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99-056 OVERVIEW OF THE PROJECT

1 Overview of the Joint Project

1.1 The Highest Beam Power in the World

This document describes a new proposal to pursue frontier science in particle physics,
nuclear physics, materials science, life science, and nuclear technology, using a new proton
accelerator complex at the highest beam power in the world. The plan has been discussed and
it is proposed jointly by the High Energy Accelerator Research Organization (KEK) under the
Ministry of Education, Science, Sports and Culture (Monbusho) and the Japan Atomic Energy
Research Institution (JAERI) under the Science and Technology Agency (STA). Previously,
these institutions proposed the Japan Hadron Facility (JHF) at KEK and the Neutron Science
Project (NSP) at JAERI, respectively. The present new joint plan, temporarily called the
"Joint Project", is based on these two past proposals. It is also proposed that accelerators of
this Joint Project be constructed at the JAERI site.

The frontiers of accelerator science are in two complimentary directions. One path is
towards the highest beam energy, examples for which are LEP (electron + positron collider at
100 GeV each), RHIC (Au + Au collider at 100 GeV per nucleon each), and LHC (proton +
antiproton collider at 7 TeV each). The major purpose of these energy-frontier accelerators is
to hunt for new particles, for example, in particle physics. The other path is towards the
highest beam power. Many new accelerators are based on this philosophy, such as high-
intensity electron accelerators that provide intense synchrotron radiation sources. In proton
accelerators, the high beam power allows production of a variety of intense secondary particle
beams such as kaons, neutrons, muons, neutrinos, antiprotons, and short-lived radioactive
nuclear beams. In nuclear and particle physics, an example using these secondary beams is to
measure rare processes such as neutrino oscillations and CP violation. In addition, sciences
and technologies other than particle and nuclear physics can be carried out by using these
secondary beams. These sciences and technologies include a) materials and life sciences with
neutron and muon beams, b) accelerator-driven nuclear transmutation of long-lived nuclides
in nuclear waste, and c) astrophysics research using radioactive isotope beams. The present
proposal represents a major step in the direction of the intensity frontier.

1.2 Original Proposals at JAERI and KEK

Before describing the Joint Proposal, the two original proposals are described in this
section.

1.2.1 Neutron Science Project at JAERI

The Neutron Science Project at JAERI aimed at construction of the world's most
powerful spallation neutron source and research facility complex to enhance basic sciences
and the accelerator application for transmutation of long-lived nuclides associated with
nuclear power generation. The major facilities would be a superconducting proton linac, a 5-
MW target station allowing neutron pulses for neutron scattering research, and research
facilities for accelerator-driven transmutation technology, neutron physics, materials
irradiation, and spallation radioactive ion (RI) beam production for exotic nuclei science.

- 1 -
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With an initial power level of 1.5 MW (1.5 GeV, 1mA) on target with the pulse mode,
the superconducting linear accelerator complex would be expanded to 8 MW (5 MW) with cw
mode (pulse mode), including a test facility with thermal power of 30 MW for demonstrating
accelerator-driven transmutation technology.

Since one of the major technical challenges of a high-current accelerator resides in the
low-energy section, JAERI has been carrying out R&D for ion source, RFQ, and DTL since
1990. In a recent beam test with a 150 mA (peak) ion source and a 2-MeV RFQ, the peak
current of 70 mA with a duty factor of 8% was achieved. A hot test model of a DTL for
mock-up of the low-energy portion (2 MeV to 100 MeV) was fabricated and tested for high-
power and high-duty (50%) operation. Another challenge is the development of a super-
conducting linac for accelerating protons. Recently a superconducting cavity was
manufactured and successfully tested at 2.2 K.

Another technical challenge is the development of a spallation target. As a lower power
target, a tantalum solid target is under development. For a 5-MW target, a mercury target will
be used. The design of target station is underway. A mercury loop was built recently for
thermo-hydraulic study of a target system. Under the Japan-Europe-USA Joint program,
mercury-target experiments using the AGS proton accelerator at BNL have been carried out to
investigate thermodynamic and neutronic behavior of a mercury target.

The accelerator-driven system (ADS) has unique features that can open new options for
nuclear power. Especially for transmutation purposes of minor actinides (Np, Am, Cm) in
high-level radioactive waste that arise from nuclear power generation, ADS is very promising.
ADS, operated in a subcritical mode, can address specific operational and safety issues by
relaxing criticality constraints as well as by providing high flexibility in fuel processing.
These features can offer and may provide distinct advantages compared to reactors as a safe
and efficient means for effective transmutation of long-lived nuclides. Demonstration of ADS
technology with a medium-scale integrated system is planned under the NSP.

The layout of the proposed facilities is illustrated in Fig. 1.1. A completion of the major
facilities including a proton Linac was planned in 2007.

Neutron Scattering Facility

Nuclear Transmutation & \ Compression Ring
Radiation Effect Facility r\s'rT\

~ VS I I \Q\ \J) Beam Test Station
E x p e r i m e n t " " " } - ^ \{ - &RI Production n
Facility of Nuclear £$7 Jc!f/nVs^ sa 5a Ea——^Jtesa.
Transmutation—"^/f\^ ] . F T cd Jzi

Reactor & \ ~ —'
Neutron Physics Spallation Product Superconducting Linac njectorBui ng
FaciUty Acceleration Ep=1.5GeV,I=3.3mA(pulse),5.3mA(CW)

Facility ^ .^

m

Fig. 1.1 Layout of the proposed facilities in the original Neutron Science Project at JAERI.
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1.2.2 Japan Hadron Facility (JHF) Project at KEK

The Japan Hadron Facility (JHF) would have been the next accelerator project at KEK
to promote hadronic sciences. Its accelerator complex would consist of a 200-MeV proton
linac, a 3-GeV booster proton ring and a 50-GeV main proton synchrotron (PS) ring. It aimed,
similar to the case of Neutron Science Project at JAERI, to provide the highest beam intensity
in the world among accelerators of these energies. For instance, the 3-GeV booster ring and
the 50-GeV main ring would provide beam intensities of 200 uA and 10 U.A (average),
respectively. The 3-GeV booster ring would be a rapid-cycling machine with 25-Hz repetition
rate, producing a beam power of 0.6 MW. The main 50-GeV ring would have a cycle time of
about 3.4 seconds with 0.7 second slow extraction time, producing a beam power of 0.5 MW.
To reduce the total cost, the infrastructure available at KEK was intended to be utilized as
much as possible. For instance, it was planned to install the 3-GeV Booster ring in the present
tunnel of the KEK 12-GeV proton synchrotron ring. The present neutrino beam line has been
designed to be used as a transfer line from the 3 GeV ring to the 50 GeV ring.

Science programs at the JHF project cover a broad range from high-energy physics to
materials-science, by using the primary and various secondary beams from the accelerator
complex. Experimental areas have been grouped into four arenas called K-arena, N-arena, M-
arena, and E-arena. They are respectively the science programs using kaon and neutrino
beams (for particle and nuclear physics), those with neutrons (for materials science), those
with muons (for |iSR), and those with exotic unstable nuclear beams (for nuclear physics and
astrophysics). The K-arena would use a proton beam from the 50-GeV PS, whereas the others
would use beams from the 3-GeV booster.

Historically, the JHF was proposed based on strong demands from current particle-
physics and nuclear-physics users of the 12-GeV proton synchrotron, neutron and muon users
of the 500-MeV booster synchrotron at KEK, and users at the Institute for Nuclear Studies at
University of Tokyo. Once JHF were constructed, however, it would be open to the entire
international community of scientists. In fact, international interest and support towards JHF
have increased significantly in recent years.

The layout of the proposed facilities is illustrated in Fig. 1.2.

50 GeV Proton Synchrotron
I = 1 0 u A

Neutrino

M Arena
(Muon Physics)

3 GeV Proton Synchrotron
I = 200 HA

K Arena
(Kaon physics
+ Other high
energy physics)

E Arena (RI Beams)

200 MeV Linac

N Arena
(Neutron Physics)

Fig. 1.2 Layout of the proposed facilities in the original JHF Project at KEK.
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1.3 Accelerators and Science in the Joint Project

Research programs at the proposed accelerator complex will be described in detail in
Chapter 2. In the present chapter a flavor of these programs together with the accelerator
configuration are described.

The proposal has two phases. The "Phase 1" accelerator complex consists of
• 400-MeV normal-conducting Linac,
• 600-MeV Linac (superconducting) to increase the energy from 400 to 600 MeV,
• 3-GeV synchrotron ring, which provides proton beams at 333 (lA (1 MW), and
• 50-GeV synchrotron ring, which provides proton beams at 15 |iA (0.75 MW).
In addition, an upgrade towards 5-MW proton beam power at the few GeV energy region is
proposed as a "Phase 2" project of the present proposal. The final decision on the selection of
the accelerator type in the "Phase 2" will be made after obtaining performance data at the
Phase 1 accelerator. See Chapter 5 for details on this upgrade. Figure 1.3 shows the basic
configuration of the proposed "Phase 1" accelerator complex.

3 GeV PS
(333 pA, 25 Hz)

400 MeV Linac
(normal conducting)

600 MeV Linac
(superconducting)

\

R&D for
transmutation

! 3 GeV PS
\ Fxperimental

Area

50 GeV PS
(15

•o
50 GeV PS

Experimental
Area

LI iNfeutrinos
to

S uperKamiokande
Fig. 1.3 Conceptual description of accelerator components for the Phase 1 project.

At the initial stage, the normal conducting 400 MeV Linac will be used as an injector to
the 3-GeV ring. At the stage when the superconducting 600 MeV Linac becomes stable,
however, this 600-MeV Linac will be switched as the injector to the 3 GeV ring.

At the 50-GeV Proton Synchrotron (PS) nuclear/particle physics experiments using
kaon beams, antiproton beams, hyperon beams and primary proton beams are planned. Using
kaon beams, production of strangeness in nuclear matter become possible, and the study of
the influence of nuclear matter on this impurity probe of a strange particle will be performed.
Experiments on kaon rare decays, such as K° -» TF°VV to measure CP matrix elements, an
experiment on neutrino oscillation from vH tovTusing the Super-Kamiokande as a detector, etc.
will also be carried out.

The 3-GeV ring will be used as a booster synchrotron for the 50-GeV main ring. In
addition, it is designed to provide beam power of 1 MW. Extensive physics programs which
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cover nuclear/particle physics, condensed matter physics, materials sciences and structural
biology will be carried out there. Among them the major highlights are materials sciences and
structural biology using neutrons produced in proton+nucleus spallation reactions. Since a
neutron has a magnetic moment but no electric charge, neutrons can be used for the study of
magnetic properties of matter. Also, since the neutron has a mass which is similar to that of
the hydrogen atom, neutrons can probe sensitively the location and dynamic behavior of
hydrogen atoms in materials. The role of hydrogen atoms in biological cells is of particular
interest in life science and, there, the neutron beams play a crucial role for these studies. In
addition to neutrons, muon beams are also important in which \iSR (muon spin
rotation/relaxation), muon catalyzed fusion, and other materials sciences can be conducted.
Also, particle-physics experiments such as a u.N-»eN conversion experiment can be
performed. Radioactive beams produced from the 3-GeV PS are also useful to nuclear/astro
physics research. Finally, the high-current 600-MeV Linac will be used for R&D for the
accelerator-driven nuclear transmutation.

Fixed Target Proton Accelerators

; txisang
Present
proposal

/ , Under
' -' construction

10000 - -

1000/- =

10C

0.01

Neutron/Muon/
Meson Sciences

\ Phase 1
"<-|;JGeV

L \ IS IS '
TRIUMF Particle/Nuclear

Physics

1 10 100 1000 10000

Energy (GeV)

Fig. 1.4 Beam power to be achieved by the present project.

The beam power is sufficiently high for all the above sciences. However, a higher beam
power will enrich, in particular, neutron sciences. Thus, we plan in Phase 2 to upgrade the
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accelerator to 5 MW for spallation neutrons. This plan will be described in detail in Chapter 5.
In Figure 1.4, expected beam powers in the present proposal are compared with those
available in the world.

1.4 Organization

The present proposal is based on two preceding proposals: the Neutron Science Project
at JEARI and the JHF at KEK. Thus, a new organizational structure between JAERI and KEK,
has been installed for this new Joint Proposal, as illustrated in Figure 1.5.

The "Steering Committee" meets every two to three weeks to make major decisions for
the new proposal: organization, names of individual boxes under this Committee, budget plan,
etc. The project team, led by T. Mukaiyama at JAERI and S. Nagamiya at KEK, has the
"Project Headquarters" with 6 members and 9 Working Groups under that. The "Scientific
Advisory Committee" is composed by members from JAERI and KEK, in addition to
representatives from major user communities.

JAERI
President

KEK
Director General

Steering Committee

r Project Team

Project Headquarters

Working Groups #1, #2,...

Scientific Advisory
Committee

Fig. 1.5 Present organization for the creation of the Joint Project proposal.

1.5 International Responsibility

In the 21st Century it is extremely important for Japan to play a major leadership role in
accelerator science in the world. The present Joint Project is desired in the world's science
community for many reasons. For example, the OECD Mega Science Forum for neutron
sources recommended the construction of advanced neutron sources in each of the three
regions: Asia/Pacific rim, Europe and North America. North America recently started the
SNS Project, aiming at a 4-MW proton accelerator. In Europe a project called the ESS for 5
MW is under discussion, to follow the 0.16-MW ISIS neutron source. The present Joint
Project is comparable to these two future projects and, if constructed, it will be one of three
major centers in the world for neutron sciences.

- 6 -
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The OECD Mega Science Forum for nuclear physics also emphasized the scientific
importance of the JHF proposed in Japan and urged the international communities and
foundations to form partnerships to take advantage of this future facility. Here, the present
Joint Project becomes, if constructed, the world center for hadron physics and many
international users from Europe, America, and Asia will come to Japan to do experiments.

Interests in the accelerator-driven system (ADS) for transmutation of long-lived
nuclides has grown in recent years in many countries as a possible means to improve the
management of high-level radioactive waste. The OECD Nuclear Energy Agency will start
the Partitioning and Transmutation System Study, Phase 2: Comparative Study of ADS and
Fast Reactor in Advanced Fuel Cycles. The facility for ADS experiments under the present
Joint Project provides, if constructed, opportunities for foreign countries interested in the
ADS to conduct experiments jointly.

In addition, the role of Japan in the Asian countries and the Japanese relation to these
countries is an important issue. Since the present Joint Project will attract Asian scientists, the
project team will pay special attention to make it easier for Asian and Pacific countries to
participate in this project.

1.6 Site Selection

The site of the proposed accelerators is chosen to be the JAERI Tokai site. Since the
ultimate goal of this proposal is to seek 5 MW beam power including R&D experiments for
accelerator-driven transmutation, radioactive waste disposal of the spallation target and the
use of nuclear fuel materials for transmutation are the most important issue in the process of
our site selection. For accelerators up to 1-MW beam power both KEK-Tsukuba and JAERI-
Tokai can handle them at an almost equal level of effort. On the other hand, for the
accelerators at 5 MW the handling of the radioactive waste and the use of nuclear fuel
materials for transmutation experiments are by far easier at the JAERI-Tokai site, since
JAERI-Tokai is the place where several research reactors, nuclear-waste handling facilities
and other related facilities are operated.

- 7 -
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2 Research Facilities and Programs

2.1 Particle and Nuclear Physics

2.1.1 Overview

It is an instinctive demand of humankind to pursue the truth of Nature, as first
documented by the ancient Greeks. Particle and nuclear physics is the fundamental science
dedicated to develop an understanding of matter at the smallest scales, by asking what are the
building blocks of matter, and what are the forces that bind them together. It is also now
known that the microscopic world studied by particle and nuclear physics is closely related to
the study of the origin of the Universe.

Some of the ways to develop an understanding of particle and nuclear physics are to do
precision studies, to investigate exotic systems, or to look for unseen phenomena. These
studies are only possible when beams of very high intensity are available. The 50-GeV PS
will provide a beam current of 15.6 jxA at its initial stage to enable these important particle
and nuclear physics experiments with high-intensity primary and secondary beams. Here, the
primary beams are protons (unpolarized and polarized later) as well as heavy-ions at a later
stage, and the secondary beams include TC'S, K'S, hyperons, neutrinos, muons, and antiprotons.
These secondary beams will have the highest intensity in the world in this energy domain.

The 50-GeV PS is a long-awaited wish for the Japanese hadron physics community,
both from particle and nuclear physics. Currently in Japan, a 12-GeV proton synchrotron
(KEK 12-GeV PS) with 0.3 .̂A beam current, which produces only low beam intensity of
primary and secondary particles, has been being operated since 1976. In spite of its low
intensity, the KEK 12-GeV PS has provided many significant achievements through great
efforts by the users. However, due to its low intensity, it is not easy to carry out further
extensive physics programs that are competitive with the best ones in the world. Also, the
KEK 12-GeV PS machine might soon reach the end of its lifetime. The users have been
urgently requesting a higher-intensity proton machine with higher energy, as an extension of
the current KEK 12-GeV PS programs. The Joint Project will be a realization of their dream.
In fact, since the cancellation of the TRIUMF KAON project in 1993, the Joint Project
represents only hope of the international community of users for a new high-intensity hadron
machine.

Physics programs at the 50-GeV PS cover a broad range of topics in particle and
nuclear physics . Topics mentioned herein are not complete, since more detailed reports are
available [1].

- 8 -
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[ Experimental Hall j

Apron
Stage

Test Exp.

Apron
Stage (E.)

Future
Extension

Apron
Stage (W.)

Fig. 2.1 Schematic layout of the experimental area at the 50-GeV PS.

Fig. 2.1 shows a preliminary layout of the experimental area of the 50-GeV PS. It has
two primary beam lines (A and B). The A line will produce high-intensity secondary beams,
where two beam channels of K 1.8 and Kl.l (for high-intensity Tts and Ks) and a Ttu beam
channel will be located. The second primary beam line, B, will produce a neutral K beam
and/or primary beams. Parameter values for these beam lines are listed in Table 2-1. The
beam intensities will be the best in the world. The experimental hall is designed to allow an
extension to be added in the future. The layout of the experimental hall is still preliminary,
and the details of the floor arrangement can be changed based on the requirements of the
specific experiments that will be proposed by the international community of users.

Table 2-1 Design parameters of the secondary beam channels at the 50 GeV PS

name of beam channel

Momentum Range (GeV/c)

Acceptance(msr»%) A£>Ap/p

Length (m)

Particle Separation

Average Beam Intensity

(@lxl0I4pps)

production angle (degree)

K1.8

1.0-2.0

10

40

2-stage DC

K(1.8): 1.5xlO7

pbar(1.8): 6xl06

6

Kl.l

0.5-1.1

30

25

2-stage DC

K-(l.l): 1.5xlO7

K+(0.8): lxlO7

5

KL

1-8
AQ=6.8|isr

20

none

KL(2.0):4xl08

10

Q
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2.1.2 Nuclear Physics

Among many frontier topics in nuclear physics, one of the important physics
motivations can be expressed symbolically as "from nuclear surface to nuclear matter" or
"jnuclear_matter physics" [2]. In othe words, it is to examine an interior region of the nucleus
and to address questions such as whether a nucleon inside the nucleus retains its free-particle
identity in nuclear matter, because the size of the baryon is comparable to the inter-nucleon
distance inside the nucleus. These studies, as well as other topics in nuclear physics, will be
addressed at the 50-GeV PS.

a. Hypernuclear Spectroscopy
Hypernuclear spectroscopy gives us a unique opportunity to study deeply-bound states.

