources for physical research,
the discussed up today concepts of the electro-nuclear breeding and the nuclear
transmutations of the radioactive power plants wastes. For all this trends the
questions of a total neutron yield from the targets and energy expense per neutron are
very essential. For these reasons since the fifties a series of corresponding
experimental and theoretical investigations has been undertaken.

Up to now the amount of measurements of the total neutron yield were made from
0,25 MeV up to 70 GeV proton energy (both this point from INR experimental
groups [10,11]). Results of the early experiments in the incident energy range near 1
Gev are presented, for example, in ref. [12]. In last years data have been received in
energy range 1 - 8 GeV [13] and at 12 GeV [14].
The known theoretical results, belongs, as a rule, to the narrow energy range near 1
Gev, i.e. do not cover a wide enough interval. It gives not the possibility for choice
the most efficacious proton energy and to discuss other spallation neutron sources.
For example , in ref. [15] were shown, that from point of view the able to work, the
most useful may be the proton synchrotron on ~ 10 GeV (long life for the ion source
with the relative small ion current and decreased radiation damage of the target first
wall). Other possible interest - using the beam dump of the Large Hadron Collider
(LHC, 7 TeV protons) for giant slow neutron pulses production [16,17]. In this TeV
energy range the spallation neutron yield data is absent at all.

In our work [18] for spallation neutron yield calculations in range 0,1 - lOOGev
are used the universal transport code SHIELD [4,19]. This code is dedicated to the
Monte-Carlo simulation of hadron cascades in complex macroscopic targets of
arbitrary geometric configurations and isotope composition. One can calculate the
nucleon, pion, kaon, antinucleon and muon transfer in energy range up to 100 GeV.
The ionization energy loss for charged particles and struggling are taken into account.
For the transport of pions and kaons the main modes of 2- and 3-particle decays are
simulated.

The capabilities and quality of the hadron transport code depends substantially on
the hadron-nucleus (hA) generator used. The h-A generator of the SHIELD code
includes the Russian models of nuclear reactions: Dubna version of the intranuclear
cascade model detailed in monograf [20]; for more high energies - the hadron-
nucleus and the nucleus - nucleus generator, based on the independent quark-gluon
string model [21]; a combined nuclear deexitation model [22,23] considering
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multifragmentation of highly excited nuclei, equilibrium particle emission involving
evaporation/fission competition for heavy nuclei and Fermi brake up for light nuclei.
The ha-generator of the SHIELD code provides an exclusive desc iption of the
nuclear reactions over the 100-GeV energy range and wide nuclei-targets mass area.

During hadron tree generation in the target, the source of the "evaporated" neutrons
is formed as well as the sources of meson decay products - y-rays, e' ,e +, neutrinos.
Subsequent neutron transport was simulated with original neutron code LOENT based
oh 26-group neutron data system BNAB [I.I.Bondarenko et al, 24], The
electromagnetic showers are simulated by means of the well-known EGS4 code
which is connected to the SHIELD with special interface.

Each hadron cascade tree is stored without any loss of the physical information
during the simulation, allowing complete division of modeling and registrating parts
of the code as well as to the repetition of the tree processing and visualization of the
tree. The SHIELD code's open architecture presumes its modification and
improvements.

In this calculations the targets represent a lead cylinder of natural isotope
composition of 20 cm diameter and 60 in long. Such a dimension provide a nearly
complete absorption of the charged component of the hadron cascade and are the
accepted standard for the topics in question. A pencil proton beam impinges on the
center of target along the cylinder axis.

Here we have restricted ourselves to the neutron yield data only. A more complete
information on the neutron cascade development (energy distribution among various
processe, energy deposition, nuclei-product yield etc.) can be found in Ref. [4].

The estimations of the spallation neutrons yield in TeV region was performed
using transport codes FLUKA [5,6,8,25] and CALOR [7,26]. For this cases the target
is relative small. The neutron sources distribution along axes of the tungsten target
can see on Fig. 1. On Fig. 2 we can see the spallation neutron yield (below 10,5 MeV
neutron energy) - proton energy dependence in the energy region 0.1 Gev - 10 Tev.
On the Fig. 3 are presented the specific yield of neutrons with energies from the
whole cylinder surface, namely the number escaped neutrons per incident proton
divided by the incident proton energy.

