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The International Fusion Materials Irradiation Facility (IFMWF) is an accelerator-based D-Li

neutron source designed to produce an intense neutron field that will simulate the neutron

environment of a D-T fusion reactor. IFMIF will provide a neutron flux equivalent to

2 MW/in 2, 20 dpa/y in Fe, in a volume of 500 cm 3 and will be used in the development and

qualification of materials for fusion systems. The design activities of IFMIF are performed

under an EA collaboration which began in 1995. In 2000, a three-year Key Element

Technology Phase (KEP) of IFMIF was undertaken to reduce the key technology risk factors.

This KEP report describes the results of the three-year KEP activities in the major project

areas of accelerator, target, test facilities and design integration.
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Preface

The start of government-level international negotiations for construction of ITER, the
International Thermnonuclear Experimental Reactor, indicates that the world's fusion programs have
entered a new era. The emphasis now is on fusion power development rather than on fundamental
research on plasma physics. It is also recognized that low activation materials for fusion reactors have
to be developed in parallel with plasma confinement technology. While the plasma technologies can
be pursued mainly in ITER, fusion materials development requires higher neutron fluences than will
be achieved during the ITER lifetime. For fusion materials testing in the absence of a fusion reactor,
IFMIF, the International Fusion Materials Irradiation Facility, has been identified as the most
appropriate machine to provide a fusion relevant neutron environment. The IFMIF conceptual design
has been developed as a joint international program under the auspices of the EA Implementing
Agreement on Fusion Materials. The European Union, Japan, the Russian Federation, and the United
States are currently participating in this activity on a voluntary basis. Very substantial
accomplishments have been made through coordinated task sharing among the participating parties.

IFMIF would fill several roles in fusion power development. These include: a) Contributing
to the engineering database on fusion materials required for the design and licensing of a fusion
DEMO, the Demonstration Fusion Reactor, b) Providing data on the irradiation effects in high
performance materials required for advanced fusion power reactors that will be competitive with other
power sources, such as advanced fission reactors, fossil energy sources, etc., c) Obtaining data for
fundamental understanding of fusion neutron irradiation effects, necessary to establish fission-fusion
correlation that will allow utilization of the existing huge material database. In addition to these
structural material-related missions, IFMIF would d) facilitate blanket related tasks, such as testing the
performance of blanket component elements beyond the range of ITER operating parameters.

This report documents the activities of the KEP, the Key Element Technology Phase,
conducted during the period 2000 to 2002. The future tentative plan for IFMIF is as follows: after a
one-year transition phase, a six-year Engineering Validation! Engineering Design Activity phase,
EVEDA, is planned before the possible start of construction. Construction would take seven years
before the first neutrons become available, by operation of the first accelerator with a deuteron beam
current of 125 mA. This is half of the full-power specification for IFMIF. Another three years
would allow completing the construction with two beam lines delivering in total a 250 mA current of
deuterons on the lithium target. This full-power operation of IFMIF would allow irradiation of
materials at greater than 20 dpalyear damage rate in a volume of 0.5 liter.

It is the strong desire of the IFMIF team members that the IFMIF activity makes a decisive
step into the EVEDA phase, and eventually, into the construction phase. In this context, this document
marks a major milestone along the path to IFMIF operation.

Hideki Matsui, Chairman
IFMIF Executive Subcommittee

December 2002
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Executive Summary

1. IFMIF Mission
The development of fusion power plants requires materials that will provide safe, reliable

long-life service at elevated temperatures in an intense neutron field. The structures must withstand a
wall loading of 14 MeV neutrons at about 2 MW/rn 2 for a fluence up to 10-15 MWy/m'. The
International Fusion Materials Irradiation Facility (IFMIF) has been proposed as an essential, near-
term option for the development of these materials. The Conceptual Design of IFMIF was developed
in 1995-96 in a joint effort of the European Union, Japan, and the United States, with the Russian
Federation as an associated member, conducted under the auspice of the International Energy Agency
(IEA), Implementing Agreement on Fusion Materials. The mission of FMIF is to provide an
accelerator-based, deuterium-lithium (D-Li) neutron source to produce high-energy neutrons at
sufficient intensity and irradiation volume to irradiate samples of candidate materials up to about a full
lifetime of anticipated use in fusion power production systems.

2. KEP Activity
The initial conceptual design was the basis for the "Conceptual Design Evaluation" phase

(1997-98) and a subsequent design reconsideration (1999) that focused on cost reduction and
preliminary facility deployment strategies. The "Key Element Technology Phase" (KEP) was
initiated in 2000 with the objective of reducing some key technology risk factors. The risks were
identified as those needed to achieve a continuous wave (CW) deuteriurn beam with the desired
current in the accelerators, to verify relevant component designs on a laboratory scale both in the
lithium target system and test cell system, and to validate design codes. Over the past three years, the
EU, Japan, USA, and Russia have carried out 83 KEP tasks. This report summ-arizes the KEP
achievements in the major areas of test facilities, target system, accelerator system, and design
integration.

3. User Requirements
The design concept for FMIF is based on input from the fusion materials community on

neutron flux, irradiation parameters, specimen types and numbers, and the estimated test volume
required to obtain useful irradiation data in reasonable operating times. Detailed design studies of the
required test assemblies indicate that a test volume of about 0.5 L is required in a region producing a
flux equivalent to 2 MW/in2 (0.9 x 1018 n/m'-s, uncollided flux) or greater. A fraction of this volume,
about 0.1 L, is available at a flux equivalent to 5 MW/rn 2 for accelerated testing. The design also
provides greater volumes at lower flux levels, for the use in evaluation of materials other that the
structural materials, for example, the tritium breeding system components.

Neutronics calculations indicate that 40 MeV deuterons on a lithium target provide a neutron
spectrum that gives a reasonable simulation of the deuterium-tritium (D-T) fusion neutron atom
displacement production rate and gaseous and solid transmutation rates in most candidate structural
materials.

An estimate of the test volumes and the corresponding displacement rates for 250 mA of 40
MeV deuterons on a 100 cm' lithium target in a test assembly with iron-based specimens, per year of
facility operation, is as follows:

0.1 L > 50 dpa/fpy (dpa: displacements per atom, fpy: full power year)
0.5 L > 20 dpa/ljpy
6.0OL > 1 dpa/fpy

Assuming a total facility availability of 70%, these displacement numbers have to be multiplied by a
factor of 0.7 to get damage rates per calendar year.

Quasi-continuous operation of a neutron irradiation facility is mandatory. Annealing times
of point defects shorter than the repetition time of pulses and rate effects in the case of low duty-cycle
sources would introduce unacceptable uncertainties in the observed radiation effects. It is planned
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that IFMIF will operate with two accelerators providing identical, overlapping beam footprints on
either one of two lithium targets. This configuration minimizes flux perturbations caused by a beam-
off transient in one of the accelerators (i.e., the maximum likely temporal variation in the flux would
be a factor of 2).

4. Facility Layout
IFMIF is driven by two 40 MeV deuteron continuous-wave (CW) linear accelerators each

with 125 mA beam current delivered to a single thick, flowing lithium target under a 20 degree
impinging angle. Neutrons are produced in the stripping reaction with a broad energy maximum
peaked at 14-16 MeV. As the neutrons produced within the common beam footprint of 5x20 cm2 are
mainly collided in the forward direction, the test modules housing the specimens to be irradiated are
positioned immediately adjacent of the lithium target.

The main components of IFMIF have been classified into five subsystems: (1) Accelerator
System which delivers high energy deuterons, (2) Target System which produces a stable flowing
lithium jet to convert the deuterons into neutrons, (3) Test Facilities which expose, handle, and
examine specimens, (4) Conventional Facilities, and (5) the Central Control System and Common
Instrumentation. Figure shows a bird's eye view of the cost-reduced IFMIF project. Major
engineering efforts have been undertaken to establish a design that is based on largely available,
proven technologies. The design developed is based on extensive reliability, availability,
maintainability, and safety studies and is conceived for long-term operation with a total facility
availability of at least 70%.

The lithium target that converts deuterons into neutrons and all test modules that
accommodate the material test specimens are located in a common test cell. The Post-Irradiation
Examination (PIE) facilities are foreseen to examine irradiated specimens. Maximum availability is
achieved by two completely independent accelerator lines; the ion source, radio frequency quadrupole
(RFQ) and high energy beam transport (HIEBT) of one deuteron beam line are indicated.

1~ ~ ~ ~~~~~~~~~~2 0n

Fig. 1 Overview of the present IFMIF design showing major subsystems
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5. Test Facilities
The IFMIF test cell and specimen testing areas must be capable of accommodating the wide

range of environments associated with fusion reactor materials, and they have to assure system
availability of about 97% during normnal operation. To meet these materials testing needs, the
irradiation volume downstream of the neutron-producing lithium target has been partitioned into a
high-flux region with a displacement damage accumulation of about 20-55 dpal full power year (fpy)
and an available volume of 0.5 L, a medium-flux region (1-20 dpalfpy, 6 L), and a low-flux region (<1
dpalfpy, >100 L). All test modules for all flux zones have to be instrumented and able to control the
irradiation temperature that might vary from 250 to 1l0OO0 C in the high-flux and medium-flux regions,
and range down to cryogenic temperatures in the low-flux zones.

Activities during KEP were concentrated on key engineering development items of the Test
Facilities system as well as on optimization of IFMIF irradiation parameters and materials selection
for use by the fusion materials community. Twenty four tasks have been conducted by the European
Union and Japan, focusing on (i) reduction of the uncertainty of the neutron yield from the D-Li
reaction, with a reasonably complete data evaluation up to 50 MeV, (ii) improvement in the design of
helium cooled test modules that provide candidate materials with a broad temperature window, as well
as flexible and safe operating conditions, (iii) further characterisation and optimisation of irradiation
parameters, and (iv) several activities related to test module handling, the tritium laboratory, and waste
management.

5.1 D-Li Source Term and Nuclear Data above 20 MeV
An important step has been taken for the calculation of the neutron production of the D-Li

source by combining the Li(d,xn) reaction cross sections from different evaluated data files. Using this
with a newly developed advanced Monte Carlo Code, the n-source yield uncertainty has been reduced
from about ±35 to ±20%. Dedicated high resolution "time of flight" experiments are being performed
with neutrons generated by 20-40 MeV deuterons striking a lithium target in order to further
significantly reduce the yield uncertainty, to determine the neutron distribution in the test cell, and to
measure the production rate for radioisotopes like Be in a real, thick target ntLi(d,xn) reaction.

Over the KEP period, substantial effort has been devoted to preparing and releasing an
intermediate energy activation file (EAF) with 679 target nuclides from Z=I to 84 with approximately
5 1,000 excitation functions for neutrons up to 50 MeV. On the basis of this library IEAF-2001 and the
recent ALARA activation code, reliable activation analyses have become available for the first time. A
major outcome of initial activation analyses is that for reduced-activation steels the same type of
radioisotopes are produced during IFMIF and DEMO reactor exposure, with the consequence that
after irradiation dose rates are comparable for equivalent neutron fluences in either facility.

5.2 Characterization of Irradiation Parameters and Test Module Development
Studies within the past few years have shown that the irradiation response of materials in both

the high-flux and medium-flux test modules could be further significantly improved. These studies
used the above-mentioned nuclear data libraries and advanced neutron transport calculations. In
combination with thermal hydraulics and fluid dynamics calculations, a neutron reflector made of
reduced activation ferritic steel has been designed for the high flux test module (HFTM). In addition,
the HFTM allows specimen capsules with individual rig temperatures with practically homogeneous
temperature profiles. At the same time the high-flux volume has been increased by -20% and the flux
gradients decreased by -I0%.

To optimize the neutron spectra and radiation responses for breeder ceramics, as well as for
structural materials, systematic neutron transport calculations have been performed for the two
medium flux test modules (MFTMs) dedicated to creep-fatigue and tritium release experiments. A
major result of the neutronics calculations is, that with a proper combination of two tungsten plates
acting as "neutron spectral shifters" and an additional carbon envelope acting as a "neutron reflector",
the shape of the neutron spectrum in the medium flux test volume can almost perfectly match over
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several orders of magnitude that for a DEMO-type helium cooled pebble bed breeding blanket. With
respect to suitability criteria, IFMIF adequately meets DEMO reactor-relevant H, He, and dpa
production rates as well as Hldpa and He/dpa ratios in structural materials like Fe-based alloys (Table
1). It is also a suitable test bed for ceramic breeder materials. In addition, it has been shown that with
respect to the recoil energy distribution fusion relevant conditions can be achieved in IFMIF test
modules over the entire recoil energy range.

As the irradiation volume of any accelerator-based neutron source is limited, the use of
miniaturized specimens is mandatory for the high flux region. Rapid progress is being made by the
international materials community in developing a set of miniaturized specimens with proven scaling
laws. The development of online subminiature fission chambers for a quantitative determination of
local neutron/gamma spectra inside the IFMIF test modules is in the final stage. The proposed
program is aimed at the realization of prototype on-line neutron monitors in conjunction with
meaningful irradiation tests. Two of three 8 mm diameter fission chambers have been developed,
fabricated, and irradiated in a thermal fission reactor, and suitable cyclotron irradiations are scheduled.
For the non-destructive verification of the structural integrity of safety relevant modules inside the test
cell a micro-tomography system has been set up. The micro-tomography method is the only known
tool with the potential of monitoring voids, micro-cracks and deformation in a wide range of irradiated
and unirradiated materials.

5.3 Test Module Handling, Tritium Laboratory and Waste Management
The planned IFMIF remote handling system consists of several master/slave manipulators and

a universal robot system with various manipulators and tools. All the operations in the test, access and
test module handling cell, including the replacement of the lithium target assembly, will be carried out
by the remote handling system. Therefore, detailed flow plans for all remote handling operations for
the test facilities have been developed during the KEP.

The design requirements for the tritium laboratory are (i) handling, assembling/disassembling
and post irradiation examination (PIE) of the tritium release test module, () handling, assembling,
maintenance and PIE of the lithium target, and () tritium processing. During KEP the design outline
of the tritium laboratory was significantly improved, the predicted amounts of gaseous, liquid and
solid waste with tritium were determnined, and various detritiation systems and waste management
installations were outlined on the basis of national laws e.g. for air leakage. The IFMIF design outline
of the tritium laboratory and tritium processing systems meets the Japanese requirement for tritium
discharge into the atmosphere of less than 5xlO04 Bq/cm'.

Table I Comparison of major irradiation parameters for reduced activation ferritic steels

Irradiation parameter, ITER* DEMO IFMIF IFMIF
calculated for RA-steel HCPIB blanket* HFTMI MFTM-CF

Total flux, [n/(cm's)] 4 x 1014 13 x 1014 (4-1 0) x 10'4 (2-6) x 1014

Displ. damage production, [dpa/fpy] 12 30 20-55 7-10

H production, [appmIfpy] 500 1200 1000-2500 300-500

He production, [appm/fpy] 120 300 250-600 70-120

H/damage, [appm/dpa] 45 40 40-50 3 0-50

He/damage, [appm/dpa] 11 1I0 10-12 8-14
*First wall structure, near mid-plane outboard position.
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6. Target System
Design requirements for the ithiumn target system are (i) removal of the power deposited by

the deuterium beams, (ii) impurity control to ensure safety with respect to the lithium hazard and
tritium release from the lithium loop, and (i) system availability of more than 95% during the lifetime
of the plant. To remove the thermal power of 10 MW within a beam footprint of 5 cm x 20 cm, the
liquid lithium jet in the target system has a velocity of -15 mis, a flow rate of 130 L/s, and an inlet
temperature of 2500C. The target system consists of the target assembly, the lithium. loop and the
lithium purification system. Fig. 2 shows a bird's eye view of the target system with major subsystems
labelled. The loop electromagnetic pump circulates the lithium through the target assembly, then
through the purification and heat exchange systems. The maximum temperature of the lithium jet
(bulk and free surface) can be kept below 4000C, which is below the local boiling temperature.
Major impurities in the lithium are transmutation products protium, deuterium, tritium, and beryllium-
77 Be), and contamination elements like C, N, and 0. For effective erosion/corrosion prevention and
to avoid deterioration of the purification system, the maximum impurity concentrations (C, N and 0)
must be lower than -10 wppm. The purification system uses both cold and hot traps to achieve these
goals.

Fig. 2 Bird's eye view of the lithium target system

In the KEP activities, 19 tasks for the lithium target system have been shared by the European
Union, Japan and the Russian Federation. This work was needed to reduce the key technology risk
factors to reach the required power handling capacity in the target system, and to demonstrate the
availability and reliability by endurance tests. Progress on these KIEP tasks is summarized as follows.

6.1 Water Jet and Lithium Flow Experiments
A water jet facility with a flow velocity of up to 20 m/s was used to simulate characteristics of

the liquid lithium flow. Experiments where water has the same Reynolds number as the lithium flow
were used to evaluate the effects of surface roughness of the nozzle and of working pressure on the
flow behavior. This showed that the working pressure is not a cause of the surface wave growth.
Experiments with a nozzle with 100 gtm roughness showed larger surface waves beyond a flow speed
of 10 mis than for a nozzle with 6.5 ptm roughness. Measurement of velocity distributions showed that
boundary layer changes from laminar flow to turbulent flow occur for an increase in velocity beyond
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10 m/s. In evaluating the replaceable back wall option, one concern is that a small discontinuity in the
back wall might influence the et stability. A modification of the waiter jet mock-up has been used in
order to measure the effect of a few parameters, such as a back wall curvature (25 cm to 45 cm) and a
step at the nozzle joint (0.1 mm to +0.1I mm). Experiments are now in progress.

Modification of the existing lithium loop has been made to evaluate the stability of lithium
flow with a double reducer nozzle, and the experiment has been started. Major diagnostics are a
charged coupled device (CCD) video camera, a high-speed video camera, lithium thickness monitors
and a laser surface wave monitor. Initial tests were for high speed lithium flows of up to 14 m/s under
cover gas conditions and 8.5 m/s under vacuum conditions. Surface observation by the CCD video
camera showed that relatively calm flow without violent waves or splashing of the fluid was obtained.
Further experiments are being prepared to measure surface stability, cavitation characteristics, and
corrosion of the nozzle or channel walls.

6.2 Lithium Purification System and Corrosion Effects
Non-metallic impurities in the lithium are divided into two groups. The first group consists of

radioactive impurities such as tritium and Be generated by D-Li reactions. The second group includes
carbon, nitrogen and oxygen that are picked up from the loop materials. Behavior of impurities
(mainly C, N, 0) in the primary loop, identification of the main impurities, and definition of a strategy
for trapping have been completed. Basic tests of the cold and the hot traps for removal of the
impurities, and the on-line monitoring (H, C, N) in stagnant lithium will be performed. Nitrogen
concentration in liquid lithium can be controlled by hot trapping. An evaluation of the trapping
effectiveness of advanced materials Cr, Ti, V, and V-Ti alloys has been performed. Under high
nitrogen concentration (a few hundreds ppmn) in lithium, nitrogen getting by Cr is more efficient than
Ti and V-Ti-alloy. On the other hand, under low nitrogen concentration, the V-Ti alloy is an effective
getter. Nitriding of yttrium, used in a hot trap for tritium control, was suppressed if used together with
V-l0Ti alloy. For impurity monitoring, on-line resistivity techniques for N; electrochemical sensors
for H, 0 and N; diffusion meter for C; and analytical techniques could be used.

Corrosion data for materials, especially for reduced-activation ferritic/martensitic (RAF) steel,
is limited. Modification of the existing corrosion loop (LIFUSE III) to add a test section is in progress.
Corrosion data with a maximum velocity of 10 m/s will be obtained. A rotating sample experiment for
corrosion measurements is also planned.

6.3 Thermohydraulic Stability andTransient Analysis of the Lithium Loop
The thermal-hydraulic conditions of the liquid lithium jet in the present design have been

analyzed by means of the RIGEL code. Final results are temperature and velocity distributions of the
jet, evaporation rate at the free surface, and pressure distribution in the jet under non-boiling
conditions. The boiling margin, defined as saturation temperature - local temperature, is minimum
(350C) on the free surface just below the beam footprint. Inside the lithium flow, the boiling margin is
more than 4000C due to the increase of the saturation temperature by centriflugal pressure. Analysis
by a simulation code evaluated the transient thermal behavior of the loop during a beam trip or stant-up
of IFMTF. A key result is that without control of the heat exchanger system, the temperature at the
exit of the cooler becomes less than the solidification temperature of lithium (180 0C) after 380 s.
However, with control of the heat exchanger system, the exit temperature is maintained above the
solidification temperature.

6.4 Safety Analysis
The FMEA (Failure Modes and Effects Analysis) approach has been adopted to identify

potential system failures. The outcome is the identification of relevant target-related hazards and of
major initiating events for accident sequences. In particular, FMEA has identified radioactive material
generated in the lithium loop (tritium and 7Be) as major hazards relative to the target system, and the
risk related to the liquid lithium loop operation. These results are reflected in the design and system
operation: as regards the former safety issue, the majority of tritium, other radioactive materials, and
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impurities are removed by trapping. With regard to the risk, the vacuum environment in the test cell
and lithium cell, eventually with argon flushing, assures protection against lithium fire risk due to the
lithium-air reaction. The main conclusions are that, with the plant modifications in the reduced cost
version of the FMIF design, the target safety is assured and any environmental impact is negligible.

6.5 Remote Handling System
The reference IFNMHF target design is based on a replaceable backplate, to allow changeout of

this component after radiation damage, and thus increase the lifetime of the whole target system.
There are two design options for the back wall replacement. The first option is to move the target
assembly to the hot cell area for replacement of the back wall. An yttrium aluminum garnet (YAG)
laser will be used to cut the lip seals of the flanges and then a new backplate will be welded in place.
The remote handling system to replace the target assembly is part of the Universal Robot System
(URS) in the Test Facilities. Conceptual procedures for the target assembly transfer to the hot cell and
for repair have been established. The second option is a so called "Bayonet" type backplate. With
this concept the back wall is replaced without moving the target assembly, by using a remote handling
device. The sliding back wall is mechanically attached to the target assembly. To check the feasibility
of the concept, verification of the locking system, the sealing capability under operating conditions,
and validation of the removal and installation procedures are needed. A verification test is underway
using the remote handling facilities set up to test the ITER divertor remote handling. Using a dummy
backplate mock-up, the basic operations of insertion, removal and locking capability have been
verified.

7. Accelerator System
The IFMIF requirement of 250 mnA of deuteron beam current delivered to the lithium target

will be met by two 125-mA, 40-MeV accelerator modules operating in parallel. The technological
approach of the reference design selected is only cautiously aggressive with respect to the beam
current handling capabilities of the rf linac technology, and provides operational redundancy by
allowing operation to continue at I125-mA when either of the two accelerators is temporarily removed
from service for repair. Each 125-mA accelerator is designed with sufficient derating, but not with a
significant upgrade capability. The IFMIF deuteron accelerators are a sequence of acceleration and
beam transport stages. A CW 155-mA deuteron beam is extracted from the ECR ion source at
95 keV. A low energy beam transport (LEBT) guides the deuteron beam from the source to a radio
frequency quadrupole RFQ. The RFQ bunches the beam and accelerates 125 mA to 5 MeV. The 5-
MeV RFQ beam is injected through a matching section (2 cavities, 4 quadrupoles) into a room
temperature, ramped-gradient Drift Tube Linac (DTL) of the conventional Alvarez type with post
couplers, where it is accelerated to 40 MeV. The baseline rf power system for the FMIF accelerator
assumes the use of Diacrode technology with an output power level of 1.0 MW and a frequency of
175 MHz. Operation of both the RFQ and the DTL at the same relatively low frequency is a
conservative approach to delivering the high-current deuteron beam with low beam loss in the
accelerator. This will facilitate hands-on maintainability without remote manipulators. Although
the present reference design is based on conventional, room-temperature f linear accelerator (rf linac)
technology, superconducting linac technology that has the potential of reaching an even higher
performance and possibly lower cost is also being followed closely.

The Accelerator Facility KEP work is firmly based on the previous Conceptual Design
Activity Conceptual Design Evaluation (CDA/CDE) activities. This is especially important to note
in all costing studies, where an explicit path to the comprehensive CDA Cost Estimate can always be
traced.

In the KEP, the most important accomplishments for lowering construction risk and affording
a rapid construction start are: (1) the selection of the electron cyclotron resonance (ECR) injector for
the reference design, (2) achievement of a preliminary but detailed reference beam dynamics design
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for the full accelerator indicating that the low beam loss specification can be met, and (3) the
demonstration of good availability of order hundreds of hours from an operational ECR injector and
from the Diacrode MW rf power amplifier.

In this KEP report, the accelerator work packages are organized, as outlined in Section 3.1, in
terms of major accelerator subsystems in order to relate the KEP tasks to the overall accelerator design.
The KEP results are summarized briefly as follows.

7.1 Accelerator Subsystems
The accelerator begins with the ion source and low energy beam transport, which transports

and matches the beam to the RFQ. The IMIF ion injector, comprised of the ion source and the low-
energy-beam-transport (LEBT), has to provide excellent beam quality, sufficiently high beam current,
and high operational availability. To minimize downtime and maximize system availability, all failure-
prone injector components are being designed for rapid exchange in the accelerator vault, subsequent
to shutdown. Extensive operational experience with the ECR ion source type was obtained at Saclay,
with several very long runs of 100-700 hours duration, with availability of >95% achieved. Institut
fiir Angewandte Phisik (lAP) continued evaluation of multi-cusp sources and LEBTs, and operational
tests of multi-cusp and ECR sources were conducted at Japan Atomic Energy Research Institute
(JAERI). Operation with a D' beam at Commissariate a 'Energie Atomnique (CEA) Saclay shows
that IFMIF beam performance requirements can also be achieved with a deuterium beam. After
extensive parallel developments during the CDA, CDE and KEP, the ECR ion source was selected as
the reference design ion source for the IFMIF project.

The linear accelerator consists of an RFQ to 5 MeV, followed by an Alvarez-type drift-tube
linac to 40 MeV. The reference design RFQ is a 4-vane type 175 MHz structure. The output
energy of 5 MeV was selected for the RFQ, because it is the lowest energy allowing a FODO magnetic
lattice in the DTL which is desirable for halo control and the consequent minimization of beam loss.
The high output energy, however, necessitates a long RFQ structure of -12.5 rn. The RFQ will likely
need 3 Diacrodes of MW each. Within the present KEP phase, the preliminary design of the RFQ
beam dynamics has been finished, with extensive simulation and sensitivity (machining) studies.
Detailed design work was performed by two groups using different techniques. Both RFQ designs
meet the low beam loss specifications. Further work is required to achieve final design status. It is
desired to reduce beam loss still further, and extensive optimization and sensitivity studies must be
done, as for any conceptual design. In another study, a formalism that has been developed permnits
the computation of all quantities necessary to RFQ tuning procedures.

The FMIF reference design uses a conventional room-temperature 5-40 MeV DTL, the
structure having the strongest focusing possible in this energy range, in order to achieve minimum
beam loss in the accelerator. The DTL includes 5 DTL tanks (with a peak accelerating field of 1.75
MV/in) and 9 f tubes to power them (per linac; tube on Tank 1, 2 tubes on Tanks 2-5). Preliminary
mechanical design and modeling of alternative quadrupole magnet cooling schemes, plus refined cost
and schedule estimates, indicate full readiness for construction. Detailed design work was
accomplished on the shortest, most difficult drift tube at the 5 MeV end of the DTL. The HEBT has
been substantially revised from the CDA configuration; most importantly, the RF cavities used for
beam energy spread control in the CDA design were removed. Preliminary simulations indicate that a
suitable HEBT system can be defined.

Accelerator technology continually develops, and results achieved in other projects need to be
evaluated in terms of possible advantage to IFMIF. A 4-rod type RFQ is under consideration to
ascertain whether it might have cost and other advantages for IFMIF. Preliminary investigation is
being made of an alternative 5-40 MeV design using a room-temperature interdigital H-mode (IHI)-
structure and a following superconducting crossbar H-mode (CH)-structure. In case of
superconductivity the rf losses are lower, and the linac is shorter and has larger apertures. Work in
other programs on superconducting spoke resonator designs also needs to be applied to IFMIF to
explore potential operational and cost advantages.
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7.2 Beam Dynamics Evaluation
Comprehensive end-to-end particle dynamics calculations including errors have been

performed, showing that for various conditions stable solutions with low emittance growth and full
transmission could be found. With DTL errors and corrections, the end-to-end transmission is
expected to reach 98%. The DTL beam dynamics reference design has no particle losses.
Parameters and some performance information are given in Tables 2-4.

Table 2 Main IMIF RFQ parameters

Parameters Values Parameters Values
Length 12.482 mn Synchronous phase (s) -90'-) -40'
Frequency 175 MHz Peak field 1.8 Kp
Voltage 130-* 101.2 kV Copper power (+20%) 683.9 kW
Mean aerture (R) 6.41 -~ 5.16 mm Beam power 613.1 kW
Modulation m I. - 1.6 Total power 1297 kW

Table 3 Results of the 1FMIF RFQ simulation
Parameters Value

Transmission 98.5%
-Output X transverse emittance 0.249 ir.mm.mrad
-Output Y transverse emittance 0.251 n.mm.mrad
-Output longitudinal emittance 0. 195 deg.MeV

Table 4 Main parameters of IFMIF DTLs

Parameters Values Parameters Values
Length (5 tanks) 28.9 m Peak field 1.3 Kp
Max. ZT' 31.2 MQ2/m -Copper power (+20%) 1.503 MW
Maximum quad. gradient 75.6 T/m -Beam power 4.550 MW
Synchronous phase (D) -4501> -300 Total ower 6.053 MW

7.3 RF Power Subsystem
Development and testing of a MW rf system was identified as the highest impact

development item, as existing operating experience was for short periods (1-8 hours). Outstanding
progress has been made in developing and testing a new kind of gridded tube called the Diacrode
which can overcome the limitations of conventional tetrodes, mainly the RF losses, by a factor of 4.
The challenging goal was to meet the reliability demonstration goal of IFMIF, namely, 1000 h at
1 MW CW rf power and 175-200 MHz. Endurance tests with a TH 628 Diacrode have been performed,
with over 1047 hours at full power in the range of 1010-1030 kW CW rf and 200 MHz. This shows
the capability to operate stably under IFMIF-relevant conditions. Diacrode phase and amplitude
modulation data were also obtained from Los Alamos National Laboratory (LANL), and an updated
cost estimate of the Diacrode price. Investigations of solid-state driver amplifiers for the Diacrode
were conducted, as well as rf drive loop design for up to 500 kW CW by two different groups.

7.4 Diagnostics and Beam Loss Activation
Significant progress on non-interceptive diagnostics has been made at CEA/Saclay and AP

for high intensity beams. AP has also developed a high-power interceptive emittance measurement
device. However, diagnostics for high power CW beams are not yet fully available and require
continuing development.

The primary deuteron beam and the secondary neutron induced activities and the resultant
dose levels were estimated by using the existing nuclear data libraries and checked with the available
experimental data. The beam loss criteria required to allow hands-on maintenance throughout the
lifetime of each component were examined.
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7.5 Cost Evaluations
In response to widespread discussion of the benefit of having a fully operational accelerator

prototype, the US team undertook a task in 2002 to define the scope and develop a cost estimate for
such a program. The work incorporated the latest design information available to arrive at an
updated design configuration for the IFMIF accelerator. From this configuration a prototype design
was developed that meets the technical requirements set forth at the IFMIF Design Integration
Meeting at Forschungszentrum Karlsruhe (FZK) in October 2001. The results of this study were
finalized in early March 2002 and presented at the IMIF Subcommittee meeting in Tokyo later that
month. The estimated cost for the five year prototype program is 102 MICF including an AI
allowance of 23 MICF, where ICE: IFMIF Currency Factor = $1 in January 1996, and AFI: Allowance
for Indeterminates.

As a separate task, the cost of the revised "'reduced cost IFMIF" HEBT and the Diacrode-
based rf system was evaluated. The expected savings over the CDA cost estimate were seen;
however, the savings were not as great as assigned in the reduced cost estimate.

7.6 Transition to Accelerator Facility EVEDA
High priority items for continuing development in the next immediate phase of IFMIF include:

- Updating the IFMIF Accelerator option to use superconducting linac technology for the 5-40 MeV
Linac. IFMIF evaluated superconducting linac technology thoroughly during the CDA, but did not
incorporate it into the reference design, largely for cost reasons. During the intervening years,
development of superconducting accelerating structures and rf drive techniques continued in several
institutes. These developments offer the possibility of technical, cost and availability advantages to
the IFMIF projct

- Development of an H beam ion source to be used during commissioning studies to avoid
radioactivity. It is more difficult to achieve high H,' beam current than D'; and a development
program is required.

- RF drive loop tests up to 500 kW CW.
- Updating of interface requirements from users, test cell and target and conventional facilities, and

application to the accelerator design as required.
- Continued design refinement.
- Continued effort to gain operating experience with a deuterium beam in the ECR injector, for

application to IFMIF design.

Any complex facility is only known fully as operating experience is obtained. The experience with
the operating ECR injector and the Diacrode f amplifier has been very valuable. Although it seems
clear that a full-scale prototype, designed for incorporation into the final facility, is probably
unaffordable, a continued effort to test subsystems during the period preceding IFMIF construction
would be worthwhile. For example, during the ECR runs, the neutron production in the LEBT rose
rapidly, indicating that further optimization is necessary for the final IFMIF factory.

8. Design Integration
The Design Integration (DI) activities concentrated on the whole IFMIF facility to achieve

cost reduction and to allow staged construction, and on examination of several basic issues related to
facility safety and stable operation. The European Union and Japan contributed to 14 DI tasks. Basic
building utilities were designed based on the analysis of material flow and these designs integrated
information from the several years of previous IFMIF activities. The schedule for the IMIF project
was revised to account for the KEP results. Also, the total cost of the next phase (EVEDA) and of
construction was reassessed.
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8.1 Design of Buildings
The IFMIF site layout was based on the assumption that IMIF is located within an existing

nuclear facility, able. to supply electric power, water, and radioactive waste treatment. The site area of
about 250 m x 200 mn is shown in Figure 3. There is a main building (accelerator and target/test
systems), an administration building, utility buildings for electrical power and cooling water, and other
structures. The main building is about 170 mn x 60 mn and its height is 26 m above ground and 1 m
below ground. To minimize IMIF construction cost the building height, especially the underground
part, was reduced from earlier designs. The Target System, the Test Facilities and the Accelerator
Vault for the first accelerator will be constructed during the first stage of a two-stage construction
schedule. The accelerator with a length about 10 mn is installed at ground level, and the lithium loop is
mainly installed below ground level.

The target/test building design was based on Japanese seismic engineering guidelines, with
requirements more severe than for the accelerator building. This results because IFMIF is estimated
to produce about 7 g of tritium per year in the DLi reaction. Stainless steel wall lining is included in
the Test, Access, and Test Module Handling Cells to prevent diffusion of activated materials and
lithium leakage. Material flow for the full operational life of IFMIF was analyzed in order to fix the
basic concepts for materials handling. The conceptual designs of the Access Cell and Tritium
Laboratory meet the needs shown by these analyses.

Cooling~ColngToe

Fig. 3 IFMIF Site Layout

8.2 Design of Utilities
Utilities for the reduced cost IFMIF with two-stage construction were designed based on the

assumption of a Japanese site. The heating, ventilation and air conditioning (HYAC) systems were
designed as two separate systems, industrial and nuclear HVAC systems, based on the radiological
risk for each area served. The areas served by the nuclear HVAC system are filled with air or argon
gas at 200-400 Pa below atmospheric pressure. The required total electric power is estimated to be
50 MVA, including emergency power. Requirements for heat rejection by cooling water are 26 MW
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for the Accelerator and 14 MW for the Target system. Argon gas is used to suppress lithium fires in
the Test Cell and Lithium Loop Areas.

The Radioactive Waste Treatment System was designed for liquid, gaseous and solid wastes,
to accommodate annual IFMIF generating rates of 7 g of tritium, 1.5 g of beryllium-7 (Be) and some
other radioactive nuclides. The process for treating liquid wastes that include tritium and Be uses
storage tanks, evaporation, ion exchange and/or discharge units. Tritium is removed from ttiated
argon gas by palladium permeation and hydrogen getting. Tritiated air is oxidized to titiated water.

8.3 Radiation Shielding and Neutron Monitoring
The shield performnance was calculated using a Monte Carlo computer code MCNPX with the

data library LAI50. Areas considered were the Test Ccll, Target Interface Room, and Lithium Loop
Area. Analysis took into account streaming through lithium pipes and through beam line ducts. The
dose rates were also estimated at the outside of the Test Cell front wall, at the shielding plugs, and at
vacuum piping pass-through structures. The results showed that a 4.3 m thick front wall was enough to
limit the worker dose rate to less than 10 giSv/h, and that the current building design was appropriate
for radiation shielding. A bubble type of counter was selected to monitor neutrons because it provides
non-gamma, on-line, spatial and spectrum measurements. Activation of the shielding wall by the
intense neutron radiation influences the design of the structure and maintenance equipment. Elements
in the shielding with large cross section for activation are C, N, 0 and Si. Calculations for activation
of these elements are used to design the shielding wall and maintenance equipment in the test cell.

8.4 Operation Flow, Central Control and Safety Analysis
To check the consistency of the IFMLF design as a neutron irradiation facility, operational

flows were examined for comprehensive scenarios that included start up, normal operation, shut down,
and maintenance phases of the facility lifetime. Using this operational flow analysis, the basic
concepts of the central control system were designed.

The IFMIF facility was reviewed from the viewpoint of safety, with special attention to
Occupational Radiation Exposure, using exposure data from an existing accelerator facility. Safety of
the Accelerator and Test Facilities was analyzed using Failure Modes and Effects Analysis methods.
These analyses identified key issues for safety of the IFMIF design. Quantitative analyses based on
component reliability databases are needed in the next phase of the project.

8.5 Examination of Licensing, Regulation, Schedule and Cost
To ensure the feasibility of the IFMIF project, tasks relating to project management were

performed. Japanese laws and regulations applicable to the IFMIF facility were examined. The main
applicable laws are "The Law Concemning the Prevention of Radiation Hazards Due to Radioisotopes"
and "The Fire Service Law," and include their related laws. A schedule for IFMIF construction and
tasks for the Transition Phase (19 tasks in FY2003) and EVEDA (49 tasks in FY2004 - FY2008) were
proposed. The draft of a new Annex for EVEDA under the current EA Implementing Agreement on
Fusion Materials was proposed and is under consideration by Parties in the IFMIF Project.

The impact of a change of staged construction from three stages in 15 years to two stages in
10 years was evaluated and found to have little effect on the total construction cost.
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1. Introduction
The development and qualification of radiation-resistant, low-activation materials are key

requirements for realizing the promise of fusion power. In an operating deuter-ium-tritium (D-T)
reactor the materials are exposed to an intense neutron flux with energy of 14 MeV. A necessary tool
to develop the materials is a neutron irradiation facility simulating such fusion condition. An
accelerator-based neutron source using the deuteron-lithium (D-Li) stripping reaction was selected to
meet this need by the International Energy Agency collaboration on fusion material (Implementing
Agreement for a Programme of Research and Development on Radiation Damage in Fusion Materials)
(lEA LA-FM). The International Fusion Materials Irradiation Facility (IFMLF) project was organized
to develop this selected neutron source. It is an international collaboration among the European
Union (EU), Japan, the Russian Federation (RF), and the United States (US) under the LEA IA-FM.

The IFMIF pject started in 1995, completed the reference design through the Conceptual
Design Activity (CDA) phase in 1995-96 [1], and the Conceptual Design Evaluation (CDE) phase in
1997-98 [2]. In 1999, a reconsideration of the design and a study of staged deployment were
performed to reduce the IFMIF total construction cost and the required annual expenditures [3]. The
29th Fusion Power Coordinating Committee (FPCC) in January 2000 recommended proceeding to the
next phase, the Key Element Technology Phase (KEP) and the preparation of a plan for continuation
of the activity after REP.

A three-year REP began in 2000 with the objective of reducing the key technology risk factors
to achieve continuous, long-time operation of each subsystem: accelerator, target, and test facilities.
Systems design work, including buildings and utilities, was also part of the KEP to assure attention to
operating performance and safety. All EP work was performed on a voluntary basis by the
participating countries.

After the EP and a Transition Phase in 2003, a six-year Engineering Validation and
Engineering Design Activity (EVEDA) will validate continuous stable operation of the subsystems
and will produce a complete design for IFMLF.

1.1 Requirements of IFMIIF
IFMIF is required to maintain stable, continuous operation with high availability for the

support of materials development. It must achieve this while providing a high level of worker safety
and protection of the environment. The requirements for the irradiation parameters, the operation
performance and the safety conditions are summarized in the following sections.

1.1.1 Irradiation field
To simulate the D-T neutron field with energy of 14 MeV, the IFMIF provides high-energy

neutrons with a broad energy peak at about 14 MeV. Deuterons from a 40 MeV accelerator are
stopped in a lithium target, with neutrons produced in a stripping reaction. Specimens of candidate
materials are tested under irradiation at controlled temperatures, in a neutron flux of about I"~ n/M2

_S,

which in the case of iron-based materials corresponds to a damage production rate of 20 dpalyear
(displacements per atom per year). The required irradiation test volume at each damage production
rate is as follows:

> 50 dpaly in 0.1 L
> 20 dpaly in 0.5 L
>lIdpaly in6 L

The neutron flux gradient of 10%//cm or less is needed to maintain uniform irradiation temperatures in
the specimens. The ratios of the H- and He-production rates to the displacement rate in the specimens
are required to be similar to those corresponding to the materials used in the typical blanket structure
of the fusion reactors, for example, 0 appm He /dpa in iron-based alloys.

1.1.2 Facility operation
Operation of FMIF must be continuous to avoid the complications of annealing effects that

would occur in the case of intermittent irradiation. It is also required that long-time operation achieve
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a total facility availability of 70% to reach accumulated damage levels around 100 dpa within a few
years of operation. Allowing for the scheduled maintenance time of one month per year and eight
hours per week, this requires system availability of 80.7 % during scheduled operation.

1.1.3 Safety
As IFMIF is an accelerator-based facility, neutron and gamma radiation are generated in the

D' accelerators, at the lithium target, and in the test cell. Radiation levels will generally be highest
during accelerator operation. Careful design of the radiation shielding is necessary to control the
worker dose, for example. Transmutations and activation occur in lithium, in structures and in the
atmospheres in these facilities. Typical radioactive nuclides generated in the IFMIF are tritium (H)
and beryllium-7 (Be). Especially careful design is necessary for the control and treatment of tritium,
to assure worker safety, public safety, and environmental protection.

Another safety issue is the fire hazard of the large amount of liquid lithium containing tritium
and beryllium-7. It should be confined or suppressed for environmental safety. Also any possibility of
reaction through lithium contact with water must be prevented.

1.1.4 Each subsystem
The IFMIF consists of three major subsystems: the Accelerator Facility; the Target Facility;

and the Test Facilities, including the post irradiation examination (PIE) facilities. IFMIF also
includes Conventional Facilities, mainly building and utilities, and the Central Control and Common
Instrument (CC&CI) systems.

(1) Accelerator
The required high-energy, intense neutron field with the necessary volume is generated by a

continuous wave (CW) 250 mnA, 40 MeV D' beam on a lithium target. The beam is achieved using
two 125 mA D' accelerators, and the two beams are transported to one 20-cm-wide by 5-cm-high
footprint on the lithium target.

(2) Target
Most of the D' beam power is deposited as heat in the lithium target. The target removes this

heat load of up to 10 MW with liquid lithium flowing at 15 m/s (range: 10-20 m/s). This high-speed
free-surface flow facing the accelerator vacuum (about 0-' Pa) must maintain the thickness (25 mm in
case of 40 MeV deuterons) in order to stop all of the beam within the lithium.

(3) Test Facilities
The IMIF test cell and specimen testing areas must be capable of accommodating the wide

range of environments associated with fusion reactor materials. All test modules used for the different
flux zones have to be instrumented and able to control the irradiation temperature that might vary in
the range 250'C - 10000C in the high-flux (> 20 dpa / full power year (fpy), 0.5 L), 250'C - 10000C in
medium-flux ( -20 dpalfpy, 6 L) and -2690 C - 500'C in the low-flux (< I dpa/fpy, >1I00 L) zones.

(4) Conventional Facilities
The fundamental safety requirements for the conventional facilities of the IFMIF are radiation

shielding, tritium treatment, and confinement of lithium containing radioactive nuclides. Equipment
for this treatment and regulation / monitoring must be included.

1.2 The KEP Phase of the IFMIF Project
The IFMIF KEP has been carried out to reduce the risk factors of the key technology before

beginning validation tests of the continuous, long-time operation of each subsystem. The KEP work
during 2000-2002 was a voluntary, international collaboration among the EU, Japan, the RF and the
US under Annex-I1 of the EA IA-FM.
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1.2.1 Implementation of KEP Tasks
The planned KEP activities were divided into IFMIF KEP Tasks, to assure clear definition and

respons ibility for the work. The contents of KEP Tasks were first proposed at a March 2000 meeting
at Forschungszentrum Karlsruhe (FZK), and then refined at the following international technical
meetings.

* Design Integration Meeting at FZK in March 2000
• Technical Meetings for Accelerator at Monterey and Los Alamos National Laboratory

(LANL) in August 2000
• Technical Meetings for Target and Test Facilities at Ente per le Nuove Tecnologie,

l'Energia e 'Amrbiente (ENEA) Brasimone in September 2000
* Technical Meeting for Target at Institute of Physics and Power Engineering (IPPE)

Obninsk in September 2000
* Design Integration Meeting in Tokyo in November 2000
* Design Integration Meeting in Knoxville in March 2001
• Technical Meetings for Target / Test Facilities / Design Integration teams, and Design

Integration Meeting at FZK in October 2001
• Technical Meeting for Accelerator at FZK in January 2002
* Design Integration Meeting in Tokyo in March 2002
* Technical Meetings for Target at ENEA Frascati and IPPE in October 2002
* Design Integration Meeting in Garching in November 2002

The initial assignments and definitions of the KEP Tasks were published in August 2000 [4],
identifying responsible persons, institutes in charge, schedules, and task deliverables. An Interim
Report [5] on the progress in each Task up to June 2001 was compiled, and was used as the basis for
review of future plans and collaborations.

The schedule for the publication of this KEP Report was approved in the Tokyo Meeting,
March 2002. The progress and results of the Tasks were reviewed in the Garching Meeting, October
2002. The KEP tasks were completed and reported by the contributors in the EU, Japan, the RF and
the US. Tasks for IFMIF design and for subsystem designs were conducted on the basis of a two-stage
construction schedule (the first accelerator to be completed in seven years, and the second in the
following three years), which was proposed and accepted at the Tokyo Meeting. The Executive
Summary of the three-year REP activity was delivered to the EA IA-FM Executive Committee in
early 2003.

1.2.2 Organization
IFMIF-KEP activities have been carried out under the direction of the Executive Committee of

[EA IA-FM and the Executive Subcommittee for IFMIF. The EP Tasks were completed by the
efforts of the IFMIF Design Team and the contributors from the participating parties. The IFMIF
Design Team consists of members from the EU, Japan, the RF and the US. The relationships among
these organizations are shown in Fig. 1.
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Fig. Organization of IFMIF-KEP activities.
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2. Outline of KEP Report
The KEP Tasks were carried out with the objective of reducing the risk factors of the key

technology before beginning validation tests of continuous, long-time operation of each subsystem.
The Tasks are needed to achieve a continuous wave (CW) D< beam with current 250 mA and energy
up to 40MeV. The tasks must also establish the power handling capability (up to 10OMW) of the liquid
lithium target system, to achieve stable irradiation parameters on test specimens, and establish the
required availability and safety conditions for the facility.

The KEP Tasks, their contents, schedule, responsibility and contributors were defined in the
Task Description [1] in 2000. After publication, several Tasks were modified for efficient task
completion and individual circumstances of research / development in each party. For examples, a few
Target diagnostic tasks were moved from Design Integration to the Target area. Progress in these tasks
through June 2001 was reported in the Interim Report 21.

Considerable progress has been made since the Interim Report, especially in experimental
tasks for Accelerator, Target, and Test Facilities. Also, the tasks of Design Integration have advanced.
As a result, 83 tasks (26 tasks for Accelerator, 19 tasks for Target, 24 tasks for Test Facilities and
14 tasks for Design Integration) were completed. The Tasks in each subsystem are outlined in the
following sections.

2.1 Accelerator
The Accelerator system is required to deliver D' beams with total current of 250 mA (125 mA

in each of two accelerators) and energy up to 40 MeV. The availability of IFMIF mainly depends on
the Accelerator; therefore, a long lifetime is required for all components. Low beam loss is required
throughout the entire accelerator and high energy beam transport (HERT) to minimize radiation that
would complicate maintenance. In the KEP work, the accelerator reference design was improved and
several critical components were tested experimentally. The investigations were conducted in parallel
by several parties. While the present reference design is based on conventional, room-temperature
accelerator technologies, more advanced accelerator technologies like superconducting (SC) linacs are
being investigated. The Accelerator Tasks directed at these issues included design, evaluation and
experiments as follows:

2.1.1 Injector
Several D' ion sources were tested for the capability to deliver high current and long lifetime.

This included tests with H (and Dt) beams at Commissariat A I 'nergie Atomnique (CEA) Saclay
(Electron Cyclotron Resonance (ECR) type), Institut fir Angewandte Physik (AP) (volume type) and
Japan Atomic Energy Research Institute (JAERI) (filament-driven multi-cusp and mirror field ECR
types) as Tasks ACI11. Beam eittance and noise at the entrance to the radio frequency quadrupole
(RFQ) were estimated by analyses from the respective sources through the low energy beam transport
(LEBT). These analyses were performned in the three institutes (AC12, ACl3). As a result of the
work during the KEP stage, the ECR source was chosen as the reference ion source for the IFMIF
accelerator.

2.1.2 RF Source
For long-time operation and system reliability, a long-duration (-OO0hr) test of the Thales

Diacrode and investigation of a solid state driver amplifier were performed as Tasks AC21. RF
window design to provide a basis for a future durability test was performed (AC22).

2.1.3 RFQ / DTL / HERT
A 4-vane RFQ is the reference design. The beam dynamics design was fully developed by two

groups during the KEP phase, and is now a robust preliminary design (AC33-34). Beam performance
and cooling of Alvarez type drift tube linac (DTL) were investigated (AC3 1/32/36/37); the results
show that the DTh reference design is robust. Alternative technologies for the RFQ (4-rod RFQ) and
other types of DTI. (Interdigital H mode DTL (IH-DTL) and SC Crossbar H mode DTL. (SC-CH-DTh))
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were investigated to explore if these alternative choices might offer advantages to IFMLF (AC35).
Activation estimates were made for the safety analysis (AC39). Analyses of HEBT were also included
(AC2 1).

2.1.4 Diagnostics
Non-destructive diagnostic methods for measuring beam profile and beam emittance were

investigated experimentally.

2.1.5 Cost Estimation
Partial cost updating tasks were added as Tasks AC26-27, covering the revised HEBT, the

Diacrode RF system, and a fully operational IFMIF prototype.

2.2 Target
The liquid lithium target, with a free surface and a maximumn speed of 20m/s, must maintain

the flow thickness and temperature profile during the continuous and long-time operation. The basic
hydraulic behavior of the lithium flow was simulated using a water flow experiment and the thermal
behavior of the lithium target and lithium loop was simulated using computer code calculations.
Diagnostic methods to monitor the stability of the operation were investigated. The control of
impurities, such as tritium, Be, N, C, 0, etc., is necessary for radiation safety and loop integrity, and
materials for impurity getter were examined. The design of a remote-handling device to work near the
activated materials is needed before mockup testing.

2.2.1 Stability of Li Target Flow
Water experiments simulating the lithium flows, conducted as Tasks TG I11, were used to

examine the effect of the nozzle inner-wall roughness (JAERI) and the effect of steps at the back-plate
joint on surface stability (ENEA). Lithium flow behavior testing in a small lithium loop has been
started in Osaka University (TG 13/16) with ENEA support (TG 15), and another loop is under
preparation at PPE (TG12). The thermal-hydraulic stability of the lithium target was verified by
numerical analysis (TG 12).

2.2.2 Erosion / Corrosion and Impurity Control
The erosion corrosion of stainless steel was evaluated by examining some parts of the Osaka

loop (TG21I). An experiment to select a nitrogen getter material was performned at the University of
Tokyo (TG3 1). Other investigations and experiments were planned at ENEA (TG22/3 1) and IPPE
(TG 12).

2.2.3 Diagnostics on Target
Adaptation of ultrasonic methods to measure the lithium flow thickness was tested using an

ultrasonic device on the Osaka loop (TG35). Monitors for target temperature and distortion were also
investigated (TG33, TG37).

2.2.4 Safety and Loop Integrity
To examine the possibility and the effect of lithium fire, a lithium fire experiment and a

cmilation of lithium reaction data were performned as Tasks TG5 1-52. The effect of a target failure
or a beam trip on the safety and the loop integrity was examined by performing a safety analysis and
transient analyses (TG6l1, TG7 ).

2.2.5 Remote Handling System
The remote handling devices were designed for two options of the back wall replacement

method. One option is the bulk replacement of the target assembly with a cut and weld at the lip seal
by yttrium aluminum garnet (YAG) laser (TG8I) and the other option is a replacement of the
"Bayonet" type back-plate only (TG82).
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2.3 Test Facilities
Irradiation conditions over the irradiation test volume need to be stable during the irradiation

campaigns for the accurate evaluation of the irradiation effects and the efficient execution of the
materials development. The uncertainty of the neutron yield and the neutron data library up to 5MeV
should be reduced to predict the correct nuclear response for planning the irradiation tests. The design
of the helium cooled test module should be improved to achieve precise specimen temperature control.
The irradiation parameters should be optimized for the materials development plan and to account for
non-full beam use at beam trip or in the staged construction. Safety concerns must be evaluated during
test modules handling and for the treatment of tritium and the other radioactive wastes.

2.3.1 High Flux Test Module
To verify the integrity and the performance of the temperature control in the helium cooled

High-Flux Test Module (HFTM), the HFTM was designed based on the thermal hydraulic and fluid
dynamic calculations. Mock-up fabrication and thermal hydraulic testing were performed in FZK (as
Task TF II) and in Centre de Recherches en Physique des Plasmas, cole Polytechnique Fd~rale de
Lausanne (CRPP-EPFL) (TF 12).

2.3.2 Neutron Distribution
Measurement of the D-Li neutron source spectrum and the production of beryllium-7 were

performed at Tohoku University under condition of D~ beam with energies of 25 and 40 MeV (TF2 I).
The asymmetric neutron field was analyzed to evaluate the effect of one-accelerator operation (TF22).
To improve the nuclear response for breeding materials in the Medium-Flux Test Module (MFTM),
Monte Carlo Code for Neutron and Photon Transport (MCNP) calculations were performed to design
the MFTM with added moderator/reflector materials (TF23, TF24).

2.3.3 Test Equipment
The structure to accurately install the Vertical Test Assembly (VTA 1) was reviewed (TF3 ).

A prototype of micro-tomography to survey the Test Cell equipment's was fabricated and tested in
National Institute for Laser, Plasma and Radiation Physics (NILPRP) (TF33). For radiation safety, an
outline of the tritium laboratory was improved, and the treatment scheme for radioactive waste,
especially for those containing tritium, was examined (TF34). The arrangement of the Test Cell
(TF35), the transfer of heavy equipment (TF36) and the operation methods in off-normal conditions
(TF38) were examined. The feasibility of the gas-cooled HFTM was investigated in a thermnal-
hydraulic study with 3-D numerical simulation at Kyushu University (TF39).

2.3.4 Review of the Effects of Cost Reduction and Staged Construction
The neutron flux distribution during staged construction (TF4 1) and the PIE equipment were

examined (TF42).

2.3.5 Neutronics
To improve the D-Li neutron source term, the related data files and codes were revised at FZK

(TF51I), and experimental verification was carried out at Nuclear Physics Institute (NPI) (TF52). The
reliability of the activation cross-section library was studied (TF53). A data library for the high-energy
neutrons was created and tested (TF54, TF55). The performnance of the radiation shielding was verified
by calculations around the Test Cell (TF56). A sub-miniature fission chamber to be used as an on-line
neutron monitor was fabricated and tested in ENEA and NPI (TF57, TF58).

2.3.6 User Specific Issues
The nuclear response for use of the first accelerator during the staged construction was

calculated for different beam footprints TF61 1), and plans for material tests at each stage were
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reviewed (TF62). Small fracture toughness specimens were evaluated to determnine size effects (TF63,
TF64).

2.4 Design Integration
Design Integration (DI) activities cover the entire IFMIF to ensure that each subsystem is

consistent with the needs and plans for the full facility. The IFMIF design and operation must meet the
user requirements, the required availability, and safety standards. The Design Integration function
assures continuing attention to these needs.

2.4.1 Diagnostics during Operation
Monitoring irradiation condition during the operation requires on-line neutron-field

measurement; Task DI I I examined options for making these measurements.

2.4.2 Activation and Shielding
To prepare for the design of the maintenance equipment used around Test Cell, shield-wall

elements with large activation cross-section were determined (121I). MCNP calculations were
performned to verify the performnance of the bulk shield and to determine radiation streaming in the
Test Cell shielding wallIs (DI7 1).

2.4.3 Conventional Facilities
Room arrangement within the Main Building was performed to assure that space needs and

material flow requirements were met (14 1). The utilities, including the treatment of radioactive
wastes, were reviewed to verify that the capacities of the utilities met the safety requirements (D143).

2.4.4 Central Control and Operation Flow
The concept of the central control was examined (DI5 1) and the operation flows of subsystems

were reviewed and compared (DI6 1) to check that they were consistence with IEMIF operational
requirements.

2.4.5 RAM and Safety Analyses
Reliability, Availability, Maintainability (RAM) analysis (181I), a safety analysis (D183) and

an evaluation of the worker dose (D185) were executed to check the availability and the safety for the
revised IFMIF concept.

2.4.6 Project Issues
Examination of the licensing requirements (19 1), the analysis of the schedule for the whole

IFMIF project (D193) and review of the cost estimate (DI95) were conducted to be consistent with the
progress of the IMIF project.
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3. Results of KEP Activities

3.1 Accelerator Facilities

3.1.1 Accelerator Facilities
The LEMIF requirement of 250 mA of deuteron beam current delivered to the lithium target will be

met by two 125-mA, 40-MeV accelerator modules operating in parallel. The technological approach of
the reference design selected is only cautiously aggressive with respect to the beam current handling
capabilities of the f linac technology, and provides operational redundancy by allowing operation to
continue at I125-mA when either of the two accelerators is temporarily removed from service for repair.
Each 1 25-mA accelerator is designed with sufficient derating, but not with a significant upgrade capability.
The IMIF deuteron accelerators are a sequence of acceleration and beam transport stages. A w I155-mA
deuteron beam is extracted from the ECR ion source at 95 keV. A Low Energy Beam Transport (LEBT)
guides the deuteron beam from the source to a Radio Frequency Quadrupole (RFQ). The RFQ bunches
the beam and accelerates 125 mA to 5 MeV. The 5-MeV RQ beam is injected through a matching
section (2 cavities, 4 quadrupoles) into a room temperature, ramped-gradient Drift Tube Linac (DTL) of the
conventional Alvarez type with post couplers, where it is accelerated to 40 MeV. The baseline f power
system for the IMIF accelerator assumes the use of Diacrode technology with an output power level of
1.0 MW and a frequency of 175 MHz. Operation of both the REQ and the DTh at the same relatively low
frequency is a conservative approach to delivering the high-current deuteron beam with low beam loss in
the accelerator. This will facilitate hands-on maintainability without remote manipulators. Although the
present reference design is based on conventional, room-temperature f linear accelerator (rf linac)
technology, superconducting linac technology that has the potential of reaching an even higher
performance and possibly lower cost is also being followed closely.

The Accelerator Facility REP work is firmly based on the previous CDAICDE activities. This is
especially important to note in all costing studies, where an explicit path to the comprehensive CDA Cost
Estimate can always be traced.

In the REP, the most important accomplishments for lowering construction risk and affording a

Fig. 1 Overview of the present IMWF design with major subsystems. Maximum availability is
achieved by two completely independent accelerator lines. The ion source, RFQ and HERT
of one deuteron beam line are indicated, with the second accelerator lying behind. The blue
blocks indicate the high-power rf system for the accelerator.
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rapid construction start are: () the selection of the ECR injector for the reference design, (2) achievement
of a preliminary but detailed reference beam dynamics design for the full accelerator indicating that the low
beam loss specification should be met, and (3) the demonstration of good availability of order hundreds of
hours from an operational ECR injector and from the Diacrode MW rf power amplifier.

The Accelerator Facility KEP Report is organized in sections according to the following outline,
which briefly summarizes the achievements and includes some additional references.

Injector - Ion Sourre/LEBTIMatching to RFQ

The IFMIF ion injector, comprised of the ion source and the LEBT, has to provide excellent beam
quality, sufficiently high beam current, and high operational availability. To minimize downtime and
maximize system availability, all failure-prone injector components are being designed for rapid exchange
in the accelerator vault, subsequent to shutdown. Extensive operational experience with the ECR ion
source type was obtained at Saclay, with several very long runs of 100 to 700 hours duration, with
availability of >95% achieved. IAP continued evaluation of multi-cusp sources and LEBTs, and
operational tests of multi-cusp and ECR sources were conducted at JAERL

Operation with a D4 beam at CEA Saclay shows that IFMIF beam performance requirements can
also be achieved with a deuteron beam.

After extensive parallel developments during the CDA, CDE and KEP [], the ECR ion source is
selected as the reference design ion source for the FMIF project.

3.1.2 AC II A-EU (CEA-Saclay) Very Long Test of ECR Ion Source
3.1.3 ACI1IB-EU (IAP) Long-run Test of Multi-Cusp on Source
3.1.4 AC I1I C-JA Test of ECR and Multi-Cusp Type Ion Sources
3.1.5 AC 12A/I3A/1I4-EU (CEA-Saclay) ECR Source Analyses
3.1.6 ACI12B-EU (AP) Source Analysis
3.1.7 AC13 B-EU (AP) Low Energy Beam Transport (LEBT)
3.1.8 ACl13C-JA Test of Low Energy Beam Transport
3.1.9 AC34B-JA Examination of Beam Matching to RFQ

Radio Frequency Quadrupole (RFQ)

The reference design RFQ is a 4-vane type 175 MHz structure. The output energy of 5 MeV was
selected for the RFQ, because it is the lowest energy allowing a FODO magnetic lattice in the DTL which is
desirable for halo control and the consequent minimization of beam loss. The high output energy, however,
necessitates a long REQ structure of - 12.5 m. The RFQ will likely need 3 Diacrodes of MW each. Within
the present KEP phase, the preliminary design of the RFQ beam dynamics has been finished, with
extensive simulation and sensitivity (machining) studies. Detailed design work was performed by two
groups using different techniques. Both REQ designs meet the low beam loss specifications. Further
work is required to achieve final design status. It is desired to reduce beam loss still further, and extensive
optimization and sensitivity studies must be done, as for any conceptual design.

In another study, a formalism that has been developed permits the computation of all quantities
necessary to REQ tuning procedures.

3.1.10 AC20-US Equipartitioned REQ Beam Dynamics Design
3.1.11 AC34A-EU (CEA-Saclay) Optimization of Electric Field Property in REQ on Cold Model

Drift Tube Linac (DTL)

The IFMIF reference design uses a conventional room-temperature 5-40 MeV DTL, the structure
having the strongest focusing possible in this energy range, in order to achieve minimum beam loss in the
accelerator. The DTL includes 5 DTL tanks (with a peak accelerating field of 1.75 MV/in) and 9 rf tubes
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to power them (per linac; I tube on Tank 1, 2 tubes on Tanks 2-5) [2]. Preliminary mechanical design and
modeling of alternative quadrupole magnet cooling schemes, plus refined cost and schedule estimates,
indicate full readiness for construction. Detailed design work was accomplished on the shortest, most
difficult drift tube at the 5 MeV end of the DTL.

3.1.12 AC36-EU (CEA-Saclay) Drift Tube Linac R&D Studies
3.1.13 AC37-US Engineering Evaluation of the Drift Tube at 5 MeV
3.1.14 AC32-JA Examination of Drift Tube Cooling Scheme

Study of Evolving Accelerator Technology Developments of Possible Advantage to the FMIF
Accelerator

A 4-rod type RFQ is under consideration to ascertain whether it might have cost and other
advantages for IFMIF.

Preliminary investigation is being made of an alternative 5-40 MeV design using a
room-temperature IH-structure and a following superconducting CH-structure. In case of superconductivity
the rf losses are lower, and the linac is shorter and has larger apertures. Work in other programs on
superconducting spoke resonator designs also needs to be applied to IFMIF to explore potential operational
and cost advantages [3].

3.1.15 AC3313-EU (AP) Choice of RFQ Structure, Development of 4-rod RFQ
3.1.16 AC35-EU (AP) Choice of DTL Structure, and Investigation of CH-DTL

High-Energy-Beam-Transport (HERBT) System

The HEBT has been substantially revised from the CDA configuration; most importantly, the RF
cavities used for beam energy spread control in the CDA design were removed. Preliminary simulations
indicate that a suitable HEBT system can be defined.

3.1.17 AC2 1-US Analysis of Revised IFMIF High Energy Beam Transport (HEBT)
(HEBT) System

End-to-End Beam Dynamics Design

Comprehensive end-to-end particle dynamics calculations including errors have been performed,
showing that for various conditions stable solutions with low emnittance growth and full transmission could
be found. With DTL errors and corrections, the end-to-end transmission is expected to reach 98%. The
DTL beam dynamics reference design has no particle losses.

3.1.18 AC33A/38-EU (CEA-Saclay) End to End Beam Dynamics

RF Power System

Development and testing of a MW rf system was identified earlier as the highest impact
development item, as existing operating experience was for short periods (1-8 hours). Outstanding
progress has been made in developing and testing a new kind of gridded tube called the Diacrode which
can overcome the limitations of conventional tetrodes, mainly the rf losses, by a factor of 4. The
challenging goal was to meet the reliability demonstration goal of IFMIF, namely, 1000 h at MW cw rf
power and 175-200 MI-z. Endurance tests with a TH 628 Diacrode have been performed, with over 1047
hours at full power in the range of 1010-1030 kW cw rf and 200 MHz. This shows the capability to
operate stably under IFMIF-relevant conditions.

Diacrode phase and amplitude modulation data were also obtained from LANL [4], and an updated
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cost estimate was developed for the Diacrode.
Investigations of solid-state driver amplifiers for the Diacrode were conducted, as well as f drive

loop design for up to 500 kW cw, by two different groups.
3.1.19 AC21A-EU (CEA-Saclay) Radio Frequency system
3.1.20 AC2 I B-IA RF Power Tube Durability Test
3.1.21 AC22A-JA Test of the RF Window

Diagnostics, Instrumentation and Control

Significant progress on non-interceptive diagnostics has been made at CEA/Saclay and AP for
high intensity beams. AP has also developed a high-power interceptive emittance measurement device.
However, diagnostics for high power cw beams are not yet fully available and require continuing
development.

3.1.22 AC41A-EU (CEA-Saclay) Diagnostics for High Power Beam
3.1.23 AC41B3-EU (AP) Diagnostics for High Power Beams

Activation Analyses, Interfaces

3.1.24 AC39-JA Activation of Accelerator System Components
3.1.25 AC31 -A Estimation of Beam Loss at Various Operating Conditions

Examination of the Cost of a Fully Operational IFMIF Prototype, and Cost Update for HEB T and RF
Power

In response to widespread discussion of the benefit of having a fully operational accelerator
prototype, the US team undertook a task in 2002 to define the scope and develop a cost estimate for such a
program. The work incorporated the latest design information available to arrive at an updated design
configuration for the IFMJF accelerator. From this configuration a prototype design was developed that
meets the technical requirements set forth at the FMIF Design Integration Meeting at FZK Karlsruhe in
October 2001. The results of this study were finalized in early March 2002 and presented at the IFMIF
Subcommittee meeting in Tokyo later that month. The estimated cost for the five-year prototype program is
102 MICF including an AFI allowance of 23 MICFE

As a separate task, the cost of the revised "reduced cost IFMIF" HEBT and the Diacrode-based f
system was evaluated. The expected savings over the CDA cost estimate were seen; however, the savings
were not as great as assigned in the reduced cost estimate.

3.1.26 AC22B3-US Cost Evaluation of Changes in the System Including the Revised
HEBT and the Diacrode Based RF system

3.1.27 AC23-US Examination of the Cost of a Fully Operational IFMIF Prototype

Transition to Accelerator Facility for E VEDA

High priority items for continuing development in the next immediate phase of IFMIF include:

- Updating the IFMIF Accelerator option to use superconducting linac technology for the 5-40 MeV
Linac. IMIF evaluated superconducting linac technology thoroughly during the CDA, but did not
incorporate it into the reference design, largely for cost reasons. During the intervening years,
development of superconducting accelerating structures and f drive techniques continued in several
institutes. These developments offer the possibility of technical, cost and availability advantages to
the JFMIF project.

- Development of an H2' beam ion source to be used during commissioning studies to avoid
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radioactivity. It is more difficult to achieve high H2+ beam current than D, and a development
program is required.
RF drive loop tests up to 500 kW cw.
Updating of interface requirements from users, test cell, target, and conventional facilities, and
application to the accelerator design as required.
Continued design refinement.
Continued effort to gain operating experience with a deuteron beam in the ECR injector, for
application to IMIF design.

Any complex facility is only fully known as operating experience is obtained. The experience
with the operating ECR injector and the Diacrode rf amplifier has been very valuable. Although it seems
clear that a full-scale prototype, designed for incorporation into the final facility, is probably unaffordable, a
continued effort to test subsystems during the period preceding FMIF construction would be worthwhile.
For example, during the ECR runs, the neutron production in the LEBT rose rapidly, indicating that further
optimization is necessary for the final IFMIF facility.

References
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3.1.2 AC 1 1A-EU Very Long Test of the ECR Ion Source

(1) Brief Task Description
The task was completed in the framework of the CEA program on high-power particle accelerators

supported by the IPHI demonstrator project. This project is dedicated to high power beam production (CW
beam, 100 mA) 1-51.

The injector system (source and Low Energy Beam Transport) must demonstrate reliability
commensurate with the maintenance schedule of the IFMIF accelerators. Low to very low spark rates have
to be shown, as well as reliability in terms of source performance.

The work concentrated on verifying/improving the ECR source availability with a 100 mA cw
beam for more than 4 weeks. Current, beam energy, beam noise, species fraction, beam emittance, etc. were
recorded. The source ran in a proton mode to avoid activation of the existing test stand.

Contributors
Name Party Institute E-mail address

R. Ferdinand EU-FRANCE CEA-Saclay rferdinand~cea.fr

R. Gobin EU-FRANCE CEA-Saclay rjgobin~cea.fr

(2) Introduction
SLLHI ("Source dOons Legers Haute Intensit6") is in operation at CEA-Saclay. Figures and 2

show a photograph and a schematic view of SILHI. It delivered its first proton beam in July 1996. This
ECR (Electron Cyclotron Resonance) source is designed to produce continuous high-intensity proton and
deuteron beams. The reliability-availability of IFMIF is one of the most important goals, so the source has
to be as reliable as possible. Six long run tests were done to analyze the source behavior in continuous
operation.

Fig. 1 SILHI ECR injector.
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Fig. 2 Schematic of SILHI ECR ion source. a: plasma chamber; b: ridged waveguide
coupling system; c: window; d: coils; e: extraction system; f DCCT

The extraction system has been improved in the past to minimize beam losses at higher extracted
beam current and the source command and control system was completely updated with the EPICS system.
This new configuration allows us to extract higher intensity deuteron beam after conditioning; a second
long run reliability test was performed for one month in October 2001.

Dose rates need to be estimated both during normal plant operation, "beam-on", and at
"beam-off ' conditions.

(3) Summary of the First Run Tests
In December 1997 the source was continuously operated for five days (103 hours) with a 100 mA CW

proton beam at 80 keV. The global reliability reached 94.5 % with 53 shutdowns mainly induced by HV sparks.
A second test was performied in May 1999 with a 75 mA CW beam at 95 keV, and the availability reached 98%
for continuous operation of 106 hours. The beam was interrupted 24 times.

In October 1999, after improvements, a new five-day test run was done with a 75 mA extracted beam at
95 keV. Only one beam trip occurred, lasting 2.5 minutes, during the 104 hours run test; 103 hours uninterrupted
running time was achieved. The reliability reached 99.96%.

(4) First Four Week Reliability Test
Long run tests often benefit the knowledge of the source behavior and component failure. A

four-week run test was planned following the remote control exchange and the installation of the new
extraction system.

To limit beam losses in the extraction zone, a new set of electrodes was designed and assembled. In
October 2000 it allowed us to extract up to 150 mA total extracted beam with a LEBT transparency (up to
the future RFQ matching point) higher than 90%.

The source was shut down for 2.5 months (mid November 2000 to end of January 2001) to
completely change the remote control system. The old system, based on Visual Basic and PCs, controlled
all the power supplies and was associated with a Selectron PLC for vacuum control. The SILHI source
became the development test bench for the new EPICS system. It was also the only way to make a
four-week run with accurate measurement of beam characteristics. It includes much better automatic
recovery algorithms. At the end of January, the beam was again extracted and weeks were spent improving
the control system, specifically the automatic procedures. These procedures allow us to leave the source
working without an operator and allow long distance control through modem connections.
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For the new long-run

test, all beam characteristics Table I SILHI I" long run requirements and run
were checked: beam intensity, test parameters. ______________

proton fraction, emittance and
beam noise. To avoid LEBT Parameters Requests Run Status
activation, the tests were Energy [keV] 95 95
conducted with protons. Proton extracted beam [mA] 100 '- 97

The four-week run Total extracted beam [mA] 110 118
started on Monday, March 19, Proton fraction [%] > 90 -84
2001, with the beam parameters -Extraction aperture [mm] 9 9
reported in Table 1. Due to -Extracted beam density [mA/cm 2 ] 156 1 85
various problems, the experiment Forward RF power [W] Up to 1200 1000
was interrupted on the morning Dt yl % 0 0
of Monday April 9 for a Hu ydoemsflw[c]< 10 5.3
complete check-up of the Beamdoie ms flwsm <±10 .35
accelerator column. Contrary to Lemnie(m)<+I09 a

what was expected, we were not
able to obtain satisfactory source behavior. Even though this reliability test did not reach the expected
results, it did yield a lot of information summarized below.

Beam line contamination leads to rapid beam quality degradation. The LEBT design has to
clearly take this into account.

The oxygen cleaning beam seems very efficient in improving the proton fraction but
unfortunately after the cleaning, the spark rate increased. The improvement of proton fraction after ion
source conditioning with oxygen plasma is similar if not identical to Los Alamos LEDA injector
performance.

The automatic restart procedures were not completely adapted to all situations, especially if a
spark occurs during the restart period. Improvements were made to minimize these failures. An automatic
restart presently takes one minute, with a one second scan period.

The new EPICS control system allowed us to work without a local operator and to operate from a
remote connection via the Internet network. Few hardware failures obligated us to come back to the source
to repair. Despite this good control system, a spark during a weekend or at night implied a very long beam
stop, which strongly decreased the beam availability. Better operability could be obtained with 24 h in-situ
control.

The servocontrol loop, which maintains a constant extracted beam current, works well. The
beam noise was never over ± 0.95 % and frequently in the ± 0.5 to ± 0.7 % range. This noise was mainly
due to the 19 kHz spaced-lines transferred to the plasma from the magnetron rf switched power supply.

This four-week reliability test did not show the expected results for several reasons, including oil
contamination. Compared to the 1999 tests, the main differences came from increased current and the new
electrodes. With the new set of extraction electrodes, a 100 mA proton beam was transported to the future
RFQ matching point and more than 150 mA total beam was extracted. The new set of electrodes increases
by 10% the electric field at the surface. This may be one of the reasons for the spark rate increase. Of
course, the contamination observed (carbon traces) is also very important for HV column reliability.

(5) New Long Run
Soon after the failure of the four-week run, and after improvements to the command/control system

and the source itself, a new long run was started. Slightly more than a week was then available, giving
about 160 h of source availability. The results shown in Fig. 3 returned to the very good results of the
October 1999 test, and reflect very well the present source behavior. There is now about one spark per day.
The MTBF was about 23 hours and the MTTR was about 2.5 min.
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Fig. 3 Total extracted beam current during the 160h long run tests of the
CEA-Saclay ECR SILHI Source.

(6) One Month Reliability
Test Table 2 SILHI 2 d long run requirements and run test

A four-week run test was parameters. ______

restarted in October 2001, Parameters Requests Run Status
according to the decision taken in Energy [keV] 95 95
March 2001. The new procedures Proton extracted beam [mA] 100 -96
allow us to leave the source Total extracted beam [mA] 110 120
working without an operator and Proton fraction [%] > 90 -8
allow long distance control Extraction aperture [um] 9 9
through modem connections. Etatdba est m/r' 5 8

The four-week run started Exrce emdniy[Ac 2 5 8
on Monday, October 5, 2001, with Forward RF power [W] Up to 1200 800
the beam parameters reported in Duty cycle [%] 100 I 100
Table 2. It lasted in fact for a full Hydrogen mass flow [sccm] < 10 5.7
month through November 6 (744 1Beam noise (rms) []<±1 0.8 max
hours). There were 233 sparks
recorded. The availability is equal to 95% (Fig. 4). One big problem occurred in the beginning but no
special technical point was related to this breakdown. A non-foreseen stop occurred on the VME controller
during the weekend and nobody was present to restart the source. The resulting downtime was 15 hours;
the availability would have increased to 97% without this 15 hours down time. The beam noise was
relatively stable, in the range 0.5 to 0.8% total. The proton fraction increased from 77% to 81% during the
month.

(7) Conclusion
Most probably because of oil contamination in the source, the two very long runs did not give

extremely good results. The most representative source behavior was observed during the 160 hour test. We
generally observed about one spark per day.

Nevertheless, IFMIF will have to take into account possible source malfunctions. The number of
these can be minimized by careful design (screw pumps without oil, for example).
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Fig. 4 Beam availability chart of the one month run test of the ECR SILHI source.
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3.1.3 AC11B-EU : Long-run Test of the Multi-cusp Ion Source

(1) Brief Task Description
The multi-cusp volume ion source under development at Frankfurt for IFMIF shall be operated in a

long-term run. Source parameters (including beam current, source noise, cathode performance, etc.) are to
be recorded and stable extraction and transport of the beam are to be shown. The optimum cathode
arrangement is to be investigated. The source will be operated with protons to avoid activation.

Contributors _________________
Name Party Institute E-mail address

P. Beller EU lAP p.beller~gsi.de
R. Hollinger EU IAP rhollinger~gsi.de
H. Klein EU IAP horst.klein~iap.uni-frankfurt.de
A. Maaser EU TAP andreas.maaser@02.com
K. Volk EU IAP k.volk~iap.uni-frankfurt.de
M. Weber EU IAP manfred.weber~clariant.com

(2) Introduction
A new high current deuteron/proton ion source has been developed. It is a volume type source, and

delivers 200 mA H+ (corresponds to 140 mA D+, according to the Child Langmuir law) in continuous wave
operation with an H+ fraction of about 93% [1]. Moreover, it is possible to operate this source in a high
current H2' beam production mode, which allows commissioning of the accelerator facility with anH2
beam instead of a deuteron beam. Thus, the low beam emittance (S, 89% rm. 0.042 it mm mrad at
56 mA) [2] and the low cost of the ion source make it to a promising candidate for JFMIF.

In a further step, a long-run test should be performed. Since at present our ion source test stand
does not meet the safety regulations of the university (exhaust system for hydrogen), it cannot be used as it
is. The necessary modifications are being performed.

The triode extraction system has an aperture with 8 mm diameter and is designed for voltages up to
55 kV Consequently, the beam energy is 55 keV. For the following accelerator component, the RFQ, it is
necessary to accelerate the 5 5 keV proton (deuteron) beam to 00 keV Therefore, a new tetrode system has
been designed and analyzed. In an additional step, the influence of different auxiliary gases on the H+
fraction and the beam noise level has been investigated.

(3) Ion source Lifetime
In addition to a high current and a low beam emittance (we measured normalized 89% rms emittance

of 0.042 i mm mrad), an appropriate ion source lifetime is an important requirement. The ion source
lifetime is determined by the lifetime of the filament. During operation the filament is exposed to erosion
by bombardment by positive ions from the plasma. For a given filament arrangement and operating gas, the
lifetime is approximately inversely proportional to the duty cycle, the arc power and the arc voltage (energy
of the ions). In order to obtain a long ion source lifetime, one should employ several filaments with large
cross sections. As it is possible to use our ion source with up to four filaments, shown in the case of a high
current H- volume source, the lifetime will be four times higher than for operation with one filament,
leading to a lifetime of approximately three weeks.