A precise spectroscopic investigation may reveal changes of the single-particle properties of
the hyperon; mass, magnetic moment, etc. However, the present data for hypernuclei are very
limited both in quantity and quality compared to the data for ordinary nuclei, as illustrated in
Fig. 2.2. The primary limitation has been that of available beam intensities. The high-intensity
K beam at the Joint Project is expected to open up a new field of hypernuclear spectroscopy
in two distinct directions. One direction is to further explore the S=-2 systems; S-
hypernuclei[3], AA-hypernuclei, and the H-dibaryon. The other is the high-resolution
spectroscopy of S=-l hypernuclei by observing hypernuclear y-ray transitions. The K" beam
of 1.8 GeV/c is useful to produce S=-2 systems via the (K~,K+) reaction. The K" beam of
0.8-1.1 GeV/c in momentum at the Kl.l beam line is very powerful to study the S=—1
hypernuclei, such as A hypernuclei.

Doubte-A Hypernuclei
A H Hvpernuclei.

Three-Dimensiona! Nucie^r

S=0
Neutron Number

Fig. 2.2 Three-dimensional nuclear chart as a function of proton number, neutron number and

strangeness.
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b. Vector Mesons in Nuclei
Another method of studying the interior of the nucleus is to implant vector mesons,

such as co, <j), and JA)/, inside the nucleus. It has been speculated that there might be a nuclear
matter effect called "partial restoration of chiral symmetry [4]." It implies that the vector-
meson mass could be modified in nuclear matter. The theoretical prediction of the mass
change as a function of temperature and density of nuclear matter is shown in Fig. 2.3. To
measure the mass of vector
mesons in nuclear matter, the
most powerful method is
dilepton spectroscopy, since
dileptons are immune to final-
state interactions in nuclei.
Meson beams are efficient to
create vector mesons in
normal nuclear matter. For
producing a, J/*P inside a
nucleus, an antiproton beam Temperature
might be useful. If heavy-ion
beams are available at a later

stage, the study can be extended pig. 2.3 Predicted mass change of vector mesons in

into a high-density matter a nucleus as a function of temperature and density,
regime.

Normal nuclear
"density

c. Hyperon-Nucleon Scattering
To understand the flavor SU(3) baryon-baryon (BB) interaction, one has to extend the

measurement into the hyperon-nucleon (YN) sector, to include the strangeness degree of
freedom. Cross sections
for reactions such as A+p,
X++p,E>p, and S~+p are
needed to get a complete
picture for the B-B
interaction. However, i
data on the YN sector are jj
very poor both in their s
statistics and their \

i

momentum range '
covered, as shown in Fig.
2.4. Intense ft and K
beams of from 1 to 2
GeV/c region are, thus,
very important to carry

•""""2W—30STW

from Dover & Feshbach Ann.Phys.198(90)321

out YN
experiments.

scattering
Fig. 2.4 Comparison of the NN data and YN data.
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d. Hadron Spectroscopy
Hadron spectroscopy is quite important to study the strong-coupling scheme in QCD.

One of the goals is to identify exotic hadron states with gluonic degrees of freedom. In
particular, the search for glueballs attracts much interest, because lattice QCD predicts a light
scalar glueball (0**) in the mass region from 1.5 to 1.8 GeV/c2 with a width of about 100
MeV[5]. The mass of the tensor glueball is predicted to be well above 2.0 GeV/c2. A 4JC
detector with multi-track capability and good particle ID will enable much better
identification of normal and exotic mesons than existing experiments. Also the K flux
available at the 50-GeV PS will allow two orders of magnitude improvement over the best
previous experiment. The anti-proton beam will enable very important studies of charmed
states including the search for charmed hybrids, which are expected to be narrow states.

2.1.3 Particle Physics

The Standard Model successfully expained all experimental results so far, but it is
known to be incomplete. Therefore, the most important motivation in particle physics in the
next century is to find some clues of new physics beyond the Standard Model. High-
precision-frontier experiments at the K arena will tackle this important issue with high-
intensity beams [6]. It is complementary to the approach of the high-energy frontier.

a. Rare K Decays
As precision tests of the standard model, rare K decays provide good opportunities to

study the Cabbibo-Kobayashi-Maskawa (CKM) quark-mixing matrix. Flavor-changing
neutral-current processes (FCNC), such as K+-»Jt:+v v and KL ->JT;OVV decays, are very useful
to determine IVJ and ImVtd (rj) of the CKM matrix elements, respectively. They are critical to
determine the unitarity triangle of the CKM matrix, as illustrated in Fig. 2.5. Both of them
provide a clean test of the Standard Model with small theoretical uncertainties, since they do
not have a large long-distance contribution. The latter is CP-violating through CP violation in
the decay amplitudes (called direct CP violation). K decays can also be useful to study low-
energy QCD, in particular chiral perturbation theory (CHPT).

b. Studies of Fundamental Symmetries
A search for new manifestations of CP or T violation is motivated by the baryon

asymmetry in the universe, which can not be explained by the observed Standard-Model CP
violation in the K° system. Therefore it is speculated that new mechanisms of CP violation
might exist. One possible search is to measure a T-violating transverse muon polarization (PT)
in K+-»ii0|ji+v decay. If T invariance is violated, PT should be non-zero. Another search is
transverse muon polarization in K+-»^,+vy decay.

Search for CPT violation is also important. The current limit from K° - » I n decays
can be improved using a high-intensity K° beam to determine the CPT violation parameters
(0+_ - 0oo) m& (0+- ~4E) w i t n high precision.
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CKM Unitarity Triangle in the p and Tl plane in the Wolfenstein Parameterization

p

Fig. 2.5 CKM unitarity triangle and the contributions from K+ -»rc+v v and KL - W v v .

c. Lepton Flavor Violation
The search for lepton flavor
violation(LFV) has a long history,
and the experimental upper limits
have been reduced to impressive |
levels. In particular, recent interest 5
in LFV searches is motivated by
supersymmetric grand unification
theories (SUSY-GUT)[7]. SUSY-
GUT predicts accessible
branching ratios for processes
such as

[i+-^e+y, p,+-^e+eV decays and
jiT+N—»e~+N conversion in nuclei, P 10

since sizable mixing of sleptons g
(superpartners of leptons) is $
expected owing to the large top § 10«
quark mass. Furthermore, large f
neutrino mixing as indicated by a 10

the solar and atmospheric neutrino .,,
experiments (see below) could
make additional contributions to
LFV processes through slepton
mixing if the Yukawa coupling of

( A )

f,(M)=2.4 p>0 M,=50O«?V

Experimental bound

Goal

100 120 140 160 !80 200 220 240 260 280 300 ° 100 120 140 160 l«0 200 320 240 260 2K0 300

f,(M)=2.4 ( l> 0 Ml = 50GcV „

10

C

C
2 •»

10

fl(M) = 2.4 [ l < 0 Mi=S0GcV

lixpcrimcntal bound

G o a l

100 150 200 250 300 100 150 200 250 300

(GeV) (GeV)

Fig. 2.6 Predictions of SU(5) SUSY-GUT models for

(A) |X+-^e+y and (B) |jf+Ti-»e~+ Ti conversion,

right-handed neutrino is sufficiently large. The predictions of these branching ratios are just
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Super-Kamiokande Preliminary: 736 days FC + 685 days PC
i

one or two orders of magnitude lower than the present experimental limits, as shown in Fig.
2.6, and therefore experimentally accessible in future. The goal of LFV searches in these
processes is to reach a sensitivity of 10"15 for (x+->e+Yand n+-»e+eV, and also to reach that of
10"18 for |T+N->e~+N conversion. To carry out these LFV experiments, a high-intensity muon
beam must be prepared, for instance by using solenoid-field trapping at the production target
and phase rotation together with a slow-extracted proton beam of high intensity available at
the 50-GeV PS.

d. Neutrino Oscillation
There have been several experimental hints or evidence of non-zero neutrino masses.

One of them is the atmospheric neutrino oscillation, reported by the Super-Kamiokande
collaboration^]. To confirm the neutrino mass and their mixing, an experiment of long-
baseline neutrino oscillation (K2K) from the KEK 12-GeV PS to Super-Kamiokande has just
started. It is aimed to search for ve appearance, or v^ disappearance in the v^ beam. The K2K
constraints are shown in. However,
for further understanding of the K2K constraints (1-ring |i-like, 22.5 kton)
neutrino masses, more extensive
studies of neutrino oscillations are
required. Possible studies include,
for instance, searches for vT

appearance and for three-
generation mixing etc. These
experiments require a proton beam
of high-intensity and high-energy.
Thus, we need the 50-GeV PS. If a
large neutrino-mass difference
within the allowed region claimed
by the Super-Kamiokande
collaboration for the atmospheric
neutrinos is rejected by the current
K2K experiment, however, the vT

appearance experiment from Tokai

to Kamioka would be replaced by Fig. 2.7 Contour plot of v,,-»vt neutrino oscillation with
future experiments on neutrino
oscillation at the 50-GeV PS at a
low energies, or with a new

detector installed at a farther distance. Whatever the outcome of the on-going K2K
experiment will be, further studies of neutrino oscillation that take advantage of the higher
beam power of the 50-GeV PS would give us important information of lepton physics.

e. Fundamental Physics with Neutrons

The neutron is an important neutral particle to study fundamental properties of nature.
Potential subjects are, for instance, as follows: (1) An electric dipole moment (EDM) of the

Super-Kamiokande
68 % C.L.

90 % C.L
99 % C.L.

10
0.4 0.6

sin226
0.8

an aimed goal of K2K, 90%CL(blue), 99%CL(red), and

99.9%CL(pink) with recent Super-Kamiokande data.
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neutron is a CP-violating observable and it is known to be sensitive to new physics beyond
the Standard Model. To improve the neutron EDM, development of high-intensity ultra-cold
neutron source (UCN) is necessary. It is known that the spallation source would provide the
possibility to improve the intensity of UCN by applying super-fluid helium for neutron-
energy moderation. (2) Search for T-odd correlation in neutron scattering with polarized
target might be enhanced since a large enhancement of Parity-violation in neutron-nucleus
resonance was already found at KEK. (3) The measurement of the neutron lifetime as well as
of the neutron capture cross sections on nuclei are useful to understand the formation of
materials in the early universe. (4) The measurement of neutron (3 decay allows us to
determine the electroweak couplings of gv and gA. (5) The neutron interferometry for the
determination of the upper limit of the neutron charge. These subjects are considered to be
carried out mostly at the 3-GeV ring.

2.1.4 Summary
Goals of some physics programs at the 50-GeV PS are summarized in Table 2-2,

although they are just examples and not complete.

Table 2-2 List of particle and nuclear physics programs with their goals

Nuclear Physics

^
Strangeness
nuclear physics

Chiral
Symmetry

Structure
function

Hadron
spectroscopy

Heavy-ion
physics

Atomic physics

Topics

A-hypernuclear
spectroscopy
S=-2 hypernuclei

Hyperon-nucleon
scattering
KN interaction

Charmed-hypernuclei
Vector mesons in
nuclear medium

Nucleon and nuclear
structure function

Exotic searches

Antiproton beam

Normal baryon/meson
spectroscopy

High-density matter

Multi-strangeness
fragments

Anti-hydrogen physics

Motivation

Precise studies of
A-hypernuclei

Goal

AE~2 keV resolution
by y-ray spectroscopy

S-hypernuclei, AA—hypernuclei,
search for H particle

Study of YN interaction
Flavor SU(3)

Collect Ap, Ep, Sp
data as in NN data

Measurement of EKN

Production of Ac hypernuclei
Restoration of chiral
symmetry breaking

Quark-gluon (parton)
distribution

<)), p, J/*¥ in nuclear
medium (dilepton)

Low Q2, high x region

Search for Glueball and hybrid

Energy region above LEAR

QCD confinement (DGL
theory etc.)

Search for QGP

Complete SU(3)
baryon/meson spectra

Search for S<—2 strangeness matter

Precision spectroscopy, CPT test
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Particle Physics

JAERI-Tech 99-056

Rare K decays

Fundamental

Symmetry

Muon Lepton

Flavor Violation

Neutrino Physics

Neutron Physics

Topics

Study of

K+->7t;+vv decay

Search for

KL-Wvv decay

K-47TYY, K-»7ury

Search for PT in

K+-»7tV+v decay

AmK in K-*nn

Search for

H~+N->e~+N

Search for p.+-»e+Y and

(i+—»e+e~e+

Neutrino Oscillation

Neutrino scattering

Search for EDM of

neutron

Motivation

Determination of CKM

matrix element (IV,dl)

Determination of CP-

violating phase (T|) in CKM

matrix

Goal

About 100 events

B(K+-»7C+vv)~9xl0-"

is predicted.

About 1000 events

B(KL-m°vv)~3xl0-"

is predicted.

Test of chiral perturbation theory

Search for T violation

Search for CPT violation

SUSY-GUT

SUSY and heavy vR

SUSY-GUT

SUSY and heavy vR

Determination of neutrino

mass and mixing

PT < 104

AmK/mK~10"18

B(u.-+N-»e-+N)~10-18

with PRISM beam

B(u.+->e+Y)~1015

B(u.+->eVe+)~10-15

Am2<10"3 (for long-

baseline)

Determination of electroweak form factors

New physics with CP

violation

d<10"28ecm
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2.2 Neutron Science

2.2.1 Introduction

The neutron is, in many ways, one of ideal probes for the study of condensed matter,

and neutrons have made a pivotal contribution to a wide variety of science and technology.

However, the neutron source strength right now in the world is relatively weak compared to

X-rays obtained from the third generation synchrotron radiation sources. Furthermore, the

number of neutron sources is likely to decrease in spite of increasing demands as well

recognized by 'neutron gap' or 'neutron drought'. Since the 21st century will be an era for

materials science and life science, where neutron scattering must provide a key information,

the neutron gap should be minimized by taking an immediate action to build new neutron

sources.

One attempt to overcome this situation was the Advanced Neutron Source project at

Oak Ridge National Laboratory, which aimed to build a 330 MW research reactor, but never

funded on cost problems. In contrast to it, rapid advances in accelerator technology suggest

that a 5 MW spallation source with a superior performance will be possible. With this level of

proton beam power, a short-pulsed spallation neutron source (PSNS) will generate about two

orders of higher peak neutron flux [1] as that of the world-intense 57-MW reactor source at

Institute Laue Langevin (ILL). The PSNS has also advantages over research reactors, as

proven by the success of the world largest PSNS facility (ISIS) at Rutherford Appleton

Laboratory in UK. By fully utilizing the short-pulse nature of the source together with a time-

of-flight technology, we could obtain more precise information in the scattering function over

a wide energy-momentum (Q-co) space, which is indispensable to advance the science and

technology in the future.

Japan pioneered an accelerator-based neutron source at Tohoku University in the

middle 1960's, built the first user-oriented spallation source (KENS) in 1980 at KEK, and

started the international collaboration between KEK and ISIS. In 1987, KEK proposed a 0.6-

MW (upgradable to 1.2 MW) PSNS facility (N-arena) [2] as a part of the JHF project. On the

reactor side, the JAERI research reactors have developed a large user group for neutrons since

1960. The upgrade reactor JRR-3M with cold neutron source was built in 1990, and the

requirement of a new facility has been growing up. In 1994, JAERI proposed the 5-MW

PSNS facility [3] as a part of the Neutron Science Project. Those two proposals of PSNS have

been merged to the current project. These accumulated experiences in design, construction

and utilization of pulsed-neutron facilities will meet requirements for building an intense

MW-class PSNS which opens up new neutron science [4,5,6] in the next century. We also

carefully studied the scientific needs, and concluded that a high-power PSNS which has the

power of 5-MW PSNS is necessary. Therefore, we decided to build a 5-MW PSNS (JSNS).

Since there is an urgent need of building a high-flux PSNS in Japan, and to accumulate
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experiences on a MW-class facility, we will build a 1 MW PSNS as a necessary technical step.

On the course of power-up, we should have minimum interruptions to the scientific programs

which use the source. The JSNS will be one of the three regional centers in the world [7],

namely, Asia-Oceania, Europe and North-America regions.

2.2.2 Neutron Science

a. Overview of Neutron Science

By taking full advantage of neutrons as unique probe, one can obtain microscopic

information on the structure and dynamics of materials. This is the very powerful neutron

scattering technique as recognized by the 1994 Nobel Prize for Physics awarded to Profs. B.

Brockhouse and C. Shull who pioneered it around 1950. Since then, neutron scattering has

been recognized as a standard technique for investigating dynamical properties in materials,

and a huge amount of scientific results, especially in the condensed matter physics have been

obtained with neutron scattering. Recent scientific developments in condensed matter physics,

such as high-temperature super conductivity, novel quantum effects in magnetism, and so on,

have revealed that the dynamical scattering function spread over a wide range of Q-co space

plays an important role. The high peak flux made available by the JSNS allows us to extend

the accessible Q-co space, as well as to improve the momentum- and energy-resolutions

considerably. A one-order of higher flux will allow us to use polarized neutrons routinely, and

it will bring about a breakthrough in this field. The neutron scattering measurement under

extreme conditions, such as high pressure, low temperature, high magnetic field, and so on,

will also enable us to glimpse new aspects of materials.

The field in which the most prominent development is expected by the high-flux made

available by the JSNS is structural biology. The positions of hydrogen and hydration in

proteins, DNA and physiologically important materials will be routinely determined and the

physiological function will be investigated by inelastic neutron scattering.

Soft matter, such as polymers, liquid crystals and colloids, forms complex systems and

receives much attention from the fundamental science, as well as from the application, point

of view. To investigate such kinds of complex structure, .we need to study them in a very wide

dynamical range both in space and time, in other words, in a Q-00 space, which of course

requires high-flux. The use of polarized neutrons is also beneficial to this kind of application

as well as to biological samples, to reduce incoherent background originated by hydrogen

nuclei, or to apply a spin contrast variation technique.

The use of neutrons for industrial applications is also important. The high-flux would

make possible characterizations of new materials in a multi-parameter space, such as

concentrations, temperatures, pressures and so on. Neutron beams can also be used to image

the interior structure of bulk materials by neutron radiography. The non-destructive

characterization of various materials will help to detect flaws that could result in failures.
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As described in the "Fundamental Physics with Neutrons" section of particle and

nuclear research section, the neutron is also an important neutral particle to study fundamental

properties of nature.

b. Structual Biology

Structural biology is one of the most important fields in the life sciences of interest to

human beings in the 21st century. Neutrons can provide not only the positions of hydrogen

atoms in biological macromolecules but also information on the dynamic molecular motions

of hydrogen atoms and water molecules. Since physiological functions accompany

microscopic motion of atoms at active sites, neutron inelastic scattering is expected to provide

experimental clues to clarify physiological functions on a microscopic scale. In principle,

these contributions have been well identified, but these are only a few examples

experimentally determined at present. Nevertheless, the results obtained have contributed to

the field of the structural biology. The performance of the JSNS is expected to be 1000 times

better than that of the existing reactor JRR-3M, in the 5 MW stage, and the JSNS will provide

a breakthrough in the life sciences of the 21st century.