As we can see, the maximum in the specific neutron yield and correspondingly the
most efficient energy of protons for neutrons production are observed near 1,2 GeV.
A fall at lower energies is determines by direct ionization loss of primary proton
energy, while at higher energies - by energy transfer into electron-photon showers
caused by the generation and decay of the neutral pions. The results of the
calculations of the neutron yields show the significant discrepancy for FLUKA and
CALOR codes (about 1,6 at 6 TeV). For our experimental point at 70 GeV [11] the
best agreement it is with CALOR calculations. But it is to far from 7-TeV point [16].
It would be very interesting the measurements of neutron yield in this region, even at
one energy. This can make, for example, at 0.9 GeV at the Fermilab Tevatron with
use steady-state beam, extracted by bent crystal extraction technique [27].
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1 Introduction

The Long Wavelength Target Station (LWTS) is being developed as an addition to the Spal-
Iation Neutron Source (SNS) Project. The SNS Project has always planned that a second target
station will be an eventual addition to the SNS facility. The LWTS design effort taking place
now explores the possibility of this target station being constructed at the beginning of the fa-
cility life, permitting greater flexibility in design and implementation on both LWTS and the
original target station, the High Power Target Station (HPTS). Further discussion of the philos-
ophy behind this design effort may be found elsewhere. Here we describe the neutronic design
and the design studies underway for the LWTS effort.

Section 2 describes the neutronically-relevant aspects of LWTS and the fundamental per-
formance characteristics we expect, Section 3 outlines some of the optimization studies we
have performed during our design process, Section 4 discusses high-energy neutron aspects of
the LWTS design, and Section 5 lists various research and development efforts underway or
planned for the LWTS design project.

2 LWTS Configuration

We have calculated detailed neutronic performance characteristics for what we have denoted
the "base case" LWTS configuration. These characteristics are more completely documented
elsewhere, [1] although we summarize them here. We employ both the MCNPX code package
and the Lahet Code System for our simulations, both with ENDF cross section libraries and
state-of-the-art scattering kernels from the ACoM collaboration.

'to

2.1 Description

The LWTS base case configuration includes three moderators, of which two are "slab" mod-
erators and one is a "front wing" moderator. Each of these moderators is viewed from one side
only. All moderators have fully viewed faces of 120 mm (horizontal) by 200 mm (vertical) and
are 50 mm deep. The reflector (out to a radius of ~500 mm) is beryllium and is cooled with
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heavy water. This reflector is surrounded by a shield of iron cooled with heavy water. Table 1

summarizes relevant characteristics of the target station configuration defined as our base case.

Although nominal operation is considered to be at 10 Hz (and thus 340 kW), the actual rep-

Table 1: LWTS parameters used in calculations. Normalizations are performed per 34 kJ-pulse.

Proton Energy
Pulse Rate

Average Power
Energy per pulse

Proton Beam Shape
Proton Beam Size

Proton Pulse
Target

Inner Reflector
Inner Reflector Coolant

Outer Reflector
Outer Reflector Coolant

1 GeV
10 Hz

340 kW
34 kJ

rectangular
50x150 mm2

6(t)
W
Be

D2O
Be

D2O

etition rate has yet to be determined; 34 kJ per pulse is the value to be considered constant.
Figure 1 shows the general layout of target and moderators for this LWTS configuration.

The "port slab" moderator is the slab moderator to the left of the target, when viewed from
the direction of the incoming proton beam. This moderator is fully coupled to the reflector,
and is composed of solid methane at 22 K (90% by volume) and aluminum (10% by volume).
The "starboard slab" moderator is the slab moderator to the right of the target, when viewed
from the direction of the incoming proton beam. This moderator is decoupled from the reflector
with cadmium, is composed of solid methane at 22 K (90% by volume) and aluminum (10% by
volume) and is poisoned with gadolinium 25 mm beneath the viewed surface. The "front wing"
moderator is upstream (for the proton beam) of the target, decoupled with cadmium, composed
of liquid methane at 100 K, and is poisoned with gadolinium 25 mm beneath the viewed surface.
Table 2 summarizes this moderator configuration. Note that in our current judgment, the slab

Table 2: LWTS moderator summary. Solid methane is mixed with aluminum at 10% by volume.