(4) 100 kV Extractor
The triode extraction system used has an aperture of 8 mm diameter and is designed for voltages up

to 55 kV Consequently, the beam energy is also 55 keV For the following accelerator component, the RFQ
it is necessary to accelerate the 55 keV proton (or deuteron) beam to 00 keV Due to the delay with the
modification of our ion source test stand, a new tetrode extraction system has been designed and analyzed.
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Fig.1 IGUN plot of the post accelerated 140 mA at 100 keV deuteron beam.

Figure shows a schematic drawing of the tetrode system. It consists of four electrodes: plasma,
puller, screening, and ground electrodes. It is different from the triode system in the use of a so-called
puller electrode, installed between the plasma and screening electrodes. Other geometric parameters
(aperture radius, thickness of the electrodes, aspect ratio, and gap field strength) are the same as in the
experimentally proven triode system.

An important step in the design study of the extraction system is the choice of the potential of the
puller electrode and the distances between puller, plasma, and screening electrodes. Both the electrical field
strength and the distances between the electrodes should be carefully adapted to the proven values of the
triode system. The neutral gas flow in the extraction system is responsible for voltage breakdown.
Consequently, the maximum field strength in the extraction system is a function of the aperture radius, the
neutral gas flow and the gap distances. For the triode system we determined a maximum field strength of
7.75 kV/mm for gap distances up to 8 mm. In the course of the design of the tetrode system, we used a
more moderate gap field strength of 6.8 kV/mmn. As shown in Fig. 1, the distance between plasma and
puller electrodes is 8 mm with a potential difference of 55 kM The distance between puller and screening
electrodes is also 8 mm with a potential difference of 55 kV With the computer code IGUN [3] we
designed a 140 mA at 00 keV extraction system for an ion temperature of zero. The ion beam is extracted
in the matched case with a radius of 2.9 mm (80%) and a divergence angle of 35 mrad at the end of the
extraction system. The normalized rms-80%-emittance is 0.008it mm mrad and fulfills the IFMIF
requirements.

(5) Influence of different auxiliary gases
In a second step, the influence of different auxiliary gases on the H4 fraction and on the beam noise

was investigated, in a series of experiments. The goal was to reduce the beam noise and to enhance the H4

fraction at low arc powers. Fig. 2 illustrates the H4 fraction as a function of the auxiliary gas pressure for
different auxiliary gases. It was found that the H4 fraction increases from 75 to above 92% by increasing
the auxiliary gas pressure from 0.02 to 0.8 Pa. The effect is stronger for higher atomic mass of the auxiliary
gas. Helium has little influence, xenon on the other hand has the strongest effect. Note, in all measurements,
the extracted auxiliary ion fraction in the beam was below 1%.

It is assumed that the enhancement of the H4 fraction is caused by the reduction of the mean
electron energy. In contrast to electron collisions with hydrogen atoms and molecules, the cross sections for
vibrational and rotational excitations of the investigated auxiliary gas atoms are higher. A higher cross
section leads to a shorter mean electron path with the consequence of a higher number of inelastic
collisions, resulting in a reduction of the mean electron energy as well as a reduction of the electron
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Fig. 2 H fractions as function of the pressure for several auxiliary gases.

5

4

3 auxiliary gas xenon

2-
0

z

0
0.01 0.11

Gas pressure [Pa]

Fig. 3 Noise level as function of the auxiliary gas pressure (xenon).

temperature. From this it follows that the fraction of the generated H+ ions rises. As shown by theoretical
considerations, low energy electrons in the plasma are favorable for high H-l/D t fractions. Moreover, the
use of a trace amount of an auxiliary gas reduces the beam noise level from 4% (without auxiliary gas) to
less than 1% (with xenon, Fig. 3). Density fluctuations of the ions at the plasma sheath are coupled with
density fluctuations of the electrons. As shown in basic plasma investigations with a 1270 cylinder
spectrometer, traces of xenon in the plasma reduce the electron temperature. This results in lower electron
density fluctuations. Consequently, the on density fluctuations are also reduced.

(6) Conclusions
With the filament arrangement used, the lifetime of the ion source was estimated to be about 100 h.

As it is possible to use up to four filaments, the lifetime will be four times higher for an assembly than for a
single filament.
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Using the computer code IGUN, we designed a 140 mA @ 100 keV extraction system. The ion
beam is extracted in the matched case with a radius of 2.9 mm (80 %) and a divergence angle of 35 mrad at
the end of the extraction system. For an ion temperature of zero, the normalized rms-80 %-emittance is
0.008 it mm mrad.

Density fluctuations of the ions at the plasma sheath are coupled with density fluctuations of the
electrons. As shown by basic plasma investigations with a 1270 cylinder spectrometer, traces of xenon in
the plasma reduce the electron temperature. This results in lower electron density fluctuations.
Consequently, the ion density fluctuations and noise are reduced, too.

The investigations have shown that the multi-cusp ion source is capable of producing a 200 mA H+
beam with good beam quality. This source can also produce a high current H2j beam, which could be used
to allow commissioning of the accelerator facility without any activation.
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3.1.4 ACliC-JA: Test of ECR and Multi-Cusp TypelIon Sources

(1) Brief Task Description
Two types of ion sources, a multi-cusp ion source and an ECR ion source, are to be tested at

60 keV in the same test facility at JAERI (ITS-2M Test Stand) to compare the perfornnances; e.g.
efficiency, beam emittance, proton ratio, current stability, life time, gas flow rate, etc.

Contributors
Name Party Institute E-mail address

K. Watanabe Japan JAERI watanabe~nakajaeri.gojp
T. Iga Japan JAERI igataka~fusion.nakajaeri.gojp
T. Morishita Japan JAERI morishit~fusion.nakajaeni.gojp

(2) Introduction
Major specifications of the IFMIF ion source are listed in Table 1. Two types of ion sources

are candidates for IFMIF. One is a filament-driven multi-cusp ion source; the other is an ECR ion
source. The main goal of this task is to compare the characteristics of these ion sources and to provide
a database for the selection of the source for IFMIF use []. These ion sources have been tested on the
same test stand and with the same diagnostic system. Figure indicates a scenario to select the ion
source for IFMIF.

Table 1 Major Specification of IFMIF target.
Requirements Specification

Ion source type Volume or ECR
Particle Type D4

Output energy 100 keV
Output current 155 mA (200 mA Ht)
Species fraction D+ > 90%

Current noise fluctuation ± 1%
Normalized rms 0.2 it mm mrad

transverse emittance
(Normalized 90%) (1 it mm mrad)

Duty factor 1 00% (CW)
Lifetime 1,000 h

Low Energy Beam Transport

x IF X ~ ~~~Electron
Comparison of the Temperature
Performance at the Ion Temperature
same Test Stand Beam Emittance

Ion Species, etc.

FFMIF Ion Source]

Fig. 1 Scenario to decide the type of the ion source for IFMIF.
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(3) Experimental Equipment and Conditions
The experimental setup of the ITS-2M test stand at JAERI is illustrated in Fig. 2 [2]. The ion

source is mounted in the vacuum chamber, which is evacuated by three turbo molecular pumps whose
pumping speed is 2,000 f/s. Hydrogen gas is fed to the ion source. A beam diagnostic system consists
of a spectrometer for ion species measurement by Doppler shift spectroscopy, a multi-channel
calorimeter for beam divergence measurement and calorimetric measurement of beam current, and an
emittance scanner employing a single slit and a multi-channel detector. The maximum acceleration
voltage of this test stand is limited to 60 kV

Emittance Scanner Pressure

Ion Source 924 ~ ~ ~ ~ ~ - Measurement
Multi-channel

(max. 60kV) ~~~~~~~~~~~~~Calorimeter

H2 gas inlet TMP

Pressure ~~~~~~~~~~~~~~~(2200L~s x 3)

Measurement _Hgaine

Accelerator Clumn Otical fiber

To Spectroscope
Vacuum Chamber (for proton ratio

measurement)

Fig. 2 Schematic drawing of the experimental setup.

A cross-sectional view of the multi-cusp ion source is shown in Fig. 3 [2]. The source consists
of a plasma generator and a two-stage extraction system. The plasma generator is made of a cylindrical
copper chamber whose dimensions are 120 mm diameter and 100 mm depth. Two pieces of tungsten
filaments (1.2 mm in diameter) are installed from the back plate. Ten columns of permanent magnets
surround the chamber, which forms a line-cusp field. A plasma electrode encloses the open end of the
chamber, where 10 additional rows of magnets are installed except for the central extraction region. t
is necessary to isolate the energetic primary electrons from the extraction region, to suppress
generation and subsequent direct extraction of molecular ions, and thus to obtain a high proton yield.
Therefore, the directions of the fields of these magnets were arranged as described in Fig.3 to generate
a magnetic filter to repel the fast electrons. Additionally, filaments were bent to 45 degrees to prevent
primary electrons from flowing to the extraction area. The extraction system is composed of four
electrodes: plasma, gradient, suppression, and exit electrodes. The potential ratio of the gradient
electrode to plasma electrode was fixed to be 64%. The diameter of the extraction aperture is 12 mm
for all electrodes. In the multi-cusp ion source, the plasma generator was electrically connected to the
plasma electrode potential via a resistance of 100 ohm.

A cross-sectional view of the ECR ion source is shown in Fig.4 [3]. A discharge chamber is
made of a copper cylinder whose dimensions are 148 mm diameter and 280 mm depth. The same
extraction system as described above was also used for this source, with some modifications. Pumping
slots were added to the electrode support. The electrode support material was changed from aluminum
to soft iron to reduce the stray field from source solenoids to suppress glow discharges in the
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Fig. 3 Schematic cross-sectional view of the filament type ion source.
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Fig. 4 Schematic cross-sectional view of the mirror field type ECR ion source.

accelerator column. The plasma electrode was electrically connected directly to the discharge chamber.
Magnets surrounding the extraction aperture are arranged to form a normal cusp field. Microwave
power is injected through a rectangular waveguide in the TE 10 mode. A two-layer quartz window is
installed at the end of the chamber. Two solenoid coils generate a static longitudinal magnetic field. A
typical magnetic field profile along the chamber axis is also shown in Fig. 4. In this condition, three

- 41 -



JAERI-Tech 2003-005

ECR surfaces were generated along the axis of the discharge chamber.

(4) Results and discussions
Figures 5(a) and 5(b) show the dependence of ion species fraction and the acceleration current on

the source pressure at a constant discharge power and an acceleration voltage for the multi-cusp ion
source and the ECR ion source, respectively. For both types of ion sources, H2+ fraction increases and
H3 + fraction decreases gradually with increasing source pressure, and HI+ fraction shows a slight peak
at some source pressures. From the proton fraction point of view, the optimum source pressure for the
multi-cusp ion source was about 1.4 Pa, which corresponds to gas flow rate of 0.028 Pa-M3/s. On the
other hand, the optimum source pressure for the ECR ion source ranges from 0.4 to 0.6 Pa, which
corresponds to gas flow rate of 0.014 to 0.021 Pamr3/s , from the view points of proton fraction and
acceleration current. Therefore, the gas flow rate of the ECR ion source could be reduced to about half
that of the multi-cusp ion source.

100 200 100 200

E E ~~~EEEE E EE E
80 1080

150 ~~~~~150 k
_ Cu ~~ ~~~~~~~~~~c cc _

C ~cc~60 C lacc 60 C Iac C

100 ~ 100
U- C L
(I) C Co C C
(D 4 0 A 400a) Cu 0~~~~~~~~~A -0

0 ~~~~508 508
20 H2+ 20 H

~ A AG
0 0 0 AA' A .... 
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5

Source Pressure [Pa] Source Pressure [Pa]

(a) multi-cusp ion source (b) ECR ion source

Fig. 5 Ion species fractions and acceleration current vs. source pressure.

The ion species fraction as a function of the discharge power at constant source pressure for each
source is shown in Fig. 6. The proton fraction of the multi-cusp ion source increased gradually with
the discharge power and reached 90% at 5 kW For the ECR ion source, the proton fraction reached
90% even at kW, and clearly exceeded the contrast of the multi-cusp ion source.

Figure 7 shows the acceleration current as a function of the discharge power. The operating
pressures were kept constant, at the optimum pressure of each source. The acceleration current
increases linearly for both sources. The power efficiency of the multi-cusp ion source was about 25
mA/kW, and of the ECR ion source 86 mA/kW. The multi-cusp ion source requires at least 8 kW to
extract 200 mA of H' beam, which corresponds to the 155 mA D+ beam. It is undesirable for a
filament-driven ion source to operate at such high power because it leads to a short lifetime of the
tungsten filament. For the ECR ion source, the relatively low power of 2.5 kW is sufficient to extract
the same current. These results confirmed that the ECR ion source has the advantage in power
efficiency.

The dependence of beam divergence on the acceleration current (or discharge power) has been
measured at several acceleration voltages. The beam divergence angle showed a minimum value at
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Fig. 8 Optimum acceleration current vs. acceleration voltage.

some acceleration current for each acceleration voltage. These optimum currents as a function of the
acceleration voltage are plotted in Fig. 8 for both ion sources. The solid line and the broken line
indicate the constant perveance according to the Child-Langmuir law. The deviation of measured
values from the lines is due to the increase of the proton fraction. By extrapolation to 100 keV using
the Child-Langmuir law, it is estimated that a 275 mA H+ beam, which corresponds to a 194 mA D+
beam, would be obtained at the rated energy in good beam optics from either of the sources.

Beam emittance was measured 924 mm downstream from the exit electrode for both sources.
The transverse magnetic field was necessary to obtain the high proton yield for the multi-cusp ion
source as mentioned above, and this field may increase the beam emittance. To determine the
influence of the magnetic field, the beam emittance of the multi-cusp ion source was measured along
two directions, parallel (y-direction) and perpendicular (x-direction) to the magnetic filter field, by
rotating the ion source. Typical emittance diagrams in y- and x- directions, projected onto the source
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exit, are shown in Fig. 9(a) and 9(b), respectively. While the x components of the beam seem to be a
little more divergent than y components, the shapes of the diagrams are almost the same. The
normalized 63%, 90%, and 100% emittance for two directions at a constant acceleration voltage of 60
kV as a function of the acceleration current are plotted in Fig. 10. It is seen that the normalized
emittance has a minimum value at the optimum acceleration current. The optimum current that gives
the minimum x-x' emittance was about 10% smaller than that at which y-y' emittance was minimized.
The x-x' emnittance was slightly larger than the y-y' emittance, especially at full emittance. However,
the normalized 63% emittance in both directions are almost the same. These results confirmed that the
influence of the magnetic filter on the emittance in the multi-cusp ion source is negligibly small for the
beam core.

The minimum normalized y-y' eittance as a function of the acceleration voltage for the
multi-cusp ion source is shown in Fig. IL. The minimum normnalized y-y' emittance increases almost

30 30

20 20

1 0 L 0
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(a) y-y' (parallel to the filter) (b) x-x' (perpendicular to the filter)
Fig. 9 Projected emittance diagram of the multi-cusp ion source onto the source exit.
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Fig. 10 Normalized emnittance vs. acceleration current for the multi-cusp ion source.
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Fig. 11 Minimum normalized emittance vs. acceler- Fig. 12 Normalized emittance vs. accelera-
ation voltage for the multi-cusp ion source. tion current for the ECR ion source.

linearly with acceleration voltage, since the required arc power, which dominates the ion temperature,
also increases with the acceleration voltage. The 63% normnalized y-y' emittance at 60 kV was about
0.27 nr mm mrad. By extrapolation, this value is estimated to become about 0.5 it mm mrad, which is
2.5 times higher than the IFMIF requirement.

For the ECR source, the beam emittance has been measured only along the y-direction, since the
beam from the ECR source was axially symmetric. In Fig. 12, the normalized 63%, 90%, and 100%
emittance at a constant acceleration voltage of 60 kV is plotted as a function of the acceleration current,
along with the results for the multi-cusp ion source. The optimum current that gives the minimum
emnittance for the ECR ion source was about 17% smaller than that for the multi-cusp ion source. The
minimum normalized eittance, the normalized 63%, 90% and 100% eittance for the ECR ion
source were about 35%, 23%, and 13% higher than those for the ECR ion source, respectively. It is
believed that these differences of beam optics and eittance arise from the strong magnetic field
around the emitting surface and the acceleration gap.

During the experiment on the ECR ion source, the quartz window facing the source plasma was
occasionally damaged by backstreaming electrons. This potential problem for long pulse operation can
be easily solved by small modifications to the wave guide connection. It is much less of a problem
than the cathode life of the filament-driven source. A four-week test run of the ECR ion source was
completed at CEA-Saclay [].

(5) Conclusions
A filament-driven multi-cusp ion source and a mirror field ECR ion source have been tested at

60 keV on the same test facility at JAERI to compare the performances; e.g. gas flow rate, proton ratio,
power efficiency, and beam eittance. The presented investigation demonstrated that the power
efficiency of the ECR source is more than three times that of the multi-cusp ion source, while high
proton yield of 90% could be obtained for either source. Moreover, the gas flow rate of the ECR ion
source was about half that of the multi-cusp ion source. The beam eittance of each source was
measured. For the multi-cusp ion source, it was confirmed that the magnetic filter field does not affect
the emittance; however, the eittance value was still higher than the IFMIF requirement. It was also
showni that the 63% emnittance of the ECR ion source is about 35% higher than that of the multi-cusp
ion source. It is necessary to improve the beam eittance by optimizing the accelerator, source
configuration, operation conditions, etc. These results are summarized in Table 2.
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As a result of this investigation, it can be said that the ECR ion source holds greater promise
for the FMIF project than does the filament-driven multi-cusp ion source. The better performance is
in efficiency, gas flow rate, and lifetime. It is assumed that the emittance can be reduced to the level of
the IFMIF requirement for either source.

Table 2 Comparison of the measured performance.

Type o ion ource Filament-driven Mirror field type

multi-cusp ECR

Gas Flow Rate [Pa M3/Sl ~0.028 0.014-0.021

Proton Ratio [%] ~~~90 92
Beam Current at optimum perveance [mA] (at 60keV) 134 128

Power Efficiency [mA/kW] 25 86

Normalized 63 % ernittance [ mm mrad] (at 60keV) 0.27 0.36
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3.1.5 AC12A/13A/14-EU: ECR Source Analyses

(1) Brief Task Description
The task was completed in the framework of the CEA program on high-power particle accelerators

supported by the IPHI demonstrator project [1-10]. This project is dedicated to high power beam
production (CW beam, 00 mA).

The injector system (ion source and Low Energy Beam Transport) must demonstrate reliability
commensurate with the maintenance schedule of the IFMIF accelerators. Low to very low spark rates have
to be shown, as well as reliability in terms of source performances. Very good beam quality has to be
provided in order to ensure proper beam transport to the next accelerator components. The task consists of
analyzing the source performance and developing the necessary engineering. The source parameters that
need to be obtained/verified are the total extracted DW beam current at the IFMIF extraction energy, beam
emittance, beam noise, and pulsed and CW H operation. It is continuing work that influences the
accelerator parameter choices and could lead to cost savings. (For example, if the emnittance is decreased in
the RFQ, the total RFQ length could be reduced, leading to lower power consumption.).

Contributors
Name Party Institute E-mail address

R. Ferdinand EU-FRANCE CEA-Saclay rferdinand~cea.fr
R. Gobin EU-FRANCE CEA-Saclay rJgobin~cea.fr

(2) Deuteron Performance of the ECR Source
Neutron production was predicted in the Low Energy Beam Transport (LEBT) line if operations

with deuterium were conducted. Authorization to extract a pulsed deuteron beam from the CEA-Saclay
ECR source SILHI was obtained in June 2001, based on experiments on the Satumne accelerator. At that
time the duoplasmatron source was delivering up to 50 mA of deuterons at energy up to 500 keV (I ins, 
Hz) without observed neutron production. To minimize neutron production (from D3,D reactions) on the
IPHI test stand, the source was in pulsed running mode (2 ms/s) with ots of voluntary breaks to minimize
the activation. The experiment was conducted using the 120 mA proton extraction system, and poor
extraction conditions for deuterons were expected.

We observed excellent operating conditions; the SLHI source appears to be as well adapted for
deuteron production as for protons. The source behavior was very close to the proton production. In an
effort to extract the maximum D+ beam, current up to 170 m.A was obtained at 100 keV (267 mA/cM2) , but
with an ugly shape and a lot of beam noise (Fig. 1).

A more coherent set of measurements was sought in order to get a good qualification of the
"normal" beam characteristics. It consists of tuning the source to good running conditions and making all
possible measurements simultaneously The results are:

* I>l130mA (IO00kV)
* D+ > 96 % and D2+ < 4 %; no measurable D3 +.

LEBT transparency = 75 %
rms beam noise = 1.2 % (9kHz)

Figure 2 shows the pulse measurement through the SILHI LEBT. In blue is the DCCT
measurement of the extracted beam in the accelerator column. In red is the ACCT measurement, showing a
better rise time since it has a much better bandwidth (see the beam noise paragraph). It also shows that
about 13% of the beam is lost by that point. This is because the extraction electrodes are adapted to a
120 mA proton beam. The last (green) curve is the beam stop measurement 4.4 mn downstream from the
extraction aperture. It again shows some losses and the global LEBT transparency is only 75 %. This can
easily be corrected to reach 100% with the appropriate set of electrodes. The rise time of the beam stop
measurement is very low because of a filter on the faraday cup.
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Fig. Max extracted deuteron beam. Fig. 2 130 mA D+ beam through the LEBT.

(3) Species Fractions
The SILHI source is equipped with 3 different species fraction measurement techniques. The most

useful is the Wien filter, part of the emittance measurement unit. The beam is stopped in a water-cooled
copper target with a small tantalum aperture. Behind this, a Wien filter selects the species and they are
analyzed on a biased wire. Figure 3 shows the measurement associated with the "coherent set of
measurements" described above.

The two other techniques are a
classical aperture-faraday cup measure-
ment and a non-interceptive Doppler shift 
measurement.

Thfe 96.9% D+ species is mc
better that the classical 80% usually
obtained in CW proton mode. In pulsed 
mode, the source is tuned with a lower
gas pressure, allowing the species .

fraction to increase. Nevertheless, "09 20 00 7 21Z1 0 7 200 Il 070 000

measurements in the pulsed proton beam . .___

show that the species fraction is always Fig. 3 Typical deuteron proportion.
better in deuteron production (96%) than
in proton production (92%). This observation is not yet understood.

(4) Beam Noise Measurements
The beam noise is measured using a 6 MHz bandwidth ACCT, located between the two solenoids

(about 2 mn downstream of the aperture). Depending on the source tuning (pressure, ECR solenoid setting,
etc.) the rs beam noise is easily around 1.0% for good extraction conditions (0<Ibeam,<1 3 0 mA @ 100
key). This noise was analyzed in detail, and is mostly due to the 19 kI-z spaced lines induced by the
magnetron power supply. Time raster plots are used to display long signal records versus time, and allow:

* Detection of isolated, out-of-range samples,
* Detection of minute, periodic pulses,
* Separation of multiple pulse bursts

Accelerator designers require a good quantification of the noise. They need to know not only the rs value
but also the probability distribution fnction to which the numbers of noise random processes apply. Figure
4 shows such a probability function, and one of the important points to notice is the deviation from a
symmetrical signal (left picture) and the deviation from a Gaussian signal (right picture).

Checking noise amplitude distribution allows one to:

* identify unsuspected noise sources,
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Fig. 4 (a) probability distribution function of the deuteron beam noise (1.2% in this case);
(b) deviation from a Gaussian distribution represented by the green line.

* precisely tune the dynamic range of ADCs
* check the linearity of these ADCs,

accurately quantify the signal-to-noise ratio of the measurements.

The above results give an absolute value of rms beam noise compared to a "plus or minus" value,
incompatible with the non-symmetrical distribution of the noise.

(5) Activation
We ran the source in deuteron mode for two days, with an 0.2% duty cycle, and with lots of

voluntary breaks to minimize the activation. During the test, high-energy neutron production was measured
with a specific probe (Bertold LB 641 1). The observed reaction is the (D,D) reaction at the surface of the
copper target, producing 2.45 MeV neutrons. In contrast to what was expected, the activation increased
quickly and linearly to 11.5 jiSv/h (1.15 nmremn.hf') after two hours (measured 60 cm from the target). The
saturation level was not reached at that time, but the level was already above that allowed for workers class
B at CEA.

The neutron production is highly dependant on LEBT pressure (around 2x 1 0- torr during the test)
and this is the explanation for the difference between the Saturne duoplasmatron and SILHI sources.
Fortunately, the neutron production stops with the beam (no activation detected without beam) and no
activation was observed close to the target after switching back to protons. It may become a serious
problem for CW accelerator (IFMIF) on a mid- to long-termn scale because of the species fraction (D2

4 and
'D3+ lost on the vacuum pipe).

The observed level of neutron production forced us to run in a discontinuous mode, stopping as
often as possible. Each restart of the source retumns the neutron production to the previous level. The night
gives only very little decrease in this production, while running for a few moments in CW proton mode
heated and cleaned the surface.

(6) Emnittance Measurement
The beam r-r' emittance can be measured at two different locations: 53cm and 4.4m downstream

from the aperture. Because of the activation, this measurement cannot be performed during deuteron
operation, but only with the proton beam. Similar results are expected in deuteron production (emittance at
the source exit is mostly defined by the extraction system). At the source exit (0.53m) the beam emittance
is in the range 0.155-0.175 it mm mrad rms, normalized (r, r). More important from the RFQ point of view,
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Fig 5 Total normalised emittance of a l2OmA-- protn-bem-a-9-kV,-eft-t-th-sorce-xit
right at the LEBT exit. Middle is the------- bem -nelp- clcltininth-eauemn
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99% of the beam is inside 1.4 n~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~mm~~~mrad (Fig. 5).~~~~~~17 ---
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was confirmed by the measurements.
Beam emittance at the LEBT end depends on solenoid values and looks quite stable versus the

extraction electric field configuration. It ranges at the LEBT end from 0.2 to 0.45 xmmm.mrad (r-r', rms,
normalized).

(7) Space Charge Measurements
The high intensity beam induces ionization of the residual gas, leading to space charge

compensation [6]. In order to easily transport and match the deuteron beam at the REQ entrance, the
compensation has to be as high as possible.

A space charge analyzer has been installed in the LEBT in order to measure the space charge
compensation (SCC) of the beam. The description is given elsewhere [6] and it has been successfully used
on different beams, especially on the LEDA injector (75 keNV, 1 10 mA, CW). At Saclay, the FGA has been
installed upstream and downstream of the first LEBT solenoid (64 and 170 cm from the source aperture). It
provides the ion energy distribution function as well as the SCC.

(8) Upstream Results
The CC measurements lead to values of about 98% for a beam current ranging from 60 to

100 mA. Different measures have been made as functions of beam energy, beam size, beam current and
pressure.

Beam size has been Pressure (Pa) (m,

modified by varying the 7 7.5 8 8.5 9 9.5 10 10.5 11
intermediate electrode potential. .2 1 00%/

The ins beam size was varied (

from IlInun to 17 mm. The 99%
presurecures ereobtained by E

pressure curves were E~~ 98%
adding argon or hydrogen gas into 0
the LEBT line. The residual gas 4)

cy 97

pressure, without gas additions, W rms beam size
was measured close to the CC 9 96% 95key

5 C -- 75kevanalyzer, and was about 4 10- torr o
am 95%

of mostly H-2. 0 1I1 1 2 1 3 14 1 5 16 1 7 18
Figure 6 shows the

condensed results as a function of RMS beam size (mm) (
those parameters. The CC ratio Fig. 6 SCC versus pressure, beam size and beam energy.
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whatever the gas added or pressure and energy settings. Mostly the results are exactly the same as the ones
obtained at LANL, and the SCC is extremely good. At this point, no variation was observed that could
explain the observed emittance reduction with gas injection.

(9) Downstream Results
The LEBT solenoid I allows beam size changes in a large range. A crossover of a few mm can

easily be achieved for the HW beam in front of the CC analyzer. Even the H2' becomes convergent.
Depending on the settings, the SCC results changed a lot from the upstream results. Three peaks are
commonly observed on the ions energy distribution curves that are attributed to the three separate beams H+,
H-2 and H3+. Analyses are much more complicated and delicate in some cases.

Beam stop influence
A beam stop (BS) can be inserted 27 cm behind the FGA. There is no suppression of the secondary

electrons (electrostatic or magnetic). These electrons are free to stream off into the beam plasma and affect
the SCC.

When the BS is inserted, a lot of secondary electrons are produced and the SCC is about 98%. This
value decreases to about 80% without the BS and an energy increase of the residual ions is observed. This
energy shift is theoretically expected as the apparent current increases. Similar results are obtained
depending on how much beam current is lost on the wall (due to low LEBT solenoid settings, steering,
etc.).

When the second LEBT solenoid is on, a SCC increase is observed. These observations show that
the solenoids play an important role in electron confinement in the LEBT.

To achieve reliable SCC measurements it has been decided to conduct all of the following
experiments with the beam stop inserted into the LEBT line. In such conditions, the number of free
electrons created between the two solenoids
remains almost constant for all settings.

97% _ _ _ _ _

Pressure Influence I96% _ __ __

Gas additions shows different results ineco

for this FGA location. Now the SCC 94% ________

increases from 89 % to 98 % with an argon 91e_______

increase from 4.3x10-5 to 8.lxf 5 torr which 9%----
means a factor of 5 gain in the SCC (Fig. 7). 89% _ __ __ __

That phenomenon was NOT to 88% -
5 6 7 8 9 10 I11

observed upstream of the first solenoid and Pressure [mPa]

could explain the emittance decrease as the Fi.7SCaafuconfArnadtonnth
argon pressure increases. Preliminary g EBg
simulation using a basic model acknowledgedLET
that result, including that the Twiss
parameters of the beam do not change a lot 0.4 -- 

with the SCC after the solenoid. 0.35 41E-

The appearance of the H2 and H3 .0 0.3 - 4.3E-5 H2 ISE-5 Ato.

peaks in the energy distribution function 0.5 H+
0.2 ---- _

could allow a rough estimate of the proton A
fraction (Fig. 8). ~ ~ ~ ~ ~ ~ ; 0.15 + _

00IC 0.05-

Beam size influence LU 0 ___ -

At this SCC analyzer location, the -oo.... .. ..-

rms beam size can easily be changed by a -5 0 5 10 i5 20 25 30 35

factor of 20. The results show a big change, Ions enr ()

as expected from the SCC theory in such Fig. 8 130 mA D4 beam through the LEBT of the
extreme conditions. residual ions.
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This SCC collapses in the
vicinity of the crossover and leads to10 .

a large emittance increase (0.7 to It n ? 95% e 

mm mrad rms values !) (Fig. 9). r-90% 

85% 0(10) Conclusion on Space C

Charge Measurements & 80
E

A strong dependence on the o 75% 
number of free electrons in the LEBT E 70%

line was found, as well as a mirror .
effect of the LEBT solenoids on those 65%
electrons. The SCC can be much 60% .
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electron source such as occurs at the RMS beam size (mm)
beam stop or due to beam losses on Fig. 9 SCC versus the rs beam size.
the beam pipe or induced by a
pressure increase. Low SSC leads to a
strong emittance increase in the
LEBT.

(11) SILHI Status
Table contains a coherent set of parameters obtained simultaneously (except for the Irmax, quoted in

bold after the total current).

Table 1. SILHI parameters obtained simultaneously (except (I max)).

Particles Proton Deuteron
Parametersts Status Request Status

Energy __ __ __ ___ __ ___ __ __95 95 95 100

Intermediate Electrode [kV] 55 56 ?50
Proton, Deuteron Current [mA] 100 108 140 129
Total Current [mA] (I max) 110 130 (157*) 155 135 (170)
Proton, Deuteron Fraction [%] > 90 83 > 90 96
Plasma electrode diameter [mm] - 9 - 9
Current Density [mA/cm 2] 140 204 243 212
Availability []AHAP > 99 AHAP -

RF Forward Power [W] < 1200 850 < 1200 900
Dut Factor %] 100 100 100 0.2 *
H2, D2 Gas Flow [cm] <1I0 5 < 10 1
Beam Noise rmns []2 1.2 2 1.2
rms normalized emittance [ mm mrad] 0.2 (x,x') 0.25 (rr') 0.2
Total normalized emittance [it mm mrad] 1.5 1 1.4 1 .5

*Limited by the beam stop (power density exceeding the Faraday cup capability)
** Limited by neutron production

(12) Conclusions
SILHI showed excellent operating conditions with deuterons. The source is as well adapted for

deuteron production as for protons, the behavior being very close to the proton production. Up to 170 mA
of deuteron beam was extracted in a pulsed mode, and 130 mA in stable operating conditions. The neutron
production in the LEBT rises rapidly to a dangerous level, and may lead to difficulties during IFMIF
operation.
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3.1.6 AC12B-EIT: Ion Source Analysis

(1) Brief Task Description
A 1270 cylinder spectrometer will be used to measure the energy distribution from an ion source.

The source will be optimized for low ion temperature and for small energy spread. With the knowledge of
the ion temperature we will estimate the beam emittance. In a second step we will check the beam
emittance at high currents using our slit-grid emittance measurement device.

Contributors
Name Party Institute E-mail address

P. Beller EU IAP p.beller~gsi.de
R. Hollinger EU IAP r.hollinger~gsi.de
H. Klein EU IAP horst.klein~iap.uni-frankfurt.de
A. Maaser EU IAP andreas.maaser@02.com
K. yolk EU IAP k.volk~iap.uni-frankfurt.de
M. Weber EU lAP manfred.weber~clariant.com

(2) Introduction
The IFMIF scenario requires a D+source, delivering a 140 mA deuteron beam in ew-mode with a

D+ fraction above 90% and a normalized rms-emittance of 0.2it mm mrad at the exit of the LEBT. Within
the IFMIF study, the Institut far Angewandte Physik at the University of Frankfurt has developed a high
current proton/deuteron ion source. The
Frankfurt 200 mA proton source belongs to the gas inlet SmCo
HIEFS volume source family and meets themant
requirements for the FMIF project [1]. The ion
source delivers 200 mA H (corresponding to slni
141 mA D) at 55 key with an H fraction of slni
93% in continuous wave operation [2]. ion source

As far as the plasma productionand
processes are concerned, the use of H+ instead electrod fite age
D+ is possible because of the similarity of the elcrd-
atomic shells of the two ions. Consequently, the insulator
cross sections for electron collisions are also innr late
similar A major advantage of using H+ is that faradayf'<>.....#'cliao
there are no D-D reactions in the Faraday cup or cup /

on the walls and hence no neutron production. repelerlorbi
For that reason, in this study for beam energies P1270 cylinde 
higher than 20 key the ion source was operated Ispectromer 
with hydrogen instead of deuterium.K

(3) Experimental Setup
Figure shows a schematic cross-tub

sectional view of the experimental setup. An pm
electrostatic 1270 cylinder spectrometer was50Is
used as the energy analyzer, with a relative
energy resolution of 0.5%. The diameter of the M water channel insulator
entrance hole is mm, and the radii of the inner
and outer plates are 50 mm and 75 mm, copper stainless steel
,respectively. A slit aperture of mm height is
installed at the exit of the spectrometer, followed magnets r brass
by a screened Faraday cup. Fig. Experimental setup: ion source and energy

analyzer, not to scale.
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(4) Ion Energy Distribution ___________________

The ion temperature was Measured ion energy
first estimated by means of the distribution
measured ion energy distributions.
Figure 2 presents a typical ion Calculated Maxwelian energy
energy distribution for an input C itiuinfra o
power of 10 kW, gas pressure ofteprueofT0.V
30 Pa and filter field strength of Cn

15 rnT. These are optimum source
parameters for the extraction of a P~~=1k
200 mA proton beam. Moreover, Pow=er 5mTk
in this operation mode the H2+ Pfl=O ma
and H3± fractions of the ion beam P3~
are below 4%. In order to estimate o 5 1'0 1'5
the ion temperature, a suitableIoenry[V
Maxwellian fit for the measuredIoenry[V
ion energy distribution was Fig. 2 Comparison of the measured and calculated ion energy
calculated. distribution used to estimate the ion temperature.

Figure 2 illustrates the
measured ion energy distribution
and the calculated Maxwellian fit for an ion temperature of kT = 0.5 eV. The height of the Maxwellian
distribution was scaled to the height of the measured distribution. A comparison of the half-height widths
and the high energy tails of both measured and calculated curves shows that the ion temperature is about
kT, = 0.5 eV Taking into account the two factors which are responsible for an increase in the energy spread
of the measured curve (resolution of the analyzer and gradient of the plasma potential) the ion temperature
can be estimated to be kTj < 0.5 eV, a very low value for ion sources.

Please note that the measured mean ion energy of 5.2 eV in Fig. 2 is not the mean energy of the ions
in the plasma. When leaving the plasma, the ions have to cross the plasma wall potential, leading to an
energy of eUpw. Within the plasma the ions have only a thermal energy distribution.

(5) Electron Energy Distribution
In Fig. 3 the influence of the gas pressure on the electron energy distribution is demonstrated.

Therefore, it was also necessary to investigate the influence of the neutral gas pressure on the electron
energy distributions. As the gas pressure was changed from 0 to 30 Pa, it was not possible to keep the input
power constant. Consequently, with
increasing gas pressure the arc current C7 
also rises. The spectra were measured P = 0 Pa a Uarc 7 
during operation without the magnetic P = 1 Pa Bfk=0 mT
filter, in order to detect electrons
emitted by the filament. The arc P = 30 Pa
voltage was kept at 75 V. Figure 3 P 5 Pa
presents the result of these
investigations.

The electron energy
distribution can be divided into three
groups according to their mean
energy: high (a), middle (b), and low
(c) energy electrons. Without any
neutral gas (the arc is off) there are0 20 4 60 8 10 10
only high energy electrons with a Electron energy [eV]
mean energy corresponding to the Fig. 3 Electron energy distribution as function of different
applied arc voltage of 75 V. These gas pressures (arc current) at low input power.
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electrons are generated at the filament and accelerated to the plasma chamber or plasma electrode without
any interactions. In this operation mode, the mean free path length is in the range of the plasma chamber
dimension.

For a glow discharge (P =1I Pa, Pi,,, = -IO0W) the energy spread of the high energy electron peak
rises because of inelastic and superelastic collisions. Moreover middle (b) and so-called bulk electrons (c)
are registered. These are electrons from the filament, which are decelerated due to inelastic interactions
with other plasma particles generated in the plasma.

The higher the gas pressure, i.e. the arc current, the more middle energy and bulk electrons are
observed. At a gas pressure of 30 Pa and an input power of about 2 kW, more than 80% of the electron
population consist of bulk electrons. Only a small fraction of middle energy electrons are detected, high
energy electrons are thermalized in the plasma, and filament electrons do not achieve high energies due to
frequent inelastic collisions with other plasma particles.

The result is that the mean free path and the mean energy of the electrons are affected by the
neutral gas pressure and the plasma density. It is remarkable that a gas pressure of 30 Pa (at the gas inlet!)
reduces the electron energies to such low values, even in operation without a filter magnet. Consequently,
for operation with typical arc power (10 kW) and typical source pressures (30 Pa), only a small filter field
flux density is necessary to prevent the high energy tail in the energy distribution.

As a further step, the electron temperature was estimated with a Maxwellian fit as already
performed in the case of the ion energy distribution. Figure 4 shows a typical measured electron energy
distribution and a suitable
Maxwellian fit for an assumed measured electron energy
electron temperature of k, = 1.2 eV. distribution

The low electron
temperature, even in operation with :3calculated Maxwellian energy
full arc power, is the basis for the __ distribution for electrons with a
low ion temperature in the plasma. .C eprtr o T 2e
Otherwise the ions in the plasma are
heated by means of "Coulomb P =~u 10 kW
heating" with hot electrons. This is a Bymter =15 mT
big advantage of arc discharge P =30 Pa
sources compared to ion sources 
with an rf coupling for plasma
generation. In the later type of ion 0 5 10 15 20
source, the electron temperature and Electron energy [eV]
the beam emittance are considerably Fig. 4 Comparison of measured and calculated electron energy
higher.

distribution used to estimate the electron temperature.
(6) Magnetic Filter

The magnetic filter is a key element for the production of a nearly pure proton (deuteron) beam.
Therefore, it is important to investigate its influence on the ion and electron energy distribution. Figure 5
displays the electron energy distribution for three different filter field strengths. Analysis shows that the
magnetic filter has two main influences. First, it reduces the electron temperature and second, in operation
with optimum filter field strength, only low energy electrons (bulk electrons) are detected.

The reduction of the electron temperature can be qualitatively seen as the decrease of the energy
spread with increasing filter field strength. At filter field strength of 15 mT, the energy spread of the bulk
electron peak is only 2 eV, compared to an energy spread of 10 eV in operation without the magnetic filter.
The influence of the filter field strength on the electron temperature was also observed in a study of the
positive ion energy distribution (not presented in this paper). In operation with the optimum filter field
strength, the plasma wall potential is about 0.7 V lower than in operation without the magnetic filter.

The influence of the filter field on the high energy tail of the distribution is obvious in Fig. 5.
Without any filter, high energy electrons are detected with energies up to 88 eV (arc voltage = 85 V). With
increasing filter field strength the area of the high energy tail decreases. That means energetic electrons
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from the filament or the region around
the filament are thermalized. At a filter =0rn
field of 15 mT no high energy electrons filte
are measured. input m 1 0 kW

The effect of the magnetic filter bilter =1mT P =30 Pe
co

can be understood in the following way.
By means of the transverse magnetic
field electrons are forced into curved (
paths. Consequently, the distance covered
between two points in the plasma is
increased and so is the probability of
inelastic collisions with other plasma
particles. Due to the higher number of 0 20 40 60 80 100 120
inelastic collisions, the mean electron
energy as well as the electron Electron energy [eV]
temperature is reduced. The influence of Fig. 5 Electron energy distribution for different magnetic
the filter is stronger for the morefitriedsenh.
energetic electrons. If the electron energy
drops below the lowest excitation energy, the filter has only a weak influence.

This investigation demonstrated that a filter field flux density of 15 mT is strong enough to keep
the mean electron energy below 5 eV, an optimum energy for a high proton (deuteron) yield in the plasma.
Higher field strength is not useful because it would lead to beam deflection in the extraction system.

(7) Conclusions
The Institut ffur Angewandte Physik developed a high brilliance 200 mA proton (deuteron) source

(corresponding to 141 mA D3) for IFMIF. An H+ fraction of 93% and current density of 400 mA/cm2 was
achieved in cw-mode operation.

In order to get optimum beam performance, basic plasma investigations have been performed on
this source. An ion temperature below 0.5 eV has been derived from the measured ion energy distributions.
Such a low ion temperature is an excellent basis for a low ion temperature in the beam, which is favorable
to low beam emittance. An analysis of the ion and electron energy distributions for different source
pressures shows that a pressure of 30 Pa is sufficient to prevent the distinctive high energy tail of the ion
energy distribution.

The electron temperature in the plasma is estimated to be 1.2 eV for full source power.
Consequently, there is little heating of the ions by the electrons. This is also an important precondition for
low beam emittance. Furthermore, for arc powers between 5 and 10 kW, the mean electron energy in the
plasma is almost constant. This guarantees optimum mean electron energy (5 - 10 eV) for plasma
generation with high proton (deuteron) yield.

The influence of the magnetic filter on the electron energy distribution was studied to find the
optimum filter field flux density. It was found that a filter field flux density of 15 mT is necessary to
prevent a distinctive high energy tail of the electron energy distribution, an important condition for a high
proton (deuteron) yield in the plasma and for small beam deflection.
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3.1.7 AC13B-EU: Low Energy Beam Transport

(1) Brief Task Description
A LEBT system consisting of two solenoids will be used to analyze the space charge compensation

process, the transmission and emittance growth as a function of beam current, beam size, current
fluctuation, and residual gas pressure. (These are believed to be the most important factors.) The behavior
of the beam current, emittance, and space charge compensation is studied and measured between the ion
source exit and the REQ entrance.

C ontributors _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Name Party Institute E-mail address
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(2) Introduction
In the FMIF project the low energy beam transport (LEBT) from ion source into the first REQ is

characterized by very high space charge forces. Therefore the lens system has to counteract the space
charge forces without major aberration or emittance growth. Additional varying space charge forces due to
current fluctuations, source noise, and rise time of space charge compensation negatively influences the low
energy beam transport and the injection into the REQ. Rotation of the emittance pattern as a fnction of
time increases the time integrated emittance. Varying twist parameters of the emittance inhibit proper
injection into the REQ and decrease the transmission. Numerical simulations including a beam current
variation of +2 % at frequencies from 20 kHz up to 5 GHz have been performed for different transport
systems.

(3) Beam transport simulation from ion source to RFQ
(3.1) Beam extraction

Simulation of the influence of varying beam current on beam extraction has been performed using the
IGUN code. It was assumed that a varying plasma density in the ion source is the main cause of the current
fluctuation. Figure shows the tiode extraction system geometry used for simulation of the trajectory plot
(Fig. 1) of the Dt beam with nominal current 140 mA.

Figure 2 shows the emittance at the end of the extraction system (at ground potential) for the three
different ion currents (137.2, 140, and 142.8 m-A). Due to the space charge forces the beam radius and
angle increase slightly with the current. The decrease of the RMS-emittance indicates that the extraction
system is optimized for a slightly higher current than the nominal 140 mA.
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Fig. Trajectory plot of the ion extraction from the ion source, calculated with IGUN.
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Fig. 2 Emittance at the entrance of the LEBT system for varied extracted beam currents, obtained

by simulations using the computer code IGUN.

(3.2) Electrostatic (decompensated) transport
In Fig. 3 the layout of the electrostatic LEBT system used for calculating the beam transport is shown. The

LEBT was kept as short as possible (Ez< 7.7 kV/mm) to reduce the influence of the space charge forces. The
particular shape of the electrodes was used to flatten the field distribution and therefore reduce aberrations.

Figure 4 shows the emittance at the exit of the electrostatic LEBT for the three different cases. Due to the
space charge forces the beam radius decreases slightly (1.6, 1.5, and 1.3 mm) and the envelope angle increases
strongly (50, 60 and 80 mrad) with the current. This increase in angle can be explained also by the increasing
space charge forces leading to a higher degree of lens filling in the last electrode and to a stronger deflection.
The increase of the RMS-emittance (- 100% between the -2% and the +2% cases of the simulation) shows the
effect of higher lens aberrations due to the increased degree of lens filling.

(3.3) Conclusions:-
Figure 5 shows the phase space distribution of the three cases of electrostatic beam transport. This is

comparable to the effective time-integrated emittance at the entrance (left) and the exit (right) of the electrostatic
LEBT. Due to the current fluctuations the RMS-emittance at source exit is slightly (12%) higher than for the
nominal current. At the LEBT exit the RMS-emittance growth has already increased to 33%. The additional 21 %
is mostly due to the higher space charge in the 142.8 mA case. This leads to extensive redistribution due to lens

E4

0 E IC 15 QC 25 30 3f 40 
z [mm] 1Owb4O016jqQ*&ctt(

Fig. 3 Comparison of measured and calculated electron energy distribution used to estimate the

electron temperature.
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1=137.2rMA 1=140rMA I= 142.8mA
s,',-,,,S-0,0524 ntmmmrad g,,,,,,,=0,0766 itmmmrad I =0138 nmmmrad

4O 4

Fig. 4 Emittance at the exit of the electrostatic LERT system (RFQ entrance) for varied extracted
beam currents. The simulations have been performed using the computer code IGUN.

source exit time integrated LEBT exit, time ntegrated
1=1I40m-A+- 2 % 1=l40OmA +-2 %

c, 4J4>%,fll=,0675 xcmmmrad 001 9 xcmmmrad

>444 I~~~~~~~~~~~V

Fig. 5 Input (left an upt(ih)eitneo1h lctottcL bandb iuaino

Fig.5tiInput (Ft acun ututight emittnce the electrostatic leRsytm obaied unbe smton ofth

requirements for IFMIF.

(4) Magnetic (space charge compensated) transport
Knowledge of the time scale of the disturbance (fluctuation frequency) and the reaction time of the

compensated beam plasma is necessary for simulation of the influence of varying beam current on space
charge compensated beam transport [1]. From these, two frequencies can be defined. The maximum
frequency (fmax) is given roughly by the plasma frequency (for IFMIFfmax, 0. 5 GHz ) and the minimum
frequency ( fin ) is defined by the production mechanisms of the compensation. Below fn the
compensation is adiabatic and can be neglected for beam transport properties. Above fa,, the space charge
compensation cannot follow the current disturbance.
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(4.) Measurements of the rise time of compensation.
For FM1Ff,,i, has been determined from Saclay rise time measurements at the H-' injector [2]. Figure

6 (left) shows the development of the beam current (for a pulsed ion source) as a function of time. The rise
time of the ion current (given by the ion source) can be estimated by measurement using a Faraday cup to
approximately 7 s. Figure 6 (right) shows the development of the beam potential on beam axis as a
function of time for different residual gas pressures from which different theoretical rise times of
compensation (2.3-10 ps) can be derived. The rising potential during the first 2-3 jis is due to the rise time
of the source, the falling potentials after 3 Vis is already the effect of the space charge compensation (for
100 % variation of the space charge !). As a result for IFMIF, the lower boundary frequency will be
between 200 kHz >fmjn > 20 kHz (depending on the residual gas pressure).

Therefore simulation of the low energy beam transport using the LINTRA code [3] under assumption
of a two solenoid LEBT section (shown in Fig. 7) has been performed for different ion currents and for
three different scenarios (fnoise < 20 kHz ;.Aoie 1 I00 kHz ; fois,> 5 00 MHz).

Figures 8 and 9 show results of simulation with the LINTRA code under the assumption of a
source noise frequency of 100 kHz (space charge fluctuations are partly compensated, and the
resulting variation is +1.2%). The variation of the emittance at the exit of the magnetic LEBT section

Current fluctuation measurements time resolved measurement of the
(pulsed beam) beam potential (on axis)

400
1.0 38.4-106 hPa / l Ops

0.9 ~~~~~~~~~~~~~350 57'10-6 hPa / 7.2ps

cc o.8 0 180-10- hPa/2 3ps

0.7 ~~~~~~~~~~~~~ ~250
E 0.6
o 0.5 -4*-COD Cameral 2200
-C C

0.4 -YFarcclaycup q~150 /
.5 0.3 0C ~~~~~~~~~~~~a 0

a) 0.2
C 0.1 ~~~~~~~~~~~~~~~~50 

0.1 

0 10 20 30 40 50 60 70 80 90 100 0 1 2 3 4 5 6 7 8 9 iC

time [s] time [las]

Fig. 6 Left: Ion current measurements as a function of time using a faraday cup and CCD
camera measurements of a pulsed ion beam. Right : Development of the beam potential
as a function of time for different residual gas pressures, determined by time resolved
measurements with a residual gas ion energy spectrometer.

DO ~ ~ D

40

~20

0
0 00 200 500 400 OWO 6 00 UGV

Z Imi
Fig. 7 Schematic drawing of the magnetic LEBT for IFMIF including beam

envelope for 140 mA.
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1 137.2rnrA I=< 140 rrA I 1 42,8 nI

~0,0751 immnmrad F, ~0,0750 7tmmmrad -,-0,081 7 immmrad

Fig. 8 Simulation of beam transport for constant space charge compensation (20 kHz < fise < 100

kI~z) using entrance emittances according to Fig. 1.

is mainly influenced by the variation LB xt ieitgae
of the LEBT input emittance due to LB xt ieitgae
the varying input emittance I = 1 40 mA +1-- 2%
delivered by the ion source (see Fig. F~100%,-.S0,O81 7 rrmmmrad
2).

(4.2) Conclusions
Measurements of space charge

compensated beam transport at Saclay
have shown the influence of the
compensation rise time on beam
transport. From those results a
boundary frequency can be derived.
For noise below the boundary
frequency no major influence on the I7-'N

compensation is expected.
Calculations show that even for Fig. 9 Time integrated emittance gained from the
current fluctuation of ±2% amplitude, simulations (see Fig. 8) of beam transport for
no significant emittance growth is constant space charge (100 kHz < f, ) using
expected. The injection parameters for entrance emittances according to Fig.2. using
IFMIIF can be fulfilled by magnetic entrance emittances according to Fig.l. Left for
focussing using two solenoids, even space charge variation of +/- 1.2 % ( 20 kHz <
for a variation of the beam current of <0 <500 MHz) right for a variation of +1- 2 %
±2% at any frequency. (500 MHz < fise < 5 GHz).

(5) Beam transport using space
charge lenses (Gabor lenses)

Gabor lenses used for beam transport not only deliver strong cylinder symmetrical focussing but
also totally compensate the space charge of the beam within the lens. This is valid up to the plasma
frequency (app. 5 GHz). Outside the lenses the degree of compensation is reduced compared to magnetic
focussing [4]. This is due to the heating of the electrons inside the lens. On the other hand, this exchange of
lens electrons and compensation electrons increases the boundary frequencies for fluctuations outside the
lens. A magnetic field for electron capture below 0.2 T and an electrode potential of 15 kV is necessary to
fulfil the injection requirements at the RFQ entrance. Figure 10 shows the results of transport simulations
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LEBI exit, time integrated LEBI exit, time integrated
1=140mA±+/- 2% 1=14OmA±+/-2 %

Ilooo rms, 0.088 Timmmrad E]CC%rmsn = 0.089 rTmmmrad

BIGPL3 BIGPLA

Fig. 10 Time integrated emittances gained from a simulation of beam transport

(using Gabor lenses) using entrance emittances according to Fig. 1.

Left for space charge variation of +/- 1.2 % ( 20 kllz < fis, < 500 MHz).

Right for a variation of +/- 2 % ( 500 MHz < fi, < 5 GHz).

for IFMIF for a variation of beam current of ±2%. The degree of lens filling was 84 % for the chosen
geometry. An overall eittance growth of 54% (0.088 it mm mrad) is forecast. The additional eittance
growth due to current fluctuation is mainly caused by the variation of the input emnittance. An additional
emnittance growth of 15% is found.

(5.1) Conclusions
For variation of the beam current of ±2%, minor changes in beam transport have been found. An

overall growth of the time integrated emittance of 15% is not significant and is mostly caused by the
variation of the input enittance delivered by the ion source. The injection parameters for JEMIF can be
flulfilled by a LEBT system consisting of Gabor lenses, even for variation of the beam current of +2%.

(6) Summary
The influence of current fluctuations of +2% on low energy beam transport has been investigated

numerically for three different transport systems. For electrostatic systems the largest growth of the time
integrated emittance has been found (77%, at app. 50% lens filling) partly caused by the variation of the
delivered source eittance and the varying space charge in the lens. Space charge compensated transport
shows better results (42% for solenoids below a frequency of 100 kHz at 50% lens filling, and 54% for
Gabor lenses below a frequency of 5 GHz at 84% lens filling). For compensated transport the main source
of emittance growth is the variation of the source eittance. Comparison between magnetic systems and
Gabor lenses shows a slightly better performance of the solenoid system, but only at very low frequencies.
On the other hand the magnetic field strength is reduced by at least a factor of seven. Therefore the
investment cost for Gabor lenses is approximately 50% of the solenoid solution. Both fulfil the
requirements for IFMIF even at a current variation of +2%. The beam transmission is mainly influenced by
residual gas interaction (10% depending on residual gas pressure) and not dominated by radial losses (for
all cases <1%).
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3.1.8 AC13C-JA: Test of Low Energy Beam Transport

(1) Brief Task Description
The LEBT system using solenoid coils is to be tested in the ITS-2M test stand with a 60 keV/200

mA H+ ion beam, whose space charge is higher than the 155 mA/I100 ke D ion beam. The beam
emittance growth exceeds the permissible value; therefore, an electrostatic LEBT system is to be tested.

Contributors
Name Party Institute E-mail address

K. Watanabe Japan JAERI watanabe~nakajaeri.gojp
T. Iga Japan JAERI igataka~fusion.nakajaeri.gojp
T. Morishita Japan JAERI morishit~fusion.nakajaeri.gojp

(2) Introduction
The ion beam extracted from an ion source is transported to the RFQ which accelerates the 100

keV D+ beam to an energy of 5 MeV [1]. The LEBT transports the beam from the ion source to the RFQ
with acceptable beam emittance for the RFQ. In the present experiment, performance of a LEBT using
solenoid coils attached to the multi-cusp type ion source [ 1-3] has been investigated.

(3) Experimental equipment and conditions
The experimental

setup is illustrated in Fig. 1. Solenoid #1 Solenoid #2 Emittance
The LEBT was mounted (Max. 5 T) (Max. 1 T Scnner Multi-channel
between the ion source and Ion Source 0 506 733 8?Calorimeter
vacuum chamber. The (Max.60 V)ressure

LEBT consists of a pair of Measurement 3
solenoid magnet coils, each H a ne
coil having 225 turns. TMP
Dimensions of the coils are
193 mm inner diameter, (20Isx3
266 mm outer diameter, Accellerator rsueVcu
and 108 mm thickness. Column esrmn hme
Each solenoid coil can Pesr
produce a magnetic field of Measurement 1
about 0. 15 T at the centerI.. . . . .. . . . . . . . . . . . . .
with acurrent of 5OA. A 0 1 2 3'1 4m
typical magnetic field Fig. Experimental setup of the LEBT.
distribution in the LERT is
shown in Fig. 2. 0.25 Ca 1 ColJEM Scanner

The multi-cusp ion 92073 1s2Si

source used in this Ei #
experiment is illustrated in Neetoe** *#

Fig. 3. Dimensions of the 6 1 * 2
multi-cusp plasma w *_
generator are 120 mm IL 0.10 ----a 
diameter and 122 ml
depth. Two pieces of W 0

tungsten filament cathode 0
were installed in the 0
plasma generator. An 0
electrostatic accelerator has POSITION, z(m)
a two-stage acceleration Fig. 2 Magnetic field distribution of the LEBT.
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system with a single aperture of 12 mm diameter. AcCabrFlmn
Detailed structure of the ion source accelerator is given (1.24 x 60mm)
in task report AC 11 JP Permanent

A turbomolecular pump (TMP) with pumping Magnets
capacity 500 U/s was mounted between the ion source PG
and the LEBT. The distance between the exit electrodeDE
and the first solenoid coil is 924 mm, and the distance
between the two coils was 500 mm. A current
transformer was installed downstream of the second
magnetic coil to measure the ion beam current. An
emittance scanner was installed 2140 mm from the exit 
electrode, And a multi-channel calorimeter was mounted
2727 mm from the exit electrode. Three TMPs (2200 f/s
x 3) were used for vacuum pumping. Hydrogen gas was
fed to the plasma generator.

The experiment was performed at the test stand
ITS-2M. This test stand can operate up to the
acceleration voltage of 60 kV, and the experiments were
performed at this energy level. In the experiments, gas Fig. 3 Configuration of the multi-cusp
pressure distribution in the beam line was measured; ionl source.

then the beam transport experiments were performed.
t2=3Ol /mid SI02Oi/min x 3

(4) Results and Discussion Ps=1.4Pa-
Typical operating pressure of the ion source was

1.4 Pa with hydrogen. Gas pressure distribution in the
beam line is shown in Fig. 4, with both calculated and
measured pressures given. Good agreement was
confirmed between them. The pressure distribution
showed that the LEBT region is in the range of 0.00310_
to 0.03 Pa. A line density from the exit electrode to the A

exit of the LEBT was estimated to be about A. .I-- esuern

1.02x10 5c 2.Neutralization efficiency of the H 
beam for this line density was estimated to be about co0.1 Ii-____ 

10% for beam energy of 60 keV. In this pressure 001 4 _ _____

region the H ion beam tends to diverge by space
charge effects without a converging method [4]. 

The beam measured 2.7 m downstream from the 0 1 2 3 4 5 6
source is shown in Fig. 5. ByDISTANCE (ml

exit electrode of the ion souceisshwnnig__ B

increasing the magnetic field strength from 0.07 to Fg a rsuedsrbto nteba
0. 18 T, the ion beam converged from 60 mm Fg a rsuedsrbto nteba
(e-holding half width of the beam profile) to 10 mm. transport region.

Beam current was measured 1.5 m downstream
from the ion source by using a current transformer. The measured beam current was 92 mA at energy 60
keV. By extrapolation and taking into account the same perveance of the beam to energy 100 keV, this
current corresponds to a beam current of 198 mA for hydrogen, and a D+ beam current of 140 mA. From
these estimates, the space charge of the transported beam is similar to the rated beam for deuterons.

Beami emittance was measured before and after the LEBT. Figure 6(a) shows the measured emittance
at the ion source exit. The beam energy was 60 keV. The beam current was varied from 103 mA to 134 mA
by changing the arc discharge power in the plasma generator. The 63% emittance was about 0.27 t

mm.mrad at beam current of 11 0- 120 mA where the smallest beam divergence was observed. The 00%
beam emittance showed a big variation with the beam current; however the 63% emittance did not change
as much.
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The beam emittance measured at the position after 80
the LEBT is shown in Fig. 6(b). Emittance growth has E

been observed. The 63% emittance was 0.67 7c mm.mrad. I Hrizna
An example of the emittance diagram is shown in Fig. W 60 I
7(a). Diverged component of the beam can be seen in the 
diagram. The beam core profile is shown in Fig.7 (b). The R 

0core of the beam component is strongly converged by the 40

LEBT. The e-folding half width of the beam core profile 
was only 1.3 mm. (

Diverged beam has been converged strongly by the 6 2 Vacc=6OkV
LEBT. Though the beam core could be converged to a 1acc=1 1 3mA
very small beam diameter, the emittance could not be kept W =0.0i074Pa

* 0 k IIII~,.-
in the extracted beam. One of the reasons to produce a 0 50 100 150 200 250
larger emittance is believed to be due to the strong COIL CURRENT LcII Al
convergent the divergent beam. In this experiment, the
position of the LEBT was fixed as shown in Fig. 1. The Fig. 5 Beam converging by the LEBT.
distance between the exit electrode and the LEBT coil

2.5 ~~~~~~~~~~~12 -

Ion Source Exit A JAfter LEBT_____
2.0 - V10 ------------~ 1

A. 10%E 100% A,

E 6~__ -

E~~~~~~E

0.5 * * - I 90%0% 4

*63 ~ U63 %
11 20 10100 6% . ,

100 11 120 10 140 150 100 110 120 130 140 150
lacc [mA] lac [A]

Fig. 6 (a) Beam emittance measured at the (b) Beam emittance measured after the LEBT.

Exit of the ion source. (Vacc=6OkV, Vdec=-6V, Ps=1.4Pa, PLEBTI=2.6x

10-2Pa, PLEBT2=7.7xl10-3Pa, Pvac=3.2x10-3Pa)

20 7~~~~~~~~~~~~~~ .01-9.01 
76.01-7.018

0 9~~~~~~~~~~~~4.01-5.01 i 6d
0 m~~~~~~~~~~~~~~~~U3.01-4.01

EU 1.120 F1. ril, 1.3 mm

-30~~~~~~~~~~~~~~~~~~~~~I
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POSITION, X mm]

Vac60 kV, Vdec =-6 kV,
P,=1.4 Pa, PLEBT1 = 0.026 Pa, PLEBT= 0.0077 Pa, BEAM CORE PROFILE

P~ac 0.0032 Pa, Parc, 7.6 kW

(a) (b)

Fig. 7 Emittance diagram and beam core profile after the LEBT.
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was longer than 0.9 m. This layout produced the divergent beam down stream of the ion source, because
the space charge effects of the beam are strong in the low pressure region. Some modifications of the layout
which can converge the beam before diverging is required to produce smaller beam emittance.

(5) Conclusions
The low energy beam transport composed of two solenoid coils connected to the multi-cusp ion

source has been tested. In the preliminary test, the beam converging by the LEBT was confirmed. The
beam current up to 92 mA at 60 keV was transported by the LEBT. The space charge of this beam
corresponds to the 140 mnA D4 at energy of 100 keV, which is near the rated beam space charge.
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3.1.9 AC34B-JA: Examination of Beam Matching to RFQ

(1) Brief Task Description
Mock-up modules of a 175 MHz RFQ were designed and fabricated for low power measurements.

In the design work, the MAFIA code was used; resonant frequencies for the operating mode and higher
modes as a function of RFQ longitudinal length were analyzed. Using the mock-up module for RFQ
lengths of 1.1 m and 2.1 m, the resonant frequencies were measured. The measured frequencies agree with
the calculated values within MHz.

Contributors ________ _________________________

Name Party Institute E-mail address
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M. Saigusa Japan lbaraki U. saigusa~ee.ibaraki.ac j
S. Sazawa -Japan Ibaraki U. sazawa~popx.tokaijaeri.gojp
M. Sugimoto -Japan JAERI sugimoto~ifinif tokaijaeri.gojp

(2) Introduction
In the 175 MHz IFMIF RFQ system, a deuteron beam of 140 mA is injected at 0.1I MeV and

accelerated to the output energy of 5-8 MeV. As an RFQ longitudinal length of about 12 mn will be needed,
suppression of higher modes is indispensable. For this purpose, a coupled cavity technique was developed
by the APT/LEDA project of LANL, where a 350 MHz RFQ with 6.7 MeV output energy was built and
operated. This study addresses verification of the technical issues in the 175 MHz IFMIF RFQ system.

In the first step, it is important to establish the design method for the 175 MHz R.FQ mock-up
modules. The first issue is to obtain the know-how for setting the mesh size in the analysis code, in order to
achieve good agreement with measured values. For this purpose, 175 MHz RFQ mock-up modules which
consist of two end-plate modules and RFQ modules, were designed using the MAFIA code. The mock-up
modules were fabricated for low power tests. For both modules, a simplified vane shape was designed,
without longitudinal modulation.

In the design work, resonant frequencies for operating mode and higher modes as a function of
RFQ longitudinal length were analyzed. In the low power tests, the resonant frequencies were measured for
RFQ lengths of 1.1 m and 2.1 m, and the measured frequency were compared with the calculated values.

This report presents design of the 175 MHz mock-up module using the MAFIA code, the resonant
frequency analysis for the operating mode and higher modes against RFQ longitudinal length, and the low
power test results.

(3) Design of the 175 MHz RFQ mock-up module and the numerical calculations
Cross-sections of the RFQ module and a side-view of the end-plate module, which were designed

using the MAFIA code, are shown in Fig. I and Fig. 2. The bore diameter is 08 mm and the radius of the
vane-tip is 4 mm. For the dimensions of the RFQ module, the resonant frequencies of the TE210 and TE11IO
modes calculated by the SUPERFISH code were 183.8 MHz and 179.4 MHz respectively. With this RFQ
dimension, the end-plate configuration is optimized to achieve uniformity of the electric field distribution
vs. longitudinal length using the MAFIA code. The optimized gap length between the end-plate and the
vane edge is 4 cm, and the vane under-cut length is 7 cm. The decrease of electric field at the vane edge is
1% of the electric field in the RFQ module as shown in Fig.3.

With the RFQ module combined with the end-plate modules, the resonant frequency of the operating
mode (TE210) and higher modes (TE11n, and TE21n) vs. RFQ longitudinal length were analyzed using the
MAFIA code (Fig.4). For the RFQ length of 1.1 m, the resonant frequency of 186.786 MHz for the
operating mode (TE210) and 187.309 MHz for the dipole mode (TE110) were obtained, respectively. In the
2.1 m case, frequencies of 186.438 MHz for TE210 and 184.386 MHz for TE110 were calculated. The
difference frequency of TE210 is 348 kHz, but the difference is 2.913 MHz for TE110. In the case of 2.1 n
length, higher modes (TE211 and TE111) are also shifted, to 198.518 MHz and 199.388 MHz, respectively.
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Bore diameter; (le mmU 

Vane tip

Fig 1 Cross-section view of 175 MHz RFQ module. Fig. 2 Side view of end-plate module.
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z-axialIlength []E10 n hge mds
End plate

Fig. 3 Resonant frequency of operation mode
(TE210) and higher modes against RFQ
length.

(4) Low power measurements
Figures 5 and 6 show photographs of the RFQ module and the end-plate module. Both modules are

made of aluminum, and the modules are connected by flanges. Each REQ module length is m; the RFQ
length combined with the end-plate module s are 1.1I m and 2.1 mn, respectively. The resonant frequency and
phase are measured in both cases.

Resonant frequency spectra which were measured by a network analyzer are shown in Fig. 7.
The solid and dotted lines show spectra for 1.1 m and 2.1 m length, respectively. In these

measurements, a loop antenna of @60 mm and a pick-up coil of @25 mm were used. Two peaks for 1.1I m
and four peaks for 2.1 m were measured. For each peak, the resonant frequency was measured in detail
with a frequency resolution of kHz. These measured resonant frequencies and the calculated frequencies
are indicated in Table and Table 2, respectively. The measured frequencies are in good agreement with the
calculated values, within 1 MHz. In order to obtain good agreement with the measured values, it was found
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Fig. 5 Photograph of RFQ module. Fig. 6 Photograph of end-plate module when
the end-plate is removed.

0 ~ ~ ~ l mTable 1 Resonant Frequency for REQ length
of 1.1 m (Unit: MHz)~.

-20 ............ ...... TE210 TE 0
Calculation 186.786 I187.309
Measure 186.781 I187.724

6-40 t ~~ ~ ~~~~~~~~~~~~~Af +0.005 -0.415

Table 2Resonant Frequency for RQlength
-80 1".. ........ ....... of 2.1 m (Unit: MHz).

TE110 TE210 TE211 TE1
10 10 10 0 1 Calculation 184.386 186.438 198.518 199.388

Measure 185.138 186.758 198.464 200.023
Frequency [ MHz] Af +0.752 +0.320 ±0.054 +0.612

Fig. 7 Measured resonant frequency by
Network analyzer.

that a mesh size not in excess of 5 nun/mesh in the z-axial direction is needed for the end-plate parts, since
the boundary conditions at the end-plate parts are a complicated configuration with vane-undercut parts and
a gap between the end-plate and vane-edge. For RFQ module parts, the mesh size should be 27.5
mm/mesh or less.

(5) Conclusions
RFQ mock-up modules were designed using the MAFIA code and fabricated for low power tests.

Measured resonant frequencies are in good agreement with the calculated values, within MHz for the first
step. We also obtained the know-how to optimize mesh size in the MAFIA code. The MHz difference
observed in this first step is not yet satisfactory, as an accuracy at the 10 kHz level is required for RFQ
design work. We plan to improve the measurement tools and the vane alignment in continuation of this
work.
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3.1.10 AC20-US: Equipartitioned RFQ Beam Dynamics Design

(1) Brief Task Description
Preliminary designs meeting the IFMIF RFQ beam performance requirements were completed for

maximum rf voltage conditions on the RFQ vanes corresponding to 1.7 and 1.8 times the Kilpatrick Limit
at 175 MHz. []

Contributor
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(2) Design and Simulation Strategy
As part of a larger investigation, a procedure for REQ design and simulation has been developed

that is very flexible and allows many design strategies to be studied. The program is named LINACS and
is programmed in Mathematica.

IFMIF RFQ designs were developed for 140 mA, 0. 1-8.0 MeV deuteron RFQs with the field held
at 1.7 or 1.8 Kilpatrick throughout. The design strategy sets the local vane voltage according to the KP field
and the values given for the other parameters.

The design procedure begins by requiring that the beam is at an equipartitioned equilibrium [2] at
the end of a shaper section. This powerful space-charge physics principle minimizes free energy in the
system and avoids resonances that are the mechanism for creating beam halos that could be scraped off,
causing radioactivation of the structure. At the end of the shaper, the synchronous phase is set at a few
degrees from 90o, and an aperture is defined. The design proceeds from the shaper-end back to the
beginning of the REQ.

A weakened value of the focusing variable B is defined at the beginning of the shaper (end of
radial matching section), resulting in a larger bore there. This procedure was adopted by Lloyd Young,
who weakened the B value at the REQ entrance in order to make the input match convergence less severe
and therefore less sensitive. B is then ramped linearly to the value required at shaper-end. In this report,
B at the shaper-input is 60% of the B at shaper-end.

A "porch" (section where Os=-90') is used at the beginning of the shaper to minimize the highest
energy of any lost particle. (The porch length and overall shaper length in the designs in this report may
be somewhat longer than necessary, and might be made shorter after further optimization.) The length of
the shaper and the parameter ramping through the shaper are then found using a set of rules based on
space-charge physics principles. A standard, linear-ramp radial matching section (typically four cells) is
added before the shaper. The aperture at the end of the shaper is optimized for maximum transmission.

In the main part of the RQ, the beam is maintained at an equipartitioned condition, with
eln/etn=yrmsl/rmsr--o/o1=2 in most of the cases described. Other tune trajectories can also be tested
easily, and a few are discussed.

The synchronous phase is set according to a Teplyakov/Kapchinsky principle that maintains a
prescribed ratio between the longitudinal beam size and the left edge of the bucket. This ratio may vary
along the REQ. Two ratios were used in this study: Ifacl means that the longitudinal aperture factor was
increased by 1.0 from its value at the shaper-end, over a length of 11.5 m. facO means the longitudinal
aperture factor was kept constant at its value at the shaper-end.

The transverse aperture is usually allowed to increase (linearly with P3) by a factor of about two, to
minimize particle losses while at the same time trying not to increase the overall length too much. Tests
were made with other aperture rules, e.g., less aperture growth or constant aperture after the shaper.

The two matching equations and the equipartitioning equation are then solved to find the
transverse and longitudinal rms beam sizes and the vane modulation.

The design is tested by simulation in the PTEQ code [3]. PTEQ does not include special end cells
like the Crandall cell, or image charges, and multipoles were turned off. Robin Ferdinand has stressed
that Saclay feels that multipoles and image charges must be included for such intense beams [4]. The
more powerful codes like TOUTATIS include these effects. In some previous studies on multipoles, it
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was found that with some designs, depending on the way the vanes are machined (constant radius, or radius
varying with the two-termn potential) transmission was significantly lower when multipoles were included.
The earlier work also indicated that the main effect of multipoles is to reduce somewhat the strength of the
main quadrupole focusing term. By readjusting the vane recipe for a few percent higher transverse
focusing, the transmission could be restored. In the preliminary comparison of the 175 MHz results, a few
percent decrease in transmission is seen by TOUTATIS compared to PTEQ. The input match is found
self-consistently using the full beam.

(3) Note on Earlier CDA Results
Conceptual design work for the IFIF RFQ preceding and during the CDA phase used different

strategies from those used in this study. The strategies and results are discussed in various IFMIF reports
[511.

The most important variable to determine is the rf frequency for the accelerator. The FMIT linac
design used 80 MHz, consistent in those days with the required beam dynamics, mechanical constraints,
and available rf power. When IMFIF studies began, it was desired to raise the frequency if possible to
make the structure diameter smaller and less complicated and costly to construct. When the decision was
made to fulfill the 250 mA cw requirement by constructing two parallel 125 mA accelerators, a following
decision was to try to optimize the design of a 125 mA module - that is, to push in the direction of an
optimum frequency for accelerating and transporting 125 mA per module, without an upgrade capability.
Detailed studies, using the strategies available at that time, indicated that 175 MHz was a good upper limit
for the frequency, and that - 120 MHz seemed to be at the lower limit for good beam dynamics performance
with respect to transverse particle losses.

This short summary is given to set the background, but also to stress that newer methods and other
things we have learned may indicate somewhat different answers, discussed in some measure below.

(4) Design Results at 175 MHZ
Design studies were performed with the RFQ design program LINACS and the REQ simulation

program PTEQ, using 5000 particles.
Three optimizations were explored in a preliminary way:

aperture at the end of the sha er - this maximizes transmission. (Figure 1)
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Fig. Number of accelerated particles (out of 5000 initial particles) vs. aperture at the end of the
shaper, as function of shaper aperture radius. The results at KP1.7 and KP 1.8 are given.
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- legth of shape porch and overall shaper length - this strongly reduces the highest energy of lost
particles. The shaper is rather long and 60% of the length is a 90' porch. This adds to the total
length of the RFQ; further optimization might reduce the shaper length somewhat.
optimization of total length.

Two strategies for reducing the overall length were investigated in a preliminary way:
1. Varying the prescribed growth of the aperture along the main part of the R-FQ. The aperture in the

main part of the RFQ is allowed to grow in this design by about a factor of two from the aperture at the
end of the shaper. The resulting length at 5 MeV is about 12m. Making the aperture grow less (or,
for example, keeping it constant) produced a shorter length but quickly led to more losses. Perhaps a
reoptimization of the initial aperture would help.

2. Raising the injection energy, with all other parameters the same. This produced longer RFQs, as
expected (Table 1.).

It should be said here Table 1. Change injection energy.
that the design length is quite Injection Energy Length at 5 MeV Transmission

sensitive to changes in many 100 KeV (a5.3) 11.7 m 48 16/5000= 96.3%
of the parameters - this
sensitivity merits detailed 120 KeV (a5.3) 13.5 m 4875/5000 = 97.5%

sensitivity studies. It may
be possible that some other parameter change could offset the increased length that is normally seen as the
injection energy is raised.

(5) RFQ Characteristics and Aperture Factors
The RFQ characteristics and the transverse and longitudinal aperture factors achieved in 5000 particle

simulations are shown in Figures 2-5.
The maximum beam size has a transverse aperture factor of about 1.3 in transverse, and a

longitudinal aperture factor that increases along the RFQ.

8 _______ bk7a5.lil8Op6Off&e#2 .... , 3

7 _ _ _ _-40

6 _ _ _ _ _ __ _ -50 

5 ~~~~~~~~~~~~~~~~-60 ~A

00

4 ..7~~~~~~~~~~~0

3 8

2 _ _ __ _ _ _ -90
--- phis,k7a5. i 8Op6Off&e#2

0 100 200 300 400 500 600 700 800

Cell No,

Fig. Za B and phis as functions of Cell Number along the RFQ.
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Fig. 2b Vane voltage, aperture and modulation as functions of Cell Number along the REQ.
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Fig. 5 Transverse aperture factor, tfac, (-,constant at 1.3)) and longitudinal aperture factor, Ifac, vs.
beta along the RFQ. Transverse aperture factor is (aperture)/(maximum transverse beam size).
Longitudinal aperture factor is (bucket width defined as one Os)/(maximum longitudinal beam
size).

(6) Verification of 175 MHz designs by Saclay
The TOUTATIS code was used to check the transmission results. A few percent decrease in

transmission is seen by TOUTATIS compared to PTEQ. Details are given in [1].

(7) Discussion of Best Results at 175 MHZ
The IPHI 100 mA proton RFQ and the KPI .7 175 MHz IFMIF designs presented appear to have

similar fundamental characteristics. The vane voltage, aperture, modulation B, and phis characteristics are
quite similar. In both cases, the curves are kept very smooth. The transverse focusing is tapered down, a
feature found empirically to be useful in producing good beam performance by Schempp and Young in
earlier work, and an intrinsic result of the exactly equipartitioned design with the given rules.

The aperture variation in the IMIF shaper was explained above as helpful for input matching.
Also, in some shaper optimization work outlined below, a better shaper aperture strategy was not found.
The IFMIF aperture variation after the shaper to the end of the RFQ is similar to that of the IPHI RFQ.

The following simulation results seem particularly important:

- Good agreement on transmission was found between several codes, with the exception of some
problems with PARMTEQM, which is known to be inaccurate in its space-charge computation and
assumptions regarding paraxiality. The simulated transmission for KP= 1.7, quite minimal focusing,
of order 96% with 5000 particles is very good. (See also comments about the effect of multipoles and
image charges above.)

- A suitably long shaper and initial porch can minimize the highest energy of lost particles (to energies
near the injection energy, and well below MeV).

- With 5000 particles, a transverse aperture factor of about 1.3 is seen for both the IPHI and IFMIF
RFQs. Saclay experience indicates that this aperture factor is "virtual" because particle loss is seen
all along both RFQs when -1 00,000 particles are simulated.

However, it is important that an IFMIF designs at KP=l1.7 and 1.8 exist with performance at the CDA
requirement of -90% transmission.

Simulation results with 100,000 particles for the Saclay 100 mA RFQ now under construction
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show transmission of greater than 99%. Saclay has indicated that their design was judged to be the best
they could do in terms of total transmission, even though particles are being lost all along the RFQ in the
100,000 particle simulation, and that on this basis, they are proceeding with construction. It is probable
that use of the Saclay methods for an IFMIF KPI .7 design, especially in the shaper section, would give an
improved 175 MHz design. (see Sec. 3.1.11 (2) )

(8) Conclusions Regarding the IFMIF KPI.7, 175 MHz Design
The IFMIF KPI .7, 175 MHz design presented here indicates performance that meets the CDA

requirement. The design method is now robustly derived. The design methods and codes were verified
by checking with other codes presently used by different groups for very intense light-Ion beams. KP
factors or .7 and 1.8 are considerably lower than the KP factor used in the CDA conceptual design. A KP
factor = 1.8 is considered safe for the IFMIF RFQ. The performance is better at KP= 1.8 than at KP= 1.7,
as expected, but demonstration of feasibility at KP=1.7 is important, because it indicates that some beam
dynamics design margin for low beam loss exists even for the intense IFMIF beam.