Although the structure determined by the small-angle neutron scattering (SANS)

technique is a low-resolution one, this technique will contribute to be useful for structural

studies of complexes that will not crystallize, complexes whose solution structure is different

that in the crystal and kinetic studies such as chaperon-mediated protein folding. Neutron

contrast variation studies of glycoproteins, where the role of sugars in modulating function is

poorly understood and present studies are limited by the low contrast between sugar and

protein.

Reflectivity studies of membrane-protein systems will give information on the

penetration of small parts (e.g. hydrophobic loops) of protein into membrane.

Neutron quasi-Laue diffraction data (10A resolution) from tetragonal hen egg-white

lysozyme were collected in ten days with a neutron imaging plate at a reactor source, and 157

bound water molecules and 696 hydrogen and 264 deuterium atoms were identified. High

resolution structural work will be of relevance in pharmaceuticals, agriculture and

biotechnology: if the nature of the important interactions that control binding and association

are to be understood, structural based protein and drug design both require high precision

structures with location of hydrogen atoms and water molecules. The next generation neutron

source project will cover most of the important proteins to be investigated.

It is often said that protein dynamics are strongly correlated with physiological functions

and inelastic neutron scattering experiments from proteins can be expected to provide useful

results. Coherent scattering provides the dynamical amplitude between different atoms and

incoherent scattering provides information about individual atoms. Big differences among

proteins might not appear in the dynamical amplitudes of the atoms themselves. If so,
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coherent scattering must be separated from incoherent scattering by measuring neutron spin

flip and non-spin-flip processes.

c. Soft Matter

The JSNS will surely provide the world brightest PSNS at the 5 MW stage, which

allows new measurements on very small amount of sample, very fast structural formation and

very slow fluctuations. These will open a new world to all fields of science. Here, we will

survey new experiments on soft-matter such as polymers, liquid crystals and colloids brought

about by the JSNS.

Soft matter such as polymers and liquid crystals form very beautiful higher-order

structure in a large spatial scale between 10 and 100 nm owing to a delicate balance between

entropy and enthalpy. They are so soft to response to weak external fields such as shear field,

electric field, magnetic field and solvent power, providing a wide variety of functionalities of

soft matter. Therefore, elucidation of the structure and its formation process is very important

from the viewpoint of science and industrial application. Hence, even now, extensive studies

on soft matter are carried out using neutron scattering techniques, but the research field is

limited due to the current neutron intensity.

The quick response of soft matter to external fields such as structural changes of liquid

crystals by electric field is one of the most important and urgent targets to be investigated.

This will be done by very fast time slice measurements (VFTS) of SANS. For investigation of

the formation process of the higher order structure, VFTS of SANS is also very powerful,

which may be possible to start from the 1 MW stage.

It is well known in the structural formation process via phase separation that small and

slow density fluctuations play an important role. On the current neutron source, time

evolution of S(Q, 00) for such slow fluctuations is not directly observed. The 5 MW source

will make it possible to do time sliced S(Q,co) measurements with high energy-resolution (AE

= 1 ueV) in small-angle region Q = 0.1-1 nm'1 to elucidate the role of the fluctuations for

structural formation.

There are many interesting phenomena related to structure and dynamics of soft matter

on surface or at interface such as dewetting and adhesion. These are very attractive subjects to

be investigated. Although neutron reflectivity measurements are now providing useful

information on the surface structure, they are restricted mostly in specular reflections. On the

1 MW source, off-specular neutron reflectivity measurements will be possible to elucidate

ordered structure of polymers as well as liquid crystals in 2 dimension. Further, time slice

neutron reflectivity measurements will shed light on the ordering process of liquid crystals in

2 dimensions as well as interpenetration of polymers through the interface.

A challenging project on the 5 MW source is to measure density fluctuations of soft

matter on surface or at interface, which will be realized by combination of neutron
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reflectometer and small-angle neutron spin-echo spectrometer. This machine surely opens a

new world for investigation of fluctuations and structural formation in low dimensions.

d. Materials Science

A recent achievement of condensed matter physics has been the discovery of the

possible existence of novel quantum states due to the spin-charge separation, and that these

are responsible for the mechanism of the high-Tc superconductivity. This phenomenon is

attributed to the quantum effect characterized for low-dimensional spin system. Hence,

intensive studies have been carried out on the relevant systems and a large number of new

materials have been synthesized. The large expansion of the research has induced new

physical concepts to be proven and prompted discoveries of new phenomena, whose

understanding is even useful for designing a new material for industrial use. Those are, for

instance, quantum spin excitation and spin-Peierls transition in low dimensional systems, spin

dynamics and superconductivity in ladder system and high-Tc superconductor, colossal

magnetoresistance and Mott metal-insulator transitions as found in strongly correlated

electron systems. All of these are the result of complex interactions among spin, charge and

lattice with dynamical features, including electron orbital-momentum interaction. Therefore

data accumulation of very weak and diffusive intensity in a wide range of energy-momentum

space are becoming indispensable to understand the novel phenomena, which is contrasted to

a study done so far on a system, in which a specific interaction in equilibrium states governs

the physical property. Hence, in order to elucidate the physics of strongly correlated electron

systems as well as quantum spin systems, the JSNS will give an ideal opportunity owing to

the wide accessible Q-co space with high neutron flux and availability of polarization analysis

in a wide range of instrumentation.

Various universal problems of 'complex liquids' have also recently started attracting the

attention of research in broad areas, which include amorphous, glassy, polymer and even large

scale molecule sciences including fractal physics. Concerning these complex liquids, there

have been observed such physical properties as cannot be accounted for by the concept of

simple-minded individual motions associated with constituent atoms or molecules. It is

expected that some forms of collective motion are playing essential roles in these systems.

This indicates that, in order to understand these complex systems, we need a new paradigm

for dealing with the collective behavior of the whole system beyond the concept of the so-

called 'reductionism'. However research on this problem has been precluded because of lack

of sophisticated experimental techniques available to observe complicated phenomena both

statically and dynamically spread in a wide range of time and space from tunneling states via

molecular dynamics to recoiling phenomena. A MW-class PSNS, which gives a large

accessible time- and spatial-range, will make it possible to carry out investigation on the

details of this novel problem of complex liquids including the Brillouin scattering region, for
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which observation has been extremely difficult because of the existing kinematic constraints

of neutron scattering.

The most common element in the universe is hydrogen. It plays an important role in

almost all kinds of materials: metals, polymers and biomolecules, and provides useful

materials such as catalysts, proton conductors, battery materials and hydrogen bonded

compounds. Hydrogen in a material resides in a potential well, which is strongly depends on

the chemical environment and on the symmetry of the atoms surrounding it. The similarity in

the masses of the proton and the neutron as well as the extremely large scattering cross-

section of hydrogen makes neutron scattering an ideal probe for studying the behavior of

hydrogen in materials; neutron diffraction measurement locates the hydrogen position, and

inelastic neutron scattering provides the vital information about the hydrogen dynamics and

potential, for which neutron scattering has a unique advantage among any other experimental

tools.

e. Industrial Applications

Industrial application of neutron scattering is one of the most productive research fields

for the 5 MW PSNS, since applications can play an important role in producing new materials

for better human life and protecting public safety and environment in the 21st century.

Therefore special care should be taken to provide an easy access to the new facility for

researchers and engineers in universities and private companies.

The new facility will be very useful for magnetic and/or crystal structure analysis of

electric and magnetic devices, energy devices, chemicals and biological macromolecules by

neutron diffraction and for morphological analysis of polymers, gels, and mixed phases of

alloys by SANS to identify and characterize the new materials. They are usually produced in

very small amounts, under time dependent conditions, in conjunction with other phases and in

extreme conditions. Structural study under these conditions can not be done without 5 MW

neutron source.

Residual stress analysis of bulk materials such as pressure vessels, turbine engines, train

rails, and structural materials should be carried out to discover the precursor phenomena of

cracking and failure inside the materials. Only a strong and well collimated neutron beam at

the new facility can measure the microstresses with the precursor phenomena and predict the

rest of the life of the materials. The analysis of microstresses around interfaces of composites,

for example, is also important for the assurance and improvement of its quality. Residual

stress in irradiated reactor vessels would be of great interest in nuclear engineering. Analytical

methods such as prompt y--ray analysis and neutron resonance absorption should be

developed for the environmental study.
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2.2.3 Neutron Facility
a. Overview of Neutron Facility

Extrapolating from the success of the existing PSNS, such as ISIS, we are certain that

there will be breakthroughs in many scientific and engineering fields, once we build the 5-

MW JSNS which has considerably higher peak and time-averaged neutron flux than the

current ones. From the technical point of view, an accelerator complex that delivers a short

pulsed proton beam power of 5 MW in less than lusec should be technically feasible within

the next 10 years. For the neutron-generation target system, we are on the way to design and

build a target system within several years, which can stand for such level of proton-beam

power and yet produces neutrons with reasonable efficiency [1],

Fig. 2.8 shows the birds-eye view of the conceptual layout of the neutron experimental

hall after the completion of the 5 MW upgrade [1,8,9]. We adopted a horizontal proton-beam

injection scheme, and the target-maintenance facilities at the opposite side of the proton beam

line. More than 30 spectrometers will eventually be installed, and the beam lines will be

equally shared for epithermal, thermal and cold neutrons. The target station is completely

separated from the neutron beam hall so that the radiation control can be independent.

b. Neutron Intensity and Pulse Structure

The target-moderator-reflector arrangement has been optimized for the 5-MW stage to

Entrance & Exit ( -'iJgSgltStatJon
jControJ Facility

Experimental Arsa{1>

Entrance & Exit
ConJro! Facility !

/ ' ' «

Experimental Area(_2} ' Proton Beam Line •.

J B c g e r l m e n i a l _ A r e a ( 4 ) ! " ' . " " . •" -

Offices

Fig. 2.8 Cutaway view of the neutron scattering experimental facility
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realize highest performance for extraction of neutrons with respect to brightness and sharp-

time structure as well as for technical feasibility, as shown in Fig. 2.9. The target is designed

as appropriate up to a 5-GeV proton beam that is one of the upgrade paths of accelerator,

however, the geometrical arrangement of the target-moderator can be used even for the 3-

GeV beam at the first stage, because the neutron

yield distribution change is small enough.

We selected two identical coupled super-

critical hydrogen moderators with a newly

proposed fully extended premoderator to provide

high-intensity/high-resolution cold neutrons, one

decoupled hydrogen moderator to provide high-

resolution thermal neutrons and one decoupled

room-temperature H2O moderator for high-

resolution epithermal neutrons. The

configuration ensures that all moderators are

located at the highest luminosity region, which is

a narrow region, so all moderators can

simultaneously provide almost the highest

intensities. We also confirmed that there is no

cross talk between adjacent moderators.

In case of cold neutrons at 5 MW, the time-averaged neutron intensity is comparable to

or superior to that of ILL as shown in Fig. 2.10, and the peak neutron flux of the cold-neutron

source will be a thousand times higher than the JRR-3M research reactor and a hundred times

higher than the world's largest reactor

facility (ILL) in France and the ISIS. Ŝ  3.210'

20 cm

Below target

Fig. 2.9 Configuration of moderators
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Fig. 2.10. Comparison of time-averaged

cold neutron intensities at 5 MW
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c. Neutron Source R&D

As a first step, the concept of a target and a cold source moderator using liquid

hydrogen have been developed to withstand a 2 MW proton beam at the maximum. Fig. 2.11

shows the cross-flow type mercury target presently under conceptual design, which is

originally proposed by JAERI. Fig. 2.12 also shows a concept of the heavy-water-cooled solid

target as a backup option, which is an improved design of the ISIS target, where the heat

transfer is enhanced by micro ribs.

Technical issues of the target system are being clarified through the design work

focused on the 5MW operation, which can be divided into the following three groups: (1) the

structural integrity against the thermal shock, the pressure wave and the high heat density

which are caused by the pulsed proton beam, and the degradation of material strength by

irradiation etc., (2) the safety performance to prevent the off-normal occurrence such as a

Beam stopper Flange

Mercury *̂ °

.

Vessel coolant
(Heavy water)

Outer vessel

Proton
beam

Innervessel Flow distributor

Beam.stopper

Coolant ^
(Heavy water) ^

Manifold

-Flange

Vessel coolant
(Heavy water)

Target plate
(Tungsten)

Innervessel ^
P roto n
beam

Fig. 2.11. A concept of the cross-flow Fig. 2.12. A concept of the solid target applied

type mercury target. heat transfer enhancement technique.

mercury or a coolant ingression to the surroundings from the containers, and (3) the

maintainability which will likely be ensured by using remote handling devices.

In order to solve these issues, R&D work as well as design work including thermal-

hydraulic and structural strength analysis are being vigorously carried out by using the

following equipment: (1) a thermal shock apparatus with a pulsed-laser beam, (2) an impact

test device for the pressure wave simulation, (3) water loops for examining critical heat flow,

the heat transfer enhancement with micro ribs, and flow distributions in a container, (4) the

mercury loop for testing safety issues under the maximum mercury flow rate of 15L/s.

Furthermore, international collaboration such as the AGS Spallation Target Experiment

(ASTE), a mercury target mockup test experiment using the AGS facility at Brookhaven

National Laboratory, and the proton beam irradiation of metals using SINQ at Paul Scherrer

Institut are also progressing toward envisioned targets. With R&D activities mentioned above,

the present concept for the mercury and the solid targets are expected to be sustainable for a
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1MW operation, hopefully up to 2MW. For a 5MW operation further R&D efforts will be

devoted.

d. Guide line for Spectrometer Design

The pulsed neutron technique naturally gives benefits on high resolution and a wide

accessible range in energy-momentum space with high signal rate in low background

circumstances. The spectrometers to be installed at the high-power PSNS should be designed

by maximizing the following advantages. Sufficiently good resolution of both momentum and

energy space is an important factor of instruments, however, in order to achieve it, intensity is

strongly sacrificed. MW-neutron facility can afford to realize high resolution with a

reasonable intensity. We can design a instruments having a resolution equivalent or better

than light scattering. Really wide Q-oo range is a natural aspect of pulsed neutron scattering by

utilizing large coverage of detectors, and an indispensable feature to observe the widely

distributed weak intensity from a quantum fluctuating system and delicate short range

correlations. MW-source also makes feasible to access to the Brillouin scattering region by

utilizing high energy neutrons with reasonable resolution, where it is very difficult for the

existing source because of the neutron kinematic constraint. Measurements on small systems,

not only opens up the early research of new materials, where quantities produced are initially

generally very small, but also allows us to extend our research into inherently small systems

such as the stress around a crack tip, and more dilute solutions. A very short experiment

period, which allows studies on kinetics (real time spectroscopy) of both physical changes and

chemical reactions, as well as much better exploitation of extreme environments. It also

makes possible a whole range of systematic studies as functions of temperature, pressure,

concentration, magnetic field, electric field and so on. A high signal-to-background ratio, is

the natural consequence of the pulsed neutron source.

These characteristic features of MW-neutron source will provide a large step in

advancement of frontiers in science, and improve very significantly the knowledge on the

nature of substances, i.e. relationship among structure, property and function.

e. User Support Program

The neutron facility will be fully open to outside users, including international users,

where a large number of scientists will stay for a short period and study diverse scientific

programs. Therefore, in order to design the facility in most effective and fruitful fashion, we

should consider not only the hardware but also other important aspects, which includes an

experimental-proposal selection mechanism, an instrument developing participation program

and a researcher-exchange program with universities, travel and accommodation supports,

and user training.

The user-experimental support is extremely important, which is currently poor in Japan.

2 6 -



99-056 RESEARCH FACILITIES AND PROGRAMS

Users should be able to concentrate on the experiments in well maintained circumstances for

sample preparation and instruments. The data reduction and analysis support is also quite

important for the pulsed neutron experiment, because a huge amount of data with a

complicated data structure are obtained.
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2.3 Muon Science

JAERI-Tech 99-056

2.3.1 Overview

Muons can be used in various fields of scientific research including: (1) fundamental

muon physics, such as precise measurements of particle properties of muons, hunting for rare

decays, etc.; (2) muon catalyzed fusion and its application to energy resource problems; (3)

use of the muon as a spin probe sensitive to the microscopic magnetic properties of various

new materials; and (4) non-destructive element analysis to be applied to bio-medical studies,

etc. The historical trends in the development of Muon Science research are summarized in Fig.

2.13, and the pioneering work of the Japanese group is highlighted. All of these research

subjects will be significantly advanced by obtaining the world's most powerful muon beam at

the Joint Project in the 21st century.

2.3.2 Facility Proposal

The facilities for Muon Science are mainly aimed at the production of pulsed muons,

which will be generated by 3-GeV protons. Design work on the advanced muon channel is in

progress with the aim of producing beams which are not only the most intense so far, but also

the highest in quality. The proposed layout of the facility for Muon Science to be placed

Muon Catalized Fusion

Fig. 2.13 Historical development of Muon Science towards the Joint Project
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between the facilities of Exotic Nuclei and Neutron Science with two thin targets (10mm -20

mm) is shown in Fig. 2.14. The design includes the following:

i) keV ultra-slow \i+ beam

The generation of ultra-slow \i+ as a result of (pulsed) laser resonant ionization of

thermal muonium (designated Mu) produced in vacuum from a hot tungsten surface leads to

an intense u\+ beam source of keV or lower energy with an intensity of 104 |X+ /s.

ii) 4 MeV surface \L+ beam

The conventional surface (i+ beam for }i.SR studies on condensed matter is generated by
the 7C+—> u.+ decay at the surface layer of the production target in the primary proton beam line.
A magnetic kicker system that is matched to the pulse structure of the beam, will be installed
to feed single pulses to specific experimental areas with a rate of 107 |i+/s.
iin 10-100 MeV decay \i+/\i~ beam

A superconducting decay muon channel with a modest-acceptance pion injector will be

constructed to produce intense (107 ^i+/7s) high-quality backward-decay muons. A magnetic

kicker system at the exit of the channel will allow single-pulse experiments,

iv) ultra-high intensity U.7[l~ channel

Due to the requirement for a muon beam with a high intensity at the 1010 u.+/7s level for
some fundamental and applied physics experiments, design work is in progress on a
superconducting muon channel with ultra-large spatial and momentum acceptance. A high-
field focusing superconducting solenoid will be placed adjacent to the pion production target.
Such a large-scale installation of a superconducting magnet system will open new fields of
Muon Science.