Moderator Moderator Temperature Decoupling Poison Poison
Location Material (K) Material Material Depth (mm)
Port Slab CH., 22 -

Starboard Slab CH., 22 Cd Gd 25
Front Wing CH, 100 Cd Gd 25' o

moderators must be viewed indirectly, i.e., through a curved guide or compact beam bender.
This defines our "base case" configuration. Many of our detailed calculations, including all of
those discussed here, were performed for a configuration in which the two decoupled modera-
tors were exchanged, with the front wing moderator being solid methane, and the starboard slab
moderator liquid methane. Because our results and discussions for the decoupled moderators
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(a) Solid target-slab moderator configuration. (b) Split target-flux trap configuration.

Figure 1: Top view of LWTS moderator and target layouts discussed. The moderators to the
right of the target are decoupled. The slab moderators are solid methane. Protons enter from
the bottom of the figure.

discuss only the 1 eV coupling, as described below, or the high-energy neutron emission, this
change has no significant impact on our present conclusions.

2.2 Quantities Calculated

The spectral intensity i(E) of a moderator is a measure of the number of neutrons leaving
the moderator at a particular energy E, and is related to the differential flux 4>(E) at a point
some large distance L from the moderator by a "1/r2" relationship, that is,

where the flight path is normal to the viewed moderator face. This intensity characterizes the
moderator independently of flight path length from which it is viewed. If the flight path is not
normal to the moderator surface, the intensity observed is scaled by the cosine of the angle be-
tween the flight path and the normal to the moderator surface. The intensity is usually separated
into a shape factor and an overall scale factor, with the overall scale factor equal to the intensity
evaluated at 1 eV, referred to as the "moderator coupling,"

Je ; = Ei(E)\ , - (2)

which is the epithermal intensity per unit lethargy. Note that we assume that slab moderators
require indirect views of the moderator, and thus 1 eV neutrons would likely not be available
from those moderators; we nonetheless use Iep; as a metric for characterizing the moderator
performance. We calculate spectral intensities both by point detector tallies, which give rapid
convergence, absolute scaling, and directional sensitivity, and by leakage current tallies, which
provide intensities for neutrons of high energy (the way in which the point detector tally in
MCNP functions does not permit high energy neutrons to contribute to the next event estimator).
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Our proposed use of slab moderators requires careful examination of the high energy neutron
source term, and therefore we calculate the spectral intensities up to some 500 MeV using
leakage current tallies, which we normalize using point detector results in an energy range
where both tallies function properly.

The emission time distribution of the moderator specific to a given neutron energy, also
called the pulse shape, is simply the intensity distribution as a function of the time (after the
initial proton pulse strikes the target) at which neutrons cross the moderator surface. It is related
to the spectral intensity by

i{E)= [°°i{E,t)dt. (3)

The emission time distribution of the neutrons leaving the moderator depends upon the viewing
angle only in the scaling of the overall intensity. The energy binning and time binning for
the Monte Carlo calculations provide 10 energy bins and 20 time bins per decade, such that
A.E/E ~ 23% and tS.tjt « 11%. The predictions reported are differential values averaged over
such bins. We calculate emission time distributions by surface-averaged leakage current tallies,
normalized by point detector intensity tallies.

2.3 Results

The detailed performance as predicted by the simulations appear elsewhere in great de-
tail. [1] Recall that slab moderators must be viewed indirectly, implying a cut-off wavelength
below which neutrons are unavailable due to the characteristics of the viewing optics. We sum-
marize some of the more relevant results in graphical form only in Figures 2 and 3.

3 Optimization Studies

We have performed a number of calculations intended to optimize the configuration of the
LWTS target-moderator-reflector assembly. We report here the following main studies:

1. target position relative to moderators for the slab moderator configuration,

2. beam void open angle for the slab moderator configuration,

3. target gap for the flux trap moderator configuration, and

4. target division for the flux, trap moderator configuration.