However, even better beam dynamics performance is desirable for IFMIF, to be sure that beam loss
is minimized.

(9) Preliminary Investigations Toward Better IFMIF RFQ Performance
The new design procedures in the LINACS and PTEQ codes are more powerful than older

methods, suggesting that parameter variations studied earlier might be revisited. The full reference also
reports some preliminary investigations, at KP=1 .7, of the rf frequency. Shortening the RFQ length by
optimal control of the bunch length is an effective strategy. Optimizing the aperture at shaper-end
primarily maximizes the transmission, and a longer shaper with a 90' porch is effective in minimizing the
maximum energy of any lost particle (to energies near the injection energy, and well below I MeV -

important to minimize radioactivation.) Some possible changes of the number of radial matching cells
and of the transverse focusing characteristics in the shaper were explored. RFQ designs with an
equipartition unbalance showed lower transmission. Several other equipartitioned and
non-equipartitioned tune variations were explored, indicating that design margin exists and that some small
further increase in transmission and reduction of the maximum lost particle energy might still be achieved.
The current-insensitive case was briefly explored, as well as variations in the input emittances.

The design procedure (which uses envelope equations), is completely specified by rules and seeks
to make the RFQ conform to completely specified space-charge physics. In such intense RFQs, the beam
is in the space-charge dominated regime and the emittance terms are small with respect to the space-charge
terms. Therefore, the procedure is effective at controlling the beam size ratio (although for very good
control, the envelope equations require a correction of the ellipsoidal form factor, which has been
developed but is not discussed in this report). The emittances are not so well controlled; that is,
although in the design program the envelope equations are solved exactly and the emittances are strictly
controlled, when the designed RFQ is simulated, the emittances are not always as specified. This
indicates further work is required.

(10) Conclusion
Robust RFQ designs meeting the IFMIF specifications have been developed at Kilpatrick factors

of 1.7 and 1.8.
Before the RFQ design can be considered final, a great deal more work is indicated, to further

explore the parameter space, to understand better the basic space-charge physics and nonlinear dynamics
principles govemning the beam dynamics behavior, and the sensitivity of a reference design that is otherwise
judged good enough. Full design input files for the RFQ simulation code PTEQ are given in [II.
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3.1.11 AC34A-EU: RQ Tuning Method, Electric Field Optimization on Cold Model

(1) Brief Task Description
RFQs are powerfu~l accelerators used to both accelerate and bunch beams. Nevertheless, the IFMIF

beam power and IFMIF RFQ design complicates the RF tuning of this part of the accelerator. This task
consists of using the IPHI RFQ cold model to develop the tuning method and the tools for the IFMIF RFQ
RF tuning.

Contributors
Name Party Institute E-mail address

R. Ferdinand EU-FRANCE CEA-Saclay rferdinand~cea.fr
A. France EU-FRANCE CEA-Saclay afrance~cea.fr
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(2) Studies
The building and the development of a complete RFQ tuning method [1] has implied three main

parts:

(2.1) Test bench
An experimental test bench [2] has been designed and developed in order to measure the

electromagnetic parameters to be tuned.

Test bench pri nciples

The bench that measures the field distribution in the cavity is based on the perturbation method.
The acquisition of the a2 1 transmission coefficient phase shift is synchronized with the displacement of a
bead through the four quadrants of the RFQ. The measured raw data are then converted to a quantity
proportional to the electromagnetic field magnitude. The overall setup is fully computer controlled and
easily transportable.

Special topics

The important efforts that have been devoted to the optimization of the signal-to-noise ratio have
led to very sensitive and repetitive measurements; these characteristics are essential for accurate RFQ
tuning.

The technological choices of the experimental setup are such that it can be directly applied to
RFQs having geometries or working resonance frequencies different from that of the IPHI RFQ.

(2.2) Mathematical model
A comprehensive mathematical model [3] has been developed.

RFQ model principles
The RFQ is viewed as a Transverse Electric wave-guide at cutoff. The central region delimited by

electrode tips is modeled by a coupled, inhomogeneous (i.e. the geometry and the cutoff frequency of the
transverse section varies longitudinally) 4-wire line system. The shunt admittances are derived by stating a
purely transverse propagation in the wave-guide, and series self- and mutual-inductances by stating a phase
velocity equal to light velocity at infinite frequency. The voltages between electrodes are solution of a
vector differential equation, which is recast into an eigen-value problem, leading to a bi-orthonormal basis
and its associated inner product. The real RFQ is then viewed as a perturbation of a perfectly symmetrical
RFQ, and the measured fields are expanded on the eigen-basis. End boundary conditions are of the von
Neumann type, and are directly extracted from measured fields before expansion. The field perturbations
are then transformed into line perturbations, such as capacitance perturbations (continuous functions of
abscissa) or tuner perturbations (discrete functions), for which eigen-bases are built, following the Riesz
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theorem

Different interpretations of the measured fields derived fromn the mathemnatical model
The model is able to interpret the fields measured in a real-life RFQ in termis of :

- Mechanical errors. This theoretical approach leads to the estimation of the distribution of the
transverse disequilibria between the four quadrants [4]. This diagnosis is able to check whether the
mechanical structure of the RFQ sections has been modified during the brazing operation.

- Slug tuners commands. The mathematical model that has been developed for the IPHI project is
continuous by nature, i.e. measured voltages are expanded on a set of continuous 'voltage basis
functions', perturbed line inductances are expanded on a set of continuous 'inductance basis functions',
with a one-to-one correspondence between the two sets, and a convergence theorem associated with
these expansions. The tuning system of the REQ (slug tuners) is on the contrary discontinuous by
nature. Unfortunately, the sampling theorem that can be naturally derived from the reproducing kemnel
of the functional space is not directly applicable to an arbitrary, highly irregular distribution of tuners.
An original anti-aliasing filter [5] is shown to yield a stable sampling of inductance functions
belonging to a particular, but useful, sub-space. The tuning of any segmented vane RFQ with the
use of slug tuners is now theoretically modeled and computed.

- Ends detuning corrections by plate thickness and dipole rod length adjustments. The two ends of the
REQ and the coupling cells (connecting each segment to the next one) are viewed as unknown circuits
inserted in the 4-wire line model. The full set of electrical parameters of any one circuit may be
estimated from a set of measurements with various excitations of that particular circuit (excitation is
varied by moving plungers some distance apart). End plate and coupling plate thickness are directly
related to a few of these electrical parameters, quite suited for easy tuning. For dipole rods adjustment,
a practical criterion derived from the theory has been introduced. This criterion ensures the
convergence of tuning by preventing too big a discrepancy between the model and the real cavity [6].

(3) Cold Model Testing
The tuning formalism has been successfully tested on a REQ prototype. (Figs. and 2)

Fig. 1 6-in long IPHI cold model. Fig. 2 Low-level analyses before brazing.

REQ cold mode]
A 6-in long aluminum RFQ cold model has been designed and built. In addition to being a very

efficient and essential bench to validate the tuning formalism, this prototype has given the opportunity to
test the validity of 3-D electromagnetic code simulations [7]. Remember that the design of the real REQ is
based on such simulations. In particular the vane-end matching is pretty well predicted: accurate field
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measurements on a 1-rn long configuration showed excellent agreement vs. simulation with or without
dipolar stabilizer rods.

A specific study has consisted of comparing measurements of segmented modes on the RFQ
cold-model with our mathematical model and 3-D simulation results [8]. The good agreement that we have
found validates our cut-off wave-guide equivalence approach.

Specifically for the RFQ tuning study, different transverse section positions selected to guide the
perturbing object have been tested on our REQ cold-model [9]. This study has led to the choice of field
measurement on the bisector of each quadrant.

Different tuning procedures

1 -Mechanical error diagnosis.

Tests of cold-model vane mechanical translations have demonstrated the ability to detect
displacements as small as 20 micrometers [4]. Though being less precise than 3-D mechanical
measurement probes, this diagnosis of the mechanical defects is very relevant since it can be applied inside
the cavity even after brazing. It has been decided to apply this RE test to each RFQ on the factory site
before and after brazing.

During 2002, the first IPHI REQ section defects have been characterized on the factory site before
and after brazing [9]. The measurement bench has been moved to the industrial site for the tests. These tests
have shown that the brazing procedure had slightly modified one dipolar contribution while keeping its
level very low.

2- Slug tuner commands.

The tuning slugs are highly irregularly spaced along the REQ structure, between vacuum windows,
RE wave-guide inputs, and cooling ducts. The slug tuner commands [5] have been successfully tested for
many configurations of the cold prototype, as a one-meter homogeneous line with eight tuners (per
quadrant), a two-meter homogeneous line with eight tuners on the first meter and four tuners on the second
meter, and the same two-meter line with a capacitive coupling cell at mid-position. This last case
corresponds to the fact that the IPHI REQ is segmented, i.e. the REQ line is divided into four 2-meter long
segments, with capacitive couplings in-between.

Modulated and non-constant rO vanes have been installed in the body of the cold-model which
simulates precisely the first 2-rn long segment of the real IPHI REQ. The voltage profile has been tuned
with the IHI REQ specifications (first 2 meters) using the algorithm and only slug tuners.

For all configurations, the tuning procedure requires only a small number of iterations, and
convergence is demonstrated on every component of the functional bases. Constant and variable voltage
profiles have been tuned in only four steps, achieving a final relative voltage error less than 1% in every
quadrant and at every longitudinal position.

3- Dipole end detuning corrections by rod length adjustments [6].
A 'quadratic shift frequency' df(n) can be computed in all REQs. By adjusting the rod length, the

measured df(n) is made equal to the nominal value. When this criterion is satisfied, tuning tests of the REQ
cold-model using only the slug tuners have perfectly converged.

4- Quadrupole end detuning corrections by plate thickness adjustments [6].
The tuning of the end regions with respect to the quadrupole mode is made by machining the

thickness of the end plates. The end region mismatch is characterized by a parameter Q=LxAf, expressed in
m.MHz, where L is the RQ half-length and Af is the difference between mismatched and matched
resonance frequencies. Our model can extract 1) from as few as three measurements with different voltage
excitations. These excitations are easily achieved by moving slug tuners at some distance of the end being
tuned. The tests on the cold-model have shown very good agreement between the Q sensitivity extracted
from the measurements and the 3-D3 simulations.
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(4) Conclusion
The formalism that has been developed permits computation of all quantities necessary for RFQ

tuning procedures:
* plate thickness and dipole rod length adjustments (boundary regions),
* slug tuner commands.

It also generates a unique diagnosis of the mechanical defects of each single RFQ section,
available for use at the factory site before and after brazing.

All these procedures have been validated with different configurations on our cold model,:
with a constant or variable inter-electrode rO,
in a homogeneous or inhomogeneous RFQ (i.e. with electrical parameters varying from one cell to the
next),
segmented or continuous,
with a constant or variable accelerating voltage law,
at different resonance frequencies of the accelerating mode, and
with different lengths.

The rigorous mathematical model makes possible a fast convergence and a high precision tuning
level. Its other important advantage is that it can be applied to all 4-vane RFQs, regardless of the resonance
frequency, accelerating voltage profile, or mechanical length.
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3.1.12 AC36-EU: Drift Tube Linac R&D Studies

(I) Brief Task Description
The task was completed in the framework of the CEA program on high-power particle accelerators

supported by the IPHI demonstrator project. This project is dedicated to high power beam production
[I1-1 1].

Drift tube and quadrupole analyses include cavity calculations, power deposition, and extrapolation
from IPHI DTL measurements on hot models (measured power deposition, cooling, manufacturing
tolerances, etc.).

Contributors
Name Party Institute E-mail address
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(2) Introduction
A 4-cell short hot model of a 352 MHz drift tube linac has been built at CEA Saclay. The purpose

of this model is to verify the feasibility of such a structure for cw operation with a high current beam
inducing tight tolerances.

This short model includes one tank, three drift tubes of two different designs, and two magnets of
different types. Their designs have been described in [1] and are summarized in Table 1.

Table 1 - Quadrupole magnets data (as calculated).
Permnendur magnet Soft iron magnet

Integrated gradient 4.70 T 4.70 T
Transverse gradient 83.79 T/m 75.89 T/m

Magneticlength 56..09 mm 61.94 mm
Total length 48 mm 56.16 mm
Pole length (beam axis) 36 mm 42 mm
External diameter 140 mm 157 mm
Aperture diameter 16 mmn 16 mm
Ampere-turns 2 750 2 317
Turns per pole 5.5 in I layer 9 in 2 layers
Lead dimensions 5x5 mm 5.6x2 mm
Isolation 0.25 mm per face 0.07 mm per face
Intensity 500 A 258 A
Current density 27.88 A/MM2 23.04 A/mm 2

Total resistance 6.1 mQ 15.3 nQ
Electric power 1524W 1018W
Nominal cooling flow 1.68 /min
Water heating 1 30C (External cooling)
Pressure drop 6.22 bars_________

The main difference between the IPHI and IFMIF DTLs is the frequency. Generally speaking, the
higher frequency of the PHI DTL is more restrictive as the dimensions are smaller, especially for the first
drift tubes and magnets for which the dimensions problems are more severe. Therefore, results obtained for
the IPH41 DTL can be easily extrapolated to the FMIF DTL, with an even better margin of safety. From a
manufacturing point of view, dimensions are not different enough to lead to different problems and
solutions. More important, both machines share the most constraining aspect, which is the cw operating
mode.
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(3) Magnets
The magnets 1] are made of two different materials, one uses standard soft iron, and the other uses

cobalt-iron Permendur alloy. They are optimized to provide the strongest integrated transverse gradient
with the smaller power dissipation, respecting a 0.5% homogeneity tolerance over the useful region (a
circle of 6.5 mm radius). Their main characteristics are summarizcd in [2]. The cooling scheme of both
magnets is different. The Permendur electromagnet leads are standard hollow copper conductors, with
flowing water coolant. The soft iron magnet conductors are solid, with the cooling being external: the drift
tube is flooded with water, which simultaneously cools the magnet leads and the drift tube walls. This
scheme allows a slightly enlarged magnet, and also optimizes the power dissipation (two layers of
conductors against only one for the other magnet), leading to power dissipation 35% lower than for the
more standard magnet. However, both magnets are strongly saturated.

The manufacturing of these magnets caused no major concerns, except for the Permendur model. In
this case, the passage of the leads through the yoke is very difficult, considering the conductor dimension,
the high degree of saturation (even in the yoke) and the small space available. This aspect led to drift tube
welding problems, and it proved necessary to cut into the yoke at the cost of a performnance decrease caused
by the high saturation (3% on the transverse gradient, about 2.5% on the integrated gradient). Preliminary
tests showed that the cooling was adequate, especially for the soft iron (flooded) model. On the other hand,
some isolation defects between conductor and ground potential were detected in both models. The reasons
of these defects are different for each magnet, but in each case causes are well established and solutions
identified.

The magnet gradients have been measured'. The results for the soft iron magnets were as planned. In
the Permendur magnet case, the modifications performned on the yoke to ease the leads passage resulted in a
2.5% decrease of the integrated gradient at nominal excitation.

(4) Drift Tubes
Each magnet had a different drift tube design. The design intended for the Permendur magnet was

performed by ABS [2]. It is conventional, made of copper welded by the electron beam method. Coaxial
stems guide the water in the drift tube where the cooling is located at the circumference only (two opposed
azimuthal flows). This is the major weakness of this design, as the other drift tube surfaces are cooled by
conduction only, through the thin walls of the drift tube. Another problem is the complexity of the design,
especially at the flow diverter level. This diverter is the piece which transforms the coaxial water
circulation of the stems into the azimuthal circulation in the drift tube. Difficult to perform welds are
necessary to ensure water tightness at this level [3]. (Figs. 1Iand 2)

Fig. The magnets manufactured for the DTL Fig. 2 Test piece showing the welds for the AES drift
short model. Left: Permendur magnet, tube (interfaces between the three concentric stems
right: soft iron magnet. and the drift tube two-part body).

'By Yorck HOLLER & al., DESY, Hamburg, Germany.
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The other drift tube uses basically the same scheme (copper, coaxial stems, electron beam welding)
but on a simpler scale. Since the whole drift tube is flooded, there are fewer pieces and fewer welds. The
complex diverter is not used. The stem is made of only two tubes, the magnet leads being cooled by the
return flow. Advantages of this solution are numerous: mainly, cooling is better as almost every surface is
in direct contact with the coolant, and the mechanical design is simpler, easier to manufacture, and
therefore cheaper.

Several problems were raised during the manufacturing process. The first was the one related to the
yoke passage of the Permendur magnet leads, as mentioned previously. This problem forbade the welding
of the diverter on the body and forced us to modify the magnet yoke to enlarge the lead passage at the
expense of the magnetic performance.

Leaks appeared in both drift tube models (but more acutely in the non-flooded design) after the final
machining. These leaks are related to an excessive thickness of the rough shape. An optimization of this
thickness will allow to suppress this leakage problem.

(5) Tank Design
The high power density on the walls in such a cw machine makes cooling a major concern, the

ultimate purpose being to minimize and control both thermal stress and expansion. Another aspect is that
the tolerances for the whole machine are very tight, because of the beam intensity and the focusing type
(FODO). Therefore the tolerances are especially tight for the magnetic alignment of the quadrupoles (IPHI:
±51 Aim misalignment, gradient ±0.5%, IFMIF: ±100jim, gradient ±1%). The design is further complicated
by the very short space between successive drift tubes.

Despite being theoretically suitable, a full copper solution is extremely costly and should be used
only when no other solution is available. The solution used for the hot model tank is a stainless steel thin
(4-mm) component, which is copper-plated both inside and outside by an electrolytic process. The inner
plating is obviously for electric conductivity purposes, whereas the thicker external plating is intended to
enhance the thermal conductivity. With a 1 -mm thick external layer, the maximum temperature increase on
the tank walls is reduced by more than a factor of four. (Plating of both surfaces was done almost
simultaneously.) Other technical solutions, like a thermally sprayed copper coating, have been studied. The
non-welded elements of the cavity (caps and girder, see below) are full OFHC copper parts.

The mechanical design of the cavity, and especially of the apertures (vacuum pumping slot, RF
coupling, girder aperture) have been optimized to minimize thermal stress. Thermal displacement has been
computed and will be measured during the test phase.

Great care has also been devoted to the optimization of the stem-tank connection, which proved to
be a sensitive point in previous cw DTL projects (namely Chalk River and the Los Alamos FMIT
components). A flexible system based on a thin copper bellows allows mechanical adjustment of the drift
tube position and orientation at any time (except around the stem axis). Mechanical tests have been
performed on a bellows to ensure the vacuum tightness.

The tank design is both cheap and reliable, presenting no major difficulty. Copper plating,
deposited using the acid bath technique, yielded lower measured outgasing rates and, according to literature
sources, gives the best RF electrical conductivity. The length of each tank section will therefore be limited
by the plating bath dimensions, the biggest ones being GSIs with a depth capacity of up to three meters.
(Figs. 3 and 4)

(6) Hot Model Tests
Power tests have been limited by the inability of CERN to provide the required power (40 kW cw).

Up until now, only 8 kW cw has been available (but with more than 50 kW peak power at low duty cycle).
Further work is being performed on the power amplifier in order to solve this problem. Within

this power range, some results have nevertheless been obtained.
The Q factor of the cavity (21600) is 1/3 lower than the calculated SUPERFISH value. This result

is worse than expected, but the relative effects of the cavity edges and of the various apertures (pumping,
RF coupling, diagnostics) are very important. The strong influence of RF seals has been measured. (The
suppression of the girder RF seal alone leads to a 15% decrease of the Q factor.)
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Fig. 3 Left: the hot model fully assembled. Right: Fig. 4 Interior view of the copper-plated stainless steel
girding supporting the three drift tubes, tank (the aperture is the pumping slot).

The low level RF tests allowed us to measure the on-axis field and showed the benefits of the shift
possibility of the drift tube positions.

Globally, no major heating has been discovered. All measured values are coherent with respect to
the expected ones, at least at this level of rf power. Nevertheless, we were not able to measure any
displacement, most probably because of this low level of power.

The electric field on the axis was measured during RE operation using a X-ray spectrometry
measurement technique (the RE was pulsed in order to perform measurements up to 40 kW, peak power).
The results of these measurements confirm that the Q factor is 1/3 lower than expected by SUPERFSH.
The precision of the X measurements technique is estimated to be 3%.

RF conditioning was quite easy up to the available power limits (55 kW peak power, 8 kW mean
power), with a good enough vacuum and very few observed multipactor levels. The nominal vacuum seal
configuration (Helicofiex seals) has not yet been tested.

(7) Perspectives
Further tests will be carried on as soon as the RE amplifier is ready. The cavity will be tested at

nominal cw power from the thermal, mechanical and vacuum point of view.
Useful information has been gathered during the manufacturing and test phases, allowing us to

contemplate the construction of a cw DTL in the relatively near future. Different engineering designs for
magnets and drift tubes have been operated, leading to several possible improvements.

We are also looking for solutions to relax the excessively strong tolerances imposed on the magnet
alignment, mainly by increasing the beam aperture.
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3.1.13 AC37-US : Engineering Evaluation of the Drift Tube at 5 MeV

(1) Brief Task Description
The reduced cost International Fusion Materials Irradiation Facility (IFMIF) configuration

proposed by the Japan Atomic Energy Research Institute (JAERI) in 1999 shifts the transition energy
between the Radio Frequency Quadrupole (RFQ) and the Drift Tube Linac (DTL) from the baseline of 8
MeV to 5 MeV. Although neither one of these two values should be considered cast in stone in the
conceptual phase of the design, attention has to be paid to those details that could potentially spell trouble
later on. Typical difficulties encountered in lowering the transition energy from RFQ to DTL are
associated with packaging the DTL's focusing quadrupole magnets inside its drift tubes in a way that
simultaneously satisfies all the physical constraints while providing the required magnetic field levels. As
the particle velocity is lowered, the drift tube length is reduced in proportion. Reduced length of the drift
tube requires a shorter magnet, which now may have to be stronger to compensate for the shorter length.
A stronger magnet may require an increased number of tumns or higher current in the conductor which, in
turn, may require a heavier gauge conductor. Either way, the diameter of the magnet grows. As the outer
diameter of the drift tube is limited, it is clear that we could potentially run out of material necessary to
provide adequate cooling conduction paths and structural strength. Usually, the first drift tube, which is
the shortest, is the most difficult, critical element. In IFMIF, the problem of packaging the quadrupole of
the required size inside each drift tube is compounded by the requirement of providing adequate cooling
passages to withstand the 100% duty cycle (CW) RF power and a relatively large bore needed for the 125
mA deuterium ion (Di) current.

In order to address the potential issues that have been raised in connection with the above concemns,
it has been decided that a closer look at the first drift tube is warranted. With that objective in mind, AES
has developed a conceptual design of the electromagnetic quadrupole and its packaging in the first drift
tube of the DTL and performned preliminary analyses necessary to identify any potential show stoppers.
These analyses included a determination of the power losses on the drift tube and the associated thermal
analysis to verify the performance of the cooling system. SUPERFISH and ANSYS codes, respectively,
were used for these tasks. This preliminary but comprehensive examination revealed that the design is
"pushed hard" but seems acceptable, although additional analyses are still necessary to cover all the bases
and address all the fine points (e.g. similar analyses for selected drift tubes along the length of the DTL to
verify that there is no bottleneck in another location).

Contributors
Name Party Institute E-mail address

John Ratlike us AES johnrathke~mail.aesys.net
Tom Schuitheiss us AES torn schultheiss mail.aesys.net

(2) Geometry Development
The objective of the present analysis was to determine the feasibility of building a drift tube for

CW operation in a 175 MHz DTL with 125 mA D+ at an energy of S MeV ( = 0.073). The design starting
point was provided by CEA Saclay (Ferdinand, et. al.) in a June 15, 2000 memorandum. This document
contains a thorough treatment of beam dynamics, magnet scoping, and drift tube/tank dimensions. The cell
dimensions provided in that memo were used by AES as inputs to the conceptual design of an
electromagnet quadrupole and subsequent thermnal analyses. As discussed later, certain modifications to
the geometry described in the memo are being proposed as a result of this design and analysis effort.

The CEA Saclay IFMIF DTL design was based on the assumption that the RF power in each DTL
tank is limited to MW, following the RF tube specification. Within this budget, a standard 25% safety
margin was applied to the power losses obtained via the SUPERFISH calculation. The resulting design
parameters include: length of the N-th cell, LN, bore radius, Rb, outer drift tube radius, R1, inner drift tube
nose curvature radius, Ri, outer drift tube nose curvature radius, R0,, radius of curvature of the nose cone to
drift tube body transition, R(., nose cone angle, af-, gap length, g, and inner tank diameter, D (all shown in
the accompanying diagram). The box in the lower right hand corner of Figure explains the significance
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of the individual geometric parameters of the drift tube. The outer drift tube nose curvature radius, R., and
the drift tube nose curvature separation distance, F, control the Kilpatrick factor. The drift tube nose angle,
Qjf, controls the length available for the quadrupole inside the dift tube. The gap, g, and tank diameter, D,
control the RF frequency. The cell center length, L,, and gap center, g/2, control the phase of the particles
coming through the gap (note that the two adjacent drift tubes are not equal in length, so that the two
centers do not coincide).
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Fig. Drift tube geometry specification (CEA Saclay).

(3) Electromagnetic Quadrupole Conceptual Layout
Several different EMQ design options have been considered initially by Saclay as shown in Table 1.

For this study AES chose to examine the highlighted selection. A "conventional" hollow conductor
cooling approach was adopted for the electromagnet as it is the most demanding from a packaging
standpoint.

Using Outokumpu 6836 conductor, the quadrupole was laid out as shown in Figure 2. Six turns and
115 cm length of this conductor are required for each of the four poles of the quad. The total conductor
length per quad, including the leads, is 640 cm. With the internal coolant passage diameter of 0.4 cm, the

water cross section area is 0. 1257 cm 2. Assuming the water flow velocity below 2 m/sec, the pressure drop
is 18.81 psi per quad. The calculated water temperature change of 18.360 C and the resulting average water

Table 1 Magnet options for the IFMIF drift tube linac (CEA Saclay).

Aperture External Length Number of Magnetic Integral of
diameter diameter without Full length conductors Gradient length gradient

(mm) (mm) conductors (mm) Material per pole Ni (A.t) (T/m) (mm) (T)
20 140 70 () 70 Fe 5.5 3437 59 75.2 4.42
20 140 70(t 70 Fe-Co 5,5 3437 64 75.8 4.89

1 25 1 152 1 58 1 70 1Fe-Co 1 6.5 -5000 63 1 70 1 4.4

()With pole nose.
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INPUT VALUES
DTIL Parameters Magnet Parameters

DTL Frequency (MHz) 175 Number of Turns per Pole 6 (for NI Calculations Only)
Tank Diameter (cm) 118.84 Conductor Length per Pole (cm) 115

DT Clear Bore Radius (cm) 1.25 Conductor Area (cm') 0.3557
Magnet Gradient (kG/cm) 5.9 Passage Diameter (cm) 0.4 with a Water Area (cm2) 0.1257

Inlet Water Temp (C) 20 Water Flow Velocity (m/sec) 2

DERIVED VALUES - " A

Pole Tip Radius (cm) 1.35
Conductor Length per Magnet (cm) 638.84

Pole Tip Field (kG) 7.97-
Total Current (NI) (A) 4753190OK. .

Conductor Current (A) 792.32 __84_7

Current Density (/cm') 2227.49

Coil Resistance () 0.0031
Coil Voltage (V) 2.43 4, NA Electromagnet
Coil Power (W) 1927.98HihbtO? GNuL7AQarplHigh but OK? A~~N AQadupl

Coolant Mass Flow Rate (kg/sec) 0.0251 equals 0.3977 gpm Assembly
AT in Water (C) 18.36

Avg Water Temp (C) 29.18 
Pressure Drop (psi) 18.81 O

Fig. 2 Scoping calculations for the electromagnet quadrupole.

temperature of 29.18 degrees are acceptable (with inlet temperature of 20 degrees centigrade). The pole
tip field of 7.97 k, calculated at the pole tip radius of 1.35 cm, is satisfactory. The corresponding

2conductor current of 792 amperes results in the current density of 2227.5 A/cm , which is within state of
the art, although 24% greater than the corresponding value at LAMPFE Coil resistance is 0.0031 Ohm and,
therefore, the dissipated power is 1928 W, which is also on the high side but within state of the art. The
voltage required across the conductor leads is 2.43 V

As mentioned above, the design approach adopted in this study is the "conventional" one, consisting
of an electromagnet quadrupole wound with a hollow conductor for dedicated cooling, and a completely
separate cooling circuit for the drift tube body to deal with the RF induced heating of the drift tube surface.
This approach is similar to the design employed in the GTA, SNS, and CWDD (Continuous Wave
Deuterium Demonstrator) DTL.

An alternative approach, which has been recently proposed by CEA Saclay, floods the entire interior
of the drift tube with the water coolant, thereby cooling both the electromagnet and the body of the drift
tube with the same flow. Needless to say, in this case the electromagnet conductor is not hollow but solid.
Since the conductor does not have to contain the cooling channel, its outer diameter can be smaller,
resulting in an overall smaller magnet. Likewise, the drift tube itself can be smaller as well, since there is
no need for separate cooling channels inside the drift tube walls. The only potential problem with this
design is that all the elements, including the drift tube body, magnet conductor, and magnet iron are
immersed in water. Since the long term effects of continuous water flow around these elements could
potentially lead to problems related to corrosion, more tests are required before one can confidently
baseline this approach. Since the prototype has already been built, some initial tests have already been
performed and long term tests are being planned. Clearly, this design alternative has the potential for
significant cost savings provided that it does not lead to increased maintenance expenditure.

(4) Geometry Modifications
Several changes to the initial design geometry are being proposed here as a result of the analyses that

have been performed by AES. First of all, the drift tube diameter is increased from 18.0 cm to 19.2 cm to
accommodate the cooling channels in the walls of the drift tube. This change leads to an increase of the
inner diameter of the DTL tank by 0.8 cm. This results in a 6. 1% increase of the wall RF power loss in the
cell. Also, with increased drift tube diameter, the flat region in the center of the last drift tube (No. 117)
becomes rather narrow, due to the high value of the face angle, af, and the long length required for that drift
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tube. Thus, our analysis suggests a reduction of the nose flat from 1.8 cm to 1.2 cm, and a reduction of the
nose cone angle from 68.3o to 61.5o. This change results in an increase of tank diameter by 0.04 cm and an
increase of power loss in cell 11 7 by 5.8%.

Our thermal requirements analysis for drift tube No. 117 dictates an increase in the drift tube stem
diameter from 3.3 cm to 4.0 cm. This increase keeps the coolant flow velocities below 5 in/sec for this drift
tube that is the worst case. The change of the stem diameter to 4.0 cm improves its stiffness by 85% and
does not increase the RF power requirements by a significant amount (the corresponding RF power
increases are already included in the numbers quoted above). Also, the 4.0 cm diameter stem is more
closely in line with other accelerator designs in proportion to the length of the cell.

Post coupler considerations may require further changes of the drift tube geometry (see "Other
Issues" later in this report).

(5) Drift Tube Detailed Design
The major characteristics of the drift tube No. I design can be seen in section A-A in Figure 3. The

2.5 cm interior diameter bore tube is located centrally between the quadrupole magnet's iron poles. There is
a 1.0 cm clearance between the 15.2 cm OD magnet and the 16.2 cm ID drift tube body bore. This
clearance is dictated by the need to insert the quadrupole leads into the stem hole during assembly. Magnet
leads run within the innermost channel of the triaxial stem. The other two stems form annuli for coolant
feed (outer annulus) and retumn (inner annulus). A special flow diverter fitting at the junction between the
stem and the body of the drift tube redirects the incoming coolant flow into two counterflow cooling
channels around the circumference of the drift tube (the details of the flow diverter design are presented
below). The 2 cm by 0.5 cm drift tube body cooling channels are visible in cross sections C-c and D-D.
The total length of the first drift tube is 9.732 cm and its outer diameter is 19.2 cm. The nose cone angle is

1. 1. The cross sections B-B3, C-C, and D-D also make visible the details of the drift tube assembly and the
welds. The drift tube body consists of several parts that are electron beam (EB) welded together. One can
also clearly see the wavespring holding the iron yoke of the magnet within the body of the drift tube
between the banking surface of the drift tube body and the end cap cover. There are also two precision
locating pins in the drift tube banking surface that control the transverse location of the magnet. This
scheme allows for close control of the magnet's axial position with respect to the body of the drift tube.
Figure 4 shows a rendered cutaway section of drift tube and Figure 5 shows an exploded assembly view.

Magnet Tri-axial A -

Leads stem 0! 0
015.2 O i6.2 ~~~~~~~Stem 

MAGNET OD BODY 0D

C IC

/ I~~~~~~~~0 

Water
channels

2 5~~~~~~~~~~~~~~~~~~~~~~

BORE ~~~~SECIION C-C

Fig. 3 Drift tube I cnceptual design drawing.
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(6) Drift Tube Assembly
Figure 6 shows the assembly sequence

concept for the drift tube. The body of the drift
tube is a cup shaped machined element with an
opening for the flow diverter and two cooling
channels running around the external
circumference. The flow diverter directs the
coolant flow in two directions opposite to each
other (counterfiow). During assembly, these
channels are covered with an outer shell that is
EB welded to the body. The magnet is placed
within the interior cavity of the drift tube body.
As the flexibility of the magnet leads is limited,
the ability to insert the magnet without
stressing its leads into the drift tube body Fig. 4 Drift tube 1 cutaway.

End Cap I Bore Tube

Outer Stem - Coolant In

Mid-Stem - Coolant Out

Inner Ster - Magnet Leads

Flow Diverter

Body with MVachined
Cooling Passages
(Counterflow)

Reverse Anl fD oyOuter Shell

Fig. 5 Drift tube exploded view.

imposes additional constraints on the geometry of the entire assembly. Once the magnet is in place, the
drift tube magnet cavity is closed by means of the end cap with the attached bore tube. A wavespring and
magnet alignment pins are used to hold the magnet to a known position within the body of the drift tube in
both the axial and angular degrees of freedom.

The assembly of the drift tube begins with PB welding of the outer shell component to the drift tube
body (step in Figure 6). The photograph of the GTA drift tube assembly shows three PB welds around
its circumference. Then, the two magnet alignment pins (a round pin and a diamond pin) are installed in
the holes in the bottom interior face of the drift tube body. Next, the EMQ is inserted into the body with the
conductor leads running through the stem opening (step 2).

After the magnet is in place, the preassembled diverter with the inner and mid stems EB welded
together (step 3) is inserted over the magnet leads and welded to the body of the drift tube (step 4). This is
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2Z nstan~ EM WQ on Pin-s
E Weld Shell To Booy
!nstali Aflgnrnent Pins

GTA Drift Tube ES WeldedEBWl

6. E Wan Cu ef 4. ES Weld Civerler i no
S5tem & Mlachine Body Assemably
Final Contour S, Assemble Wavespring _MM

and End Cap ES Weld I Pre-Assembly Diverter
tnto Body Assembly w/ nner and Mid Stem

Fig. 6 Assembly sequence for IFMIF drift tube.

perhaps the trickiest part of the EB welding sequence because the diverter has to be welded to both the drift
tube body and the outer shell, with the beam crossing the gap of the coolant channels.
With the diverter/stem assembly in place, the drift tube magnet cavity is closed off by placing the
wavespring on top of the magnet and covering it with the end cap. Next, the two EB welds are performed:
one between the cap and the drift tube body assembly on the front side and one between the bore tube and
the drift tube body on the back side (step 5).

In the final step, the outer stem is EB welded to the outer shell and the diverter. Then, the final
contour of the drift tube is machined (step 6).

(7) Flow Diverter Design
The geometry of the flow diverter (Figure 7) includes four cutouts that connect the inner and outer

stems with the appropriate channels around the circumference of the drift tube body.
With the diverter in place as shown in Figure 8 (outer shell removed), the incoming coolant flows

down from the outer stem into the right cooling channel in the clockwise direction and down into the left
channel in the counterclockwise direction. After coming back to the diverter, the flow from both the left
and the right channels is redirected into the inner stem and flows back up the stem.

(8) Thermal Analysis
The thermal modeling of the drift tube was performed using finite element methods with the ANSYS

code. Figure 9 shows the finite element model along with the surface heat load map used to apply loads to
the model. ANSYS meshing algorithms were used to generate the finite element mesh with increased
element density where required for better computational accuracy.
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Fig. 9 ANSYS finite element mesh and applied heat loads.
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Surface power deposition loads obtained from the SUPERFISH calculation were applied over many
segments of the drift tube surface as shown in Figure 10. As usual, the highest power density levels,
reaching 1.2 W/cm2, occur at the bottom of the stem, at the interface between the stem and the body of the
drift tube.

The temperature distribution
resulting from the power loads applied as
indicated above was calculated with
AINSYS under the assumption of coolant

corresponds to a mass flow of 1.6 lbm~~~~sec 4 Temnperature
flow rate of 12 ft/sec (3.7 m/sec) in the "C
drift tube body channels, which

I]21.18(0.73 kg/sec). An initial coolant 2 1 38
temperature of 210 C has been assumed LI21.57

21.77
here. The overall coolant temperature riseMxtm I 21.96
is only 0.770 C. Accordingly, the effect of 227 C both221
the coolant heat up was neglected in the sides223
finite element modeling. Similarly, the 22.74
small difference between the conduction-
paths on the two sides of the drift tube due
to the presence of the gap between the end Edc
cap and the drift tube body has been
neglected as well (the EB weld does not
join the flat on the bottom of the cap, only Fig. 10 Thermal results for drift tube 1.
its side surface). Nevertheless, the
temperature distribution is not completely
symmetric because the distribution of the Conduction cho ke Points

material is not symmetric between the two
sides of the drift tube, with the cap having
an additional space provided for the
wavespring. The maximum temperature
values, however, are the same at 22.70 C -

on both sides of the drift tube, near the tip
of the nose cone flat.

(9) Drift Tube 117
Despite its much higher heat loads,

drift tube No. 117 may not be much more DTi DT 117

difficult than drift tube No. 1. This is Fig. 11 Drift tube 1 compared to drift tube 117 showing
because the conduction "choke" in that much larger conduction area in DT 177.
drift tube is not nearly as bad, i.e. there is
more material available for conducting the heat away from the nose cone into the cooled side surface of the
drift tube body. Figure 11 illustrates this geometry.

(10) Conclusion
In summary, AES has developed a conceptual design and performed an engineering analysis of the 5

MeV drift tube for the IFMIF DTL linac as proposed in the reduced cost IEMIF concept by JABRI, using
the physics data generated by CEA Saclay. The analysis results indicate that the magnet "is pushed hard
but seems OK". That is, we were able to develop a concept of an electromagnet quadrupole which
provides the required field levels and can be successfully packaged, assembled and cooled within the first,
5 MeV, drift tube in the first tank of the IFMIF DTL.

The engineering analysis suggested several relatively minor geometry changes to the initial physics
design that are needed to accommodate the magnet and cooling passages for the "conventional" cooling
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approach with the magnets cooled by water flow inside the hollow conductor and the drift tube body cooled
with a separate flow within channels cut into the side surface of the drift tube body. All of these changes,
however, result in a small increase in RF power losses, which may impact the overall system design.

Further work in this area is required as the physics design matures. The effect of the coolant heat up,
although secondary, should be included in the analysis by adding fluid elements. Next, the transient and
steady state structural deflections induced by the thermal stresses can be evaluated and the corresponding
RF frequency shifts computed. Also, as mentioned before, analyses need to be performed for a number of
selected drift tubes along the linac to verify that the performance is adequate all along the machine. As a
minimum, drift tube No. 11 7 should be examined.
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3.1.14 AC32-JA: Examination of the Drift Tube Cooling Scheme

(1) Brief Task Description
The Alvarez-type DTLs are assembled and aligned with the beam axis. The beam axis must be

coincident with the magnetic field axis, so that the accelerating and focusing fields achieve the required
beam properties. Under high-power cw operating condition, it is important to efficiently remove the heat
generated in the drift tubes in order to maintain the precision alignment. The original plan was to fabricate
and test a drift tube model and conduct cooling tests using that model; however, the task was modified to
conduct the design study in some detail through numerical simulation. This is sufficient for initial
examination of the cooling scheme for drift tubes in the IFMIF DTL. The major items covered by this task
are the design of a drift tube model and numerical simulation of the of the heat load removal through the
cooling channel.

Contributor
Name I Party I Institute E-mail address 

M. Sugimoto Japan JAERI Isugimoto~ifmiftokai.jaerigo-jp

(2) Introduction
The baseline design of the IMIF accelerator system employs an Alvarez-type drift tube linac

(DTL) as the main accelerator. It will provide a 125 mA, 40 MeV cw deuteron beam on the flowing lithium
target. The input energy to the DTL is an important parameter determining acceptance of the beam from the
upstream line elements, and in matching the beam to the accelerating and focusing structure formed by the
sequence of drift tubes (DT). The principle of the DTL is well established by a number of operating proton
linac systems, e.g. the LANSCE linac: injector of LANL. In the IFMIF-DTL, the operating frequency is 175
MHz and good output emittance, < 0.4 it mm mrad (transverse norm. rms) and < 0.8 it mm mrad
(longitudinal norm. rms), is required for transfer through the high energy beam transport (HEBT). The
HEBT includes a beam expander to make a flat-top 20 cm x 5 cm footprint on the target surface. The
details of the DTL tanking is outside the scope of this task but, as a boundary condition, one tank would be
excited by I or 2 of the RE power source modules with MW cw output each. The outer shell diameter of
all tanks would be the same to facilitate the use of common design of the interfacing equipment, including
the RF system, vacuum, support and alignment mechanisms, etc. Therefore, each cavity cell in the DTL
must be designed to be tuned by adjusting the geometry of the DT. The design parameters of the DT to be
used in this study are described first, and the results of the thermal analysis for the specific DT are shown.
As the frequency tuning of the IFMIF DTL is achieved by changing the temperature of DT cooling water,
the capability of the tuning range due to the beam loading and the stability of the gap voltage are examined.

(3) Drift tube model
The parameters of the DTL cells are determined by the DTLFISH module of the SUPERFISH/

POISSON package []. The parameters employed follow the previous analysis by Rathike et al. [2], and are
listed in Table 1. The resultant power loss distributions agree well, with a minor difference due to the mesh
size treatment between the present and the former analyses. As the normalization reference for the total
power dissipated in the cavity, the average electric field on the central axis of 1.75 MV/in is used, the value
also used in the formner analysis. The total power dissipation is 3,086 W, including the dissipation at the
stem of 661 W (-2 1%).

Table Geometrical parameters of the first DTL cell.______

Item Value Item Value Item Value
Frequency 175 MHz Cell length 12.525 cm Tank diam. 11 8.0 cm
Gap length 2.792 cm Corner rad. 0.7 cm Inner nose rad. 0.3 cm
Outer node rad. 0.3 cm Flat length 0.3 cm DT rad 9.6 cm
Bore rad. 1.25 cm Stem rad. 2.0 cm _________
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(4) Thermal analysis
The thermal and

mechanical structure analysis
was carried out using thea
ANSYS code. The total power
dissipated in the DT is
normalized to 430 W (per half
of the DT cell) obtained by the
cavity RF analysis described in
the previous section. The D/2F
cooling channel is located near '~
the center of the outermost DT
shell as shown in Fig. 1, and L2Coigc e
the channel cross section is 2L2Colncnre
cm x 0.5 cm. The flow rate of
the cooling water is assumed g2Ditt
to be 3.7 ms. The estimated Beam axis
heat transfer coefficient is 15d2
kW/M2/deg for this cooling R
water channel. The result of I
thermal analysis for the case of- -

cooling water with inlet Fig. 1 Geometry of the first DT used for rf and thermal analysis.
temperature 21 0C is shown in
Fig. 2 and the temperature range is 21.25 22.420 C, very close to the independent analysis by Rathke [2].
The contour maps for the deformations due to the thermal expansion are shown in Fig. 3 (a) and (b) in the
radial and axial directions, respectively. The resultant deviations respective to the radial and axial directions
are 0.03 mm and 0.04 mm at the maximum.

Fig.2 Cntour mp of teperatur distriution i the fis DT9
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Fig. 3 Contour maps of the deformations in (a) radial and (b) axial directions.

(5) Cooling water temperature control
The frequency shift due to the thermal deformation can be deduced from the results of the RF

cavity analysis and the thermal analysis. Figure 4 shows the frequency shift at the various coolant
temperatures from 16 to 3P1 C and the gradient of the frequency shift of 1. 3 kHz/deg is obtained.

The beam loading effect in the FMIF
DTL is an important issue because it is
comparable to the wall loss. The reference 20
design employs the temperature control method
to retune the cavity frequency after the beam is
accelerated. The frequency shift can be ~1
estimated by using an equivalent circuit model c
and is expressed as [3]: (a13-_ 

C,1Aw _ bRC COS Ob

where A--co0-co , oo resonance frequency I

(1 75 MHz), o f driving frequency, b beam
current (125 miA), Rc cavity impedance a - -
(-125Q), b synchronous phase (--30deg), and 0 10 20 30 40
V, voltage between gaps (-100 kV). Then the Coolant Temperature (C)
results are obtained as Aco = -6.8x10-5 and Aco =
-12 kHz, corresponding to a 9.20C coolant Fig. 4 Frequency shift vs. coolant temperature
temperature change. calculated for the first DT cell

The stored energy can be expressed as:
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U 2

2R, C+~OLcJ 2 {2A~oJ

and the following relationships are derived:

Uoc Ao.~+Kj 0' ~ 2' UO 2 1

When the SUPERFISH result of Q_-9.15Xl0 4 is used in the above formula, the required control accuracy of
the frequency to keep the gap voltage stable can be obtained as shown in Table 2. If the required stability
for voltage is -1%, the required precision of the temperature control will be 0.20C.

Table 2 Frequency change and resultant stored energy and gap voltage deviations.

Ao (kHz) U/U0o V/Vo

1 0.785 0.886
0.5 0.936 0.967

0.25 0.983 0.992

0.2 0.989 0.995

0.1 0.997 0.999

(6) Conclusions
The temperature distribution and the resulting deformation of the first DT assembly of the IFMIF

DTL were estimated using SUPERFISH and ANSYS codes. The absolute power dissipation is normalized
to the reference design value, E0= 1.75 MV/in, so that the distribution obtained reproduces the previous
results and the maximum temperatur e rise is 1 .50C. The frequency shift coefficient of the change in the
coolant temperature is deduced, and the requirements for the range of tuning due to the beam loading and
for the control precision to maintain voltage stability are estimated as -90C and 0.2CC, respectively.

References
[1] J. Billen and L. Young, "Poisson Superfish", LA-UR-96-1834, January 1996.
[2] J. Rathke, T. Schultheiss, M. Cole, "IFMIF Drift Tube LINAC 5MeV Drift Tube Design Study

Status Report"t , presented at IFMIF Accelerator Team Mtg, Monterey, USA, Aug. 25-26, 200.
[3] E. Raka, "RF System Considerations for a Large Hadron Collider", in AIP Conf, Proc. 184,

Physics of Particle Accelerators, Eds. Month and M. Dienes, A.I.P. New York 1989, p.2 88.
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3.1.15 AC33B-EU : Choice of RFQ Structure, Development of the 4-rod RFQ

(1) Brief Task Description
The 4-rod RFQ structure developed at Frankfurt for a high duty factor will be adapted to meet

IFMIF needs. Beam dynamics layout will accomplish small emittance and high transmission. Technical
design and experimental verification of a short 4-rod RFQ to demonstrate the required cw operation
capability is planned.

Contributors
Name Party Institute E-mail address

A. Schempp EU IAP A.Schempp~em.uni-frankfuirt.de
A. Bechthold EU LAP A.Bechthold~iap.uni-frankfurt.de

(2) Introduction
Investigation of the 4-rod RFQ structure has been conducted to evaluate it as an alternative

solution to the complex 4-vane structure. Though power dissipation is approximately the same and current
densities are higher by a factor of 2 to 3, the fields are concentrated in the resonating stem structure, which
can be cooled very efficiently. The rf-coupling of this structure is stronger than the 4-vane structure;
therefore, tuning sensitivity and operating stability are very high.

(3) 4-Rod RFQ Design
The design for the injector of the IFMIF accelerator consists of a high current ion source, a

magnetically focussing neutralized LEBT and a 175 MHz RFQ accelerator. The RFQ accelerator has to
accept a 100 keV deuteron beam Of in, = 140 mA and transport, bunch, and accelerate it to an energy of 5
MeV with minimum loss and ernittance growth.

An important design criterion is a low Kilpatrick value, which especially for continuous (cw-) mode
operation plays an important role in operational stability and accelerator down time.

All attempts for a beam dynamics design using either the standard shaper buncher and accelerator
section for RFQs or versions of the modified method keeping, e.g. the phase advances constant, lead to
RFQs which are much longer than standard accelerators. The reason is the need for very slow bunching
and rather low accelerating gradient to maximize radial focusing and minimize losses at reasonable
electrode voltages.

Our design uses the basic parameters of an electrode voltage of 120 kV starting with a focusing
parameter of B = 6.2 at stable phase 900 resulting in a radial phase advance of aY = 400 at the RFQ input.
These values are smoothly varied to the final values of B = 6.5 and Os = 50o resulting in an RFQ with
length 127 mn. The Kilpatrick value stays
below 1.9. RFQ IMIF, F=175MHZ, U=12OKV

Figure shows the parameters along m a cm6 a

the RFQ. Results of PARMTEQ 3 12~5~s

simulations with an input emittance of 1.1 40

125 it mm mrad and a waterbag distribution 2.E 1.0 35 -20

are shown in Fig. 2. The transmission at 09 /30 -30

140 mA input deuteron beam current is T = 2.2 . 25 -40

94.8% with an emittance growth of A =

43.5%. Figure 3 shows the output 1./20 -5

emittances. ..... 15 6

Afeature of our design is a constant 1. 0. /o. 70

voltage along the RFQ, which results in a 0.4 .. -80

rather long RFQ. The accelerator section can . -.. 8- -90
0 50 100 150 200 250 300 350 40045

be shortened very efficiently by using a cell number
higher electrode voltage, without touching ...... ~0: -- f
the Kilpatrick limit, and thus make up for an Fig. I RFQ Parameters.
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Fig. 7 Transmission as a function of the unnormalized input emittance.

Work on a cw hot model was performed to study the cw operating conditions. Due to the
availability of rf-power sources we set up a short rf-resonator with four stems, a basic cell of the 4-rod REQ.
The electrodes were 32.5 cm long, and the distance and length of the stems were 85 mm and 95 mm.
Each stem is separately water cooled by a feedthrough from the tank outside. The 4 electrodes were made
from our standard CuCr with an internal cooling channel in the small vane shaped conductor. MAFIA
calculations and experiments identify the hot spots on the electrode-stem connections, shown in Figs. 8 to
12.

Operation was without tuner by VCO control of the amplifier. After conditioning the resonator, we

Fig. 9 Electrode cooling scheme.

Fig. 10 View of the test model. Fig. 11 Schematic of the 4-Rod

RFQ insert.
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could operate with the full transmitter power of 20 kW w, %nf

corresponding to 60 kW/m, a value four times higher than
previously achieved.

These tests were done with unmodulated electrodes
and a number of direct water-vacuum seals. A more
realistic test has been started with a resonator designed for
beam operation but lower duty factor. The RFQ is 4 mn long
and designed to operate at a duty factor of 20%.

The alignment and tuning produced very good results.
The 4-rod RFQ has an input/output energy of 35 keV/4
Mev and a resonance frequency of 200 MHz. The field
flatness is within 1.5%, the Qo = 3350. The cavity has one
central rf-input coupler and two sliding tuners for thermnal
compensation with a tune of Af=0.55 MHz. The maximal
rf input power was 250 kW.

(5) Conclusions
With the presented design, which is well adapted to

the 4-rod structure with high Kp value and spacing, useful
input emittances are between 50 and 500 it mm mrad.
With further optimization of input matching, e.g. c3 Fig. 12 View of the 4-Rod-RFQ.
additional improvements can be achieved.

Depending on the general optimization priorities, this design might be modified for lower average
power of the RFQ. That means lower electrode voltage, or even higher transmission or improvements in
emittance.

The rf-conditioning was done to a power level of 250 kW for proton beam tests. The
conditioning process was successful. It was only interrupted by melting of the rf-loop caused by a
blockage of cooling water flow. The RFQ has been repaired, put back into operation, and is ready for
beam tests.

Reference
[1] A. Schempp New Developments in High DC, High Currrent RFQ, LINAC2002, Gyeongyu, Korea.
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3.1.16 AC35-EU : Choice of DTL Structure, and Investigation of CH-DTL

(1) Brief Task Description
Particle dynamic design is needed for an Alvarez-type DTL for IFMIF. Error studies and stability

calculations must include mismatched input beams, statistic rf errors and mechanical tolerances for the
Alvarez. Investigations should identify matching possibilities between RFQ and Alvarez, and verify by
overall simulation of the linac (RiFQ+Alvarez DTL). Altemnatives can be studied through particle dynamic
design of an IH-type DTL for IFMIF, and should include additional error studies and stability calculations,
including mismatched input beams, statistic rf errors and mechanical tolerances for the IH-DTL.
Investigations will include matching possibilities between RFQ and IH-DTL, and integrated simulation of
the linac (RFQ+IH-DTL). Evaluation of superconducting (sc) options uses particle dynamic design of a
sc IH/CH-DTL combination for IFMIF, with error studies and stability calculations. Matching to the sc
IH/CH-DTL is evaluated using an RFQ output distribution and overall simulations (RFQ+IH/sc CH-DTL)
are performed. A sc 175 MHz CH cavity is designed with MicroWave Studio based on particle dynamics
calculations, and detailed analysis of the rf and sc properties of the CH cavity is carried out.

Contributors
Name Party Institute E-mail address

H.Deitinghoff EU IAP deitinghoff~em.uni-frankfurt.de
H.Klein EU IAP horst.klein~iap.uni-frankfurt.de
H.Liebermann EU IAP hlieberm~stud.uni-frankfurt.de
H.Podlech EU IAP h.podlech~iap.uni-frankfurt.de
U.Ratzinger EU IAP u.ratzinger~iap.uni-frankfurt.de
A.Sauer EU IAP a.sauer~iap.uni-frankfuirt.de
R.Tiede IEU LAP tiede~iap.uni-frankfurt.de

(2) Introduction
During the CDA and CDE phases of IFMIF, particle dynamics calculations were performed for a

175 MHz, 125 mA deuteron linac. The linac has to provide a 40 MeV beam with low losses and small
emittance growth for the uniform irradiation of a lithium target. The accelerator consists of an RFQ injector
followed by a Drift Tube Linac. The complete facility would need two 125 mA linacs in parallel operation.
In a first attempt the particle dynamics layout of an Alvarez type DTL (room temperature) has been studied
aiming for low rf voltages and moderate power losses in the structure due to the required cw operation. In
addition, first investigations of an H-type DL (room temperature) have been started for a further
evaluation of the capability of this structure for the acceleration of high intensity beams. Results will be
presented and discussed, including matching requirements to the DTL.

Since the IFMIF linac has to be operated in cw-mode, normal conducting acceleration structures
have high thermal losses. A way out could be the use of superconducting cavities. One could think of short
quarter-wave- or spoke-type cavities. With a chain of many of these resonators a high flexibility in the
acceleration of different ion species and charge-to-mass ratios can be achieved by individual phase tuning
of each resonator. In the IFMIF DTL only one ion species with a fixed velocity profile has to be accelerated.
In this case multi-gap structures like H-type are more appropriate. The room temperature 1H-I 1o-structure
already serves successfully in the field of light and heavy ion acceleration. The typical frequency range is
between 30 and 300 MHz with energies up to 20 MeV/u*. Together with the KONUS (Komibinierte Null
Grad Struktur) beam dynamics concept [1], which allows drift tubes to be built without quadrupoles and
concentrates the transverse focusing in separate quadrupole triplets, compact and highly efficient linacs can
be designed and constructed. The higher the energy, the higher the required frequency for efficient
acceleration. This is met by the CH (crossbar H-21o-miode) cavities [2]. Due to the larger diameter compared
to the IH structures, frequencies up to 700 MHz and energies up to 150 MeV/u can be reached; thus, the

*Unit of particle energy per particle mass = MeV/(atomic mass unit).
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CH structure shows a large potential for room temperature as well as for se designs. CH-cavities show high
mechanical and thermal robustness, provided by the crossed-stem construction. The transverse dimensions
are small compared to half-wave or spoke-type cavities operated at the same frequency. For the required ew
operation, the power losses are low and large drift tube apertures can be chosen to reduce the probability of
particle losses. For the IFMIF DTL a combination of room temperature H tanks with internal quadrupole
triplets for the low energy part followed by a chain of superconducting CH-cavities with inter-tank focusing
has been designed and multi-particle beam dynamics calculations have been performed to check the beam
behavior.

(3) The Alvarez-DTL for IFMIF
Design studies have been performed for the RQ as well as for a modular-built DTL of the

Alvarez-type, which demonstrated the suitability of the reference design. Since then some critical points
have been reconsidered: the transition energy between RFQ and DTL was lowered from 8 MeV to 5 MeV,
to reduce the RiFQ requirements. Beam dynamics calculations performed with the multi-particle program
PARMILA [3] showed that the DTL is capable of handling the high current at this lower injection energy.
There are no loss or packaging problems of the drift-tube-housed magnetic quadrupoles. However, a special
matching between REQ and DTL may be required. Figure shows a schematic layout and Table 

4 14ri

370 Wt 4 400040 101 1 0

Fig. I Schematic layout of the MEBT for the Alvarez-DTL calculated with TRACE3D
Last focusing period of RFQ and first of Alvarez is also plotted (yellow parts).

summrize thestrutur parmetes fo an Table Structure parameters of the MEBT for

appropriate MEBT, using the same zero current the Alvarez-DTL.
phase advances per unit length of the REQ and Element G [kG/cm] B [T]
Alvarez, for matching the REQ output beam to D-Quad -8.227 1.31-
the Alvarez-Type DTL. F-Quad 7.555 1.20

Another question is the ability of the high D-Quad -7.716 1.23
power rf amplifiers to feed the accelerator F-Quad 3.113 0.498
modules, including the very high beam load. In Aerture cm] 1.6
a first choice, MW input power per tank was Length [cm] 80.6
assumed for the layout of the Alvarez, leading
to six tanks with I X spacing between the tanks [4]. Rf power reserves are needed when the following
aspects are taken into account: the calculated shunt impedances of the rf structure may be too optimistic,
and some power is needed for the phase and amplitude control. Because of the cw operation, the peak
surface fields are lowered to avoid sparking. Therefore different layouts of the DTL have been studied with
reduced shunt impedance (- 17%), lower rf input power (<0.8 MW per tank), reduced Kilpatrick factor (0.9
instead of 1.0) and rf structure losses limited to <50 MWm. After those changes, some parameters have
been reconsidered: the aperture radius in the high energy section was increased from 1.5 to 2.0 cm for
higher safety margins against particle losses. The tank end walls were included in the design to get more
exact total power estimates for the DTL. The inter-tank matching was improved by adjusting the first and
last two quadrupoles in the last four tanks and the synchronous phase of the first and last two gaps of each
module [5]. Figure 2 displays a schematic layout and Table 2 gives the structure parameters of the
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optimized Alvarez-DTL.
All particle dynamics calculations MeV 40 MeV

showed the capability of an Alvarez
DTL to handle a high current beam Ti T2 T3 T4 T5 16 T7 T

without beam losses, even with
combined standard errors. In addition,
simulation with variable end energies of Lt3,~

the DTL between 35 MeV and 40 MeV
were performed (detuning the 7 and Fig. 2 Schematic layout of the Alvarez-DTL.

8 th tank) with a small reduction of the Table 2 Structure parameters of the Alvarez DTL

quadrupole field strength. The frIMF
transverse beam quality was nearly Parameters AvrzUt
unchanged but the longitudinal quality Alvarez 25. Uit
deteriorated significantly [6]. I ign 125.0 MAz

(4) The 1H-DTL for IFMIF NT!/ Nceii 8 / 124

In the past several years IH-type Ptot 5.94 MW
DTL linacs have been successfully built <"'PCu+Beamffr> 0.750 MW
and operated for the efficient Win Wout 5.0 / 40.34 MeV
acceleration of light and heavy ions, e.g. WtotIL 1.13 MeV/m
at GSI and CERN [1]. This modem Ltot 31.19 mn
type of accelerator combines high r 1.5 - 2.0 c
acceleration rates with a new focusing <ZT2> 43.14 M/
scheme called KONUS, and leads to b~ilp j 0.90 1______
compact accelerators. Therefore, this
type has been investigated for use in

high intensity machines like IFMIF. 5M V4 e
Figure 3 shows the schematic of an~~MV4 e
optimized IH-type DTL for IFMIF, and [
Table 3 gives the structure parameters TT7
generated with the multi-particle
program LORASR [1]. In the KONUS______________
scheme the particles are accelerated in aL =32m
number of gaps with 0 degree bunchLt232m
center phase, which are followed by a Fig. 3 Schematic layout of the IH-DTL.
quadrupole triplet and rebunching cells
with negative phase. In the first tank of
the IH-DTL the quadrupole is still Table 3 Structure parameters of the IH-DTL.

integrated into the tank; in the Parameters IH Uits
following nine sections we use I design 125.0 mA
inter-tank quadrupole triplets, for easy frf 175.0 MHz
adjustment and maintenance of the NT / Nceu 10!/ 157
quads. Po .3M

The multi-particle simulations <Pot ea 0533 MW
showed no particle losses and smooth Wincu ut 5. 0. MWV
beam behavior with moderate emittance W /L Wut50 01MeVm
growth [6]. A possible advantage of the WoIL15MV/
IH-Type DTL could be the lower rf Lt~t 23.29 mn
power consumption (IH is 30% more ro 1.5 / 2.0 cm
efficient) and shorter length (8 m <ZT2> 94.29 Um
shorter than the Alvarez). All beam bKilp 0.43 ______

dynamics calculations showed that the
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lH-DTL is capable of accelerating such high current, high intensity beams without losses. Preliminary
design suggested some modifications to improve the beam quality and the performance of the IH-DTL: the.
number of gaps per resonator was reduced, which results in a smaller transverse beam size. With that
change, the number of tanks is now 0. Furthermore, error and tolerance studies for the IH-DTL have been
performed. The result was that the IH-DTL is
more sensitive to errors than the Alvarez, Table 4 Structure parameters of the MERT for
leading to smaller aperture factors and larger the IH-DTL.
emittance growth. With a special compactElmnG k/] B[T
matching section between RFQ and IH-DTL, Elemenad _________ 1.24
which provides transverse and longitudinal DQa -6.2 1.24____
matching and simultaneously prepares the beam F-Quad 2__2_0__44
for the KONUS-dynamics (the structure F-Quad 6.45 1.29
parameters of the MEBT can be seen in Table 4 D-Quad -6.2 1.24
and the schematic in Fig. 4), it was possible to F-Quad 6.45. 1.29
inject an RFQ output beam into the H-DTL Aperture [cm] 2.0
without particle losses. Finally, to achieve Length rem] 65.7

Fig. 4 Schematic layout of a MEBT for the 11H-DTL calculated with TRACE3D. Last focusing
period of RFQ and first of Il s also plotted (yellow parts).

variable output energy between 35
and 40 MeV, the 9th and I 

0
th tanks 5MeV 10MeV 4OMeV

of the IH were detuned and the f
quadrupole triplets were slightly __ 

adjusted. This leads to similar beam
behavior as for the Alvarez [6]. ____ L cryostat=8.20 m

(5) The Superconducting.* ,.
CH-DTL for IFMIF

Beam dynamics design for 
IFMIF has been studied for a LU= 1 0.80 m
combination of a room temperature Fg ceai aoto h eI-HDL
IH-section followed by a chain of Fg ceai aoto h eI-HDL
superconducting 175 MHz CH-sections. Fig. 5 shows a schematic layout of the optional IFMIF linac
generated with the multi-particle program LORASR. Due to beam dynamics reasons, a magnetic lens is
integrated into tank 1, which has to be operated at room temperature. The other four tanks are
superconducting with extemnal lenses between them.

Table 5 shows the structure parameter of the linac generated with the multi-particle program
LORASR. One important design restriction was the maximum average rf power per tank needed in the sc
part. It should not exceed 800 kW (which is almost completely converted into beam power) due to f
amplifier and coupler power limits (requiring two rf couplers per tank). Therefore the effective field
amplitude Eff was limited to 4.1 MV/in. The ew operation mode of the IFMIF facility and the use of
deuterons requires a large safety margin in the bore sizes of the accelerators to avoid losses which lead to
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structure activation. Therefore we increased Table 5 Structure parameters of the IH-CH-DTL.
the bore radius of the drift tubes with the Parameters SC IH-CH-DTL Uits
particle energy in the sc part from 2.4 cm up I design 125.0 mA
to 4.0 cm. Such a large increase of the linac frf 175.0 MHz
aperture is only possible in a s layout Ntank 5 ( NC+4 SC) ______

without a dramatic decrease in efficiency. Ptot 4.44 MW
Furthermore we reduced the maximum gap <PCu+Beam/Tr> NC: 0.690 MW
voltage to Vgap (max) 1.0 MV to avoid SC: 0.740 _____

sparking and to reduce the critical electric Win /W0, 5.0/40.1 MeV
surface fields Epeak. [7]. Extended particle Ncen/ L 73 /10.5 1/rn
dynamics calculations were made with r NC: 1.5 cm
different scenarios, including: a) mismatch SC: 2.4 - 4.0 _____

of the input beam, b) errors and tolerances of b1.________________
the quadrupole triplets and rf phase and ________ .0_____
amplitude of tanks, and c) using a real RFQ Table 6 Structure parameters of the MEBT for
output distribution as input for the s the IH-CH-DTL.______
CH-DTL in combination with a compact Element G [kG/cm] B [TI
matching section (see Table 6 for the DQa 6112
structure parameters and Fig. 6 for the F-Quad 26.3 0.46
schematic of the MEBT).FQud2304

The MEBT is similar to the normal F-Quad 6.35 1.27

conducting IH-DTL design because the first D-Quad -6.3 1 1.26
module of the linac is identical. This results F-Quad 6.35 1 1.27

in smooth beam behavior, acceptable Aperture [cm] 2.0
emittance growth, and no particle loss [8]. Length [cm] 65.7

Fig. 6 Schematic layout of a compact MEBT for the sc I-CH-DTL calculated with
TRACE3D. Last focusing period of RFQ and first of IH/CH is also plotted
(yellow parts).

Figues -sho th 10% trnsvrseand Table 7 Cavity parameters of the first 175MHz sc

longitudinal beam envelopes along the Cait-preeso SCCHtTLr.t
IH/CH linac calculated with LORASR. -Cvtpamers SCHDLUs
With the structure parameters determined Beta 0.1
from multi-particle simulations, a Frequency 174.86 MHz
preliminary sc CH cavity design stuady was Eacc 5.35 MV/in
made with MicroWave Studio. Epeak 38.7 MV/ni

Table 7 gives the parameters of the Tnk length 1.52 mn
first sc 175 MHz CH resonator with a fixed Drift tube diameter 5.0 cm
beta of 0.1. Figure 10 shows a sectional Tnk diameter 58.0 cm
view of the cavity. Preliminary optimization -Nmber of gaps 12 ______

procedures lead to relatively low peak Epeak / Eace 7.23 _______

surface electric and magnetic fields of 38.7 FBpeak / Eacc 9.17 MT/MV/rn
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45
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along the linac, the bunch center along the linac.

Fig. 9 100 % energy width with respect to Fig. 10 View of a 175 MHz 12 gap sc
the bunch center along the linac. CH-cavity for beta=0.l (const).

MV/rn and 49.1 mT, which are well below the theoretical BCS limits of cavities made of niobiumn [9].

(6) Development of the CHI Structure
A copper scale model (1:2) was built

at the LAP in Frankfurt in order to determine
basic rf properties (see Fig. I). The model
has 18 gaps and the cell length 13X/2 has been
kept constant with a fixed f of 0. 17. The tank
diameter is about 30 cm and the tank length
about 1.2 m. The measured resonance 
frequency (350 MHz) was less than 1% lower
than the frequency calculated with
MicroWave Studio (352 MHz).

Measurements of the longitudinal
field profile with a bead-pull setup have been
performed to investigate different tuning
possibilities. Figure 12 shows an example of a
measured field profile along the z-axis. Fig. 11 Photo of the copper model of the

A design study of a sc CH structure 350 MHz CH structure.
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has been made in close cooperation with ____________________

industry. The assembly of the cryogenic
laboratory is in progress. The cryostat has -

been delivered and the magnetic shielding A 119, A
was ordered. - -- H

(7) Conclusions 1--
Particle dynamics investigation of !

the IFMIF DTL showed robust beam---
behavior for the Alvarez-type DTL. Lower
input energy, beam matching and lower input L ---- - ----

power per tank gave in all cases stable
solutions, good emittance conservation, 0 250 500 730 LOGO9 LZUO9

strong transverse and longitudinal focusing, born mfxis (mm)
no particle losses, and sufficiently large Fig.12 Measured field profile along the z-axis.
aperture factors even when including
standard quadrupole and f errors and mismatched input beams. Beam dynamics studies for the IH-type
showed its capability for high intensity acceleration with good power efficiency. Investigations of beam
stability against matching, field and quadrupole errors showed, however, that the IH-DTL is more sensitive
to errors than the Alvarez, due to the KONUS-dynarnics. The beam dynamics design of an Alvarez-type
and an IH-type DTL for IMIF was significantly advanced by the KEP phase activities. Integrated beam
dynamics simulations for the whole linac (RFQ+DTL) were made to ensure the safety of the injector
facility against losses and activation. Both structures showed, when used in combination wit a special
compact MEBT, no particle loss and smooth beam behavior, whereas the RFQ+Alvarez chain gave higher
aperture factors and lower ernittance growth. Due to the mandatory cw operating mode of IFMIF, a design
with a combination of a room-temperature (rt) I structure and a chain of superconducting (sc) CH
resonators with inter-tank focusing has been completed and shown to also fulfill the requirements for a high
current IFMIF DTL. The sc CH DTL section provides very high f and acceleration efficiencies and, due to
its special cell geometry, high mechanical robustness. The sc drift tube linac has a total length of only about
11 m , and the cryostat length is about 8 mn. The estimated total power (including all cryostat losses) per
meter of this design study is = l.5 kW/m (for comparison the rt inacs need 'z50 kW/m), which demonstrates
the high rf efficiency of the sc CH modules. The large drift tube apertures in the sc components reduce the
risk of particle losses. Intensive simulations also showed low sensitivity of the beam behavior to statistic
and mechanical errors. Overall calculations from RFQ+SCCH-DTL including a compact MEBT also
proved the stability of the IICH linac layout against possible structure activation when a realistic RFQ
beam is injected. In this view, the proposed TH/sc CH-DTL combination is a promising alternative to the
conventional reference layout. First on-axis field measurements of a down-scaled 350 MHz copper model
of a CH cavity showed satisfying results for field flatness and mechanical stiffness. A first superconducting
cavity for experimental evaluation is in preparation.
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3.1.17 AC21C-US Analysis of the Revised IFMIF High Energy Beam Transport
(HEBT) System

(1) Brief Task Description
The purpose of the present study was to examine the HEBT design for the Reduced Cost IFMIF [].

This design has been substantially revised from the CDA configuration and most importantly, the RF
cavities used for beam energy spread control in the CDA design were removed. Our goal in this study
was to take a first look at the impact of these changes on the ability to achieve the required beam profile
and homogeneity on target. Our preliminary conclusion is that it appears the RF cavities can be removed
and that a suitable HEBT system can be defined. Figure shows a HEB3T configuration resulting from
this preliminary study.

Contributors
Name Party Institute E-mail address

John Rathke us AES johnrathke~mai.aesys.net
Alan Todd us AES alan todd~mail.aesys.net

200 Achromats HihOdr Target interface
4 ~~~~~~~~ ~~Elements tank for both

accelerators

t ~~~~90 Achromat/'V 

-55 m 1

Fig. I Preliminary HEBT Physical Layout.

(2) Discussion
The resultant beam line conveys a 40 MeV, 125 mA beam 55 meters to the target and incorporates

two twenty degree achromatic bends, FODO transport, a final focus and a final nine degree achromatic
bend followed by a 17 meter drift to the target. Initial beam parameters for this analysis were provided by
R. Ferdinand of CEA Saclay and are the output parameters of a candidate IFMIF DTL design [2]. The
preliminary Trace 3D results are shown in Figure 2.

The twenty degree achromats are symmetric about their center allowing both Rxz and Rx'z to be
simultaneously zero. The beam envelope is also symmetrized to help preserve achromaticity when space

Fig. 2 Preliminary Trace 3D Results.
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charge is present. Further this symmetry allows a FODO lattice to go into a DOFO lattice, different only
in phase.

The transverse phase advance per cell in the FODO sections is 104.5 degrees without space charge
and 51.5 degrees with a current of 125 mA. In the future, this phase advance may be reduced down to a
more conventional value, below 90 degrees, by the incorporation of more focusing elements per unit length
which would increase the cost. However, there is no present evidence of resulting performance
degradation in the relatively short beamline.

Of note in this preliminary analysis is the larger vertical beam size of -9 mm RMS just before
the final bend. As bunches travel down the beam line they may grow longitudinally until they overlap,
depending on RF bucket occupancy. When this occurs a three-dimensional space charge model no
longer applies. Further, energy-spread stops growing. In the present study, only a 3D model of space
charge was used and the RMS energy spread was predicted to increase from 150 keV at the DTL exit to 270
keV on target.

In developing the magnetic lattice we limited the pole tip fields of magnetic elements in the beam
line to Tesla. Therefore, assuming a pole tip radius ("a") of 10 cm the quadrupole magnets, with 13(r) =

B (/a), will have a maximum allowable field gradient B3o/a on the order of 10 Tesla per meter. Octupole
elements, with 13(r) B (a) 3, will have a maximum allowable field gradient of 1000 Tesla/Meter 3 .
Further, I Tesla or less dipole bending magnets are limited to a minimum radius of about 1.3 meters. Here
we have used 1.5 meters. A few of the beam line elements in this model exceed our nominal quadrupole
maximum strength. In an iteration of the present design, these would simply be made longer and their
gradient reduced at near constant strength.

Details of a final focus, up to and including the final nine-degree bend, slightly redesigned from
the line of Figure 2 are shown in Figure 3. The beamline upstream of element 92 is identical to that of
Figure 2. The split elements, items 94-95 and 97-98, are Trace3D placeholders for combined function
elements that can apply octupole and, possibly, duodecapole fields in addition to the quadrupole field.
The design achieves the goal of a 10 mm RMS beam in the nonlinear elements.

The nonlinear elements are necessary to square-off and flatten the beam. On target, the
requirement is for a beam uniformly illuminating a rectangle 20 cm in width by 5 cm in height. The idea
is to have two nonlinear elements, 94-95 and 97-98. The beam is sent into a waist in both, but in different
transverse directions. The two waists allow independent control of each transverse direction since the
octupole will most strongly effect the large beam direction.

A beam waist is produced in the center of the nonlinear elements. Normally, one avoids small
waists and the associated aberration effects. Here, this is unavoidable and, in any event, the beam is spread
out both in the other transverse direction and longitudinally at this point so that space charge effects should
be manageable.

The ray-tracing version of a modified version of Topkark was used in the present study. Figures 4

NP1= 86 NP2=1 16
26.000 mm 360.0 Deg Honz. Longitude

0 ~~0 MOO 0 0 
86 87 8 89 90 91 92g39 979899101011 101 1 0 1 

\Otrt Length: 166m

Fig. 3 Redesigned Beam Final Focus.
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Fig. 4 TKRay Large Beam Final Focus.

- 7 were generated by this TKIRay code using
10,000 particles, a Gaussian initial particle -

distribution, a uniform (i.e. linear) space 4I

charge model and a current of 125 mA. 40 V
Figures 8 - 10 used the "generalized" space
charge model. As may be seen in Figure 4,
TKRay's RMS transverse envelopes are quite
similar to those of Trace as expected. Figure
5 illustrates the profile with physically 10

reasonable octupole values. The profile is 
not ideal in that the shoulders are still too 
broad.

Profile slices, at regular intervals, of
the distribution of Figure 5 are given in Fig. S Final Focus with Octupole Correction.
Figures 6 and 7 respectively. These are the

. 9 I D ' ' ? 5 A 5 10 10 20

Y00 0CM

Fig. 6 Vertical Profile Slices Fig. 7 Horizontal Profile Slices
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results of averaging some five different runs with different random number seeds. The colors distinguish
the different intervals as the slicing proceeds through the beam.

Figures 8, 9 and 10 are plots averaged over five runs using 10,000 particles and the generalized
Garnett and Wangler (G-W) 3D space charge model instead of the prior linear model. The current
remains 125 mA.

(3) ConclusionGeadSaeCeeMol
This preliminary study validates the IFMIF 4

HEBT design tools and indicates that a realistic 4 ~ 17
design solution without RF cavities probably
exists. Further work is needed to complete a
satisfactory LEMIF HEBT design and a list of
tasks for ongoing analysis is given below. :~

Reduce the transverse phase advance in the

FODO
- Examine the effects of increased

post-nonlinear-element drift length as used in tig. 5 tistogram, ti-w pace charge woaei.
the earlier Los Alamos design [3]

- Investigate the impact of duodecapole
elements on flattening and profile shoulder control

- Account properly for the bunch overlap effect on space charge
- Examine reduced beam current, field sensitivity, mismatch and misalignment tolerances.
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3.1.18 AC33A/38-EU : End-to-End beam dynamics

(1) Brief Task Description
The IFMJF project requires two linacs designed to accelerate 125 mA CW deuteron beams up to

40 MeV After extraction and transport, the deuteron beams (with strong internal space charge forces) have
to be bunched, accelerated and transported to the lithium target for the production of a high neutron flux.
This task presents the reference design linac, which is a combination of REQ and DTL structures. Beam
dynamics end-to-end calculations with errors studies and cavity designs are detailed.

Contributors
Name Party Institute E-mail address

R. Ferdinand EU-FRANCE CEA-Saclay rferdinand~cea.fr
R. Duperrier EU-FRANCE CEA-Saclay rduperrier~cea.fr
D. Uriot EU-FRANCE CEA-Saclay duriot~cea.fr

(2) Introduction
LEMIF requires generation, by a linear accelerator, of 250 mA continuous current of deuterons at a

nominal energy of 40 MeV, with provision for operation at 30 MeV and 35 MeV [1]. The basic approach is
to provide two linac modules, each delivering 125 mA to a common target. This approach has availability
and operational flexibility advantages.

Very low beam loss along the linac is required in order to minimize structure activation by
beam-loss particles, so that maintenance can be performned without remote manipulators. This study
presents the reference design for the REQ and DTL sections of the facility. Beam dynamics with and
without errors are detailed. This work is done for the fsion community and supported by the EFDA
contract 2000/1 0.

(3) RFQ Design
The IMIF 175 MHz RFQ is a four-vane structure. This ensures minimum power consumption

compared to coaxial RFQs and better control of the cavity deformation in CW mode. The cavity, designed
with BELENOS [2], has a total length of 12.482 mn and is segmented in three parts. This segmentation
ensures an efficient longitudinal damping of field errors [3], and introduces two resonant coupling gaps.
The first, gap is located at 4.161 mn and the second at 8.321 mn. From mechanical considerations, in
particular the size of the welding/brazing frnaces, each segment is cut into four 1.04 mn pieces. Figs. and
2 show 3-D views of segmented RFQs [4,51. The different parameters are summarized in Table 1, showing
that the final synchronous phase is -40 deg. One may think that this value is too high and penalizes the
accelerating efficiency of the stmucture, but this choice allows appreciable margin for the longitudinal
acceptance. This point is important for of the high currents. The high voltage (130 kV to 100 kV)
compensates for this high synchronous phase and allows strong focusing.

Fig. LEDA REQ. Fig. 2 IPHI REQ.
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(4) RFQ Beam Dynamics
In order to ensure the required Table 1 Main IFMIF RFQ parameters.