2.3.3 Muon Spin Probe for Condensed Matter Studies
A muon injected into matter acts as a very sensitive probe of microscopic magnetic

fields in various materials. Spin polarization of 100% for both surface u.+ and backward u.7|i~
and 50% polarization for keV ultra-slow u.+ can be obtained. By observing the time evolution
of the anisotropy of the eVe" emitted from the muon decay, the local magnetic field and its
fluctuations can be studied. This is known as the |iSR method. The characteristic time scale
for |i.SR, detecting paramagnetic spin fluctuations of a 1 |iB moment, is 10'9~10"5s, between
the sensitivity time ranges of neutron scattering (<10"10 s) and NMR (>104 s). Moreover, the
true microscopic nature of muon probe allows us to study spatially inhomogeneous magnetic
systems where neutron diffraction is hardly observed. Because of these unique features, the
U.SR method has been applied in a variety of research fields where the spin dynamics and/or
local magnetic structure plays an important role such as magnetismfl] and high-rc

superconductivity [2].
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Fig. 2.14 Proposed facility layout of the Muon Science

Additionally, the muon is a unique and exotic particle by itself, creating new
phenomena in condensed matter. The positive muon and Mu (an analogue of atomic hydrogen
in which the proton is substituted by a positive muon) behave as hydrogen isotopes with 1/9
the mass, while the negative muon behaves as a very heavy electron with 200 times larger
mass. Quantum diffusion of positive muons and/or Mu in metals, semiconductors, and
insulators is a typical example: the light interstitial atoms migrate from site to site in the
crystalline lattice by quantum mechanical tunneling. One of the most dramatic manifestations
of quantum diffusion is that the diffusion rate increases with decreasing temperature, in
contrast to classical thermal diffusion. This phenomenon was first observed for positive
muons in metals and recently for Mu in ionic crystals [3].
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Another important aspect is that the muon simulates the electronic structure and
dynamics of hydrogen (H) atom in matter. In particular, paramagnetic Mu atom has been
serving as a unique tool to study isolated hydrogen isotopes in elemental and compound
semiconductors. It is now well established that residual hydrogen plays a crucial role in
determining the bulk electronic properties of these materials. Since little or no information has
been available from hydrogen electron paramagnetic resonance, Mu will remain as an
complementary source of information on isolated H. More recently, the combination of a
pulsed muon beam and pulsed light sources has proven to be very useful in studying the effect
of bulk electronic excitation on Mu atom in Si and Ge [4].

Turning to some phenomena in chemical physics produced by the [L+ in condensed
matter, jiSR studies on conducting polymers revealed that the jx+, after bonding to the host
materials, produces a paramagnetic electron the motion of which is then sensitively probed by
the muon itself [5]. Recently, rapid electron transfer phenomena in various proteins like
cytochrome c [6] or myoglobin were microscopically studied for the first time. Measurements
of the muon spin relaxation at different temperatures indicate that the rapid diffusion of
electron along the chain is almost temperature independent, whereas the inter-chain diffusion
undergoes a drastic change at a specific temperature probably reflecting a structural change in
the protein.

2.3.4 Ultra-Slow (i+ Source and its Application
Combining the advantageous features of the high-intensity ultra-slow muon beam

available at the Muon Science facility of the Joint Project and the short-range nature of ultra-
slow muons, new experiments of various kinds will be realized. Ultra-slow muons can be
stopped at/near the surface and, moreover, can be easily accelerated up to any voltage as a
result of their small emittance[7]. Therefore, thin film materials grown by molecular beam
epitaxy (MBE) or ion implantation can easily be investigated in-situ, eventually contributing
to the realization of new multi-functional materials. Also, the high intensity ultra-slow muon
beam enables us to simulate hydrogen reaction dynamics on surfaces, such as catalytic
reactions on metal surfaces.

Ultra-slow \i+ is also important for fundamental particle/nuclear physics. An intense
thermal Mu converted from intense keV |x+ will be used for a precision test of QED by a
precise measurement of the Mu ls-2s transition. Also, it is also applicable to the search for
Mu - anti-Mu conversion.

2.3.5 Muon Catalyzed Fusion and Muonic Atoms
A negative muon behaves like a "heavy electron" in matter. When a negative muon

stops in a mixture of deuterium and tritium, it attracts a deuterium nucleus (d) and a tritium
nucleus (t) to form a muonic molecule (dt^i) in which the muon holds the d and t nuclei
together. Since the muon is 207 times heavier than an electron, the muonic molecule is much
smaller than an ordinary DT molecule. Thus, the muon confines d and t nuclei to a very tiny
volume and d-t fusion takes place quickly. Since the muon is released after this fusion
reaction, it can form another dtfJL molecule and the fusion reaction can occur again and again.
Each muon can spontaneously induce a number of fusion reactions and hence serves as a
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catalyst for the nuclear fusion process. Although the lifetime of the muon is only 2.2 (xsec,
more than 100 fusion reactions are catalyzed per muon[8]. A pulsed muon beam has two main
advantages for fusion studies. One is that tiny signals can be extracted from the huge
background noise due to tritium decay. For example, muonic helium X-rays due to a-sticking
can be detected even for a D-T mixture with high density and high tritium concentration. This
method was first realized at KEK-MSL[9] and research in this field has been expanded in a
recent experiment at RIKEN-RAL. The other feature is that extreme target conditions can be
realized by synchronizing an external stimulus with the beam pulse. The much higher beam
intensity available at the Muon Science facility of the Joint Project makes feasible and
provides a great opportunity for challenging experiments which may eventually lead us to
find suitable conditions to overcome break-even for energy production.

The electromagnetic properties of a nucleus such as charge distribution and nuclear
polarization, have been studied intensively by using muonic atoms. We have, however, little
knowledge on the charge radii of short-lived nuclei. A new field of physics will be explored
for the first time in the Joint Project, by combining the high intensity negative muon beam
with an unstable nuclear beam available from the Exotic Nuclei facility.

The full range of possible applications of muonic-atom physics in other fields can be
realized only with a high-intensity beam. Non-destructive analysis is one such example.
Components present in samples in only very tiny amounts can easily be quantitatively
measured by observing the characteristic X-rays from muonic atoms. The work of KEK-MSL
has made clear the feasibility of medical diagnosis of osteoporosis using muons. Application
to brain studies will become realistic in the Joint Project era.
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2.4 Science with Exotic Nuclear Beams

2.4.1 Overview
This section presents some research plans at a two-stage accelerator facility of the

isotope separator on-line(ISOL) type to provide high-quality intense beams of short-lived,
unstable nuclei of various energies from nearly zero to 9 MeV/nucleon. The aim of this
facility is to open up new research fields in nuclear physics and chemistry, study of
fundamental interactions through B-decays, nuclear astrophysics as well as multidisciplinary
fields of science by means of radioactive nuclear beams (RNB).

Fig. 2.15 shows a schematic layout of the proposed facility at the 3 GeV PS. Various
exotic nuclear species, produced by 3 GeV protons via spallation, multi-fragmentation or
fission of a proper target and mass-separated through the ISOL, are accelerated in heavy-ion
linacs of various types, that is, a split-coaxial RFQ (SCRFQ) linac, two Interdigital-H type
linacs (IH1 and IH2)[1] and a superconducting (SC) linac[2]. This proposal is based on
various technical developments so far achieved at Tanashi Branch of KEK. In fact, the ISOL,
SCRFQ and IH1 linacs have already been constructed as the R&D programs and are
successfully in operation there. They will be moved to the proposed facility, when completed,
together with the SC linac presently working at Tokai site of JAERI. Therefore, only the IH2
linac must be newly constructed. Some parameters of the facility are listed in Table 2-3. The
output energies of the IH1, IH2 and SC linacs are variable, so that proper bombarding
energies can be chosen between 0.17 and 9 MeV/nucleon. The beams from the ISOL and all
the linacs can be transported simultaneously to different experimental stations by using pulsed
bending magnets.

to Muon
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LJ New Instruments
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Fig. 2.15 Plan view of the proposed facility.
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Nuclear reactions induced by RNB become possible for all kinds of targets in the
proposed facility and provide new powerful tools for studying reaction mechanism and
spectroscopy of exotic nuclei such as superheavy elements and R-path nuclei as well as
astrophysical reaction rates induced by unstable nuclei. In combining the RNB facility with
the muon or spallation-neutron-source facility of the present project, possibilities of studying
muonic atoms with exotic nuclei or neutron-capture by unstable nuclei will open for the first
time in the world.

Table 2-3 Some parameters of the facility

Primary Beam energy, intensity 3 GeV, 333 uA(max)

Production Target beam loss below 5%
ISOL mass resolving power 9000

injection energy to SCRFQ 2 keV/nucleon
SCRFQ frequency, output energy 26 MHz, 134-172 keV/nucleon (A/q<30)
IH1 frequency, output energy 52 MHz, 0.17-1.05 MeV/nucleon (A/q< 10)
IH2 frequency, output energy 104 MHz, 1.05-3 Me V/nucleon (A/q < 7)
SCLinac frequency, output energy 130 MHz, 3-9 Me V/nucleon (A/q < 4)

2.4.2 Some Research Subjects

a. Reaction mechanism of neutron-rich nuclei
When a neutron-rich nucleus having less tightly bound neutrons comes close to a target

nucleus, neutrons sitting near the Fermi surface can easily move from the neutron-rich
nucleus to the target nucleus, which is expected to trigger a nucleon flow between the two
colliding nuclei. This will result in the formation of a neck between the beam and target
nuclei and enhance near-barrier fusion[3]. The presence of this new reaction mechanism can
extensively be studied in the present facility. The enhancement of the near-barrier fusion is
also important to facilitate synthesizing superheavy elements by neutron-rich RNB.

b. Study of superheavy elements
The largest atomic number of presently known nuclei is 112, being close to the predicted

new magic number Z=l 14, while the maximum neutron number known so far is 165, which is
about 20 neutrons less than the predicted new magic number N=184 as shown in Fig. 2.16.
The use of neutron-rich nuclear beam will give a break-through to the above situation. It
should be noted that the known increase of the survival probability with increasing neutron
number of a compound nucleus as well as the possible enhancement of near-barrier fusion
mentioned above have a possibility to overcome experimental difficulties arising from
expected weak intensity of the neutron-rich RNB [4]. A candidate for the first experiment
would be the 238U(60Cr, 2n)296l 16 reaction, in which the beam intensity is expected to be more
than 108 pps, if an acceleration efficiency of 5% is assumed.
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Fig. 2.16 Partial nuclear chart showing heaviest known nuclei with the predicted SHE

c. Muonic atoms of unstable nuclei
Muonic X-ray spectroscopy is a powerful tool to determine the mean charge radii of

nuclei, because X-ray transition energies in muonic atoms are greatly affected by the size of
nuclei. Negative muons implanted into material tend to be captured by higher Z atoms.
Therefore, muonic radioactive atoms can be formed when both muon-beam and RNB stop in
the same solid deuterium layer. We are planning to accomplish this by decelerating muonic
deuterium atoms in thin solid deuterium films often used in muon-catalyzed fusion
experiments[5]. According to our preliminary estimate assuming 10I0/s muons, we expect
formation of 108/s and 102/s muonic atoms of doubly magic nuclei 56Ni and 132Sn,
respectively.

d. Nuclear Astrophysics
The hydrogen- and helium-burnings with unstable nuclei in hot stellar sites are important

to understand the synthesis of relatively-light chemical elements. The present facility provides
excellent opportunities to measure directly the relevant key stellar reaction rates such as
15Q(oc,Y)19Ne, 18Ne(a,p),19Ne(p,y), etc. The knowledge of fundamental properties like lifetime,
mass and decay modes of very neutron-rich nuclei, most of which are still unknown, are
essential to determine the stellar conditions for the R-process for the synthesis of medium-
heavy and heavy elements. The above properties can be determined not only by spectroscopic
study of the RNB itself but by using reactions induced by the RNB, for example, mass
determination of 80Zn by the 81Ga(d,3He)80Zn reaction. The intensity of 81Ga is expected to be
1056/s in the proposed facility, so the expected rate of the above reaction will be 40-400
events/h.

e. Atom-at-a-time chemistry for heavy elements
It has been predicted that the deviations from the periodicity of chemical properties of

transactinides based on extrapolations from lighter homologs in the Periodic Table increases
for some time as a consequence of increasingly strong relativistic effects of orbital electrons.
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By detailed comparison of their chemical behavior with that of their lighter homologs, and by
comparison with results of relativistic molecular-orbital calculations, the influence of
"relativistic effects" in the chemistry of very heavy elements (Z>104) will be explored. Atom-
at-a-time chemistry on-line at the accelerator is required for studies of transactinide elements.
Appropriate chemical-separation techniques must be used, in which equilibrium is reached
very rapidly and the atoms or ions involved undergo many interactions, thus ensuring
statistical chemical behavior. Typically, chromatographic systems have been used for both
aqueous- and gas-phase systems.

f. Materials Science
Radioactive ions implanted into materials act as a highly sensitive probe to study various

properties of the host material such as the internal magnetic field, electric field gradient,
location of the source atoms, intrinsic (e.g., vacancy) or extrinsic (impurity) defects of the
crystal, etc. They can be studied by the perturbed angular correlation (PAC), P-NMR,
Mossbauer spectroscopy, blocking of the emitted particles, thermal diffusion, etc. The use of
RNB at the Joint Project has advantages that they are extremely pure, and that one can choose
proper radioactive probe nuclei and their decay modes, lifetimes, energies and intensities in
order to optimize the experimental conditions. For example, the depth of the implanted probe
atoms can be changed freely by choosing the proper irradiation energy, which is well defined
and consequently determines the implantation depth sharply as shown in Fig. 2.17.

16O in Si
Fig. 2.17 Calculated implantation profile

* eokev 400 kev 3.2 MeV 20MeV for oxygen in silicon at various energies.

Taken from ref. [6].

Depth (|im)
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2.5 Nuclear Waste Transmutation
2.5.1 Overview

One of the most important problems with nuclear energy is the management of high-
level radioactive waste (HLW) arising from the reprocessing of spent nuclear fuels. The
hazard potential of actinides and fission products in the HLW is high due to their radioactivity.
Of particular concern are the nuclides with very long half-lives whose potential hazard
remains high for millions of years.

The major candidate scheme for the long-term waste management in most nuclear
countries is the permanent disposal of unpartitioned HLWs into a deep underground
repository. Stable geological formation is expected to isolate them from the human
environment for very long period of time. The Atomic Energy Commission (AEC) of Japan
decided to take the geological disposal option as the present primary policy. According to this
policy, HLW will be disposed of in accordance with the basic course, which consists of
solidification in stable form, followed by 30 to 50 years of storage for cooling and ultimate
disposal in an underground formation deeper than several hundreds meters.

There is, however, considerable attention directed toward the further reduction in the
long-term potential hazard by partitioning and transmutation (P-T); separating long-lived
nuclides from the waste stream and converting them into either shorter-lived or non-
radioactive ones. The concept of P-T has been presented as an attractive option for managing
long-lived radioactive waste. Several national and international programs have been initiated
for research and development (R&D) on the P-T technology. The AEC of Japan launched a
long-term program for research and development on P-T technology in 1988. The program is
called OMEGA. This program aims to expand future options of HLW management and to
explore possibilities to utilize HLW as useful resources.

The program is led by the Science and Technology Agency (STA) under the
collaboration of three major research organizations; Japan Atomic Energy Research Institute
(JAERI), the Japan Nuclear Cycle Development Organization (JNC) and the Central Research
Institute of Electric Power Industry (CRIEPI). In general, basic studies and tests are to be
conducted in the phase-1 to evaluate various concepts and to develop required technologies.
In phase-2, engineering tests of technologies or demonstration of concepts are planned. Check
and review for the phase-1 of the program by AEC started in February 1999.

France initiated a large-scale long-term research and development program on P-T,
called SPIN (Separation and Incineration) in 1991. In the USA several different strategies for
transmutation were presented around 1990. Among them, the Los Alamos National
Laboratory (LANL) introduced a concept of accelerator-driven waste transmutation called
ATW. One notable concept of accelerator-driven system (ADS) is "Energy Amplifier"
proposed by C. Rubbia in 1993, though transmutation of nuclear waste is not its primary
objective. International organizations, such as OECD/NEA, IAEA, EC, and ISTC, are also
actively involved in P-T research work.
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1 0 1 0

2.5.2 Concept of Transmutation System

The objectives of P-T are to reduce long-lived nuclides in HLW. Results of analyses

show a possibility of reduction to 1/200 after about 1000 years from reprocessing for 99.5%

transmutation of MA and LLFP in JAERI's double-strata fuel cycle concept [l](Fig. 2.18).
MAs can be eliminated through

fission reactions. In a fast neutron flux
MAs undergo fission directly, whereas in
a thermal neutron flux MAs capture
neutrons and then undergo fission. Some
LLFPs such as technetium-99 and iodine-
129 can be transmuted through neutron
capture. Transmutation of most of other
LLFPs is impractical with present
technology because of their small cross
sections and need for isotope separation.

There are two concepts of fuel-
cycle scenarios involving P-T. One is an
advanced fuel-cycle concept, where
commercial fast breeder reactors are used
for transmutation. Another is the JAERI's
concept of double-strata fuel cycle, which
consists of a P-T fuel cycle (the second
stratum) separated completely from the

90% transmutation
for MA & LLFP

10' 101 102 103 10" 10s

Time after Reprocessing (year)

LLFP: FPswitrr1/2 > 30 years

1 06 1 0 7

Fig. 2.18 Reduction of potential radiological

toxicity of long-lived nuclides by transmutation

conventional fuel cycle for commercial
power reactors (the first stratum) as
shown in Fig. 2.19. Dedicated systems
specially designed for transmutation purpose
could be introduced in the P-T fuel cycle.

There are several advantages of
transmutation with dedicated transmutation systems over recycling MAs in commercial power
reactors. Because of much lower mass flow in the P-T fuel cycle, it could be on a
correspondingly smaller scale than the main cycle. Its separation from the main power-
producing cycle, and the small number of units required, would allow the extensive
innovation in fuel fabrication, core design and reprocessing technology needed to optimize
this part of the overall system. It would also avoid burdening the main cycle with the
problems associated with higher radioactivity and decay heat, and reduced safety margins in
reactor-physics parameters.
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Roprocessing

Second Stratum of Fuel Cycle

HLW(MA.FP)

(P-T Fuel Cycle)

Useful
Elements

A dedicated tranSmUtatiOn SyStem First Stratum of Fuel Cycle (Commercial Power Reactor Fuel Cycle)

can be either a critical system (burner
reactor) or a subcritical system (ADS). A
special transmutation system operated with
a hard neutron energy spectrum and high
neutron flux is efficient and effective for
MA transmutation. In this context, JAERI
has been pursuing the strategy of
transmutation using dedicated systems. A
core loaded only with MAs (or with MAs
and plutonium) could maximize the
transmutation rate. Systems with very high
MA loading, however, pose crucial
problems related to reactivity coefficients
(increase in the void reactivity coefficient
and decrease in the Doppler effect), and to
the small delayed neutron fraction. For
ADS, its subcriticality mitigates the
problems and allows the maximum
transmutation rate. The other advantage of
ADS is the flexibility of designing owing
to the fact that the system does not need
the criticality condition. For this reason,
ADS could be an optimum device for
transmutation.

Table 2-4 compares characteristics of accelerator-driven transmutation system with
those of MOX (mixed oxide) fuel fast reactor.