We have also examined the impact on the slab moderator performance due to the inclusion of the
front wing moderator and the effect of filling the "flux trap gap" in a split target with water (in
an effort to more closely approximate the idealized flux trap). We use the techniques described
above to calculate the moderator coupling /epi as a general metric of performance. We further
use the spectral intensity at 1 meV as a measure of the thermalization in a moderator. If we
assume that there is no change in the spectral temperature of the thermalized neutron beam,
then the flux at any low energy, or integrated over a range of low energies, provides a metric
for the "thermalization coefficient." This coefficient could also be obtained by fitting a suitable
parametric form to the spectral intensity. We use the intensity at 1 meV, as it requires less
manual data post-processing. In all cases we here report, the spectral temperature of the neutron
beams in question was unaffected by the geometry changes. The thcrmalization coefficient is
of course not expected to change for a decoupled moderator, but does for a coupled moderator
in differing geometric arrangements.
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Figure 2: Intensities and pulse widths as functions of energy for compared moderators. Re-
call that slab moderators must be indirectly viewed. The coupled moderator is denoted
source_lwlk32_cosmsl, the decoupled liquid methane slab moderator source_lwlk32_delmsl,
and the decoupled solid methane front wing moderator source_Iwlk32_desmfw.

3.1 Target Position

We have examined the effect of target-moderator position by varying the position of the
target. The slab moderators for this study are centered within the reflector, and the target shifted
to maximize performance. Figure 4(a) shows the coupling for both decoupled and coupled
moderators, as well as the degree of thcrmalization expected for the coupled moderator as a
function of target position. We deduce from Figure 4(a) the optimum position for the target
(which is the position we have defined as our base case), and the sensitivity of beam intensity to
that position (around 5% loss in coupling at most for a shift of up to ±5 cm). This sensitivity will
be considered later, when we position the third, front wing moderator, and when we evaluate the
high-energy neutron component of the neutron beams. We also see that the thermalization in a
coupled moderator is less sensitive to large variations in target position than is the moderator
coupling. This follows the intuition that the reflector storage component is a very significant
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Figure 3: Emission time distributions. The coupled moderator is denoted
source_lwlk32_cosmsl, the decoupled liquid methane slab moderator source_lwlk32_delrnsl,
and the decoupled solid methane front wing moderator source_lwlk32_desmfw.
¿\E/E ~ 23 %. Recall that slab moderators must be viewed indirectly.

component in the coupled moderator performance.

3.2 Beam Void Open Angle

TheLWTS configuration has a small number of moderators, and is intended to maximize the
efficiency of those moderators for use through curved guides. There is always a desire, however,
to maximize the number of beams, and thus instruments, as well. Together, these two desires
lead us to consider broad angular coverage of the high-performance slab moderators. We have
therefore studied the impact of opening the beam void, immediately outside the moderator, to
a larger angle—specifically, as large as 90°. Figure 4(b) shows the impact of opening this void
to such an angle, that might permit as many as nine closely spaced beams to come off a single
moderator. There is a minor penalty in the moderator coupling, perhaps as much as 4%, and a
larger penalty, as much as 12%, on the low-energy intensity from the coupled moderator.
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Figure 4: Results of optimization studies of slab moderator configuration.

3.3 Split Target Configuration

A split target configuration permits the use of "flux trap" moderators—moderators which do
not have to be viewed through a curved guide because the beamlines are not directly illuminated
by target material and the primary neutron source. This flexibility comes at a significant penalty,
as seen in Figure 5(a), which shows the intensity from the two moderators as a function of the
gap between the split target sections, where a gap of zero implies a solid target and slab mod-
erators. Any gap large enough to actually avoid having target material illuminate all beamlines
(a minimum of 15 cm) results in a factor of two reduction in moderator coupling, while a gap
large enough to avoid illuminating any beamlines (24 cm) results in a factor of three reduction.
Note that this particular flux trap configuration is one in which the gap between target segments
is filled with water. Similar studies, with a more conventional vacuum gap, indicate a somewhat
smaller penalty, namely a factor of two intensity reduction for the 24-cm gap realistic case; still
very significant. The value of the H2O-filled gap is clearly seen in the improved thermalization
on the coupled moderator, giving a significantly higher thermalization than might be expected
with an equivalent void gap, however this higher thermalization is not enough to overcome the
lower initial coupling; the net result is that the low-energy flux on the coupled moderator with
a split target wyth H2O-filled gap is roughly 20% lower than that for a conventional split target
with a void-filled gap.