125 mA, a current of 130 mA is Parameters Values
simulated in the RFQ. The input Length 12.482 mn
normalized rms emittance is 0.25 it mm Frequency17Mz

mrad at 95 keV These values are in Voltage 130~ 101.2 kV
agreement with the present perfor- Menarte R)64 516m
mance of SILHI [4], the French ECR Medainetr ( 0) 6. - .6m

source, and the LEDA ECR source [5]. Modulatonu (in) (D) 91 -- 0
Table 2 shows the main results of Snhoospae(~) ~ O 0

simulation performed with the code Peak field 1.8 Kp
TOUTATIS [6]. The output phase space Copper power (+20%) 683.9 kW
distribution is plotted in Fig. 3. Beam power 613.1 kW

Total power 1297 kW

Table 2 Results of the IFMIF PJFQ [GOOD: 98581 / 98581 128.2mnA T race-Win -CEA/D SM MAPN ISACM

simulation. X XP (mmrad) Y-Yp (mmn-mrad)

Parameters Values
Transmission 98.5%
Output X transverse 0.249 i.mm.mrad 
emnittance

Output Y transverse 0.251 7t.mmn.mrad 2

emittance
Output longitudinal 0. 195 deg.MeV - 3- 1012345 4- 2- 

emnittance Phase-Energy (deg(l 75 MHz)-kMeV) X V (rm mm)

(5) DTL Design O
The 175 MHz DTL cavities have

been designed with the GENDTL code [7]. '

The DTL section is comprised of 10 tanks. 
Each cell has been computed with -40-3020-100 10 20 304050 -4 -3 2 -1 0 1 2 3 4 5

SUPERFISH [8]. Main parameters (phase, Fg FI F uptpaesae
field law) are computed by a step-by-step Fg3IMFRQotu hs pc
transport of a reference particle, and are Tbe3Mi aaeeso FI Ts
summarized in Table 3. Tbe3Mi aaeeso FI Ts

Parameters Values

(6) Beam Dynamics Total Length (10 tanks) 31. 8m
Fig. 4 shows the behavior of x and Max. ZT 239.53 MK2/m

phase beam distributions along the DTL Maximum quad. Gradient 74 Tim
tanks. No emittance growth and no loss are Synchronous phase (QD,) -45O;-350
observed. The output current of 127 mA Peak field 1.3 Kp 
fills the IFMIF requirement, with a small Copper power (+20%) 1907.1 kW
margin. Beam power 4550 kW

(7)Errr Sudis ITotal power 6.46 MW

(7.1) Strategy
The study is decoupled, with each defect first being studied separately. For example, the sensitivity

on modulation error over a range [0-->M] was tested, the range [0->M] being cut into 10 steps: ten per cent
of M, twenty per cent of M, ... For each step, 100 linacs are generated with a randomly distributed error.
The longitudinal step in error is based on the machining step (IPHI RFQ) for each drawing. Once this first
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Element: 162 NGOOD 95232/ 95232 TRACEWIN -CEA/DSM/OAPNIA/SACM

0 20 40 60 60 100 120 140 160
Element 

40, -------

6 20 40 60 60 100 120 140, 160
Element#

Fig. 4 X and phase beam distributions along DTL.

study is performed, it is then possible to extract from the simulation the maximum error amplitude for each
defect.

Finally, all errors are combined with a maximum excursion, which had been determined in the first
study. The combination is also cut into ten stages of 1 00 linacs. At the end, it is easy to determine the
required threshold for each defect.

The GUI for error studies is TraceWin [9]. The user can easily choose error types: phase, voltage,
field, segment or tank tilt, and misalignment, etc. Calculations are distributed on several computers via a
client/server architecture (multi-parameter scheme) [101. Ten PCs have been used for two weeks for the
IFMIF linac study.

(7.2) Results
For the RFQ cavity, the machining defects and misalignments have been studied separately. The

machining defects are simulated with incorrect transverse and longitudinal curvatures. Misalignments are
segment tilts, rotations, and shifts. Fig. 5 shows emittance and loss growth with respect to a fraction of the
maximum machining defect (100 jim). It can be noted that below 60 jim, the performance is stable. The
study for segment misalignments shows than a 120 jim error is acceptable. The combined study decreases
the tolerances to 5 0 jim for machining and 1 00 imt for misalignment.

The DTL and matching line defects are quadrupole errors (displacement and rotation in three
directions, and gradients). To correct beam misalignment, a pair of steering coils are placed into the last
tube of each tank and a pair of Beam Position Monitors (BPM) are placed between tanks. A first errors
study gives acceptable tolerances of 100 jim for displacement, 0.250 for rotation and 1% for the gradient.

Once each component has been studied, the whole linac is simulated. Figs. 6 and 7 show the beam
size for 100 runs of 10,000 macro particles without and with combined errors and corrections. The red line
corresponds to 90% of the beam; the blue to 99%, etc. The black line includes all the beams. Fig. 8 shows
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Fig. 5 Emittance and loss growth in respect to machining defect (fraction of 100 Jtm).
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the output beam distribution in phase space for the two cases.
The rms emittance growth is 50% in the transverse plane and 14% in the longitudinal plane. No

extra loss is observed because of the errors, due to the efficiency of the correction scheme.
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(8) Conclusions and Perspective
The beam dynamics study showed no special concerns. The reference design fulfils the IFMIF

requirements [I I]. With errors and corrections, the transmission is expected to reach 98%. No loss occurs
in the DTL section. This error study does not include input beam errors (beam mismatch, etc.), RFQ field
errors, phase errors in the DTL, or BPM readout errors.

A new design is under study, using two Diacrodes in the last four DTL tanks. One RF system per
linac is then saved. Overall efficiency is better, and error studies are underway (there are fewer BPM and
steering coils). The results will be available before the end of 2002 and will also include all the
above-mentioned error analyses (RFQ field, phase, BPM errors).
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3.1.19 AC21lA-EU: Radio Frequency System

(I) Brief Task Description
Development and testing of a MW RF system was identified as the highest impact development

item. Existing operating experience was only for short periods, I to 8 hours. The RF amplifier power
baseline of MW ensures that competitive bids could be obtained from two manufacturers. Accomplishing
a full-scale test of the first system would allow the remaining large procurement to be on a fixed-price
basis.

This task consists of collecting information and tracking progress on the THALES Diacrode
TH628 [1]. The main goal remained the 1000 h RF test, and required an upgrade of the existing test stand.
The test was done using the available 200 MHz 1 MW Diacrode, knowing that a higher frequency is
generally harder to develop. This existing Dacrode could achieve the requirement without the expense of
developing and buying a 175 MHz Diacrode [2].

Contributors
Name Party Institute E-mail address
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E. Margoto EU-FRANCE THALES Electron Eric.margoto~thales-electrondevices.com

devices

(2) Introduction
Each IFMIF accelerator will require 11I high-power RF stations (22 total). Each station will

provide MW of cw RE power at 175 MHz. Together, they will be required to provide a world record level
of average RF power.

The size of the RF power system makes it a major component of the IMIF capital cost. The RF
power system will also be a primary contributor to the annual operating cost. First, it dominates IFMIF
electricity consumption (>40 MWe for both accelerators). Second, because several of the major RF
components have limited lifetime (e.g., 10,000 hour expected lifetime for tetrode power amplifier tubes,
20,000 h expected for RF windows). The annual cost of component replacement and refurbishment will be
comparable to other major elements of the operating cost.

Because all 11I RF power stations must be working for an accelerator to operate, it follows that the
reliability, availability and maintainability of the individual RF power stations will be of critical importance
to the achievement of IFMIF's overall availability goals. However, it is generally recognized that existing
operating experience with tetrode-based RF power systems is not sufficient to provide a high level of
confidence in the reliability and maintainability of RE power stations of the required power and frequency,
operating in cw mode.

Validation of the design performance, reliability and maintainability of the RF power technology
selected for IFMIF is a key objective. A secondary objective is the early identification of potential design
improvements that will enhance the ultimate performance and availability of the IFMIF RF power system.
Another objective is to reduce the cost of the RF power system by achieving a firmn basis for fixing the
design early in the project.

The RF tubes needed for the IFMIF accelerator are required to work at 175 MHz with 1.0 MW cw
output power. Although there was no tube on the market with proved ability to provide such performances,
the development work was underway and the achievement of a long test was needed to demonstrate the
operational feasibility of the IMIF RF design.

Existing operating experience is for short periods (1-8 hours). Therefore a test lasting 100 - 1000
hours would represent a decisive stage in validation of the proposed IMIF design.

Accomplishing a full-scale test of the first system would also allow the remaining large
procurement to be on a fixed-price basis.

IFMIF requirements imply a long test to ensure the quality of the design. A test of 1000 h
duration is long enough to give confidence about the probable component lifetime and availability.
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(3) Scope of the Contract
Thales Electron Devices has developed a new kind of gridded tubes called the Diacrode which can

overcome the limitations of the conventional tetrode, mainly the RE losses. As a result, it is the first tube
allowing MW of cw RE power at the IMIF frequency ( 75 MHz).

The scope of the contract was to assess the feasibility of an RE tube operating at relevant IFMIF
conditions ( 75-200 MHz, MW, cw). The Diacrode TH628 has been tested on an RF cavity designed also
by Thales Electron Device, the cavity and the diacrode being a whole assembly.

The activities of the contract were divided into three phases. The contract was placed initially for
the first phase.

First phase
Assemble the needed equipment for the test programs and install the RE sources in the test facility.
Perform operability tests, which include:

Operation of the RE source in the range 175 MHz-200 MHz ( 75 MHz -0 MHz/+25 MHz), knowing
that the RE losses are the main loss, and are proportional to the power 5/2 of the frequency. This
frequency shift used for the test provides a safety margin in the results.
Operation of the R source at MW ± 150 kW at 175 MHz or 900 kW ± 00 kW at 200 MHz.
(Demonstration of MW cw output power into a matched load.)
Determination of the maximum RE power output and power transmission capabilities (subject to
operating thermal, mechanical and electrical loads)
Determination of system instabilities,
Report on intermittent HV arcing in RE system, causing accelerator system shutdown.
Provide intermnediate and final reports on the various phases of the specified testing.

Second phase
Perform lifetime 89 RE h test (Demonstration of continuous operation for 89 RE h at MW level,

cw).

Third phase
Perform lifetime 941 RE h test (Demonstration of discontinuous operation at MW level, cw, for

941 RE h or up to first tube/test stand failure. Continuous operating time for each phase had to be longer
than 60 h. This provided initial RAMI (Reliability, Availability, Maintainability, and Inspectability) and
lifetime information. Provide a record of the maximum output RE in cw operation.)

(4) Results
The first phase was fully achieved and the first intermediate report was submitted on 26 Eebruary

2002. The test bench was modified and the operability tests were performed, reaching the full output RE
power of 1030 kW.

In the second phase continuous operation at MW level for 89 RE h was demonstrated. (Second
intermediate report submitted on 16 April 2002.)

The third phase consisted in 12 continuous runs carried out for periods ranging from 65 h to 220 h.
The conditions selected to make this test were the best ones, the cathode being cycled at each restart.

The output RE power was for most of the time in the range 1010O - 1030 kW with a few periods in
the range 980 - 1050 kW. It should be noted that most of the power supplies were not regulated; therefore
the RE output power was sensitive to the variation of the main supply power.

The screen grid rectifier with its crowbar was very sensitive to parasitic signals that can fire it
without other reason.

Adding the second and third phases, the duration of the tests was 1061 hours. The Diacrode tube
was operating at full power for 1047 h and was stopped 18 times for faults, for a total shutdown period of
14 h (availability of 98.7%).

Most of the faults were due to:
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i. screen grid (10 of these)
ii. other equipment of the test facility (8 of these).

Therefore about 95% of the faults were not due to the tube. After each trip-off the tube could be
restarted immediately without any difficulty and did not show any sign of degradation. None of the faults
seems to have caused any internal damage to the tube. (Figs. and 2)

kW
1200

Thermal

600

400 - atee t,*

0~~~~i Hours
0 100 200 300 400 500 600 700 800 900 1000 11,00

Fig. 1 RF output power DIACRODE SIN 00102. Fig. 2 Output spectrum on a calibrated
probe.

(5) Conclusion
The conditions selected for this test were the best possible. The cathode was cycled at each restart.

The tube was cycled in RF and temperature over short (65 h) and long periods (220 h).
The Diacrode has shown the capability to run at 200 MHz at an output power over 000 kW with a

remarkably stable operating point. This long test of 1047 h demonstrated the great improvement brought by
the new design of a power gridded tube and the feasibility of an RF tube in IFMIF-relevant conditions
(1 75-200 MHz, MW, cw).

In conclusion, the tests specified in the contract were successful and the Diacrode tube has shown
the capability to operate at IFMIF conditions (200 MHz - MW - cw) with a remarkably stable operating
point.

The final report was submitted by Thales on 22 July 2002, well in advance of the contract
completion date (31 October 2002).

There is at least one tube manufacturer that can provide a tube meeting the IFMIF accelerator
requirements.

Thales has and may again provide cost evaluations for the IFMF program.

(6) Pulsed operation, phase and amplitude drive modulation
Closed loop control of the RF field phase and amplitude in the accelerating structures will be

accomplished by drive modulation of the Diacrode. Information on the phase and amplitude modulation
characteristics of the Diacrode, such as linearity, bandwidth and freedom from "glitches" (regions of the
modulation transfer curves where the tube might break into oscillation or exhibit infinite gain) were
required by LANL; courtesy of John Lyles, this test information has been collected and documented [3].
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3.1.20 AC21B-JA: RF Power Tube Durability Test

(1) Brief Task Description
The RF power'required to accelerate the beam for the IFMIF accelerator is provided by a set of RF

power source modules, each of which employs a high power tube as the final amplifier to supply 175 MHz,
I MW cw power [I]. A performance test of such a high power tube system, including multi-hour operation,
was planned at the beginning of the KEP; however, performance tests using the Thales Diacrode
(TH628)[21 were proposed and started as a European activity. The objective of this task was shifted to the
design of the RF power source module to improve the stability and lifetime by evaluating the applicability
of the solid-state power amplifier system as the intermediate power amplification stage. As the basic
concept of using the solid-state power amplifier was already applied in the conceptual design study phase,
the present study mainly focuses on revision of the design using the up-to-date information on the amplifier
system components.
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(2) Introduction
The reference design of the FMIF accelerator RF system employed a power tube as the final

amplifier to satisfy the power requirement of the RF power source module, 175 MHz / MW cw. Two
candidate tubes, Thales Diacrode (TH628) and CPl Eimac tetrode (4CM2500KG) were nominated [1].
The requirements and the main parameters of the RF system derived from the conceptual design report are
listed in Table 1.

Table I Requirements for RIF power system in reference design.
Item Specification

Frequency 175MHz
Operation mode CW
Total power 10.3 MW (8.8 MW for Cu losses)
Maximum output power I MW per mo dule
Total number of units 12 (3 for RFQ, 8 for DTL, I for HEBT) or

I1I (same as above except no unit for HEBT)
Stability < 1% for amplitude; ± 1P for phase
Lifetime 2,156 hours (MTBF of module unit)

10,000 hours (MTBF of power tube)
Availability 95.5% (for total RF system)

___________________99.6% (per RFpower source module)

Reliability 42.3% (for total RF system)
_________________92.8% (per RF power source module)

The availability is estimated by assuming that most components are replaced annually under the
preventive maintenance policy. The block diagram of the RF power source module is shown in Fig. 1.
As the RF system is the major part of the accelerator system cost, and its reliability is critical for achieving
the required availability of the accelerator system, >88 %, it is important to optimize the RF system design
and to verify' the performance of RF components, their stability, and lifetime. For the Diacrode tube, a
long-run test with 200 MHz, MW cw output has been carried out as a European KEP activity and that tube
is the primary candidate for the final amplifier. Thus the design study of the driver amplifier starts with
the expected specification parameters for the Diacrode and the requirements can be derived to satisfy the

- 126 -



JAERI-Tech 2003-005
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Fig. Schematic diagram of IFMIF RF power source module taking into account of
replacement of the driver cavity amplifier by solid-state amplifier.

input power condition to the Diacrode. In the reference conceptual design, the solid-state amplifier
module with 1.5 kW output was employed and 3 kW input power for intermnediate cavity amplifier with 50
kW output power was provided by combining the output power from two such modules. It is possible to
improve the availability and reliability at the pre- and driver-amplifier components by replacing them with
a solid sate power source module with -40 kW cw output. The basic technology of such a power source
module at -200 MHz is available and used as the VHF television transmitter system, so the expected
improvement by replacement of the intermediate amplifier with a solid-state amplifier module is
investigated.

(3) Requirements for Driver Amplifier
Based on the expected performance Tal2Asuepefr ncprmtrsoDirde

data of the Diacrode given in Table 2, the Tal2AsueprfmncprmtrsoDicd.
requirement for the RF driver amplifier is Item Specification
derived as shown in Table 3. The Output power 1,000 kW
differences of cascading structure types Input power 32 kW
(single stage of solid-state amplifier vs. Gain 14.8 dB
pre-driver of solid-state amplifier and Anode voltage / current 16 kV 96 A
intermediate driver of tetrode amplifier) Screen- / control-grid voltage 1.6 kV /-0.33 kV

affect the layout and the space Table 3 Requirement of driver amphifier system.
occupied by the power source Ie pcfcto
module. However it is assumed Itupoem Specifcatio
that either structure can be installed Ouptpwr4-0k

in hespae vaiabe fr he inle Gain (Input power) 46 - 47 dB (I W)
Rmuein the spcaalal fowr ttsin Cascading structure types: Output power level:
rEom mouenrl the apower to 1) Single stage of solid- 1) >40 kW
room.reGenerl, the banwidthb state amplifier 2) -2 kW at solid-state amp and

requirment,--2% 3], wll be 2) Pre-driver of solid- --50 kW at tetrode output
achieved with little difficulty, state amplifier and
especially for the case of single intermediate driver of
stage solid state amplifier. tetrode amplifier

The basic scheme of the Bandwidth 4MHz (--2% of operating
high power solid state amplifier frequency *)
system is shown in Fig. 2, and the Impedance 50 Q (typ.)
essential component is a power *)Based on the typical operation scheme used in IFMIF (see Ref. 3)
amplifier unit with output power of
-1 kW to be combined to the final required output power. The total number of power amplifier units needs
to take into account the loss at distribution and combination of the input and output power respectively. The
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margin of power for derating the full POEXM NTU

performance of the power transistors 0a
is also necessary to maintain the RF Input * -1kW Z RF Output
specified power condition during the Z
long operating period. Practically, a U 
margin of 0.4 dB (-10%) is required POER APUI

for each combining step. As a result of
this criterion -49 units (40 x 1.1 2) are
required to achieve with two POWER SUPPLY #1 I ........... PWE SUPPLY #N

combining steps or -54 units (40 x 
1. 1 ) for three combining steps, by Fig. 2 Generic structure of solid state power amplifier system.
assuming kW power per unit.
Usually the power combining at the R nu FOtu
higher power level can be achieved by RFIpT 40kw R utu

the hybrid (2-part combiner), so that 2-DISTRIBUTOR POWER FORCED 2-COMBINER

the practical way to obtain the 40 kW FI... SPL OLN 21

is three combining steps: (i) 7 units to 4-DISTRIBUTO UN-COMBINER

make 6 kW output; (ii) combining U Z:
four outputs of (i) to make 22 kW .... -POWER AMP UNITN It ....

output; and (iii) providing the final 40 L

kW as the sum of two outputs of (ii). c

Figure 3 shows the schematic diagram9
of the above module structure.

The effect on the availability
and reliability to the RF system due to Fig. 3 Schematic diagram of 40kW solid state driver amplifier
the replacement of the tube-based module.
driver by the solid state driver is
estimated by using a model similar to that employed in the CDA report. Figure 4 shows the RAM model of
the RF system, which includes the 11 RF power source units for RFQ and DTL, and the breakdown by
major components in each RF power source unit. The expected improvement in reliability is marginal
because it is already very good, even in the original RF system (306 hours MTBF increases to 345 hours).
On the other hand, the availability is significantly improved due to the much easier replacement of a solid
state driver power amplifier than replacement of a tube and its cavity.

(4) Amplifier Design
As shown in Fig. 2, the driver amplifier module consists of several power units, each of which

consists of a number of power transistors with 100 W or more output. The choice of the transistor is of
primary importance to design of the unit, and the output power combination method is critical to
minimizing the loss of power and protecting during off-niormal conditions. The cooling scheme is also
important to achieve good stability of the output power. Installation of the control and power supply units
must fit into the given space for each RF power source unit.

(a) Power transistor
The most important component of the solid-state amplifier system is the power transistor. Two

commercially available MOS FETs (as of Oct. 2002) with capability of producing >100 W cw output are
listed in Table 4 [4]. These transistors have similar characteristics, except that the gain at 200 W output
level and the drain efficiency for Toshiba 2SK 1 31 OA are superior, whereas the output power per transistor
for SD2932 is larger. The merits of MOS FET are: (i) high gain; (ii) wide safe operating area; (iii) no
thermnal runaway; (iv) large tolerance for VSWR; (v) ease of combining parallel units; and (vi) simplified
bias circuit.
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Table 4 Specifications of power M~OS FET for solid-state power amplifier for IFMIF 141.
(October, 2002)

Unit 2SK1310A+ SD2932+
Make Toshiba STMicroelectronics
Drain Source Voltage V 100 125
Gate Source Voltage V ±20 ± 20
Drain Current A 12 40
Power Dissipation W 250 500
Output Power Ca 175 MHz W 200 > 300
Gain @ 200 W (Input Power) dB (W) 17.0 * (4.0) 16.2 (4.8) [or 15.9 (7.8)**
Efficiency @ 200 W %70 *50 [or 62**
*)Data given at 230 MHz

**) At 300 W output power
+) Both are packaged as common source configuration and push-pull operation with VDD=5O V.

Mision im]
hr0 RF

MTBF = 306 hr
MYTTR = 15.77 hr

R = 0.2959
A = 0.9509

RQ RIF System DLR System Global RF
MTBF = 1,127 hr MTBF = 423 hr Instr. & Ctrl.

R = 0.8094 R = 0.3723 MTBF = 50,000 hr
A = 0.9861 A = 0.9639 MTTR = 2.00 hr

R=0.8422R 0.30R=.92
A= 0.9875 A= 0.9674 ~~A= 1.0000

3 units 8 units

Eu..... 

High Power RF Tube TbPeripherals Sorce & Driver
MVTBF = 20,000 hr MTBF = 10,830 hr MTBF 15,464 hr
MTTR = 48.00 hr MTTR = 8.27 hr MTTR = 9.55 hr

R = 0.9560 R = 0.9203 R = 0.9435
A = 0.9976 A = 0.9992 A = 0.9994

1T731
RF Transport HV Power Supply .. i2 J
MTBF = 1,000,000 hr MTBF = 11,407 hr
MVTTR = 24.00 hr MTTR = 10.06 hr

R = 0.9991 R = 0.9241
A= 1.I0000 A=- 09991

Fig. 4 RAM model of the IFMIF accelerator RIF module.
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(b Power combiner
The isolator to protect against a change of load impedance is inserted before combining the output

power from each pair of power transistors. The power combination can be achieved by using the simple
impedance transform method.

(c) Cooling unit
The cooling requirement depends on the total conversion efficiency from AC input to RF output

and the density of the packaging of the units. For the commercial broadcast transmitter, a forced-air cooling
method is employed to avoid the problems related to maintenance of a liquid cooling system. For the
IFMIF RF system, water cooling is possible because the cooling water system is already available.

(d) Control unit
Local control units are recommended to maintain the output power level, except for the overall RF

low level control system. This is required to detect malfunctions of the amplifier module.

(e) Power supply unit
A DC power supply for VDD (50 V) is required and a -50 A switching regulator PS is available. It

is recommended to use one PS unit for each power unit for easy maintenance, even though it is more
expensive.

(D Design base
The existing component design for the broadcast transmitter system is fuilly utilized to minimize the

design effort. The derated operation is favorable for long lifetime; however, there is a large margin in the
commercial design and the reduction of the margin, e.g. number of I1kW solid-state RF power modules per
unit, is possible under the assumed accelerator maintenance scheme.

(5) Discussion and Conclusions
The employment of a solid state power source unit for the driver amplifier of the IFMIF RF power

source module is favorable to improve the availability of the system, and it is feasible with the existing
technical base. The design for commercial broadcast transmitter systems can be used for the 175 MHz, 40
kW cw output with a three-stage power combining scheme ( kW - 6 kW- 22 kW - 40 kW). The major
issue is the total cost of the initial equipment and the operation/maintenance. The cost of the solid state
amplifier system is higher than the power tube system due to the power combining method using the
multiple and redundant kW units. This may be partly decreased by reducing the derating of the power
transistor, but that would be at the expense of some loss of reliability. The space occupied by the solid state
driver unit is another issue, however, the space can be reduced if a water cooling scheme is used instead of
air cooling.
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3.1.2 1 AC22A-JA: Test of the RF Window

(1) Brief Task Description
In the IFMIF design the RF window is a vacuum boundary in the transmission line from the RF

generator (amplifier) to the RFQ and the DTL. The window has to transmit 500 kW cw at 175 MHz. The
RF transmission line is assumed to be 152 mmo coaxial waveguide. A prototype RF window for the high
power, long pulse test is designed and fabricated. In the design work, the RF characteristics and the
mechanical stress are analyzed. The RF characteristics of the prototype window are checked experimentally
by low power measurements.
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(2) Introduction
The IMIF accelerator is required to provide a 40 MeV, 250 mA deuteron beam to produce a

neutron irradiation field similar to the environment at the first wall of a fusion reactor. Such a high current
and high power beam can be delivered using an RIF linear accelerator that will maintain good beam quality
to minimize structure activation due to beam loss. The reference design employs two identical, parallel
accelerators to deliver the required current. Each accelerator has the capability to handle up to 5 MW beam
power. This beam power and power lost in the copper accelerator cavities need to be supplied by the RE
system, which consist of many RF power source modules of MW, 175 MHz output. The total power from
each module is divided into 2 or 4 to be transmitted to the cavities. Each drive needs to have a window to
isolate the cavity vacuum from the gas-filled transmission line.

The window consists of a ceramic disk and a coaxial waveguide with a water-cooling channel. The
greatest temperature rises will appear on the ceramic disk, due to heating by dielectric loss, and on the inner
conductor of the coaxial waveguide, due to heating by ohmic loss. The important design issues are the
arrangement of a cooling channel for effective heat removal, and the structure to support the ceramic disk
and accommodate the thermal stress.

The key part of the mechanical design is the structure of the inner conductor. In many high power
rf accelerators with frequencies higher than 300 MHz, the required RF power is transmitted by rectangular
waveguides from the generator to the window, and the inner conductor of the window on the generator side
is mechanically free. In contrast, for IMIF operating at 175 MHz, a large rectangular waveguide is not
practical, and the transmission lines should be coaxial waveguides. The inner conductor at the window is
rigidly connected to the transmission line and innovative methods are needed to minimize the thermal
stress.

The key issue in the electrical design is an optimization of the shape of the inner surfaces of the
coaxial waveguide near the ceramic disk. It is important to match the impedance and to avoid
multipactoring discharges at the operational frequency and the transmitted power.

(3) Calculation and Design
In preliminary thermal stress analysis of the window, the conical shaped ceramic was used because

the design base was the window for the ion cyclotron resonance heating (ICRH) system in nuclear fusion
research. In the CRH system, the window is used in the VSWR transmission line because of low coupling
between the antenna and the plasma. The conical shape aids high voltage performance without serious
multipactoring discharges for a wide range of RF voltages. The specification and the results of a thermal
stress analysis for this window design are summarized in Tables I - 3. The results suggested that the stress
at the connection between the ceramic and the inner conductor exceeds the allowable stress limit, when the
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Table 1 The specifications and operational parameters for the window.
Inner diameter of the outer conductor of the coaxial wave guide 152mm

Characteristic impedance of the coaxial wave guide 50Q
Shape of the ceramic Cone
Input power 600kW
VSWR A1

Frequency 175 MHz

Duty cycle 1 00 % (cw)

Duration 1 0 hours

[Material SuS304, cobar, A1203 /B1e0

Pressure of the cooling water < 10kg /cm 3

Table 2 Calculated maximum temperature of the ceramic (cooling water: 40'~C).

Flow rate of the cooling water I m/sec0.5mlsec

A1203 51.2'C ~~~~~~~~~~~~~~~51 .40C

Table 3 Calculated thermal stress in the window.

One end of coax. is free Both ends constrained

Flow rate of the cooling water i m/sec 0.5m/sec Imn/sec 0.5m/sec

A1203 8OMPa 80MPa 5I2MPa 514Mpa

BeO 8OMPa 80MPa 474MPa 467Mpa

40

100

160

512 Mpa

Fig. 1 Calculated thermal stress of the window with conical shaped ceramic design.

inner conductor is rigid as shown in Fig. 1. It is concluded that a flexible part, such as a bellows, is needed
for the inner conductor. This calculation showed that the selection of the ceramic has little effect, and we
can use A1203 (which is easier to use than BeO).

After this preliminary analysis, we changed the shape of the ceramic from a cone to a disk, and the
cooling channel was improved for more effective heat removal, especially at the junction of the ceramic
and the outer conductor. The new design, shown in Fig. 2, is based on the E4268 window developed by
KiEK and Toshiba [1i. For operation at 500 kW with VSWR I , the risk of breakdown is low even for
the disk-shaped ceramic. In the new design, the energy loss and temperature increase of the ceramic were
estimated to be 50 W and 20'C, respectively. The original E4268 made for operation at 509 and 324 MHz is
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used with a rectangular waveguide, so the inner conductor is not rigid. However, for the IFMIF rigid
connection to the coaxial transmission line, we need a flexible part in the inner conductor to reduce the
thermal stress, even in the new design.

The reflection coefficient of the designed window is calculated by a FEM code and the result for
SI 1 is shown in Fig. 3. It is low enough, -50.9 (VSWR< 1.006), not only at the IFMIF frequency of 175
MHz but also at 130 MHz and 200 MHz. High power RF sources for the later two frequencies can be
used for testing if a 175 MHz power source is not immediately available. The probability of multipactoring
discharges has been calculated using the Multipac code [2], and the result was low for transmitted power-
500 kW at 175 MHz.

4 -~~~~~~i!

Fig. 2 A design of the coupler featuring a new disk-shaped window.

-50.8 ~. _ __ .

-51.2 -

Sil1
(dB) --

-52.0

100 15020 5
Frequency (MHz)

Fig. 3 The calculated reflection coefficient (plotted as Sll)of the window shown in Fig. 4.

(4) Fabrication
The main parts of the prototype window, shown in Fig. 4, were fabricated for the long pulse, high

power tests. The inner surface was plated with copper to reduce the ohmic loss and the ceramic disk was
coated with TiN of 0.1 gim to reduce the electron yield in multipactoring discharges. The interface of the
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3065u-m

Fig. 4 Prototype window fabricated for low power measurement and high power test.

coaxial waveguide was designed to be compatible both for low power measurement and for future high
power, long pulse tests. Prior to the high power test, we need to fabricate the T-junction and a quarter
wave-length stub for the water inlet as shown in Fig.2, the drawing of the possible design of the whole
coupler.

(5) Low Power Test
To evaluate the RF characteristics of the window, the measurements using a network analyzer are

scheduled in February 2003. A pair of N- I 52D reducers are used on each side of the window. The insertion
loss and the reflection coefficient will be measured from 130 MHz to 200 MHz, focusing on the 175 MHz
frequency for the RFQ and the DTL. The relatively wide frequency range is for the possible high power
tests in the JT-60 ICRF (ion cyclotron range of frequency) facility at 30MHz [3], or in the test stand for
the Diacrode at 200 MHz. The results of the low power test are expected to be close to the calculations
shown in Fig.3.

(6) Conclusions
An RF window was designed to feed continuous RF of 500 kW at 175 MHz to the RFQ and the

DTL of IFMIF. A prototype of the RF window for high power, long pulse testing has been fabricated. The
calculated RF characteristics and the mechanical stresses meet the requirements. The RF characteristic
measurements will be carried out in February 2003 and agreement with the calculations is expected.
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3.1.22 AC41A-EU : Diagnostics for high power beams

(1) Brief Task Description
The task was completed in the framework of the CEA program on high-power particle accelerators

supported by the IPHI demonstrator project [ 1,2]. This project is dedicated to high power beam production.
The IFMIF beam represents about 15 kW between the source and the RFQ, 625 kW before the

DTL and 5 MW in the HEBT. The relatively low energy (40 MeV) means that this power is deposited in
any interceptive diagnostics. New kinds of diagnostics are needed and have to be developed. Possibilities
include intensified CCD analyses, spectroscopy analyses, pulsed wire scanner, laser analyses, etc. [3-8]
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R. Ferdinand EU-FRANCE CEA-Saclay rferdinand~cea.fEr
P. Ausset EU-FRANCE CEA-Saclay ausset~ipno.in2p3.fr

(2) Introduction
Among the parameters that need to be measured for beam control, monitoring, and halo formation

prevention, the transverse beam profiles are the most difficult to obtain. The large expected specific energy
deposition in any interceptive monitor can lead to the destruction of the sensor and to an appreciable
amount of radiation production. Therefore traditional multi-wires chambers and wire scanners are not
usable under high duty factor pulsed-beam operation and obviously cannot be used for continuous beam
operation.

A very attractive phenomenon that might prove useful is the production of visible light by the
beam interaction with background or added gas. Transverse beam profiles of the SILHI ECR source have
been measured using this phenomenon. However, several difficulties emerge in explaining the different
shapes between the transverse beam profiles deduced from the elementary observation of the emitted light
by a CCD camera, a grid profiler (low duty cycle operation), and a residual gas profiler. More sophisticated
measurements using the Doppler effect have been used to determine the energy and the spatial extension of
the different components of the beam.

Wire scanners are also used under low duty factor pulsed beam operation. Experiments have been
conducted on tungsten, tantalum, titanium and carbon wires intercepting a 5 MeV proton beam delivered by
the tandem accelerator at the Institut de Physique Nucl~aire d'Orsay. Transverse beam profiles have been
deduced from back-scattered protons, X and y emission, and electric current collected on the wires.

(3) Optical Measurement
In the LEBT the moderately relativistic protons interact strongly with the atoms of the residual gas

which is mainly hydrogen (pressure 2x 1 0-3 Pa). A blue light, visible to the human eye, is emitted by the
de-excitation of these atoms. This light was first sensed with an intensified CCD camera working in the 200
to 820 nm range.

(3. 1) Fluorescence Beam Profile Measurements (FBPM) Under CW and Pulsed Mode Operation
The experiments were carried under CW and pulsed mode operation in a diagnostics box, located

after the two solenoids focusing the beam in the LEBT line. Gases including N, Ne, Ar, Kr, Xe were
injected into this box, in addition to the residual gas. Two intensified 16-bit CCD cameras were installed
perpendicularly to the axis of the beam, in order to measure vertical and horizontal beam profiles. Specific
software performed the subtraction of the background signal (without beam) to improve the signal/noise
ratio, and calculation of vertical and horizontal projection and peak fitting convolution were used. It was
found:.
- The proton beam is, as expected, cylindrical along the LEBT
- The intensity of the emitted light depends on the nature of the gas and increases proportionally to the

pressure of the gas.
- Profiles obtained by FBPM have the same geometrical shape for all gases at the same pressure (after
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normalization with respect to the amplitude of the profiles). The same result is obtained by a classical
grid profiler working under pulsed mode operation.
Under pulsed mode operation, the widths of the profiles measured by FBPM are larger than the widths
measured by a grid profiler (Fig. ). The width and the difference decrease as the pressure increases.
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these protons capture an electron, producing an excited hydrogen atom. The typical Doppler shift effect of
these very specific atoms in the frequency (or wavelength) domain will allow us to select their light

- 136 -



JAERI-Tech 2003-005

produced by de-excitation from the overall light in the vessel.

(4. 1) Experimental Setup
The CCD Camera was installed in the focal plane of an imaging spectrograph equipped with a

900 gr/nmn grating. The resolution was better than 0.1 nmn at 500 nm. The experimental configuration was
chosen to sufficiently shift (8 nm) the Ha line of the Balmer series of hydrogen.

The vertical beam profiles, according to the vertical slit orientation at the entrance of

the monochromator, are deduced from the image transported to the CCD matrix of the

camera.
In addition, due to the possible discrimination of the different components of the beam H', Hf and H3f
because of their different Doppler shift wavelengths, this method potentially allows:
- Relative intensity measurement. of the different species present in the beam.
- Measurements of the transverse profiles of the species, which contribute to the entire profile of the

beam.
- Energy measurements of the different species and in particular their energy spread which is

proportional to the width of the corresponding spectrum line.

(4.2) Experimental results
Identification of the different lines of the Balmer series of hydrogen was first recorded. Their

corresponding Doppler shifts were checked. Second, the current in the solenoids was changed over a large
range to vary the size of the beam. The fll width half maximum (FWHM) of the (Ha.) and its
corresponding Doppler shift line H+ component profiles were measured. A remarkable result is that the size
of the halo surrounding the beam remains constant independent of the focusing conditions (Fig. 2).

The evolution of the profiles was also studied by varying the nature and the pressure of the gases
introduced into the vessel: N, Ar, Kr, Xe, Ne and H. Adding gas to the vessel increases the light produced:
for each component H,,, H+, H2f, H3f the fluorescence yield increases linearly with the pressure (up to
1 0-2 Pa), except for hydrogen. The curve shows saturation which may be attributed to an auto-absorption
process, but this needs to be confirmed.

(4.3) Absorption techniques 45 
Absorption techniques

were tested using laser light. 40 O __

Different injected gases 3
(krypton, argon with X811.5
nm) allow observation of a 30 - - - - __

linear absorption with beam 
current and pressure. 
Nevertheless this technique did - 0 
not give satisfactory results. As
absorption was observed out of 15 __

the beam, no direct profile 10__ __

measurement was possible. 1
Structures inside the _______

measurement were observed rj ----

and were not clearly understood. 0 7 8 9 0 1
Metastable trajectories out of12 13 14 5 16 17 18 19 20 20
the beam due to excitation by Solenoid cmrent (A)
fast electrons (about 50 eV) and Fig. 2 FWHM of the H, (residual gas) and its corresponding
diffusion are probably the Doppler shifted line vs beam size (solenoid setting).
reason for the difficulties.
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(5) Interceptive profile measurement methods
Accelerators are usually able to work under pulsed mode operation for machine commissioning

and experimental operation. The beam average power reaches 15 kW at the entrance of the RFQ (95 keV)
and 625 kW at the exit. Wire scanners are also usable under low duty factor pulsed beam operation.

(5. 1) Slow Wire Scanner (S WS)
In this method, a wire is stepped in small increments through the beam. The profiles are obtained

over many pulses by measuring the current flowing in the wire resulting from the secondary electrons
emitted from the wire, subtracted from the protons collected by the wire. Heating of the wire is the major
problem because of the large energy deposited by the beam in any intrusive sensor. A crude estimation of
the attained temperature is given by solution of the heat equation: the pulse duration must remain below
300 jps and the repetition rate above s in order to keep the peak temperature of a carbon fiber (30 gim
diameter) below 1200 K in a 5 MeV, 100 mA, 320 mA/cm 2 proton beam. SWS are only usable under low
duty factor operation.

In the case of slightly higher beam average power, the amplitude of the mechanical deformations
increase and thermionic emission of electrons occurs which distorts the measurements of the true profiles.
At higher beam average power and under CW mode operation any kind of fiber is destroyed.

(5.2) Fast Wire Scanner (FWS)
At high average power pulsed beam and under CW operation, the wire must go very quickly

through the beam. It was found that the speed of the wire must then exceed 60 m/s to withstand the power
of a CW, 5 MeV, 100 mA; 320 mA/cm 2proton beam. Because of this high speed, a FWS is very difficult to
design.

(6) Experiments with a wire scanner
Even under low duty-factor pulsed-beam, the heating of the wire of a SWS may bring out errors in

the profile measurements, in particular because of the thermionic emission of electrons. In order to design a
SWS, and to crosscheck the measurements of the current traditionally used in SWS, we looked for physical
processes, the characteristics of which do not depend on the temperature.

Valid candidates are:
- The production of backscattered protons due to elastic collisions between the protons of the beam and

the atoms of the wire.
- The production of y (and X) rays due to the excitation or nuclear reaction of the nucleus caused by

inelastic collisions between the accelerated protons and the atoms of the wire.

(6. 1) Experimental Setup
Tests were carried out on the tandem accelerator at the "Institut de Physique Nucleaire d'Orsay" in

a 5 MeV, I [LA proton beam. A frame on which different wire samples were fixed can be translated through
the vacuum vessel. The current flowing in the wire was measured by a current-to-voltage converter, and
measuring the current of the beam with a Faraday cup.

The amplitude of the pulse delivered by the charge amplifier associated with the Si junction is
proportional to the energy deposited by the backscattered protons. The transverse beam profiles are
deduced by integrating the whole spectrum for each position of the wire. The same is done for the detection
of the y rays after detection with a NaI scintillator associated with a photo-multiplier. Finely, specific
software was used to fit the measured profiles.

(6.2) Experimental Results
Wires of different materials and diameters were tested: W ( 100 m and 500 gim), Ta (4=- 100

gm), Ti (,=- 125 pm, 500 pm), C (- 1 mun) and Ti wires. (-- 125 pm, 500 jim).
It was first checked that the profiles measured with the different wires were similar and did not

depend on the diameter of the wire. For example, the profiles deduced from the backscattered protons, the y
ray production and the current measured with the Ti wire are very similar.
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The first experiments show very good agreement in the profiles measured with the different wires,
independent of the physical processes involved in the measurements. The total error in the measurement of
the width is on the order of 250 tmn.

The profiles obtained are the results of 5 MeV particles, allowing the decorrelation of accelerated
particles from background-ionized particles or non-accelerated particles coming through the RFQ. Halo
measurement of real beams should be possible with this technique (providing sufficient sensibility).

(7) Conclusion
We developed specific tools for the measurement of the transverse profiles of high power proton

beams:
- Traditional wire scanners work for low duty factor pulsed beam operation.
- Measurement of backscattered protons or y-ray production are powerful tools to cross-check the

measurement of the current in a wire in the temperature range of the wire below thermionic emission.
- Measurements by means of a wire scanner may also be cross-checked with Doppler fluorescence beam

profile measurements.

Because of their non-destructive nature with respect to the beam, optical methods are very
attractive for high power beam monitoring. We investigated and tested some specific optical diagnostics on
the high intensity source SILHI:
- Direct fluorescence beam profile measurements under high average power beam pulsed mode and CW

operation are valid for centroid beam position measurement. In addition, the qualitative estimate of the
beam transverse profiles is possible.

- Fluorescence measurements on the Doppler shifted lines of the hydrogen Balmer series are very
promising to determine the energy of the different components of the beam (H4, H2

4 and H3
4) In

addition, the energy spread of the beam is potentially measurable. Beam profile measurements are
underway.
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3.1.23 AC41B-EU: Diagnostics for high power beams

(1) Brief Task Description
The IFMIF beam is a high power beam of D+ ions in cw operation. For beam diagnostics the power

deposition and possible activation are major concerns. Existing and new beam diagnostic devices have to
be investigated and developed further. Emittance measurement devices, optical diagnostics with a CCD
camera and other non-destructive methods have to be analyzed and tested. Diagnostic elements will be
tested with beam in the ion source and LEBT region.
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(2) Introduction
Beam diagnostics for IFMIF and especially the determination of the beam eittance using

conventional destructive methods are difficult. The interaction between the ion beam and the measurement
device produces a high amount of secondary particles which can influence the beam transport itself.
Additionally, the power deposited on the emnittance measurement device (for IFMIF up to k/mm 2) can
lead to extensive heating of the detector itself and can destroy the device. Therefore a new conventional
slit-grid emittance measurement device optimized for high power beams has been constructed, built, and
tested. Additionally, the use of CCD camera measurements of the incident light emitted from interaction of
beam ions with residual gas has been investigated for measurement of the spatial beam density distribution
and for determination of the beam emittance.

(3) Slit-grid Emittance Measurement Device
(3.1) Detailed layout

A beam emnittance measurement j ust behind the ion source [] is a cruc ial need. Due to the high
beam current (up to 200 mA at 100 keV) and the small beam radius, the thermal load on the slit is very high.
Therefore a high power slit with an improved water cooling system was designed and used in the new
device. Since the beam radius and angle behind the ion source are very small, a high spatial resolution is
required. With the slit used, the spatial resolution of our device is 0.1I mm. The angle resolution is given by
the grid wire distance divided by the slit-grid distance. The wire distance is fixed at mm. As both
feed-throughs are integrated in different vacuum chambers, by means of the distance between the two
chambers, the angle resolution can be
optimized. With a slit-grid distance of Table 1 Parameters of the emittance measurement device.
about I mn an angle resolution of mrad Minimal beam diameter -8 mm
can be achieved. Table I summarizes theU Maximal beam diameter - 30 mm
main parameters of our emittance Maia emcret ±- 0 A cadple
measurement device. Mxmlba urn 0 A cadple

In order to measure the beam Increment 0.05 mm, ... 0.5 mm;
emnittance of the Frankfuirt Slit height 0.1I - 0.2 mm
proton/deuteron source, a new slit-grid Measured displacement +/- 30 mm
device was ordered and fabricated by Thickness of wires 0.1 mm
"PET". The measurement device was Number of wires 60
delivered, installed and tested using the Distance of wires 1 mm
ion source test stand for first calibration Duty cycle 0.1 - 10 %
measurements. In Fig. the different Pulse length 0.1 - 2 ms
components of the device (feedthroughs Repetition rate 50 - 200 Hz
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Fig. Picture of the new high power emittance measurement device.
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Fig. 2 Comparison between the results of the Allison emittance scanner and the new high

power slit-grid emittance measurement device.

with slit and grid and the electronics) are shown.
Preliminary tests of the eittance measurement device were performed using a small ion source

and two Gabor plasma lenses. The beam current was 0 mA of He I± at an energy of 14 key. Figure 2 shows
the measured beam emittance behind the lenses. The normalized rms beam emittance was 0.06 7R.mm.mrad.

(3.2) Conclusions
The new high power slit-grid emittance measurement device has been designed, built and

successfully tested. Reference emittance measurements have been performed at low beam power (et 10
mnA, 14 key). Comparison between the results obtained by the new high power device and the low power
Allison-type emittance measurement devices shows good agreement.

(4) Non-destructive Beam Diagnostics
The determnination of the beam emittance using conventional destructive methods suffers from two

main disadvantages. The interaction between the ion beam and the measurement device produces a high
amount of secondary particles which can influence the beam transport. In addition, the power deposited on
the emittance measurement device (for IFMIF up to kW/mm 2) can lead to extensive heating of the
detector itself and can destroy the device. CCD camera measurements of the incident light emitted from
interaction of beam ions with residual gas are commonly used for determination of the beam emittance
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[2,3]. A compact low energy beam transport (LEB3T) section was used to compare measurements using a
conventional destructive Allison-type emittance scanner with the results gained from CCD camera
measurements. The experimental set up is shown in Fig. 3.

A volume source was used to deliver 4.4 mA of He+ at 11I ke. The solenoid (0.002 T/A; 360 A max.)
was able to transport 3.7 miA of He+ into the diagnostics chamber (85% transmission). In the diagnostic
chamber a Faraday cup, the Allison-type emittance scanner, the CCDJ camera [4] (512 x 512 pixel, LN2

cooled) and an absorber tank for reduction of reflected light were installed perpendicular to each other at
the same longitudinal beam position. Due to the length of the eittance scanner the first slit defining the
position of the emittance measurement is 38 mm in front of the common centerline (see Fig. 3).
Approximately 200 mm behind the main diagnostics a residual gas ion energy analyzer [5] was installed to
determine the degree of compensation.

Residual gas IonRingelecirode Fo Absorber energy analyser
compnsaionconro; Solenoid (max. O.73T) Fardaycu Pressure measurement

HIEFS Uike
ion source

I ~COO-Camera Alsn500118
V ~~~~~~~~scanner pm

Ringelectrodes for
F -, ~~~~electron enclosure

(Gabor lenses)

Fig. 3 Schematic drawing of the experimental setup.

Figure 4 shows the result of an emittance measurement using an Allison-type measurement device.
The solenoidal field was 0.44 T (220 A) and the beam current into the Faraday cup 3.4 miA. The potential
depression inside the beam was determined to be 9.9 V (compensation degree 480 %). The beam is
convergent and the envelope radius is -6.5 mm, the convergence angle +- 30 mrad and the normalized
beam emittance (ms, 00%) is 0.011 xmm.mrad. The corresponding CCD camera measurements show a
signal-to-noise ratio of'--8.

Figure 5 shows the results of an eittance determined by calculation, using the data of the CCD
measurements. The envelope radius is approximately 7 mm, the convergence angle +/- 35 mrad, and the
normalized beam emittance (ms, 100%) is 0.020 it.mm.mrad. The compensation degree can be estimated
from the calculations to be 80%. Comparison of emittances gained from conventional destructive
measurements and from CCD camera measurements show good overall agreement of the orientation of the
emittance in phase space. The values given by the calculation have slightly higher beam radius and angle
(10-20% deviation). This might be caused by the higher resolution of the CCD chip compared with the
conventional detector. From this, and due to the numerical errors typical of differential methods, the RMS
values are greater too. The values for the compensation degree are also in good agreement with the
measurements. The lower values might be explained by improper separation of space charge and emittance
effects, and also explain the smaller pattem. First tests of beam diagnostics have been performed in the
LEBT section at low beam power. Measurements of beam emittance and space charge compensation will
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Fig. 4 Left: Beam emittance measured using an Allison measurement device.
Right: Eittance determined by calculation using a CCD camera measurement.

be performed in the near fture. Transport calculations, including the results of beam potential

measurements, will be continued for final optimization.

(5) Tomography of Ion Beams using a CCD Camera
Emittance measurement methods

using optical measurement devices described
in the literature [1,2] are only applicable for
rotationally symmetrical ion beams.CG
Computerized tomography allows
determination of any beam profile. This can
be done using the inverse Fourier
transformation of a sufficient number of
projections (>40) of the ion beam. For this
purpose the CCD camera will be rotated
around the ion beam (Fig. 5). The accurate
distribution of the beam ion density in the
space phase [3] can be univocally determined
from the beam profiles measured as a
function of the lateral position of the camera Fig. 5 Schematic drawing of the tomography set up
using convenient numerical methods of data for the determination of the density
analysis [5,6]. Using a CCD chip with 1024 x distribution of ion beams in space phase
1024 pixels one image covers over 1000 using CCD-camera images.
beam profile measurements along the beam
axis. (The measurement covers a drift distance of -40 mm.) Therefore this method allows determination of
the beam profiles in a four-dimensional phase space. The tomographic measurement device yields a
maximum of space-resolved informnation about the longitudinal development of the beam profile. Due to
the aspect of measurement duration this method is inapplicable for time-resolved measurements. For
time-resolved measurements of beam profiles in two planes, two time-synchronously-controlled CCD
cameras constructed in the same way will be installed in an orthogonal arrangement.

- 143 -



JAERI-Tech 2003-005

(6) Conclusions
The setup of the low energy beam transport line was completed and their components tested. The

new conventional high power slit-grid emittance measurement device has been tested successfully at low
beam power. The non-destructive optical beam diagnostics were also tested at low beam power level. A
high signal-to-noise ratio was gained near the RFQ injection point, even at low power levels. The
encouraging results indicate that the use of a CCD camera for the determination of beam emittance is an
alternative to conventional devices at high beam power. Mathematical methods can derive most of the
relevant parameters needed for beam transport using a single CCD camera image. Improvements of the
computer codes used and the use of tomographic methods are planned for the future.
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3.1.24 AC39-JA: Activation of Accelerator System Components

(1) Brief Task Description
The accurate estimation of the activity produced in the accelerator components is important to

achieving the hands-on maintenance requirement specified by the conceptual design of IFMIF. The
primary deuteron beam and the secondary neutron induced activities and the resultant dose levels are
estimated using the existing nuclear data libraries and checked against available experimental data.
The beam loss requirements to meet the hands-on maintenance criterion are examined through the
lifetime of each component.

Contributor
I _ Name Party Institute E-mail address 

M. Sugimoto Japan JAERI sugimoto ifmiftokaijaerigojp

(2) Introduction
In the reference design of the IFMIF accelerator system, hands-on maintenance is required

during the design lifetime of about 40 years [1]. The accelerator components near where beam losses
are anticipated may possibly become radioactive due to nuclear reactions between the structural
materials and lost-beam particles and secondary neutrons. In particular, loss of the IFMIF deuteron
beam will generate neutrons even in the low energy sections. This results in the greater importance of
the activation issue in IFMIF, with 40 MeV maximum D, compared to proton beams with much
higher energy. In Fig. 1, guidelines for beam loss at the major accelerator components are estimated
from the design requirements for beam transmission up to the RFQ and the beam loss criteria
tentatively borrowed from the FMIT design [2]. (These are <3 hiA/rn along the accelerator and the
high energy beam transport line, and <10 htA at each bending magnet.) Such criteria requiring remote
handling maintenance are employed to keep a safety margin for the radiation shielding. However, a
value of -3 nA/rm for achieving hands-on maintenance is assigned as the goal for beam loss control in
the IFMIF design. The important reactions producing radioactivity due to the beam loss at each part of
the accelerator module are also summarized in Fig. 1. At the injector, about 15 mA of 0.1 MeV D is
lost before entering the RFQ and another 15 mA of D2+ and D3 + ions would be scraped off. Such lost
ions are trapped at the surface of the equipment facing the beam and the next ions produce neutrons
with -2 MeV and tritium by the D(d,n) and D(d,p) reactions, respectively. A similar process occurs at
the entrance section of the RFQ in the course of the beam bunch formation stage where - 15 mA beam
is lost. The neutrons produced can activate the accelerator components when they are thermalized and

Li -Target

Injector RadifrequencyU
ion Quadrupole Drift -tube Linac High Energy Ts

SoeT Linac RFO) (DTL) Beam Transport Cl

Backstrearn
Energy 1 00 key - -5 MeV - ~ 40 MeV Neutrons,

Beam loss Il 7
15mAD 15 mA D 8 mA 0(8 A) 15 mA D'O (15PA)
15jrnA D 2,0D3 100 VA A00 (20 P'A)

Criterion:< 3 -A/m*(Goal -3 nA/rn) < 0magnet

D-induced d+d d+Cu
Radiationl d-'Au or d+Ta d+A1 (d+Fe) d+LI
Activation ..... (DT coating) 

Fig. I Beam lss criteria and activation of materials in IFMIF accelerator components.
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captured. Therefore the following approach might be effective for suppressing such activation at the
injector section:

1) Set up a specific point where most of the beam loss component will be trapped;
2) Periodically or continuously replace the ion trapping materials with new materials to restrict the

accumulation of deuterium on their surface; and
3) Locate a neutron absorbing material around the ion-trapping materials, to reduce the thermal

neutron flux on the accelerator components.

A possible approach for the equipment where the beam energy is higher is to use some high-Z material
coating on the surface to reduce the neutron production yield at the beam loss points. (Gold plating on
drift tubes was proposed in the WMIT project.)

In this report, validity of the beam loss goal value is examined through calculation of the
activation and the resulting dose equivalence due to the beam loss. The results of the induced activities
for selected materials (copper, tantalum and aluminum) are presented for a typical beam loss condition
which can be scaled to the actual conditions. The dose equivalence is derived by assuming the typical
cooling down time and approach distance to perform equipment maintenance operations, such as
inspection or removal for repair. Effects of the choice of material compositions for the components are
also examined. Finally, the acceptable beam loss for the specified cool-down scenario is estimated.

(3) Calculation Method and Results
The primary deuteron and the secondary neutron induced activities are calculated using the

IRACM code [3], which was developed to handle the isotope production yield due to the particles, n, p,
d, cx and some heavy ions. In this code the cross sections for n and d of the incident energy up to 150
MeV are available as ACSELAM data library. The evaluated data are mainly derived from theoretical
calculations and the comparison with experimental data is necessary for the important reaction
products, to confirm the reliability of the calculations. In this study, three materials (copper, aluminum,
and tantalum) are selected as typical beam-facing materials in the accelerator components.

(a) Copper
Copper is the main element of the cavity walls, electrodes (vanes of the RFQ and drift tubes of

the DTL), and magnets conductors in the IFMIF accelerator. It is the most important element for the
production of activity with lifetime greater than several minutes, which might be a minimum threshold
lifetime in considering the cool down time for the start of maintenance. The cross sections and the
thick target yields for producing the activities, 65Zn (half-life, T112=244.3d), 63Zn (T112=8.5mn),
12Zn(TU 2=9.2h), 4CU (T 1 2= 12.7h), CU (TI/ 2 9.7M), CU (T112=3.3h), are compared between the

ACSELAM library and the experimental data to confirm the reliability of the data library. As an
example, the results for the 65Zn production are shown in Figs. 2 and 3. Although the individual data in
the library have a systematical discrepancy with the experiments due to the deficiencies of the
theoretical model, the effect on the overall accuracy on the dose equivalence is limited because it is
obtained by the integration over the energy range up to 40MeV and the summation over the various
contributing reaction channels. The dose equivalence at a position cm distant from the activity is
estimated at various deuteron energies and cooling down times after 40 years of irradiation by a I iA

2
beam on CM area, as shown in Fig. 4. After 10 hours cool down, the dose level would be less than
20 Sv/h and the actual dose for the workers can be easily reduced by a factor of 04 to 06 due to the
attenuation of the radiation and by avoiding close approach. If the dose level of -1ltp Sv/h needs to be
achieved for maintenance after 10 hours cool down, the beam loss at the high energy section should be
kept below 5 to 500 nA for 40 years of operation. At beam energies '--12 MeV and -7 MeV, the beam
loss criteria are relaxed by a factor of 10 and 00, respectively.

(b) Aluminum
For aluminum, used as the main component of the beam tube/chamber, two activities, 2 Na
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Fig. 2 Comparison of the ACSELAM data library and the experimental data
for the 6-5Cu(d,2n) 65Zn reaction.
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in~~~~~~~ Dmitiriev+1982

a Vkilova+1983
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Fig. 3 Comparison of the production yield per A-hour beam charge for
thick target calculated by IRACM code (using ACSELAM library) and
the experiments for 65Cu(d,2n) 6SZn reaction.

(T112=2.6 y) and 24N (T112=15.0 h), are important from the viewpoint of maintenance on the
accelerator system. The dose equivalence curves for Al are shown in Fig. 5. However, the data in the
ACSELAN4 library for 27A(d 'X)24Na reaction indicated - order lower than the experimental data, and
it is a single contributing channel to the total dose in the cool down time ranging from hour to
several tens hours, so that the result should be multiplied by 10 in the energy range greater than 16
MeV From this consideration, the dose level after 10 hours cool down is similar to the Cu case at the
high energy section, so that the same beam loss criteria can be applied for Al. For the lower energy
sections, the activity in Al is much less than that in Cu and the activity decays fast enough if the cool
down time of -I 00 h is employed.
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Fig. 4 Dose equivalence at 1 cm from the activity produced by l1.A beam
loss for 40 years on copper calculated by IRACM code.
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Fig. 5 Dose equivalence at 1 cm from the activity produced by l1iA beam
loss for 40 years on aluminum calculated by IRACM code.

(c) Tantalum
Tantalum is a candidate material for beam slits to scrape off the beam halo component and also can

be used as a coating to protect the beam facing materials to avoid the production of excessive radioactivity.
Other high-Z materials, like Au, W, etc., or C, are also useful for the same purpose, but tantalum is the best
from the viewpoint of lower induced activity and higher melting point. The dose curves for Ta are shown in
Fig. 6 and no difference in the various cool down times (I - 100 h) in the energy range < 4MeV is seen
because the decay of activities is controlled by 182gTa (T 1/2= 114.4 d). The tolerance level of beam loss on Ta
is larger than Cu and Al by a factor of 10, i.e. 50 nA-5 g.A for 40 years, so it is effective to use T for
scraping off the halo component of the beam.

The results for the gold case are similar to the tantalum case with a few differences: (1) the dose
equivalence of Au at energy > 2eV is about three times larger; (2) the decay of Au in the time range of I -
100 h is mainly controlled by 19 H (TI/ 2=9.9 h) and -100 h cool down time can reduce the dose
equivalence by a factor of 5. The light element, like carbon, produces less activity and the decay is faster
than the above elements; however, it may produce more neutrons by deuteron-induced reactions, so that
evaluation of the use of C must consider the neutron-induced activation around it.
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Fig. 6 Dose equivalence at cm from the activity produced by IR.A beam loss

for 40 years on tantalum, calculated by IRACM code.

(4) Conclusions
The reliability of the database for the calculation of activation of accelerator components is

checked with some experimental data and discrepancies are found in microscopic cross sections,
especially for the 27A1(d X)24Na reaction. Discrepancies are not as critical in the case of the heavier
elements for which the number of contributing channels is large and the errors can cancel out. The
beam loss criteria are estimated from the calculated dose equivalence to be 5 nA at a point (or 5 nA/in)
for Cu and Al (at Ed=40 MeV after 40 years of operation) by taking into account the modest value of
the attenuation factor for the radiation shielding planned for use at maintenance time. For Ta, this
value is relaxed to 50 nA. It is concluded that a guideline for the beam loss along the section with
beam energy larger than 20 MeV is estimated to be 5 nA/mn. This value can be increased to 20 and 50
nA/in in sections with energy ranges 12 to 20 MeV and 8 to 12 MeV, respectively.
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3.1.25 AC3I-JA: Estimation of Beam Loss at Various Operating Conditions

(1) Brief Task Description
Control of beam loss along the IFMIF accelerator and beam transport line components is critical to

realizing hands-on maintenance of these components over the operating lifetime of the facility. Various
operating modes of the IMIF accelerator system can be identified under the specified beam conditions.
Beam dynamics simulations are carried out for these operating modes to model the results.

Contributor
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(2) Introduction
The deuteron beam generated by the IFMIF accelerator can produce neutrons even at beam energy

as low as several MeV. Analysis of activation due to beam loss is very important to achieve the goal of
hands-on maintenance of the accelerator equipment during its lifetime. The guideline of the maximum
allowed beam loss derived from shielding calculations and adopted in the FMIT conceptual design [I] was
3 MtA/r along the Drift-Tube Linear accelerator (DTL) and the High Energy Beam Transport (HEBT) beam
lines, and 10 gA/in at every magnet in the HEBT; these values were also accepted in the IFMIF design [2].
Actually, these criteria are not sufficient to allow hands-on maintenance after 40 years of operation of the
accelerator and it should be lowered to a new goal at 40 MeV of -5 nA/in instead of 3 gA/in, according to
the studies outlined in Sec. 3.1.24, AC39-JP. The allowed beam loss in the lower energy region is relaxed
compared to 5 nA/m; however, it can be set as a design objective to keep the possible activation as low as
possible. Generally, the beam loss events are not distributed uniformly but are highest near the positions of
magnetic field elements, like quadrupoles in drift tubes and focusing/bending magnets in the transport lines,
where the beam envelope becomes larger than that in the other regions. However, the cause of the loss
events originate from the accumulation of various effects in the beam line upstream. So a cause and effects
analysis of the perturbations in the related parameters is necessary to perform an accurate estimation of the
beam loss events. For this purpose, a code to estimate the beam behavior in the IFMIF accelerator with
enough precision needs to be developed and applied to verify the robustness of the beam quality against
parameter perturbations to prevent excessive beam loss [3]. In this report, the operation patterns for the
IFMIF accelerator are identified, and the issues to be solved for each operation pattern are clarified. The
beam dynamics simulation code necessary to evaluate the beam loss taking into account the variation of the
important parameters of beam line elements is under development and its status is described.

(3) Operation Patterns
The summary of the operational modes of the IFMIF accelerator is shown in Table 1. These are

characterized by the condition of the beam properties and the state of the accelerator equipment, and the
estimated frequencies of occurrence are indicated.

I ) In the steady-state mode that occupies most of the operation time, the beam loss is mainly caused by
the beam halo component. This continuous beam loss must be minimized through design optimization
efforts, and the goal for the allowed beam loss is 50-5 nA/m. along the beam path, as discussed in Sec.
3.1.24.

2) The pulsed mode operation is included in the IFMIF baseline design to suppress excessive activation
during the start-up conditioning phase after a long shutdown. The average current needs to be ramped
up to realize the acceptable time profile of the beam power injection into the target. This procedure will
be applied after each shutdown for monthly maintenance. The typical time profile of pulsed mode is
shown in Fig. , and the location and time span for possible beam loss in each pulse is indicated in Fig.
2. The rough estimation of loss events would be 10- (.1 ms MSX 10 pps) at maximum, so that the
duration of the pulsed mode operation should be controlled within -4 min. This meets the guideline
that the additional beam loss due to the pulsed mode operation is less than 10% of the steady-state
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Table Operating modes of the IFMIIF accelerator system.__________
Mode Beam property Equipment state Frequency of Comments

occurrence
Steady-state 40MeV /1 25mA Full performance 88% (availability) Principal mode;

CW, for RF power & of scheduled Beam loss due to
20cm W x 5cm H magnetic field operation halo
beam footprint

Pulse 0-100% current, Controlled -1 /month (after Start-up
controlled by duty performance monthly scheduled conditioning;
cycle maintenance) Current ramping is

required by target
system

Transient 0-100% current, Recovering from -I 00 /year *Corresponding to
uncontrolled event off-normnal state beam trip events

Special -32MeV (TBD) / Last RF modules TBD (in irradiation Scheduled operation
(e~g. Low 1 25mA (typ.) are powered off planning)

energy beam) I____________I ___________I_____
*)For major failures, 60 hours MTBF and 6,132 hours for yearly operation time are assumed.

The events with the shorter recovery times are much larger than this

beam loss _1 0-6).

3) The transient mode is defined 1m~ dt)410 sC,10%
as the state of the immediate ----------- -* 100tu m e<W,100%
recovery process from the ~Satptm 4m
equipment failures that cause Current
beam trips. During this 1 25mA
recovery process, the operation
would be in either mode 1) or 4N
2) above; therefore the -1 0Hz repetition (spec. 1 - 20Hz)
contribution of this mode to the
total beam loss quantity is Fig. 1 Time chart of the pulsed-mode operation of IFMIF.

estimated to be small if the
frequency of occurrence, Pulse structure (obtained at lAP, ms)

-100/year, is realized in the
IFMIF accelerator operation as 175________

stated in the conceptual design 10M
requirement. Possible

4) The special mode of low ~ beam loss
energy beam operation for component
varying irradiation neutron 4i -4 +.-' II--U

spectrum is planned for
separate irradiation campaigns,..... .. 25 lsdv
specific to the materials for2 lidi
which the softer neutron
spectrum is necessary. The
details of the operating ______

conditions cannot be

determined at the present stage Fig. 2 Typical pulse beam obtained from the high-current ion

and i is ecesary t conidersource. The leading and trailing edges of pulses are
these after the userspossible sources of beam loss events because the beam

requirements, for the irradiation properties are not well matched to the ac celerator.
condition are clearly defined.
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The cause and effects of the perturbations of the accelerator equipment are summarized in Table 2.
As major causes, the status change of ion injector, cavity tuning, RF power, HEBT magnets and alignment
distortion are considered. Several causes have the same effects on the accelerator system and it is important
to identify the correct cause from the observed events. The detection scheme must be developed in such a
way that it will clarify the problems of the equipment status and initiate automatic recovery procedures for
restoring continuous operation. The thermal deformation problem of RFQ due to the RF heating is studied
as an important example of the cause and effects analysis of equipment.

The heat production at the cavity surface is estimated using the SUPERFISH code [4], and the
thermal/mechanical problem is solved by using the ANSYS code [5]. The calculation conditions are listed
in Table 3. Two different shapes of cavity wall structure, (a) a usual octagonal shape and (b) a rectangle
shape with a thick edge wall part to restrict the movement, are compared. The geometrical parameters and
the obtained temperature maps for a quadrant of RFQ are shown in Figs. 3 and 4, respectively. As shown in
Table 4, the calculated position movement of the vane tip for case (a) was smaller than that for case (b).
The effect of unequal temperature for two 12 mm 4) cooling channels is also considered as case (c), and the
resultant movement was between those for cases (a) and (b).

It is found that the estimated deformation of the RQ vane tips, less than Ojm, gives no
prominent change to the field characteristics, and the errors introduced at fabrication and installation may
be greater problems for the IFMIF RFQ. For the other components similar analyses need to be performed
as a next step, to obtain the relative importance of each contributing error.

Table 2 Cause and effect of perturbations to the IFMIF accelerator equipment.
Cause Effect Issue

* Ion source beam current & a Change of cavity beam-loading & Method of re-tuning process
resulting phase ellipse frequency tuning
rotation / wobbling * Change of matching condition

• Thermal & mechanical a Change of cavity frequency tuning Effective cooling & temperature
motion of cavity structure * Change of electric & magnetic control method; supporting

fields at beam path structure to minimize effects
* RF power source phase & 4 Change of electric & magnetic Detection method for monitoring

amplitude fields at beam path deviation from normal state
* Beam expander & final * Change of position & beam Detection method for monitoring

bend magnetic field distribution pattern at target deviation from normal state
* Distortion of alignment axis * Change of matching condition Dynamical alignment checking &

of equipment * Change of electric & magnetic adjustment
______ _____ _____ _____ fields at beam path_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Table 3 Calculation conditions for thermal & mechanical analysis of RFQ.
Calculation conditions Values Comments

Maximum heating at wall 6.4 W/CM2 Varied by multiplying factor 0.5-
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 .5

Cooling water inlet temperature -40 C Flow rate: 320 f/mm,
& cooling channel diameters 18, 12 and 6 mmo Flow speed: 2 in/sec

Table 4 Results for position movement of the vane tip of the RFQ.
Calculated results Position movement Temperature & Stress

Case (a): usual octagonal shape -1.3 gmi at vane tip AT,. = 29 C
(102 jtm max.) = 5.9 MPa

Case (b): rectangle shape with thick edge -6.7 gim at vane tip AT a, = 22 C
wall (16Am max.) am,= 6.0 Mpa

Case (c): same as case (a) except the inlet -4.4 Aim at vane tip AT,, = 29 0C
temperature of one of two 12 mm4) ( 15 jgm max.) a,.= 6.7 MPa
cooling channels = 50'C__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Fig. 3 Cross sectional views of a quarter of REQ cavity:
(a) octagon with 12.7 mm wall thickness, (b) rectan~1e with thipk PAc-i --n11
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Fig. 4 Temperature maps of a quarter of REQ cavity:
(a) octagon with 12.7 mm wall thickness, (b) rectangle with thick edge wall.
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(4) Beam Dynamics Simulation
The beam dynamics simulation needs to be carried out for each operating pattern to obtain detailed

informnation about beam loss during the operating lifetime; however, the primary concern is beam loss for
steady-state operation as discussed above. A new code is under development to simulate the beam behavior
through the beam line components with some imperfections, to analyze the beam loss in steady-state
operation. The major features of the simulation code are: (a) initial beam generation section separated from
main simulator, (b) choices for space charge force approximations (particle-in-cell using 2-1D cylindrical or
3-D Cartesian cells, point-to-point Coulomb force), (c) multiple schemes to obtain the transfer map of
particle coordinates through a unit of beam line elements (conventional matrix formalism, methods for
integration of equation of motion), and (d) optional "blob" model for simulating particles [6] (or equivalent
to "ensemble" model [71). The beam line elements, having magnetic fields (solenoid, bend, quadrupole and
higher multipole) and electric fields in RF gaps, are included as the first step. The connection between the
simulation for RFQ and the present code is now in progress.

(5) Conclusions
The operation of the IMIF accelerator can be categorized as the steady state, pulse, transient and

low-energy modes. For each operational mode, the beam loss events need to be controlled by monitoring
and stabilizing the critical parameters of both accelerator equipment and accelerated beam. The simulation
code to take into account the perturbed conditions of beam line elements is necessary to obtain the
requirements for their stability to achieve the beam loss criterion, and a new code is under development for
the next stage of detailed design.
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3.1.26 AC22B-US Cost Evaluation of Changes in the System Including the Revised
HEBT and the Diacrode Based RF System

(1) Brief Task Description
The scope of this effort was directed at the revised High Energy Beam Transport (HEBT), the RF

Coupling Loops, and the RF Power System (including transport and support equipment).

(2) Contributors

Name Party Institute E-mail address
J. Rathke us AES john rathkepmail.aesys.net
T. Myers us AES tim myers(&9mail.aesys.net
Joe Sredniawski us AES Joe sredniawski(&mail.aesys.net

(3) Ground Rules and Assumptions
The linac cavity RF Resonant Control System and the RF Cooling System were not included;

however, it is recommended that these also be updated in light of the most recent understanding of
their requirements. The previous CDA WVBS architecture has been held constant as a point of
reference.

Cost comparison is based upon an assumed escalation of the costs from the CDA report [1] by
13% to cover inflation to CY2002 rates. Current hardware costs of the revised systems were
determined using an updated Bill of Materials (O0M), obtaining vendor Budgetary Pricing (BP) on
large dollar items, and using published catalog pricing and phone quotations on lesser dollar items.
In some cases, AES engineering estimates had to be applied. As required, labor estimates of the
relevant WBS elements were also revised to reflect more current thinking in terms of the technical
approach. Current labor rates in ICF units under the pricing gr ound rule ( 3% escalation) are:

Project Engineering 170 ICF/hr
Engineering 122
Fabrication 98
Technician 98
Craft 28
Institutional Support 122

All of the above hourly rates include 8% fee except the Institutional Support rate per the CDA
costing guidelines.

(4) HEBT Cost Revisions

Table Overall HEBT Cost Comparison.

Cost Comparison (kilo CF) * CDA CY2002

WrBS 4.2.3.4 (1st Accelerator) 17,992 6,277

WBS 4.2.4.5 (2nd Accelerator) 12,893 3,694

The HEBT includes all beam transport equipment (vacuum beam tubes, bellows, flanges and
magnetic lattice) from the output of the DTL up to the entrance of the lithium target chamber. Also
included is the associated support equipment such as the beam diagnostics, the support structure, the
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vacuum system, and the various power supplies.
Responding to direction given by the Fusion Power Coordinating Committee in January 1999,

JAERI led the development of a reduced cost design [1]. W~hile the accelerators the mselves
remained largely unchanged from the CDA, the HEBT system changed substantially. Rather than a
system capable of switching between three different target chambers, the reduced cost design provides
for only a single target. Further, the CDA design employed a series of RF "buncher" cavities to
control energy spread through the long transport system. The reduced cost HEBT eliminated this
system. Recently, a preliminary study was conducted of this simplified beam transport system to
examine the ability to deliver the properly shaped and homogenized beam profile on target (Sec.
3.1.17). Results of this study are encouraging and a revised magnetic lattice design has been
produced. This new lattice was used for the cost evaluation presented here. A conceptual
configuration of the revised HEBT is shown in Figure 1.

20 crmats HihOdr Target interface
Elements tank for both

accelerators

DTL output 91Achromat/l~

4 -55 m

Fig. Preliminary HEBT Physical Layout.

With the deletion of the buncher cavities Table 2 Cornparison of Hardware Costs Before AFT.
cmsthe question of need for the energy ___Accelerator #1 JAccelerator #2

comes ~~~~~~~~~~~~~~ ~ ~~Purchased Item CDA New CDA New
spread and phase spread diagnostics. For the Cost Cost Cost Cost
current cost update it is assumned that these __________ (kICF) (kICF) (kICF (kICF)

Beam Tube, Flanges, 237 -212 237 212
diagnostics are not needed. If there arises Bellows, etc.____- 01,9 0

some justifiable reason for either diagnostic in RF Cavities 0,1 17 0,1 17

the future, appropriate cost updating should Support/Alignment 328 214 328 -214

follow because the original approach used in Structure ________-3,7 -86

Magnets 1374J 893,774 869
the CDA may not be the most cost effective in Magnet Power Supplies 1,887 556 0 556
terms of current technology. Table 2 shows a Energy Spread Monitors 361 10 361 10

Phase Spread Monitors 170 j 0 170 - 0
comparison of hardware costs before AFI. Video Profile Monitor 90 97 90 9
The largest changes are obviously due to the Microstriplines 644 70 644 -70

elimination of the RF cavities and the TOTAL; 9,310 2,194 7,423 2,194

substantial reduction in the number of magnets. Tbe3HB eoreHus
Bear in mind that the hardware costs from the Tbe3HB eoreHus
CDA have been escalated by 13% over those Resource Hours
published in reference . Along with these Labor Type Accelerator Accelerator
changes the required labor was also re- HI #2
evaluated. The revised labor estimates are Engineering 8,090 950
shown in Table 3. Drafting 4,100 580

Fabrication 3,760 3,070
(5) RIF Coupling Loop Cost Revisions Institutional Support 3,500 0

This cost element includes the effort Vendor Oversight/Mfg. 2,218 1,224
to develop production versions of the RF
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coupling loops required throughout the accelerator. The
coupling loop cost element does not include the RF window.
The RFQ and DTL sections of both accelerators will
require a total of 48 drive oops. The nose piece coaxial
size will be at least 2 5/8 inch O.D. based upon scaling the
required powcr handling (350kW max) from a design
previously developed by Advanced Energy Systems.
(Figure 2) Other than some possible minor geometrical
differences, the same design can be used for the RFQ and
the DTL. The coupling loops will have a tapered section
expanding up to 9 3/16 inch uncooled coax. The
matching section cavities of both accelerators will require 4
additional drive loops with power handling of up to 60kW
CW maximum. The same design concept will be used for
both types of loops with dimensions scaled according to
power handling. The technical aspects and configuration
of these RF coupling loops is described [2].

Advanced Energy Systems, Inc. conducted a
bottoms-up estimate based upon a drive loop design that
was developed and tested in the early 1990's. The
actual drive loop and existing detailed drawings were
used for current shop and material estimates. Revised
labor estimates for engineering and fabrication are
primarily credited for reducing cost (Table 4.). Fig. 2 250kW CW Coupling Loop

Developed by AES.

Table 4 Overall RF Coupling Loop Cost Comparison.

Cost Comparison (kilo 1CF) * CDA CY2002

WBS 4.2.3.5 (1st Accelerator) 3,492 1,852

(2 d Accelerator)* *

*Includes AFI of 35%
**Included in the cost for the 1I" accelerator

(6) RF Power System Cost Revisions
This cost element is a top-level summary of the costs to design, fabricate, functionally test, and

ship the RF power system for both accelerators. This cost element differs from the other summary level
elements in that it contains separate estimates from lower level cost elements. The estimate at this level
represents the top level of the RF System. It also includes administrative functions such as project
management, systems engineering, project travel during the design and construction phase, report data and
other miscellaneous activities not related to the specific hardware design tasks described in the lower level
RF power system WBS element worksheets. These costs were more correctly aligned with scheduled
project phases. The system summary costs as well as lower level costs are compared in Table 5.

(6. 1) LLRF Control

This subsystem interfaces with the RF station monitor & control subsystem, and the cavity
resonance control subsystem, and maintains the phasing and amplitude of the RF delivered by the high
power RF amplification chain for proper RFQ, DTL, and MS operation. This subsystem also provides the
RF system low level frequency source. AES's past experience delivering and costing LLRF systems was
utilized to update the labor estimates. To understand the material costs, a bill of materials based upon the
hardware used for the TTF system at DESY was utilized with current pricing from a recent study for an
Energy Recovery Linac (ERL) proposed by Cornell University [3]. The system design uses an adaptive
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Table 4 RF Power System Cost Comparison

Cost Comparison (kilo CF) * CDA CY2002
WBS 4.2.3.7 (s' Accelerator) 96,839 70,697

Project/Administrative 4,703 1,938

LLRF Control 8,927 2,464

Pre-Driver 5,867 2,772

Driver & Final Amplifier 41,307- 37,377
Transport 11,676 10,538

Cavity Resonance Control 2,228- 2,228

Switchgear 2,614 0

Cooling 9,447 9,447

RF Station Monitoring & Control 2,509 1,995
Integration Equipment & Services 5,042 1,938

WBS 4.2.4.6 (2nd Accelerator) 78,734 59,907

Project/Administrative 1,294 1,124

LLRF Control 7,702 2,044

Pre-Driver 5,056 2,282
Driver & Final Amplifier 36,650 33,364

Transport 8,669 9,607

Cavity Resonance Control 1,669 1,669
Switchgear 2,097 0

Cooling 8,700 8,700
RF Station Monitoring & Control 2,289 1,117

Integration Equipment & Services 3,927 0
*Includes AFR of 35% on all systems except the LLRF Control System which was increased to 50%

feed forward approach with state-of-the-art DSP technology instead of analog control. This permits more
procurement of commercial components resulting in significantly less in-house fabrication than previously
estimated and lower cost. Although the overall cost is significantly less than the CDA estimate, the AFI
was increased to 50% based on technical risk due to lack of definition of the LLRF system design for
IFMIF.

(6.2) Pre-Driver
The RF Pre-driver is a high gain, 175 MHz solid state amplifier responsible for boosting the

low level RF signal source up to the 2.5 kW range needed by the driver stage of the I1MW main RF
amplifier chain. This is adequate to run the drive stage tube at 5kW output for the diacrode to
operate at MW. The single RF amplifier for the matching section cavities of each accelerator will
require a 5kW pre-driver instead to run the TH78 1 tube at a higher output of 140kW. The Pre-driver
is a commercially available self contained, air cooled, solid state amplifier designed with a digital
control panel which provides for both local and remote control of the amplifier. Forward and
reflected power as well as all operational control and status is provided through a GPIB/IEEE-488
interface. Also included in this estimate are the coaxial interface lines for the main power amplifier
chain.