Dadicated Transmulai
800-1000 MWt

Ra processing

X ¥
- sx

Final Geological C

Fig. 2.19 Concept of double-strata fuel cycle

Table 2-4 Comparison of accelerator-driven transmutation system and MOX fuel fast reactor

Features
Neutron Spectrum
Fuel
Sensitivity of
Transmutation Rate to
(Pu, MA) Composition

Transmutation Rate
(kg/GWt/y)

Accelerator-driven Transmutation System

Hard Neutron Spectrum
(Pu, MA, Zr)N Fuel without U-238
Less Sensitive

MA: 360
LLFP:60

MOX Fuel Fast Reactor

Softer than that of ADTS
MOX fuel with 5% MA
More Sensitive

MA: 50
LLFP: 19

2.5.3 Accelerator-Driven Transmutation Plant

Conceptual design studies have been carried out for accelerator-driven transmutation
systems [2]. The current design aims at supporting about 10 units of large-scale light water
reactor with an electric power of 1000 MW. This corresponds to around 800-MW thermal
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Primary Pump

Proton Beam Line

Beam Window

— Reactor Vessel

Feed Water Header

Steam Header

Helical Coil Tubes

Steam Generator

___ Core Support Structure

power of a transmutation system.
JAERI R&D on P-T covers the development of an ADS design code system ATRAS

[3], the development of nitride fuel and fuel cycle technologies [4], the development of a
partitioning process for separating HLW into four groups of elements [5]. Several basic
research programs are in progress in such fields as nuclear data [6,7] and fuel physical
property data.

For the present, the lead-bismuth
cooled option is the primary candidate for
the accelerator-driven transmutation system.
In ADS, lead-bismuth can play roles of both
coolant and spallation target material. 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.
Lead-bismuth eutectic coolant allows much
lower system operating temperatures than
lead coolant, thus alleviating material
corrosion and erosion problems.

The design of the lead-bismuth cooled
system is based on the technologies of
contemporary liquid-metal cooled fast
breeder reactors and ex-USSR lead-bismuth
cooled submarine reactors.' Actinide mono-
nitride is adopted as the fuel material.
Nitride is potentially the best fuel for
dedicated transmutation system because of
its excellent thermal property and capability
of pyrochemical reprocessing.

With a 1.0 GeV-45 mA proton beam,
the target/core having an effective neutron multiplication factor of 0.95 produces about 800-
MW core thermal power. Assuming a load factor of 80%, the net MA transmutation rate is
approximately 250 kg/y. An electric output of 240 MW is obtained at a plant thermal
efficiency of 30%. The power required to operate the 1.0 GeV-45 mA accelerator is 115 MW,
assuming a 40% accelerator efficiency. This means that the system is more than self-sufficient
in terms of its own energy balance.

A conceptual drawing of the lead-bismuth cooled ADS plant is shown in Fig. 2.20.
Table 2-5 summarizes the major system parameters.

Feed Water Header Outer Shroud

Inner Shroud

Fig. 2.20 Concept of Pb-Bi cooled accelerator-

driven transmutation system
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Table 2-5 Major parameters

Core Thermal Power
Core Height
Core Radius
/ceH (initial/max./min.)
Linear Power Rating (max./ave.)
Power Density (maxVave.)
MA/Pu Inventory
Fuel

Pin Pitch-to-Diameter ratio
Coolant Temperature (in/out)
Coolant Velocity (max.)
Pb-Bi Void Coefficient
Doppler Coefficient
Burnup Swing
MA Transmutation Rate

of the Pb-Bi cooled ADS plant

820 MW
1000 mm
1200 mm
0.95/0.95/0.94
520/300 W/cm
310/180 MW/m3

2500/1660 kg
(MA, Pu)N, ZrN
initial Pu fraction: 40%, ZrN: inert matrix
N-15 enriched
1.5
330/430 °C
2m/s
-4.8% dk/k
-3.7 x10'4 Tdk/dT
1.8%
500 kg/cycle (20 %/cycle)

2.5.4 Technical Issues for Demonstration of ADS
One of the priority technical issues for developing ADS is corrosion/erosion of material

in lead-bismuth coolant. The beam window represents a major technical challenge in ensuring
the structural integrity as it suffers a high differential pressure load as well as thermal stress
and radiation damage. Ensuring the structural integrity of the beam window is a major
engineering challenge in design.

Pre-conceptual design study is being made for a transmutation experimental system.
There are several technical challenges unique to the accelerator-driven transmutation system
as illustrated in Fig. 2.21. The major areas of technology to be tested and demonstrated will
be subcritical reactor physics, system operation and control, transmutation, thermal-hydraulics,
and material irradiation. Subcritical reactor physics experiments will measure the reaction rate
ratio and distribution, neutron spectrum, space and time dependent neutron flux, effects of
high-energy neutrons, and subcritical factor. System operation and control experiments will
demonstrate the beam-power adjustment, the control scheme, the beam-trip effects, the
restarting operation, the maintainability and the replaceability. Most of other important
target/core technologies will be demonstrated through the experiments.

The planned scenario for the development of the accelerator-driven transmutation
system is shown in Fig. 2.22. As shown in the scenario, the experimental program will
proceed in a stepwise manner, according to the available power and the operating mode of the
accelerator beam. The first and second phases of the experimental program are planned within
the framework of this Joint Project. The third phase is presently beyond the scope of the
Project.

- 41 -



RESEARCH FACILITIES AND PROGRAMS JAERI-Tech 99-056

. Failure Monitor

Subcritlcalriy Monitor

2.5.5 Experimental Facilities for ADS Technology Demonstration

Prior to the first phase experiments, zero
power subcritical reactor physics experiments
are scheduled at the fast critical assembly
(FCA) using external neutron sources
(californium-252 neutron source and 14 MeV
deuterium-tritium (D-T) pulsed neutron
source). Table 2-6 shows the scales of the
transmutation experimental system in each
phase and the proposed full-scale system. In
addition to the experimental program, parallel
programs are also planned for the system
design study and technology development in
the fields of fuel, material and partitioning.

The important principles in the
design of the experimental system are
reduction in the construction cost and
upgradability up to a moderate power
level around 50 MWt. The design also
considers versatility of the experiments.
The experiments can be made with
various core layouts as shown in Fig. 2.23.
With 20%-enriched uranium oxide fuel,
the core made up of 18 fuel sub-
assemblies (Nk = 1 8 ) has an effective
neutron multiplication factor around 0.9.
Tests exclusively for the beam window
and the spallation target can be made

ly CW Accelerator I

Fig. 2.21 Technical challenges for accelerator-driven
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Table 2-6 Scales of the experimental system and the full-scale system

Experimental System
Phase 1

Phase 2

Phase 3
Full-scale System

Accelerator Beam

0.6 GeV, ~ 0.08 mA,
0.05 MW, 25 Hz pulse
1.0 GeV, ~ 2.0 mA,
2 MW, 50 Hz pulse
~ 1 GeV, ~ 5 mA, CW

~ 1 GeV, ~ 40 mA, CW

Fuel

UO2

UO2

ucyuN

(MA, Pu, Zr)N

Core Thermal Power

~ 50 kWt

~ 500 kWt

~ 50 MWt

800-1000 MWt
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An upgradable concept of the experimental
system is shown in Fig. 2.24. The system will be
of a pool-type configuration. The power level can
be increased in stepwise, by simply adding a heat
exchanger, and then a pump in the vessel. The
cooling scheme for each phase is presented in

Fig. 2.25. The first phase system with a low
thermal power of ten's-kW is cooled by helium
gas, circulating through a heat exchanger and a
blower located outside the vessel. The second
phase system with sub-MWt is cooled by static
liquid lead-bismuth. The third phase system with
ten's-MWt is cooled by pumped liquid lead-
bismuth.

The design is based on existing
technologies as far as possible, so that the first
phase system can be completed before 2005. The
experimental system has no power conversion
units to produce electricity. The heat generated in
the target/core is transferred to forced-air cooler
and then dumped to the atmosphere. The main
experimental issues in the first and second phases

Nf» = 0
1.2

1.0

0.8

0.6

0.4

0.Z

0.0
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Number of Fuel Sub-assemblies Wls
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Fig. 2.23 Core layouts and subcriticality
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Fig. 2.24 Configuration of ADS experiments
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are listed in Table 2-7.

Table 2-7 The main experimental issues in the first and second phase experiments

Phase 1 Fundamental ADS Experiments
• Subcritical Reactor Physics

• Hybrid-system Operation and Control

reaction-rate ratios and distribution
neutron spectrum
space- and time- dependent neutron flux
high-energy neutron effect
subcritical factor
beam-power adjusting and feedback systems related to
temperature increase
beam-trip effect and restarting operation
maintenance and replacement of beam-transport and window
systems

Phase 2 Engineering ADS Experiments
• Subcritical Reactor Physics
• Hybrid-system Operation and Control
• Transmutation
• Thermal-hydraulics
• Material Irradiation

the same as above
the same as above
sample irradiation of Np-237, Tc-99,1-129, etc.
lead-bismuth target
beam window and fuel subassembly

The first phase will be the subcritical reactor-physics experiments and fundamental
demonstration of the feasibility of the ADS concept. It will demonstrate the sustained stable
integral operation of a spallation target and a subcritical core driven by a proton beam at a low
power level ~kWt. The subcritical core is a fast neutron spectrum one loaded with 20%-
enriched uranium-oxide fuel, and cooled by forced flow of helium gas (or by static lead-
bismuth). The effective neutron multiplication factor of the core is below 0.90.

The first phase will include experiments to test the instrumentation and control system,
to test the effects of beam trips for drawing up the restart sequence, to test the maitainability
and replaceability of accelerator-interface hardware, to test the possible power oscillation, and
to test the accuracy of design data and methods. The first phase program will also provide
experience in design, construction, and operation of the ADS .as the technology base for the
second and third phase program. The proton beam required is 600 MeV in energy and 0.01 -
0.08 mA in average current, operated in pulsed mode with a 25-Hz repetition rate.

The second phase will be engineering tests of the ADS. The experimental system will
be upgraded up to a power level of around 500 kWt. The subcritical fast neutron spectrum
core is loaded with 20%-enriched uranium oxide fuel and cooled by lead-bismuth. Thermal
conduction and natural convection of lead-bismuth are sufficient to remove the heat of 500
kW. The effective neutron multiplication factor of the core is below 0.90. The proton beam
required is 1 GeV in energy and 0.05 - 2 mA in average current, operated in pulsed mode with
a 50-Hz repetition rate.

The objectives of the second phase experiments are to test the thermal-hydraulic
characteristics of the flowing lead-bismuth target, to irradiate candidate materials for the beam
window and fuel-subassemblies, to irradiate samples of MAs and LLFPs, and to acquire base
design data for the third phase program. The transmutation capability will be tested using
samples of neptunium-237, technetium-99, and iodine-129.
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The third phase is presently beyond the scope of the Joint Project. It will be undertaken
according to check and review results after the second phase. The main objective is to
demonstrate the feasibility of the ADS technologies, the safety of the system, and the
transmutation performance. The demonstration will be made on an integrated target/core
assembly at a moderate power level of around 50 MWt with a continuous-wave (CW) proton
beam. The fuel is 20%-enriched uranium oxide fuel or uranium nitride fuel. Nitride is the
current choice for the fuel of the full-scale system. The core is cooled by forced convection of
lead-bismuth. The proton beam required is 1 GeV in energy and 1-5 mA in average current,
operated in a CW mode. Components of the primary system will be mockups of those for the
full-scale system.

The third phase will include tests to demonstrate the performance of MA and LLFP
transmutation, to test the integrity of MA fuel, to demonstrate the instrumentation and the
control systems, to verify the system design concept, to verify the design data and methods,
and to verify the operational safety of the system. Demonstration of the structural integrity,
verification of the design concept, and verification the operational reliability for the window
and the target will be made without subcritical core at a beam power around 5 MW.

The design of the experiments is based on a dedicated transmutation system concept
with lead-bismuth coolant. The experiments will demonstrate the technical viability of ADS
and the capability of MA transmutation with an integrated target/core assembly at a thermal
power up to around 50 MW. Technical feasibility of the accelerator-interface will be tested at
high beam power levels up to 5 MW.

These experiments are crucial steps toward the development of a full-scale
transmutation system. They are also expected to open up possibility for the development of a
future nuclear option of ADS for energy production and fuel breeding.

2.5.6 International collaboration for ADS development

Currently several countries and international organizations are preparing or designing
experimental facilities or demo facilities for ADS. In France, CEA is installing a D-T neutron
source in the fast reactor critical facility MASURCA at Cadarache and is preparing the
experimental program "MUSE" for the subcritical experiments. JAERI and CEA are
collaborating in the field of Partitioning and Transmutation including R&D for ADS. In
Belgium, the Nuclear Research Center SCK/CEN is proposing the "MYRRHA" project,
which aims at construction of a medium-size accelerator-driven subcritical system for ADS
development, material irradiation and medical isotopes production. In the USA, the
Department of Energy is preparing the "ATW Road Map". The ATW is the system concept of
accelerator transmutation of nuclear waste developed by LANL. The lead-bismuth target
system, which is under construction at IPPE (Russia), will be installed at the LANSCE facility
of LANL by the end of this year, and the cold/hot loop test will follow. The European
collaborative lead-bismuth target irradiation will be carried out using the SINQ of PSI.
Russian scientists are working on ADS developments mostly under the projects of the
International Science and Technology Center (ISTC). The Korean Atomic Energy Research
Institute is designing on ADS plant.
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International collaboration among these programs is very important from the points of
view of efficient and cost-effective development by burden sharing of development efforts.
The Joint Project, if constructed, will provide the international community with the
opportunity of collaborative experimental programs.
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3 Accelerator

3.1 Introduction

Higher proton intensity is more and more required for the development of various fields
of science and engineering. One good example is a pulsed spallation neutron facility. Several
MW of proton beam power has been proposed for the future goal in the Neutron Science
Project (NSP) in Japan, the Spallation Neutron Source (SNS) project in the US, and the
European Spallation Neutron Source (ESS) project in Europe. This amount of beam power is,
however, very difficult to achieve with the present state of the art of accelerator technology.
In particular, beam experiments are crucial to develop further the technology for a high
intensity machine for the following reasons [1].

There is an effective limit to the intensity of the high-energy proton beam because the
operation of the machine must be stopped when the beam loss exceeds a certain amount,
typically a few nA/m/GeV. Otherwise, the radioactivity induced by beam losses exceeding
this level prevents hands-on maintenance of the machine. This extremely small amount of
beam loss can arise from beam halo. Although the mechanism of the growth of the beam halo
has been studied theoretically to some extent, empirical verification of these theories is still at
the beginning stages. In other words, the beam loss at this level is not quantitatively
predictable. Unfortunately, the beam quality of the presently available high-energy proton
accelerators is not sufficient for studying empirically the halo-formation mechanism. This is
the reason why further experience in the construction, operation, and beam study of a machine
newly designed on the basis of the present state of the art is indispensable for going much
beyond a MW of proton beam power.

The Joint Project is thus divided into two phases. Phase 1 is sufficient to promote
various fields of science and engineering far beyond the present state. From the viewpoint of
accelerator science and technology the accelerator complex of Phase 1 including the 1-MW
pulsed spallation neutron source will provide an ideal playground for the newly developed
accelerator technology and science. The empirical results will be fully utilized to go beyond
1-MW beam power up to Phase 2 including a several MW pulsed spallation neutron source.
Specifically, which option should be chosen for Phase 2 will be determined on the basis of
beam studies and technology development obtained through the design, construction,
operation and beam studies of the Phase 1 machine. Details on the strategy for Phase 2 will be
presented in Section 5.2.

It should be emphasized that the optimum design of any accelerator is dependent upon
the details of the required beam parameters. The beam energy and beam current are not
sufficient to specify a state-of-the-art accelerator. The time structure is another important
parameter [1]. As described in Section 2.1 the nuclear- and particle-physics experiments
require a proton beam with an energy of 50 GeV. In general, a long-pulse, high-duty beam is
preferable to minimize detector dead time. Sometimes, however, a short-pulse beam of a few
(is is required, for example, by the long base-line tau-neutrino appearance experiment. For
these reasons both slow and fast extraction should be provided for the beams from the 50-
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GeV ring. The required beam parameters for Phase 1 are listed in Table 3.1.
The optimum design also depends upon the state of the art of key components for

particle accelerators as well as that of beam dynamics. Some innovation in key technologies
can have a big impact on the optimum design. For this reason the proposed design is very
unique because it takes into account the results of the research and development (R&D) done
in both KEK and JAERI as well as other institutes during the course of the world-wide effort
for designing high-power proton accelerators. The description of the proposed design will be
thus interleaved with that of the R&D results in the following sections.

Table 3. 1. Required Beam Parameters for the Phase 1 Accelerator

Energy Current pulse length repetition

or power

Nuclear and Particle Physics 50 GeV 15.6 uA long and high duty

short pulse

Neutron Science > 0.5 GeV 1MW < 1 us < 50 Hz

Nuclear Waste Transmutation > 0.6 GeV 0.05 MW long pulse high duty

3.2 Accelerator Scheme
The 50-GeV main synchrotron which is to provide the nuclear and particle physics

experimental areas with a beam of 15.6 uA (at a repetition rate of 0.3 Hz) requires a several-
GeV injector in any case. A higher injection energy is preferable in this energy range to
minimize the beam instability and the space charge effect. A several-GeV rapid-cycling
synchrotron (RCS) is significantly more advantageous over a several-GeV proton linac with
regard to construction cost. The several-GeV RCS requires a several-hundred-MeV injector
linac. Thus this basic scheme is chosen to meet the nuclear and particle physics requirements.

As detailed in Section 2.2 a pulsed spallation neutron beam with a pulse length of order
1 us is much more useful than the longer-pulse or CW neutron beam. Unfortunately, the
instantaneous beam intensity from the ion source is much lower than needed to meet this
requirement directly. For this reason the beam from the linac should be injected into a ring
with a revolution time of about 1 us, until the necessary number of protons are stored. Then,
the beam is fast extracted to the neutron production target. Since a ring is necessary for the
pulsed neutron source, either a storage ring (SR) or a synchrotron accelerator, it is a
reasonable choice to use the booster RCS to the 50-GeV synchrotron for producing the pulsed
spallation neutrons. It is necessary to increase the repetition rate of the RCS to 25 Hz to meet
the requirement from the neutron source.

Another controversial issue is the choice of energies of the RCS and the linac. Although
higher energies for both the RCS and linac are advantageous regarding the proton beam
power, it also increases the construction and operation costs. The combination of the
respective energies of 3 GeV and 400 MeV for the RCS and the linac is chosen by optimizing
the costs for obtaining the 1-MW proton beam power. Although the present scheme is
primarily chosen to meet both the requirements from the nuclear and particle physics
experiments and the pulsed neutron experiments, we have reason to believe that the present
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choice is nearly the optimum for the spallation neutron source. This matter will be elucidated

by considering the beam loss problems in Section 5.2.
The development of both the accelerator technology and the target technology for the

accelerator-driven nuclear waste transmutation system (ADS) is another unique feature of the
Joint Project. For the ADS, the proton beam with an energy of at least 600 MeV is necessary
with a long-pulse duration of order 1 ms. The beam from the 400-MeV normal-conducting
(NC) linac will be injected to the superconducting (SC) linac, accelerated up to 600 MeV, and
transported to the ADS experimental area. Since the pulsed-beam acceleration is more
difficult than the CW-beam one for an SC linac, which is a key technology for the future CW
linac, most important accelerator development for the ADS will be completed in this way.
The reasons why the 600-MeV beam is not injected to the RCS at the first stage will be
discussed towards the end of Section 3.3.