Finally, we have examined the effect on moderator intensity of the division of the target
into two regions—that is, the length of the "upstream" or first target section relative to the
"downstream" or second target section, assuming a constant total length. Figure 5(b) shows
that the coupling of both moderators, as well as the thermalization of the coupled moderator,
is relatively insensitive to the exact partitioning of target material between the first and second
sections, with anywhere between 5 and 10 cm for the first section offering the best performance.
This parameter might therefore be adjusted to optimize the front moderator performance or the
high-energy neutron background.
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Figure 5: Results of split target optimization studies.

4 High-Energy Neutron Source Term

One of the most significant and adventurous aspects of the LWTS design concept is the
use of slab moderators, historically considered to be awkward due to the high contamination
of the neutron beams with fast (0.1-10 MeV) and high energy (10+ MeV) neutrons. Concern
over this contamination is the reason behind our proposition that none of the beams on a slab
moderator should be viewed directly, that is, without a curved guide, compact bender, or other
fast and high energy neutron filter. Figure 6 shows the results of a large number of calculations
concerning fast neutron source terms. All fast and high-energy neutron spectra will be reported
as lethargy spectra, normalized to 1 eV, except where otherwise noted. In this way, we will
attempt to define the "cost" of using slab moderators as a function of the payoff gained from
their use. We report these data for general information and discussion, and further draw the
conclusions discussed below. Figure 6(a) indicates that there is only marginal benefit to shifting
the target position around the location optimum for performance.

Figure 6(b) indicates that there is a "worst-case" beamline angle, around 77° from the proton
beam, where reduced shielding and increased source term are least desirably matched, although
the highest energy neutrons are still most problematic at the lowest angles relative to the proton
beam. Furthermore, there is an enormous difference between neutron beams depending on
the exact value of this angle. This may have significant implications regarding the choice of
beamline for a given instrument, as some instruments will have restrictions on background and
on feasible shielding configurations.

Finally, Figures 6(c) and 6(d) indicate that the neutron beamline angle more strongly influ-
ences the fast neutron component than does the presence or absence of water in the flux trap gap,
or even than the size of this gap. This last point is further demonstrated in Figure 7(a) which
shows that the flux trap 70° beamline has similar quantities of the highest energy neutrons to
the 90° beamline for a slab moderator, although the fast neutron contribution is lower. Thus we
see that, depending on the beamline angle, slab and flux trap moderators have different energy
ranges over which each displays a higher fast and high energy neutron component. Finally, Fig-
ure 7(a) does confirm that our use of slab moderators does result in more fast and high-energy
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Figure 7: Fast and high energy spectra for various neutron beam angles for a solid target-slab
moderator configuration a split target-flux trap moderator configuration, and a wing moderator
configuration.

neutrons in a given beam, when compared to a wing moderator. The ratio of the fast neutron
spectrum from our slab moderator to our front wing moderator appears in Figure 7(b). Our
results comparing the LWTS slab to the LWTS front wing moderator are roughly consistent at
the highest energies (> 100 MeV) with measurements carried out some time ago for the SNQ
project. [2] Those measurements indicate a factor of approximately 300-1000 greater fast neu-
tron intensity from a "slab" moderator configuration than from a "wing" configuration, as shown
in Figure 7(b). However, our calculations indicate substantially lower ratios at lower energies,
3-10 MeV, for the LWTS slab-wing comparison than for the SNQ measurements. We feel that
measurements in the LWTS configurations are needed to resolve this apparent discrepancy.

However, the increase in the undesirable neutron component is not tremendously larger for
a slab moderator than it is for a flux trap moderator (which has been successfully employed at
the Lujan Center), and is still reasonably similar in shielding requirements to the High Power
Target Station beamlines (once proper accounting is made for the different repetition rate of
the two target stations). The new upstream moderator at the Lujan Center will provide further
valuable information. Moreover, experience and measurements at ISIS and SINQ indicate that
feasible guide and bender shielding adequately controls the fast neutron component.

5 R&D Efforts

Numerous issues have arisen in the course of the LWTS concept development which require
more information than is now in hand to provide the basis for detailed design and for potential
design innovations. Some of the R&D issues are listed here, along with proposed efforts to fill
design needs.