Very little if any in-house fabrication cost is associated with this element since the primary
components are commercially available. The labor portion of the estimate is primarily for specification,
assembly and checkout prior to shipment.
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(6.3) Driver & Final Amplifier

The system uses two stages, each providing approximately 14 dB of gain to bring the total RF
output up to 1.0 MW of CW power as needed by the RFQ and DTL accelerating sections of the linac.
The first stage RF output will be in the range of 50kW during normnal operation of the linac. For the
MS section of the linac, only the I st stage amplifier is used at a higher total output power of 140kW.
This output is split and transported into two separate MS cavities. The first stage amplifier uses a
TH781 tetrode (rated to 200kW CW) while the final amplifier (second stage) uses a TH628 diacrode
(rated to MW CW). Each amplifier stage includes the driving tube and resonant cavity assembly,
along with its power conditioning, monitor, control, protection, and cooling interface components. In
addition, each amplifier stage is functionally supported by a fully integrated High Voltage Power
Supply (HVPS) and Switchgear subsystem, complete with control and monitor functions as well as
safety interlocks. The cost of these integrated subsystems is included in this cost element thereby
negating the use of a separate Switchgear cost element.

Schematically, the RF Driver and Final Amplifier system looks identical to Figure 2.6.2-12 of the
CDA report [I] with the exception that the HVPS subsystems will now take the 13.2kV input line directly.
All power conversion will be done within the HVPS subsystems.

(6.4) Transport

Most of the elements of the RF transport system are existing production items. Exceptions to this
are the circulators, the MW load, and the RF windows. These special items will need modest development
(for the IFMIF operating frequency and power level) during the EVEDA phase of the program. A base
assumption for this estimate is that all technical feasibility issues are resolved prior to any work covered by
the allocations here. In addition, the cost of design and fabrication of the various transmission line
structural support components is included.

Upon evaluating the suggested 9" water-cooled coax instead of the original air-cooled 19" coax, it
was determined that the original 19" coax is less expensive by about a factor of 3. Furthermore, two
suppliers of coax stated clearly that there would be a reliability issue with the use of water-cooled coax.
Subsequently AES decided to present the revised system costs using the less expensive, all air-cooled coax.
(Figure 3)

(6.5) Cavity Resonance Control System

This element was left unchanged except for cost escalation by 13% to CY2002 dollars.
Upon review of this element it was found that the design and equipment employed does not

account for the state-of-the-art approach to cavity resonance control such as that used by the APT
project. This will have a significant impact upon cost and this area should be re-evaluated during the
EVEDA phase.

(6.6) Switchgear System

The cost of this equipment is included as part of the proposed integrated HVPS subsystems for the
high power RF amplifier chain in WBS 4.2.3.7.3 and WBS 4.2.4.6.3. An experienced supplier of
accelerator equipment was able to provide quotations on such an approach, thereby simplifying the RF
system design.

(6.7) Cooling System
This element was left unchanged except for cost escalation by 13% to CY2002 dollars. Based

upon the available new data for cooling requirements of the RF system components, it is recommended that
this cost element be updated at some future time.

(6.8) Station Monitoring and Control
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Typical WFMIF RF Transport Typical LFMIF RF Transport
for RFQ &DTL Cavities for MS Cavities

C~~~pk' C-Pik,~~~~~~~ao

19 MW 914I4 IC
75 75~~O (YP

Cacobtr (tsFCLoadgLnoptn (yp)
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Fig. 3 RF Transmission Line Schematics.

This cost element includes the integrated control and monitoring fuinction to maintain the proper
operation of the complete RF station, and also provides remote digital information transfer to the master
IFMIF control system via data bus interconnections. Also included is the local equipment safety interlock
subsystem.

Each RF power system requires a local control system to simplify interaction with the main control
system and to allow easy local control, independent of the main control system for testing. (Figure 4) A
local control concept consisting of ControlNet Distributed Interface (DI) boxes from Group3, configured
with analog and digital data acquisition and control modules is assumed for the IMIF cost model. This
simplifies integrating the controls on the HV deck with the ground level control system. For testing
purposes the fiber optic VME Controllset Interface

loop will be connected to a
controller card on a -------High Voltage Deck K
standard PC running -

Windows 98 or some EZILZ

similar operating system. n ~ High Voltage VME CRATE

The test software may be /------Suppl Cabinet

programmed in Lab VIEWSuprCaie
for testing flexibility. For GroundLel

normal operation, the RF 10V ID Itf
controls are integrated intoDId
the main EPICS-based
system by means of a
VME-based controller (by
Group3) for which EPICS Coptr PC ControlNet Interface

drivers are available.
Protection of RF K~eyboard Local Control for Testing

station equipment from Fig. 4 Block Diagram of RI' Station Monitoring and Control Subsystem.
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damage due to subsystem/component faults, is provided by a separate subsystem of solid state relays and
various sensors for cooling water flows, temperatures and pressures/vacuum levels related to the RE station
equipment. The protection subsystem cost is included within this cost element.

(6.9) Integration Equipment and Services
This cost element includes the resources required to setup and qualification test each of the

first production RF power systems (MW for main linac, and 140 kW for MS section cavities) prior to
any equipment being shipped to the IFMIF site. This worksheet also includes the special test
equipment needed to install and setup the two RE stations and the respective transport elements of the
IFMIF systems. Full power testing into a water load is planned. The water loads will be used from
the production set of equipment. The hardware items in this task are those which are manufactured
and/or used solely for the testing of the RF equipment. It is also assumed that this testing will be
conducted at the RF power system manufacturer's facility thereby negating the cost of setting up an
entirely new facility.

AES evaluated and revised the CDA estimate based primarily upon the change in philosophy to
only test the first of each kind of RF power system at the manufacturer's site. The CDA assumed each of
the 26 RF systems would be fully integrated and tested prior to shipment.. Final acceptance testing of the
follow-on production systems will now occur at the IFMIF site and should be included under
Commissioning. This is the most current approach being used for this kind of equipment on other
accelerator projects.

References
[1] JAERI-Tech 2000-014, IFMIF Conceptual Design Activity, Reduced Cost Report, A Supplement to

the CDA by the IFMIF Team, February 2000.
[21 Cole, et. al., Design and Test Results of a 250kW (CW) RF Coupling Loop", Proceedings of the 1990

NPB Symposium.
[3] Advanced Energy Systems, Inc., "Cost Study for the Energy Recovery Linac Prototype", Cornell

contract #493 1 01, March 7, 200 1.
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3.1.27 AC23-US : Examination of the Cost of a Fully Operational IFMIF Prototype

(1) Brief Task Description
In response to widespread discussion of the benefit of having a fully operational accelerator

prototype, the US team undertook a task in 2002 to define the scope and develop a cost estimate for such a
program. The work incorporated the latest design information available to arrive at an updated design
configuration for the JEMIF accelerator. From this configuration a prototype design was developed that
meets the technical requirements set forth at the JEMIF Design Integration Meeting at FZK Karlsruhe in
October 2001. The prototype design, design justification, and cost estimating methodology were then
presented and agreed upon by the accelerator team at FZK Karlsruhe in January 2002. The cost estimate
was developed during February 2002 and circulated amongst the IMIF accelerator team for evaluation and
feedback. The results of this study were finalized in early March 2002 and presented at the JEMIF
Subcommittee meeting in Tokyo later that month. The estimated cost for the five year prototype program is
102 MICE including an AFI allowance of 23 MICE [ 1,2].

Contributors
Name Party Institute E-mail address

J. Rathke us AES john rathke~mail.aesys.net
T. Myers us AES tim myers~mail.aesys.net

(2) Updating the IFMIF Accelerator Configuration
The work of defining the prototype configuration and requirements was started by first updating

the overall accelerator configuration to reflect the latest work done by the IMIF collaboration. In doing
this work it was encouraging to see the striking similarity of the design solutions that have been developed
at different institutions, primarily in Europe. Figure 1 shows a view of the updated accelerator
configuration as it would be placed in the accelerator vault of the reduced cost IFMIF (upper vault in the
figure). The figure highlights the fact that the RF hall is somewhat small but the accelerator structures
themselves appear to fit well into the vault space. For comparison, the "old" (pre 2002) accelerator
configuration is shown in the second accelerator vault (lower vault in the figure). The updated
configuration reflects the latest machine elements including:

- Realistic layout of the injector/LEBT taken from the injector installation at the Low Energy
Demonstration Accelerator (LEDA) facility at Los Alamos

- '-42.3 meter, 5 MeV RFQ typical of the Saclay and LAP designs
- 2 cavity, 4 quadrupole Matching Section (MS) system between the REQ and DTL. Designs from LAP

JAERI "Reduced Cost H H - - Updated Accelerator
IFMIF Facility Plan

Li i]I- -
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and Saclay are very similar. Each MS cavity requires a 70 kW, 175 MHz RF source.
5 tank DTL system from latest Saclay design that employs 2 RF power systems per tank in tanks 2
through 5 and a single supply in tank 1. This layout is very similar to designs produced at AR.

The HEBT in this configuration does not include updates resulting from efforts conducted under
task AC2 -US presented in 3.1.17. Because the H-EBT is not part of the prototype this does not impact
the work presented here. A perspective view of the updated accelerator in the FMIF Reduced Cost
Design vault is shown in Figure 2.

Radio Frequency Quadrupole
(LIEDA)

Fig. 2 Perspective view of updated linac with some design basis hardware references.

(3) Defining the IFMTIF Accelerator Prototype
With the updated accelerator configuration established it was possible to define an appropriate

accelerator prototype that would satisfy the following top level requirements that were agreed to by the
LEMIF collaboration in October of 200 1.

- Prototype to be a "flil performance" accelerator up through the first tank of the DTL (8-10 McV)
- Prototype tests are required to demonstrate high reliability and availability for the IFMIF system
- Prototype hardware will be suitable for use on the project as appropriate after testing

These three overriding requirements dictate the use of IFMIF equipment throughout the prototype
such that the true operational characteristics can be demonstrated. Equipment that is available from other
programs cannot properly demonstrate the performance of the integrated IFMIF system.

A further ground rule was established for performing the cost estimate of the prototype program.
The prototype will be installed and operated in a host facility that is capable of supplying

infrastructure elements such as:

Prime Power (-6.5 MW including substation, step-down transformers, power distribution)
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2Shielded vault area, RF Hall, and ancillary areas (-2100 M of vault, high bay with crane, shop and
control room areas)
Final heat rejection system (water & HVAC capable of -6.5 MW)
Support shops, RF labs, metrology physical security and radiation safety systems

A prototype accelerator system configuration that meets the above requirements is shown in Figure 3.
For reference, the accelerator is shown in a with a vault and RF power hall that are the same size as the
IFMIF facility. The system comprises a full performance D± Injector and LEBT followed by the RFQ
with its three, MW RF Power systems. The matching section (MS) with 2 RF cavities follows the RFQ.
For the prototype we have estimated 2 separate 70 kW RF power systems. This was done for expediency
in performing this estimate and is not the result of a proper design process to determine the best RF sources
for this application. After the MS is the first tank of the DTL with its single, MW RF power system.
These components and there primary subsystems represent the minimum system to satisfy the requirements
of our prototype. These subsystems are the low level RE system and RF feedback/control system, the
resonance control cooling systems for the RF cavities, the accelerator high vacuum system, and the
minimum suite of beam diagnostics necessary for safe, stable operation. This machine, with an output
energy of 9.31 MeV and a beam current of 125 mA, would be one of the most powerful accelerators in the
world with average beam power of 1. 16 MW.

A necessary element of the prototype system that will not be a part of the final IFMIF machine is a
short High Energy Beam Transport (HEBT) system and a beam dump. The concepts for these
components have been taken from the Continuous Wave Deuterium Demonstrator (CWDD) project that
had a requirement for beam transport and stopping of a 80 mA CW deuterium beam. It is considered a

PLNV IEWVAV,3EER,000
II, AIPOI[

~I --KANDI DOWJI

IOmens nsi n Incies (mter.) ELEVAT INV IEW

Fig. 3 Prototype Accelerator Layout (shown in IFMIF-size vault).
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minimum system for this application. Figure 4 presents a perspective view of the prototype concept,
highlighting each of the major elements.

The RF power requirements for each of the accelerator components was determined from the
conceptual designs produced by Saclay and TAP. In both cases the RE system requirements are the same
with three, MW RF systems required for the RFQ and a single MW RE system required for DTL tank 1.
*Power calculations for the Saclay REQ design are presented in Figure 5. In this case a typical, roughly
optimized, REQ cross section consistent with the Saclay design has been analyzed in Superfish. The

Fi esetieve fth F I rtoyeAclrao ytm

Allcacultevaue beo reers th e etr oly. FMFPootp cclrtr ytm

SUFied ormlzton sumOryv 0): EZroe de9.4474p Mv/rn:
Fequency (setarinualuesg a 7.00 174.971Mz .>z7

Fenormalization trNo O = )EZR- 9.447 4 MV/rnm64' 

Stored energy = 0.0017908 Joules/cm <
Using standard room-temperature copper. 
Surface resistance =3.45 126 milliOhm
Normal-conductor resistivity =1.7241 0 microOhm-cm
Operating temperature =20.0000 C -

Power dissipation =135.7888 W/cm
Q 14500.6 Shunt impedance = 3687.439 MOhin/m
r/Q 15.984 Ohm Wake loss parameter =0.00439 V/pC
Average magnetic field on the outer wall = 3907.79 AMm, 2.635 W/cmA2 SUPERFISH Mesh - 'A4Segment
Maximum H (at X,Y = 19.0994,6.35179)= 3908.36 AMm, 2.636 W/cmA2
Maximum E (at X,Y = 0.33185,0.696082) = 24.333 MV/in, 1.7399 Kilp.
Ratio of peak fields Bmaxlflmax = 0.201 8 mT/(M V/rn)
Peak-to-average ratio Emax/EO = 2.5756

Total Power = 1638 kW / 680 kW/Station = 2.41 Stations .4Need 3 Stations

Fig. 5 Power calculations for 175 MHz RFQ (Saclay Model).
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Superfish power dissipation was then augmented assuming a requirement for at least 10% additional field
capability (21% power increase). This value can be clearly justified by the experience at LEDA and many
other facilities where operation at 5-10% higher field has been required. To the cavity power we have
added the beam power of 613 kW to arrive at 2.4 RE power stations required. The value of 680 kW
available from the RF power stations accounts for control margin, transmission losses, and coupling errors
and has been agreed to by the IFMIF accelerator team.

(4) Cost Estimate for the IFMIF Accelerator Prototype Program
The accelerator prototype configuration as described above was presented to the IFMIF accelerator

team at FZK Karlsruhe in January 2002. At that time the team agreed that this configuration satisfies the
requirements for the lFMlF prototype and that a cost estimate for a program with this equipment is
appropriate. Figure 6 summarizes the items included in the Prototype Program Cost Estimate.

o Included in estimate e Not Included, Facility Items
* Linac (njector, RFQ, MS, DTL Tank 1) e Land, building, shielding, radiation
• Subsystems monitoring, security, ..

RF Power, vacuum, thermal control, e Support infrastructure
diagnostics, beam-stop, linac control system Electrical distribution to facility
Programmatic Phases Safety nterlock system

Fig. 6 Elements Included in and Excluded from Prototype Cost Estimate.

Figure 7 presents a Work Breakdown Structure (WBS) for the Prototype Accelerator Program and a
cross-reference to the corresponding WBS items in the CDA cost estimate from 1996. Figure 8 presents
the schedule for the prototype program that was used in generating the estimate. The CDA cost estimate
was used as the basis for developing the costs for the prototype with credit given for work accomplished
between 1996 and 2002. Figure 9 presents the details of the cost estimate along with the credits
(expressed as a percentage of CDA) given in each area.

It must be emphasized that one goal of the prototype program is to build and operate an accelerator
that is, to the greatest extent possible, the real IFMIF hardware. Further, it is expected that the hardware
built under this project can be transferred to the final JFMIF facility and used "as is." This drives the
requirement for the design phase of the program to be fully rigorous in all areas. Indeed, it is reasonable
to view this Prototype Program as early fabrication and operation of the IFMIF front-end.

The project management and preliminary design areas of the cost estimate used only 25% of the CDA
estimate for two primary reasons. First, progress has been made in areas of injector, RFQ, and DTL
design since 1996 and some elements of the machine (i.e. HEBT, DTL tanks 2 thru 5) are not required for
the prototype.

In the areas of accelerator final design, fabrication, and installation varying levels of credit have been
used based on the individual area. These vary from 0% for the HEBT up to 100% for areas like the
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Matching Section that has only recently been included in the baseline design, and I100% for the Beam Stop
(includes short HEBT) that is unique to the prototype. Other percentages vary based again on progress
since 1996 and/or the amount of the total system that is required for the prototype (i.e. DTL and RF Power).

The final major category of cost in the estimate is the operational set-up and commissioning
including a full power test. For the purposes of this estimate the full power acceptance test was deemed to
be the final element of the program at the end of 5 years and ongoing operations to build a reliability
database were not considered. This category which covers a schedule period of 1.5 years with 6 to 9
months of dedicated operations has a total cost including AFI of 11.2 MICE. This can be compared to the
approximate annual operating cost of LEDA at Los Alamos of approximately $15 M.

Prototype WBS CDA WBS WB____________Name__________

- PFrototype Design & Management 

4.2.1 4.2.1 Accelerator Equipmen Preliminary Design (injector thru Beam Stop)
4.2.2 4.2.2 Accelerator Equipment Physics inector thru Beam Stop
______________ _______Prototype Accelerator

4.2.3.1 4.2.3.1 In'jector System (H2+ and D+)
4.2.3.2 4.2.3.2 Radiofrequency Quadrupole System

4.2.3.3 & 4.2.3.7.4 ____ Matching Section System (with two 70 kW RF stations)
4.2.3.4 4.2.3.3 Drift Tube Linac Tank #1 System
4.2.3.5 4.2.3.4 HEBT Svstemn

4.2.3.2 & .3 4.2.3.5 RF Drive Loop
4.2.3.2 &.3 &.4 &.5 4.2.3.6 Ac HEBT Therma Contro vtems

4.2.3.7 4.2.3.7 RIF Power System
4.2.3.6 4.2.5 Beam Dump
4.2.4 4.2.6 Accelerator System Control

4.2.3.2 & .3 & .4 & .5 4.2.7 Accelerator Support Systems
______________ _______Accelerator Installation and Checkout

4.3.1.1 4.3.1.1 Injector system
4.3.1.2 4.3.1.2 RFQ System
4.3.1.3 Matching Section System
4.3.1.4 4.3.1.3 DTL Tank#1 System
4.3.1.5 4.3.1.5 HEBT
4.3.1.6 4.3.1.6 RF Power System
4.3.1.5 4.3.1.7 Beam Dump
4.3.2 4.3.1.9 Accelerator System Control Installation & Checkout

______________ _______Operational Startup & Commisioning
4.4.6 4.3.1.8 Full Power acceptance test

4.4.1.1 7,1.1 Personnel & Overhead:Admin & OH Staff
4.4.1.2 7.1.2 Personnel & Overhead: Accelerator Operations Staff
4.4.2.1 7.2.1 Electrical Power: Prototype Accelerator
4.4.2.2 7.2.3 Electrical Power: Balance of Plant
4.4.3.1 7.3.1 Utilities: Inert Gas
4.4.3.2 7.3.2 Utilities: Deionized water
4.4.3.3 7.3.3 Utilities: Sewer / Water
4.4.4.1 17.5.1 lWaste Disposal: Uncontaminated
4.4.4.2 17.5.2 lWaste Disposal: Contaminated

Fig. 7 Work Breakdown Structure for Prototype Program and Corresponding WBS Items
from the CDA Cost Estimate.

Year Year 2 Year 3 Year 4 Year 5
______________________JQ Q324Q1TQ2 Q3 Q4 QI Q2Q3Q4 QIjQ2jQ3 Q4 Q10203 04

Preliminary Design &Management . . . . j m ml

Accelerator Final Design & Fabrication I==_ ===E = Uji

Accelerator nstallation & Checkout

Operational Startup 8. Commissioning- --- tl UUUKI

Fig. 8 Schedule for Completion of the Accelerator Prototype Program.
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Fig. 9 Cost Estimate Breakdown for the Accelerator Prototype Program All costs given in kCF.

(5) Summary
A technical specification, design configuration, and corresponding cost estimate has been

generated for a prototype front end accelerator for the IFMIF project. This work was done in order to
provide project management with the information necessary to make a decision as to whether the EVEDA
phase of the LFMIF program could support such an undertaking.

The technical specification addressed the desires of the IFMIF user group and the resulting
machine configuration was developed using the latest work by the IFMIF accelerator team. The backbone
of the cost estimate was the original LEMIF estimate generated by the IFMIF team during the CDA in 1996
and appropriate factors were applied to account for the scope of the prototype program and for technical
progress made in the intervening years. Finally, the complete prototype specification, configuration, and
cost estimate were iterated several times by the IFMIF accelerator team prior to being finalized in March
2002.
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3.2 Target Facilities

3.2.1 TG1IA-EU : Water Experiment at the Joint of the Replaceable Back-plate

(1) Brief Task Description

In 2000 ENEA, in the framework of the IFMIF Key Element Technology Phase, launched
an R&D activity on the lithium target system of the International Fusion Materials Irradiation
Facility (IFMIF). In particular, its activity is the water flow simulation experiment on the nozzle-
backplate mock-up of the Li target system. The main aim of the experiment is the evaluation of the
water jet stability using as relevant parameters the target back wall curvature, the precision of the
joint between the nozzle and the target back plate, and its surface roughness. The test activity is
carried-out on the CEF 1-2 thermal hydraulic facility at ENEA Brasimone.

Contributors

Name IParty IInstitute IE-mail address
G.Dell'Orco EU ENEA Giovanni.dellorco brasimone.enea.it

(2) Introduction

In the LFMIF testing facility, the required high-energy neutron emission is produced by the
stripping reaction of two D' beams bombarding a free surface liquid lithium jet target flowing
along a concave back-wall at high speed (< 20 mn/s) [. The stability of the lithium jet influences
the neutron field and the integrity of target system. The concave back-wall was selected to
increase the lithium boiling point beyond 340'C by using the centrifugal force on the jet flow.
In 2000 ENEA, in the framework of the IFMIF Key Element Technology Phase and in close co-
operation with JAERI, launched a testing activity on the water jet flow simulation of the nozzle-
backplate of the reference lithium target, aimed at verifying which parameters affect the free jet
surface stability. ENEA, on the base of the available reference IFMIF lithium target geometry and
thermal hydraulic data, has designed an experimental mock-up, called HY-JET, and has planned
the related water experiment. The main aims of the test activity were focused on:

* Evaluation of the stability of the IFMIF lithium jet flow on the target by water experiments
on HY-JET that simulate a double reduced nozzle and curved replaceable back plate;

* Monitoring of the cavitation occurrence near the nozzle and the orifice flow straighter of the
HY-JET mock-up.

At the beginning of 2002, ENEA, on the base of the previous design of the experiments,
issued a Technical Specification [2] and launched a call for tender for the fabrication of the HY-
JET mock-up and the relevant modification of the ENEA CEFI1-2 thermal hydraulic facility.

(3) Design of the experimental equipment

One-dimensional calculations, using the water/lithium hydraulic equivalence in Reynolds
number, were also carried out for selecting both the hydraulic test parameters and the mock-up
geometry Table 1 [3].
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Table 1 Geometrical and hydraulic equivalence between IFMIF and HY-JET.

NOZZLE CROSS SECTION
IFMIF Real scale HY-JET MOCK-UP Scale ratio =0.8)

Width Height Area Hydr.Diam. Width Height Area Hydr.Diam.
[ml [I IMA21 [ml [ml [ml [MA 21 [ml
0,26 0,025 0,0065 0,045614035 0,200 0,020 0,00416 0,036491228

Out. velocity 1 5 Out. velocity 1
tm/si (10-20) [IS]1

flow rate max. 1 30 flow rate 41,6
II/Si [l/si

pressure drop 4,99E+04
[Pal

HYDRAULIC EQUIVALENCE BETWEEN LITHIUM AND WATER
LITHIUM ____ ___WATER ___

Temperature density dynamic Reynolds Temperature density dynamic Reynolds
foci [kg/m3J viscosity number foci [kg/m3J viscosity number

__________ _ _______ P a sl IPa si

200 0 999,8000 1 ,79E-03 2,04E+05

300 10 999,0000 1,3 1E-03 2,78E±05

400 490,0 4,20E-04 7,98E+05 20 998,2000 I ,OOE-03 3,64E+05

500 30 995,4000 7,97E-04 4,56E+05

40 992,4000 6,53E-04 5,55E±05

50 990,5000 5,47E-04 6,61 E+05

60 980,7000 4,65E-04 7,70E+05

70 975,5000 4,1 1 E-04 8,66E+05

80 97 1,8000 3,55E-04 1,OOE+06

90 965,0000 3,17E-04 l,1I1IE+06

100 ~~957,1000 2,82E3-04 1,24E+06

The risk of hydraulic instability in the jet flow along the concave backplate was also evaluated by
means of the Goertler similitude [4], Fig. 1. The calculated Goertler number appears high enough
to suspect the occurrence of vortex instability [5], Fig. 2. This occurrence needs to be further
investigated by experimental testing.
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H

U0.

b) Goertler vortices

Fig. Goertler vortices for flow along concave wail 41.

150 __ -ia?

Stability curves for flow
along a concave wall, as calculated

byR. Goertler [46] and G. Haemmer-
fl [52]
I, - momentum thickness; - boundary

lae hckness; - ampllfication factor
from eqn. (1 7.24); R - radius of curvature at

_________ ~~wall
OE 53 'to am az ax av

Fig. 2 Stability curves for flow along concave waNl 41.
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As a design result, the experimental mock-up will simulate the reference IFMIF lithium target in
smaller geometrical scale with a 200 x 20 mm free surface jet flow, Fig. 3-5. A comparison among
IEMIF, Osaka and ENEA Brasimone mock-ups is shown in Table 2. In order to assure more
experimental flexibilities in the selection and change of the more interesting test section
parameters, the HY-JET mock-up was subdivided into the following separated flanged pieces, Fig.
5: i) flow straightener, ii) multi-hole diaphragm pressure reducer, iii) double reduced nozzle, iv)
curved backplate.

I PIPING

2 WATER TANK

3 HEAT EXCHANGER

4 PUMPS

5 WATER JET TEST SECTION

6 TURBINE FLGWMETER

7 BELLOW

Fig. 3 Scheme of the CEF 1-2 thermal hydraulic test facility.

Fig. 4 Scheme of the frontal view of the HY-JET mock-up and
connection to the CEF 1-2 thermal hydraulic test facility.
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rLOW STRAIfr.!LWR

MMJTME DIAPHORAN

OWDLE OtERUD NOZZLE

CuED BACK vALL- .

Fig. 5 HY-JET mock-up and connection to the CEF 1-2 test facility (particular).

Table 2 Comparison among IFMIF, Osaka and ENEA Brasimone mock-ups.

Parameter IFMIF Water Exp.(1) Water Exp.(2) Osaka Water Exp.
Li loop JAERI JAERI Li loop ENEA

Nozzle Double Reducer Double Reducer Double Reducer Double Double Reducer
Geometry Nozzle Nozzle Nozzle Reducer Nozzle

Nozzle
Back wall Concave Concave SrihStagt Concave
Geometry (R=250 mm) (R=250 mm) SrghStaht (R=250-450 mm)

Jet Thickness 25 20 10 1 0 20
(mm) _ _ _ _

Jet Width (mm) 260 240 100 70 200

Li/water Speed 20 20 20 15 10-20
(mis) _ _ _

Flow Rate (1/s) 130 96 20 10.5 30-80
Vacuum l~ 10-3lo 104 _-0 100-1000 Pressure

Condition (Pa) _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ __ (TBC ) 5 1 5 ( a
Nozzle Material 304L acrylic resin acrylic resin 304 SS 304L SS
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Both the flow straightener and the multi-hole diaphragm pressure reducer, Fig. 6, were
designed to assure a proper matching with the pressure drop available in the CEF 1-2 thermal
hydraulic experimental facility [3]. The reference IFMIF lithium jet flow will be simulated by a
double reduced nozzle and a curved target backplate. The nozzle, Fig. 7, was designed by the
following correlations derived from the Shima model [6]:
2 nx /De = (R + ) tanh-1I (cos 0) +

1/2 (R -1) In [2 ( -cos 20)] +
[((2(R+l))AO .5 - (R + 1)] cos 0;

2 7ry /De - c(-10
[ ((2(R+))AO.5 - (R + 1)] sin 0;

with R =Di /De, 0 <6 < , Di =inlet nozzle width at 0= 'I, De= outlet nozzle width at 6= 0.

SFZ. A-A"

Fig. 6 Multi-hole diaphragm pressure reducer of the HY-JET mock-up.
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Fig. 7 Double reduced nozzle of the HY-JET mock-up.

The curved backplate, Fig. 8, designed with reference to the IFMIF target, is flanged to the nozzle;
therefore it is interchangeable with different radius. The experimental test matrix was obtained,
according to the reference assumption [7], varying the water jet flow velocity on the mock-up
when the following test parameters are assumed as fundamental: i) nozzle shape, ii) jet thickness,
iii) back wall curvature; iv) surface roughness, v) precision of the joint between the nozzle and the
target back plate.
The basic selection of the experimental parameters is the following: i) backplate curvature: 250-
450 mm; ii) tolerance of the joint between the nozzle and the target backplate: ± 0.1 mm; iii)
backplate surface roughness: I - 10 pim.
The hydraulic instability waves will be monitored by optical penetrations located on the front and
lateral sides downstream of the free surface jet flow, Fig. 5, and it will be recorded by a high-speed
camera. The monitoring of the cavitation occurrence, close to the nozzle and the flow straightener/
multi-hole diaphragm pressure reducer, will also be performed during the water jet tests by means
of the CASBA-2000 ENEA patented equipment [8].
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Fig 20uvdbcplt fteHYJTmc-p

(4) Conclusion~~~~~~~~~~'

TheENE tstig ctiit onthewaer etflo smultin o th nzzl bckpat ofth

referece litium trget ws stared in2000. Me desgn ofthe tet and echnial Speificaton [2

relatd tothe mck- . 8a Curvsed atckhe enn of e0HY-JTh mock-upmnfcuin n h

relevant water loop modification were finished in Dec. 2002. The tests will start in Jan. 2003 and
will be completed by mid 2003.
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3.2.2 TG11B-JA : Examination of the Lithium Target Free Surface Behavior under Low
Pressure

(1) Brief Task Description
The IFMIF liquid Li Target flows at high speeds, up to 20 m/s. Furthermore, the free surface

covers a large area, 260 mm wide and 350 mm in the flow direction. The stability of the Li jet
influences the neutron field and the integrity of the Target system. The free surface behavior in the
flow direction influences the stability of the high-speed, broad jet under high vacuum conditions. The
free surface behavior is simulated in a low pressure water experiment. The experiment at JAERI uses
horizontal water flow with a 00 mm-wide free surface water jet. The equipment has been modified
to produce a free surface under low pressure condition. Waves on the free surface are observed using
a high-speed camera under various jet velocity conditions, and the length and amplitude of surface
waves are measured.

Contributors
Name PryInstitute E-mail address

M.Ida JpnJAERI ida~ifiif tokaijaeri.gojp
H1ideo Nakamura JpnJAERI nakam~lstftokaijaeri.go~Jp
Hiroshi Nakamura JpnJST nakamura~metaljetp.com
K.Ezato Japan JAERI ezatokua~fusion.naka. ae.o.Wi
Hiroo Nakamura JpnJAERI nakamnurh fiusion.nakajaeri.go.

(2) Introduction
IFMIF is an accelerator-based D-Li neutron source designed to simulate the neutron irradiation

field in a fusion reactor. After the IFMIF Conceptual Design Activity (CDA)[ I] in 1995-96 and the
Conceptual Design Evaluation (CDE)[21 in 1997-98, the IFMIF project proceeded to the next phase:
the Key Element Technology Phase (KEP)[3] to reduce key technology risk.

In the IFMIF target, free surface liquid Li flows at speeds up to 20 m/s to remove the heat load of
up to 10 MW ( GW/M2). This heat is generated by D beams with energies up to 40 MeV and
currents up to 250 mA. The stability of the flow surface affects the neutron field and irradiation
conditions. Furthermore, significant flow fluctuations may affect flow integrity and long-term
operating stability of IFMIF. Therefore, flow stability is a main issue for the IFMIF target system, and
was evaluated in the KEP.

Water flow experiments have been employed to simulate IFMIF liquid Li flow because the
kinematic viscosity of water at 20'C (1.01 x 10 6 M2/s) and Li at 2500C (0.98 x~ 10-6 M2/s) are similar.
Both flows are nearly equal in Reynolds number under common conditions of geometry and flow
velocity. (Li average temperature is increased from 250 0C to 2850C by 250 mA beam heating.) The
validity of a double reducer nozzle to generate high-speed flow without separation was confirmed in
the CDA[41 through water experiments using a nearly full-scale nozzle. Measurements of velocity and
pressure in a nozzle region, including boundary layers in a water flow experiment, are useful for
designing a Li flow experiment. Thermal-hydraulic analyses of the Li target stability showed that the
heated Li flow would not boil [5], because the Li boiling point increases with the pressure induced by
the centrifugal force in flow along the concave wall. After these experimental and analytical
investigations, the main concern has shifted to the hydraulic stability of the free surface. In the water
flow experiments performed previously, smooth 2D and 3D wave regions were observed on the free
surface from the nozzle exit to downstream, and they depended on the average velocity [6]. Significant
instability of the free surface should be avoided to ensure reliable IFMIF operation. Therefore, the
effects of nozzle condition on the surface instability should be clarified to determine the target nozzle
design.

This report describes water experiments performed at the Japan Atomic Energy Research Institute
(JAERI) to clarify the effects of the inner wall roughness of the upstream nozzle on behavior of the
surface waves. The results will be used to develop nozzle manufacturing specifications for subsequent
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Li flow experiments. Results of Li flow experiments will be utilized for the design and manufacture of
the IFMLF target. The Li flow experiments planned as a collaboration between the National Institute
for Fusion Science and JAERI, involving a modification of an existing Li test facility at Osaka
University, is also described. The experiments will investigate the characteristic behavior of flowing
liquid Li.

(3) Experimental equipment and conditions
Previous water flow experiments showed that the main cause of surface waves was boundary

layer formation along the nozzle inner wall upstream of the free surface [6]. Growth of the surface
wave depended on flow velocity [5,6]. Another possible cause was the pressure of the cover gas at the
free surface. The water experiments in the CDE [61 were performed under a pressure of 0.1I MPa.

The water experiments in KEP were performed at JAERI using two types of test sections to
investigate the effect of nozzle wall roughness on free surface stability. One nozzle had an inner wall
roughness of 6.3 g~m and the other a roughness of 1 00 gim. Figure shows a schematic of a test section
made of acrylic resin. The test section was placed horizontally to make free surface observations
convenient. The effect of gravity on the wave amplitude was negligible for high-speed (10-20 m/s)
flow, according to a linear stability analysis of surface waves[4]. This analysis also showed that the
effect of centrifugal force on surface stability was not significant for water and Li flows. Therefore,
straight test sections have been employed to investigate such surface behavior. Through the double
reducer nozzle, a water flow with a thickness of 00 mm and a width of 00 mm is reduced to a
thickness of 10 mm and a width of 1 00 mm. A flow straightener composed of a honeycomb and multi-
hole-diaphragms was installed upstream of the nozzle. To maintain test conditions of water viscosity
which influences the velocity distribution in the boundary layer, the water temperature was roughly
controlled by regulating city water flow. Differences between pure and city water did not affect the
velocity measurement efficiency.

Viewing Port
(80 x 50) ~~~~~Surface Rougyhness

150 _150 6.3, 1O0pgm

Fig. 1 Schematic cross section of test section for water experiments.
(High-speed water flow is generated through a double reducer nozzle at the right side,
and flows left with free surface. This test section is made of acrylic resin for observation
using a high-speed digital camera and velocity measurement using LDV.)

The average flow velocity at the nozzle exit ranged from 2.4 to 20 m/s in the experiments.
The velocity distribution at the nozzle exit was measured using an argon laser source (Spectra Physics,
Model 168-06) and a Laser Doppler Velocimeter (LDV, Aerometrics RSA-2000). Measurements with
a resolution of 0.01 mm were performed near the wall on the free surface side to obtain data in the
boundary layer. Behavior of the free surface was observed using a high-speed digital camera at
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locations near the nozzle exit and 150 mm downstream fom the exit. The latter location corresponds
to the bottom of the footprint of the D+ beam in IFMIF. The cover gas (air) pressure at the free surface
ranged from 0.015 to 0.1 MPa to investigate the effect of cover gas pressure on growth of the surface
waves. The surface behavior at 0.015 MPa was observed through acrylic windows, although the
windows were sometimes misted by splash or vapor from the water surface.

(4) Results and discussions
The effect of cover gas pressure on the surface wave growth was found to be insignificant by

comparing results from 0.1 M Pa and 0.0 15 MPa experiments. These experiments were the first
comparing the effects of cover gas pressure. An air stream was found to flow along the flow surface.
This behavior lessened, even at a pressure of 0.1 MPa, the Kelvin-Helmholtz instability caused by
velocity difference between gas (air) and liquid (water). This result is useful for planning Li flow
experiments, where a test section is to have a gas (Ar) phase in a closed, limited volume nearly equal
to that in the water experiments. Subsequent Li experiments can thus be performed under gas-covered
conditions, which is advantageous to avoid cavitation in experiments using an electromagnetic pump
(EMP). The result also suggests that surface waves may occur even on the IFMIF target under a near-
vacuum condition Of 1X10-3 Pa. Therefore, the behavior of the surface wave should be clarified for
continuous long-term operation of the IFMIF target system. Utilizing the above result, the rest of the
experiments were perform-ed under a cover gas pressure of 0.1 MNa, and the surface behavior was
observed without the acrylic windows. The experiments were performed using smooth (wall
roughness 6.3 jim, defined as a height between the highest and the lowest points) and rough
(100 jtm) wall nozzles and varying flow velocity. Figure 2 shows the dependence of the surface
behavior on the speed of the water flow.

OR~jM 6.39uM Upstream The wall roughness of the reducer nozzle
was found to promote interfacial instability,
especially at a speed of 1 0 m/s or more in the
rough wall nozzle case. The velocity range
of 10-20 m/s corresponds to IFMIF
operations. This result suggests that the

5 WS ~ ~ 5 isrough wall nozzle may be not acceptable for
IFMIF operation. More exact investigations
of the surface behavior of Li flow will be
performned in subsequent Li flow
experiments. The cause and growth of
surface waves can be understood in

10 rn/s connection with the boundary layer at the
nozzle exit. Figure 3 shows velocities near
the. walls at the nozzle exit. The boundary
layer thickness decreases with increasing
mean velocity in the smooth wall nozzle. At
a mean velocity of about 20 m/s, the

20 Wns boundary layer thickness is about 0.08 mm
(defined at a velocity 90% of the mean
velocity). However, in the rough wall nozzle,

Fig. 2 Free surfaces observed at viewing the boundary layer thickness increases in the
ports 150 mm downstream from high velocity range of 10-20 m/s, while it
nozzle exit, which corresponds to decreases in the low velocity range up to
of the bottom of the FMJF beam 5 m/s. In the case of 20 mI/s, the thickness is
footprint. about 0.26 mm. A characteristic change was

observed in the boundary layer in the rough wall nozzle above 5 m/s.
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Roughness : 6.39Lm Roughness: lOOJgm
25 .2

S' 20 S2

~15 ~15

I S~~~~~.m/s 5 - - n/

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Distance from Wall (mm) Distance from Wall (mm)

Fig. 3 Velocity distribution near wall.
(The left and the right graphs show velocities at the exit of the smooth and the rough wall
nozzles, respectively. The boundary layer thickness decreases with increasing mean velocity in
the smooth wall nozzle, while the thickness increases in the rough wall nozzle in the velocity
range above 5 mWs.)

The shape factor, H12, is given as H12 d / d2,
where d and d2 are displacement thickness and

3.0 momentum thickness of the boundary layer,
respectively. Laminar and turbulent flows give

Larminar Flow H 12 =2.6 and HI 2= 1.4, respectively, for fully

2.5 ,y Nozzle developed flow between parallel plates.
~ Roughness Significant changes in H12 were observed at

VpI.m about 5 -10 rn/s for the rough wall nozzle and at

2.0 ~~~~~~~~~~roughly 10- 15 rn/s for the smooth wall nozzle.
Roughes r Therefore, it can be summarized that lamninar

and turbulent boundary layers cause relatively
100 .Lmstable and unstable behavior on the free surfaces,

Turbulent........................... Flow ............... respectively. Furthermore, the These results
show that the surface wave growth mainly

1.0 5 0 1 0depends on the nozzle surface roughness. The
0 5 10 15 20 ~~~nominal value of 6.3 g~m (surface roughness

Mean Velocityv (mis) defined in JIS B-0601) is easily achieved by
machining. This roughness is to be applied to the
manufacturing specification of a nozzle made of

Fig. 4 Characteristic change of boundary stainless steel for use in the subsequent Li flow
layer. (The change of boundary layer experiments. These results will also provide a
flow from laminar to turbulent occurs guideline on replacement frequency for IFMIF
at higher velocity in the smooth wall target assemblies; because nozzle wall roughness
nozzle case, while it occurs at lower increases due to corrosion and erosion of the
velocity in the rough wall nozzle case.) stainless steel by flowing Li.
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(5) Conclusions
Water experiments have been performned featuring the parameters necessary to realize lithium flow

experiments being planned. The following conclusions were obtained.

i) The effect of cover gas pressure on interfacial wave growth at a high-speed free surface jet was
insignificant for the range of pressure 0.0 15 to 0.1I MPa.
ii) Interfacial wave growth mainly depends on the nozzle inner wall roughness, affecting the
development of a boundary layer on the wall, especially when the average jet flow speed is high. It
is necessary to confirm wave growth behavior for flowing Li which has a far larger surface tension
than water.
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3.2.3 TG12A-EU Jet Flow Stability Analysis

(1) Brief Task Description
The liquid lithium jet of the IFMIF target is hit by a D+ beam with energies up to 40 MeV and

currents up to 250 mnA ( 25 mA x 2 beams), corresponding to a heat load up to 10 MW. In order to
remove this amount of power, the liquid lithium flows at high speeds, up to 20 rn/s. Due to the strong
nonuniformity of the power deposition profile in the beam direction, the temperature increase in the
lithium j is also nonuniform and the design must guarantee that no lithium boiling occurs in the jet.
Also, the jet flows under very low pressure, to enable the physical connection with the beam
accelerator. As a consequence, the lithium evaporation at the jet free surface, depending on the lithium
temperature, has to be evaluated, in order to design the devices controlling the accelerator low pressure
region. The evaluation of the lithium temperature distri bution in the jet and the evaporation rate at the
free surface are then basic issues in the IFMIF target design.
Such an analysis was performed at ENEA by using the RIGEL code [5], developed in the frame of the
IFMIF-CDA phase, and referring to the target design and features adopted in the frame of the KEP.
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(2) Introduction

With respect to the reduced cost IFMIF concept and the staged deployment suggested during
the CDE-phase, some target scenarios, described in the following, have to be considered in more detail.
Altough an international decision on whether they are "reference cases" is pending, they had to be
used during the KEP as relevant guidelines. Such cases are concerned with the different irradiation
conditions: in addition to the full performance condition (10 MW, 40 MeV, 250 mA). Following the
three-stages construction proposal, the fcility would start with 50 mnA, be upgraded to 125 mnA and
finally achieve the full performance of 250 mnA. For 50 and 125 mnA current there are two options:
option one consists in leaving the beam footprint size constant and reducing the beam current density
on the target; option two consists in reducing the beam footprint size and keeping the beam current
density constant [4].

(3) The Jet Thermohydraulic features and the RIGEL code

In the IFMIF Target System the lithium is in liquid state in order to remove the big amount of
power, up to 10 MW, deposited by the D penetration into Li. The lithium flows downstream in the
form of a jet from a rectangular nozzle, and finally falls into a recovering tank. Notwi thstanding the
high flow velocity, up to 20 mi/s, there is some risk of l ithium boiling in the jet. This is particularly true
in the beam direction, where the power deposition profile has the Bragg type shape, as shown in figure
1. Moreover, in order to avoid the presence of a window between the target and the accelerator, the jet
operates in a rarefied atmosphere (the vacuum chamber), as necessary for the correct operati on of the
accelerator. This very low pressure increases the boiling risk. For increasing the lithium pressure, the
jet is not straight but curved, as imposed by a curved wall (the back plate). In this way, some
centrifugal pressure is produced in the jet and the boiling risk is reduced. Boiling of lithium can thus
be avoided, but it is still necessary to verify if the adopted flow velocity and wall curvature are
sufficient for that purpose. Such a verification can be performed by means of a calculation of the 3D
temperature distribution in the lithium jet. As mentioned, the jet free surface is facing a chamber
directly connected with the accelerator. From this surface some evaporati on occurs, depending both on
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chamber pressure and lithium free surface temperature. The evaporation poses a problem with respect
to the vacuum contamination. As a consequence, the evaporation rate also has to be evaluated.

With respect to the thermnal hydraulics, the analysis of the IFMIF jet requires the determnination
of the 3 velocity, pressure and temperature distributions within a turbulent, curved and asymmetric
jet with strongly nonuniform intemnal heating. In order to treat this problem, in the frame of the IF MIF-
CDA the ENEA-RIGEL computer code has been developed [5]. The leading concept in the
development of the RIGEL code was to builId up a problem oriented, simple and easily used code. The
RIGEL code takes into account all the effects relevant for the case of interest. This way, the necessary
physical models are simplified and reduced in number, and the code becomes easy to handle and fast
running on a personal computer. The RIGEL code was succesfully employed both in the CDA and in
the CDE phases.

(4) Analyses, Results and Discussion
Table I reports five possible FM4IF operating conditions to be investigated with respect to jet

thermal flow stability. [4]. The adopted power deposition profiles are those shown in figures and 2
[6].

______ _________ Table I Considered cases 141. _ _ _ _ _ _ _ _ _ _

Case Beam Beam Beam Footprint Beam Current Priority
Power Current __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Density

____ [MW] [rnAJ Width [cmi Height [cm] Area [cm 1 [mA/cm 1_____
1 10 250 20 5 100 -2.5 High
2 5 125 20 5 100 1.25 Medium
3 2 50 20 5100 0.5 Low
4 5 125 10 5 50 2.5 High
5 2 50 4 5 20 2.5 High

40

ME V/mm

30

-35 MeV

40 MeVU

10 

0 £0 20 30
x (mm)

Fig. Power deposition in the jet along the beam direction
different beam energy. 171
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Il11/ N I Al.

P. 1~~~~~~ 

Fig. 2 Power deposition in the jet along the flow and transversal directions I1l.

1) Case-i1. The analysis of the calculation results [7] demonstrates the stability of Li jet from a
thermal-hydraulic point of view. As can be seen from figures 3 to 6, the jet is everywhere quite fr
from boiling, see for example figures 4 and 5. It has to be pointed out that figure 4 shows the situation
within the jet: the first point on the left does not rpresent the free surface temperature, but the first
calculation mesh point. It is interesting to notice that, in spite of the rather sharp temperature rise
corresponding to the Bragg-like power deposition peak, see figure 3, the minimum boiling margin
within the jet (fig.4) takes place close to the free surface and not in correspondence to the power
deposition peak. This result shows that the curved back-wall is effective in inducing a centrifugal
pressure able to increase the local saturation temperature in the bulk.

Temperature 1C1

450

430 - - _

410

390- -

370 TxMax25O

250

0 12 3 4 567 8 910I112 13 14156 17 181920 21 22 232425

Beam Direction Immi

Fig. 3 Temperature distribution within the jet along the beam direction.
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Boiling Margin 10C1
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0 1 2 3 4 5 6 7 8 9 10 I 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Beam Direction mm]

Fig. 4 Boiling margin within the jet along the beam direction.

The situation is different on the free surface, where no effective overpressure can be induced by the centrifugal
load.
From figure 5, where the free surface tenperature and boiling margin are plotted together along the jet flow
direction, it is possible to realise that the boiling margin on the free surface (35 0 Q) is much lower than the one in
the bulk close to the free surface (400'C). The evaporation rate was conservatively estimated to be 16 grams/year.
Finally, the strong effect of curvature radius was investigated. Two values have been taken into account (474
and 250 mm). The results of this analysis are presented in figure 6. They show that both radii MuIRi the design
needs.

Temperature 10C1
350

300

250

200

ISO -4-Tfs(z) ---- BMfs(z)

100

50

0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Flow Direction mini

Fig. 5 Temperature and boiling margin on the jet free surface along the flow direction.
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Boiling Margins 10C1
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Fig. 6 Effect of the back plate curvature radius on the boiling margin.
(* R=250 mm; R=474 mm)

2) Cases 2,3,4,5. The analyses of the remaining cases given in Table were also performed. The results are
shown in Table 2. As expected, all these cases give rise to more conservative jet operation conditions in terms of
maximum temperatures, boiling margins, and evaporation rates.

Table. 2 Main Results of the Analyses.

IFMIF KEP Tmax Bulk Tmax FS Min BM Bulk jMin BM FS Evap. Rate
1 0C] I [C] [IC] II [0C] I [/yr]

Case 2 346.35 273.64 ir 426.50 58875.87

Case 3 288.80 259.45 1 428.69 73.05 i 3.61
Case 4 347.8 1 274.00 ir 426.14 58.51 F5.92

-Case 5 Jr 289.37 25.629.69 Jr 72.91 lr ~ 3.62

(5) Conclusions

The KEP reference operating conditions of the IFMIF lithium target jet have been analysed by means of
the RIGEL computer code. The following conclusions can be drawn:

1) The jet tenmperatures are relatively far from the lithium boiling point for all the examined cases. The minimum
value for the boiling margin (35) is found to occur at the jet free surface.
2) The evaporation rate at the free surface has been evaluated for all the cases; the maximum value is 16 g/y.
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3.2.4 TG12B-JA: Design of the Lithium Test Loop

(1) Brief Task Description
A stable lithium jet is the most critical requirement of IFMIF target performance. Jet stability

depends on several factors, including the flow straightener, nozzle, diffuser, backwall/nozzle transition,
jet length, interaction with surrounding medium, and temperature []. Extensive testing of FMIT target
prototypes were conducted in the FMIT project using lithium working fluid [2]. Similar testing of
IFMIF target configurations will be needed because of significant differences in the design and
operation of the IFMIF target system.

Design of the lithium loop mockup will be based on the results of the water jet [3,4] and lithium
loop experiments [5]. Validated simulation models of the water and lithium experiments will be
applied to analysis of the lithium flow. Thermal and structural analysis will also be done. Diagnostics
of lithium temperature, surface waves and evaporation will be designed for the mockup loop. Transient
behavior of the lithium loop will also be included.
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(2) Results
Parameters of the proposed prototype Li loop are selected to be the same as in IFMIF except for

the jet width. Considering the effects of the side wall on surface behavior in the center region of the Li
15 cm from the nozzle exit, 10 cm is selected as the width of the prototype Li loop nozzle.
Comparison of the cross section of the nozzles in the several loops considered is shown in Fig. 1. The
parameters of the FMIT mockup Li loop, the water experiments, the Osaka Li loop (KEP), the
prototype Li loop (for EVEDA) and the IFMIF Li loop are summarized in Table 1.

In the FMIT project, two types of full scale mockup nozzles (Mark , Mark II) were tested. Mark I
is a symmetric nozzle and Mark II is an asymmetric nozzle. Both are single reducer nozzles. In these
experiments, surface waves (called wakes) were observed. The origin of the wake is believed to be
surface roughness or deposition of corrosion products at the nozzle exit. Detailed geometry of these
nozzles is not known, so reproduction of the FMIT nozzle is difficult.

For IFMIF, a double reducer nozzle based in Shima's model has been proposed to provide uniform
velocity at the nozzle exit. This model is obtained for uncompressed perfect fluid. Therefore, this fluid
has no viscosity nor inertial momentum. Reliable fabrication of this nozzle is possible because the
geometry can be defined by an equation.

The water experiment at JAERI has been used to check the flow stability of the double reducer
nozzle with the same Reynolds number as Li (250 C). Although surface waves with amplitude less
than mm were observed, the performance of this nozzle was found to be acceptable. However,
validation of Li flow with the same nozzle as the water experiment is needed, since the surface tension
of Li is 5 times that of water. Therefore, a small Li loop experiment at Osaka University is now under
consideration. However, to validate the IFMIF nozzle performance and continuous operation of the Li
loop, a prototype Li loop experiment is needed. The Shima nozzle is based on an uncompressed
perfect fluid. To extrapolate the small nozzle with a cm height to the IFMIF nozzle with a 2.5 cm
height, validation in the prototype Li loop experiment is essential. The Li flow width of the prototype
Li loop will be 10 cm, selected in consideration of the effect of the side wall on surface behavior in a
center region at 15 cm from the nozzle exit. A schematic view of the prototype Li loop is shown in
Fig.2, and a flow diagram for the Li loop is shown in Fig.3.

- 188 -



JAERI-Tech 2003-005

References
[1] Hiroo Nakamura, et al., Status of lithium target system for international fusion materials

irradiation facility (IFMIF), Fusion Eng. and Des. 58-59(2001)919-923.
[2] R.Kolowith, et al., Experimental Lithium System Final Report, Hanford Engineering

Development Laboratory Report, HEDL-TME-84-29( 1985).
[3] Hideo Nakamura et al., Experimental and analytical studies on high-speed plane jet along

concave wall simulating IFMIF Li target flow, J.Nucl. Mater. 258-263 (1998) 440-445.
[4] K. Itoh et al., Free-surface Shear Layer Instabilities on a High-speed Liquid Jet, Fusion

Technology, 37 (2000) 74-88.
[5] H.Horiike, et al., 22nd Symposium on Fusion Technology, Helsinki, 9-13 September 2002

(to appear Fusion Eng. and Des.).
[6] Hiroo Nakamura, et al., 22nd Symposium on Fusion Technology, Helsinki, 9-13 September

2002 (to appear Fusion Eng. and Des.).

Table Comparison of the FMIT mockup Li loop, the Osaka Li loop,
the EVEDA prototype Li loop, and the IFMIF loop.

Parameter FMIT Full Water Water Osaka Prototype IFMIF
Scale Experiment Experiment Li loop Li loop Li loop

Mockup Phase- 1[3] Phase-2[4] (KEP) [5] (EVEDA) [6]
ELS [2] _ _ _ _ _ _ _ _ _ _

Nozzle Single Double Double Double Double Double
Geometry Reducer Reducer Reducer Reducer Reducer Reducer

Nozzle Nozzle Nozzle Nozzle Nozzle Nozzle
Back wall Concave Concave Straight Straigh t Concave,- Concave
Geometry (R= TBC (R=25 cm) (R=25 cm) (R=25 cm)

cm)
Jet Thickness 1.9 2.5 1 1 2.5 2.5

Flow Rate (s) 40 TBC TBC 13 50 133
Purification Cold trap, - Cold trap Cold trap, Cold trap,

System Hot trap ~~~~~~~~~Hot trap 1-ot trap

(N2:WPPM)
Vacuum T03i05~ 10 4 10 100-1000 0303

Condition (Pa) (TBC)______
Nozzle Material 304 SS acrylic acrylic 304 SS RAF RAF

resin resin
Operating 9000 hrs TBC TBC 500 hrs >5000 hrs 20 years

Period _ _ _ _ _ _ _ _ _ _ _ _ _ __ (T B C) _ _ _ _ _ _ _ _ _ _
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Fig. 1 Comparison of the cross sections of the nozzle exit for the different lithium loops.
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Fig. 2 Schematic view of the prototype Li test loop.
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3.2.5 TG12C-RF : Status and Plans for Water and Lithium Experiments

(1) Brief Task Description 
Research and development on a lithium neutron target for IFMIF are carried out in the SSC RF-

IPPE with STC financial support (project ft 2036). The work commenced June 1, 2002, and the duration
of the project is 3 years. The title of the project is "The thermal-hydraulic and technological investigations
for validation of the project of lithium circulation loop and neutron lithium target for IFMIF".The project
pursues two main purposes: i) Research on hydrodynamic stability of a plane, high-speed lithium jet with
a free surface flowing along the concave back wall of a target assembly. ii) Development of
technological aspects of the lithium circulation loop to provide long lifetime in the IFMIF installation (up
to 20 years).
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(2) Introduction
Research and development on a lithium neutron target for IFMIF are carried out in the SSC RF-

IPPE with ISTC financial support (project ft 2036). The work commenced June 1, 2002, and the duration
of the project is 3 years. The title of the project is "The thermal-hydraulic and technological investigations
for validation of the project of lithium circulation loop and neutron lithium target for IFMIF".

The project manager is N.Loginov. The foreign collaborator of the project is the Japan Atomic
Energy Research Institute (JAERI).

The project pursues two main purposes:
1. Research on hydrodynamic stability of a plane, high-speed lithium jet with a free surface flowing

along the concave back wall of a target assembly.
2. Development of technological aspects of the lithium circulation loop to provide long lifetime in

the IMIF installation (up to 20 years).

To reach these purposes it is necessary to solve a number of complex problems, namely:
* The calculated and theoretical analysis of the physical phenomena and factors that affect the

hydrodynamic stability of a jet (invariance of the jet form and dimensions in time, its continuity,
wave generation at the free surface, etc.) Some results of this analysis will be tested in experiments
with a water jet.

* Experimental investigations of lithium jet stability in diminished hydrodynamic IFMIF target
models to optimize construction and to obtain the required stability.

* Experimental determination of lithium evaporation rates at the jet free surface and vapor transfer in
the vacuum system, check of jet thermodynamic stability (boiling conditions, cavitation, foaming
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and splashing).
• Experimental study of corrosion, erosion and other physicochemical processes that affect the long-

lived serviceability of the target and the loop.
* Experimental investigation and justification of lithium purity, and required methods, devices and

instruments for its control and monitoring.
* Preparation of technological, methodological and design recommendations for creation and

maintenance of the target and IFMIF lithium loop on the basis of the experimental investigations.
The status of the work and plans for the rest of the ISTC project are briefly explained below.

(3) Preparation for hydraulic research with a water jet
The SSC RF-LPPE now has results from some of this work:

.1 The water facility (WF) is ready for research (main parameters of the facility: pressure pump head -

2.5 MPa, water flow rate - 75 m3 /hour).
1.2 The mock-up target assembly (WM) designed for experiments with a water jet is under way. The

WM construction includes the pressure head chamber, the upper vibration reducer, the flow straightener,
the two-stage convergent channel such as a Shima nozzle, a curvilinear tray with radius of curvature 250
mm, drain channel, a lower vibration reducer, and the quench tank.

The facility provides for installation of devices intended for experimental research on the
influence of design parameters on hydrodynamic stability of the jet, and wave and splash generation in
both steady state and transient modes (start-up and shut-down).

Plug-in elements of the Shima nozzle edge will be used to evaluate changes in radius, roughness
and wettability. Influence of these factors on generation of surface waves will be determined. Results of
hydraulic testing of the WM mock-up will be used to optimize design of the lithium target assembly
(TA).
1.3 Procedures and measurement instrumentation for the water jet hydrodynamic parameters in the WM
and vibration parameters of the mock-up are developed:

* measuring edge velocity of a jet at Shima nozzle outlet - by means of Pitot tube and the special
device for its three-coordinate motion,

* measuring thickness of the jet at different distances from Shima nozzle outlet - by means of the
electrocontact probe and the device for its three-coordinate motion,

* measuring statistical performances of waves at the et surface (wavelength, wave amplitude, rate of
wave propagation) - by means of a probe with two electrocontact sensors and devices for three-
coordinate motion,

* Visual observation, photography and video recording of the et surface.
The possibility of measuring turbulent performances of the jet (intensity and spectrum of

turbulent fluctuations) by means of a film thermoanemometer and special instrumentation is also being
considered. Vibration detectors on the WM are provided for measuring the natural vibration
characteristics. An electrodynamic vibrator will be used to obtain forced vibrations of the channel (and
jet) and to investigate its influence on the jet stability.
The needed equipment and instruments have been acquired. It is planned to start water experiments in
December 2002 and to finish in February 2003. After that, the performance of the lithium TA will be
verified by experiments on the water facility.

(4) Preparation for experiments with a lithium jet
Within the framework of the ISTC project # 2036 in the SSC RF-IPPE the lithium test facility

(LTF-M, a modification of the existing LTF) is designed and will be constructed to carry out
experimental investigations needed to validate FMIF lithium circulation loop and lithium neutron target.
The facility created includes two lithium loops - the hydrodynamic (main) loop and the technological
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loop. These can be used either separately or jointly.
The experimental TA is installed in the main loop in order to evaluate the hydraulic performances

and stability of a high-speed free surface lithium jet, flowing against a concave wall. The main loop
contains an MHD pump for lithium circulation, a magnetic flowmeter, a heater and cooler to control the
circulating coolant temperature, a quench tank, a dump, a feed tank, liquid metal valves, and filters. The
quench tank is placed after the TA and intended to reduce the et kinetic energy, to separate gases from
lithium, accommodate lithium volume changes, and to provide stable lithium pressure at the pump inlet.

The technological loop includes a pump and some parallel branches through which lithium can be
pumped. In each branch a magnetic flowmeter and experimental technological equipment are placed.
Feed, dump and compensating tanks, a device for adding lithium, and backup bypass pipes are provided
for the loop.

Experimental technological equipment includes instruments for monitoring impurity
concentration and apparatus for purification of lithium. Gas impurities will be measured in the
compensating tank. Remote handling, safety, and measuring systems will be designed and fabricated.
Design parameters of the main oop of the LTF-M facility:

• Flow rate of lithium - up to 40-50 m3/hour,
* Volume of lithium in the loop- up to 200 liters,
• Material of the loop -austenitic Xl 8HIOT stainless steel (similar to SS304),
• Pump head - up to 0.6 MPa,
* Temperature of lithium - 220-300'C (short-term - up to 450'C),
* Diameter of piping in the loop - 80 mm,
* Height of the loop -up to 13 m,
* Height of lithium column at pump input - up to 10 m,
* Power of the main heater - up to 50 kW.

Design parameters of a technological loop:
* Flow rate of lithium - up to 10 m3/hour,
* Material of the loop and main units - XlI8HlIOT stainless steel (similar to SS304),
* Pump head - up to 0.8 MPa,
• Temperature of lithium - 200-600'C,
* Lithium volume in the loop - up to 50 liters,
* Up to five experimental sections can be installed simultaneously in the technological loop.

The data acquisition, data storage, and control system - i.e. measuring-handling system (MHS) -

are based on personal computers. A separate server is provided for the database. The software for the
MHS, adapted to requirements of experiments, is being developed now. By means of the MHS it will be
possible to start and stop lithium circulation through the TA (both normal and emergency modes),
operate at steady state, operate the lithium purification system, etc.

Design of the experimental TA, the lithium jet parameters, and measuring devices are directed at
meeting the needs of the IFMIF project and also the experiments with the lithium jet testing at Osaka.

The TA contains the same basic elements as in the IFMIF target assembly design, but its
dimensions are smaller. The lithium flow rate in LTF-M (about 50 M /hour) is less by an order of
magnitude than in IFMIF loop. Lithium enters into the flow straightener, then into the nozzle, a concave
wall tray, drainage channel and quench tank. From the quench tank lithium is piped to the main pump.

The flow straightener and the nozzle construction and design are similar to IFMIF. They differ
only in dimensions. The tray jet cross-section is geometrically similar to IFMIF.

Above the tray is the sealed target chamber for optical observations, measuring lithium jet
parameters and location of other measuring devices. Additional experimental sections can be connected to

- 194 -



JAERI-Tech 2003-005

the target chamber to study evaporation of lithium and vapor transport along a vacuum cavity. The
chamber is connected to the inert gas system and vacuum system of the facility. It allows research at
different pressures above the lithium et. The drainage channel connected to the tray is to move lithium
from target assembly to the quench tank. The drainage channel and the quench tank construction and
dimensions have to provide both minimum lithium drops and spray in the target chamber for stable pump
operation in all modes of lithium circulation. The quench tank is also connected to the gas-vacuum system
of the facility.

The target assembly key parameters:
• lithium flow rate - up to 40-50 m.3 /hour,
• tray back wall geometry - concave, R=250 mm,

lithium jet thickness at the nozzle outlet - 8 mm,
* jet width - 80 mm,
* cross section averaged jet velocity at the nozzle outlet - up to 20-22 m/s,
* nozzle and tray material -Xl8HIlOT stainless steel (similar to SS304),
* nozzle geometry double reducing Shima nozzle,
* pressure above the jet free surface - 0. 15 MPa- 1 0-3 Pa,
• lithium temperature at the nozzle nlet - 230-300'C, short-term - up to 450'C.

The following parameters will be measured during research on lithium jet hydrodynamics and
stability:

* amplitude and length of waves on the free surface (jet longwise and edgewise),
* jet thickness (jet longwise and edgewise),
• velocity distribution at jet surface (et longwise and edgewise),
* velocity distribution in jet thickness and width,
* ibrations.

For general application of experimental data on jet stability it is necessary to research variation in all
parameters. Planned variables for initial experiments are: lithium velocity at the nozzle outlet, lithium
temperature at the nozzle inlet, environment pressure in the target chamber, and vibrations in the target
assembly.

To obtain experimental data on target assembly the following main measuring instrumentation
will be used:

* high-speed video camera and a digital photographic camera (for analysis of the jet surface),
* electrocontact sensor (for measuring amplitude and length of waves, and the jet thickness),
* ultrasonic sensor (measuring the jet thickness),
* thermocouples,
* sensors of acceleration (measuring vibration).

Other methods of diagnostics of lithium flow will also be considered: electromagnetic transducers
(measurement of local velocity, electric contact resistance, wettability), laser diagnostics (for measuring
of lithium velocity at the jet surface), etc. Some of the above measuring devices were already used in
experiments with lithium jets (in WMIT project and in experiments in Osaka) and showed their
serviceability; other ones are at the development stage.

Research will clarify the circumstances which influence the free surface lithium jet hydrodynamic
stability, and develop recommrendations for IFMIF.
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(5) Preparation for experiments on lithium evaporation from the jet surface
Experimental research on lithium evaporation from the jet free surface will be conducted on a specially

constructed test section, which is a model of a part of the accelerator beam tract. The test section will be
connected to the mock-up of TA. The lithium vapor flow rate from the jet free surface and distribution of
lithium deposition along the test section during -5OO hours will be measured. The research will be carried
out at fixed jet parameters: temperature of 250-300 0C, et velocity of 10-20 m/s, and vacuumn of_1-O3 Pa.

(6) Research on interactions of the lithium jet with structural materials
The analysis of available literature data on the behavior of impurities in lithium and steel,

corrosion in lithium loops, erosion and cavitation affect of the moving medium on a solid surface, on
solubility and thermodynamic activity of different impurities in lithium, on wetting of different materials
by lithium, and on liquid metal adsorption effects is now underway.

This analysis will give a clearer picture of the effects of moving lithium on steel as a function of
the type and concentration of impurities, temperature, and interaction time. This will improve the
experimental tasks.

Experimental research on wetting of austenitic steel by lithium will be carried out by both " the
method of drop" and under dynamic conditions in new and existing lithium loops. The data are needed
to determine the best preparation and procedures for stable loop operation.

Corrosion and erosion tests of XI 8HIOT stainless steel (SS304 type) will be carried out by the
method of rotating disk at the special installation, and then in the target loop.

Outgassing of the steel of the LTF technological loop is being studied before filling with lithium.
The composition and amount of emitting gases are measured. Experiments using "the method of drop"
are planned to begin in January 2003, and at the installation with rotating disk by June 2003. It is planned
to have ithium velocity near rotating disk up to 20 m/s.

The wettability of stainless steel with lithium will be studied by means of electromagnetic sensors
of contact resistance. The sensors will be installed both into piping and at the back wall of the mock-up
target.

(7) Development of lithium technology
Development of lithium technology includes the following:

I . Studying sources and removal of impurities, including radioactive impurities; studying behavior of
tritium in circulating lithium; studying processes of outgassing from lithium flowing through the
target; studying thermodynamics of the "lithium/impurities/structural material/inert gas" system.

2. Development of methods and devices for purification of lithium (cold traps, chemical traps). It is
proposed to use getters insoluble in lithium as well. It is also proposed to study methods of lithium
purification to remove sodium and potassium. The special attention will be given to methods of
purification of lithium from tritium.

3. Development of methods and devices for monitoring impurity content in lithium. Methods to be
developed include: sampler-distiller, plug indicator, and diffusion sensor for monitoring hydrogen
(tritium). Also, electrochemical cells for monitoring oxygen and other impurities (electrical
indicator of impurities) will be tested.

The recommendations on the optimum system of devices and methods of monitoring and
purification of lithium for IFMIF project will be the result of the work.
The existing LTF - technological loop - will be used for the work. It has the following main units: MHD
pump,
electrical heater, compensating tank, cold trap, sampler - distiller, plug indicator, feed and dump tanks.

The facility has systems for monitoring impurity content in inert gas (mass spectrometer,
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chromatograph). Further the facility will be supplied with a number of other devices for monitoring
impurity content (diffuision sensor of hydrogen, the oxygen electrochemical cell, and so on).

This facility will be used to carry out the main operations on development and modification of
methods and devices for monitoring and purification of liquid lithium. Experimental adjustment of the
sampler-distiller has started. Degassing of the loop is underway. After completion of degassing, the loop
willI be filled with lithium, and checkout of equipment and experiments will begin (December 2002).

(8) Conclusion
The authors briefly describe their intentions and plans. The program is open to suggestions and

proposals which will be taken into account during execution of the project, within the framework of the
technical and financial rules and limitations of the ISTC.
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3.2.6 TG13-JA: Modification and Verification of an Existing Lithium Loop

(1) Brief Task Description
High speed lithium flow was demonstrated under free surface conditions using the Lithium

Loop facility at Osaka University. The purpose of the project is to determine the hydrodynamic
stability of free surface lithium flow at velocities up to l5m/s. A horizontally aligned test channel, as
well as other auxiliary equipment, was installed on the oop. The modification was completed by the
middle of 2002. Preliminary result shows that the design of the nozzle and the test channel are
successfu~l in producing high speed free surface flow of lithium.

Contributors
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(2) Introduction
High-speed lithium flow is necessary to remove the high heat load deposited by the IFMIF

beamlll]-13]. High speed is required to control the surface temperature and prevent the spill of fluid
into the accelerator. Lithium has a high boiling temperature, 1615 K at atmosphere and 617 K at 1.0
mPa. This value is marginal for the beam line vacuum for stable accelerator operation. Use of a beam
window is impractical, therefore the lithium jet flow has to be located in the same space as the
accelerator. (That is, the lithium jet "sees" the accelerator vacuum.) Thus a stable free surface is
required to avoid significant heating of the target back wall by deuteron penetration, to suppress
excessive vaporization of lithium into the beam line, and to assure stable generation of neutrons.

Liquid sodium was studied extensively in fast breeder reactor research from the 1970s. The
research was carried out in many countries and in many sodium facilities. A few lithium loops were
also constructed in the past, mainly related to space power system research around the world. Lithium
flow with a free surface was first studied at the Hanford Engineering Development Laboratory for
FMIT design[4]-[5], and were supplemented by water flow experiments with the same target geometry.
Two shapes of reducer nozzle were tested to get stable jet flow on a concave back-wall with minimum
surface roughness. An asymmetric reducer nozzle was finally developed for a small beam footprint
(10 mm x 30 mm at FWHM) at about 20 mm from the nozzle exit at the beam center.

In the design of IFMIF, a wider target of 280 mm was required to accept the larger beam
footprint of 50 x 200 mm. The location of the beam center was moved downstream to reduce neutron
damage to the nozzle, and there is a concern that the flow might be less stable due to large-amplitude
interfacial waves. To satisfy these, a symmetric nozzle with double reducer shape has been designed.
Water flow experiments were conducted and the superior stability of the new nozzle design was
confirmed6]-17]. However, water flow does not simulate effects of the high surface tension of
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lithium, wall wetting, and the erosion and corrosion of the structures on the surface stability. Thus, the
lithium jet flow experiment was initiated at Osaka University.

(3) System Design and Construction Table 1 Major specifications of the Osaka
(3-1) Lithium Circulation Loop lithium loop.

The lithium loop at Osaka was EMP ALIP 5001/min, 0.5MPa
originally constructed for heat transfer
and pressure drop studies in a magnetic Max. velocity at test section: 6.3 rn/sec
field[8]. The loop consists of 2 inch 304 MantDax :08
stainless steel tubing, an ALIP type MaetDaxB.0T
electromagnetic pump (EMP), an air Pole faces: 500 x 250 mm
cooled module, an expansion tank and Itrpl a:15m
an electromagnetic flow meter. The Itrpl a:15m
maximum flow rating of the EMP is 0.5 Heater pin 10mmn diameter, mm thickness, 306SS
mn3/min at 0.4 MPa head and 0.8 m3/min
at 0.3 MPa. A connected loop was Heat flux: Max. 2.5 MW/rn2

equipped with a cold trap for lithium Test section 52.7 mm I.D., 60.5 O.D, SS304
purification and preliminary operation to
reduce the oxide contents was the first Operating temp. 300-550 "C
task of the experimental schedule. Table Nozzle 70mm width 10Omm high
I shows the outline of the loop, and Fig.
1 the schematic diagram. Open channel - 100cm long

Buffer tank 270 liter

Cold trap 6//mmn, operating temrp. >220 OC

Evacuation Dry pump down to I SPa

Vapor trap

A-Void separation tank

fl~ Free surface test section

Cooler

Flow
EM flow meter

Fig.1 Schematic diagram of the Osaka lithium loop.

- 199 -



JAERI-Tech 2003-005

(3-2) Loop Modifications and Procedures 191
To study free surface flow, an open channel test section with a surrounding test chamber, a gas liquid

separation buffer tank, and switching valves were installed. The test channel is placed in the horizontal
direction for ease of setup and diagnostics. The experimental operation is much easier in a horizontal
channel, if large variations in the velocity are planned, from stagnant to more than 1m/s. It is estimated
that effects of gravity on flow stability can be neglected for the high-speed flow.

The dump tank was replaced to accommodate a larger inventory of 440 liter. The heart of the system
lies in the nozzle, so it was designed and fabricated very carefully. Its shape is two-dimensional, precisely
symmetric, with two-step contraction, which reduces the cross section from 100 mm high x 70 mm wide to
10 mm x 70 mm. It was designed based on hydrodynamic theory, and the water experiment[7. The parts
are shown before assembly. in Figs.2 to 4. The fluid is supplied through a circular cross section 2B tube,
then passes through an expander and straightener of four perforated plates. Just upstream of the nozzle inlet,
two tubes with pneumatic valves were attached for drainage and gas extraction. The cross section and view
of the test chamber are shown in Figs.5 and 6.

Gas bubble entrainment is a problem in individual facility design. In order to reduce the lithium
inventory, the present loop was designed to be low in height. The height from the gas liquid separation tank
to the pump inlet is 4 mn. This head is very small, so a 1/2.5 size model of the separator was constructed and
the performnance was studied using water. As a result, the need for a centrifuge buffer tank combined with
bubble combiner panels was determined. This structure works well and in the preliminary test, velocity of
up to 14 in/s and flow rate of 576 liters per min under pressurized argon gas was easily obtained. This was
limited by the slider transformer and could be increased in the future.

Major objectives of the modifications were to enable cavitation tests of the EMP and tests of the
nozzle. The modifications required test of a gas/liquid separator design and provision of a free surface test
section, a preheating system, modified power supply and control system, a diagnostic window with clear-
view design, diagnostic equipment, a dump tank, vacuum system, and gas feed system. A photograph of the
whole facility is shown in Fig.7. An electric contact sensor and ultrasonic sensors are included for the
measurement of flow thickness, in addition to visual observations with a TV camera and a high-speed
camera.

Fig.2 Nozzle parts just before assembly.
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Fig.3 Nozzle unit seen from the upstream side.

Fig.4 Nozzle unit seen from the downstream side.
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Fig.6 View of the test chamber before adding thermal insulation.
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Fig.7 View of the loop facility.

(3-3) Operation
While system pressure can be reduced to 15 Pa, flow testing is generally performed at a pressure

of 0. 15 MPa under argon. This allows the inner surfaces of the window glass to be continuously swept
by the gas flow to help maintain clear viewing. Under evacuated condition, the glass is guarded by a
pneumatic shutter that is opened temporary for observation. The temperature was kept at
approximately 3000C in order to avoid freezing of the lithium if the temperature accidentally dropped
below the freezing point of 1 860C.

(4) Experimental results and discussion
With lithium circulating through the loop, free surface flow of near zero to 14 ni/s was obtained

under pressurized cover gas, and 8.5 m/s in 0.029 MPa, and 4.3 m/s in vacuum. Some observed flow
surfaces are indicated in Fig.8. Photos in the left hand column and those in the center were taken by a
conventional CCD camera, which was mounted on the second and third ports from right hand side.
(The ports are shown in Fig.5.) The right hand side column shows photos taken by the high-speed
camera at 4500 pictures per second. The center column shows the view from the third port, which
corresponds to the beam center planned in IFMIF. The other columns show the view from the second
port, which directly views the nozzle edge. The illuminating light was provided from the first port,
which directly sees the nozzle edge, 30 degrees inclined from the upstream side. The lower half of
these photos are shiny and the upper halves dark, because the light coming into the upper half region is
reflected out of the viewing area. At both sides of the circular region, we can barely identify the sides
of the channel walls (70 mm apart). In the case of 4.9 m/s flow, the wake-like crest of waves are seen
to develop from both side walls to the center region of the channel at an inclined angle, and the surface
is covered with characteristic cross stripes. Careful observation showed that the contact line of lithium
with the side wall was not smooth, leaving some spot-like patterns on the boundary. This is probably
because wetting of the wall by lithium was not complete when these photos were taken. Above 10 m/s
velocity, the angle of the wake to a side wall became smaller and the lattice patterns were difficult to
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identify with conventional cameras. On the region near the wall, a rise of the surface along the flow
direction was observed. The width of these steps became smaller with an increase in the flow velocity,
so these might be due to the sum of wave amplitude from the walls.

As shown above, lithium flow was found to be relatively calm, and neither violent waves nor
splashing of the fluid were observed. This validates the present nozzle design. This nozzle was
manufactured based on a table of the curvature and surface finish specifications provided to the vendor,
so the reproducibility of fabrication was considered to be automatically demonstrated.

Further experiments are being prepared for measurement of surface wave height, cavitation,
evaporation characteristics, and any corrosion of the nozzle or channel walls.

5DWmS: 49rn/s 49m/rnsu

7 5 m is 7.4rn/s 7.4mf-5,

io~omls 10Am/S l0AInS,

12.9mls 12G9m/s 12.Grm/s&

Fig.8 Surface condition of the lithium flow in various velicities.

(Left:Ultra Sonic Signals, Center:CCD Video, Right:Fast Camera)
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(5) Summary
The lithium loop facility at Osaka University was modified to perform free surface jet flow

experiments for IMIF target design. Through the modifications various key features for fture system
design were obtained, including nozzle fabrication, gas bubble entrainment, cavitation, and wetting
issues. In the experiment lithium flow up to 14 m/s was obtained under a cover gas and 8.5 m/s under
vacuum conditions. Surface observations showed relatively calm flow, with neither violent waves nor
splashing of the fluid. Further experiments are being prepared for measurement of surface stability,
evaporation, cavitation characteristics, and possible corrosion of the nozzle or channel walls.
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3.2.7 TG15-EU Support of Japanese Tests for Cavitation Conditions at EMP and at
the Joint of the Replaceable Back Plate

(1) Brief Task Description
Since 2000, in the frame of Key Element Technology Phase, ENEA has launched an R&D

activity on the lithium target system of the International Fusion Materials Irradiation Facility
(IFMLF). One of the modifications for the cost reduction of the lithium loop is the reducing of the
loop height and the relevant static pressure but, in this case, the risk of cavitation onset in the
target system becomes real. In this frame, Osaka University has planned cavitation tests in the Li
loop with collaboration between JAERI and ENEA. Objective of the ENEA activity, among others,
is the sharing of its expertise for the evaluation and experimental monitoring of the occurrence of
cavitation during lithium flow tests to be carried out in Japan. During these tests, the cavitation
will be detected by ENEA CASBA-2000 accelerometer equipment. The results will give an
evaluation of the actual cavitation risk and the new requirements for further experiments in
dynamic simulation.