KEK-JAERI Joint Project

Particle and Nuclear Physics
Experimental Arisa

600

(Extension to 400 MeV Linac
more than 1 GeV)

Neutron, Muon,
and Exotic Nuclei
Experimental Area

50 GeV Synchrotron

Fig. 3.1 Layout of the accelerator complex of the Joint Project. The facilities with

parentheses are for the future upgrade.

The Joint Project accelerator complex in the Phase 1 thus comprises the 50-GeV main
synchrotron, the 3-GeV RCS, the 400-MeV NC linac, and the 600-MeV SC linac (see Fig. 3.
1). The first one provides a beam of 15.6 |iA with a repetition rate of 0.3 Hz, while the second
one provides a beam of 333 |iA with a pulse length of a few hundred ns and a repetition rate
of 25 Hz. The linac can provide a beam of 1.3 mA with a repetition rate of 50 Hz and with a
pulse length of 500 |xs (that is, a duty factor of 2.5 % and a peak beam current of 50 mA), if
the linac beam is not chopped.

The 50-GeV beam is slowly extracted to an experimental hall, where experiments are
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conducted concerning Kaon rare decay, hypernuclei, and others. The beam is also fast
extracted to the neutrino oscillation beam line. A long base-line experiment will be conducted
by making full use of the Super Kamiokande detector located 250 km from the JAERI Tokai
site. The 1-MW beam of the 3-GeV RCS is fast extracted to an experimental area, in which
three production targets, respectively, for pulsed spallation-neutron experiments, muon
experiments, and exotic-nuclei experiments, are located in a series along one beam line. The
0.8-MW beam of the 600-MeV linac is used for the basic study of the ADS. This beam power
is more than enough for the ADS study in the Phase 1.

H" ions produced in a volume-production-type ion source with a repetition rate of 25
Hz, a pulse length of 500 |j.s, and a peak current of 53 mA, are accelerated up to 400 MeV by
the NC linac. Then, the ions are injected to the RCS through a charge-exchange foil. The
large acceptance in transverse phase space of the RCS is filled out by painting the beam
transversely, to minimize the space-charge effect Longitudinal painting is not intentionally
done, but the sinusoidally varying magnetic fields of the RCS give rise to an effect similar to
painting. The beam to be injected has already been chopped synchronously with 1.34-MHz
RF acceleration in the ring in order to longitudinally accept all beams from the linac. In this
way, we can avoid the beam loss which is inherent in adiabatic capture. Two buckets are thus
filled out for 500 |j.s.

The fields in the quadrupole magnets and bending magnets are to oscillate sinusoidally
with a rapid cycle of 25 Hz. Each of the focusing quadrupoles, defocusing quadrupoles and
bending magnets is to be driven through its own resonant network in order to maintain a
greater number of adjustable knobs. The injection time of 500 jxs is limited by the
approximately flat bottom of the 25-Hz sinusoidal function. In each cycle the ring will
accelerate 8 x 10 protons.

The two bunches thus accelerated are injected four times to the 50-GeV synchrotron, in
which eight bunches are accelerated (3.2 x 10 ppp), as shown in Fig. 3.2. Two buckets are
left empty to allow the fast-extraction kickers to turn on during the time thus opened. One
ramping cycle of the 50-GeV synchrotron is shown in Fig. 3.3. After the 0.12-s injection the
beam energy is ramped up to 50 GeV for 1.9 s, and then the beam will be extracted slowly
during a time of 0.7 s. The ramping cycle is to be completed in 3.42 s, including the falling
time of 0.7 s.

Since the Phase 1 accelerator complex has some parts common with the JHF
accelerator design, one may refer to several reports on the extensive design study of the JHF
accelerator [2-5] for more detail. The main difference is the much more powerful linac which
ensures more flexibility for the Phase 2. Specifically, the superconducting accelerating
cavities (SCC) will be used for the high-energy part of the linac (400 MeV to 600 MeV).
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(1) Injection at 3 GeV
RF:1.82MHz(at3GeV)

Booster (40QMeV to 3GeV )

Fig. 3.2 Injection scheme from the RCS to the 50-GeV ring
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a>

extraction

n
P1 P2

-1—1—r-
P3 P4 P5

time

0.12 s
1.9 s
0.7 s
0.7 s
3.42 s

0.20

P1 - P2(injection)
P2 - P3(acceleration)
P3 - P4(extraction)
P4 - P5
total

slow extraction of50GeV
duty factor
average current

Fig. 3.3 Typical machine cycle of the 50-GeV ring

3.3 LINAC
The scheme of the NC linac is shown in Fig. 3.4, and the main parameters are listed in

Table 3.2. As mentioned in Section 3.2, the linac plays two roles; one is to inject the beam to

the RCS, while the other is to provide beam directly to the ADS. The proposed scheme is

rather unique, and is based upon the results of R&D recently carried out in both KEK and

JAERI as well as other institutes.

The work by KEK has been done for the 1-GeV linac [6] of the original Japanese

Hadron Project (JHP), the accelerator complex of which comprises the full-energy linac (1

GeV) and a storage ring (compressor/stretcher ring). The accomplishments of this R&D work

include the following:

1) A volume-production type H" ion source, which generates a peak current of 16 mA with a

normalized 90% emittance of 0.5 K mm»mrad without cesium [7].

2) A newly optimized low-energy beam transport (LEBT) made of two solenoids [7]. The

optimization work was based upon three-dimensional analyses of various LEBT schemes,

while carefully taking into account the geometrical aberration. The beam experiment

showed that a very strong space-charge neutralization effect maintained the high

brightness throughout the LEBT.

3) The 3-MeV, 432-MHz radio-frequency quadrupole (RFQ) linac with a newly invented

field stabilization method: it-mode stabilizing loop (PISL) [7,8]. The world-highest

acceleration energy for an RFQ has been accomplished by means of the PISL. However,
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the transmission of this RFQ linac was only 82 percent, in contrast to the design value of

95 percent. The reason for this discrepancy is now solved as an effect of higher multipoles

in the electric fields.

4) The 432-MHz, 5.3-MeV drift-tube linac (DTL) with permanent quadrupole magnets

(NdBCo) therein [9]. Power tests of the DTL have been successfully done up to 50%

higher power than nominal. The H" beam test is now underway; a peak current of 9.6 mA

has been accelerated with a transmission of 92% [10]. The reason for this poor

transmission is being studied.

5) The first high-power tested annular-ring coupled structure (ACS) [11]. This is made

possible by a profound understanding of the RF characteristics of the ACS from

theoretical and empirical studies.

6) The 5.5-MW, L-band RF power sources with a pulse length of 600 [is and a repetition rate

of 50 Hz. The klystrons are driven by a huge line-type modulator [12].

350m

27m

Ion
Source RFQ DTL

94m

SDTL

92m

ACS

110m

SCC

(324MHz)

1 I 1
50keV 3MeV 50MeV 200MeV

(648/972MHz)

I
397MeV

I
600MeV

5.7MW 24.5MW 31.4MW 8MW

Fig. 3.4 The scheme of the 600-MeV linac. A 20-m long matching section

will be inserted between SDTL and ACS.
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Table 3.2. Main parameters of the 600-MeV linac.

Energy
Repetition

Beam Pulse Length

Chopping Rate

RFQ, DTL, SDTL Frequency

CCL Frequency

Peak Current

Linac Average Current

Average Current after chopping

Total Length

H~ Ton Source

Type

Peak Current

Normalized Emittance (90%)

Extraction Energy

RFQ

Energy

Frequency

DIL
Enegy

Frequency

Focusing Quadrupole Magnet

Total Tank Length

The Number of Tanks

SDTL
Energy

Frequency

Total Tank Length

The Number of Tanks

600 MeV
25 Hz

500 |is

56%

324 MHz

972 MHz

50 mA

625 u\A

350 uA

350 m

(393 m with a debuncher)

Volume-Production Type

53 mA

1.5 7cmm-mrad

50 kV

3 MeV

324 MHz

50 MeV

324 MHz

Electromagnet

27 m

3

202 MeV

324 MHz

66 m

31
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ACS

Energy

Frequency

Total Tank Length

The Number of Tanks

sec
Energy

Frequency

The Number of Cells in one Tank

397 MeV

972 MHz

68 m

32

600 MeV

648 or 972 MHz

7

ACCELERATOR

The Number of Tanks in one Module 2

The Number of Cryomodules 21

Total Cryomodule Length 110 m

RF Sources G24 MHz')

The Number of Klystrons 20

(including an RFQ and debuncher)

Saturation Power per One Klystron 2.5 MW

Total RF Peak Power 27 MW

RF Sources f972 MHz')

The Number of Klystrons 9

Saturation Power per One Klystron 5 MW

Total RF Peak Power 31 MW

RF source for SCC

Number of Klystrons 21

Saturation Power per one Klystron 0.6 MW

Total RF peak power 8 MW

The work by JAERI has been done for the 1.5-GeV linac [13] of the NSP. The main

feature of this linac is the high average current. In order to ensure the high-duty operation of

the high-intensity machine, the low frequency of 200 MHz has been chosen for both the RFQ

and the DTL. The accomplishment of this R&D work is summarized as follows.

• The negative ion current of 21 mA was obtained with the current density of 33

mA/cm2 and duty factor of 5% with Cesium seeded [14].

• The 2-MeV RFQ linac accelerated a proton peak current of 70 mA with a duty factor

of 10% (a beam pulse length of 1 ms and a repetition of 100 Hz). At the duty factor
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of 1% (a beam pulse length of 1 ms and a repetition of 10 Hz), a peak current of

100 mA was achieved. [15]

• The first 9-cell unit of the DTL was power tested up to the duty factors of 20% and

50% with field gradients of 2 MV/m and 1.5 MV/m, respectively.

• The 600-MHz SCCs have been extensively developed in close collaboration with

KEK. The world-highest accelerating field gradient of 9.2 MV/m (the maximum

surface field of 44 MV/m) has been obtained for a p = 0.5 structure (P : the ratio of

the particle velocity to the light velocity) [16] as shown in Fig. 3.5. In particular,

the surface treatment techniques of the cavity including electropolishing [17]

developed and mass-used for the KEK/TRISTAN were utilized for this

accomplishment.

1E11

1E10

0>

CD

O

Eacc (MV/m)
4 5 6

1E9

1E8

J 1000

10 [ 20 30
16MV/m Epeak (MWm)

40

Fig. 3.5 Results of the performance tests for two prototype cavities

(P=0.5); Q values as a function of the surface peak electric field (Epeak)

The design of the linac makes full use of knowledge obtained during the course of
developing these linacs both at KEK and JAERI. Up to the energy of 200 MeV the linac is
essentially the same as designed for the 200-MeV linac of the JHF. KEK has already started
the construction of the 60-MeV linac, including the RFQ linac, DTL, and the first two tanks
of SDTL. This linac will be the low-energy front end of the Joint Projects. From 200MeV to
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400MeV, a coupled-cavity linac (CCL) will be utilized. The detailed design studies are
described in Ref.[2-4,18]. The SC linac from 400MeV to 600MeV is based upon the
development work by JAERI.

One of the most important issues is to estimate the future performance of the ion source.
In contrast to our earlier expectation, the brightness of the volume-production-type H" ion
source was quite high, mainly because of the space-charge neutralization phenomena at the
LEBT. Since we wish to have the peak current as high as possible, although we have no
definite answer concerning the highest-possible peak current as a result of future
developments, we should design a linac which remains flexible for increases in the peak
current.

In this context the effect of the Cesium vapor should be mentioned. The performance of
the negative ion source is improved with the Cesium insertion resulting in an increase of the
beam current, reduction of the gas flow and flatness of output pulse shape, but the chemically
active Cesium gas may cause a discharge problem in the RFQ. Further study is needed to
evaluate the effects of cesium gas insertion in the ion source.

The design peak current of the RFQ for the original JHF is 30 mA, which is not enough
for the 1-MW beam power. We have already started the construction of this 30-mA RFQ as a
part of the 60-MeV linac mentioned above. In contrast to other accelerator components the
design peak current of the RFQ is such a critical parameter that the transmission becomes
very poor during operation with peak current exceeding the designed value. Therefore, we
cannot expect the beam current much higher than 30 mA.

We have now chosen the following strategy. It is usual and inevitable to increase the
beam current of the total accelerator system towards the design values during the course of
several years by continuing beam studies. It is particularly so for such a challenging machine
as the Joint Project. Therefore, it is reasonable to start the commissioning of the total
accelerator system by using the 30-mA RFQ.

Surely, there will be many things to learn, until the peak current of the 30 mA is
successfully accelerated through all the machines. For example, it is very useful to know the
beam quality of the output beam from the RFQ and its influence on beam losses further
downstream. Also, the design of the RFQ includes some controversial problems which should
be solved by the empirical beam study. A good example is the 432-MHz RFQ mentioned
above, the transmission of which is poorer than designed. On the basis of these knowledges a
new RFQ linac will be designed and constructed to obtain the peak current of 50 mA.

For the Phase 2 operation, the duty factor will also have to be increased. Various
engineering problems such as efficient cooling of the accelerator structure and prevention of
electric discharge will have to be solved by improving fabrication techniques and performing
high-power tests. The R&D experience from the NSP high duty RFQ can be the technical
basis for further upgrade to the new RFQ linac.

From the viewpoint of the flexibility in the beam current, we should use quadrupole
electromagnets in drift tubes for DTL rather than permanent quadrupole magnets (PQM), the
field gradients of which cannot be adjusted to the increasing peak current in the future. Since
the frequency of the DTL should be as high as possible from the viewpoint of emittance-
growth suppression, we chose the highest-possible frequency of 324 MHz, with which the
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quadrupole electromagnets can be contained in the drift tubes.
For Phase 1 of the Joint Project, we will use the same type of ion source, the LEBT and

RFQ linac, as the 5.3-MeV test linac (see 1) to 4) above), except for its frequency. On the
basis of understanding the reason for the low transmission, this RFQ linac was redesigned
using an improved design computer program. The obtained brightness mentioned above is
promising a peak current of 3x16 mA for the designed acceptance of 1.5 TI mm«mrad of the
432-MHz RFQ linac. This value is already close to the required peak current.

Another new feature of the linac is the use of a separated DTL (SDTL) [19] after
around 50 MeV. Its idea is based upon the fact that quadrupole magnets (QM's) are not
necessary in every drift tube (DT) after 50 MeV. By taking the QMs outside the DTs, that is,
outside of the tank, we can optimize the geometrical shapes of the DTs in order to maximize
the shunt impedance. The shunt impedance of SDTL is 40 to 65 percent higher than that of a
conventional DTL with the same frequency, as shown in Fig. 3.6.
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Fig. 3.6 Shunt impedances of the DTL, SDTL, and ACS(CCL in figure).

After the SDTL a CCL will be used with an acceleration frequency of 648 MHz or
972 MHz. One of the most promising candidates is the ACS [11], which is characterized by
the balanced performance: its shunt impedance and coupling are comparable to those of the
widely-used side-coupled structure, while it has an axially symmetry which may be important
regarding the minimization of halo formation. The development of the ACS has already been
completed, except that its frequency has to be decreased to three quarters. The transition
energy from the SDTL to the CCL needs more detailed investigation for its optimization, by
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taking into account both the beam dynamics and cost performance.
The unique feature of the Joint Project linac is the use of SCCs for the high-energy

linac above 400 MeV(see Fig. 3.7). The SCC is a promising option for the high intensity
accelerator with large bore radius and high power efficiency resulting in small beam loss and
low operating cost. Although the SCC linac has been widely used for electron and heavy ion
accelerators, there exist no operating proton accelerators using an SCC. In contrast to electron
linacs the velocity of a proton varies corresponding to the proton energy. The SCC for a
proton linac has to be divided into several sections with different (3 values to achieve high
accelerator efficiency and low emittance growth.

SCC

Length 36m 36m
4 *

37m
* *\

Energy
Pc

No. of
Cryomodules

I
397MeV

0.725

7

I
453MeV

0.751

7

1
523MeV

0.778

7

T
600MeV

Fig. 3.7 Basic parameters for superconducting (SC) linac

The pulse mode operation required for the Joint Project SCCs loses one of the most
important advantages regarding the energy savings [1]. However, the pulse length for the
Joint Project is sufficiently long to make the SC and normal-conducting (NC) options
competitive, even if the construction cost is included. Then, other advantages of the SC option
are appreciated [1]: the higher field gradient for short accelerator length and the higher stored
energy for stable operation. We assert that the reliability problem existing up to now in SC
technology has been mostly solved by recent intensive efforts including the above-mentioned
development as typically shown in Fig. 3.5. In particular, the recent development of the high-
power input coupler for the SC cavities should be emphasized [20].

The most challenging issue is, however, how to overcome the problems associated with
the pulse operation of the SC cavities, such as Lorentz force detuning, microphonic vibration
problem and phase/amplitude control of the accelerating field particularly at the lower-energy
end of the SCC portion. The improvement of mechanical strength of the SC cavity and
sophisticated RF control technique using digital feedback and feedforward are major technical
issues to be solved for the pulse operation under the heavy beam loading. The SC cryomodule
(accelerator unit) consisting of a 5-cell cavity with (3 = 0.6 has been designed and will be
fabricated to test the performance under the pulse operating condition.

Highly accurate control in phase/amplitude is necessary to meet the extremely severe
requirement from the RCS injection condition. In particular, a value of _ p/p should be less
than 0.1 %. This is one of the reasons why the SCC linac in the Phase 1 will not be used for
the injection to the RCS. After the technology for the SCC linac has been fully developed for
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the ring injection, the 600-MeV beam will be used for the upgrade of the neutron source (see
Section 5.2).

The newly devised RF chopper will be used after the 3-MeV RFQ. The chopping is one
of the most difficult items to be developed. So far, no satisfactory chopper has been realized.
Although a traveling wave chopper seems more promising as a structure, the power supply
may be more difficult than that for the RF chopper. At present an RF chopping system has
been designed which is compatible with a beam loss of 1 percent in the linac [21].

The scraper system to be associated with the chopper cannot stand the high power of
the deflected beam. Some prechopping system is necessary at the LEBT. A newly devised
method [22] will make use of the energy modulation of the beam by use of the induction-linac
principle applying a new magnetic material to be detailed in Section 3.5. The energy filtering
characteristics of the RFQ will be fully used in this system.

3.4 Lattice Design

3.4.1 50-GeV Synchrotron
The main parameters of the 50-GeV synchrotron are listed in Table 3.3. Its lattice has

been designed in order to meet the following requirements. First, one 100-m long straight
section is necessary for slow extraction to the Particle and Nuclear Physics Experimental Hall.
The other 100-m long straight section is used for fast extraction to the neutrino experiment
and for RF acceleration. The two 44-m long straight sections are for injection and beam
collimation. Second, the imaginary transition (y), that is, negative-momentum compaction
factor (a), should be realized in order to make the ring free of the transition. This matter will
be detailed later in this subsection. Third, the phase advance has been chosen to be below 90°
in order to avoid any strong resonance of the self space-charge force coupled with the beam-
envelope modulation. Fourth, the maximum tunability is guaranteed: the momentum
compaction factor (a), which is nominally - 0.001, is adjustable from l/vx to - 0.01, while
both horizontal and vertical tunes are adjustable within ± 1 (nominally 21.8 and 16.3,
respectively).