Our current LWTS configuration calls for monolithic solid methane cold moderators, which
have yet to be realized at high-power spallation sources. In addition to developing and explor-
ing engineering solutions to permit using monolithic solid methane moderators, we are also in-
volved in the ACoM collaboration, the members of which seek to develop a pelletized methane
moderator system. We are involved in this effort via the tracking of and collaboration with a
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DOE-sponsored pelletized moderator development effort at Cryogenic Applications F, Inc., by
the co-sponsoring of the "URAM" series of measurements at Dubna, and by supporting a cal-
culational effort at the University of Illinois. We also seek to explore other moderator materials,
most especially ammonia, for which scattering kernel measurements and model development
would need to be done, as would experimental tests of the proposed moderators.

We are investigating the possibility of using metal hydrides, perhaps in deuterated form, as
reflectors—an old idea that has become more practical with the development of an industrial
infrastructure surrounding the use of metal hydrides as battery material and for hydrogen stor-
age. This too will require development of suitable scattering kernels for simulation, perhaps
requiring in turn scattering measurements on candidate materials.

There are a great many optical components required for LWTS as envisioned to be success-
ful, both due to the heavy emphasis on low-energy neutrons and due to the reliance on indirect
viewing of slab moderators. We will explore guide and compact beam bender effectiveness
both computationally and experimentally, drawing on experience at ISIS and SINQ, the ongo-
ing ASTE tests at AGS, and perhaps additional prototyping tests. We are deeply involved in
ongoing prototyping of focusing optics, polarization equipment, and energy filters at IPNS. Fi-
nally, we are also heavily involved in the development and prototyping of new neutron detectors
and new instrument concepts.

6 Conclusions

We have devised a highly effective "base case" conceptual design for LWTS, which we
are still evaluating and optimizing. LWTS will provide distinctly unique capabilities compli-
mentary to the SNS HPTS. The configuration of LWTS is strongly coupled to instrument re-
quirements through close interaction with scientists formulating the science case and instrument
suite.
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Abstract

The volumetric scroll pump has been designed and analyzed numerically to verify the

feasibility of the application of volumetric scroll pump with the cold moderator system. The

hydraulic analysis of the scroll pump, which was focused in the suction process, was carried

out with the Low-Reynolds number k-e turbulence model. The analytical results show that

the scroll pump has small negative relative pressure, and preferable volumetric intake

profile. These characteristics might verify the feasibility of the scroll pump for applying to

circulate the liquid hydrogen in the cold moderator system. The following advantages would

be expected in the application; (1) The pump could be applied with gas, liquid, and mixture

(two-phase flow); (2) The minimum pulsation, which provides less vibration, would be

expected, since the processes inside the scroll pump occur simultaneously and continuously

in a cycle of crank revolution, and it operates at very low speed comparing with the high-

speed centrifugal pump; (3) The liquid hydrogen flow rate could be estimated as the ratio of

shaft speed.

Introduction

In the spallation target research and development at the Japan Atomic Energy Research

Institute (JAERI), an electromagnetic pump (EMP) has been selected to circulate mercury

which is a target material working as a spallation neutron source, and a high-speed

centrifugal pump would circulate liquid hydrogen in a cold moderator system for classifying

cold and thermal neutron [1,2]. At present, in the mercury target system, the
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electromagnetic pump is planned to replace with a mechanical gear pump, so that mercury

flow rate could be estimated due to the volumetric pump feature. Furthermore, for the safety

of target system, the multiple functions would be expected when the volumetric pump is

applied together with a flow meter.

It would be possible to use a scroll pump as a volumetric liquid pump like a mechanical

gear pump, which would give lower flow-induced vibration than the gear pump. The scroll

pump has been developed from scroll compressor, which gives high performance and works

very well in the application of small capacity refrigerating system and air compressor [3,4].

The scroll compressor has three processes inside i.e., gas suction, compression, and

discharge [5]. Unlike the reciprocating (piston type) compressor, the processes inside the

scroll compressor occur simultaneously and continuously in a cycle of crank revolution,

resulting in a minimum pulsation, which provides less vibration.