Contributors
E:Name Party Institute E-mail address

IG. Dell'Orco EU ENEA giovanni.dellorco~brasimone.enea.it

(2) Introduction
In the IFMIF testing facility, the required high energy neutrons are produced by reaction of

two D4 beams with a free surface liquid lithium jet target flowing along concave back-wall at high
speed (> 20 m~s) [1]. The lithium height in the experimental loop and its relevant static pressure,
the high flow velocities and the presence of several devices for the flow control and the pressure
reduction increase the risk of cavitation onset in the target system. Special attention has to be paid
to the primary pump, the flow straightener, the nozzle and their interconnections where the local
increases of velocity or the flow separations could promote the emission of cavitation vapour
bubbles. This could produce large jet instability and disturbance of the neutron field in the D+
beams-lithium target zone. The successive bubble re-implosions, in the higher pressure liquid bulk,
could activate material erosion and transport of activated particles. For those reasons, the
cavitation risk must be avoided along the whole lithium target circuit. During 2001 ENEA, in the
frame of LFMIF Key Element Technology Phase, initiated a co-operation with JAERI for the
monitoring of the lithium experimental facility at Osaka University against the risk of cavitation
occurrence near the electromagnetic pump, the orificed multi-holes flow straighter and the nozzle
of a straight mock-up. The cavitation noises will be detected and analysed by the patented ENEA
CASBA-2000 accelerometer equipment, Fig. 1.

Fig 1 CASBA-2000 and its accelerometer sensor.
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(3) CASBA-2000 Accelerometer
The CASBA-2000 accelerometer was developed and patented by ENEA [2] for

monitoring bubble re-implosions due to cavitation or boiling phenomena. The CASBA acoustic
detection of bubble re-implosions is based on vibration frequency spectra obtained from an
accelerometer operating in ts non linear resonance region, Fig. 2 [3].

30-

dB

20-

£10-

Main Axis Charge or Voltage Sensitivity
IC 0

Useful Frequency Range

-10- 10 I -03 n

0.0D01 0.00 0.01 01110
Proportion of Mounted Resonance Frequency f. ISM

Fig. 2 Sensitivity vs. frequency of a piezoelectric accelerometer.

Various experimental studies have shown that the onset of cavitation generates a white noise
(i.e., a flat power spectral density in the whole frequency range) with a possible exception for the
very early onset phase when fast pulse rise fronts are emitted at a frequency of about some tens
kHz. The CASBA accelerometer has a resonant frequency of 40 kHz, much higher those generated
by mechanical or hydrodynamic vibrations. Therefore, it magnifies the bubble noise emissions at a
frequency close to its resonance. The CASBA signal processing, as reported in the flow chart of
Fig. 3, includes:

* a piezoelectric accelerometer transducer with a resonance frequency of 40 kHz;
* a fixed band pass filter (around 40 kz and 50 dB/octave) on the resonance response of

the transducer;
* a special signal amplifier for the implosion shock pulses;
* a true-rms voltmeter;
* a time constant to set the duration signal integration;
* an adjustable amplitude threshold.
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Out amplifier Counterr Ot apliie

DC output RMS display Cycle/flash display

Fig. 3 CASBA meter flow chart.

The CASBA dynamic response of the bubble implosion onset was tested to be greater than other
common systems. In fact, tests on cavitation of pumps have demonstrated the CASBA greater
capacity to detect the noise inception in advance of pressure head drop monitoring or visual bubble
growing, Fig. 4 [4]. Different comparison was performned in subcooled boiling two-phase flow
between CASBA detection and thermocouple measurement with the evidence of a faster and better
phenomenon monitoring, Fig. 5 [5].
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Fig. 4 Pump cavitation detection in "EPOCA" test.
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Fig. 5 Subcooled boiling detection in divertor tubes .

(4) Support of the Japanese Tests
In the frame of the co-operation with JAERI, during the preparation of the tests and the

loop modification of the Osaka University Lithium facility, ENEA has furnished solutions for
mounting the CASBA gages onto the existing pipe lines.
ENEA has also carried-out some preliminary calculations on the Japanese test section, using
cavitation simulation, concerning the prediction of which component are at risk to initiate
cavitation phenomenon [6] during nominal operation.
The cavitation index utilized to estimate this occurrence was defined as:

=(PrPv)/Pdi

with P,= static pressure in the cavitation zone of the component;
P,= vapour tension in the fluid at operating temperature;
Pd= 0.5 p V2 or dynamic pressure in the cavitation zone of the component;
p= density of the fluid at operating temperature.

These calculations have evidenced the lowest cavitation index was found at the fourth multi-
hole diaphragm of the pressure reducer, Table 1 [7], with a very probable zone of incipience of
cavitation [6]. Therefore, during these tests, the effective occurrence of cavitation will be
investigated by a CASBA transducer mounted in proximity to the zones of probable risk: i) the
electromagnetic pump (EMP); ii) the flow straightener/multi-hole diaphragm pressure reducer; iii)
the joint of replaceable backplate, Fig. 6. However, by the end of 2002 ENEA will preliminary
determine the cavitation occurrence in the HY-JET test facility at Brasimone, close to the higher
risk zones as previous indicated.
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Table Cavitation similitude at Osaka lithium loop.

Nozzle cross section
Base [ml Height [] Surface [mA2] Lithium velocity [mis]

0,07 0,01 0,0007 15

Flow straightener cross section
Base [in] Height [] Surface [mA2]
0,1 0,07 0,007

~m QH 7 m

Flow straightener triangular surface (see sketch above)
Base B [in] Height H [in] Surface [MA 2]
0,007 0,007 0,0000245

Flow straightener tube surface

tube diameter [in] Surface [mA2]
0,005 9,817E-06
Flow straightener cross surface [%] Lithium flow rate [m3/s]
40,07133487 0,0105
Flow straightener free cross surface [MA 2] Lithium velocity in the holes [mis]
0,002804993 3,743324

Lithium duct velocity [m/s]
1,5

Cavitation similitude

Diaphragm number 4
Lithium density (kg/m3) 490
Lithium static pressure at inlet (Pa) 1 ,OOE+05
Lithium vapour tension (Pa) 1,30E+02
Lithium dynamic pressure inside hole (Pa) 3,43E+03

Cavitation number in the duct 18 1,170068
K factor for local pressure drop 8,187605323
DP Diaphragm (Pa) 2,8 1E+04

Cavitation number at 10 Diaphragm 20,90308769
Cavitation number at 2' Diaphragm 12,71548237
Cavitation number at 3 Diaphragm 4,527877049
Cavitation number at 40 Diaphragm -3,659728274

- 210 -



JAERI-Tech 2003-005

p!6 fit) ,14 5

Fig. 6 Scheme of the CASBA-2000 sensor mounting on the Osaka University lithium
test facility.

(5) Conclusion
The ENEA activity in support of Japanese tests for the cavitation noise detection in the Osaka

University Lithium facility was started in 2000. The cavitation tests will start at the end 2002 on
the ENEA Brasimone HY-JET test facility and will continue at the Osaka University. This
activity will continue beyond 2002 presumably up to July 2003.
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3.2.8 TG16-JA: Cavitation Verification in a Small Lithium Loop

(1) Brief Task Description
High speed lithium flow was demonstrated under free surface condition using the

Lithium Loop facility at Osaka University. Cavitation charactersitics are a key feature of loop
operation, since it determines the stable operating region of the system. This report gives
preliminary results of a study of cavitation in a free surface lithium loop. The preliminary
experiments included lithium flow rates up to 14 mls under a pressurized cover gas and 8.5 m/s
under vacuum. It was shown that the flow characteristics generally agree with the design
estimates of the pressure changes throughout the loop tubing system.
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(2) Introduction
High-speed lithium flow is necessary to remove the high heat load generated in the

IFMIF target[1]-[3]. Lithium has a boiling temperature of 1615 K at atmosphere and 617 K at
1.0 mPa. This value s marginal beam line vacuum for stable accelerator operation. Therefore a
target with a stable free surface is required and has to be carefidily designed. It is also important
to maintain a stable et to avoid significant heating of the target back wall by deuteron
penetration, to suppress excessive lithium vaporization, and for stable neutron generation.

Lithium flow with free surfaces was first studied in the Hanford Engineering
Development Laboratory for the FMIT design[4],[5]. An asymmetric reducer nozzle was
selected for a small beam footprint whose axis was located about 20 mm from the nozzle exit.

In the design of IFMIF, the beam cross sectional area was much larger than in FMIT
and the location of the beam axis was moved downstream to reduce neutron damage to the
nozzle. To satisfy this goal, a symmetric nozzle with double reducer shape was designedll6],[7].
A lithium jet flow experiment was initiated at Osaka University to validate this design. The
present report describes cavitation measurements conducted during the test.

(3) System Design and Construction
(3-1) Lithium Circulation Loop

The lithium loop at Osaka [8] consists of 2 inch 304 stainless steel tubing, an ALIP type
electromagnetic pump (EMP), an air cooled module, an expansion tank and an electromagnetic
flow meter. The maximum flow rating of the EMP is 0.5 mn3/min at 0.4 MPa head and 0.8 m3 /min at
0.3 MNa, with a 440 liter lithium inventory. Table shows the parameters of the loop, and Fig. the
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schematic diagram. Details of the construction are presented in 3.2.6 and in a separate report[9].

Table 1 Major specifications of the Osaka lithium oop.

EMIP ALIP 5001/mmn, 0.5MPa

Max. velocity at test section: 6.3 rn/sec

Magnet DC, Max. B. 0.T
-Pole faces: 500 x 250 mm

Inter pole gap: 175 mm

Heater pin I10mm diameter, mm thickness, 306SS

Heat flux: Max. 2.5 MW/rn 2

Test section 52.7 mm i.d., 60.5 o.d., SS304

0perating ternp. 300-550 0C
Nozzle 70mm width 10mm high

Open channel - 100cm long
Buffer tank 270 liter

Cold trap 6//min, operating temp. >220 C
Evacuation Dry pump down to ISPa

Vapor trap

Void separation tank

Free surface test section-

Cooler

Flow
EM flow meter

EMP

Fig.1 Schematic diagram of the Osaka lithium oop.
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(4) Entrainment of Gas
Entrainment of gas bubbles is a problem related to individual facility design. In order

to reduce the oop volume and lithium inventory, the present loop was designed for a low height.
The height difference from the gas liquid separation tank to the pump inlet is 4 m. This head is
small considering the density of Li, so a model liquid vapor separator of 1/2.5 size was
constructed and performnance studied using water and nitrogen gas.

The test was carried out with a separator tank made of clear plastic through which we
can observe the behavior of bubbles and make measurements with a volume meter. The result is
that the centrifuige buffer tank combined with bubble combiner panels gave the best
performance in separating the bubbles from water flow, and was selected for the loop
modification. In Fig.2 the cross sectional view is indicated, and a photograph of the component
is shown in Fig.3. This structure works well and in the preliminary test flow velocity up to 14
mis and flow rate of 576 liter per min under pressurized argon gas was obtained. However, it is
still unknown if very small bubbles, of size less than say 0.5 mm, could be produced in lithium
and this cannot be determined in the water experiment.

Fig.2 Cross sectional view of the gas liquid separation tank.

- 214 -



JAERI-Tech 2003-005

Fig.3 Photograph of the gas liquid separation tank.

(5) Experimental results
The results of cavitation measurements under vacuum are indicated in Fig.4. The two

plots indicate the initiation points of cavitation, which was obtained by gradually increasing the
flow rate under fixed system pressures of 0 and 0.029 MPa. The zero pressure case means the
loop volume was evacuated to the minimum pressure achieved by a dry pump and then sealed.
The "zero"~ pressure is believed to be approximately 50 Pa.

The dotted line in Fig. 4 shows the calculated value of the pressure drop between the
outlet of the separator tank and the inlet of the EMP, based on the standard design curves and
shape data for water properties, not lithium. The left hand side of the curve starts from -0.02
MPa, corresponding to the gravity head of 4 mn lithium. The experimental plot falls slightly
lower than the design line, and is reasonable in view of the conservativeness in the estimate. The
deviation between dotted and solid lines includes ambiguities in the estimate of the onset of
cavitation. It can be concluded that cavitation takes place when the differential pressure at the
pump inlet goes below zero to some extent. The present result shows that the cavitation
initiation could be estimated from careful estimation of the pressure drop values between the
free surface and pump inlet.
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Fig.4 Cavitation characteristics of the present oop. The vertical shows the
pressure drop and the horizontal flow velocity.
(Label: insert pressure drop units in ordinate)

(6) Summary
The lithium loop facility at Osaka University was modified to perform free surface jet

flow experiments for the IFMIF target design. Through the modification work, various key
factors for design were obtained, including entrainment of gas bubbles and cavitation. In the
experiment, lithium flow rates up to 14 m/s were obtained under a cover gas and 8.5 rn/sec
under vacuum. Caviation was observed at two pressures, and the result nearly agreed with the
curve drawn from a pressure drop estimate. It can be concluded that cavitation takes place when
the differential pressure at the pump inlet goes below zero to some extent. Surface observations
showed relatively calm flow, with neither violent waves nor splashing of the fluid. Further
detailed experiments to measure cavitation characteristics are planned in cooperation with
ENEA.
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3.2.9 TG21-JA: Measurement of Stainless Steel Erosion/Corrosion in a Lithium Loop

(1) Brief Task Description
Erosion and corrosion of stainless steel (SUS304) in contact with liquid lithium had been

investigated for the LFMIF target system. Verification of the erosion and corrosion of the SUS304 in
liquid lithium was performed in a liquid metal circulating experimental device, the forced lithium loop
at Osaka Univversity. Part of the SUS304 loop tubing was evaluated after lithium circulation for 186
hours, and the results compared with former studies.

Contributors
Name Part Institute E-mail address

Hiroshi Horiike Japan Osaka Univ. horiike~eie.eng.osaka-u.aC-1p
Akihiro Suzuki Japan NIFS asuzuki~nifs.acjp
Ken Kurosaki Japan Osaka Univ. kurosaki nuc1leng.osaka-u.ac.p

(2) Introduction
IFMIF is a Deuteron-Lithium neutron source to simulate the neutron irradiation field in a fusion

reactor. Deuteron ions accelerated to 40 MeV with total current 250 mA bombard a lithium target
system. The target system removes the heat load of 10 MW by a flow of liquid lithium at velocity up
to 20 m/s in a circulating coolant loop.

Because liquid lithium can dissolve metallic and nonmetallic elements at high temperatures, lithium
could corrode the loop tubing and the back-wall materials. In addition, the liquid lithium flows at
such a high rate in the IFMIF target system that erosion phenomena could occur, inducing mass
reduction of the materials and deposition of corrosion/erosion products. Thus, the study of corrosion
and erosion of the structural material is an important task to reduce mechanical degradation of the
target and predict any safety issues with the loop system.

Many basic studies of liquid lithium compatibility with SUS304, a structural material candidate for
IFMIF target system, have been performed. The corrosion rate reaches a steady-state value after an
initial transient period and is insensitive to temperature in the range up to 773 K []. The initial
transient period is characterized by rapid dissolution of nickel in the alloy, resulting in rapid changes
in surface composition [2]. This is due to the high solubility of nickel in liquid lithium compared to
the other metallic elements. The surface of the alloy develops a dimpled, sponge-like appearance
because of formation of a ferritic layer [3]. Moreover, the rapid changes include dissolution of
chromium from the alloy. Because the dissolution rate of the chromium depends on the nitrogen
impurities in the liquid lithium [4], formation of a ternary nitride (LigCrN5) corrosion product is likely
during the corrosion process [5]. The mass loss from SUS304 decreased as the ratio of the square or
cube of the nitrogen concentration in the lithium [6]. Grain boundaries of the alloy are preferentially
attacked due to the rapid dissolution of nonmetallic elements in the alloy [7]. The corrosion at grain
boundary is largely enhanced by high nitrogen and high carbon concentration in the lithium [8]. The
flow rate of liquid lithium also affects the mass decrease. Increase of the lithium flow rate from 0.1
m/s to 2.4 m/s results in one order of magnitude larger mass decrease rate [9]. No effect of liquid
lithium flow rate on erosion was found for flow rates up to -15 m/s. Therefore, observation of the
structural material in actual lithium loops, especially in high speed loops, is needed to estimate effects
of corrosion and erosion in the IFMIF target system.

In this report, measurements of the erosion and corrosion of the SUS304 in the forced lithium loop
at Osaka University are given and compared with former studies. A section of the SUS304 tubing of
the loop was cut out after lithium circulation for 186 hours and corrosive behavior determined by
Scanning Electron Microscope (SEM), Energy Dispersion Spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS), surface roughness measured with a digital microscope, and X-ray diffraction
(XRD).
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(3) Measurements of erosion corrosion in the oop tubing
Figure shows optical microscope images of the surfaces of the SUS304 tubing before and after

corrosion in the Osaka lithium loop. After the lithium exposure, the scratches on the polished surface
of the SUS304 have disappeared. This is believed to be due to the slight dissolution of material
and/or transformation of the surface caused by the initial rapid mass decrease. In Fig. 1, severe
corrosion at grain boundaries is also observed. This may show a relatively large amount of nitrogen
is dissolving in the liquid lithium., The only nonmetallic impurity control system, a cold trap in the
loop, theoretically cannot decrease the nitrogen impurity content below about 1500 wppm.

Fig.1 Optical microscope images of tubing (left) before the lithium corrosion
and (right) after corrosion.

Figure 2 shows an SEM image of the SUS304 surface after the lithium corrosion. In addition
to the relatively large water-saturated lithium lumps remaining on the surface, a lot of sub-Micron
holes in the bulk are observed, showing a spongy structure of the surface layer. The thickness of this
spongy layer was observed by SEM images of the cross section and found to be less than micrometer.
The Ref. [9] reported that the spongy layer thickness reached a steady-state value of 10 micrometers
after the corrosion liquid lithium for 1000 to 2500 h. In the case of the total corrosion time of 185 h
for the present observation, this suggests that the corrosion process has not yet reached steady state,
but is still in the initial transient period.

Fig. 2 SEM image of the SUS3O4 surface after the lithium corrosion.
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XRD measurements of the surface after the lithium corrosion are shown in Fig. 3. In addition
to a peak of the austenitic steel fcc lattice, peaks from the ferritic bcc lattice are observed. This is
because the decrease of chromium and nickel in the SUS304 is accompanied by the steel
transformation to ferrite. Both the fcc and bcc structures are observed because the
corrosion/depletion layer is thinner than the penetration depth of the Xrays.

*AusteniticI Oferritic

- - - - - - -- - - -- - - - - - --

40.0 50.0
2 0

Fig. 3 XRD peaks of the SUS304 surface after the lithium corrosion.

Table I shows the ratio of iron, chromium, and nickel determined by EDS and XPS analyses
of the surface of the SUS304 after the lithium corrosion. In both analyses, the ratios of chromium
and nickel to iron are dramatically decreased. Additionally, XPS, analyzing only a few atomic layers
on the surface, shows much smaller amounts of chromium and nickel than EDS, which averages
information over about one micrometer depth below the surface. This result indicates a steep depth
gradient in the concentration of chromium and nickel. Thus, the relatively high nitrogen
concentration induces the dissolution of chromium, and the reduction of chromium and nickel occurs
in the initial transient period of the forced loop operation.

Table I Ratios of iron, chromium, and nickel by EDS and XPS analysis on the SUS304 surface
after the lithium corrosion

SUS304 samples Analysis method Iron wt %) Chromium wt %) Nickel wt %)
before lithium corrosion EDS 72.6 18.3 9.1
after lithium corrosion EDS 82.1 12.5 5.4
after lithium corrosion XPS 92.9 3.8 3.3

The surface roughness of the SUS304 after the lithium corrosion is shown in Fig, 4. The figure
shows large roughness on the surface of the specimen. Table 2 shows arithmetical mean deviation of
the surface, Ra, and root-mean-square deviation, RMS, of two samples located in different parts of a
tubing bend. The surface roughness of the sample located in the outer part of the tubing has a little
larger deviation than the inner part. However, the difference is small. The sample located in the
outer part of the bent tubing faced about 1.25 times higher flow rate of liquid lithium than the sample
at the inner part. The mean flow rate during the loop operation was -0.7 m~s, and the maximum was -

2.3 m/s. From Ref. [10], the difference of mass decrease rate of the samples is estimated to be less
than 10%. Therefore, no definite proof of dependence on the lithium flow rate was obtained.
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Fig. 4 Surface roughness of the SUS304 after the lithium corrosion.

Table 2 Deviation of the two sample surfaces located on different parts of a tubing bend after the
lithium corrosion.

SUS304 samples I Ra (t m) RMS ( m)
Inside part of bent tubing 2.53 3.19

Outside art of bent tubing 2.79 3.64
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(4) Conclusion
Measurements of the erosion and corrosion of the SUS304 in a forced lithium oop at Osaka

University were compared with the former studies. Severe corrosion at grain boundaries and large
dissolution of chromium at the surface were observed. This may show that a relatively large amount
of nitrogen is dissolved in the liquid lithium of the forced oop. Dissolution of chromium and nickel
results in the formation of a thin spongy ferrite layer. The surface roughness of the sample located in
the outer part of the tubing has a little larger deviation than the inner part. However, no definite
proof of dependence on the lithium flow rate was obtained. Thus, the SUS304 in a forced lithium
loop shows similar erosion and corrosion behavior to that in earlier pot and loop experiments.
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3.2.10 TG22/31A-EU : Lithium Corrosion and Chemistry

(1) Brief Task Description
The construction of the IFMIF loop and target requires the development of suitable systems and

materials able to operate in flowing Li. Even if the envisaged operating temperatures within the target
and in the loop are relatively low, both the effect of corrosion/erosion and liquid metal chemistry has
to be controlled and assessed. Indeed, as in the case of sodium, lithium corrosion is strongly
influenced by the presence of non-metallic impurities in the liquid metal. Those impurities, especially
N and C, are able to form Li-compounds which can increase the corrosion effects on steels. This
phenomenon, in addition to the elemental dissolution, can create problems for the structural materials.
Thus the development of a Li purification strategy, including monitoring and removal systems and
evaluation of the corrosion rate of different materials (namely steels) in conditions relevant for the
IEMIF loop and target, is mandatory and will be studied in the framework of this task.

Contributors ________________
Name Institute Party e-mail address
C. Fazio ENEA EU concetta.fazio(jijbrasimone.enea.it
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(2) Introduction
The International Fusion Materials Irradiation Facility (IFMIF) has been proposed to test and

qualify fsion reactors materials under high energy neutron irradiation. For this purpose a high
intensity neutron source based on a deuteron beam impinging on a liquid lithium target has been
selected as the basic concept of the IFMLF. The lithium target system has two subsystems; the target
assembly itself providing a stable Li jet, and the lithium loop for the removal of the deposited heat.
The mean lithium temperature in the loop will be of the order of 250-3000 C. It could be foreseen that
in these operating conditions liquid metal corrosion/erosion phenomena on structural materials could
occur. Further, as it has been recognised in the past, corrosive effects of some structural materials (i.e.
steels, vanadium alloys) could be enhanced by the presence of non-metallic impurities in the liquid Li.
Due to this aspect, the reference design of the IFMIF loop foresees also ancillary systems for the
monitoring and control of those impurities. The impurities that may affect the corrosion rate are
mainly nitrogen, carbon, oxygen and hydrogen. Nevertheless, some synergetic effects of hydrogen
and carbon content in the alkali metals on the corrosion of steels have also been described. As far as
safety issues are concerned, hydrogen isotopes such as tritium are produced in the IFMIF target, both
by the direct reaction between the deuteron beam and the Li jet and by the capture of low energy back
scattered neutrons by Li-6. Since tritium has a relevant toxicity, tritium monitoring and control in the
main Li loop will be mandatory.

Concerning the correlation between the oxygen level in the liquid lithium and the corrosion
enhancement of structural materials, such as steels, it could be reasonably foreseen that there will be
little effect. If vanadium alloys are used, then an effect of oxygen activity in the liquid metal on the
corrosion rate of the V alloy could be supposed. Anyway, the oxygen monitoring and control in the
flowing liquid lithium of the IFMLF main loop is relevant for hydraulic issues, since the oxygen could
react with lithium to form solid lithium oxides which could cause plugging of the pipes.
Usually a relative high chemical activity of carbon in liquid lithium could give rise to corrosion
phenomena through an exchange reaction of this element. For instance the carburization -

decarburisation of stainless steels affects the chemical activity of chromium in the steel. Due to the
decarburisation process occurring on grain boundary areas, the depletion of chromium by alkali metals
corrosion will be enhanced. Synergetic effects of carbon and nitrogen dissolved in the liquid lithium
on the corrosion enhancement were also described. Thus the monitoring and control of carbon in the
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lithium oop is mainly related to the compatibility of structural materials. On the other hand the
lithium carbide has a negative free energy of formation and plugging due to the formation of this
compound could also be envisaged.

Concerning nitrogen, liquid lithium could dissolve considerable amounts of this element. The
main effect of the dissolved nitrogen is the corrosion rate enhancement of steels or vanadium alloys
due to the formation of stable ternary nitride (Li - M - N). For instance, for chromium-bearing steels,
the preferential corrosion mechanism pass through the formation of the complex nitride Li9CrN5 if the
chemical activity of nitrogen in the liquid lithium satisfies the thermodynamic criteria to form the
complex nitride. Since the solubility of nitrogen in Li is effectively high, it could be understood that
the mentioned criteria is easily reached.

(3) Literature review
The solubility of the non-metallic elements in liquid lithium is a relevant parameter to

establish the control methods to be applied to the IFMIF facility. In literature the solubility data
available for oxygen, carbon and nitrogen are:

Log[O](wppm) = 6.992 - 2896/T(K) []
Log[C](wppm) = 7.459 - 3740/T(K) [2]
Log[N](wppm) = 7.597 - 2098/T(K) [3]

In Table the solubility of the three elements at different temperature are reported. As far as the
hydrogen solubility, controversial data are available [4].

Table Solubility data of 0, N and C in liquid lithium given in wppm.

Tep ('C Oxygen Nitrogen Carbon
200 7.4 1450.4 0.4
300 86.7 8621.2 8.5
400 488.5 30172.8 79.8
500 1760.2 76365.8 417.5
600 1 4728.3 156240.2 1 1496.0
700 1 10366.6 275919.3 1 4123.0

Together with the solubility data, the lithium compounds free energy of formation are relevant
for the most suitable trapping method to be chosen for controlling the impurities in liquid lithium.
These data are available in the JANAF tables [5], and in Fig. they are reported vs. the temperature.
The first step for the selection of the most promising non-metallic impurities Monitoring And Control
(MAC) techniques was to perform a literature review in order to summarize the state of the art [6]. As
is well known, monitoring methods could be of the on-line or laboratory types and the control
methods are mainly trapping techniques. For the IMIF purposes on-line methods are most suitable
and several techniques could be available for each type of impurity previously mentioned. The
available methods were described in a report by the University of Nottingham, which collaborates in
the frame of this task with ENEA [6]. The report gives a thorough description and evaluation of the
methods as well as their pros and cons, also taking advantage of the sodium technology. A summary
of the most promising monitoring and controlling methods for each element follows.
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Fig. 1 Free energy of formation of Li compounds.
(Data taken from JANAF Table [51)

a) Hydrogen
a-i) Monitoring

The two on-line methods considered for monitoring hydrogen are the electrochemical method and
the direct pressure measurement. For the electrochemical method, a sensor was developed for Na
applications which was based on the (CaH 2, CaCl2) solid electrolyte and LiILiH as reference electrode.
It could be assumed that similar sensors work also in Li. Concerning the direct pressure measurement,
this method is based on the use of niobium or niobium-zirconium membranes, and the application of a
quadrupole mass analyser on-stream. The hydrogen permeates through the Nb base membrane into a
calibrated vacuum chamber, and the pressure increase in the chamber will be measured and related to
the hydrogen concentration in the liquid metal through the Fick equation:

J = D/L 'CH(Li)

were J is the hydrogen flux, D is the hydrogen diffusion coefficient through the Nb based membrane,
L is the thickness of the membrane, (H)Li is the hydrogen concentration in lithium. The direct pressure
measurement method has been envisaged to be the most suitable technique and its development is an
ongoing activity. The experimental activities will be performed with Nb and Nb-Zr alloy with
different amounts of Zr. The selection of the most suitable Nb - Zr alloy will be based on its
compatibility with the liquid metal and on its hydrogen diffusion behaviour. Literature data on the
compatibility of Nb and Nb-lZr with liquid lithium are available and are reported in Table 2 [8-10].
These data were obtained for high temperature and show a good compatibility of the Nb based alloys
with the liquid metal. Thus, the preliminary compatibility test of the Nb or Nb-lZr membrane in liquid
lithium will be performed in order to confirm the literature data and to analyze the compatibility of the
membrane with higher Zr content. In addition the hydrogen diffusivity data on the Nb and the Nb-Zr
alloys will be measured with the gas-gas UHV method [7].

a-2) Control

The reference method for the control of hydrogen in liquid lithium is the cold trapping method even if
the potential of using zirconium, yttriumn or lanthanum hot traps could be explored.
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Table 2 Corrosion rate at high temperature of Nb and Nb-lZr in liquid lithium 8-101.

T AT Time Li velocity Corrosion rate

(0C) (OC) (hr) (mis) (gm/yr)

1100 200 10,000 3-6 negligible

1200 200 1,550 3-4 negligible

1297 179 3,000 0.05 7.5

1073-1143 ~ -10 500 48.5 120

1330 200 500 3-4 1000

b) Oxygen
b-i) Monitoring

The two methods taken into account were the electrochemical and the amalgamation methods.
Since the amalgamation method is not an online one, the development has been focussed on the
electrochemical one. An oxygen sensor using Yttria Doped with 7.5 mol % Thoria (YDT) as solid
electrolyte and n11n203 as reference electrode has been envisaged. The electrochemical scheme of the
sensor is:

0 in Li 11 Th0 2 and 7.5% mol Y20 3 11In, n203

The electromotive force measured with the sensor is related to the oxygen activity in the liquid metal
by the Nernst equation:

RT1 ~e

nF arol1

and the first step of this activity will be the evaluation of the compatibility of the ceramic with the
liquid metal in order to assess the influence of the chemical reaction:

Li(N) + ThO2 -* ThN + Li2O

which depends on the N content in the liquid lithium.

b-2) Control
Concerning oxygen control, on the basis of the solubility data reported in Table cold trapping

has been proposed for removing oxygen from lithium. Hot trapping might be also a feasible method
using Ta or La.
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c) Carbon
c-i) Monitoring

Development of a carbon diffusion meter based on the designs used for sodium systems could be
the reference method for measuring carbon concentration.

c-2) Control
Carbon levels appear to be controlled by cold trapping due to its solubility in liquid lithium at the

operating temperature (see Table 1). In addition the application of hot trapping using zirconium,
yttrium or titanium could provide a useful option and should be examined.

d) Nitrogen
d-I) Monitoring

The use of electrochemical monitoring, using a molten salt LCI-LiF-Li3N system, could be
considered as reference system for nitrogen monitoring. As a backup solution the resistivity technique
has been taken into account. This method is based on the fact that a liquid metal solution containing
impurity elements has a higher electrical resistivity than the pure liquid metal. Thus, the difference in
resistivity between the solution and pure liquid metal at constant temperature is proportional to the
concentration of the impurities in the liquid metal. A disadvantage of the method is that it is not
specific to a particular impurity. For instance, nitrogen and hydrogen isotopes have much higher
solubilities and can change the resistivity to a much greater extent with respect to oxygen and carbon.
If one is present in a known concentration, the other can be monitored using the resistivity technique.
Hence, using a resistivity meter coupled with a hydrogen permeation meter would allow both
hydrogen and nitrogen to be monitored in liquid lithium solution.

d-2) Control
As far as the control of nitrogen in flowing liquid metal is concerned, cold trapping could not be

taken as a reference method due to the high solubility of N in liquid Li at low temperatures (see Table
1) Hot trapping has been pointed out as the most effective, having either zirconium or titanium as a
getter as shown in Fig. 2.
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(4) Corrosion testing

The final goal of this task is to evaluate the corrosion of austenitic steels in liquid Li with a well
known chemical composition in terms of non-metallic impurities. The corrosion phenomena expected
could be of the following types:

uniform leaching of steel elements such as Cr with a consequent transformation to ferrite;
- intergr-anular penetration with a consequent weakening of the structure;
- interstitial element transfer;

In addition, the deposition of solid products could cause hydraulic problems and are related to safety
issues. The solid products might be formed due to the presence of non-metallic impurities in the liquid
metal, i.e. oxide formation, dissolution of metallic elements from the structural materials, or ternary
compound form-ation from liquid metal and steel elements. It is evident that to avoid any mechanical
and geometrical change of the structural material of the IFMIF loop and to operate in a safe condition,
monitoring and control methods should be well validated. The final goal of this task is to validate the
MAC techniques developed and calibrated. The validation will be performed on the LIFUS III loop,
properly designed for this aim. In Fig. 3 a schematic of the Loop is shown. The loop has a figure eight
configuration, and test sections are foreseen both in the cold leg and in the hot leg. The maximum
allowable temperature in the hot leg will be 450'C and the test sections, in which cylindrical steel
specimens will be tested in order to assess the corrosion rate, were designed in order to reach about 10
mis of liquid Li velocity in them.

Ecoarnker

EM Pump+~Di ak

Fig. 3 Diagram of LIFUS III loop.
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3.2.11 TG31B-JA: Control of Nitrogen Impurity in Lithium by Hot Trapping

(1) Brief Task Description
Impurities in IFMIF liquid lithium include accumulated nuclear reaction products of the facility

operation and impurities from the cover gas and structural materials. Among these impurities, nitrogen
and hydrogen are difficult to remove by cold trapping methods. If yttrium is used as a getter material
for tritium, nitriding of the yttrium surface can prevent tritium being absorbed. The purpose of the
present study is to develop a method to control nitrogen concentration in lithium by hot trapping.

Contributors
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Satoru Tanaka Japan Univ. Tokyo s-tanaka~g.t.u-tokyo.acjp
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(2) Introduction
The compatibility of structural materials with liquid lithium is affected by non-metallic

impurities such as nitrogen in lithium. If the nitrogen concentration in lithium is high, a precipitate of
lithium nitride could erode tubing materials. One of the purposes of the present study is to control the
nitrogen concentration down to 10,3 mass% in liquid lithium by the method of hot trapping. The
accurate analysis of nitrogen at concentrations below 5 0& mass% is difficult. Therefore, we are
forced to evaluate the possibility of gettering under this low nitrogen concentration from the
experimental data with initial nitrogen concentrations in molten lithium from 1ff2 to 10f' mass%. In
this method, materials for nitrogen gettering are immersed in liquid lithium. Metals which easily form
nitrides and have high compatibility with lithium are the candidate getter materials [1]. Getter metals
used in the present study were titanium, vanadium, an alloy of these two metals, and chromium. Fig. I
shows that titanium nitride has a high stability compared with lithium nitride (Li3N). Vanadium nitride
is also stable in liquid lithium when the nitrogen concentration in lithium is above 10-4 mass%. This
figure shows that the affinity of titanium for
nitrogen is larger than that of vanadium.
However, the diffusion coefficient of nitrogen in 300 
vanadium is larger by three orders of magnitude ~TiN
than that in titanium at 800K [2,3], because the25-
crystal structure of vanadium is bcc and that of 25
titanium is hcp. Therefore, vanadium was a Y
candidate getter material even though the 200-
affinity for nitrogen is not large. Alloys of 10 lOmass% -
titanium and vanadium may combine the merits 
of titanium's large affinity for nitrogen and D, 150 I
vanadium's large nitrogen diffusivity, so a V-Ti ..... 64 ..... 00....
alloy was evaluated. Chromium is known to 100 
form a ternary nitride with lithium. This nitride Q. I mass%
is stable at 800 K when the nitrogen
concentration in lithium is higher than 10-3 50 Li3N
mass% [4]. Hence, chromium is a candidate....NinL
nitrogen getter for high nitrogen concentrations N nL
in lithium. 0 60 708090

Yttrium is a candidate material for tritium50 60 70 80 90
gettering in lithium. Fig. I shows that yttrium TI K
nitride has higher stability than nitrides of all Fig. I Stability of nitride of various metals.
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other metals except titanium. Nitriding of yttrium surfaces will prevent tritium from being absorbed.
Therefore, one purpose of the present study is to investigate the behavior of nitrogen in a system using
both V-Ti alloy and yttrium. getters in liquid lithium. Details of the experimental results are given in
our previous papers [5,61.

(3) Experimental Setup
The purity of the titanium, vanadium, chromium, and yttrium used was greater than 99.9%.

Alloys V-5at%Ti, V-10at%Ti and V-l5at%Ti were made from the two elements using a plasma arc-
melting furnace. The Ti, V, Y and V-Ti getter materials were tested as plate. The size of the titanium
and vanadium plates was lxlOx5O mm , the alloys .6xlOx4O mm3 and the yttrium xI0x25 MM3 . The
chromium was tested as rod .5x4x30 mm 3 . The mass of lithium in each test was 12 or 25 g, and the
purity greater than 99.9%. The concentration of nitrogen impurity in the as-received lithium was about
1ff2 equivalent to 5xI 0f3 mass%. In most experiments the Sievert's method was used to increase the
nitrogen concentration to about 3.7xI0-2 mass%.

Changes of nitrogen concentration in the liquid lithium due to gettering was measured by the
ammonia method, in which nitrogen in lithium was converted to ammonia by a hydrogenation reaction
with nascent hydrogen form-ed by the reaction of lithium with water [7]. The amount of ammonia in
the aqueous solution was measured by an ammonia sensor. About 0.6 g of lithium was sampled at
predetermined periods to measure the nitrogen concentration. In this case, the measurement error of
the ammonia method was evaluated to be +/-3x 10-4 mass%.

All loading operations of specimens into a stainless steel pot were carried out inside a glove box
filled with high purity argon. Lithium pieces, nitrogen getter materials, yttriumn specimens, a
molybdenum crucible with 48mm inside diameter
and 69mm height, a furnace for melting lithium,
and a stainless steel pot were prepared in the Ar~ 
glove box. Lithium was melted in the (<m/mn
molybdenum crucible within the furnace, at about
500 K, then getter materials were immersed in then
liquid lithium. In the case of yttrium experiments,
the yttrium specimen and the V-10at%Ti alloy
were both immersed in the same lithium. The Stainless
molybdenum crucible was then loaded into the steel pot\
stainless steel pot. A lid made of vanadium or
tantalum was placed on the crucible to exclude HeaterLi
impurities. During the immersion test, high purity (V nr Ti)
argon flowed through the pot at the rate of 5 ,Mocuil
mI/min. This experimental apparatus is shown in Liudi
Fig. 2. The experimental temperatures were 673
to 873 K and the immersion periods were 0.26
Ms (3 days) to 2.8 Ms (32 days). After the AISI type 304
immersion test, getter materials and the yttriumnW
specimens were taken out of the liquid lithium in
the argon glove box. Lithium that adhered to the -. 3==
getter material was removed by reaction with Thermo- Thermal
methanol and water. For the yttriumn specimens, copeinsulator
lithium on the surface was evaporated at 773 K in
vacuum in order to prevent the yttriumn from Fig. 2 Experimental apparatus.
reacting with water vapor, oxygen and nitrogen in
the atmosphere.
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(4) Results and Discussion
(4-1) Nitrogen gettering for low nitrogen concentrations in liquid Ithiurn

Preliminary and screening investigations were carried out using the lithium with low nitrogen
concentration. The nitrogen concentration in getter materials that were immersed in liquid lithium for
2.5 to 2.8 Ms were measured by a nitrogen/oxygen analyzer and estimated from the mass change
before and after immersion. Both results are almost the same. The increments of average nitrogen
concentration calculated from the mass changes are shown in Fig. 3. The nitrogen concentration in the
titanium and vanadium plates tested at 673 and 773 K was found to be little changed. The nitrogen
concentrations in titanium and the V-5at%Ti and V-10at%Ti alloys tested at 823 K increased. In spite
of the lower initial nitrogen concentration in lithium for the case of V- 10at%Ti than for the case of
titanium, the increase of nitrogen in V-I1Oat%Ti was larger than in titanium. The V-i1Oat%Ti alloy at
823 K has a larger nitrogen gettering effect than the other materials tested.

Titanium nitrides (TiN and Ti2N) formed on the surface of the titanium plate tested at 823 K for
2.8 Ms. Moreover, several XRD peaks of titanium were found to be shifted, indicating a lattice
expansion. This shows the nitrogen was dispersed in titanium by diffusion and formed a solid solution.
It should be noted that an expansion was not found in all lattice directions, just in some specific ones.
However, when the surface of this titanium plate was polished to 2g~m depth, peaks due to the titanium
nitride and the broadening of the peaks disappeared.

On the surface of the V-10at%Ti alloy that was immersed at 823 K for 2.8 Ms, a VN-TiN
(nitride of titanium and vanadium) layer was formed as shown in Fig. 4b. In addition, broad peaks of
the V-Ti-N solid solution were also confirmed. Fig. 4c shows that, when the surface of this alloy was
polished to remove 4 mm, peaks of the VN-TiN 100
layer disappeared and only those of the nitrogen - a

solid solution remained. When the surface was 750 o : V-T
polished to remove 8 gim, all shifted and broad 500 - El V-Ti-
peaks nearly disappeared and the XRD peaksN
were identical to the sharp initial pattemns shown 250 - N
in Fig. 4a. 

20 30 40 50 60 70
600~~~~~~~~~~~~~0

A~~~~i ~~~~~100
.V-5%Ti V-l0%Ti U

400 -_ 0o ~~~ ~~~ ~~~ ~~~ ~~~20 30 40 50 60 70

o 200 A~~~~~~~~~~~~0

0~~~~~~~~~~~~~

Qn ~~~~~~~~~~~~~~~~~~~~~El

r. 0 A 0 2 0 0 

673 773 823 2 0/ degree
TIK

Fig.3 Nitrogen concentration change in Fig. 4 XRD results of the V-I0at%Ti alloy.
getter materials from mass change. (a) as-received (annealing at 823 K, for 1 .5Ms),

The initial nitrogen concentration (b) after immersion at 823K, for 2.8Ms,
:100 mass ppm for V&Ti (c) after polished by 4jim,

50 mass ppm for V-Ti alloys V-Ti-N nitrogen solid solution in alloy
VN-TiN: nitride layer of titanium and vanadium
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(4-2) Nitrogen gettering experiments for high nitrogen concentrations in liquid
lithium

Prior to nitrogen gettering experiments, the nitrogen concentration in liquid lithium was
increased to about 3.7x 102 mass% by the Sievert's method. Three V-10at%Ti alloy plates (surface area
24 CM2) or six chromium rods (20 CM2) were immersed in liquid lithium. Using the square root of the
immersion time of gettering materials at 823 K, experimental results are shown in Fig. 5. In this figure,
the nitrogen concentration in the liquid lithium
shows a linear relationship to the square root of the 400
immersion time. It indicates that a diffuisional ~ 30UC
process is involved in the nitrogen gettering. This rA-l~

figure shows that the nitrogen gettering rate of co 300-
chromium was larger than that of the V- 10at%Ti ~
alloy for nitrogen concentration higher than 102a 5
mass%. At this condition of 823 K and about 0.4 200-
Ms (that is, days and 12.63), the V-lOat%Ti Z 150-
alloy reduced the nitrogen concentration from the
initial 3.7x 10-2 mass% to 2.IXI0 2 mass%, while 100,

2 ~~~~~~00 0.2 0.4 0.6 0.8
chromium reduced to .8x102 mass%. However, (t/ MSV'/2

these rates seem to be somewhat slow.
Fig. 5 Change of nitrogen

concentration in liquid lithium.

0.~ ~~~~~~~~~~~~~~.

E 200 0. 4

Z 100 U9 0.4 YL4 -010%Ti alloy

0 200 600 800 _1-
TI k.,

Fig. 6 Change of nitrogen 0 5 10 15 20 25
concentration in liquid lithium. ( t /ks)"12

Fig. 7 Relations of time and normalized
To increase the rate, tests at 873 K were rates of nitrogen uptake by getter

carried out. The specimens were chromium, materials.
V-10at%Ti, and V-15at%Ti alloy. The results C0 :Initial nitrogen concentration of lithium,
are shown in Fig. 6. The two V-Ti alloys C, :nitrogcn concentration at t>0
reduced nitrogen from the initial 3.7x 102

mass% to below half that value in 86.4 ks (I day). This rate is much large than that at 823 K. However,
the rate decreased for longer times. On the other hand, chromium reduced nitrogen to 60% of the
initial concentration in the initial 86.4 ks and continued to reduce nitrogen for longer times. The
decrease in nitrogen concentration is reflected in the mass gain of the getter materials and the data are
plotted against the square root of time in Fig. 7. The line for chromium is almost straight to 259 ks and
seems then to saturate. The line for V-10at%Ti alloy also follows a straight line to 173 ks. These
parabolic relationships show that the rate determining process is diffusion in the getter material or
nitride layer form-ation in chromium. The diffusing specie is believed to be nitrogen in the case of V-
10at%/Ti alloy and chromium in the case of chromium. On the other hand, in the case of V-15at/oTi
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alloy, the initial rapid increase suddenly slowed down after 86.4 ks, and the behavior of V-10at%Ti
after 173 ks is similar. The mechanism of this slowdown seems to be the formation of nitrides of
vanadium and titanium. When these nitrides completely cover the surface, the nitrogen uptake slows
due to the rate of nitrogen diffusion in the nitride.

(4-3) Limit of nitrogen gettering by chromium
Six chromium specimens were immersed in liquid lithium with initial nitrogen concentration

l. 15x 10-2 mass%, and the change in nitrogen concentration in lithium was measured by the ammonia
method. Results of this experiment are shown in Fig. 8. The nitrogen gettering rate of the chromium
slows below 7x 10-3 mass% nitrogen concentration, and seems to approach a limit of about 6.5xI 0-3
mass%. The reason for this limit is believed to be the instability of the ternary nitride of chromium and
lithium below this nitrogen concentration.

If the nitrogen concentration in lithium12.......
is near the solubility limit, the ternary nitride12
of chromium and lithium is known to be stable. 110.
Juza and Haug heated Li3N and Cr2O3 to high 
temperature, and reported that ternary nitride 100 
(Li9Cr( VI )N5) was actually formed [8]. In 2 9
other work at about 773 K, stainless steel was -

immersed in liquid lithium in which nitrogen 80-
concentration was 5x10 to1mass% [9,10]. Z 70-
The chromium content of the stainless steel
was decreased by the immersion. Barker et al. 60
showed from thermodynamic considerations 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
that the ternary nitride is stable at 800 K, if ( t MS )/

nitrogen concentration in liquid lithium is Fig. 8 Change of long-term nitrogen
higher than 10-3 mass% [4]. concentration in liquid lithium

As mentioned earlier, nitrogen gettering uigcrmu etr
by chromium reached a limit at about 6.5xl 0 sigcroimgetr
mass% nitrogen in lithium in our experiment.
Comparing this to the results of previous works, the limit is reasonably explained by the stability of
the ternary nitride.

The composition of the ternary nitride was evaluated as follows. In each chromium immersion
experiment, mass decrements of nitrogen in lithium were calculated from the change in nitrogen
concentration in liquid lithium. The mass decrements of the chromium specimens were measured after
dissolution of the ternary nitride by pure water. From these results, the atomic ratios of the mass loss
of the chromium getter to that of nitrogen in lithium were calculated. These results and the initial
nitrogen concentration in the liquid lithium for each experiment are shown in Table 1. The solubility of
chromium in liquid lithium at 823 K is not large enough to influence these results [11]. Hence the
mass decrements of nitrogen and chromium were equal to the mass of the temnary nitride. From this
data, the atomic ratio was found to be Cr:N =3:5, except for one point where the ratio of 4:9 probably
results from the large measurement error. Therefore, three chromium atoms were found to trap five
nitrogen ions in the ternary nitride that was formed in these experiments.

The aqueous solution in which the ternary nitride was dissolved was analyzed by ion
chromatography, but chromium (6+) ion could not be confirmed. In the measurement by absorption
spectrophotometry, prior to the measurement, chromium specie in that solution was oxidized to
chromium (6+) ion. After that, absorption peak of chromium (6+) ion was confirmed by an adsorption
spectrophotometry. Therefore, the valence state of chromium in the ternary nitride was
believed to be ±3. From these results and the requirement of the electrical neutrality of this compound,
the formula of the ternary nitride that was formed in these experiments is believed to be Li6Cr(Mf) 3N5 .
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Table 1 Mass decrements of chromium in getter and nitrogen in lithium after the immersion
experim ent. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Initial nitrogen Mass decrement of Mass decrement of Atomic ratio of
concentration in lithium Cr*/mg N* */mg the decrement

!lO4m ass% _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ __Cr:N

527 17.21 7.62 3:5

446 15.54 7.00 3:5

369 14.10 6.43 3:5

166 2.11 1.30 4:9
*Measurement error: 0.02mg

** Measurement error: 0.125mg

(4-4) Nitriding of yttriumn
In one experiment, an yttrium specimen was immersed in liquid lithium for 0.5 Ms without V-

I Oat%Ti alloy. After immersion, XRD measurement showed yttrium nitride on the surface of the
specimen. This result is shown in Fig.
9-a. During this experiment, the 1 20 
nitrogen concentration in the lithium Ia 0 : Y 0
decreased from 5x1I0,3 to 4x 10-3 mass%. 80G :- YN
This shows that nitrogen in lithium was .~A :Y70;
absorbed by the yttrium specimen to 40G A E
form yttrium nitride. In the second .]

experiment, both the yttrium specimen 0
and V-10at%Ti alloy were immersed in , 202 0 54

lithium. XRD measurement of the a b 0
yttrium specimen surface, shown in Fig. 1 500
9-b, has smaller peaks of the yttrium 10
compared with the result in Fig. 9-a. In IO
addition, nitrogen solid solution was 50 
found on the V-I1Oat%Ti alloy surface A An E
by the XRD measurement, and the 0 -- U _
nitrogen concentration in the liquid 20 25 30 35 40
lithium decreased from 5x 0-3 to 2 0! degree
3 .5x 1 03 mass% during this experiment. Fig. 9 XRD observation of the yttrium surface.
This shows that the nitrogen in the (a) immersed without V- Oat%Ti alloy
lithium was mainly absorbed by the V- (b) immersed with V- I Oat%Ti alloy
10Oat%/Ti alloy, not by the yttrium
specimen, and nitriding of the yttrium was controlled by the V-10at%Ti alloy. This is explained by
thermodynamics, Fig. 1, showing the stability of yttrium nitride is lower than titanium nitride. The
conclusion is that yttrium used with V-10at%/Ti in lithium can effectively absorb tritium.

(4-5) Evaluation of the gettering capability of the V-Ti alloys and Cr
The goal of this study is to control the nitrogen concentration to 10& mass% in lithium by hot

trapping, and to evaluate gettering at this low nitrogen, using experimental data with initial nitrogen
concentration in lithium from 10-2 to I0OI mass%.

Based on these experimental results, an effective method to decrease nitrogen concentration
from initial high values (above 3x 102 mass%) is as follows. First, chromium is used as getter to
decrease nitrogen to about 1 02 mass%; then V-Ti alloy is used to decrease to 0-4 mass% level. The
gettering rate of V-l0%Ti alloy was slower than expected at 823 K, but would be more rapid if

- 235 -



JAERI-Tech 2003-005

immersion temperature was increased to about 873 K. Also, the nitrogen concentration in commercial
lithium is about 5x 0- 3 mass%, and if this is used with a low nitrogen structural material contacting
molten lithium, nitrogen control to <1i& mass% by V-Ti alloy is feasible.

The optimum concentration of titanium in the V-Ti alloy may be 7 to 10 mass%, to avoid the
formation of a blocking surface nitride layer observed at higher titanium concentrations and high
nitrogen concentrations in nitially impure lithium.

(5) Conclusions
Nitrogen control in lithium by hot trap methods was evaluated for temperatures 673 to 873 K

and times 0.26 Ms to 2.8 Ms
1) For low nitrogen concentrations in lithium, V-Ti alloys are effective nitrogen getters at 823 K and
873 K.
2) Nitrogen picked up by the V-Ti alloy was mainly in solid solution in the alloy.
3)For high nitrogen concentrations in lithium, gettering by chromium is more effective than by V-Ti
alloys.
4) Gettering by chromium at about 850 K reached a limit at 6.5x 10o-3 mass% nitrogen in lithium.
5) Nitriding of yttrium in lithium was suppressed by immersion with V-10at%Ti alloy.
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3.2.12 TG33-JA : Diagnostic System for Target Temperature

(1) Brief Task Description
The IFMIF Li target is designed to produce an intense flux of high energy neutrons

(2 MW/rn 2) with 10 MW of deuteron beam deposition, which corresponds to a heat load of 
2GW/m . The temperature of Li at the inlet of the target nozzle is 2500C, and thermohydraulic

analysis shows that the maximum temperature in the Li flow is about 400'C. Measurement of
the position of the deuterium beams and of the temperature of Li free surface is necessary for
stable and safe operation of the target system. In the IFMIF CDA, an infrared camera was
selected to monitor the beam footprint on target and the Li surface temperature. In this task the
configuration of the infrared camera system has been determined, without significant change
of the existing design of the camera and target systems.

Contributors
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K. Shimizu Japan MHI katsusuke shimizugkind.kobe.mhi.cojp
M. Ida Japan JAERI ida ifmnif tokai.jaeri.go. p

(2) Design Requirement
Two deuterium beam lines are focused on the Li free surface of the IFMIF target with a foot
print 20 cm wide x 5 cm high. The cross section and plan view of the target assembly are
shown in Figs. I and 2, respectively.

Deuteron
Beam

Fig.1 Cross section of Li the target assembly.
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B~ackplate ~T~

eteron

Fig.2 Plane view of the Li target. assembly

Basic design requirements for the temperature measurements are as follows;

* Diagnostics Object Li target
* Range of Temperatures .200CC - 400CC
* Accuracy of Temperature Measurement V
* Diagnostics Area .24 cm wide x 6 cm high
* Accuracy of Spatial Resolution I m
* Accuracy of Time Resolution 0.1I ms (line scan), Oins (2D3 scan)
* Temperature at the IR Camera Room temperature
* Pressure at the Monitor I atmo~phere
* Radiation Environment .7.9xl 10gSv/br

(3) Evaluation of Infrared Camera System
(3-1) Radiant intensity5p/05
Spectral emissivity () of the Li target is given by F£=36.(p) 0 where p is resisitivity
(--9.4x 106 Om) and X, is wave length (m). The spectral emissivities for 200-400C are as
follows.

Wave length Spectral emissivity ,
2.0 jgm 0.133 -0.152
2.5 gim 0.119 -0.136
5.0 jgm 0.084 - 0.096

According to an equation for radiant energy, a wave length with the maximum radiant energy
is given by the following equation.
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T= T2898 (m K) (1)

In a temperature range 200 - 400OC, the range of wave lengths with maximum emission energy
is 4 - 6 im. In the CDE study, 5 gim is selected as the wave length of the measurement.
However, at this wave length, light absorption is expected by H20 (6 gim). Therefore, the wave
length for the measurement is selected to be 2 - 2.5 gim to prevent the light absorption.
Radiant intensity is given by E- W AX where AX is band width of wave length (1 gim). The
radiant intensities at each temperature are shown as follows.

Temperature (CC) Emissivity Radiant emission Radiant intensity
_____ _____ ____ _ ___ _____ ____ (W /CM 2/JiM ) (W /CM 2)

200 0.119 1.98x10 31 2.36x 0-4

300 0.128 1.65x10-2 2.1IXI0 3

400 0.136 7.36xF12 l.0X 1 0-2

(3-2) Sensitivity and spatial resolution
Candidate infrared sensors for the camera are PbS, InSb and HgCdTe. Sensitivity of the sensor
is defined by specific detectivity (D*).

D*=(AAf)O5'/NEP [cmHz05 W-'] (2)

where NEP is noise equivalent power (W), Ad is the sensitive area of the detector (cm 2) and Af
is the frequency band width of the circuit. Typical values are in the range 10I to 10 2. Noise
level in the detector (N: W/cm 2) is defined by NEP/Adi.

N= (Af lAd)0 / D* (3)

Therefore, the sensitivity of measurement (S/N) is obtained by the following equation.

S/N=P/N=P -(A/f) 0 ,5 (4)

where P is a power on the detector and is given as follows.

P=(c - W AX ). ST (S1 /27CL 2) / (AdK) (5)
W AX) T<S/(27CL2 Ad)) K (5a)

where ST is viewing area on the target, SI is aperture area at L and K is transmission efficiency.

Here, ST is replaced by td 2/4 where d is the diameter of the viewing area on the Li target.
Using equation (4) and (5a), the diameter (d) can be shown as follows.

d=(S/)/C" L (6)

C=(Fs W AX). S K D* /(8(AdAf)05 ) (7)

II ~~~2Here, D* is 3xI0 , S is 28 cm , K= 0.2 and Af is 00. Equation (6) is written as follows.

d=(S/NO-1CO-) L (8)

For reliable measurement, a minimum value of S/N is 10. Spatial resolution (d) can be defined
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by equation (8). Dependence of the spatial resolution on the distance between the Li target and
the sensor is shown in Fig. 3 for different temperatures. To achieve spatial resolution of mm,
L should be less than 2 m at 200'C, 6.5 m at 3001C and 9 mn at 4000C. Near the target
assembly, a diagnostic port with a vacuum window will be attached. The light will be
transported to the infrared camera through an optical pipe or an optical fiber.

0.5
-~~ S/N=1 00

200 300C

0

300 C

0 .1 .. -------

5 1 0 1 5 20 25
Length ()

Fig.3 Dependence of spacial resolution of the IR camera system on distance
between the Li target and the sensor.

(4) Layout of the Infrared Camera System
Figure 4 shows the cross section and plan view of the IFMIF building. The Li target

assembly is located in the test cell room, isolated by the shield wall. Pressure inside the beam
line and the Li target assembly is 1ff2 to 10O3 Pa. The infrared light through the vacuum
window is transferred to the infrared camera by an optical pipe or an optical fiber. The IFMIF
infrared camera system is divided into the following components;

Diagnostic port
Focusing lens
Optical pipe or optical fiber
Infrared camera
Control system

In the case of the optical fiber concept, layout of the fiber has more flexibility than the optical
pipe because the focusing lens can be located about 5 m behind the shield. However, effects of
neutron irradiation on the fiber characteristics needs to be evaluated. Based on the existing
layout of the accelerator and the Li target of IFMIF, four options of the optical pipe concept
(Case- I to Case-4) are compared.

i) Case- (Fig. 5):
New optical pipe is attached between the accelerator beam lines to measure the Li surface

temperature. At the end of the straight optical pipe, a mirror is attached to bend the infrared
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light to the infrared camera located in the utility room. The distance from the Li target to the
infrared camera is about 30 rn.

ii) Case-2 (Fig. 6):
To shorten the light path, the mirror is moved from the beam transport room to a radiation

isolation room as shown in Fig. 4. Although the basic concept is similar to Case-I, the distance
from the Li target to the infrared camera is reduced to about 17 m.

iii) Case-3 (Fig. 7):
The optical pipe gives a straight line of sight as shown in Fig. 5. The infrared camera is
located at the end of the optical pipe. Distance from the Li target to the infrared camera is
about 23 mn.

iv) Case-4 (Fig. 8):
The optical pipe gives a straight line of sight as shown in Fig. 6. The infrared camera is
located in the radiation isolation room at the end of the optical pipe. Distance from the Li
target to the infrared camera is about 12 m.

Comparing the four cases, Case 4 has the shortest length of optical pipe. Further study is
needed to evaluate the effects of neutron irradiation on the optical pipe.

0 1i 12 13

20000 I 10003~~~~ t OSc

* I' i~~~~~F EL. 00

Fig.4 Cross section and plane view of the IFMIF building.
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Fig.5 Layout of the Infrared camera system (Case-1).
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Fig.6 Layout of the Infrared camera system (Case-2).
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(5) Summary
In the temperature range 200 - 400C, candidate infrared camera sensors are PbS, nSb

and HgCdTe. For transport of the light, optical pipes and optical fibers were evaluated. To
achieve satial resolution of mm, L should be less than 2 mn at 200cC, 6.5 m at 3001C and 9
m at 400 C. In the case of the optical fiber concept, layout of the fiber has more flexibility
than the optical pipe. However, effects of neutron irradiation on the fiber optical
characteristics need to be evaluated. Comparing the four options of the optical pipe concepts,
Case 4 (Fig. 8) is the most promising option with the shortest length. Further study is needed
to evaluate the effects of neutron irradiation on the optical pipe.
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3.2.13 TG35-JA: Design and Test of a Jet Thickness Monitor

(1) Brief Task Description
The IFMIF lithium (Li) target is designed to produce an intense flux of high energy neutrons

(2 MW/rn2 ) with a heat load of 10 MW (I GW/M2.) The required thickness of the Li flow is 25 mm in
case of 40 MeV deuterons, where the beam power is deposited at about 20 mm from the entrance
surface. The target thickness must be monitored during operation, and for stable neutron irradiation
conditions, the amplitude of surface waves on the Li jet should be less than mm. In the FMIT project
[I], an electrical conductivity probe system was the primary device for measuring the jet thickness and
mapping the contours of the surface of the jet. In this task, the design of an electrical conductivity
probe system for IFMIF and installation on the Osaka Li loop are described.

Contributors
Name Part Institute E-mail address

Hiroo Nakamura Japan JAERI nakamurh(&fusion.naka.jaeri.goijp
Hideo Nakamura Japan JAERI nakamplstf tokaijaeri.gojp
H.Horiike Japan Osaka Universit horiike(&eie.eng.osaka-u.ac.p

(2) Design Requirement
The design requirements of a Li thickness monitor based on the electrical conductivity probe system
are as follows;

*Accuracy of position setting ±0.01 mm
*Stroke of the probe pins :30 mm
*Number of probe pins 4
*Control of the thickness monitor To be controlled by control system
*Structural material Stainless steel 304
*Insulator material Good compatibility with Li
*Maximum temperature 4001C at probe pins
*Range of working pressure -0.1 M a to 0.59 MPa
*Permissible He leak rate 1X10-5 Pam, /s

(3) Design of the thickness monitor
The concept of a thickness monitor based on the electrical conductivity probe system is shown in Fig.
1. The monitor has four pins to measure the amplitude of surface waves on the Li flow. This thickness
monitor measures the contour of the Li surface by detecting electrical contact between the probe pins
and the Li surface. The pins are insulated with MgO. The thickness monitor is inserted by a cylinder
driven by an electrical motor. The stroke of the probe pins is 30 mm with an accuracy of position
setting of ±0.01 mm. The length of the thickness monitor between the vacuum flange and the top of
the cylinder is about 60 cm. The diameter of the vacuum flange is 15 cm. The monitor is controlled
remotely by an ASTNEX, control system (Yokokawa Electric Co.).

(4) Installation and testing of the thickness monitor
Two thickness monitors and one spare have been fabricated. Fig. 2 shows photographs of the thickness
monitor attached to a diagnostics port of the Li loop. Fig. 3 shows a magnified view of the probe head
of the thickness monitor. Functional test of the drive mechanism has been performed. Measurements
of the Li thickness and amplitude of the surface waves on the Li flow are planned in early 2003.

Reference
[I) R.Kolowith et A, "Experimental Lithium System Final Report", HEDL-TME-84-29 (1985).
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Fig. 1 Concept of the thickness monitor.

Fig.2 Photographs of the thickness monitor (left overview of the
monitor, right : magnified view of the thickness monitor).
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Fig.3 Probe head of the thickness monitor.
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3.2.14 TG37-JA Design of a Target Distortion Monitor

(1) Brief Task Description
The IFMIF back wall and the target assembly near the back wall will be deformed by the

intense neutron irradiation. This distortion affects the neutron irradiation field and the target integrity.
The distortion must be monitored, to predict needed replacement of the back wall and target assembly.
An accurate prediction will increase the availability and decrease the operating cost of IFMIF.
Therefore, this task will design the distortion measurement methods for the back wall and the target
assembly.

Contributors
Name Part Institute E-mail address

H.Nakamura Japan JAERI nakamurh(fusion.nakajaeri.gojp
M. Ida Japan JAERI ida~aifmiftokai~Jaeri.go~Jp
H. Ise Japan KHI, ise hkhi.co.p

(2) Design Requirements
The cross section of the target assembly is shown in Fig. 1. In the IFM IF, the target assembly

will be installed with an accuracy of ± 0.5 mm. Since the back wall will be made of RAF steel and will
experience neutron irradiation of about 50 dpa per full operating year, it is designed for replacement
every 11I months. Therefore, the backwall distortion should be monitored periodically, to confirm the
replacement requirement. Basic design requirements of the distortion monitor are as follows;

*Diagnostics Object .Backwall, Target assembly
*Accuracy of Measurement .± 0.1 mm
*Distance from the monitor to the target .15 m
*Temperature at the monitor .Room temperature
*Pressure at the monitor I atmosphere
*Monitoring frequency .at each Li dump
*Radiation environment .7.9x 104 jiSv/hr

(3) Selection of Distortion Monitor
Conventional distortion monitors are divided into contact type monitors and non-contact type

monitors. IFMIF requires a non-contact monitor, and these are classified into the following three types.

*Eddy current sensors;
Accuracy is 0.8 gtm with a range of 2 mm. The accuracy strongly depends on geometry and
flatness of the diagnostic surface. 3D measurement is difficult.
*Ultrasonic sensors;
Accuracy is 0.1 mm with a range of 80 - 300 mm. 3D measurement with high accuracy is
difficult. Diameter of spot at 100 mm is 15 mm.
*Laser sensors;
Accuracy is gim with a range of ± 5 mm. 3D measurement is possible with a two-axis drive
mechanism. Diameter of spot at 30 mm is 30 g~m. Measurement a long distance from the target
is possible.

Based on this comparison, the laser sensor is selected as the distortion monitor for the IFMLF target.
Specifically, the frequency modulation (FM) laser radar system MV-200 (Metric Vision Co., USA) is
selected for the IFMIF target distortion monitor. Typical specifications are as follows;

* Distance to point of measurement: I m -60 m
* Accuracy of measurement: ± 0.1I mm at 10 m,

± 0.6 mm at 60 m
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(4) Arrangement of the Distortion Monitor
Figure 2 shows cross section and plan views of the IFMIF building. Access to the FM laser

radar is necessary for maintenance. Therefore the candidate locations of the FM laser radar are the
radiation isolation area or the utilities area shown in Fig. 2. In Case A, the FM laser radar is located at
a bend in the beam line in the radiation isolation area as shown in Fig. 3. A monitoring port will be
attached to the beam line. In this case, the distance from the FM laser radar to the backwall is 21 .5 m
and then the accuracy of the measurement is 0.22 mm, above the IFMIF specification. In Case B, the
FM laser radar is located close to the target in the radiation isolation area as shown in Fig. 4. In this
case, a removable mirror will be attached to the beam lines, the distance from the FM laser radar to the
backwall is 17.5 m, and the accuracy of the measurement is 0.18 mm. This is still slightly above the
IFMIF specification. To satisfy the IFMLF specification, the FM laser radar needs to be located closer
to the target than in Case B. A possible solution may be to locate the FM laser radar in the storage cell
(Fig. 5). In this case, neutron irradiation effects on the mirror attached to the beam line need to be
assessed.
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Fig.2 Cross section and plane view of IFMIF building.
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Fig.3 Location of FM laser radar (Case A).
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(5) Summary

The distortion of the target assembly and back wall are measured by an FM laser radar system
(MV-200, MetricVision Co.,USA) with a spatial resolution of 0.18 mmn at 17.5 m and 0.22 mm at 21.5
from the Li target. To satisfy the FMIF specification, the suggested location of the FM laser radar is
in the storage cell. Neutron irradiation effects on the mirror attached to the beam line need to be
assessed for this monitor layout.
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3.2.15 TG51/52-JA : Collection of Lithium Reaction Data, and Characteristics and
Suppression of Lithium Fires

(1) Brief Task Description
Lithium fires were studied experimentally using small amounts of Li and gas feed systems.

The temperature of the Li pool was measured by a thermocouple and it was demonstrated that Li fires
can be extinguished by argon gas, but not by nitrogen. However, nitrogen gas is shown to be partially
effective in suppressing the burning Li pool temperature.

Contributors _______

Name Party Institute E-mail address
H. Horiike Japan Osaka Univ. horiike~eie.eng.osaka-u.acjp
N. Uda Japan Osaka Univ.
S. Inoue Japan Osaka Univ. inoue(cteie.eng.osaka-u.ac.jp
N. Yamaoka Japan Osaka Univ. yamaoka(&nucl.eng.osaka-u.acjp
K. Miyazaki Japan Osaka Univ. ki l.riyazaki(&ehdo.go.jp

(2) Introduction
Alkali metals such as sodium and lithium are very good heat transfer media, with high heat

transfer coefficient and high heat capacity. But these materials are well known to react with water or
oxygen, generating heat and hydrogen. This property has led to various combustion accidents in
reactors and test plants using these materials. Therefore, methods to extinguish liquid metal fires are
very important in the design of sodium reactors or lithium facilities like IFMIF.

Studies of methods to extinguish sodium fires were carried out in several laboratories,
including Cadarache, Karlsruhe [1] and Japan [2, 3]. Our experiments 4] showed that a sodium pool
begins to bum at about 2500C in air, and reached 800-8500C maximum temperature. These studies
showed the effectiveness of blowing inert gas like nitrogen in extinguishing fires. However, lithium is
known to react with nitrogen gas or sand, which are used as fire extinguishers on several fire types
including sodium [5-8]. In the present report, lithium properties are discussed and experiments on
extinguishing lithium fires are described.

(3) General Characteristics of Lithium
Properties of lithium can be understood by comparing with those of sodium, potassium, and

NaK.
1) They all burn in air and generate reactive aerosols with strong alkalinity [9]

2Na + 2H20 = 2 NaOH + H2 + 88.2 kcal
2K + 2H 20 = 2KOH ± H2 + 92.8 kcal
2Li + 2H 20 = 2LiOH ± H2± 106 kcal
3Li + /2N 2 = Li3N + 47.5 kcal

Thus careful fire prevention is required; otherwise the hydrogen gas generated might explode.
2) These materials react with concrete. Protective liners or catch pans are necessary to avoid direct

contact. Lithium generates more energy than sodium or potassium in the reaction so it requires
thicker protective plates. A concrete wall will lose thickness in a lithium fire much quicker than in a
sodium fire.

3) Sodium does not react with nitrogen, but lithium does. It is reported that fire residues from a lithium
loop fire at Argonne National Laboratory were analyzed and found to consist of about half oxides
and half nitride [5]. Therefore, lithium fires cannot be extinguished by nitrogen gas, but require
argon or helium. In any case, closed compartment structures should be effective, combined with
inert gas suppression systems.

4) Dry sand is a very good extinguisher for sodium fires, but even very dry sand reacts with lithium.
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5) Lithium is more difficult to ignite than is sodium at similar temperatures. Once it bumns, however,
lithium generates much higher flame temperatures than sodium and the fire is more difficult to
extinguish. This is probably because lithium has a higher melting point, higher boiling point and
generates larger reaction heat. A piece of sodium dropped in a water pool begins to bum instantly
because the surface melts, but a piece of lithium in water usually does not begin to bum because the
melting point is higher than the boiling point of water.

6) Thermal insulation materials have to be carefully selected to avoid reaction with any spilled or
leaking alkali metals.

7) Many ordinary salts are heavier than lithium and tend to sink in lithium. This means that, for most
solids used on lithium fires, the fire continues as reaction salts sink and new surface of lithium
appears.

Extinguishers for lithium fires were studied at ANL [5]. The results showed that carbon
powder was the best solid fire extinguisher. The reason is that carbon does not react with lithium,
generates no gas or smoke, and it floats and spreads to cover the surface of the lithium pool. Li2CO3
was not recommended because it showed some reactivity with lithium. Experience at Osaka
University shows that NaCI can also be used as an extinguisher.

(4) Lithium Fire Experiment
Experiments on lithium fires were conducted with various conditions of combustion and

suppression of the fire.

a) Experimental
The experimental set up is indicated in Fig. 1. The system consisted of a gas feed system, a

combustion chamber, and an exhaust gas scrubber. The gas feed system was made of a very large
plastic balloon and air intake, and gas bombs of nitrogen, argon, and oxygen. In the bottle, there were
a heater, humidity conditioner, fan and monitors for humidity, temperature and oxygen concentration.
After the gas content was set in the balloon, the gas was fed by a blower though a flow control valve.
Approximately 80 liter per m gas flow rate was obtained. The combustion chamber, made of
transparent plastic sheet and steel angles, was 120 cm wide, 120 cm long and 180 cm high. The gas
was exhausted from a nozzle located at the top of the chamber. The lithium sample of 40-50 g was put
on a stainless steel pan of 19.8 cm long, 13.7 cm wide and 3.5 cm deep. This pan was surrounded by a
rectangular cylinder 23.3 cm wide, 29 cm long and 50 cm high, as shown in the right hand part of
Fig. 1. The experiment was set on a bed of sand to ensure thermal insulation and air tightness. The top
of the cylinder consisted of two plates to adjust the open area. Lithium temperatures were measured by
an Inconel sheathed thermocouple of 4.8 mm diameter. The sample was heated by an electric heater
until burning initiated and then the heater was switched off. Typical samples are shown in Fig. 2.

b) Results
Photographs of lithium and sodiumn burns are compared in Fig. 3. The approximate

temperature when this was taken is indicated; this was measured by a thermocouple, seen standing
vertically in the center of the pans. Note that the lithium fire is much brighter than sodium. The
temperature evolution in time is indicated in Fig. 4. These four samples ignited at around 200'C to
400'C as shown by the rapid temperature rise at around 100 seconds. The variable parameter is the
distance of the thermocouple from the bottom of the pan. As the depth of the Li pool was estimated to
be approximately 5 to 10 mm, these data show that temperatures in the pool and flame were uniformly
very high. It is noted that the maximum temperature went up to 11 500C which is much higher than the
sodium fire where the highest temperature was 750'C [4].

The pool and flame temperatures were measured as a function of gas composition. The
temperature evolution is shown in Fig. 5 as a function of the oxygen content. Run number of RIOI
denotes ordinary air and RI 18 pure Nitrogen. The present data were taken by circulating ordinary air
until the lithium begins to burn, and then the gas with adjusted composition was blown in. This
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explains why the temperature in run R107 did not go very high, as the adjusted gas blow was too early
in this case. It is noted from this figure that, with introduction of nitrogen, the flame temperature could
be suppressed below 900'C, but the fire was not extinguished by nitrogen. It is observed that greater
temperature decreases resulted with increases of nitrogen concentration; therefore, it can be concluded
that the fire is suppressed but not extinguished by nitrogen.

The effect of argon was also evaluated, and the data is shown in Fig. 6. This shows that argon
is very effective in extinguishing lithium fires. In the case of 100% Ar gas, the flame temperature did
not go above 5O'C. This means that the fire was immediately extinguished by Ar gas. Also, gas with
10% Ar could suppress the fire temperature below 750'C.

c) Conclusion
Lithium fires were studied extensively in comparison with sodium fires. It is noted that the

lithium shows much higher fire and flame temperatures than sodium. This may be due to the higher
melting point and larger reaction heat. Lithium is well known to react with nitrogen, so this gas cannot
be used as an extinguisher. Argon gas was demonstrated to be very effective in extinguishing lithium
fires
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Fig. The experimental set up.

Fig. 2 Samples of Lithium (right) and Sodium (left).
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Fig. 3 Burning Lithium (left) and Sodium (right).
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Fig. 4 Temperature evolutions in a lithium pooi during burning. (The abscissa is time in seconds
and the ordinate the temperature in the lithium pooi measured at 0, 3, 5, and 10mm from
the bottom of the pan.)
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Fig. 5 Temperature evolution as a function of nitrogen gas concentration. (The abscissa is time in
seconds and the ordinate the temperature in the lithium pool, for oxygen concentrations
of 0 to 21% in nitrogen gas.)
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Fig. 6 Temperature evolution as a function of argon gas concentration. (The abscissa is time in
seconds and the ordinate the temperature in the lithium pool, for oxygen concentration
of 0 to 15% in argon gas.)
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3.2.16 TG61A/71-EU Lithium Target Safety Analysis and Thermal Transient Analysis
of Target Lithium Loop

(1) Brief Task Description
The present task consists of two main subtasks. The first concerns the lithium target safety

review, in light of the reduced cost design revisions, and includes the hazard analysis adopting the
FMEA (Failure Modes and Effects Analysis) methodology which is oriented towards detailing on a
component-by-component basis with all of the possible failure modes and identifying their effects on
the plant.
Moreover the systems analysis is performed in order to assess, from a probabilistic standpoint, the
reliability of the lithium target system, applying the fault tree technique.

The second task pertains to the thermal hydraulic transient analysis of the target lithium loop,
including operational and accident transients. A lithium target loop model is developed, using the
RELAP5 Mod3.2 thermal hydraulic code, which has been modified to include specific features of
IFMIF itself, particularly the use of lithium and organic oil as the primary and secondary coolants,
respectively.

Contributor
Name Party Institute IE-mail address

L. Burgazzi EU ENEA burgazzi a)bologna.enea.it

(2) Li Target Safety Analysis
Safety analysis review has been performed applying the FMEA (Failure Modes and Effects

Analysis) approach in order to identify the potential failures inducing an accident in the plant or
simply a stop in the operating phase, with reference to the reduced cost design version: the outcome of
the present analysis is the identification of relevant target-related hazards and the identification of
major initiating events of accident sequences.
The main conclusions are that, in the light of plant modifications submitted in the reduced cost version
of the design, target safety is assured and environmental impact is negligible: potential target-related
hazards due to tritium production and lithium operation are very low because target facilities are
designed both to reduce the accident probability and, in the unlikely event of an accident, to eliminate
any subsequent release to the environment.

In particular, FMEA has identified as major hazards relative to target system radioactive
material generation in the lithium loop (tritium and Be-7), the main products of nuclear interaction
between deuterons and liquid lithium, and the risk related to the liquid lithium loop operation. These
results are reflected in the design and system operation. As regards the former safety issue, the
majority of the tritium and other radioactive materials and impurities are removed by trapping and
kept under control by the impurity monitoring loop. With regard to the latter, vacuum condition of the
test cell and the confinement from outside, combined with the controlled argon gas atmosphere of the
lithium cell, assure the countermeasures against lithium fire risk due to lithium-air reaction; moreover,
the floors and the walls of the lithium cells are covered with steel liners to prevent lithium concrete
reactions. All lithium components (tanks, lines, valves and valve bonnets, etc.) are provided with leak
detectors. In addition to the lithium fire control system, oxygen meters are used to monitor the oxygen
concentration in the argon gas. Lastly the lithium inventory has been reduced from 21 to 9 n3 , thus
resulting in a reduction of the consequences of an accidental lithium-air or lithium-water reaction.

In addition, the study has pointed out any safety interfaces with test facilities and accelerator
facilities. In fact, some of the events result in excess evaporation of the lithium that would diffuse to
the beam line vacuum, therefore causing an effect of poor vacuum and contamination of the beam.
The beam duct is evacuated by the differential pumping system and the beam vacuum system and the
exhaust ducts are provided with moisture traps to trap the lithium vapors. A backwall rupture accident
results in a lithium spill in the test cell. The vacuumn environment in the test cell atmosphere eliminates
the possibility of lithium-air reaction and also reduces the ingress of lithium into the beam line during
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such an event. Other barriers to withstand lithium propagation into the accelerator, if such an event
or a loss of vacuum accident occurs, are provided by the fast acting valves, which are required to
immediately isolate the target from the accelerator after an emergency beam shutdown, and the gate
valves placed out of the test cell shield wall, which constitute the physical interface between the
accelerator and target.

Moreover the analysis has identified as reliability-critical areas, where modification to the
design could be required to reduce the probability of failure. The reliability-critical items are as
follows: main lithium target cooling systems, the purification loop, the cold trap cooling system and
the vacuum differential pumping system. The reliability of these subsystems is accomplished in
lithium target safety analysis, as a further step in the system analysis.

Lastly the analysis has provided a set of Postulated Initiating Events, that is off-normal events
that could result in hazardous consequences for the plant, together with the total frequency and the list
of component failures which could induce the Postulated Initiating Event. (A set of elementary
accident initiators is grouped under each Postulated Initiating Event, taking into account the similarity
of accident development in terms of mitigating features and possible consequences.) This assures the
complete list of major initiating events of accident sequences, helpful to the further accident sequence
quantification phase, to be accomplished in the frame of the Design Integration task regarding the
safety analysis and assessment for IFMIF plant.

The events are classified by event likelihood of occurrence, according to Table 1. The overall
set of Postulated Initiating Events identified by the FMEA is reported in Table 2. []

The Postulated Initiating Events are categorized into two broad classes. The first addresses the
events related to the loss of function - including loss of flow in the target Li loop, loss of flow in the
cold trap cooling loop, loss of Li purification and loss of heat sink - which imply the faults of
components designed to assure the required function. The second class pertains to the events related to
coolant leak/spill - as Li LOCA, Li spill in the Test Cell, Organic LOCA and Water LOCA - which
involve the rupture of the primary boundary of the coolant carrying components.