Table 3.3. Main parameters of the 50-GeV synchrotron.

Beam Intensity 3.2 x 1014 ppp ( 8.2 x 1014 ppp in future)

Repetition 0.3 Hz

Average Beam Current 15.6 JLLA (40 \iA in future )

Beam Power 0.78 MW

Circumference 1600 m

Magnetic Rigidity 12.76 ~ 170 Tm

Lattice Cell Structure 3-Cell DOFO x 6 module

+ 4-Straight Cell

Typical Tune (21.8,16.3)
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Momentum Compaction Factor

Total Number of Cells

The Number of Bending Magnets

Magnetic Field

The Number of Quadrupoles

Maximum Field Gradient

Harmonic Number

RF Frequency

Average Circulating Beam Current

RF Voltage

RF Voltage per Cavity

The Number of RF Cavities

Beam Emittance at Injection

Beam Emittance at Extraction

- 0.001 (imaginary yT)

92

96 (6.75 m)

0.135- 1.8 T

184 (1 .5-2 m)

19T/m

10

1.82-1.87 MHz

9.3-9.6 A

300 kV

40kV(10kV/gap)

8

54 n mm-mrad

4.1 TC mm-mrad

The imaginary transition (y ) is a unique feature of this lattice. The slippage factor (r|)
defined by

= ri(Ap/p),

is given by

where T and p are the revolution period and the beam momentum, respectively. The
synchrotron oscillation, the frequency of which is proportional to the square root of "n, loses
stability at r\ = 0, resulting in beam loss. The beam energy and the value of y which make T|
vanish are referred to as the transition energy and transition y (y), respectively. Since the
momentum compaction factor (a) of the conventional FODO lattice is approximately given
by l/vx , the value of y^ becomes nearly equal to vx , the typical value of which is R/pav>
where R is the mean radius and pav is the average value of the betatron function. Since the
radius of a several 10-GeV proton ring is typically a few hundred meters and Pav is on the
order of 10 m, the value of y accidentally becomes a few 10; that is, the transition energy
becomes a few 10 GeV, through which the beam energy is inevitably passed during
acceleration to several 10 GeV.

Since the momentum compaction factor is proportional to an integral of the dispersion
function divided by the bending radius (p) , we can obtain a negative a if the dispersion
function can be made negative at some of the bending magnets. Among various methods, we
have chosen the missing-bend method, shown in Fig. 3.8, rather than beta-function
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modulation, which is fairly harmful in any case. It can be seen from the figure that the two
bending magnets at the middle are missing, resulting in a negative dispersion at the other
bending magnets.

An acceptance of 84 K mmmrad is obtained for Ap/p = ± 1% with a COD correction
under the condition of a quadrupole misalignment of 0.3 mm (standard deviation) and a 2a
cut. A dynamic aperture of 400 n mmmrad is still ensured, even under nonlinear fields of the
sextupole magnets for a chromaticity correction. These values are sufficiently larger than the
assumed emittance of 54 % mmmrad. It is, however, noted that the big aperture shown in
Table 3.4 should be prepared for this emittance if a COD of 5 mm is allowed.

16:10:05 Monday 22-Mar-99
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Fig. 3.8 Betatron oscillation amplitudes and dispersion function in the 50-

GeV ring. The solid curve is the horizontal one, while the dashed curve is the

vertical one. The dispersion function is also presented. Six modules and one

straight section forms one quarter of the ring and one half of the ring is shown

here.

Tabel 3.4. Apertures of the Joint Project synchrotrons.

50-GeV Synchrotron

Bending Magnets

Quadrupole Magnets

3-GeV Synchrotron

Bending Magnets

Quadrupole Magnets

Horizontal

120 mm

120 mm

240 mm

240 mm

Vertical

100 mm

120 mm

174 mm

240 mm
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3.4.2 3-GeV Synchrotron
The main parameters of the 3-GeV synchrotron are listed in Table 3.5. The lattice has

been designed with the following considerations. First, sufficiently long straight sections are
necessary to accommodate an extraction system, an injection system, and RF cavities. Among
them, the extraction of 3 GeV beams requires at least 9-m long free space. Space for RF
cavities, on the other hand, is only about 10 m because of the recent development of a high
gradient cavity with magnetic alloy. Second, the maximum strength of bending magnets
should be at most 1 T because of fast ramping. For the same reason, the maximum gradient of
quadrupole magnets is 8 T/m at most. Third, the momentum compaction factor is adjusted in
order to obtain the transition energy far from the extraction energy. It eases longitudinal
matching between the booster and the main ring without reducing RF voltage just before
extraction in the booster.

The lattice we designed has three-fold symmetry. The arc section consists of three
modules of three FODO cells with two missing bends in the middle cell. This arrangement of
the magnets makes the momentum compaction factor tunable. There are three long straight
sections with doublet focusing scheme, which provide 9-m long free space. Three straight
sections are for the extraction, the RF cavities, and the injection/ beam-collimation,
respectively.

Table 3.5. Main parameters of the 3-GeV RCS.

Energy

Beam Intensity

Repetition

Average Beam Current

Beam Power

Circumference

Magnetic Rigidity

Lattice Cell Structure

Typical Tune

Momentum Compaction Factor

Total Number of Cells

The Number of Bending Magnets

Magnetic Field

The Number of Quadrupoles

Maximum Field Gradient

Harmonic Number

RF Frequency

3 GeV

8 x 1013 ppp

25 Hz

333 uA

1MW

320 m

3.18-12.76 Tm

3-Cell DOFO x 3 module

+ 1-Straight Cell

(7.35,7.3)

0.005 (no transition below 6 GeV)

30

36 (3 m)

0.23 ~ 0.91 T

75 (0.75 m, 1 m)

5.2 T/m

2

1.336-1.82 MHz
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Average Circulating Beam Current

RF Voltage

RF Voltage per Cavity

The Number of RF Cavities

Beam Emittance at Injection

Beam Emittance at Extraction

8.6-11.7 A

450 kV

42 kV (21 kV/gap)

11

220 n mm-mrad

54 n mm-mrad

The phase advance is also kept below 90°. The tunability is again an important
feature of the present lattice, ensuring tunes adjustable within ± 0.5 around the nominal values
of vx = 7.35 and v v = 7.3, respectively. A momentum compaction factor of 0.005 is realized
in order to make the transition energy above 6 GeV. Betatron oscillation amplitude and
dispersion function are shown in Fig. 3.9.
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Fig. 3.9 Betatron oscillation amplitudes and dispersion function in the 3-GeV

ring. The solid curve is the horizontal one, while the dashed curve is the vertical

one. The dispersion function is also presented. One quarter of the ring is shown

here.

3.5 Research and Development for the Synchrotrons
The R&D program for the JHF accelerators was formed in order to overcome various

difficulties associated with their high-intensity character. The R&D program includes:

1) RF accelerating cavities,

- 64 -



JAERI-Tech 99-056 ACCELERATOR

2) 50-GeV synchrotron magnet power supplies,

3) 3-GeV synchrotron magnet power supplies, and

4) ceramics vacuum chamber for the 3-GeV synchrotron.
The RF accelerating system should be in stable operation under extremely heavy beam-

loading. It should also be able to provide a high field gradient (at least 10 kV/m, hopefully
higher) in order to realize rapid acceleration. Since the circulating current of each synchrotron
amounts to approximately 10 A, the system should incorporate devices to cure any beam
instabilities.

The power supply for the 50-GeV synchrotron is another R&D item, since the reactive
(wattless) electric power should be eliminated in order to avoid its harmful noisy effect on
any electrical system of the Joint Project, other facilities to be operated in the JAERI Tokai
site, and other facilities outside the JAERI site.

In Section 3.2 it was mentioned that three families of the magnets of the 3-GeV RCS
are respectively driven through three resonant networks. Then, a precise amplitude and phase
control are necessary in order to operate three systems synchronously. In particular, the phase
control is an issue.

The rapid cycle of 25 Hz of the 3-GeV RCS led us to use a ceramics vacuum chamber
to avoid any harmful effect of the eddy current otherwise induced. The chamber, on the other
hand, should RF-shield the beam current by means of copper strips or copper plating, or other
methods. Although ISIS of RAL already succeeded in mass-producing this type of vacuum
chamber, a reliable technique is still hard to establish.

It has been seen that the RCS for the joint project is characterized by the challengingly
high energy and rapid cycling even for Phase 1. The rapid acceleration required for this option
is very difficult to obtain by using the conventional ferrite-loaded cavities, in particular under
heavy beam loading. Although ferrite material has been widely used for proton synchrotrons
because of its excellent permeability and tunability, it still suffers from the following
difficulties:

1) Since its saturation field is rather low, its (iQf value, which is proportional to the shunt
impedance, rapidly decreases as the operating magnetic field (thus, the field gradient) is
increased. Together with its rather low Curie temperature (typically 100°C to 200°C), the
highest-possible field gradient is limited to approximately 10 kV/m.
2) In order to tune a ferrite-loaded cavity by adjusting its permeability, it is necessary to
supply the DC magnetic field on the ferrite through a bias circuit. The resulting
complicated RF system viewed from the beams makes it difficult to analyze in order to
overcome the heavy beam loading problems. Even worse, the response to the bias
current is sometimes too slow for rapid cycling.

3) The high Q value, typically around a few ten, gives rise to coupled-bunch instabilities
which should be cured for high-current operation.

In particular, problem 1) is the most serious, as can be understood by attempting a lattice
design for the high-energy RCS. Many long straight sections have to be prepared for rapid
acceleration, increasing the machine cost significantly.

Magnetic alloys (MAs), for example, FINEMET, appear so promising as to
simultaneously solve the above problems [23-25]. In Fig. 3.10, the RF magnetic-field
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dependence of its jxQf value is compared with that of the typical ferrite. In contrast to the
rapidly-decreasing character of the latter, the former is almost constant throughout a wide
range of the field values. Together with its high Curie temperature (typically of 570°C) and
easy-cooling taping structure, the former appears promising for obtaining the high field
gradient. Furthermore, in spite of its high u,Qf value, the Q value is extremely low, typically
around unity. Consequently, no tuning is necessary for the MA-loaded cavities.

In order to demonstrate the real usefulness of the MA-loaded cavities, they have been
power-tested [23] and beam-tested by electron beams [23]. One of the prototypes was actually
used for the beam acceleration in the HIMAC synchrotron [23,24]. The potential of the MA
for high field gradient was tested by powering a cavity loaded with water-cooled MA plates,
showing that it can be used up to 50 kV/m [23], which is several times as high as the
conventional ferrite-loaded cavity. The tested field gradient was limited by the RF power
rather than the MA performance.

The extremely low Q value of an MA-loaded cavity makes it ideal for the barrier-
bucket application. Another prototype cavity was shipped to and installed in the BNL/AGS
under the Japan/US high-energy physics collaboration program. The barrier bucket was
generated in the AGS together with the BNL cavity [23].

On the basis of the above empirical test results, we decided to use the MA-loaded
cavities for both the RCS and main synchrotron. It is noted that they can be used not only for
acceleration, but also for barrier-bucket generation and for second-harmonic cavities. The
latter two applications will greatly ease both the space-charge problem and longitudinal
instability by improving the bunching factor.
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The magnet power supplies of the 50-GeV synchrotron will use insulated gate bipolar
transistors (IGBT), the gating time of which is so fast and flexible as to avoid a harmful
reactive (wattless) power. This is also a long-awaited device, but it is only recently that high-
power devices (3.3 kV, 1200 A) have been successfully developed. Since the development is
still continuing, we are expecting that the devices can be mass-used for our power supplies.

Two prototypes of resonant networks for the 3-GeV rapid-cycling synchrotron have
been fabricated and tested. They were successfully used to operate two networks in phase
within 1 mrad, which correspond to 0.01 in betatron tune difference.

Some ceramics chambers have been fabricated in order to study the reliability of the
materials and the glass brazing. The metalizing and brazing methods are also being
investigated.

3.6 Conclusion
We believe that the required specifications can be obtained on the basis of the success

of the R&D work described in Sec. 3.5, except for the beam-loss problems. Even slight beam
losses in this kind of powerful proton accelerators would generate an enormous amount of
radioactivity, making impossible the hands-on maintenance of the accelerators, which is a
more serious problem than shielding. We are trying to localize any significant beam loss to
those places especially designed for this purpose. Since the beam-loss mechanisms have not
been fully elucidated, it will be a real challenge in the Joint Project accelerators.

Hoping that we can solve the beam-loss related problems through beam studies and
machine improvements, we are seriously considering the possibility of future upgrades of the
machines. The details will be presented in Section 5.2.

References

[1] Y. Yamazaki, "Design Issues for High-Intensity, High-Energy Proton Accelerators,"

Proc. 1996 Linac Conf., 592 (1996).

[2] JHF Project Office, "Proposal for Japan Hadron Facility," KEK Report 97-3 (JHF-97-1),

1997.

[3] JHF Project Office, "JHF Accelerator Design Study Report", KEK Report 97-16 (JHF-

97-10), 1998.

[4] T. Kato, "Design of the JHP 200-MeV Proton Linear Accelerator," KEK Report 96-17

(1997).

[5] Y. Mori, "The Japanese Hadron Facility ", Proc. 1997 Part. Accel.Conf., 920 (1997).

[6] Y. Yamazaki and M. Kihara, "Development of the High-Intensity Proton Linac for the

Japanese Hadron Project," Proc. 1990 Linac Conf., 543 (1990).

[7] A. Ueno et al., "Beam Test of the Pre-Injector and the 3-MeV H- RFQ with a New Field

Stabilizer PISL," Proc. 1996 Linac Conf., 293 (1996).

[8] A. Ueno and Y. Yamazaki, "New Field Stabilization Method of a Four-Vane Type

RFQ," Nucl. Instr. Meth. A2DQ, 15 (1990).

- 6 7 -



ACCELERATOR JAERI-Tech 99-056

[9] F. Naito et al., "RF Characteristics of a High-Power Model of the 432 MHz DTL,"

Proc. 1994 Linear Accel. Conf. (1994).

[10] F. Naito et al., Proc. 1998 Linac Conf.

[11] T. Kageyama et al., "Development of Annular Coupled Structure," Proc. 1994 Linear

Accel. Conf. 248 (1994).

[12] S. Anami et al., "A Long-Pulse Thyristor-Switched Modulator for the JHP Proton

Linac," Proc. 1990 Linear Accel. Conf. 174 (1990).

[13] M. Mizumoto, "A High Intensity Proton Linac Development for the JAERI Neutron

Science Project", Proc. 1998 Linac Conference, Chicago, USA, 1998

[14] H. Oguri et al, "Development of an Injector Section for the High Intensity Proton

Accelerator at JAERI", Sixth European Particle Accelerator Conference, Stockholm,

Sweden, 1998

[15] K. Hasegawa et al., "Development of a High Intensity RFQ at JAERI", Jour. Of Nulc.

Sci. and Tech. Vol.34, No.7,p622-627, (1997)

[16] N. Ouchi et al., "Development of Superconducting Cavities for High Intensity Proton

Accelerator at JAERI", Proc. 1998 Applied Superconducting Conf., Palm Desert, USA,

1998, to be published.

[17] K. Saito et al.,R&D of Superconducting Cavities at KEK" Proc. Of the 14th workshop on

RF Supoerconductivity, Tsukuba, Japan, p635 (1989)

[18] K. Hasegawa et al., "System Design of a Proton Linac for the Neutron Science Project at

JAERI" Jour, of Nulc. Sci. and Tech. Vol.36, No.5, (1999), to be published

[19] T. Kato, "Proposal of a Separated-Type Proton Drift Tube Linac for Medium-Energy

Structure," KEK Report 92-10 (1992).

[20] S. Mitsunobu et al., "High Power Test of the Input Coupler for KEKB SC Cavity", Proc.

7th Workshop on RF Superconductivity, 735 (1995).

[21] W. Chou et al., "Design and Test of a Beam Transformer as a Chopper" Proc. 1999 Part.

Accel. Conf., THDR4 (1999).

[22] T. Kato and S. Fu, "MEBT Design for the JHF 200-MeV Proton Linac", Proc. 1998

Linac Conf., MO4012 (1998).

[23] Y. Mori et al., "A New Type of RF Cavity for High Intensity Hadron Accelerators with

Magnetic Alloy", Proc.1998 Europian Part. Accel. Conf., p229 (1998)

[24] C. Ohmori et al., "High Field-Gradient Cavities Loaded with Magnetic Alloys", Proc.

1999 Part. Accel. Conf., THAL1 (1999).

[25] M. Fujieda et al., "Magnetic Alloy Loaded RF Cavity for Barrier Bucket Experiment at

the AGS", Proc. 1999 Part. Accel. Conf., M0P81 (1999)..

- 68 -



JAERI-Tech 99-056 RADIATION SAFETY

4 Radiation Safety
The guideline for radiation safety for the Joint Project of the High-Intensity Proton

Accelerator Complex is presented. The issues discussed are the bulk shielding and activated
soil, cooling water and air.

The bulk shielding is designed so as to satisfy several requirements, such as the dose
rate at the surface of the shielding, sky shine at the site boundary, and the activation of soil
outside the shielding. The dose rate for the working place in a radiation controlled area should
be less than 20 uSv/h, which is provided by "The Law Concerning Prevention Hazards Due to
Radio-Isotopes, etc". The dose at the boundary of the controlled area should be less than 1.3
mSv in three months, also by the Law. Here the period of three months should be the realistic
time for the exposure to the general public outside the controlled area. The annual dose at the
site-boundary is less than 50 ^Sv/y which is 1/20 times as high as that by the Law, for the
sum of the contributions from all the radiation facilities related to this project in the Tokai site.
The value 50 (xSv/y is the same as that for sites of nuclear power plants.

The limit for the dose rate contributing to soil activation is now discussed. It will be
derived from the exposure dose of 10 |iSv/y at the site boundary, which is 1% of the exposure
limit of 1 mSv/y, provided by the Law for the general public through activated underground
water. The value 10 (iSv/y at the site-boundary was estimated to be equivalent to the dose rate
of 23 mSv/h just outside the shielding wall. Tentatively, 23 mSv/h is applied to the point-wise
beam loss locations and 2.3 mSv/h to the long beam lines and the accelerator rings. The value
of 23 mSv/h roughly corresponds to the specific activity induced in soil of 3.7 Bq/g for long-
lived nuclides with half-life longer than 1 day.

The accelerators of the facility are assumed to be designed and equipped so that the
beam loss rate will be less than 1 W/m to permit "hands on maintenance" of the accelerators,
at all points except for some limited areas such as injection regions, extraction regions, and so
on. The value of 1 W/m is based on the activation measurement at the KEK 12-GeV proton
synchrotron (PS). This requirement will be guaranteed by introducing beam loss monitors set
up along the beam-channel in the beam tunnels. Thus the bulk shielding calculations are, in
principle, on the basis of the beam loss assumption of 1 W/m. Uniform beam loss of the
accelerator rings (3 GeV and 50 GeV) is specified as 0.1 % of the beam power and this value
is also less than lW/m.