In the case that the scroll compressor would be used as the liquid scroll pump, the

compression process would be omitted since the fluid to be conveyed is incompressible

fluid. Therefore, the scroll wraps of the pump are shorter than that of the compressor.

Figure 1 illustrates the processes inside the scroll pump. As seen in the figure, fluid flows

through inlet port into suction chamber in suction process while the fluids in the discharge

chamber, which was filled in discharge chamber after the suction process completed in

previous cycle, flows through outlet port in discharge process. These processes occur

simultaneously and complete the processes within a cycle of crank revolution

In this study, a prototype scroll pump has been modeled and analyzed numerically to

predict flow patterns and pressure distributions in the suction process which is one of key

processes, with a view for verifying the feasibility of the scroll pump for applying with the

liquid circulation system such as the cold moderator system.

Analytical Model

The designed scroll pump configuration is as shown in Fig. 2. The coordinate equations

of the perimeter curves of the scrolls are as follows:

Fixed scroll:

Inner curve X = a-

Y = a-

0 s k s 3K

Outer curve X = a- C^SX+(X-K)- mX)

Y = a- sjnX-(X-Tt)- ask)

2jt s X s 5JT

Orbiting scroll:

Inner curve X = a- c0sX+(X-(3)- iuX) + y as8

Y = a- s(nX-(*.-p)- osX) + 7- ia0
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K < k < 4x

Outer curve X = a- cfok+k- isX.) + y- asG

Y = a- s(nX-X- ask) + y is0

JI =s k z An

Where a: Scroll coefficient (mm)

|3: Discrepancy of starting rolls angle (radian)

y: Radius of basic circle, a- v{- |3) (radian)

0: Crank angle (radian)

k: Position angle (radian)

Adjustment of scroll coefficient, a, would change the scroll pump size in scale while

adjustment of discrepancy of starting rolls angle, |3, would change the shape of the scroll

wraps (i.e., changing the thickness of the scroll wraps). The comparison of the scroll models

in different values of |3 is shown in Fig. 3.

The relationship between intake volume and scroll coefficient, a, is shown in Fig. 4,

while the relationship between intake volume and discrepancy of starting rolls angle, (3, is

shown in Fig. 5. As seen in Fig, 4 and Fig. 5, it could be confirm that scroll pump can be

designed and configure before applying to the circulation system to meet the flow rate

condition of the system.

In the study, the analytical model was considered to have an appropriate pump size of

300 mm in diameter and 50 mm in depth. The scroll coefficient, a, equals to 10 mm, the

discrepancy of starting rolls angle, (3, equals to 0.5n radian, the suction port has its diameter

of 30 mm and its center at X=90 mm and Y=-90 mm, while the discharge port has its

diameter of 25 mm and its center at the origin. The inlet and outlet pipes have the same

diameter size as the connecting ports with each of 50 mm in length.The thermal-hydraulic

analytical code, STAR-CD, was used for predicting the flow properties inside the pump. In

this study, the three-dimensional fluid cells in moving region have been generated by using

the surface extrusion technique. The vertices and splines input data of the scroll curves on

the x-y plane were calculated from the equations described above using zero degree crank

position, 6 = 0. Extruding the curves in z direction generated the first primitive shells of the

scroll surfaces then extruding the orbiting shell in the moving direction generated three-

dimensional cell layers. During an extrusion, new sets of vertices were generated based on

shell vertices in the current shell set and on a given vertex number offset i.e., the new vertex

number equals to the vertex number of the current shell set plus the given vertex number

offset. This extrusion process was done repeatedly to complete one cycle of revolution (360

degree of crank angle) so that the model consists of entire overlapped cells. The present

analyses have been performed for 24 steps of 15 degree. The overlapped cells must be

managed to activate or deactivate along with their position changed at each step of

calculation. The resulting cells in the first and the last steps in two- and three-dimension are
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shown in Fig. 6. Note here that the present calculation was performed only in the suction

process.

The analyses were carried out under water and liquid hydrogen flow conditions as so

that the fluid cells were applied for both of them. The flows are assumed to be turbulent and

driven entirely by the motion of the orbiting scroll wrap. The Low-Reynolds number k-e

turbulence model was applied to determine the Reynolds stress and turbulent scalar fluxes.