Table Event sequence categorization.

Event Category -Event Description Event Frequency
I Operational Events More than one per year
II Likely Events I -I 01Y/y
III Unlikely Events I 0-_10 4/y
IV Extremely Unlikely Events 1 0-_10 6/y
V Hypothetical Sequences Less than I 061/y

Table 2 List of identified Postulated Initiating Events.

Event Code Event Description Ctgr
LF Loss of flow in the Target Li loop I
LFCT Loss of flow in the Cold Trap cooling loop 1I
LH Loss of heat sink I
Li-LOCA Lithium LOCA I
LP Loss of Li purification I
LS1 Lithium spill in the Test CellIl
LTRI Li-Organic Cooler tube rupture I
LV-B Loss of vacuum in the beam line I
Or-LOCA Organic LOCAII
W-LOCA Water LOCA I
Ar-LOCA Argon LOCA I
N/S Not Safety relevant initiator I

(3) Re liability Analysis
A systems analysis has been performed in order to evaluate the reliability of the target facility.

The fault tree technique is adopted in the analysis to identify potential failure modes affecting the
system during normal operation and to assess the system probability of failure.
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The construction of an INMIF fault tree is based on system success/failure criteria and pertain
to the system modeling phase. The system model requires the identification of the relative boundaries
and interfaces between relevant parts of INMIF and includes components required for. system
operation, support systems required for actuation and operation of the system components (electrical
power distribution system, vacuum system, water supply, control system), and other components that
could degrade or fail the systcm.
In addition, the system model includes the relevant and possible failure modes for each component
required for system operation. These include both component independent failures and dependent
failures, that is, failure of one component causing some other component in the system to be
unavailable (e.g. support systems) and common cause failures among similar components.

The system model building and reliability assessment are made with the support of Risk
Spectrum (&PSA Professional, a PC software package that performs risk and reliability analysis based
on fault trees and event trees. [2] The component failure rate data necessary for reliability assessment
are selected from available data bases which are judged applicable.
The underlying success criteria in fault tree construction is the availability of the whole target facility
which can be attained through the availability of each system whose failure in the requested mission
contributes singularly to the loss of the target.
Therefore, fault tree models are constructed for each relevant target system as previously identified,
and are listed below:

* Loss of Primary Cooling System
* Loss of Secondary Cooling System
* Loss of Water Cooling System
* Loss of Cold Trap Cooling System
* Loss of Lithium Purification System
* Loss of Lithium Target Vacuum System
* Loss of Electrical Power Distribution System
All the fault trees and the expected results are reported in [3]: in Figs. and 2 the fault trees

relative to the whole target system and to the primary cooling system respectively are shown. The final
result of the plant fault tree analysis in terms of IFMIF Target System probability of failure over a
week mission time is: Q TOT 1.29E-01. The contributions of evaluated systems are summarized in
Table 3. From the table it is inferred that each relevant subsystem (i.e. cooling systems, vacuum
system and purification system) contributes singularly almost equally to the 20% for the overall value.
Concerning the system architecture, it is considered that lack of sufficient redundancies for
components, as valves and pumps, involves relatively high probabilities of failure. The results of an
important analysis performned by RISK SPECTRUM at "component level", in order to identify
most contributors to the reliability value, show that: 113]

* lithium heaters are the most critical components for probability of failure of the lithium
cooling system (91.45%) and of the overall plant (19.34%);

* 3 kV breaker unavailability is predominant in failure of the electrical power system (72.78%);
* cold trap, yttriumn and titanium getters are predominant in failure of the purification system

(60.45%) and mist traps in the vacuum system (54%).

Table 3 List of contributors to Target unreliability.

System Probability of failure: Q, (Q/,, * 100(%
Vacuum system 2.79E-02 20.48
Primary cooling system (lithium loop) 2.72E-02 20.00
Lithium purification system 2.50E-02 18.35
Water cooling system 2.15E-02 1 5.78
Secondary cooling system (organic oil loop) I .68E-02 12.32
Cold trap cooling system (argon loop) 1 .09E-02 8.00
Power system 6.91 E-03 5.07
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(4) Transient Analysis of Lithium Loop
The thermal hydraulic code RELAP5 Mod3.2 has been utilized for the simulation of the three

main circuit loops of the facility, in order to analyze the global thermal hydraulic behavior of the
plant:
* in steady conditions at full power
* in the operational transients of start-up and shut-down
* in accident conditions

The IFMIF target facility nodalization has implied the reproduction, by means of a series of
volumes and junctions suitable for the numerical calculations, of the following circuits:
* the primary circuit (lithium cooled)
* the secondary circuit (organic oil cooled)
* the tertiary circuit (water cooled), only the part related to the organic cooler

At first a plant steady state condition at full power has been simulated and the results showed a
generally good stability of IFMIF and a good agreement with the specified conditions for the facility
at 10 MW power as shown in Table 4. [4]

The shut-down and start-up operational transients have been simulated in a model consisting
of five main phases. The initial condition is a 10 MW power steady state, then a shut-down power
ramp takes the plant to zero power to reach a new steady state. A start-up power ramp takes the plant
again to full power and to a new steady condition. As shown in Fig. 3, during the start-up phase,
power provided by the accelerator passes from 0 MW to 10 MW in 120 s and a symmetric power ramp
has been chosen for the shut-down phase, passing from 0 MW to 0 MW in 120 s.
It has been demonstrated that the plant answers well to simulated transients and is able to reach new
steady conditions in a short time after a power ramp is implemented. In particular, at zero power
steady state the system reaches an equilibrium condition in which Li and oil are at the same
temperature (around 520 K), the organic cooler is completely by-passed, and the electrical heaters
come into operation to compensate for the heat losses. 115]

Target inlet and outlet temperatures are shown in Fig. 4, while in Fig. 5 the lithium cooler oil
inlet and outlet temperatures are shown.

Finally, the following transients in accident conditions have been evaluated:
. Beam trip (0---0 MW on target)

2. Beam trip of one accelerator (10---5 MW on target)
3. Loss of organic circuit, due to pump failure
4. Loss of heat sink, due to loss of the water circuit (pump stop)

I. This incident resulting from the loss of both accelerators is characterized by a power reduction
from full power steady state to zero power in 10 ~ts (Fig. 6). At the end of the transient, the
target system has to reach the zero power steady state condition as soon as possible, in order to
allow a new start-up. Target inlet and outlet temperatures are shown in Fig. 7, while in Fig. 8
the lithium cooler oil inlet and outlet temperatures are shown. 116]

2. In this incident resulting from the loss of one accelerator (I out of 2), the beam power varies
from full power to 5 MW in 10 ~.ts (Fig. 9). As the beam power is reduced to 50%, the lithium,
oil' and water flow rates have to reduce to half the nominal values to keep the same Target inlet
and outlet temperature difference (50 K), required by the IFMIF specifications.
Target inlet and outlet temperatures are shown in Fig. 10, while in Fig. I11 the lithium cooler
oil inlet and outlet temperatures are shown. 1161

3. After the pump stops in s, the beam is immediately shutdown on low oil flow-rate signal
(80%). The temperature of the lithium decreases to the specified (standby) value (around 523
K), while the temperature of the organic oil increases to the same value, as shown in Figs. 12
and 13, the heaters come into operation to compensate for the heat losses and the EMP and
water pump continue operating and all oil flows through the by-pass line.
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4. After the pump stops in 2 s, the beam is immediately shutdown on low water flow-rate signal
(80%). The plant reaches a new steady state condition in which the temperatures of lithium
and oil equalize at a value around 523 K, as shown in Figs. 14. The heaters compensate for the
heat losses, the EMP and organic pump are kept in operation at nominal rates, and the organic
cooler is completely by-passed.

Table 4 Main parameters of thel10MW steady state.

Quantity Value units
PRIMARY CIRCUIT
Target pressure 280' Pa
Target power 1 0 MW
Target inlet temperature 522.8 K
Target outlet temperature 572___6___

Target flow-rate 4.8k/
Quench Tank pressure 1. ~
Quench Tank temperature576K
Quench Tank lithium level 662i

EMP inlet pressure 46__75_____

Lithium Cooler inlet temperature575K
Lithium Cooler outlet temperature 522.9 K
Total pressure losses in the primary circuit 0.068 MPa
Primary circuit heat losses to environment 9 1 kW
SECONDARY CIRCUIT
Expansion Tank pressure 0.157 MPa
Pump inlet pressure 0.228 MPa
Lithium Cooler Inlet plenum temperature 472.7 K
Lithium Cooler Outlet plenum temperature 492.5 K
Li-Cooler logarithmic aver. temp. difference 63.95' K
Organic Cooler Inlet plenum temperature 492.5 K
Organic Cooler Outlet plenum temperature 467.6 K
Organic Cooler flow-rate 182.6 kg/s
Organic Cooler valve area/nominal area 0.8 
By-pass temperature 492.4 K
By-pass flow-rate 47.4 kg/s
By-pass valve area/nominal area 0.2-
Secondary circuit total pressure losses 0.12 MPa
Secondary circuit heat losses to environ. 50 kW
TERTIARY CIRCUIT
Water inlet pressure 0.294 MPa
Water inlet temperature 305 K
Water outlet temperature 310 K
Water flow-rate 472 kg/s
Organic Cooler log, aver. temp. difference 172.34 K

Average value (pressure higher than the specified one due to numerical problems of the code).
2Level from the EMP inlet level.
3Calculated for a counter-current flow heat exchanger.

4~Calculated for a counter-current flow heat exchanger.
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(5) Conclusions
Safety analysis review points out that, in light of plant modifications submitted in the reduced

cost version of the design, target safety is fulfilled and environmental impact is negligible, as assessed
in the CDA phase. In addition, a detailed fault tree model, used for systems analysis, reveals a target
system unava lability figure near 1L.E-1I, derived from the single contributors of the apportioned
subsystems.

Transient thermnohydraulic analysis of the plant through RELAP5 Mod3.2 simulation shows
that:

- results comply with the expected conditions of IFMIF facility during full power conditions,
- plant response to the operational startup and shutdown transients is satisfactory,
- the plant answers well to the simulated accident transients and is able to reach new steady state

conditions in a short time, under safe conditions.
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3.2.17 TG61B-JA Transient Behavior of the Lithium Loop

(1) Brief Task Description
The IFMIF target loop system consists of the primary lithium (LI) loop, a secondary organic

oil loop and tertiary water loops. Every loop, especially the Li loop, must be controlled to keep the
temperature constant. The objective of this task is to evaluate transient thermal behavior of the Li loop
in an accidental beam trip or during startup of IFMIF operations.

In the IFMIF Li target, most of the deuteron beam power is converted to heat and the average
temperature of Li increases from 250'C to 285'C in case of 10 MW beam power and 20 m/s lithium
flow velocity. This heat is rmovcd by thc target heat removal system, which consists of the pimary
Li loop, the secondary organic oop, the tertiary water loop, and the cooling tower. The secondary
organic loop using alkyl diphenyls is provided to avoid any possibility of direct contact of Li and
water.

The integrity of the Li oop requires that the Li temperature be high enough to maintain
smooth flow during steady operation and also under transient conditions. The startup and shutdown
of the Li loop are scheduled transient conditions, when the Li is circulated without beam heating.
Furthermnore, there will be unexpected beam trips of the IFMIF accelerators. For a long duration
beam trip, full operation of the heat removal system would cause an unacceptably large decrease of Li
temperature. Therefore, the transient behavior of Li and control methods for the Li temperature must
be examined.

The transient temperatures and flow rates are simulated using the reactor transient code
RETRAN. While the original RETRAN dealt only with water, it has been modified by JAERI to
deal with Li and the organic oil. Transient behavior is examined first, for the cases of no control at
startup, shutdown, one beam trip, and two beam trips. The transient behavior of the Li loop and the
organic oil loop are simulated for these cases. Next, control by changing flow rates at the
electromagnetic lithium pump and the organic pump or by use of heaters are examined as methods of
keeping the Li temperature within the acceptable range.

Contributors
Name Part Institute E-mail address

HiituoNakamura Japan JAERI nakamurh(&fusion.nakajaeri. gojp
M. Ida Japan JAERI idagiftiftokaijaeri.gojp
H. Kakui Japan IHI Co., Ltd. YE0929 ihi.cojp

(2) Introduction
IFMIF is an accelerator-based D-Li neutron source to produce an intense flux of high energy

neutrons (2 MW/in 2) and a sufficient irradiation volume (500 CM3) for testing candidate materials for
ITER and DEMO[l]. To realize such conditions, a 40 MeV deuteron beam with current of 250 mA is
injected into liquid Li flowing with a speed of 20 m/s. The major function of the Li target system is
to provide a stable Li jet for production of neutrons [21,[3]. The Li target system consists of the target
assembly and the Li loop. During operation the averaged surface heat flux on the flowing Li is
1 GW/rn2 . The Li loop electromagnetic pump circulates the Li to and from the target assembly through
the impurity purification system and the heat exchanger system. The IFMIF target loop consists of the
primary Li loop, secondary organic oil loop, and tertiary water loops. Every loop, especially the Li
loop, must be controlled to keep the temperature constant. The objectives of this task are to evaluate
the transient thermal behavior of the Li loop during an accidental beam trip and during the transient
behavior at startup of IFMIF operations.

(3) Model and Calculation Conditions
Figure shows the flow diagram of the IFMIF Li loop treated in this transient analysis. The Li

loop consists of the primary Li loop, secondary organic oil loop and tertiary water loops. Calculations
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have used APSS-IFMIF developed by IHI Co., Ltd. In this piping model, theral insulation layers and
heaters are included under the following conditions.

*Ambient temperature : 20'C
*Thermal transfer coefficient of insulation : 10 Kcal/m'hrOC
*Surface temperature on the insulation layer: 400 C
*Minimum temperature of Li at exit of Li cooler : 250'C
*Minimum temperature of organic coolant at inlet of the organic cooler : 2000 C

The U tube type heat exchanger is modeled as a double pipe type heat exchanger with a
correction factor for the theral transfer coefficient. Temperature of the tertiary water at inlet of the
organic cooler is constant. In a model of the electromagnetic pump, the pressure is modeled as a
function between pipes.

In this model, the Li temperature at the exit of the Li cooler is controlled to 2500C by P1
control with Gain P=0.1, Integration time 1=500 s, Time constant T=100 s. In this model, the ratio of
the flow between the secondary organic cooler and the by-pass line is controlled. Also, the flow rate in
the tertiary water loop heat exchanger is controlled.

Calculation of the beam shutdown and startup cases have been analyzed for three beam current
cases: 250 mA, 125 mA and 50 mA. In the case of beam shutdown, a control valve in the organic loop
by-pass line is opened and water flow to the heat exchanger in the tertiary water loop is reduced when
the temperature of the Li at the exit of the Li cooler falls below 2500C.
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of the Li cooler is maintained at 2260C, well above the solidification temperature of Li (180 0C) after

450 s as shown in Fig. 3.
Figure 4 shows the result of the beam startup from zero to 250 mA with temperature control of

the organic loop and the tertiary water ioops. As a result, temperatures of the Li cooler and the organic

cooler reach steady state after 1 000 s.
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Fig. 2 Temporal behavior of the temperatures of the Li cooler and the organic
cooler for the case of a beam shutdown from 250 mA to zero without
control ofthe Li cooler and the organic cooler.
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Fig. 3 Temporal behavior of the temperatures of the Li cooler and the organic
cooler in case of a beam shut down from 250 mA to zero with control of both
the Li cooler and the organic cooler.
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Fig. 4 Temporal behavior of the temperatures of the Li cooler and the organic
cooler in case of a beam startup from zero to 250 mA with control of both
the Li cooler and the organic cooler.

(5) Conclusion
With temperature control of the secondary organic loop and the tertiary water oops, the Li

temperature can be maintained above the solidification temperature of 1 800C in case of the beam
shutdown from the maximum beam current of 250 mA.
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3.2.18 TG81-JA:Design of a Remote Handling Device for Target Back Wall
Replacement

(1) Brief Task Description
Since the back wall of the IFMIF target is used under the most severe conditions of neutron

irradiation, about 50 dpa/y, it must be designed for exchange by a remote maintenance system. There
are two design options for the back wall replacement. The first option is to remove the entire target
assembly including the back wall and move it to a hot cell area for back wall replacement. The second
option is to replace the back wall with the target assembly in place, using a remote handling device.
This task report considers the first option, and the design of a remote handling arm for welding,
cutting, and assembling of the back wall and target assembly. The procedure for disconnecting the
target assembly from the target cell and moving it to the maintenance cell is developed and devices
used in this procedure are identified.
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H.Nakamnura Japan JAERI nakamurh fusion.naka.jaeri.go.p
M. Ida Japan JAERI -idagifmiftokaijiaeri.gojp

H. Kakui Japan IHI YE0929(a,)ihi.cojp
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(2) Design Requirements
The target assembly is connected to the main lithium pipe, quench tank and accelerator

vacuum duct by flanges. The cross section of the target assembly is shown in Fig. 1. These flanges are
designed as lip sealing structures, selected to avoid lithium leaks. As the first step in the removal
process, the lip seals are cut remotely using a YAG laser cutting machine.

The general design requirements of the
remote handling system are as follows:

i) The remote handling arm must be attached
to the Universal Robot of the test facilities.

ii) The remote handling arm shall have .i //
capabilities for replacement of the target
assembly in the target and test cell room by
cutting and welding of the lip seals.

iii)The accuracy of assembling the target is t\
±0.5 mm.

iv) Weight of the target assembly for remote. 
handling is about 970 kg.

v) The target assembly must be transferred.
from the target and test cell room to the
tritium hot cell for replacement of the Fig. I Cross section of the target assembly.
back wall.

(3) Remote Handling Arm
The remote handling arm is attached to the lowest part of the universal robot by a "Gripper" as

shown in Fig. 2. The remote handling arm consists of a Combined Manipulator, a Lifter, and a Main
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Manipulator. The main manipulator is capable of handling 200 kg and has six degrees of freedom for
fine adjustment of movement. The lifter, attached to the side of the combined manipulator, is used for
moving heavy components, for transfer of components from the maintenance hail, and for movement
in the vertical direction. A YAG laser assembly for remote cutting and welding is shown in Fig. 3.
It consists of a rail flange for positioning the
cutting and welding assembly, a laser torch, and
an electric motor system for moving around the
flange seal and for positioning the laser torch.

I KCLP11 ~ ZP~ n IMN

UP Detrium

[ZJ1 F-iRWH(CLJIlin

4~~~~~~~~~~~,

Fig. 3 YAG laser assembly for cutting and Flg. 2 3D view of the target assembly and
welding of lip seals. the remote handling system.

(4) Procedure for Transfer of the Target Assembly x ~
Transfer of the target assembly from the

target cell to the maintenance cell and U FM CMDIff PILAXPP S FM

replacement of the back wall in the maintenance

cell is divided into the following five steps.

©1 Release the target assembly from the main ----
lithium loop, the accelerator beam duct, and
the quench tank.

cell to the floor of the access cell. n ttr<

(® Install the target assembly into a container tU~JL 

that will prevent leakage of any radioactive
material, including tritiumn and Be-7

®3 Transfer the target assembly container, from im]A%'SIMI
the access cell to the maintenance cell, IF

through the radiation shielding hatchesLAETBL
between cells. (nPEJ O)

® Replace the back wall using the remote YAGK
laser cutting and welding machine. /A

Fig. 4 Devices for removing the target
A more detailed description on each procedure is assembly from the target cell to the
given below, access celi.
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4-1) Remove the Target Assembly from the Target Cell
The target assembly is connected to the

main lithium pipe, the quench tank and the
accelerator vacuum duct by flanges. These
flanges use lip saling structures to prevent
lithium leaks. As the first step, the lip seals$
are cut remotely using the YAG laser cutting
machine. The robot system for replacing the
target assembly consists of the combined
manipulator, with the main manipulator,
lifter, and Z-stage gantry crane for
replacing test devices.

i) YAG laser assembly for cutting and
welding
The YAG laser assembly for remote

cutting and welding is shown in Fig. 3. It L8RTL

consists of a rail flange for positioning the ATLWRJ

cutting and welding assembly, a laser torch,
and an electric motor for moving around the
seal flange and positioning the laser torch. Fig. 5 Proceaure to i virnaucan. .4rget

assembly from the accelerator beam
ii) Moving the target assembly duct.

Moving the target assembly from the
target cell to the access cell is accomplished ) A RPE

using the laser table attached to the remote
handling armn, as shown in Fig. 4. L nM P( ~M

4-1-1) The procedure for releasing the target
assembly from the accelerator beam ductWANNRAI
is as follows. The concept of this
procedure is shown in Fig. 5.

a. Hold the laser table and move it to the
flange of the beam duct using the gripper.UGRM

b. Fit the laser table to the beam duct using
an electric wrench.

c. Cut the lip weld using the YAG laser.
d. Move the laser table from the position of

the beam duct.

4-1-2) Procedure for releasing the target
assembly from the lithium inlet pipe /WPEY

(Fig. 6).
a. Hold the laser table and move it to the W~SETH] W5 OF

flange of the lithium inlet pipe using the (PI PE J NT)j
gripper.

b. Fit the laser table to the inlet piping near
the flange using an electric wrench.

c. Cut the lip weld using the YAG laser. Fig. 6 rocedlure to release mne target
d. Move the laser table from the inlet pipe. assembly from the lithium inlet piping.
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2 (~~~~~~~~~~~~~~~~~~~~o

/ ~~~(Q)EMJATM!< 2 LASER TBLE

Fig. 7 Procedure to disconnect the target assembly from the quench tank.

4-1-3) Disconnecting the target assembly from
the quench tank (Fig. 7).

a. Hold the laser table and move it to the"
flange of the quench tank using the
gripper.

b. Fit the laser table to the flange using an
electric wrench.

c. Cut the lip weld using the YAG laser. 7,

d. Move the laser table from this flange. r
4-1 -4) Moving the target assembly from the

target cell to the access cell (Fig. 8).
a. Connect the hook of the lifter on the

combined manipulator to the eye-bolt of
the target assembly, using the adapter

b. Disconnect the target assembly from the
support structure using an electric wrench.

c. Lift the target assembly from the target LI El NG CF
cell to the access floor using the lifter andTAGTASM
manipulator fittings on the combined
manipulator.

d. Move the target assembly from the target y W7

cell to the access cell. Fig. 8 ivivig tta wgut auciiiuy Auln "Al AI

target cell to the access cell.

4-2) Transportation of the Target Assembly from the Access Cell to the Maintenance
Cell
The target assembly is carried from the target cell to the access cell, transported to the

maintenance cell, and it's back wall replaced there. This section outlines the procedures and
devices used for these operations.
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4-2-1) Procedures for transportation
i) Removal from the target cell and setting into the container box

The target assembly is lifted from the target cell by the manipulator and gantry crane and
installed in the container box to avoid spreading radioisotopes produced by the deuterium
bombardment of lithium. A cover is put on this container box and bolted closed remotely, using
an electric wrench.

ii) Transportation of the container box from the access cell to the maintenance cell
Container box is placed on a set of rollers for translation and transfer to the maintenance cell.

The procedure for (i) and (ii) is shown in Fig. 9.

REMOVAL FROM
TARGET CELL i5nzrrr;j

SETTING TO CONTAINER BO CLOSING OF CONTAINER BOX CO

Fig. 9 Procedure for moving the target assembly from the access cell to the maintenance cell.

4-2-2) Replacement of the back wall
i) In the maintenance cell, the container box is opened and the target assembly moved to the base of

the welding machine, using the crane and manipulator in the maintenance cell. Remote handling
of the target assembly in the maintenance cell is shown in Fig. 10.

ii) The back wall is cut from target assembly and replaced with a new back wall using the remotely
operated YAG laser cutting and welding machine. The YAG laser cuffing and welding system for
replacing the back wall is shown in Fig. 1.

CARRING UP FROM CONTAINER B SETTING ON WELDING MACHI!

Fig. 10 Remote handling of the target assembly in the maintenance cell.
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Laser nozzle

Laser windowL~;jvj72Tsin lens
Reflector mirror 

- - ~~~Glass fiber

ii- --4~~~~~~~~j-C~~~~~~ Coolingtube(Ar or N2)

Fiber attachment Thermoco-uple

Fig. 11 YAG laser cutting and welding system for replacing the back wall.
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3.2.19 TG-82-EU Detailed Design, Fabrication and Remote Handling Test of the
Removable Back-plate

(1) Brief Task Description
The reference IFMIF lithium target design foresees the use of a replaceable backwall in order

to improve component reliability and lifetime, and to reduce the disposal of irradiated material. During
the CDA phase ENEA has proposed a replaceable back-plate concept based on the so called bayonet
concept. This task deals with the design, manufacturing, testing and remote handling of bayonet back-
plate mockups. The activity involves ENEA Association and Italian companies.

Contributor
Name IParty iInstitute IE-mail address

G. Miccich~ EU ENEA gioacchino.micciche brasimone.enea.it

(2) Introduction
The reference IFMIF target design is based on the concept of a replaceable backwall. The

backwall is the component most heavily exposed to the high neutron flux, and so its lifetime is
expected to be very short (approximately a few months).The replaceable backwall concept, first
proposed during the I't IFMIF-CDA Technical Workshop, held July 18-21 1995 in Tokai (JA), allows
significant reduction of both the target substitution time and the quantity of irradiated material for
disposal, and was aimed at improvement of the plant duty factor, with related cost reduction. The
back-plate design proposed by ENEA (the so-called bayonet back-plate concept) was introduced at the
2 Id Design Integration meeting in May 1996, and has a major advantage for RH operations in that it
can be replaced without removing the Vertical Target Assembly (VTA). The experimental activities
are aimed at validating the overall concept, developing the back-plate design, and mockup of the
remote handling operation required to remove and replace the back-plate.

The remote handling activities are performed at the ENEA Research Centre using an
experimental hot-cell facility equipped whit the necessary special equipment and tools.

(3) Design and Fabrication of the Back-plate Mock-up
The back-plate mockup is shown in Figs. la-lb-Ic. It consists of a stainless steel AISI 316

plate that can be inserted or removed from the frame by means of a manipulator with a dedicated
interface. The back-plate mockup is approximately 55 cm square with 15 cm deep sidewalls and
weighing about 60 kg. The frame will be manufactured from the same material as used for the back-
plate. A pair of pins (upper and lower on the back-plate) guides the back-plate and protects the gasket
from damage during insertion. As can be seen in Fig. I the back-plate is locked in place by a system of
skates and bolts at the end of its travel. The locking system consists of three skates mounted in upper,
lower and lateral positions on the frame, and six bolts in the remaining side. Each skate, as shown in
Fig. b, is by a structure with six triple bearings on six parallel axes. Each bearing axis comprises
three wheels: the external ones pushing on the back-plate while the central one runs on the inclined
plane. These locking systems provide a force up to 7.5 Tonnes on the gasket that seals the edge and
maintains the required vacuum gradient between the target chamber (10-3 Pa) and the test cell (0' Pa).
The gasket ensures a maximum leak rate of 10-10 Pa *M3 /sec, and it is fitted into a circular groove
between the front face of the back-plate and its matching surface on the permanent target structure.
The gasket characteristics are given in Table I together with the main mock-up components. The
radius of the backwall curvature has been calculated at 250 mm. This value allows optimum coupling
between the backwall and the nozzle (inlet-outlet), while minimizing the discontinuities to improve
stability of the lithium jet [1]. The reference requirements for the test equipment design are given in
Table 2. Figure 2 shows a 3D model of the back-plate. Preliminary tests have been carried out to
validate the mechanical concept, in particular the locking system (Fig. 3), and have given positive
results. The tests involved a section that reproduces one side of the mock-up, where locking and
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unlocking operations were carried out with the test section maintained at 3000C. During the tests, the
external locking torque applied and the resulting load on the back-plate were measured.

for la aI kate

0~~~~~~

Back-plate 

~~2O@ 0 @00 @0~O 

Fig. la General view of back-plate mock-up design.

Inclined planesatea kt
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'.Screw driver for lateral Skate

Removable Back-plate

Upper and lower Skates .

-.- .- Radius curvature Backwall

Fig. c Lateral view of back-plate mock-up.

Table 1 Main components characteristic.

Back-plate Stainless steel AISI 316L, 60 kg (weight)
55 cm (width) x 55 cm (Height) x 15 cm(depth)

Frame mock-up Stainless steel AISI 3 16L , 70 kg (weight)
71,85 cm (Height) x 61,5 cm (width) x 9,5 cm(deep)

Skate Stainless steel AISI 316 L
_____________________bearings INA STOlS and INA NATV 15

Metallic Gasket ARMCO / S 304 L / NIMONIC 90
0488.90 x 0498.30 x 4.7/4.6 mm.

Table 2 Reference requirements.

Vacuum in the target chamber I 0 Pa

Vacuum outside the target chamber 10-' Pa

Leak rate 10-1"Pa * m3 /sec
Lithium inlet/outlet ternperature 250 C / 300 C

Temperature peaks Up to 400 C
Tightness force required 32 Tonnes

External Torque for bolt I11 Nm
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Fig. 2 3D Back-plate model under construction.

Fig. 3 Detail of the locking system.
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(4) Test Facility and Remote Handling Activity
The remote handling activities are being performed by using the existing facility at the ENEA

Brasimone Research Centre, which is well suited to carry out the feasibility trials needed to replace the
IFMIF back-plate. The RH arrangement foresees a separation of the hot cell simulating area from the
operator area by an opaque screen to enable relevant remote operations, i.e. no direct vision is possible
[2]. The dimensions of the hot cell simulating
area have been reduced by screens to 3x1 m2 Table 3 Sequence of demo back-plate
with height 2.5 m. The back-plate replacement insertion.
requires the complete bolting/unbolting of the Use of:
three skate systems and associated bolts. The In the Hot Cell
time to complete these operations is estimated at - heavy manipulator;
two days [11. The RI- procedures were defined - light manipulator (slave arms);
and tested using a dummy back-plate (see next - special tools
paragraph), and were centered on the basic In the operator area
sequence required to remove and install the - main control panel;
back-plate. - light manipulator (master arms);

Although these operations may seem - viewing system;
simple, the limited space around the mock-up - recording system;
represents a major problem. The dummy is a Precondition: ----------------
simplified back plate mock-up, with the same Prcnio:
dimensions, weight and center of gravity as the - the frame is empty;

origial. Fg. 4showsthe xperienta insetion- the interface hetween the back-plate and
origina. Fig.4 show the eperimetal inertionthe manipulator gripper is fitted;

trials of the dummy back-plate, and each step is Sequence of principal actions:
reported in Table 3. The time required to execute - put the back-plate in front of the frame in
these operations was measured. The trials also a working position, ready to insert the
checked the ability of each component to back-plate;
performn its task - in particular the interface - insert the BP into the frame;
between the back-plate and the manipulator arm - rotate each SAW to clamp the back-plate;
was optimized to give the best coupling - and to - tighten the screws on the left-side of the
characterize the working range of the equipment. back-plate.

Fig. 4 Trials with dummy back-plate.
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(5) Conclusions
A mockup of the IFMIF target back-plate, based on the bayonet concept, has been fabricated.

This will enable remote handling trials to take place in the ENEA Brasimone Research Centre hot-cell
mockup facility, with a view to evaluating the remote replaceability of the back-plate. Some
preliminary quantitative tests on the locking system of the mock-up have given good results and
indicate that the design will achieve its intended objective.
A number of simple trials have also been carried out successfully on a dummy back-plate mockup to
gain some early impressions of the viability of the remote handling principles, procedures and time
required to exchange it.

References
[1] M. Martone,(editor), IFMIF International Fusion Material Irradiation Facility Conceptual Design

Activity Final Report, ENEA Frascati Report, RT/ERG/FUS/96/1 1, November 1996.
[2] G. Miccich~, M.Muzzarelli, C.Antonucci, Target assembly with removable backwall and related

remote handling equipment.
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3.3 Test Facilities

3.3.1 TF11/1 2-EU Helium-cooled High Flux Test Module: Design Improvement,
Fabrication of Sub-assembly and Thermal Hydraulics Testing

(1) Brief Task Description
Providing a test module for specimen irradiation temperatures between about 250 and 1 0000C

is one of the most challenging design requirements for the IFMIF Test Facilities. The successful
development of a He-cooled test module will provide for any material a broad range of possible
irradiation temperatures, simultaneous irradiation of rigs having different temperatures, as well as
flexible and safe operating conditions.

As a first step, a fundamental re-evaluation of the existing reference design was performed,
including (1) detailed thermal hydraulics and fluid dynamics calculations and (2) FE-optimized design
of an improved test module mockup that can be equipped with a representative number of rigs. The
thermnal hydraulic calculations take into account potential irradiation induced creep and swelling as
well as the nuclear decay heat and beam-off times. An evaluation of whether the nuclear decay heat
could replace very complicated electrical heaters during beam-off periods was also attempted. In a
second step an assessment of manufacturing processes for specimen encapsulation, piping, and active
ohmic heating elements was done together with a validation of heat transfer and pressure loss
calculations. Finally, in a third step, construction and fabrication of one test module mockup and an
adequate number of specimen capsules was done using a reduced activation ferrtic/martensitic steel.
The fabrication was also necessary to validate assembly, disassembly and precise positioning of
capsules, rigs and specimens.

Contributors
Name Party Institute E-mail address

V. Heinzel EU FZK Volker.heinzel~irs.fzk.de
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S. Simakov EU FZK simakov~irs.fzk.de
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(2) Introduction
The reference design of the IMIF, described in the CDA report [1], envisages a High Flux

Test Module (HFTM) with 27 rigs. The rigs house capsules which enclose the material specimens to
be irradiated. The rigs have an almost square cross section. Due to the irradiation with neutrons and
gamma radiation, the specimens and the structural materials exhibit an internal volume heating. The
rigs are cooled with helium flowing upward at the outside of the rig walls. The gap inside the rig and
between the capsule walls acts as thermal insulation. The capsule is surrounded by electric heaters.
These keep the capsule and specimens at constant temperatures independent of nuclear heat spatial
distribution and fluctuation.

The rigs are positioned in a container. The inlet section to the container has to distribute the
helium evenly to all gaps within the rigs. According to the preceding nuclear analysis, reflector
elements were arranged lateral to the container. Steel extensions of the rigs provide an axial reflector.

The redesign of the HFTM aims at "maximum space and flexibility for the specimens" which
means on the other hand "minimum space for heater, coolant channels and structural material". The
inuclear volume heating causes temperature gradients within the specimen and the structural material.
'The heat transfer from the specimen via the capsule and the rig walls to the helium with variation of
-the heat transfer coefficient in the helium channel and the increase of the helium temperature along the
channel creates a complex temperature distribution. In addition, the nuclear heat density has a spatial
distribution. The rig design and the layout of the electric capsule heaters. have to cope with and
irinimize the temperature differences within the specimen stack.
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(3) Spatial Distribution of the Nuclear Heat Density
The nuclear calculations indicate an overall power of Pnu,a,v = 7 kW The power density in the

volume for the specimens is about 25 W/cm3 at maximum and 14 W/cm3 on average. (The power
release within the reflector is not considered in the following analysis.) For a first survey of the helium
cooling, we assume a balance of power density and power shape with electric heaters and reserves of
additional 20% for heat release in the structural components and the container, an overall power of
Ptotai, = 15 kW has to be removed. We further limit the temperature increase for the helium flowing
along the rigs to k* = 30 0 C so that the resulting axial temperature gradient for the specimens is small.
This leads to a helium mass flow rate of ik = 96 g/s. For a rig arrangement like that of the reference
design, a gap between the rigs of 6 1 mm and a helium pressure of 0.2 MPa results in a helium
velocity of about CH, = 300 m/s. The Reynolds number is about Re = 9000 [2].

Fig. shows the power distribution results of the nuclear calculation [3]. The figure also
depicts the geometry of the HFTM of the reference design. However an earlier nuclear calculation
required an extension of the HFTM in the axial direction of about 80 mm for optimal exploitation of
the neutron beam. From Fig. we can take the power density gradients in all three dimensions. Only
at the beam entrance side does the power density vary within about 15% in the x-direction for 80 mnm
and in z-direction for about 15 mm. In the y-direction the power declines by a factor of 3 within the
region of interest. As this is the region with the highest power density our detailed analysis of the
temperature field in the rigs and the heat removal mainly concentrated on this position in the container.

(4) Rigs with Chocolate Plate like Cross Section
The design analysis started from the reference design with rigs of almost squared cross

sections. The reasons for the transition to chocolate plate like cross section are given before the new
design is presented.

(4.1) Rig design with squared cross section
The temperature distribution within the specimen volume of a squared rig was calculated with

the code PERMAS for the highest power density at the beam entrance position. Only with a

Y ~~~heating [W/cr-n3]

4 20

z-~~~~~~~~~ X
7 6 ~~~44 3 24* '1 29>
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Fig. 2 Open capsule with flat heater plates.

temperature control or heat removal from all 4 rig sides could the temperature variation can be kept
below 100C. This entails a cooling gap on the four sides of the rigs and for temperature control at
beam shutdown situation electric heaters on all four surfaces of the capsule.

In section 3 the nuclear power density gradient in the axial direction was addressed. Additional
heaters are necessary in order to balance the power and to prevent an axial temperature gradient. To
achieve such a power distribution with electric jacket wire heaters as usually applied would require too
much space. Therefore, less space-consuming flat plate heaters were suggested. A design is shown in
Fig. 2. Two heaters are embedded in a ceramic carrier. They can be arranged so that they balance the
nuclear heating as well as create an appropriate power distribution without a nuclear contribution. A
promising development on the basis of AIN-ceramic with heating elements of TaC is being
investigated in collaboration with a ceramic manufacturer.

(4.2) Heat transfer from specimen to specimen to capsule wall
Specimens inserted into the capsule will fill up the space according to their shape. This will alter

the nuclear power release on the one hand. This may be mitigated by using filler pieces. On the other
hand, the power must be transported across the boundary from specimen to specimen and finally to the
capsule wall. However, the heat transfer can hardly be defined or guaranteed in practice if the gaps are
filled by a gas. This is demonstrated in Fig. 3, where the gap width was changed from 0.02 (top) to
0.01 mm (middle). The lower figure shows the temperature distribution for a gap filled with sodium.
The temperature variation falls to 15 C compared to 360C in the upper case.

Supplemented by further analysis, the results led to the decision that the capsules have to be
filled with sodium. Nuclear calculations showed that the small amount of sodium in the capsules had
no impact on the neutron flux or the power generated. The use of the eutectic alloy Na/K in order to
simplify the handling is still under discussion. Capsules filled with a liquid metal preclude the open
boxes with flat heater plates as shown in Fig. 2. Therewith, electric heaters of the jacket wire type have
to be used. Independently, however, the development of flat ceramic heaters is continued for use in
capsules in positions with lower power density.
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Hegpo4-2m ewenteseie n aselfle ec

He gap of 0.02 mm between the specimen and a steel filler peace

Gap between the specimen and the steel filler peace filled with Na
The nuclear power is 28 W/cm3 , the cooling temperature 300C.

Fig. 3 Temperature distribution in a specimen for stress analysis together with a steel filler
piece, calculated with the code PERMAS for a volume heating rate of 28 W/cm 3; the
gap between the filler peace and the specimen is filled with helium at a width of 0.02
mm (top), 0.01 mm (middle) and filled with sodium (bottom).
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I E~~~~~~~~~JL

Fig. 4 Rigs with chocolate plate-like cross section installed in the container which is subdivided
into four compartments; the specimen types are depicted at right top; studies with
specimen arrangements are shown on the left side; the container with compartments and
rigs is presented below.

(4.3) Chocolate plate rigs design
Smaller width of the specimen volume, the need for wire heaters, and the need for reduced

space for the wire heaters led to the decision to analyse rigs with a chocolate-plate-like cross section.
The wish to keep individual rigs independent at different temperature levels caused the subdivision of
the container into four compartments filled with 3 rigs each. The major contour dimensions of the
specimen are shown in Fig. 4 (top right). Different arrangements of the specimen within the capsules
were studied Fig. 4 (left). It was found that the more completely the space was used for a maximum
number of specimens, the less flexibility in changing specimen types or in the option of preserving a
certain position for an individual specimen.

Mainly two rig types were analysed in detail, with some variants each. Fig.4 (middle right)
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shows the variant with wire heaters wound vertically around the capsule. The axial inner length of the
capsule to hold the specimen stack is 81 mm. The length in horizontal or x-direction (see Fig.4) is 46.4
mm and the width 10.74 mm. The capsule is closed by weld seals at both ends. The seam is located at
an extension of the capsule wall and therewith removed from the high flux area. (An expansion
volume for the sodium still has to be added to this design.) Additional axial heaters may be installed in
the hat-like end closures of the capsules. Spacer pins with low heat conduction secure the position in
the rigs. On one side of the rig spacer pads keep the distance to the container wall or the next rig.
These form the helium channel with only one manufacturing tolerance.

The electric wire heaters are embedded in grooves on the capsule. Caps with a comb-like outer
surface wre fixed to the end closure hats. They extend the heater positioning grooves so that the heater
wires can be wound like a coil wround the capsule ends.

(4.4) 2D thermal analysis of the chocolate rig with variable gap between capsule and rig
walls

As noted earlier, the electric heaters on the capsules have to control the temperatures of the
specimen at different temperature levels during beam operation, as well as during short beamn-off
periods. They have to supplement the nuclewr power and cope with the nuclear power variation in the
axial direction. During beam-off periods this non-uniform power contribution is not present.

In order to advance with one heater coil, we analysed a design where the gap between capsule
and heater was varied in axial direction. It increases step wise from the specimen stack midplane to the
upper and lower stack ends, thus providing a step wise increase of the thermal baffler between capsule
and rig. The 2-D simulation with PERMAS assumes a constant helium temperature and heat transfer
coefficient on the outside of the rig.

For comparison, Fig. a presents a reference design with a constant axial gap width. With
nuclear heating only, the relative temperature difference in the specimen stack amounts to 127C. If
the gap width is enlwrged in 3 steps, the temperature difference is reduced to 140C. However, for the
beam-off situation a temperature difference of 640C occurs, whereas the constant gap width has a
relative temperature variation of only 70C (Fig. b). Fig. c demonstrates that a heater system with
incrementally differentiated heater power in the axial direction is indispensable.

O2n

25a -25 m
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Fig. 5b Only electrical heating with ohmic wires (150 W/m) is taken into account. Left side:
variable gas gap from the middle (0.15 mm, 0.2 mm, 0.4 mm, 1.2 mm). Right side:
constant He gas gap of 0.5 mm.

Lelstung He Spalt Ii,

1,2mm IK~
45W Jm

6OW 024mm 6m

0,15mm 0,2mm

Fig. 5c Capsule/rig-design with variable He gas gap width between capsule and rig walls and
variable power distribution of electric heater.
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(4.5) 3D calculations of the temperature distribution in rig and capsule with 3 axial
heater coils and constant gap between capsule and rig walls

The jacket wire heaters are wound in horizontal groves on the capsules. They are subdivided
into a lower, middle and upper heater. The simulations were carried out with the code STARCD. This

E2

0)

CO)

(a) Hlum channel (b)

Fig. 6 (a) model used for the simulation with STARCD.
(b) model with the electric heaters for the 3D simulation with STARCD.

PROSTAR 3.1 U

Ž9-OCT-02
TEMPERATURE
RELATIVE
CELSIUS
ITER - 70
LOCAL MX: 465.3
[OCAL MN. 450.3

4550

457 4

4546
4535

IFMIF RIG
I-mi-Re-Model

Fig. 7 Temperature distribution in the specimen stack with nuclear heating and additional
electric heater power; with an adapted power distribution of the three electric heaters
the temoerature can be kevt within a tolerance of 151C over a stack heiuyht of 66 mm.
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CFD code calculates the major parameters of the helium flow, such as heat transfer to the helium and
gas pressure. Several design variants were analysed. The computer model for one example is shown in
Fig. 6a. More details and the position of the electric heaters are given in Fig. 6b. An example of the
temperature distribution in the specimen stack with nuclear heating and additional electric heater
power is shown in Fig.6b. With an adjustable power distribution of the three electric heaters the
temperature can be kept within a tolerance of 1 50C over a stack height of 66 mim.

This optimization will be continued. The main parameters are the capsule wall thickness,
heater axial subdivision and heater power distribution, gap width between capsule and rig, as well as
the channel cross section at the outer side of the rig. As can be taken from Fig. 7, the temperature can
be held within about 1 50C over the specimen stack for a wide range of temperatures by an appropriate
arrangement and power distribution in the electric heaters. However there remains a small zone with
larger temperature deviations. This deviation can be reduced by additional heaters. These heaters on
the other hand will require additional space. It has to be carefully considered whether the specimens in
those regions are rejected or some specimens are removed in order to give space for additional heaters.

(5) ITHEX Experiments for Validating the Heat Transfer and Pressure Loss Simulation
Calculation

Tests in the ITHEX experimental facility are designed for the validation of the heat transfer
and pressure loss simulation calculations in the helium channels. The test section has an annular
channel geometry shown in Fig. 8. It is heated from both sides. Electric jacket wire heater s are used as
they are envisaged for the IFMIF HFTM.

The channel walls are made from two co-axial shells. The heaters are embedded into grooves
of one shell. After installation of thermocouples and insertion in the second shell the space between
the shells is filled by a braze filler material. The development of the brazing procedure is now
complete and the final test section can be made. The installation of the heater was also an exercise for
the milling manufacturing of the parallel grooves with a small inclination angle and the winding of the
heater.

It was planned to install the ITHEX test section into the helium loop of the former Dual-Beam
facility at FZK. The reactivation of this loop revealed that the pump created pressure fluctuations with
which the flow meter could not cope. Therefore, tests with side channel compressors and a new mass
flow meter were carried on in order to build a new but much smaller loop (Fig. 9).

Helium Inlet~ ~ ~~~~~~~~~~~~~eiu ute

Fig. 8 ITHEX test section designed using CATIA VS.
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Fig. 10 Manufacturing test of capsule,
rig and container; the outer surfaces and
the grooves on the capsule surface are
milled; all hollow spaces are spark
eroded; the container has a flange on both
sides; the wall thickness is mm; the

Fig. 9 He-loop for ITHEX with a side components are made from solid stock
channel compressor and a coriolis mass which was annealed before milling and
flow meter. spark erosion.

(6) Proving Manufacturing Technologies
The crucial manufacturing technologies for the HFTM design are milling of the grooves for

the wire heater, winding of the heater wires, and the spark erosion of the capsule, rig and container.
Fig. 10 shows the result of the test for manufacturing technologies. The quality control revealed that
those technologies were successful and can be used for the HFTM.
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3.3.2 TF2I-JA: Neutron Spectrum and 7Be Production in Li(d,n) Reactions at 25 and 40
MeV

(1) Brief Task Description
To improve the data accuracy of the neutron emission spectrum for the Li(d,n) reaction and the

radioactivity (Be, H, etc) accumulation in the lithium target in JEMIF, we have measured the neutron
emission spectrum and the production of 'Be for thick lithium targets at 25 MeV and 40 MeV deuteron
energy at the Tohoku University AVF cyclotron (K=l 1 0) facility.

Neutron spectra were measured with the time-of-flight method at ten laboratory angles by using
a beam deflection system and a well-collimated time-of-flight channel detector. Induced radioactivity
was measured by detecting the gamma-rays from Be with a pure Ge detector.

The present result of neutron emission spectra covers most of the energy range down to -0.8
MeV and clarified the neutron spectrum and the angular dependence of the yield. The results for 7Be
production were much larger than predicted by the recent codes.

Contributors
Name Party Institute E-mail address

M. Baba Japan Tohoku Univ. babam~cyric.tohoku.acjp
M. Hagiwara Japan Tohoku Univ. hagi~cyric.tohoku.acjp
M. Sugimoto Japan JAERI sugimoto ifmif tokai.jaeri.go.p

(2) Introduction
For the design and operation of the neutron production target of IFMIF, detailed knowledge is

required on the energy-angular neutron emission spectrum of the IL (d,n) reaction, and the radioactivity
(7Be , 3 , etc) production in the target [I]. The neutron flux and spectral data are required for precise
evaluation of neutron irradiation effects, and the radioactivity accumulation is of concern for the safe
management of the target system. Work was done on these subjects in the course of the FMIT project,
but the status of the data is not good enough, as shown by marked differences among experimental data
[2-6].

To improve the data accuracy of the neutron energy-angular distribution and the predictability
of the radioactivity production in the IFMIF 7L target, we have carried out experiments on the neutron
emission spectrum of the 7 Li(d,n) reaction and the radioactivity induced in the target using the AVE
cyclotron (K=1 10I) at the Tohoku University Cyclotron and Radioisotope Center (CYRIC) [7].

This paper presents the experiments on 1) the neutron emission spectra and 2) the production of
radioactive nuclide, Bhe, of the Li(d,n) reaction for 25 MeV and 40 MeV deuterons. The neutron spectra
were measured with the time-of-flight (TOE) method at ten laboratory angles between 0- and 90- or
1 10-deg using a beam deflection system and a well-collimated TOE channel. The amount of 7Be
produced in the lithium target was measured by counting the gamma-rays from 7TBe using a pure Ge
detector.

Experimental results for 25 MeV deuterons are presented; however, the analysis of 40 MeV
data is not finished. The results are compared with other experimental data and calculations.

(3) Experiments
Figure 1 illustrates the layout of target room No. 5 in CYRIC where the experiment was carried

out. A deuteron beam accelerated by the AVF cyclotron was transported to the target room No. 5 which
is equipped with a beam deflection system and a neutron TOE channel detector as shown in Fig. 1. The
beam deflection system changes the incident angle of the beam onto the target from -5- deg to 145-deg
and enables angular distribution measurement without changing the detector setup. The neutron flight
channel is 44-in-long.

The target was a metallic plate of elemental lithium. Care was taken on the chemical purity of
the lithium target: The target was prepared by mechanical pressing of a lithium ingot under argon
atmosphere to avoid oxygen contaminant and the lithium ingot was cleaned up thoroughly prior to the
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pressing to avoid carbon contamination. The lithium target was 7.5 mm thick to stop the incident beam
of 25 MeV deuterons. The size of the target was about 2 cm x 4 cm which is sufficiently larger than the
deuteron beam spot, about 5 mm in diameter. It was set in a remotely controllable target changer
without a backing together with a beam viewer of aluminum oxide. The support frame was isolated
from the ground to read out a beam charge induced on the target. Also, the target frame was surrounded
by a copper mesh biased at -300 V to suppress secondary electron emission from the target.

Beam swine

'a

a Ta~~~~~~~~~~~rget chame
OX Beam dump

Shadow bar '

.~ Concrete shiel

in~~~~

Fi.ITh aot ftrgtro N.5atCRC

smaller detecto~~rs eeplctr otI n . ro h agt epciel Fg ) h hre

The trgqec chamea shiteldnedm wh1s ticnredueoaote wal MHavuing a beam channe, fo

ainetd intcovera bea chanel to spcllim Ti nbe esrmnfte neutrons fromtthe target.
06MEm itedflgh neutron er detcte wihamE1 cniltondtco,1-mda

smllreetr were plDacd auls-et mand 3.5rm romete tarentb esectativepFigr1)aTete shaor

off-line analysis [8].
Typical pulse width was -1.5 ns FWHM, and the beam current on the target was in the range of

0.5 to nA. The beam current was digitized and recorded by a mullti-channel scaler for normalization
of the neutron TOF spectrum and the 7Be production measurement. The TOF data were obtained at ten
angles 0, 5, 10, 15, 20, 25, 30, 40, 60, 90 deg.

The activity of 7Be accumulated in the lithium target was measured by detecting the 477 key
gamm-a-rays produced in the decay of 7Be. The lithium target bombarded by the deuteron beam during
the neutron spectrum measurement was measured with a pure Ge detector (EURICIS MESURESE
GPC50 - 195-R) and a multi-channel analyzer.
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(4) Data Analysis
Neutron TOF spectra gated by a PSD signal and a lower pulse-height bias were convented into

energy spectra taking account of the effect of relativity.
As a second step, the spectra were divided by the detector efficiency and the solid angle to

convert into differential yields. The efficiency versus energy curves of detectors were obtained by
calculations using a revised version of the Monte Carlo code SCINFUL [9] that was verified by Meigo
to be accurate within ± 5% up to 80 MeV []. The spectra were nonnalized by the integrated beam
current. The neutron spectrum data was corrected for the effects of neutron attenuation in the target and
in the air between target and detectors.

The induced Be activity was detennined from the gamma-ray counts by the pure Ge detector
and the decay constant. The efficiency of the Ge detector was determined by calculation using the
Monte Carlo code EGS 4 [1]. The calculated results were confirmed at several energy points with
standard gamma-ray sources.

(5) Results and Discussion
Li(d,n) neutron spectra

The present results for the Li(d, n) neutron spectrum for 25 MeV deuterons are shown in Fig. 2
and Fig. 3. The data are given as the neutron spectrum per unit solid angle and microCoulomb. The
present results provide neutron spectra over almost the entire range of neutron energy owing to the
utilization of the beam chopper and the low-threshold neutron detector. The data will contribute greatly
to reducing uncertainty in the source term of JFMIF. The experimental spectra are divided into two
parts; a high-energy tail region probably due to direct stripping reactions, and a main peak region,
centered around 10 MeV which is expected as a main neutron source in IFMIF. The present data clearly
show the shape and angular dependence of the neutron spectrum including the high-energy tail.

Ht Li(d,xn) spectra
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_ -K~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -------
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Ca~~~~~~~~~~~~ IO
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I I _~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~ ti~~~~rgy IM 4030 0 

Ncutron encrgy 1McV I

Fig 2 Comparison of the present Li(d,n) Fig. 3 The present results on the angular
spectrum at 25 MeV and 0-deg. with those by dependence of the Li(d,n) neutron spectrum
Lone et al [31 at 23 MeV and 0-deg. with a thick target at 25 MeV.

In Fig. 2, the present data at 0-deg are compared with the experimental data by Lone et al at 23
MeV and 0-deg. [3]. The data of Lone et al are in agreement with the present data in most energy
regions if the difference in incident energy is taken into account. However, the data by Lone et al are
systematically higher below '-5 MeV and in the high-energy tail region. The large neutron yield in the
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low energy region in Lone et al' s data seems improbable because of very strong recoil effects in the
Li(d,n) reaction. In the high energy tail region, the data by Sugimoto [12] at 32 MeV are closer to the
present data rather than those by Lone et al. Establishment of the neutron spectrum in this energy region
is important because neutrons in the high energy tail will cause much more damage due to large helium
production cross-sections and the higher energy of primary-knock-on atoms.
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nat Li~~d,2n Be TTY 7Li d,2n Be

1O~~~~ ____~~~IRACM calculation
80 - 0~ BJaguzhovskij et al.

S £~~~1 O.N.Vysotskij et al.
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Fig. 5 The status of the cross section data for Fig. 6 The status of the cross section data for
the 7Li(d,2n) 7Be reaction. the 7 Li(d,2n) 7Be reaction.

(6) Conclusion
The present expeniment provided data on (1) the energy and angular distribution of neutron

production, and (2) the 7Be production rate via the (d,n) reaction on thick elemental lithium at 25
MeV and 40 MeV using the K= 11I0 AVF cyclotron at Tohoku University CYRIC.

I) In the spectrum measurement, almost the entire spectrum could be observed clearly, including the
high-energy tail. The data provided the basis to establish the shape and angular dependence of the
Li(d,n) neutron spectrum.

2) The experimental values for the 7Be production rate were much smaller than expected by the IRAC
code, probably due to underestimation of the 7Li(d,2n) reaction by the code.
In summary, the present results will provide a firm database for the design and the operation of
the IFMIF neutron field.
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3.3.3 TF22-JA Analysis of Asymmetry in the Neutron Irradiation Field

(1) Brief Task Description
The IFMIF neutron flux distribution is formed by two beams. The neutron flux is calculated to

show the effect of unbalanced beam intensities on the neutron flux distribution in the loading material,
assumed for the purpose of calculation to be uniformly composed of Fe 50% and void 50%. The gradient
of neutron flux is little affected by the unbalance of beam intensities, although the neutron flux varies in
proportion to the total intensity of beams. Therefore, the unbalance of beam intensities will not be a
limitation on the materials irradiation experiments.

Contributors
Name Party Institute E-mail address

M. Sugimoto Japan JAERI sugimoto~ifmiftokaijaeri.gojp
T. Yutani Japan JAERI ytani ifmniftokai. aeri.go.p

(2) Introduction
The neutron irradiation field of IFMIF is required to be distributed with flux gradient less than

1 0%/cm, which is adequate for the small specimens used in experiments. However, the 40-MeV
deuterons interact with lithium and generate neutrons with a forward peaked distribution, and the beam
footprint is large (20 cm width by 5 cm height) compared to the specimen size (-cm). Furthermore, the
two deuteron beams enter the lithium target with 20 degrees opening angle to the surface of the target,
and the intensity of each beam may be varied independently, depending on the operating conditions,
such as beam failure and planned beam-off time. Therefore, the asymmetry of the irradiation field needs
to be examined.

Test module & Specimens 
(Fe 50% + Void 50%)

A: reference value is 2 mm
r ~~Backwall Fe)1. mm

Lithium 25 mm
260 mm

2 OO1~~~~ fj 'Deuteron incident angle: 10 degree

Beam height (z direction): 50 mm

Fig. 1 Neutron flux calculation model.
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(3) Calculation Model and Method
The calculation configuration is shown in Fig. 1. Two 40-MeV deuteron beams enter the lithium

target with 20 degrees opening angle (10 degrees to the y-z plane normal). Each beam is uniformly
distributed over a footprint of 20 cm width x 5 cm height (z direction) and has cm tails at top and
bottom. The thickness of the lithium stream and steel backwall are 25 mm and 1.8 mm respectively on
the basis of the design of a recent target system. The loading material (test module and specimens) in the
high flux test module is assumed to be uniformly composed of Fe 50% and void 50%, and its size is
infinite. The reference value for the distance between backwall and loading material is 2 mmn, and will
be accurately set by the remote handling system in IFMIF. The calculation cases are as follows.

* Case (reference)
Beam current: beam - 125 mA, beam 2 - 125 mA
Distance between backwall and loading material: 2 mm

* Case 2
Beam current: beam - 125 mA, beam 2 - 125 mA
Distance between backwall and loading material: 5 mm

* Case 3
Beam current: beam - 125 mA, beam 2 - 62.5 mA
Distance between backwall and loading material: 2 mm

* Case 4
Beam current: beam I - 125 mA, beam 2 - 0 mA
Distance between backwall and loading material: 2 mm

The source neutrons energy and angular distributions from the d+Li reaction are deduced from
the analysis of the existing measurements, for energies up to the incident deuteron energy of 35 MeV.
The neutron flux at each point is estimated by assuming the continuous slowing down of deuterons
along the injection direction and a simplified range vs. energy formula fitted to the stopping power
calculated by SRIM2000. The multiple scattering effects are neglected for the sampled area near the
target region. The resultant response map consisting of flux per unit cell at each sampled points over the
calculation area for the line source based on the pencil-like beam is superimposed by a given beam
distribution pattern. The above method is necessary to suppress the numerical noise to derive the flux
gradients. Therefore the absolute values of the flux and the irradiation volumes obtained have some
uncertainties, and they should be renormialized to the results of detailed Monte Carlo calculations. The
source model also has some ambiguities about the precise shape of energy spectra and the newly
available result of d+Li measurement at 40 MeV will be used to refine the model later.

(4) Neutron Flux Distribution
Figure 2 shows the contour plots of neutron flux for the region of 5 cm x 20 cm on the central

x-y plane of the specimen irradiation region. Figure 3 shows the volumes giving the neutron flux above
the specific level in the specimen irradiation region. These volumes are large, because they include
volumes of the outside of the high flux region (5 cm depth x 20 cm width x 5 cm height). As shown in
Fig. 4 especially the neutron fluxes in the z direction are comparatively high around the high flux region.

As the distance between backwall and loading material increases, the highest neutron flux of the
specimen irradiation region is reduced. When the distance is varied from 2 mm (reference) to 5 mm the
maximum neutron flux is reduced by 7 %, corresponding to a gradient of about 20%/cm and the volume
having neutron flux above 2x 1014 n/cM2 /S is reduced by 5%. (Neutron flux of 2x 1014 n/CM2/ is

equivalent to 17 dpaI1py in Fe, if the value of dpa cross section for Fe in IFMIF is estimated to be 2.7
b*keV.).
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one beam is lowered. However, the neutron flux gradient is little affected. Therefore, the imbalance in
beam current will not limit the materials irradiation programs.
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(a) Case (Reference case. Beam current is 125 mA and beam 2 current is 125
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(c) Case 3 (Beam current is 125 mA and beam 2 current is 62.5 mA. Distance
between backwall and loading material is 2 mm.)
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(d) Case 4 (Beam 1 current is 125 mA and beam 2 current is 0 mA. Distance

between backwall and loading material is 2 mm.)

Fig. 6 Contour plot of neutron flux gradient (%/cm) of y direction for the region of 5 cm x 20 cm
on the central x-y plane of the specimen irradiation region.
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Fig. 7 Contour plot of neutron flux gradient (%/cm) of z direction on the central x-z plane of the
specimen irradiation region.
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3.3.4 TF23/24-EU : Performance Improvement of the Medium Flux Test Module by
Neutronics Calculations and Revised Design

(I) Brief Task Description
The objective of task TF23-EU is to further improve the neutron spectrum and the irradiation

conditions in the high and medium flux volumes of the test cell. Although the general data like H, He
and dpa production already reflect DEMO-relevant irradiation conditions in the high flux volume,
there is reasonable hope to further improve the irradiation conditions by adapting also the spectral dis-
tribution of the primary knock-on atoms. This distribution depends strongly on the neutron spectral
distribution. The latter can be modified by an additional neutron moderator/reflector module that
might become part of an existing test module. It is expected that a successful development of such a
module will also improve the irradiation conditions for in-situ tritium release experiments on breeder
ceramics in the medium flux region.

The objective of task TF24-EU is to integrate a neutron moderator and a neutron reflector into
an existing test module in order to further improve the neutron spectrum and the irradiation conditions
in the high and medium flux volume of the test cell. Based on the results of neutronics calculations, a
technically feasible concept must be developed that is also compatible with the major features of the
existing reference design. It is expected that the coolant for this moderator/reflector component can be
supplied by the Vertical Test Assembly (VTA) of the involved test module.

Contributors
Name Party Institute E-mail address
A. Moslang EU FZKIIMF-1 anton.moeslang~imf.fzk.de
P. Vladimirov EU FZKIIMF-l pavel.vladimirov~imf fzk.de

(2) ntroduction
IFMIF is proposed as an intense neutron source to test fusion reactor materials under relevant

irradiation conditions. It should provide a proper neutron spectrum with sufficiently high damage pro-
duction rates to also allow accelerated testing within an appropriate volume. The primary goal of the
present study was to select, on the basis of neutron transport calculations, a suitable design of the
IFMIF medium flux test module (MFTM) for a proper irradiation response of ceramic breeder materi-
als. On the basis of systematic screening studies of different material combinations and test module
shapes, it was shown that the IFMIF neutron spectrum could be adjusted to nearly match DEMO reac-
tor conditions by a combination of tungsten plates serving as spectral shifter and carbon coating of the
test modules acting as neutron reflector. In addition, damage code calculations confirmed that FMIF
provides, over the entire energy range, DEMO reactor relevant primary knock-on atom (PKA) spectra,
which governs the damage morphology and, hence, mechanical properties of many irradiated materials.
For Li4SiO 4 enriched with in 6Li, neutron spectra, gas production and damage rates are presented and
compared with those of a helium cooled pebble bed blanket of a fusion DEMO reactor. Finally, an
outline for an improved design is also being proposed that takes into account the neutronics calcula-
tions and the related neutron spectral shifter and neutron reflector requirements.

(3) Suitability of IFMIF MFTM Irradiation Conditions for Structural Materials
Previous extensive Monte Carlo simulations [1,2] have clearly shown that the IFMIF irradia-

tion conditions for iron-based structural materials fit quite well those of a DEMO power reactor. In
particular, it was shown that with a proper selection of spectral shifter material and design configura-
tion, IFMIF provides DEMO reactor relevant H, He and dpa production rates as well as perfectly
matched H/dpa and He/dpa ratios in structural materials. A major result of the screening study is that
the integration of two 30 mm thick tungsten plates at the front and back of the IFMIF creep-fatigue
test module very effectively levels the high energy neutrons peaked around 12-16 MeV and, at the
same time, notedly increase the neutron population in the range 5x 10-3 to 5XI1-' MeV []. Between
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1 02 and 10-' MeV the neutron flux increase is more than fourfold. This spectral shifter effect is most
pronounced immediately behind the W-plates, that is, in the test module dedicated to in-situ tritium
release experiments on Be and ceramic breeder materials.

These neutron transport calculations also revealed that a replacement of tungsten, e.g by iron
or nickel based alloys, would 10
have only a very moderate spec- 1.
tral shifter effect. A substitution M1FlM (bare) 
of tungsten by silicon carbide or rVFTM W pOates
graphite would increase the high 0.8 IEIiwc miel
energy part (>3MeV) of the neu- _ HT(r) F
tron spectrum by about 50% and
80%, respectively, mainly due to __0.6- DamIT fusion reactor
elastic scattering but would have I 
practically no "spectral shifter" 0.
effect. 04

The usual way to charac-
terize a PKA spectrum is to use
the cumulative damage produc- 0.2- *-.-.......-

tion fnction W(T), which repre- 
sents the fractional damage en-
ergy created by PKA recoils wit0.
energies below a given energy T. 2 1 lU

This function reflects the damage 10-10 107

morphology, as low energy PKAs PKA Energy T [WeA'
produce mainly isolated Frenkel Fig. 1 Damage production function for the HCPB blanket
pairs while high energy PKAs gen- oftefsoDEOraoricmpionwhIMF
erate atomic collision cascades. HfT and ario usEM degaritor inc m TMo (tchedMI
With a proper combination of tung- HT n aiu einvrat o FM(ace
sten and graphite, the W(T) fnc- area).
tion inside the high flux test mod-
ule follows tat of a DEMO reactor blanket over the entire PKA energy range, as Fig. shows.

(4) Results and Discussions
Optimization of MFTM irradiation conditions for breeder ceramics

A major requirement of breeder blanket design development is to achieve an appropriate tt-
ium production rate throughout the blanket lifetime. Presently lithium-based ceramics (e.g., Li2O, Li-
A10 2, LiSiO4, Li2TiO 3, LiZrO3) are candidate materials for pebble bed blankets. The isotope 6Li is
more effective for this purpose as the cross section of the 6 Li(n, t)4tHe reaction is very high and in-
creases at low energies as -E" 2. Therefore the low energy tail of the neutron spectrum at tritium re-
lease module position should have sufficient flux intensity to achieve DEMO relevant tritium produc-
tion rates. -

It was found in our studies tat the population of epithermal neutrons in the former IFMIF
MFTMs was not sufficient to properly match helium cooled pebble bed (HCPB) blanket relevant tit-
ium production rates. In order to meet this additional requirement, the MFTM design of the CDA
phase (1995-1996) was improved based on systematic neutron transport studies with the aim of soften-
ing the IFMIF neutron spectrum in the MFTMs. The related neutron spectra were calculated by means
of Monte Carlo -code MCNP4c [3] using several realistic geometry models of the facility.

To optimize the neutron spectra and radiation responses for breeder ceramics, the test modules
were encased in neutron moderator/reflector materials. Several materials were screened to obtain
higher tritium production rates in the MFTM [4]. The results depend on the thickness of the surround-
ing material. The best results up to now were obtained by an additional carbon jacket of 25-30 cm at-
tached to the MFTMs and the low flux test module. Such a carbon "coating" significantly increases
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the population of epithermal neutrons and thus greatly improves the tritium production rates for breed-
ing ceramics. For example, below 1 02 MeV, the flux increase is more than two orders of magnitude.

00

E ~ ~ .E

C: ~ ~ ~ ~ I I MF...........no. --mod. - .. .....
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Coarison moferadiatin responesrfetr(02adcmaio ihtemxdsetu
rathean reutho radiat ke oafuion damageacgas

Frdcionuraes an gaostoia peuroduspcto tabe 1I DEriptinke n the deig vaints.m
prio wre obainedf speerai a design varimfu etmdls aorrsl ftenurn
cuantin he followighw twil onsder nlysatn Varin Dserlscritiondaitolcrbnotng

Thaoeringa"rfet",thento whaso toe incrasect jacktet aroiundlu Mtst othme MFToseyfl
thewfluxat thea tritiypele P module lakt vr(TerloresRfmantue

poitionessdarytionahDM repneleatsFMadTR)aepeet
dossi resnales ties whdieio keepige 2aeaatesbtwihetr

foduffctint rtiadum -t productbiosl 3al BosrithonW plte maoestgtheriands
rteseolre utuallyfo elve. henrri-Meoe

anu aeptrablcomrose mustle found. Samc asrevisnbt with e ntreo

Thsi readinabtinmesponsie forethes dhe TRM shifted by 3 cm upstream

sign variants are summarized in Table 2.
With respect to gaseous transmutation
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products, the implementation of moderators and reflectors significantly improves the helium and tt-
ium production, by a factor of 7.5 and 22.6, respectively in the MFTM of IFMIF, but has only a mod-
erate effect on the less-relevant proton and deuteron production (see Table 3). On the other hand, the
mixed spectrum reactor HFR with its overwhelming density of low energetic neutrons has compara-
tively high T and He production rates coming from the 6Li(n, t) 4He reaction, but due to the lack of
higher energy neutrons a negligible H and D production. Compared to orthosilicate, meta-aluminate
has generally smaller gas/dpa rates in all neutron sources investigated, mainly due to stoichiomnetric
differences with respect to the lithium content.

Table 2 Radiation response in lithium orthosilicatet in the tritium release module for major de-
sign variants.

Variant Damage*, H, 0, T, He, Tldpa, Heldpa,
dpa/fpy appm/fpy appm/fpy appm/fpy appm/fpy appm/dpa appmn/dpa

1 6.8 26.0 36.7 1.68.1O04 1.69.104 2.47.103 2.49- 103

2 6.8 39.7 54.8 1.16-1O04 1.18-1 04 1.70.1O03 1.72.1O03
3 12.8 46.6 63.9 3.20.1 04 3.22.1 04 2.51 103 2.52.1 03

4 12.4 72.1 97.1 2.03.1 04 2.05.1O04 1.64.103 1.66.1 03

Although the T and He production rates and, consequently, corresponding gas to dpa ratios
could be significantly increased for breeder materials in the MFTM of IMIF, the ratios are about
those for DEMO reactor at the MFTM creep fatigue test module (CFTM), while for the MFTM, TRM
and HFR these ratios are too high.

The high number of low-energy neutrons in the HFR spectrum give high tritium and helium
production and damage rates (the most part of which is produced by tritium and helium recoils). While
the time to reach a DEMO relevant dose for irradiation in HFTM is about that for DEMO reactor itself,
the dose rate for MFTM is about a factor of two lower.

To increase the neutron flux, other design variants were considered. One option is to shift the
TRM upstream to get it as close as possible to the CFTM. The allowed shift is 3 cm. The other option
would be to temporarily remove the entire creep fatigue test module, move both tungsten moderator
plates together, and shift the tritium release module upstream by another 3 cm. The neutron flux distri-
bution and neutron responses were calculated for these variants to get the optimal solution.

We used for the evaluation of the entire PKA spectrum the cumulative damage production
function W(T) described above. For ceramic breeder materials irradiated in a HCPB DEMO reactor
blanket, this damage production function W(T) continuously increases over about two orders of mag-
nitude with increasing PKA energy, revealing a broad energy spectrum of recoils. A specific feature of
breeder ceramics is the sudden increase around 2 MeV caused by an additional contribution coming
from nearly monoenergetic tritium (2.6 MeV) and oa-particles (2.0 MeV) emitted in the 6Li(n,t)cx reac-
tion (see Fig. 3). Except of a small range (0.8-3 MeV), over the whole PKA spectrum DEMO specific
recoil energy distributions can be adjusted in breeder ceramics irradiated in the present MFTM layout
of IFMIF.

In contrast to lithium containing ceramics, the W(T) function in fusion structural materials
continuously increases without steps. The hatched area in Fig. shows that the HFTM of IFMIF per-
fectly meets DEMO reactor conditions in iron based alloys over the entire PKA energy range, as the
shape of the W(T) function can be adjusted by using an appropriate combination of W-moderator and
C-reflector. On the other hand, the PKA spectrum of the HFR is too soft by about an order of magni-
tude.

tLithium isotope enrichment: 3at% Li and 70at% 'Li
Threshold displacement energies used for damage calculation: 10 eV for Li, 25 eV for Si and 30 eV for 0.
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Table 3 DPA and gas production in Li4SiO4t irradiated in the medium (MFTM¶ CFTM) and high
flux (HFTM) test volumes of IFMIF, in a typical position of the mixed spectrum reactor HFR,
and in a HCPB DEMO reactor blanket 151~.

Irradiation pa- Demo HFIR MVFTMV MVFTMV HFTM W+C
rameter reactor position no moder. W+C mod- moderator

F8 erator
Total flux, 1014
n/CM 2/S 11.94 3.83 1.54 4.84 10.09

Damage, 27.5 57.8 4.77 11.87 30.59
dpa/fpy _ _ _ _ __ _ _ _ _ _

H, appm/fpy 330 2.6 216.1 142.9 607.3
D, appm/fpy 509 40.3 242.6 200.2 927.4
T, appm/fpy 1.82-1 04 1.86*105 3.62.1 02 4.22-1 03 3.21 10'

He, appm/fpy 1.95.1 04 1.86*1 05 1.02.10O' 4.71 103 5.38*10W

H/dpa 12.0 0.0 45.3 12.0 19.9
D/dpa 18.5 0.7 50.8 16.9 30.3
T/dpa 6.65.1 02 3.22.1 03 0.76.1 02 3.56.1 02 1.05.1 02
He/dpa 7.12. 102 3.22* 103 2.14.1 02 3.97.1 02 1.76.1 02

1.0-

no moder.

0.8 .- W plates
Wi-C mod/refl

__bulk moder.

0.6 DEM

~0.4-

0.2 Li 4SiO430 at%/ Uj6

0. 0
1o3 10-2 1ou 10 0 10

PKA Energy T, MeV

Fig. 3 Damage production function W(T) in Li 4SiO4 for the MFTM of IFMIF
(closed symbols) in comparison with HCPB DEMO blanket.

The following lithium isotope enrichment assumed: 3at% 6Li and 70at% 7Li.
Threshold displacement energies used for damage calculation: I0 eV for Li, 25 eV for Si and 30 eV for 0.
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(5) Design Outline of Medium Flux Test Modules
In order to accommodate the neutron spectral shifter (or moderator) and the neutron reflectors,

the original design of the MFT~ls needed substantial design modification. The selected design tried to
integrate both the creep-fatigue and the tritium release test modules into a carbon jacket and to
position a single, 60 mm thick tungsten plate between the test modules. W acts as effective neutron
spectral shifter and graphite as neutron reflector. Figure 4 shows an exploded view of all medium flux
sub-test modules.

The design of the tritium release test module had earlier been significantly improved by FZK
and is now integrated into a graphite shield that effectively reflects the lower energy neutrons, in order
to significantly improve the tritium production, mainly via the 6 Li(n,t) reaction. The design improve-
ment have been mainly driven by the above-mentioned design considerations, by the requirements to
effectively use the available volume of 6 1, and to allow the simultaneous irradiation of both in-situ test
modules. Figures 5 and 6 show that tritium release test module with helium gas coolant ducts, piping
for sweep gas, instrumentation, and specimen arrangement.

Coolant Inlet Outlet

Tungsten Moderator Module

Creep-FatIgue
Test Module

Graph~tertrs oul

Graphite ReflectorGapiteRslecot

Fig. 4 Exploded view of all medium flux sub-modules.
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* In structural materials, the recoil energy distribution now perfectly meets DEMO reactor condi-
tions in all test modules of LFMIF, while in ceramic breeder materials this distribution has become
very similar to that of a DEMO reactor HCPB blanket.

* Substantial design improvements in the medium flux position allow the simultaneous irradiation
of creep-fatigue and a tritium release test modules and in addition the integration of both a W plate
acting as neutron spectral shifter and a graphite jacket acting as neutron reflector.

(7) Future Development
* Calculations will be performned with a beryllium moderator replacing the graphite in order to fuir-

ther increase the low- and high-energy parts of the MFTM neutron spectrum.
* The geometry model of the facility should be updated according to the recent drawings (see Fig. 4-

6). The effect of proposed changes on neutronics and materials response under irradiation will be
analyzed. Proposed design and construction material selection will be adjusted based on the neu-
tronics analysis.
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3.3.5 TF31-JA:Vertical Test Assembles

(1) Brief Task Description
The heavy Vertical Test Assemblies (VTAs) must be positioned to ensure that the test modules

are accurately aligned (± mm) relative to the neutron source because the gradient of neutron flux is
large. Although VTAs can be handled accurately by the Universal Robot system, they may not be
accurately positioned due to several reasons, including bowing due to the difference of thermal
expansion. Distortion of the VTA due to the difference of thermal expansion is calculated by finite
element methods, and review of the structure of VTA is carried out. The thermal deformation of VTA
seems not to be an obstacle for the installation. The VTA may be precisely installed using guide pins.

Contributor
Name Party I Institute E-mail address 

T. Yutani Japan JAERI ytani ifmniftokai. aeni.gojp

(2) Introduction
The Vertical Test Assemblies are heavy (>5 tons), because they include the concrete shielding

"aft SW arranged in a stair-step
rh"IgIP. configuration. These VTAs must be

I ~~~~~~~~~positioned to ensure that the test
modules are accurately aligned (± 
mmu) relative to the neutron source
(Target Assembly) and to each other.
Satisfying this requirement needs

CclOu Ch .e- the remote handling system to
Hok" ~~~~~~~~~~~~~accurately handle the heavy weight.

The proposed remote handling
Rig Plug system is the Universal Robot

system, based on a gantry-type
metaft see,, ~~~~~~~~crane with a combined manipulator

Norm 0~ ~system. This system may handle
VTAs accurately. However, the test

for MP modules may not be accurately
V"M ~~~~~~~~~~~~~~aligned. If the concrete shielding is

not fabricated accurately, VTAs will
Cakuladw ~~~~~~~~~~~be inclined after setup. Also the

distance between target assembly
- - and test module and between test

modules will be changed by the
rub* ~~~~bowing of test modules due to the

differences of temperature and
.......... ~~~~~~~swelling rate during irradiation.

Therefore, the structures of VTAs
need to be modified.

Fig. 1 Helium gas cooled high flunx W modal.

(3) Thermal Deformation of Test Modules
When irradiation is started, nuclear heating raises the temperature of VTAs and other items in

the test cell. Of particular concern, test modules may deform by the difference of thermal expansion,
because the neutron flux of the side facing the beam differs from that of the opposite side. The
deformation of the test module needs to be known for the examination of the installation method of
VTA 1. An approximate determination of the deformation of the test module VTA I was carried out. The
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calculation conditions are based on the results [1] of FZK design and analyses of a helium gas cooled
high flux test module.

The test module that was proposed by FZK is shown in Fig. 1. The cross section of a rig vessel is
shown in Fig. 2 [2].

Push-pull faigue
Disk wompact tension f*rcture toughness
Fatigu crack growth

TrIs properties Pesrizedi tubas

TEMmicstructureaoi purch test
Charpy / bund bar fracti,. toughness

_________ ~~~~~~~~~~210.0

0 ~~~~~~~~~~~~~~Vessel

- - -- I

L Helium gas (2 - 3 bar) L Rig with encapsulated specimens

f 1 t 
n - flux

Fig. 2 Cross section of the HFTM rig vessel.

The condition of the He coolant flow is as follows.