The concentration of radionuclides in cooling water is different for each portion of the
facilities. Components such as the beam dump and the production target for secondary
particles generate highly activated cooling water. Most of the radionuclides can be removed
by a water purification system and thus tritium is the main activity in the cooling water. The
cooling water with highly concentrated tritium will be processed and stored in a safe way.
Cooling water for magnets and RF systems will contain tritium with a similar concentration as
the cooling water used in the KEK 12-GeV proton synchrotron. Such cooling water will be
drained in the public sewage farm after dilution well below the limit for drainage.

Air within the tunnels of the accelerator and the beam line will be highly activated.
Since produced radioactive nuclides are short-lived ones, it will be retained in the accelerator
or the beam line tunnel during the period of operation of the accelerator. The air will be
exhausted before radiation workers enter into the tunnel. Special care should be taken for the
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air in the shielding around the target and the beam dump. The intense radiation will produce
chemically active materials in air, thus humidity causes corrosion at the surface of the highly
activated beam pipes, resulting in radioactive contamination.
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5 Future Extension of the Project

5.1 Purpose of the Phase 2 Upgrade

The major purpose of the Phase 2 project is to upgrade the accelerator power
from 1 MW to 5 MW, so that the neutron scattering project as well as the transmutation
project can be made much more powerful. We have studied two accelerator versions for
this purpose and they are described in this Chapter.

As described in Section 2.2, high-intensity neutron beams are the most crucial
element in neutron sciences, in particular, in structural biology. The beam power of 5
MW and, hopefully more than 5 MW, is needed for neutron sciences. In addition, it
helps to have a high power for R&D of nuclear waste transmutation.

5.2 Accelerators from 1 MW to 5 MW
During the course of the design study of Phase 1, we have been keeping in mind

the future upgradability of Phase-1 accelerators to Phase 2. The word "upgradability"
means that most of the accelerator modules built in Phase 1 can be used as part of the
upgraded system.

In discussing a possible option for the upgrade of the spallation neutron source it
is worthwhile to note the unique position of the Joint Project accelerator complex
compared to other pulsed spallation neutron sources. A several-GeV synchrotron is
necessary as a booster to the 50-GeV, high-intensity accelerator. Then, the booster can
serve as a high-intensity pulsed neutron source as well as a muon source. This is the
reason why we chose the rapid-cycling synchrotron (RCS) option for the neutron source.
Another option is to choose a combination of a full-energy linac and a storage ring (SR)
for the MW pulsed neutron source, examples of which are ESS and SNS. It is
controversial which is a better option. The advantages of the RCS option as compared
with the SR option are listed as follows [1]:

(1) The beam current of the former is by a factor of the energy ratio lower than that
of the latter.

(2) The radioactivity induced by the same amount of the beam loss during the
injection process to a ring is significantly smaller in the synchrotron than that
in the storage ring, since the injection energy of the former is significantly
lower. For example the radioactivity induced by the 400-MeV proton beam is
approximately one third as high as that by the 1-GeV beam.

These two advantages together form one big advantage that the radioactivity
induced during the injection process of the present concept is one order of magnitude
lower than that of the other one. With present technology we have to use the H"
injection through charge exchange by a piece of foil. Beam loss is inevitable in this
process. If this is the main source of radioactivity, and if the radioactivity thus induced
is mainly limiting the beam intensity, the RCS option is more promising than the SR
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one.
It is needless to say that the RCS concept has some disadvantages as compared

with the full-energy linac concept as follows [1].
1) The RCS option requires a larger number of powerful RF cavities in order to

rapidly accelerate the beam.
2) A ceramics vacuum chamber is necessary to eliminate any eddy currents which

would otherwise be induced by rapidly changing magnetic fields. The chamber
should be RF-shielded to protect the beam-induced field from any harmful
effects.

3) The space charge limit is lower.
4) The beam stays longer in the RCS than in the SR.

These are the reasons why the ESS and SNS have chosen the latter option.
The upgrade path will be chosen on the basis of empirical results obtained

through Phase 1. If it turns out that the RCS scheme is more promising than the SR
scheme, we will upgrade the Phase 1 RCS to 6 GeV and will build one more 6-GeV
RCS in order to provide the 5-MW beam. Each 6-GeV RCS will operate with a
repetition rate of 25 Hz, while the target bombarded by the two RCSs will be operated
at 50 Hz.

If the result is the opposite, we will upgrade the linac to higher than 1 GeV and
will construct two or three SRs. The beam is injected and stored in the first SR, until the
injection to the last SR is completed, and then the beams from the two or three SRs will
be merged. The SR option is being studied [2] for the NSP.

Either path, RCS or SR, is possible as seen from Fig. 3.1. The upgrade paths
conceived in the Joint Project are summarized in Table 5-1.

The optimum may be in between the two extreme options, for example, the
lower-energy RCSs with the higher injection energy. In this context, the 600-MeV SCC
linac will play an important role. If the SCC linac is also successful in the beam quality
including the Ap/p value, and if the higher injection energy is preferable and possible,
the beam from the SCC linac will be injected to the RCS. The 6-GeV RCS may be very
difficult or too expensive. In this case the energy upgrade of the RCS may be up to 4 or
5 GeV. This case is also listed in Table 5-1.

It should be noted that the injection time will be halved by doubling the energy of
the RCS, since the period, during which the deviation in the sinusoidally oscillating
magnetic field from the minimum value still stays within tolerable limits, is reduced by
a factor of two. The flat bottom should be lengthened by a novel method recently
suggested [3].

Another possibility may be a funneling method, which combines the beams from
two RFQ linacs. The frequency of the RFQ linac is a half of that of the DTL. For this
application the RFQ linac [4] which has been developed for the NSP will be fully
utilized. The funneling method may be also necessary for the SR option, if the injection
time is too long to avoid any lattice resonance of the SR induced by the space charge
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force.

Table 5-1 Upgrade Path of Linac and Rings

Beam

Power

1.0 MW

5.0 MW

or

5.0 MW

or

5.0 MW

Energy

3 GeV

6 GeV

1 GeV

4 GeV

RCS or SR

Repetition

25 Hz

25 Hz b)

50 Hz

25 Hz b)

Number

1

2

2or3

2

Energy

400 MeV

400 MeV

1 GeV

600 MeV

Peak

Current

50 mA

60 mA

60 mA

60 mA

I.inac (56

Pulse

Length

500 ns

500 ns

3 ms

750 ns

% chonninff^

Repetition

25 Hz

50 Hz

50 Hz

50 Hz

Average

Current ai

333 nA

833 nA c)

5mA

1.26 mAc)

a) The average current is obtained by a product of the peak current, the pulse length, the repetition, and

the chopping rate of 56%.

b) This repetition is for each RCS. On the neutron production target the repetition is 50 Hz.

c) The flat bottom of the RCS magnet power supply is lengthened.

For the upgrade of the 50-GeV ring we study two paths: an increase in the
ramping speed and a reduction in the space charge force by means of the barrier bucket
[5]. Although the repetition rate of the main ring at the beginning is 0.29 Hz for slow
extraction mode and 0.37 Hz for fast extraction mode, the lattice magnets themselves
are designed so that a higher repetition rate such as 0.55 Hz operation for slow
extraction and 0.89 Hz for fast extraction will be possible. That increases the average
current from 15.6 |iA to 30 }jA for the slow extraction mode and from 19.9 \iA to 47.9
U.A for the fast extraction. Note that the electric power required for exciting the lattice
magnets is increased by only 30% due to the fly-wheel generator system to be used.

Capturing with the barrier buckets decreases the local line density at injection so
that the tune shift becomes less. Another advantage of using barrier buckets for
injection is that we can inject as many booster batches as we want in contrast to a
bunch-to-bucket transfer. The number of batches which can be injected is rather limited
by longitudinal momentum spread. If we can inject 12 batches from the booster instead
of 4, the average current becomes 43 (J.A for slow extraction mode. That is not exactly
three times as high as the original one, since the cycle period becomes longer for the
adiabatic nature of the barrier bucket technique. If both a higher repetition rate and
barrier bucket injection are simultaneously adopted, the average current will be
increased to 74 (iA for slow extraction and 111 |iA for fast extraction.
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5.3 Examples of Other Upgrades

Upgrades from 1 MW to 5 MW are primarily for neutron sciences plus nuclear
transmutation. However, upgrades are also required for all research facilities.
Although a thorough discussion has not been completed within the project team for
those upgrades, some examples of these upgrade possibilities are also described in what
follows.

5.3.1 Particle and Nuclear Physics at Phase 2

For particle and nuclear physics programs at Phase 2, a variety of significant
improvements can be expected in conjunction with the upgrade of the 50-GeV PS.
Some features considered for Phase 2 are:

1. Use of increased proton intensity
In Phase 2, the average proton intensity from the 50-GeV PS will be increased to

about 74 (xA (from 10 (J.A in Phase 1) for slow extraction, and to about 111 uA (from 20
(xA in Phase 1) for fast extraction, as mentioned in section 4.2. This increase will be
accomplished by a faster repetition rate and the barrier-bucket method to reduce space-
charge effects at injection. This high intensity will give a beam power of about 3.7 MW
for slow extraction, whereas the current AGS at BNL and MI at FNAL give about 0.1
MW and 0.15 MW respectively. This is a factor of about 25 improvement over these
machines. There is no doubt that magnificent breakthroughs in the unexplored world at
the high-intensity frontier can be expected with this high intensity. In particular, it will
be important for neutrino experiments.

2. Improvement of the duty factor of the proton beam
Instead of the faster repetition rate, the duty factor of the proton beam (which is a

ratio of beam-on to repetition cycle time) could be improved to reduce the instantaneous
rate by widening the beam-on time while keeping the same beam repetition cycle. This
will be useful to carry out some physics experiments with coincidence (such as rare
decays and some nuclear-physics experiments and so on), which suffer from high
counting rates and accidental backgrounds. A duty factor of about 40% (from 20% at
Phase 1) can be expected for the repetition cycle of 0.46 Hz with average beam current
of 24 uA, for instance.

3. Heavy-ion beams and polarized-proton beam
In addition to a proton beam, a heavy-ion beam will be explored at the 50-GeV

PS for Phase 2. A study of high-density nuclear matter is one of the important topics in
nuclear physics. It is also of interest to study the mass of vector mesons in a high
nuclear density environment. It has already been pointed out that most efficient creation
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of high-density nuclear matter can be done with beam energy of 20-50 GeV per nucleon.
The energy of heavy-ion beams at the 50-GeV PS will be 20-25 GeV per nucleon, and
this is ideal. Also a polarized-proton beam at 50 GeV is another interesting topic, which
will go beyond the energy region covered by the polarized proton beam at the AGS at
BNL.

4. Extension of Experimental Hall
The area of the experimental hall at the 50-GeV PS must be extended (by more

than a factor of two) to accommodate more and more experiments and beam lines. For
Phase 1, only two primary proton beam lines are planned, but they are not enough. Also
more secondary beam lines are necessary, since experimental setups get larger and stay
longer until their completion. A larger experimental hall is also required since
secondary beam lines with high energy (such as over 10 GeV) are already too long to fit
into the present hall.

5. New facilities associated with the 50-GeV PS
One of the future new facilities planned is an antiproton accumulator ring, where

antiprotons are cooled down to a low energy. Antiprotons produced at the 50-GeV PS
are slowed down and cooled by stochastic cooling and electron cooling. The pioneering
work was done at LEAR at CERN. Since the unfortunate shutdown of LEAR,
international demands to continue such a facility are quite strong. Expected physics
programs cover studies of the proton-antiproton interaction, meson spectroscopy using
antiproton annihilation, and studies of an antihydrogen atom. Also it is conceivable to
accelerate an antiproton beam to higher energy than LEAR to carry out hadron
spectroscopy.

5.3.2 Neutron Science at Phase 2

The final goal of the proposed Neutron Scattering Facility is to provide high
neutron beam intensity from a 5-MW pulsed spallation source. The the highest possible
peak flux is strongly required as described below. Also, per the OECD Megascience
Forum, the present facility will play an important role as one of three next generation
neutron sources, 5MW projects of the SNS in USA, ESS in Europe, and the present
proposal at Asia-Oceanea. Toward that final goal, the facility is designed to be
extensible for a 5-MW beam operation from phase one.

Structural biology demands the greatest flux, to understand physiological
functions from the atomic and molecular structural view point. Protein dynamics, such
as hinge motion of arms at an active site, are strongly correlated with physiological
functions and are observable only by coherent inelastic neutron scattering experiments.
Polarized neutrons can separate the coherent scattering from the incoherent scattering of
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hydrogen atoms by measuring neutron spin flip and non-spin flip processes. This
requires one thousand times great intensity than provided by current high-flux beam
reactors. This corresponds to a peak flux intensity ten times larger than that of the 5MW
PSNS. Therefore, a PSNS more than 5 MW is an essential request for such a research
field, although the 5-MW PSNS is almost at the limit of current technology.

Other scientific fields would benefit from the very high flux only available from
the 5 MW upgrade. For instance, inelastic scattering from a single surface or the
interface between two liquids or gases, time-sliced structure and the dynamics of
chemical reaction and relaxation phenomena, spin-selective electron inter-band
excitation, studies of the Brillouin scattering region for spin waves in disordered
systems, dynamics of micro-clusters and semi-macroscopic molecules such as proteins,
observations of the structure of electron-orbital ordering and its dynamics (orbital
waves), spin-dependent energy-resolved radiography, which can even distinguish
isotopes in bulky bodies, and studies on the structure and dynamics of excited states
themselves, are all possible with the intensity expected from a 5-MW source. We can
also study the structure and dynamics of a very small amount of a material. This
situation often happens when a totally new material is discovered, for which scientific
contribution from neutron science has likely been delayed so far because of constraints
in intensity. However, a 5-MW source will make neutron science a realistic choice for
any unexpected discoveries, and drastically extend usability of neutrons as an every-day
tool for material research.

As we have shown above, neutrons are indispensable probes for ultimately
understanding the behavior of matter from a microscopic view point, because the
properties and functions of matter are dictated by their atomic structures and dynamics.
Neutrons have very weak interaction with matter, hence neutrons can observe the
interior of matter and provide the most reliable scientific results without perturbation on
observation. However, this property, also in contrast to the benefits, places a serious
constraint on the observable intensity, even with a 1-MW neutron source. Therefore,
when we can have an extremely intense neutron source, i.e., 5 MW, we can naturally
extend the usability of neutrons, including spin polarization with enhanced neutron flux,
and dramatically extend studies on currently-impossible science and access to new
science in 21st Century.

An upgrade scenario of the neutron scattering facility is considered in the
followings.

1. Target upgrading
A liquid metal target system is absolutely required for a 5-MW beam because a

solid target system can not survive the radiation damage for even a month. Our strategy
for the development of targets is 1) to confirm the liquid system for 1MW beam level at
phase 1, 2) to accumulate material irradiation data, and 3) to prepare a backup system in
case of a fatal problem is found in a liquid metal system design.
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2. Extensibility of the biological shield
The facility at Phase 1 is basically designed assuming the 5-MW operation.

However, biological shield of the target station is designed for a 1-MW operation at first
phase, because the shielding cost is very expensive and the required shield thickness has
some uncertainty. So the shielding performance can be measured at the Phase 1
operation, and a necessary additional shield thickness will be confirmed. The
reinforcement will be done at the outside of the shield.

3. Extension of the experimental hall
For the experimental hall, the building structure is considered to be extensible

with increase of the beam line requirement. At the same time, the possibility of second
target station will be discussed if a user requirement and scientific importance are
strongly increased at that time.

5.3.3 Muon Science at Phase 2

Installation of the ultra-high intensity \i+/\l~ channel will be mainly considered in
the second phase of Muon Science. A high-field focusing superconducting solenoid will
be placed adjacent to the pion production target. Such a large-scale installation of a
superconducting magnet system will open new fields of Muon Science.

Very intense ultra-slow uV1", which originate from the ultra-high intensity \i+, will
be considered as a possible ion source to be used for acceleration up to GeV |X+ in future
muon-nuclear electromagnetic scattering experiments and eventually to be used for TeV
|i.+jx~ colliders and an advanced neutrino source. Feasibility studies for these future
applications will be extensively performed at the Muon Science facility of the Joint
Project in Phase 2. Also, with use of the ultra-high intensity |iT, it will become possible
to study how to reduce the initial sticking probability and/or how to enhance the
regeneration factor after sticking for |i-catalized fusion. One fascinating idea is the use
of an exotic regeneration reaction which occurs in a high-density D-T mixture with an
intense JJ," beam, namely collisions between a (oc|i)+ ion and an cc"1"1" ion from a nearby
fiCF reaction.

Another new facility is a muon accumulator ring where energetic muons (of a few
GeV) produced by the 50-GeV PS are stored, and decays of these muons provide
neutrinos of very high intensity. It is a kind of "neutrino factory" and has attracted much
attention recently. Here, a high-intensity proton beam is essential to create enough
muons to accumulate. The 50-GeV PS is the best place to build such a ring. To inject
more muons effectively, ionization cooling of muons will be necessary, together with
solenoid capture and phase rotation. This muon accumulator ring will also be used to
study the muon anomalous magnetic moment (g-2) and the muon electric dipole
moment (EDM) which are known to be sensitive to new physics beyond Standard
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Model. A new-generation experiment after the one at the BNL/AGS can be considered
at the 50-GeV PS by using this muon ring. These efforts will also lead to further R&D
programs for a muon collider project.

References
[1] Y. Yamazaki, "Design Issues for High-Intensity, High-Energy Proton Accelerators,"

Proc. 1996 Linac Conf., 592 (1996).
[2] M. Kinsho et al., "A Conceptual Design of the Proton Storage Ring for the Neutron

Science Projects at JAERI", Proc. of 1998 European Particle Accelerator
Conference, 844 (1998).

[3] T. Adachi et al., "Dual Frequency Magnet Exciting System with a Flat-Top Field for
a Rapid-Cycling Synchrotron", Part. Accel. 29_, 139 (1990).

[4] K. Hasegawa et al., "Development of a High Intensity RFQ at JAERI", J. of Nulc.
Sci. and Tech. 34, 622 (1997).

[5] M. Fujieda et al., "Magnetic Alloy Loaded RF Cavity for Barrier Bucket Experiment
at the AGS", Proc. 1999 Part. Accel. Conf., MOP81 (1999).

- 78 -



m
ft 3

m m
n SK

% K .1
•* s

T ifi ft

* <£ ft

T

*

7

X

- h
n f 7

&
y '<•

IV t*

y T

•>* r

•r 7 •>* 7

A

r
;/

7

y

y

IB ^

m
kg
s
A
K

mol
i cd

rad

sr

f£ ;
X;j-;
X *
H S
«&,

*

«
-f y

*

m

IS

M

'=?—,{];¥, S i l

i • , ft ffi

tt ® tt
fit jg K
¥ ? 9 y ?,

JR * (I
^ ? ? y x
•> 'y- X a ffi

3i
ffi

nz is m
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