The port boundary pressures are held constant at atmospheric pressure boundary condition

throughout the computation. The velocity magnitude of the orbiting scroll equals to 1.645

m/s according to the shaft speed of 1000 rpm. The illustrations of the boundary conditions

are also shown in Fig. 6.

Results and Discussions

The intake volume and the corresponding angle are plotted in Fig. 7. The intake volume

profile is almost linear and the fluid is induced into the suction chamber continuously so

that the scroll pump suction process should be smooth as mentioned.

The analytical results of velocity and relative pressure distributions in the suction

process are plotted on the center surface, z = 25 mm, in Fig. 8 and Fig. 9 respectively. The

results are illustrated at 0, 90, 180, and 270 degree corresponding to Fig. 1. The relative

pressure indicates the pressure difference against the inlet pressure.

Figure 8 shows how the orbiting scroll drives the flow inside the pump. The fluid in the

region where the orbiting scroll moves toward has a high velocity. The high velocity fluid

flows against the stationary wall, when the orbiting scroll moves close to the wall, causes

the recirculation flows. It can be seen also in Fig. 9 that the higher relative pressure is in the

corresponding region to the region that the recirculation flows occurs.

As seen in Fig. 9, the low relative pressure occurs in the region that the moving scroll

moves from while the high relative pressure occurs in the region that the moving scroll

moves to. The negative relative pressure normally occurs inside the suction chamber i.e., in

the pocket between the orbiting and the fixed wrap. However, when the suction process is

almost completed as shown in Fig. 9 (Id) and (2d), high-pressure would occur in the pocket

where the concave face of the orbiting wrap presses the fluid inside. Furthermore, inside the

high-pressure pocket, it can be seen in Fig. 8 that the recirculation flow always occurs in the

corner region, and it causes the considerably high pressure in the corner. This effect

increases significantly when the orbiting wrap is nearly close to the fixed one. We will study

this effect in more details in the next step.

The maximum and minimum relative pressures in 24 steps are plotted in Fig. 10. In case

of water pump, the lowest relative pressure is equal to -106 Pa at 75 degree of crank angle

and the highest relative pressure is equal to 1538 Pa at 345 degree of crank angle, while in

case of liquid hydrogen the lowest relative pressure is equal to -34.2 Pa at 165 degree of
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crank angle and the highest relative pressure is equal to 129 Pa at 315 degree of crank angle.

These results show that the relative pressure is very small in case of the liquid hydrogen

condition in comparison with the water condition.

In one cycle of revolution, the flow is induced into the suction chamber continuously

since the volume of the suction chamber increases while the volume of the discharge

chamber decreases, see also in Fig. 1. The intake volume of the pump was calculated in

each step, as the summation of volume of fluid cells excluding the volume of the cells at the

first step. In the study, the approximate intake volume per cycle is 690 cm3. This gives the

volume flow rate of 0.69 m3/min at 1000 rpm of crank speed. We might control the volume

flow rate by adjusting the crank speed, for example 0.1 m3/min at 145 rpm.

Concluding Remarks

The hydraulic analysis of the scroll pump, which was focused in the suction process,

was carried out with the Low-Reynolds number k-e turbulence model. The analytical results

show that the scroll pump has small negative relative pressure especially in case of liquid

hydrogen, which is the working fluid in a cold moderator system. The scroll pump also has

preferable volumetric intake profile. These characteristics might verify the feasibility of the

scroll pump for applying to circulate the liquid hydrogen in the cold moderator system. The

scroll pump can be designed and configured to meet the average flow rate condition of the

system, and can control the fluid flow rate by adjusting the crank speed in operation. The

next step to develop the scroll pump is to do analyses on the flow and pressure distributions

at the position close to the end of the suction process for more details, especially, in the

corner of the high-pressure pocket.
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a: Scroll coefficient (mm)
(3: Discrepancy of starting rolls angle (radian)
y: Radius of basic circle, a- n(- (3) (radian)
8: Crank angle (radian)
k: Position angle (radian)

Fig. 2 Scroll pump configuration
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Fig. 6 Computational grid of the scroll pump
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Fig. 7 Intake volume profile of suction process
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Fig. 8 Velocity distribution at several orbiting angles
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Fig. 10 Relative pressure plot at several orbiting angles
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