* Pressure: 0.25 MPa
* Average temperature: 336 K
* Mass flow: 0.21 kg/s

Heat transfer coefficient of 1500 W/M2K for rig vessel wall is given by

* Cross section area: S=0.05x0.002x1I2+0.2x0.002x4=2.8xf 3I m3'in
* Periphery length: L=0.05xl2+0.2x4=1.4 mn
* Equivalent diameter: de=4S/L=4x2.8x103/ 1.4=8.Oxl10

3 m

* Velocity: u=0.21/(2.2x2.8x 0-
3 )=33 rn/s

* Reynolds number: Re=pude/Tj=2.2x33x8.0xI103 /30.3xl10-6=1 .9X10

• Prandtl number: P,=Cpfl/X=5.1l9x30.3/23 8=0.66
* Nusselt number: Nu=0.22x&08X r,5 =O.22x(l.9x1I0') xO.66 -'47
* Heat transfer coefficient: h=( X, /d,)N 0,=238x 103 x47/(8.Oxl&-)=l500 W/m 2K

Similarly, the heat transfer coefficient of the helium tube becomes 620 W/M2 K.
The finite element method calculations for the lower part (rig vessel and He tube) of the test

module were carried out using the above-mentioned heat transfer coefficient. Temperature distributions
in the rig vessel and He tube are shown in Fig. 3. This simple model is the lower part of test module and
half of structure shown in Fig. . (The neutron beam runs opposite to the Z direction in this figure.) In
order to conservatively evaluate thermal deformation, it is assumed that the front wall and the back wall
in the range of 20 cm of axis direction have nuclear heating rates of 40x 106 W/M3 and 1 8x 106 W/M3

respectively. Other parts of the wall receive a small amount of nuclear heating, on the order of 5x 104

W/M3 . The hot spot is limited to the irradiated area and the temperature of unirradiated walls is almost
constant at 336 K, the temperature of the He gas. Thermal expansion of the rig vessel and He tube in the
beam direction is shown in Fig. 4. The vertical walls bend in the beam direction (opposite of Z-direction
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in the figure) because of the difference of nuclear heating between the front and back walls. The total
bowing from the wall surface reaches 1. mmnu. This value should not be an obstacle to installation of
VTA1I. However, detailed examination may be necessary in the ffiture, because the heat deposition in the
VTA components is expected to be complicated.

NOM WLUT ION

STEM=

aSMN 336.067
aiX -~501.733

336.067 3474372.882 3.29409.696 28I4446.511 441 483.3265073

Fig. 3 Temperature distribution of the rig vessel and He tube.

NI.WL SOLUTION4

STEP=1

UZ (AV(;)
DMIX .001413
aIN =.3700-03

RsIX =6790-03

Thermal expansion of the rig vessel with He tube
into the beam direction (Z-axis)

-370E-03 - .137E-03 .%3E-0l .3290E-0 .563E -03

Fig. 4. Thermal expansion of the rig vessel and He tube.

- 317 -



JAERI-Tech 2003-005

(4) Installation Method for the Vertical Test Assembly
There may be several methods to precisely install the test module. One method is to install the

test module along a guide. (Two places of the test cell and test cell cover are assumed as the places to set
up the guides.) In the case of setting up guides in the test cell, the installation of the target assembly
needs to be taken into account. In the recent design for the target system, the target assembly will be
installed repeatedly in the same position, using guides that consist of two rectangular tubes extending in
the beam direction from the beam-side wall of the test cell. The interval between the two rectangular
tubes is about 1.5 m. If these tubes can be used as the guides for test module installation, the distance
between the test module and target assembly will be set to maintain the desired value during irradiation.
However, it seems difficult to use these pipes, since the length of the test module in the direction
perpendicular to the beam direction is more than 1.5 m. The cross section of the test module should be
smaller than (200 mm x 1250 mm) at the lower end of the shielding body.

Therefore, another method using guides is proposed. The requirements of this method are as
follows.

* VTA needs to be installed precisely in the test cell cover.
* The test cell cover needs to be installed precisely in the test cell.
* The connection position of the test module to the shielding body needs to be adjustable.

The installation procedures for the test cell cover and VTA1I are shown in Fig. 5. The three lower
faces of stair steps on the shielding body face the steps on the test cell covers. The premise of this

method is that the VTA and lower test cell cover
are kept level while they are lowered by the
universal robot. VTAI1 may be stably supported
by the lower test cell cover in the place of lower
face of the 2nd stair for shielding body, because
the facing area is largest. And there is enough
space in this part to hang guide pins from the
shielding body and to make insertion holes for
guide pins in the lower test cell cover. VTAI may
be installed accurately in the lower test cell cover
by inserting pins into the holes. In this method,
VTA has only to have adequate rigidity to support
itself and avoid oscillation during transport,

(a) (b) because it does not contact other equipment
during installation. However, the contact surface
needs to be machined precisely, because the
guide pins are not able to completely restrain the
movement of VTA 1 after VTA is released from
the universal robot.

The upper part of the insertion hole with
a bushing is shown in Fig. 6. The bushing is
pressed into the insertion hole. The gap between
bushing and guide pin is 0. 1-0.2 mm to prevent
galling and frictional resistance. In order to
prevent galling and scratching of bushing at the
insertion of pins, the bushing must be made of
material different from that of the pin and its

(C) (d) surface must be hardened. When VTA is
lowered, the insertion of the pin into the hole

Fig 5 nstllaionproedues f tst ell must be started before the lower end of the
Fig.r an Vntalto poeusofttcll shielding body is below the middle stair of the

lower test cell cover, to avoid collision of the
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shielding body with the lower test cell cover. Therefore, the length of pin needs to be about 800 mm. The
position of the pin is adjusted in accordance with the position of the bushing, and is fixed by a dowel pin.

The lower test cell cover also must be installed repeatedly in the test cell with high accuracy.
The method of using a taper is adopted, because the diameter of the guide pins will become large and
machining may be difficult, if the same method as the installation of VTA is adopted. Tapers of lower
test cell cover and test cell ensure the accurate positioning of the lower test cell cover. The backlash and
gap of tapers must be eliminated by shim adjustment at the first assembling.

Bush

Lower Test
Cell Cover

Fig. 6 The upper part of insertion hole with bushing.

Although the test module is repeatedly
installed in the same position by the
above-mentioned method, it is difficult to hold-
the distance between the test module and the
target assembly to the desired value. It will be
necessary to adjust the position of the test
module to the shielding body, on the basis of the
relative position between the target assembly and
lower test cell cover that is measured beforehand
by Universal Robot. The connection of the test
module to the shielding body is shown in Fig. 7.
The conditions to use this method are as follows.

Two tubes are contained within the
shielding body.

* Two helium tubes for inlet and
outlet gas and many wires for
thermocouples and electric heaters
are contained within each tube.

* Helium tubes can be slightly moved
horizontally at the lower end part of
the shielding body.L

* The helium pipes are connected to L
holes bored in the floating plate. Fig. 7 The connection of the test module to the

The floating plate attached to the lower shielding body.

- 319 -



JAERI-Tech 2003-005

end of the shielding body can be moved in two horizontal directions using set screws. Then, the test
module is adjusted to have the desired distance between test module and target assembly.

The periscope of the remote handling system will monitor operations inside the test cell1 when
VTAI is installed by this method. If the test module is not installed in the appropriate position, the
position of test module can be adjusted after taking out VTA1L The distance between the test module and
target assembly at the installation of VTA I needs to be decided by allowing for the thermal expansion of
the target assembly and lower test cell cover which supports VTAI. The advantages of this method are
1) there is little probability that VTA I will collide with other devices at the installation of VTA I and 2)
the probability is low of stress due to contact between the target assembly and VTA during irradiation.

(5) Summary
When irradiation is started, a test module may be distorted by differential thermal expansion.

The deformnation of the test module is calculated by finite element methods for the evaluation of possible
effects on the installation method of VTA 1. The total bowing of the test module into the beam direction
reaches 1.1I mm, and seems not to be an obstacle to installation of VTA 1.

To install the test module precisely, the method to installing the test assembly along a guide is
examined. VTA1I may be installed precisely in the lower test cell cover by inserting pins hanged from
shielding body of VTA I into the holes on the lower test cell cover. The distance between the test module
and target assembly is held to the desired value by adjustment of the connection position of the test
module to the shielding body.

References
[1] A. Moeslang (Ed.), "IFMIF International Fusion Materials Irradiation Facility, Conceptual Design

Evaluation Report, A Supplement to the CDA by IFMIF TEAM", FZKA 6199 (1999).
[2] G Schmitz, A. Moeslang, "Helium Cooled High Flux Test Module Task ", IFMIF-CDE Test

Facility Workshop, Karlsruhe July 7-9 1997.
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3.3.6 TF33-EU: Development of Microtomography System

(1) Brief Task Description
A non-destructive, powerful analysis of all safety relevant devices inside the highly activated

test cell is urgently needed. Due to its penetration ability and contrast mechanism, the X-ray
microtomography is the only known tool that could meet these requirements. This technique has the
ability of monitoring voids, micro-cracks and flaws in activated and completely assembled rigs, test
modules and the Li-target back-wall.

A cone-beam X-ray microtomographic system has been constructed at the National Institute
for Laser, Plasma and Radiation Physics (NILPRP), Bucharest-Magurele, Romania. The system
consists of an open type microfocus X-ray source, a 3D micrometric translation and rotation samples
manipulator and a 2-D X-ray detection system based on a large area image intensifier and fast-scan
CCD. The selection of optimum tomographic configuration and components is based on test
measurements of miniaturized sample mock-ups carried out on existent tomographs as well as on fully
3-D Monte Carlo simulations of X-ray radiation generation and transport. Currently, system
calibration and tuning work are in progress. Planned future work is extensive NDT inspection of
fusion materials miniaturized samples using the transmission microtomography system in order to
establish the reference design for microtomography system for IFMIF environment conditions.

Contributor
Name Party I Institute: I E-mail address 

I. Tiseanu EU/Romania NILPRP tiseanu alpha2.infim.ro

(2) Introduction
Computed tomography is widely used in the medical community and is receiving increased

attention from industrial users including electronics, aviation, advanced materials research, casting and
other manufacturing areas. Computed tomography systems are usually configured to take many views
of the object in order to build a 3-D model of its internal structure. 2-D slices through this volume can
be viewed as images, or the 3-D volume may be rendered, sliced, thresholded and measured directly.
Amplitudes of the volume elements (or voxels) are proportional to the X-ray linear attenuation of the
material at that position and therefore dependent only on material properties and not on the shape of
the object.

X-ray microtomography is the only known tool that can meet the requirements of monitoring
voids, micro-cracks and flaws in activated and completely assembled rigs, test modules and the
Li-target backwall.

The microtomographic systems have to fulfill rather difficult design constraints such as:
* high space resolution requirements;
• ide range of material densities and attenuation coefficients;
* capable to overcome limited access angle problems.

According to the main needs of the fusion materials community we considered two main types
of samples: low density materials such as ceramics and light metallic alloys and high-density metals.
In the later category, most representative are steel samples.

The evaluation of optimum tomographic configuration suitable for the IFMIF test cell was
carried out by test measurements on existing tomographs and through 3-D Monte Carlo simulations of
X-ray radiation generation and transport.

Following the evaluation procedure a cone-beam X-ray microtomographic system has been
constructed at NILPRP. The system consists of an open type microfocus X-ray source, a 3-D
micrometric translation and rotation sample manipulator and a 2-D X-ray detection system based on a
large area image intensifier and fast-scan CCD.

(3) Experimental Equipment
A general view of the microtomography system is presented in Fig. . The main components
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are: the open type microfocus X-ray source, the 2-D
X-ray detection system and the micrometric sample X-ray image
manipulator. The X-ray source is mounted on a manually intensifier (XI)
adjustable positioning support. The X-ray detection
system is mounted on a mnicrometric translation axis
supported by a manually adjustable positioning device.
The whole tomographic system lies on an optical table
which is placed inside a lead shielded cabinet. Two Dual
Athlon, 2GHz networked workstations are used for the
data acquisition and control and for the 3-D tomographic
reconstructions and visualizations.

The designed targets of spatial resolution,
magnification, and reduction of beam hardening can be
optimally satisfied by a combination of image intensifier
detection system and an open type 160 kVp X-ray source. Fig.1 Fully 3-D cone-beam X-ray
These specifications are synthetically presented in Table computer tomograph.
1. A few comments on key components are in order:

X-ray source
The system is provided with an open type 160 kV microfocus X-ray source manufactured by

PhoenixlX-ray. Its main applications list includes typical inspection tasks in the automotive, aerospace,
steel and electronics industries and industrial and medical computer tomography. At a feature
recognition down to gtm, the minimum object-focus distance is 0.4 num to provide highest
geometrical magnifications at short focus-detector distances. Consequently this ensures a reasonable
longitudinal dimension of the tomographic system: a distance of 1 000 mm from the beryllium window
to image intensifier input window would guaranty a magnification factor of about 2000. Another
advantage consists in its replaceable filament. A small manual adjustable table was constructed in
order to adjust the vertical and transversal position of the X-ray source.

Detection system
The detection system is based on a SIRECON 17-2 HDR-M X-ray image intensifier,

manufactured by Siemens Medical Solutions. It is a large diameter (169 mm useful entrance field and
20 mm output window) imaging tube that converts low contrast images into visible light images. For
image acquisition a 10 bit analog frame grabber IMAQ PCI-1409 from National Instruments is used.
Due to a newly developed Csl input phosphor screen the X-ray image intensifiers provide high DQE
(detection quantum efficiency) of 65% and high-quality images with good resolution and contrast (the
modulation transfer function is less than % for 0.1I Lp/mm). The image intensifier is coupled with a
CCD-Compact-Camera. The distortion of the lens has deliberately been selected to otain
compensation of the image intensifier distortion. The reduction in distortion for the total imaging chain
(image intensifier + lenses + CCD) is in the range 3 to 7% depending on the reproduction scale. The
detector is placed on a manually adjustable table with vertical and transverse positioning. Alternatively,
the transverse position of the detector can be adjusted using a computer controlled micrometric
motorized stage.

Micrometric manipulators
An essential component of a microtomograph system is the micrometric manipulator.

Motorized stages are combined to assure a maximum degree of freedom in sample positioning for both
tomography and high magnification radiography. The sample manipulator includes two translation and
one rotation axis in order to realize an X-Z-O assembly. The X stage has a relatively long travel
distance (500 mm) for implementation of the magnification degree of freedom. Its positional
repeatability is better than 10 microns. It is placed along the axis between the X-ray source and the
detection system (X axis). The Z axis is used for sample elevation control and has a travel distance of
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Table MICROTOMOGRAPHIC SYSTEM: Overall Performances.

Items Specifications
Microfocus X-ray source
Max. high voltage: 160 kVp
Max power: 20 W 20W
Feature recognition: ,im 1 g.m
Min object-focus distance: 0.4 mm
X-Ray cone: 1700
Detector elements 51 2x5 12 or 024x 10O24 (maximum)
Micrometric manipulator - X stage, Z stage, e stage

- travel 500 mm, loading capacity 30 kg
- travel 300 mm, loading capacity 6 kg
- accuracy 0.03', loading capacity 20 kg

Magnification Factor < 2000

Source-Detector Distance 1 000 mm typical
Source-Object Distance') >0.5mm typical
Spatial Resolution 2 ) _ Oltm

Density Resolution >0.5%
Digital OUtpUt3 ) 1 0 bits
Scanning Time 4 ) < 10min. (720 angle)
3D Reconstruction Timne5 ) < 2mi. (256x256, 2561ines)

<5min. (512x5l2, 2561ines)
<20min. ( 024x 1024, 512 lines)

Effective Area of Detector I 69x 1 69 mm 2

Probe Dimensions Diameter <40 mm; Height <500 mm

Projection Number 360; 720

Scan Method Cone beam CT (<5121lines)
Full scan 360deg.
Short Scan I180deg.± 1/2 fan angle

Output data format Uncompressed 16 bits integer
Geometry alibration Program Center of Rotation
Alignment Vertical & Horizontal
1) Minimum distance from X-ray focus to the object is 0.4 mm.
2) Mainly limited by stage control accuracy.
3) Digital output from frame grabber NI - PCI- 1409.
4) Assuming 0.5sec./angle and stage motion.
5) Based on Dual Athlon, 2 GHz PC.

300 mm and positional repeatability better than 5 microns. The Z axis has a large enough loading
capacity (6 kg) to support the rotary stage as well as the sample itself. The reinforced motorized rotary
stage has a positional accuracy 0.03' or less and positional repeatability 0.010 or less.

The motorized stages are computer controlled simultaneously by a single control unit via a
serial RS232 (or USB) port by a Mark-204 (Sigma-Koki, Japan) stage controller. Trigger output
signals make it possible to synchronize the stage movements with external measuring devices as image
acquisition. Additionally, a joy pad (control pad) is provided for manual operation, memory settings,
and programming.

Optical table
The dimensions of the optical table are 1890 x 800 mm with a height of 300 mm above the
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ground level and the possibility of a vertical adjustment of ±30 mm. It is provided with a rectangular
screw hole matrix which allows the precise mounting of the microtomnograph components.

X-ray shielding cabinet
The X-ray cabinet was designed and manufactured in our laboratory in accordance with the

ionizing radiation safety regulations and is rated for continuous operation in normal working
environments. In the calculations the weekly dose limit of 0.02 mnSv is used, as derived from the dose
limit for the general public ( mSv/year). The X-ray shielding cabinet is made of steel and lined with
lead with maximum 6 mm thickness on the front side of the cabinet and minimum 4 mm for the side
facing the room wall and the ceiling. The lead shielding is covered by alumninium plates. Special
attention was paid to solving the problem of the overlap of the lead sheath at joints, corners,
penetrations, floor and door.

The X-ray cabinet is provided with a key-activated control to ensure that X-rays will not be
generated when the key is removed. The door of the cabinet X-ray system has two safety interlocks.

For collision avoidance the inside of the cabinet is continuously watched by a video camera
and it is provided with fans for extracting excess heat.

Image acquisition and 3-D reconstruction
Image acquisition and motorized stage control programs are developed on the base of National

Instruments Lab View Virtual Instruments.
The 3-D reconstruction is achieved by a generalized Feldkamp-type cone-beam algorithm cast

in the filtered back projection framework. Specifically, the Feldkamp-type reconstruction consists of
two processes: (1) filtration, and (2) back projection. In the filtration process, horizontal projection
profiles are ramp-filtered in the Fourier domain after zero padding. In the back projection process, an
image volume is reconstructed by back projecting filtered data along X-ray paths with appropriate
weights.

The image acquisition, 3-D reconstruction and results visualization are performed on two
networked Dual Athlon, 2GHz workstations. The reconstruction software is implemented such that the
reconstruction time roughly matched the acquisition time so that at the end of the measurement a 3-D
volume rendered image is available.

(4) Results and Discussions
According to Bio-Imaging Research, world leading manufacturer of tomographic facilities,

current industrial CT systems cost from 400,000 USD to over 2 million USD. While the commercial
products are very nice general-purpose instruments they might not be satisfactory to address the main
challenges of the microtornography analysis of the fusion material samples i.e. the intense beam
hardening effects associated with high-density materials samples. These challenges were identified and
described in detail in [1,2]. Since our total budget is slightly higher than half of the minimum sum
quoted above, we have to consider a compact low energy (low power) microtornographic facility [3].

According to the main needs of fusion materials community, we considered two main types of
samples: low density materials such as ceramics and light metallic alloys and high-density metals. In
the later category most representative are steel samples. Individual miniaturized samples and complex
structures of individual samples were investigated and detailed results are presented elsewhere [3].

Low density materials
Obviously, the most important low-density materials relevant to fusion application are ceramic

tritium breeders. Figure 2 shows the images reconstructed for two high voltages for a relatively large
channelled ceramic sample at low magnification. One can say that this is a satisfactory result showing
accurately the structural integrity. Since the pre-filtering was insufficient (thicker pre-filters would
reduce too much the flux) the higher voltage measurement displays higher beam hardening effects
(apparently lower density in the inner part of the image).

- 324 -



JAERI-Tech 2003-005

300 . 0

1.20.

40 ~~~~~~~~~~~~~~~~~~~~~~~~~~~0 .

00 *~~~~~~~~~~~~~~~~~~A 0 .

100 0 30 0440 7000 10000L2

000 000~~~~~~~~~~~~~~~~ 

0 0 1000 0050co 70 0 G 200 300 00 M00 700 600

U=50 kV, 1140 ptA U=90 kV, 1=90 ptA

Fig. 2 Reconstruction images of ceramic structure. The size of the hole is 1.5 mm and the wall
is 0.25 mm thick. Magnification = 1.2.
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pipe of 5 mm exterior diameter. All pipe walls are 0.25 mm thick. One remark is that beam hardening
effects are very strong with the attenuation coefficient of the center pipe, more than 80% lower than
the attenuation coefficient of the outer pipe. In the left picture one shows a zoomed image of the pipe
welding.

Design considerations extracted from test measurements:
• A compact low energy (low budget) microtomographic facility performs adequately only in

measurements which require low magnification (i.e. low space resolution) and for relatively low
density materials as ceramics and light metal alloys.

• In most of the measurements involving high-density individual samples or structures, most
relevant for the fusion materials community, such an instrument performs rather unsatisfactorily.

Based on these considerations we included in our new system a relatively high energy (max 160 kVp)
open type microfocus X-ray source and an X-ray image intensifier. This configuration allows us to
reduce the beam hardening artifacts and at the same time to achieve very large magnification factors
(up to 2000).

(5) Conclusions
The newly developed tomography system will allows us to provide the fusion materials

community with a unique instrument for NDT inspection of individual miniaturized samples as well as
for verification of irradiation capsule integrity. In the process of using this facility for extensive NDT
inspection of fusion material miniaturized samples, the main goal was to establish the reference design
for transmission microtomography system for IFMIF environment conditions. An effort will also be
made to develop new methods to cope with the challenging problem of beam hardening in high
density materials. Fully 3-D Monte Carlo radiation transport simulations, combined with validation
experiments, represent our main tools in approaching these problems. In addition, new inspection
configurations will be investigated in order to visualize irradiation capsules integrity.
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3.3.7 TF34-JA: Tritium Laboratory and Tritium Processing

(1) Brief Task Description
Gaseous, liquid, and solid materials contaminated by tritium are generated during IFMIF

operation, and these materials need to be processed appropriately. Also, an airtight hot cell is required
to perform post irradiation examination (PIE) of the activated/tritium contaminated materials such as
irradiated ceramic breeder materials. To meet these needs, a tritium processing method is designed on
the basis of the evaluation of tritium sources and generation rates. The tritium laboratory for PIE of the
activated/tritium contaminated materials is also evaluated.

Contributor
Name I Party I Institute- E-mail address
T. Yutani Japan JAERI yutani ifmiftokai.jaeri.go.p

(2) Introduction
In the IFMIF tritium is generated in reactions between the 40 MeV deuterons and the lithium

(Li). It is also generated in the tritium release test of ceramics breeders [1]. Moreover, the high-energy
and a small fraction of the deuteron beam that is lost in the accelerator produce tritium. The gaseous,
liquid, and solid materials contaminated with tritium need to be processed appropriately. An airtight
hot cell (tritium hot cell) which has the capability of handling materials that have high activity and
tritium contamination is necessary, to perform PIE on irradiated ceramic breeder materials. The
backwall of the lithium target assembly will be exposed to the highest neutron flux, and the lithium
target assembly must be exchanged periodically or repaired. The maintenance of the lithium target
assembly must be carried out in the tritium hot cell.

(3) Tritium Source
The sources of tritium in IFMIF are shown schematically in Fig. 1. The main tritium source is

the reaction in the lithium target assembly:

D+7Li-- T+6 Li()
The production rate of tritium due to this reaction will be about 7 g/year. Most of the tritium

will be trapped by an yttriumn trap in the lithium purification loop, and the remainder, 0.65 appm in the
Li at steady state (total of 4.41IXI0 14 Bq), will be distributed throughout the lithium in the loop
components made of 316 stainless steel. (In this design all components are assumed to be 316 stainless
steel, although a part of the components will be made of a low activation steel). Small amounts of the
tritium will escape from the liquid lithium and permeate through 316 stainless steel boundaries. The
tritium in the liquid lithium adheres to the inner surface of the components in accordance with the
distribution coefficient between liquid lithium and 316 stainless steel. Then, the tritium diffuses
through the wall and leaks out. The tritium concentration CT-316 of the inner surface is given by

CT31 CT-L x Kd (2)
where CT-Li is the tritium concentration in liquid lithium and Kd is the distribution coefficient. Because
Kd between 316 stainless steel and lithium is unknown, the estimated value for 304 stainless steel is
used as follows.

In Kd = 2.52 -7500/T (3)
Where T is temperature (K). The flux of tritium from the outer surface of metal at steady state is given
approximately by

J(L) = D(T C(O) -C(L)j (4)

where J(L) is the diffusion flux of tritium from the outer surface of metal of thickness L, D(T) is the
diffusion coefficient at temperature T, C(0) is the tritium concentration at the inner surface of metal,
and C(L) is the tritium concentration at the outer surface of metal. Then, the diffusion flux from the
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316 stainless steel is as follows.
J(L) = .07x1I0- 16 (g/m,2/s) (5)

A leak rate is obtained by multiplying J(L) and the total surface area of all components. The lithium
loop components will be installed in two areas, the test cell where the lithium target assembly and the
quench tank are installed, and the lithium loop area where the remaining components are installed. The
leak rates of tritium to the lithium loop area is l.1X10 4 Bq/h (3.lxlO"' g/h) and to the test cell area
2.3x 103 Bq/h (6.55x10'-2 g/h). However, a safety factor of about 0 is used for the lithium loop area to
be conservative in the evaluation. Thus, the leak rate of tritium to the lithium loop area becomes lX 1 5

Bq/h.
Tritium release tests of ceramic breeder materials such as Li2 O and Li 2ZrO3 will be conducted

using an in-situ tritium release test module. The generation reaction for tritium is

n+6 Li -~T+4 He(6)
In this module, specimens in the shape of pebbles are loaded into the specimen holders and helium gas
containing up to 1000 ppm hydrogen flows through each holder to sweep out released tritium[2]. The
tritium concentration in helium is assumed to be 1000 Bq/cc. The total flow rate of helium is .1000
cc/mmn (0.06 M3/h) so, if there are five specimen holders, the tritium release rate becomes 6x 07 Bq/h.

The high-energy neutron generated within the accelerator (by the reaction between a small
escaped fraction of the deutron beam and the accelerator components) reacts with the nitrogen and
oxygen in the air around the accelerator and with cooling water as follows.

n+ 14N -4T+ 2C 7

n+ 6 - T 4

Another source of tritium is the high energy neutrons produced in the target reacting with the elements
in the components and the wall in the test cell as follows.

n+6 Fe -*T+ 14Mn

n+ 58Ni->T+5 6 Co (8)

n+12C-T'B

The tritium quantities produced by equations (7) and (8) are assumed to be small, although the
estimates are only approximate because the uncertainties in the nuclear reaction data for high energy
neutrons are large.

Test Cell He±T He
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(4) Tritium Processing
The final disposal of the tritium will not be carried out in IFMIF. Also, the tritium processing

will be conducted using established technology. A processing flow diagram for gases containing
tritium is shown in Fig. 2. The exhausts from the lithium loop area, the in-situ tritium release test
module and the tritium hot cell, and the vacuum exhaust from the test cell, etc. will be discharged
through the stack after they have been continuously detritiated to below one tenth of the regulatory
limit. The exhausts from other areas where tritium contamination is possible are detritiated by the
temporary exhaust detritiation system for air whenever tritium is detected or before the start of
maintenance operations.
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The lithium loop area is kept at negative pressure to prevent uncontrolled releases of the tritium. Also,
any air component in the Ar gas needs to be eliminated and discharged, because any air could leak to
the lithium loop area. The leak rate of air into the lithium oop area is assumed to be 1.0 vol%/h,
entering through the epoxy lining of the interior walls, and through the seals placed to maintain
air-tightness, e.g., seals of feedthroughs for cables or pipes. The circulation rate of Ar gas to eliminate
air by the Ar purification system depends on the level to which the oxygen and nitrogen concentrations
are to be regulated. In order to make a conservative evaluation, the regulatory value for oxygen is
assumed to be 2 wt% (selected as half of that in the sodium coolant loop area of the fast reactor in
Japan). The regulatory value for nitrogen is assumed to be 7 wt%, which is the nitrogen concentration
when the oxygen concentration in Ar gas becomes 2 wt%. Then, the required circulation rate is about
eight times the air leak rate. Figure 3 shows the flow chart for the exhaust detritiation system for
tritium contaminated Ar gas during normal operation.
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the exhaust gas is oxidized to tritiated water using an oxidation catalyst at high
temperature. Tritiated water in the exhaust gas is condensed and collected. The tritiated
water in the remaining exhaust gas is removed through the membrane separators.

3) Exhaust detritiation system for triated Ar gas from the tritium hot cell. This is
fundamentally the same method as the exhaust detritiation system for triated Ar except
for processing to remove impurities by zirconia.

4) Temporary exhaust gas detritiation system. This is fundamentally the same method as the
exhaust detritiation system for tritium contaminated air.

Liquid waste with tritium contamination will come from the cooling water of the accelerator,
PIE (polishing, etching and cleaning operation) and decontamination in the tritium laboratory, and
tritiated water generated in the exhaust detritiation system for tritium contaminated air. These will be
discharged after dilution by an evaporator. The concentrated liquid is temporarily stored or solidified,
if necessary.

Highly activated solid wastes with tritium contamination will be generated in the test cell, the
tritium hot cell, the lithium loop area and the exhaust detritiation system for tritium contaminated Ar
gas. These wastes include pieces of the in-situ tritium release test modules, tested specimens of
ceramics breeder materials, lithium target assembly, traps, and spent getters. These will be stored i'
the waste storage cell. The spent ion-exchange resin, materials solidified with concrete, paper and rags
used in controlling the contamination, etc. will be placed in containers and stored in an existing
storage facility on the site, a facility that is not part of IFMIF.

1, 2, 3 Compatibility Testing Device
4 Insulation Tester
5, 6 Thermal Conductvity Measurement Device
7 Tritiwn M surement Device

Industrial HVAClle Repai
(EL. +8000) Laoatr]EM

2 Fatigue Teutinc MachinoraCell LAoatry___

CcGro2Tetin Machine207 estCel
4 Automatic Polisher4 Saorioyel(l.i300

Impact Tester Door~~~~~ Tage

6 Criee Testig Machine

7 Automatic Cutter R0

R_2 06 R1 

Z ~~~Technolog Room
2F EL. +6000

____ 17ata R2-12~ Rad WasteH \ ~~~~~~~~~cust Processing

Access/Maintenan e Test Module
Room Han~dling Cell

0 1 0 20 (m)
I I I I

Fig. 5 Plan view of the second floor of the IEMIF building, showing the tritium laboratory.
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(5) Tritium Laboratory
A PIE facility is located in the second floor of the IFMIF building. It includes the tritium

laboratory with the capability to handle various forms of tritium contaminated materials generated in
the operation of IFMIF. Figure 5 shows a plan view of the second floor. This layout will be
reconsidered according to the detailed design of Tritium Handling Hot Cells and other PIE facilities.

The test cell contains vertical test assemblies (VTAs), the lithium target assembly, etc[1]. The
VTA supports the modules used for the in-situ tritium release test module and other irradiation
experiments. After irradiation, the VTA is lifted into the access cell located above the test cell and the
module is separated from the VTA using a remote handling system. The in-situ tritium release test
module with a weight of about 100 kg is packaged to prevent tritium leakage and is transported to the
tritium hot cell via an Ar-gas/air exchange room using the roller conveyors. The lithium target
assembly with a weight of about 1000 kg is transported to the tritium hot cell by the same method.
The PIE for the in-situ tritium release test module will include the retrieval of specimens from the
module and reloading the irradiated specimens, ceramography observation, SEM observation, thermal
conductivity measurement, tritium measurement, etc. Therefore, equipment for assembly/disassembly,
optical microscopy, SEM, thermal conductivity measurement, tritium measurement, etc. will be
installed.

Dedicated equipment including a welder are necessary for the maintenance of the lithium
target assembly. The backwall of the lithium target assembly will be regularly tested for damage
because it is exposed to the highest neutron flux. Therefore, various equipment (machines for tensile
testing, fatigue testing, fracture toughness testing, crack growth testing, creep testing, etc.) will be
installed.

The airtight tritium glove box, to analyze small pieces of ceramic breeder materials or low
gamma-ray activity ceramic breeder materials, was included in the tritium laboratory in the CDA[l].
However, the activities of ceramic breeder materials is expected to be too high to handle in the glove
boxes, even if their sizes are small. Therefore, the glove boxes are eliminated, and the fmction of the
Tritium Handling Hot Cell is expanded to include the analysis of small pieces of ceramic. The tritium
hot cell consists of two lines as shown in Fig. 5 and has the capability of handling the in-situ tritium
release test module and the lithium target assembly simultaneously.

(6) Conclusions
The tritium processing methods are designed on the basis of the evaluation for the tritium

sources and the tritium generation rates. The main tritium source is the D-Li reaction in the litium
target. Most of the tritium will be trapped by the yttrium trap, and the remainder will be distributed in
the liquid lithium. The main concern for processing is the gaseous tritium released into the lithium
loop area due to permeation from the liquid.

The tritium hot cell in the tritium laboratory has the capability of handling materials such as
irradiated ceramic breeder materials and the irradiated lithium target assembly that have high activity
and tritium contamination.

The fture issues to be addressed include the detailed evaluation of the tritium leak rate from
liquid lithium, examination of the capacity of the exhaust detritiation system during maintenance,
evaluation of the radioactivity due to high energy neutrons, and regulations for allowed concentrations
Of 02 and N2 in the lithium loop area.
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3.3.8 TF35-JA: Arrangement of the Test Cell System

(1) Brief Task Description

The equipment installed in the test cell, access cell and test module handling cell require
various pipes and wires for the signal, power and coolant connections. These need to be connected
through the shielding walls to the related systems located outside the cells, without allowing radiation
leaks or presenting obstacles to the operation of equipment. The arrangement of the test facilities must
take into account the irradiated material flow. Therefore, examination of the arrangement of piping and
wiring and of the irradiated material flow was carried out. The result was to show that the piping and
wiring from the equipment can be connected with the related systems, and the test cell facilities are
arranged so they do not obstruct the flow of irradiated material.

Contributor
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T. Yutani Japan JAERI ytani ifmnif. tokai.jaeri.go.p

(2) Introduction
Test equipment such as the vertical test assembly (VTA) is equipped with various signal lines,

power cables, and coolant lines. Also, the cooling system, instrumentation equipment, vacuum
pumping, and surveillance systems outside the cells are connected to components in the test cell. The
piping and wiring for these systems need to be arranged in the optimum way. Furthermore, the test cell
and its surrounding area must be arranged to take into account the flow of irradiated material.
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Fig. 1 Plan view of test cell and its surrounding area on st floor.
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(3) Arrangement of Piping and Wiring
The control systems, vacuum pumps and gas supply systems etc. for the test cell, access cell

and test module handling cell and for the equipment installed in these cells will be located outside the
cells. Many pipes and wire must be connected to the control systems, vacuum pumps and/or gas
supply systems etc. Finally, most of those are linked to the central control systems. However, the
installation and location of systems with which these pipes and wire are connected are important for
the arrangement of the test cell and the surrounding area. Table I shows the expected piping and
wiring for the test cell, access cell, test module handling cell and equipment in these cells. The plan
view of the test cell and its surrounding area on the first floor is shown in Fig. . The plan view of the
second floor is shown in Fig. 2. (Note: Some differences between Fig. I and 2 need to be coordinated
after KEP.)
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room must pass below the rail of the gantry crane of a universal robot to allow operation of the
universal robot. Figure 3 shows the elevation view of the test cell and the surrounding area that is
drawn on the basis of the position of the deuteron beams. The upper end of the upper test cell cover is
located about 55 cm below the floor level of access cell. (The exact distance depends on the thickness
of the shielding ceiling of the beam transport room and the radiation isolation area.) The piping and
wiring can pass below the rail by using this difference in level.

Nuclear
High Bay HVAC

Test Cell
Technology

Tritium AcesRoom
Laboratory ACcess

Beam Transpr Radiation
Room aslto Area

Target Intefc
___ ___ __ ___ ___ __ ___ __ RoomF1 

0 5 10 (m)

Fig. 3 Elevation section view of test cell and its surrounding area.

Operation of the universal robots in the access cell and test module handling cell is conducted
from the operating area (R202). The cable and wiring for each universal robot are taken to the
operation area at location above the top of each universal robot. The wiring for access cell and test
module handling cell are taken to the operation area at locations above the top of each universal robot
or under the rail of the universal robots.

(4) Irradiated Material Flow
The irradiated material flow from the test cell to the post irradiation examination (PIE)

facilities is shown schematically in Fig. 4. This figure is modeled on VTA I with the He cooled high
flux test module and VTA 2 with the in-situ tritium release test module.

PIE for most high activity materials irradiated in the high- and medium-flux regions (except
for the tritium contaminated and tritium containing materials) will be performed in the conventional
hot cell or shielded glove box laboratory. Some testing of moderate activity materials irradiated in the
medium- and low-flux regions may also be performed in these rooms. The material flow to the
shielded glove box laboratory is not shown in Fig. 4. PIE of tritium contaminated and tritium
containing materials is performed in the tritium hot cell.

A test assembly removed from the test cell is disassembled in the access cell (disconnection of
the test module from the shielding body). The test module without contamination of tritium is
disassembled in the test module handling cell (removal of rigs from test module). If the test module
can be reused, the rigs are removed from the test module in the access cell, without removing the test
module from the shielding body. The access cell and test module handling cell are separated by a
concrete shielding wall. The test module is moved through the shielding door between the access cell
and test module handling cell. Personnel access to the access cell is possible by putting components
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with shielding attached (such as the VTA) into the storage pits in the access cell and by moving other
activated material into the test module handling cell.

Test Module
Conventional Hot Cell (Air) Handling Cell (Air) Access Cell (Air)
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Shielding ()Ts i1I
Module 0 (6) Reassemble Transfer (7) Reassemble (8) Reasseml
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(I) Reload/

O~ I>Remove
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New Rig New ModuleNeto
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(a) Flow of materials that is not contaminated with tritium.
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(4) Disassemble (3) Disassemble (2) Disassemble

Shielding A ~ l
(5) Test O' 

Mo dole B (6) Reassemble (7) Reassemble Transfer (8) Reasseml

~Sub - m odol _____
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tiL ~~~~~~~~~~~Remove

New Specimen &
New Sub-module New Module Neutron e [JJI

Test cell (Vacuum/Ar)

(b) Tritium contaminated and containing material flow.

Fig. 4 Irradiated material flow from test cell to PIE facilities

Irradiated rigs in a container (or shielded cask) are moved from the test module handling cell
to the conventional hot cell through an access/maintenance room (R209) using a rig transporter on the
universal robot system. Whether or not the access/maintenance room is shielded has not been decided.
Personnel access to the access cell and test module handling cell is through the access/maintenance
room. The maintenance and repair of contaminated equipment that can be moved from the hot cells are
conducted by hands-on operation in the access/maintenance room, and this room is also used to store
equipment when it is not being used in the hot cells.

The specimens are removed from the rigs arriving at the conventional hot cell before testing.
Some testing of small volume specimens is performed in the shielded glove box laboratory. Small
volume specimens in a shielded small vessel can be moved by hand from the conventional hot cell to
the shielded glove box laboratory.

It is likely that irradiation rigs and test modules may not be able to reach the full goal fluences
of the specimens, because they are exposed to a higher neutron flux than the specimens. Therefore
specimens must be repeatedly reencapsulated into new rigs and new test modules. Also, new
specimens are installed in the rigs to fill the space that was occupied by specimens removed for PIE.
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Therefore, the Mix of irradiated and new specimens will be installed in new rigs in the conventional
hot cell by remote handling. The assembled rigs are moved from the conventional hot cell to the test
module handling cell and are installed in a new test module. The test module is connected to the
shielding body in the access cell (reassembly of the VTA). The VTA is stored in the storage pit until
installed for the next irradiation.

The tritium contaminated and containing materials such as the in-situ tritium release test
module and lithium target assembly are handled in a similar way in the tritium hot cells.

The in-situ tritium release test module that is packaged to prevent the leakage of tritium is
disassembled in the access cell, and then is moved from the access cell to the tritium hot cells through
an Ar/air exchange room by using the roller conveyors. When the roller conveyors are not used, these
are stored where they do not interfere with the operation of universal robot or the movement of the
shielding door.

The tritium hot cells consist of airtight cells with two lines: one for PIE of the in-situ tritium
release test module and materials tests containing tritium (to be designed in the future); the other for
the repair and maintenance of the lithium target assembly. These cells are filled with Ar gas to process
unknown tritiated chemical species and to eliminate the possibility of lithium combustion. Several PIE
tests such as the measurement of tritium inventory and observation of microstructure are performed for
specimens that are removed from the in-situ tritium release test module and its sub-modules. When
specimens are to be re-irradiated, they are installed into new sub-modules/modules in the tritium hot
cells. The lithium target assembly is handled in the same way. (Its details may be described in other
KEP task report.)

The highly activated solid wastes like tested irradiated specimens, irradiated test modules and
irradiated lithium target assemblies will be generated by IFMIF operation. These are put into
containers and stored in the waste storage cell (R203) next to the access cell.

(5) Summary
Examination of the arrangement of piping and wiring and of the flow of irradiated materials

was carried out. The piping and wiring from the equipment in the test cell, access cell and test module
handling cell can be connected with the related systems installed in the test cell technology room on
the first floor or second floor, or in the operating area. The test cell facilities are arranged so they will
not interfere with the irradiated material flow.

The pipes and wires of the test cell and of the equipment installed in the cell are connected to
related systems in the test cell technology room that is adjacent to the test cell on the first floor. The
piping and wiring from the access cell to the test cell technology room on the second floor must pass
below the rail of the gantry crane of a universal robot so it does not prevent operation of the universal
robot. Operation of universal robots in the access cell and test module handling cell are conducted
from the operating area.

Materials without tritium contamination are moved in a container to the conventional hot cell
through the access/maintenance room, using the transporter. Small volume specimens in a shielded
small vessel are moved by hand from the conventional hot cell to the shielded glove box laboratory.
Tritium contaminated and containing materials that are packaged are moved to the tritium hot cells
through the Ar/air changing room using the roller conveyors
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Table I Piping and wiring for the test cell, access cell, test module handling cell, and equipment
installed in these cells.

Equipment/ Pipe /wire installation room Installation room of related
room _ _ _ _ _ _ _ _ __system

Test cell Vacuum line piping Test cell Test cell technology room (F)
He as coolant iping Test cell Test cellI technology room (IF)
Ar gas supply piping Test cell Test cell technology room (IF)
Signal line for Test cell Test cell technology room (F)
surveillance system ___ _________

Test cell cover Hgacoolant piping Access cell Test cell technology room (2F)
Target assembly, Vacuum line iping Test cell Test cell technology room (F)
Quench tank Electric heater! Test cell Test cell technology room (IF)

thermocouple wiring
for heat insulating
material

He cooled high He coolant piping Access cell Test cell technology room (2F)
flux test module Thermocouple Access cell Test cell technology room (2F)

wirings
Electric heater Access cell Test cell technology room (2F)
wirings

In-situ Signal line wiring Access cell Test cell technology room (2F)
creep-fatigue Coolant piping Access cell Test cell technology room (2F7)
test module
In-situ tritium He sweep gas line Access cell Test cell technology room (2F)
release test piping with heater
module He coolant piping Access cell Test cell technology room (2F)

Vacuum line piping Access cell Test cell technology room (21F)
Thermocouple Access cell Test cell technology room (21F)
wirings

Vertical Tubes Access cell Test cell technology room (2F)
irradiation tube
Universal robot Power cable Access cell, Test Operating area

module handling cell
Signal line wiring Access cell, Test Operating area

module handling cell
Access cell Wiring for lighting Access cell Operating area

Signal line for Access cell Operating area
surveillance system

Test module Wiring for lighting Test module handling Operating area
handling cell cell

Signal line for Test module handling Operating area
surveillance system cell
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3.3.9 TF36-JA Transfer of Heavy Equipment (Examination of Universal Robot System)

(I) Brief Task Description
Heavy equipment such as a Vertical Test Assembly must be accurately aligned to the neutron

source, to irradiate specimens to high fluence as fast as possible. Some of the equipment will become
highly activated. The remote handling system and operational flow to handle these items are examined.
The remote handling system consists of a large universal robot system and other equipment. The large
universal robot system is based on a gantry crane equipped with movable tables with positioning
accuracy better than mm. This system will cover almost all of the operations expected in the irradiation
field.

Contributor
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(2) Introduction
The irradiation equipment in FMIF such as the Vertical Test Assembly (VTA) is heavy (>5

tons), because it includes a shielding body of concrete arranged in stair-step [1]. In order to irradiate
specimens to high fluence as fast as possible, the test module that is the specimen holding section of the
VTA must be accurately aligned to the neutron source (lithium target assembly). This is because the
neutron flux gradient in the direction of the beam is large. Therefore, the heavy equipment needs to be
positioned accurately (± 1 mm) by the remote handling system.

(3) Remote Handling System
The remote handling system for the access cell and the test module handling cell (located over

the test cell) can cover almost all of the operation expected in these cells. This system is composed of a
large universal robot system for the access cell, a small universal robot system for the test module
handling cell, a test module transporter and a rig transporter, as shown in Fig. 1 [2].

Movable tables and
turn table

VTA: Vertical Test Assembly

0 ~~~~URS Gripper for handling components: VTA, CSP Central Shielding Plug
CPCMS tc CMS: Combined Manipulator System

TMv: Test Module

VTA assembling stage

6m ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~S

Cask Irradiated rig

Combined Maniplator 2
System (CMS) for
handling: TMi, I
Maintenance tools, Target
assembly, etc.Whe rAi

Rig transporter

(a) Large & Small Universal Robot System with (b) Test Module Transporter (c) Rig Transporter
CMS (combined Manipulator System) for
Access and Test Module Handling cell

Fig. 1 Remote handling system.
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The large universal robot system is composed of a gantry crane for transportation in the Y
direction and manipulators with several degrees of freedom. The gantry crane is equipped with movable
tables for X, Y and Z (vertical) directions, a turntable, and a gripper. The manipulators are connected to
the gripper. The test module transporter covers the waste storage cell, the access cell, and the test module
handling cell. The rig transporter can travel between the test module handling cell and PIE hot cell.

The requirements of the remote handling system in the access cell are as follows.

* Routine VTA removal and reloading operations
* Removal and exact insertion of shielding plug, vertical irradiation tube (VIT), and removal of the

test cell cover
* Routine VTA assemble and disassemble operations

Replacement of the lithium target assembly
Any maintenance operations in the access and test cells, including cleanup of Li contamination.

Some of above-mentioned requirements are for the transfer of heavy equipment that are carried
out by the gantry crane of the large universal robot system. The gantry crane is shown in Fig. 2. It has 5
mm positioning accuracy and 50 t handling/transportation capacity (the handling capability of the
gripper is 30 t). Its working space in X, Y and Z direction is respectively 13 m, 30 m and 6 m. The
positioning accuracy of each movable table is better than mm.

'3~~~~~~~~~~ al
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The handling procedure for the heavy equipment using the gripper is shown in Fig. 3. The four
hook-shaped grips, of which two are movable, hold the equipment. Inserting the wedges prevents the

Frame

Stationary Grip/ Adjustable GripWdeWdg

(a) Positioning (b) Insertion of grips by (c) Moving of X table (d) Insertion of wedges
lowering Z table and adjustable grip

Fig. 3 Handling procedure of heavy equipment by gripper.

bending of the grips due to the bending moment that occurs during the lifting of equipment. When the
thin equipment such as VTAI is raised it might not be possible to insert all four grips because the grips
are large. In such a case, the sidewall of VTAlI can be gripped by the stationary grips as shown in Fig. 4.

When the gripper is not located over the center of
gravity of equipment, the equipment is kept vertical
using the rocking frame. An alternative method to
maintain the desired orientation of the equipment is to
attach counter-weights to the equipment. However,
even in such case use of the rocking frame may be
necessary. When the test cell cover is handled, it is
lifted using the lifting attachment. The upper test cell
cover and lower test cell cover should be designed to
be two pieces each, because their weight may exceed
the gripper handling capability, even though they were
reduced in size for the reduced cost IFMIF.

for theatest ale islown in Ts Fig.i5.toies(ae

A flow plan of all remote handling operations

#1 and #2) of VTA 1, VTA2 and central shielding plug
are provided to reduce the downtime due to the
disassembling/assembling operations on the VTAs.
After completion of irradiation, removal of the
vacuum seal plate from the test cell, disconnection of
pipes and cables from the VTAs, and connection of
temporary cooling systems to the VTAs are normally

Fig. 4 Handling of VTA1. conducted as hands-on operations. These operations
can be conducted by the large universal robot, if
necessary in the case of contamination. If only a short

cooling period of the specimens is expected, the connection of the temporary cooling system to VTA
will be not necessary, but in that case the disconnection of pipes and cables from VTA cannot be
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% ~~~~~~~~~~~~~~~Temporary Storage Pit
for Central Shielding

Plug
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Temporary Temporary
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Li Target

Fig. 6 Elevation section view of the test cell and temporary storage pits.

(5) Summary
The remote handling systems and operational flow were examined to determine whether they

can accurately handle the heavy equipment such as a Vertical Test Assembly. The remote handling
system is composed of the large and small universal robot systems, test module transporter, rig
transporter, and other elements. The large universal robot system for the access cell that is located over
the test cell can handle the heavy equipment in the test cell. It is composed of the gantry crane with
movable tables and manipulators with several degrees of freedom. The gripper that holds the heavy
equipments is better than mm in positioning accuracy in the x, y and z directions and has 30 t handling
capacity. This system will cover almost all of the operations expected in the test cell, access cell and test
module handling cell.
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3.3.1 0 TF38-JA : Operation Methods for Off/Normal Conditions of IFMIF

(1) Brief Task Description
IFMIF operation in off/normnal conditions influences the irradiation behavior of material. Thus

the operating methods during off/normal conditions need to be examined on the basis of the
understanding of irradiation damage and experience with existing radiation facilities. The irradiation
behavior of materials can be affected by the low temperature irradiation that occurs during facility
startup. The temperature control in IFMIF is required to raise the specimen from below 0.3 Tm to the
irradiation temperature within 10 minutes of startup, to avoid any significant neutron fluence at
temperatures below the specified temperature for the experiment.
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(2) Introduction
The specimen temperatures need to be maintained constant during irradiation, because

temperature variation can affect the irradiation behavior of materials. The IFMIF Helium Cooled High
Flux Test Module for the irradiation of blanket structural materials will have an electric heater to
supplement nuclear heating and have a helium gas cooling system. However, the specimen might not be
maintained at the target (irradiation) temperature at startup and shutdown of the accelerators and also
during any beam-off transients. To minimize such situations, the temperature control mode of the
specimen during off-normal conditions should be determined.

(3) Review of Existing Experimental Data
In irradiation experiments in conventional fission reactors, the specimens are maintained at the

target temperature by controlling the thermal conductivity of a gas layer by changing the composition
and! or pressure of the gas layer to compensate for the fluctuation of nuclear heating rate and! or cooling
capability. However, the specimens may be irradiated at temperatures lower than the target temperature
during startup and shutdown of the reactor. In the Japan Materials Testing Reactor (JMTR), the material
receives a displacement damage of about 0.01I dpa during the startup period [I . It seemed that this
pre-irradiation at low temperature during the reactor startup might affect subsequent evolution of the
radiation-induced microstructure in materials. To evaluate this, irradiation rigs that could control the
specimen temperatures by electric heaters as well as by changing the conductivity of the gas layer were
developed for JMTR [I]. In the experiment using this irradiation rig, the specimen temperature is raised
to the target temperature before reactor startup and is lowered after the reactor is shut down. Irradiation
rigs that could vary the specimen temperature during the irradiation were also developed for JMTR and
for the High Flux Isotope Reactor (HFIR) [2, 3. The effect of temperature variation has been
investigated using these irradiation rigs. That the low temperature irradiation in the early stage of an
experiment is especially important has become fairly obvious by the results of neutron irradiations in
JMTR and the ion irradiations. The examples of the effect are as follows [4].

1) Increase in defect cluster density
Defect clusters (loops and voids) are formed during pre-irradiation at low temperatures, even if

this period is short, and the clusters grow during the subsequent irradiation at higher temperatures. The
result is that the density of defect clusters is higher than that of defect clusters formed by irradiation only
at the higher, constant temperature.

2) Effects of accumulation of very small defect clusters
The fine defect clusters that are formed by vacancies with low mobility accumulate in the matrix

of a material during the low temperature irradiation. The microstructural evolution, such as the
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formation and growth of interstitial atom loops and formnation of dislocation networks, is retarded
substantially, because the fine defect clusters decompose and discharge free vacancies during the
subsequent irradiation at the high temperature.

3) Stability of precipitates
When a material that forms a stable precipitate during high temperature irradiation is irradiated

at a lower temperature in the early stage of irradiation, a number of fine precipitates form and they
disappear during the subsequent irradiation at high temperature because of their instability. Therefore,
the material loses any effects of the precipitates, such as void swelling resistance.

(4) Requirements on IFMIF Operation
Based on the existing data from fission reactor experiments, it is important to avoid irradiation

at temperatures lower than the target temperafure. If low temperature irradiation is unavoidable, the time
must be kept short as much as possible.

The probable operating conditions of the accelerators during startup and shutdown of IFMIF are
as follows.

* The time for accelerator startup is desired to be more than minute.
* The time for accelerator shutdown is short.
• Two accelerators are started up separately, though they may be done at the same time.
* Two accelerators can be shut down at the same time.

The times for startup and shutdown are short in comparison to fission reactor operation. (The
time for the startup of JMTR ranges from less than a few hours to more than a few days, and the time for
shutdown is more than hr []). The short time of low temperature irradiation may be acceptable in
normal IFMIF operations.

The accelerators will be accidentally shut down due to various causes, in addition to the
shutdowns for maintenance, although the probability that both accelerators are shut down
simultaneously is very low. When one accelerator is shut down, and the downtime is expected to be short,
the irradiation will be continued using only the other accelerator. The nuclear heating rate which
depends on the accelerator power will fluctuate substantially during the irradiation in IFMIF. Therefore,
the heater needs to have enough capacity to compensate for these fluctuations.

There will be a great many interruptions in the IFMIF neutron irradiation for material specimens
to achieve the target displacement per atom. Since there is also a concern with recovery of irradiation
damage that may occur if the specimens are maintained at the high temperature without the neutron
irradiation, the following tentative requirements are set for temperature control of the specimen at restart
and shutdown. This is expected to avoid both low temperature irradiation accumulation and high
temperature irradiation recovery.

* The specimen temperature must be raised from below 0.3 Tm to the irradiation temperature
within 10 minutes at start of irradiation. In the case of F82H ferritic/martensitic steel, 0.3 Tm is
about 500 K.

*When both beams shut down, the specimen temperature must be reduced below 0.3 Tm within
10 minutes.

(5) Operating Method
1) Normal Operation

The temperature of specimens is controlled by nuclear heating and electric heaters. When the
specimen temperature is higher than the desired temperature, it may be lowered by adjustment of the
flow rate and/or pressure of the coolant. An example of the control mode for normal conditions is shown
in Fig. . The two accelerator beams are turned on separately. Each accelerator is turned on after the
specimens are maintained at the target temperature by the electric heaters, and the electric heater is
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Fig. 2 Example of Temperature Control Mode in Normal Conditions (2).

capacity is necessary.
Other temperature control modes may exist. Which mode is most appropriate should be judged

from the result of related tasks (TF I11-EU, TF 1 2-EU and TF39-JA).

2) Off-normal operation
Beam shutdowns due to various causes are unavoidable. If one beam is off, the irradiation can

be continued with other beam. The irradiation behavior of the material will not be seriously affected,
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although the neutron flux drops to about half. For instance, no significant difference has been observed
in the irradiation behavior of material that has been irradiated in two positions of HFIR, the reflector
position and the target position, although the neutron flux of the former is about half of that of the latter.
The control mode for one beam-off is shown in Fig. 3. For one beam-off time up to several hours, the
specimen is maintained at the target temperature by raising the heater power. If the beam-off time is
longer, the specimen temperature will be controlled by adjustment of flow rate and/or pressure of the
coolant as well as by raising heater power.

When both beams are off, the specimen temperature must be lowered below 0.3 Tm within 10
minutes.

> Afew hrs -Acc.-A

.... Acc.-B
10 00/o

Accelerator I . I I
Poiier ji ~ ____ Acc.-Ai f

Targe

SpecimenTei 
Temperature .. <0T,

RT 

Heater
Poi~er

Ti me

Fig. 3 Example of Temperature Control Mode in Off-normal Conditions.

(6) Summary
The irradiation behavior of materials is affected by the low temperature irradiation during

startup, according to the review of existing irradiation effects observed in fission reactor experiments.
The effects are an increase of defect cluster density, and related effects.

In order to avoid the low temperature irradiation, the temperature control in IFMIF is required to
raise the specimen to the target temperature from below 0.3 Tm within 10 minutes at startup. Also, the
specimen temperature must be lowered below 0.3 Tm within 10 minutes complete beam shutoff.

Temperature control modes that meet the above requirements were examined. Which mode is
most appropriate will be judged from the result of related tasks.
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3.3.11 TF39-JA: Feasibility Study of the Gas Cooled High Flux Test Module

(1) Brief Task Description
Long-term temperature control of irradiation experiments is a key issue of IFMIF design,

because temperature critically affects the irradiation response of all materials. Basically, test
specimens should be kept at a prescribed constant temperature through the irradiation period, and they
must be quickly cooled down in case of any unexpected beam cut-off in order to retain their property
changes. In the present conceptual design of the test modules, the temperature control is accomplished
by use of helium gas cooling and ohmic heating.

We performed a series of numerical simulations in 3-D, based on the test module design that
was originally proposed, and found three unfavorable features arising from the current configuration.
These are: difficult temperature monitoring; non-uniform temperature distribution in specimens; and
poor cooling performance. We now proposed a modified design of the test module that can overcome
the problems and report here the results of numerical and experimental examination of this newly
proposed test module design.

Contributors
Name Party Institute E-mail address

Akihiko Shimizu Japan Kyushu Univ. shimizu~ence.kyushu-u.acjp
Takehiko Yokomine Japan Kyushu Univ. yokomine~ence.kyushu-u.acjp
Yukinobu Watanabe Japan Kyushu Univ. watanabe~aees.kyushu-u.acjp
Shinji Ebara Japan Kyushu Univ. ebara~ence.kyushu-u.acjp
Yukihiro Yonemoto Japan Kyushu Univ. yonemoto~aees.kyushu-u.acjp

(2) Introduction
In the high flux test region of the IFMIF test module, test specimens are housed in capsules

with gas gaps and irradiated for long times, must be kept at the set temperature (which will be in the
range 250 to 1 ,0000 C) because irradiation characteristics of materials are strongly dependent on
temperature. During the irradiation, although it is assumed that perturbations of the beam causes some
changes in nuclear heating, acceptable changes in the temperature fluctuation in specimens should be
less than 1%. In addition to these small beam changes, the temperature control system must
accommodate: (1) rapid increases in nuclear heating at beam start-up (2) heating rate changes for one
beam-off and (3) loss of nuclear heating at two beam shutdown by accident or maintenance. With
regard to conditions (1) and (3), a specific goal has been proposed by JAERI, that immediate heating
up or rapid cooling down to O.3Tm should be achieved within 10 minutes.

The most challenging position for temperature is in the high flux test region, because of the
severe heat load. Moreover, the test module must avoid high pressure to avoid damage to the module
structure.

(3) Analysis of the Previous Test Module Design and Proposed New Design Concept
Firstly, we examined the cooling performance of the test module originally proposed in

IFMIF-KEP. Calculations were performed in a three dimensional system by using the ANK turbulence
model for flow and thermal fields[1,2]. The inlet Reynolds number of flowing He coolant was varied
in the range 3,400 to 185,000, which corresponds to inlet pressure conditions ranging from 0.1I to 0.9
MPa. Specific nuclear heating was assumed to be W/g for both specimens and rig wall structural
materials. Specimen and rig wall materials were SS and that of the capsule was optional, either DS-Cu
or SS.

Figure shows the calculation domain used in our study. From the numerical results, in spite
of choice of capsule materials, the maximum temperature of specimens can be kept at 550K, which is
the most severe requirement for cooling, when the Reynolds number is 68,000, inlet pressure 0.5 MPa
and inner gap width .1Imm. Some examples of the temperature in specimens during start-up are
shown in Fig. 2(a) while Fig. 2(b) shows temperatures in rapid cool down from steady state conditions.
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< side view > < upper view > These data were obtained by adopting SS
~~~~all ~~~~~~~~capsule material and the inner and outer gap
Rig ~~~~~~~~~~width of 0.5mm. From Figs. 2, we can see

Inner Gap 54.9 ~~~~~~that the required conditions at start-up and
Capsule 38.9 ~~~~~~shutdown that heating up or cooling down
Neutron Flux ~~~~~~to 0.3Tm within 10 minutes are adequately

satisfied. Nevertheless, it is also found that
Heater ~~~~~~~the lowest achievable irradiation

Outer Gap ~~~~~~~~temperature is about 840K. There would be
a lower limit of specimens temperature if
unlimited flow velocity of coolant could be

Fig. 1 Calculation model for the previous design. available. This limit originates from thermal
resistance between specimens and cooling

1000 A-~~~~~~~~channel, and the thermal resistance is1000 --------- -------- ------ determined by dimensions and arrangement
-.- -- ~~of the irradiated unit. Because the dual gaps

~800 -- e9O =.I-~=1O~ areI fled wth a gas phase of poor thermal
/ ~~~~~~~~~~conductivity, the thermal resistance is very

600 -0- e130, .I~,u2.5m/s large. In other words, the cooling is
600 -O-Re=I73OP~O.5~a, u-0.5m~sextremely limited by the gaps.

-*-_Re34400, P-0.5MPa, u41.Om/s In addition to the above

400 -- Re=61800, P=0.9MPa, u4 1.Om/s- disadvantage, two inconvenient features
-KY- Re= 23600, P=0.9MPa, u=82.0m/s due to the configuration were clear from the
0 100 260 '360 460 560 numerical results. First, there is a

100 m20 300 400 50 non-uniform temperature distribution inside
* Time [see] the specimens, due to the volumnetric

(a) At start-up nuclear heating. Our numerical results
indicate that there are temperature

100 ~~~~~~~~difference of 40 K and more in the
specimens, although the maximum
temperature can be kept at 550 K.

80 Second, a large uncertainty in
measurement of specimen temperature may

600 ~~~~~~~~~~~appear in the design. If the thermocouples
(TICs) are buried in the capsule to monitor
the temperature of specimens, a large

400 uncertainty in temperature measurement is
inevitable due to the change of gap

0 100 200 30 conditions during the experimental and to
Time [see] the accuracy of the location of TIC. Fig. 3

(b) At shut down shows the estimate of uncertainty of
Fig.2 Hstoy o teperaureat tar-upandtemperature measurement. In the

Fi.h story. oftmeaueatr-padcalculations, the effective gap conductance,
2
kgap, is defined as a function of parameterf,

1/ Xgap = (f)I SPEC1MENS ±f/ kHe, wheref means the volume fraction of occupation of gas (helium) in
the gap. Whenf =l, the gap is filled with gas only, butf can change, for example, due to swelling. The
case off =0 corresponds to the case in which the gap is completely filled by swelling material. In Fig.
3 the relative location of TIC means the change of position from the location where TC is buried
originally. The change in location of TIC can be caused by swelling of the capsule and positioning
error. As shown in Fig. 3 small changes of the volume fraction or the location of TIC cause large
differences between actual specimen temperature and those estimated from TC which is assumed to
stay at the original position.

349 -



JAERLI-Tech 2003-005

From the numerical results, it is

-120 concluded that drastic change in design of the
Relative location of T.C. in capsul test module is needed in order to. obtain

100 15 muniformity of temperature of specimens, to
LOMM ~~~~improve the reliability of temperature

1k--80- *0 measurement, and to relieve the coolant flow
condition, especially the high inlet pressure.

2! 60 - ~~~~~~~~Our team proposed a new concept for the test
module and specimen arrangement.

Re=-12400,P=O.9PaFi.4sostenwdigofet
40 1 ~~~gap width: 0.1ImmFi.4sostenwdigofet

Capsule: SUS module that we propose. The new design has
0 0.2 0.4 0.6 0. some improved features, including the

parameterf followings; In the current design, temperature
of specimens is estimated from capsule

Fig. 3 Estimation of uncertainty of temperature temperatures that are measured directly by
measurement. TICs buried in it and may change due to the

installed location of TICs and the changes in
test piece control gap thermal insulation gap conditions as mentioned above. In the

<unper view> ~~new design, however, temperature of
specimens is measured directly by monitoring
a few dummy pieces in the specimen array.

kaide view> T.C./ dummy piece for temperature monitor The current design has two gaps between
auxiliary line specimens and the cooled surface. They work

as insulating layers due to large thermal
resistance of the gas phase, and causes

A ~~~~~~~deterioration of cooling performance. In our
coolant flow design, enhancement of cooling is achieved

by removing the rig wall and outer gap. In
addition, the long irradiated unit is expected
to realize a two-dimensional temperature

Fig. 4 New design of test module. profile in the row of specimens, so that a
uniform temperature distribution in each

specimens can be obtained.
In addition to these design modifications, a fine mesh is inserted in the gap between specimens

and capsule walls so that the influence of uncertainty of the gap width on specimens temperature can
be reduced and uncertainty of the contact between specimens and the capsule can be excluded. From
now on, the gap between the specimens and the capsule is called 'the control gap'.

(4) Numerical Simulation for the New Design
Calculations were performed to confirm that

the expected improvements were realized in the new <Horizontal scin 78022.
1.5design of the test module. The system configuration2 ~~~~clion<~~~~~~~~~~~~~~. or 0.

and dimensions under consideration are illustrated in I,* 4.68or2.3

Fig. 5. Considering the symmetry of the system, only a Calculation.....

one-quarter region of the module was simulated. The <Vria etoo HEATER Cnrlao domain

specimens are surrounded by insulation except for the
control gap. This makes heat flow mainly in one
direction, the y-direction in Fig. 5. The control gap is9A& n

filled with a flexible porous matrix, composed of SS 1 

and helium to accommodate the uncertainty of contactCasl kIM Fowhnel4

due to swelling. The effective thermnal conductivity ofCaslUnt11 FowhonlI)

this material mix is estimated by the geometric mean, Fig. S Numerical system for new design.
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temperature 1K] temperature [K]
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(a) At start-up (b) At shutdown

Fig. 6 History of temperature for various parameters.

expressed as k~ff= kss('-0k 0.10
0 , whereo~is the

temperature K] Re-0720, TP=-4.6, gap-S.2, .Caps=SS31O porosity of the matrix[3]. A heater to

600 --------------- compensate for variation in nuclear heating is
550 ~ ~ ~ ---- located on the gap side of the capsule.

550 ~~~~~~~~~~~~~~In the calculation, the conjugate heat

500 . ... transfer problem between solid and fluid with
turbulent flow was solved using ANK

450........ ..... . .................. turbulence model, similar to the formner

400 ~~~~~~~~~~~simulation. The specimen material was SS and0=1.0 o h asuewseihrD-u rS.T
0.8 ~ that ftecpuewsete SC rS.T

350 ~~~~~~~~~0.6 -
0.5 determine the effect of thickness of specimens
0.3

300 ~~~ ~ ~~~~0.0 -and the width of the control gap, 4.6 and 2.3
0 20 40 00 80 100 120 mm were selected as specimen thickness, and

time [i 0.2 and 0.1I mm were width of the control gap.

Fig. 7 History of temperature for various Two kinds of fully developed turbulent flow,
porosity cases. Re=9,270 and 19,400, corresponding to flow

velocity of 79.5 ms and 159.0 ms
respectively, were provided for the inlet conditions of coolant flow. The porosity in the control gap
was varied from 0.0 to 1.0.

(5) Numerical Results and Discussion
Fig. 6 shows maximum temperature histories at startup and shutdown for all variables except

porosity. For all data, porosities were fixed at .0. The figure clearly indicates adequate cooling
performance to satisfy the conditions required at start-up and shutdown. The lowest irradiation
temperature, 523 K, is quite easy to achieve, even though the case with porosity of 1.0 is the hardest to
cool. Fig. 7 gives temperature histories for various porosity cases with Re=9,720, specimen thickness
of 4.6 mm, control gap width of 0.2 mm and a SS capsule. Obviously, the specimen temperature is
significantly affected by the porosity of the control gap.

In Fig. 8, temperature profiles in the x- and y-directions are shown for several different cases.
Fig. 8(a) shows good uniformity of specimen temperature in the x-direction, with larger Reynolds
number improving the uniformnity. As shown in Fig. 8(b), if the specimen thickness is fixed, namely,
the nuclear heat generated is the same, then the temperature of the capsule surface is determined by
flow conditions. The higher the flow velocity, the lower the surface temperature. The temperature
profiles in the specimens are almost the same though their levels are different because of the capsule
material and the conditions of the control gap. Fig. 9 illustrates the 3-dimensional distribution of
temperatures in specimens, corresponding to the case drawn in solid line in Fig. 8. It is easy to see the
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ai[m] Fig. 9 Temperature difference distribution in T.P.

(a) In x-direction

temperature K] TP-4.6, gap-0.2Re 

t =0.6
500 ~~~~~~~~~~~~~~~~~TP=4.6

Caps=SS316
450 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~3gap=0.2
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00Tea.t Place Gap -t Capsule Flow channel
0 0.001 0.002 000O3 0004 0000 0000 0O007 oooa0 000 (a) Temperature difference

[) porosity

0.0

(b) In y-direction
Fig. 8 Temperature profiles on symmetric 0.6

axises.
0.7

uniform temperature distribution in the .. .,N

0.6~~~~~~~~~~~~~~~~~~-span-wise direction. aoewr .

The results discussed aoewr
obtained for the constant porosity cases. 0
Fig. 10(a) shows the distribution of 0.

temperatures in specimens calculated for a
random porosity case. All parameters except 01 0.2 0.03 0.04 0.05 0.06 0.07 0.008 0.I09

porosity were the same as those of Fig.9. The 0 [in]

porosity was assumed a function of x only, (b) Porosity profile
and its distribution was supposed to follow Fig. 10 Temperature difference distribution in T.P.
the form of the normal distribution with mean for random porosity case and porosity profile.
porosity of 0.6 and standard deviation of 0.01
shown in Fig. 10O(b). The uniformity of temperature in the spanwise direction is easily destroyed by the
random porosity of the control gap.

Fig. 11 shows data corresponding to the one beam-off scenario for Re=9720, porosity of 0.0,
specimens thickness of 4.6 mm, and SS capsule. The heater power was given as a certain heat flux and
the condition of one beam-off was expressed by reducing the volumetric heating to half of the 5W/g
reference value. In Fig. 11 (a), maximum temperature histories for one beam-off with and without
heater use are depicted. In this figure, a single beam is cut off at Os and each simulation starts from the
steady state temperature that had been reached in normal (2-beam) irradiation. Temperature profiles at
steady state in the y-direction of the data for the one beam-off scenario are compared with that of the
normal (2-beam) case in Fig. I11(b). The heater is at y=0.O048 in this figure. When the heater power is
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temperature KJ Re-9720, 0-0.0, TP-4.6. gap-0.2, Caps-SS316 temperature KJ Re-9720, -0.0, TP-4.6. gap-0.2, Caps-SS31 
4504
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(a) History of temperature (b) Temperature profile in ydirection

Fig. 11 Results of beam-off case for porosity of 0.0.
0.2 MW/rn 2, temperature close to the steady state value can be recovered within 20 s and maintained
for single beam operation. It should be also noted that in the one beam-off condition, the temperature
difference in the y-direction becomes smaller than that of the 2-beamn case. This is inevitable because
of the difference in volumetric heating between the two cases. Fig. 12 illustrates the one beam-off data
for porosity of 0.6. Heater power of 0.25 MW/in 2 is required to keep the temperature level at the
steady state. This power is larger than that required in the case for porosity of 0.0. The reason why
required heater power is different among different porosity cases is clearly indicated in Fig. 12(b). A
large porosity causes a temperature difference in the control gap to increase. The heater has to
compensate for a portion of this large temperature difference to keep the temperature at the steady
state condition.

temperature (KI Re.972o, #-.6 TP-4.6. gap-.2, Caps-SS31 S temperature K) Fte-9720, *-0.6, TP-4.6, gap-0.2, Caps-SS316
480
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2
])
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(a) History of temperature (b) Temperature profile in y-direction

Fig. 12 Results of 1 beam-off case for porosity of 0.6.

In order to estimate the influence of beam fluctuation on specimen temperature, calculations of
transient temperature profiles were performed for various cases. The beam fluctuation is expressed as
a fluctuation in heat generation. We use a sine function as the fluctuation in time, with amplitude 10%
of the nuclear heating in 2-beam irradiation. Fig. 13 shows temperature histories for diverse cases
together with the fluctuation of the volumetric heating. In the figure, the steady state is maintained
before t=0, and the fluctuation begins at tT=0. Three cycles of fluctuation, Tbf were used in the
calculations and they were determined by the specimen thickness, L, and the thermnal diffusivity of SS,
a. The cycles were set at 1/4*L 2/c L 2/a and 4* L 2/o, and they were about 1.3, 5.2 and 21.0 ,
respectively. The abscissa in Fig. 13 is normalized for each cycle.

From Fig. 13, temperature fluctuation strongly depends on the cycle. Other factors, including
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AT (KI Re-9720, 005 TP-456 gap=0S2 Caps-SS316 the gap width, the capsule material
T, 21.Ojs) -Tbf=5.1s] Tb?=5.21s5 Caps-Cu and so on, have only a slight effect.

Tbf 5.2[s TP~2. The maximum cycle length of 21 .0

s in the simulation is considered to
; ~~~~be sufficiently long, and that results

0 ~ ~ ~ ~ Nin maximum temperature difference

from steady state of about 4 K,
5500 within the acceptable temperature

-4 5000 fluctuation. This shows that a
voumtrc eain: lt~s1t.1~subntrss 4500 perturbation of beam power of

-0 1 2 (/T a about 10% does not require any

Fig.13 empeatue dviaton or bam lucuatin cse. extra measures to control specimen
Fig.13 Tmpertur devatio forbea flutuaton cse. temperatures.

(6) Preliminary Experimental Confirmation
Experimental Apjparatus and Conditions

Surge Tan Inlet pressure

meter

Bypass Ttscon

Outlet pressure
meter

Vacuum pump

Fig. 14 An illustration of experimental loop.

capsule ~~Al
1.5 :

Front view Side view

Fig. 15 Photographic view of experimental
Fig. 16 Test section. setun.

We conducted a series of experiments using the
gas loop illustrated in Fig. 14. Fig. 15 shows a 1,

photographic view. The loop consists of a compressor,
a surge tank with a volume of 1. n, nitrogen 
reservoir, a vacuum pump and a test section. The mass Hula

flow rate of gas is measured at the inlet of the test 0plc1

section, and gas pressure and temperature are measured ui
at the inlet and the outlet of the test section. The test
section is a square duct including a capsule and Specin

aluminum blocks, illustrated in Fig. 16. Insulating
boards are inserted between the capsule and the Fig. 17 Capsule and specimen in
aluminum blocks. All parts are fixed on both sides by preliminary experimental run.
SS shafts. The flow channel in the test section is a dual
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square channel with a width of 1.5mmn. Fig.17
500 shows a capsule holding specimens. The capsule

-Re= =100000 consists of SS plates, SS blocks and two plate
400-

Full power of capsule heaters (each 376 W) and the heaters are installed
ID~ 300 and T.P. heater on the side walls of the capsule. Specimens are

~~-' 200 ~~~~~sandwiched by three SS plates (57x11x1 mm)
200 - ~~~~~and two plate heaters (each 159 W). The

.100 thickness of 4.6 mm is the thickest size of

~~ 100 200 400 ~~~ proposed specimens listed in IFMIF-K-EP.
100 200 300 40For temperature measurement we used

Time (sec) K-type TICs with a sheath diameter of 0.25 mm.

Fig. 18 History of maximum temperature at They were placed only on one side of the
full heating. specimen surface due to symmetry. Nitrogen gas

was used as coolant and the pressure was raised
Side rz Center to 0.5 MPa. Dimensionless groups such as

I ~~~~~~~~~Nusselt number are used to apply data obtained
V ~~~~V using N2 to model He coolant. The main

10 9M ~ ~~~parameters of this experiment were heater power
Re= I1I0000 and Reynolds number (defined at the inlet of the

M ~test section, based on averaged velocity and
BENNO ~~~~~~~~equivalent diameter of the flow channel).

Re=~R0000

Extraction of Problems
Fig.19 Temperature distribution on T.P. The preliminary experiments identified
surface without capsule heating. some issues to be solved with the new

experimental apparatus. First, the nuclear heating
of the capsule material was not adequately

Side Center simulated with this experiment. Fig. 18 shows the
temperature with full heating. The rate of
temperature rise was too fast to continue the
experimental rn and all heaters were turned off

______________ at 80 s because of their temperature limit of 600

0.27007 1degrees C. In the numerical simulation where the
(a) Tapped holes at center & both sides configuration was similar to the experiment,

adequate cooling performances were confirmed.
But this performance is limited to the condition
where the SS capsule wall itself generates heat.

- ~~In the experiment, however, the nuclear heating
0.236571 was imitated by electric heaters made of

(b) Tapped holes at both sides insulating material, and heat transfer in the
capsule was significantly different than in the
case of the IFMIF capsule. Therefore, it is
difficult to obtain an exact relationship with

0.5110? 1 ~~~respect to the cooling performance, such as a
(c) Tapped hole at one side (figure shows correlation of specimen temperatures with
half side without tapped hole.) Reynolds numbers in the experiment.

Fig20 empratredistribution on T.P. Second, the temperature distribution was
sfig ce Temeruedb apdhls non-uniform. Fig. 19 shows the temperature

surfae infuence by tpped oles.distribution of the specimen surface for the cases

that Reynolds numbers are 80,000 and 11 0,000, without use of the capsule heaters. It is seen that the
non-uniformity of the temperature distribution of the specimens is mitigated by increasing Reynolds
number. However, the temperature difference is still large and the temperature is extremely low at the
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edge of the specimens. The reason for this large non-uniformity of temperature is believed to be
insufficient contact between specimens and the bottom SS capsule plate. Fig. 20 show that the
temperature distribution depends on the structure of plate heaters. In this experiment, heaters were
held by screws in tapped holes at side(s) and/or center. The position of the tapped holes is center and
both sides in case (a), both sides in case (b) and one side only in case (c). It is found that the structure
of the plate heater drastically influences the temperature distribution of specimens surface. These
results can lead to improvement of the capsule design and specimen configuration to solve these
problems.

In the next section, using the results above, we will concentrate on the temperature distribution
in specimens.

(7) Experiment for Uniformity of Temperature Distribution in Specimens
Improvements in Capsule and Specimens

Fig. 21 illustrates a revised design of
the capsule and specimen loading. The
capsule consists of insulation and SS plates. Insulation

This time, the SS block at both sides and the Islto

bottom plate of the capsule were replaced by Sc e180

insulation to make -heat flow
one-dimensional. The specimen package Front view M -. 23

consists of SS plates, plate heaters and Cu 0 0 17

plate. Cu plate was cut into pieces Upper view 11.6

(2x I Ix 14.5 mm) for fear of irregular contact
between specimens and the bottom plate. Heater

Metal mesh was inserted into gaps, which K_____ 4_____

was expected to improve contact between2
the specimens and the capsule and :MN Ce .

piecesaccommodate any swelling. The metal mesh . ...
is made of stainless fiber (SS 31 6L, [mm]
Tomoegawa Paper Co., Ltd.). Its porosity is
86% (catalogue value). The specimens are Fig. 21 Revised capsule and specimen.
sandwiched by the capsule wall screwed to
the side blocks. Temperature measurement was by T/Cs inserted into Cu pieces. The measurement area
was half side only similarly to the preliminary experiment.

Experimental Results and Discussion
Fig. 22 shows the temperature distribution in 280

specimens in the new system. The maximum temperature 270
difference becomes smaller than in the former 260
experiment, but does not satisfy the 1% of the maximum20
temperature criterion. In this figure, temperature peaks at
the center, because of the method of fixing specimens. E240

Both sides of the capsule wall, where the wall was held 230
by screws, were in good contact with the specimens 2200

through the mesh. The center of the wall, however, was 02 06
ntfastened and was not in good contact with the inside, Position of T.C. (mm)

not ~~~~~~~~~~~~~Fig. 22 Temperature distribution inwith high porosity near the center of the capsule wall. spcmninedsg.
The high porosity corresponds to large thermal spcmninedsgn
resistance; therefore the temperature at the center rose.

Next, we located some screws on the capsule wall, shown in Fig. 23. The left-hand figure in
Fig. 23(a) shows the results when the capsule wall had a screw at the center. As might be expected, the
temperature is reduced at the center by improving the thermal contact there. The right-hand figure is
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240 I230I

230 -~ ~ ~ ~ 0C

0~~~~~~~~~~~~~P20

2 230

4) 0.~~~() cewa cne

220 3 I2I
_0 20 40 6 0 '2 4 6O

Position of T.C. (mm) Position of T.C (mm)

(b~~() Screw at centeranbewnsiendctr

Fi.240 Teprtr irbto i 340ime (cpuewl Ia o esrw)

the esul whnwpaesihl ipae ic hc a enlctdi h ieedo h
specimens. 0hssget htsih ipaeeto pcmn nlec h eprtr itiuin

Thnsresweeade t hecpsl 230l a 330 eoiin .hr eprtr ek perdi

shown in th let ean fiueo0Fg-3b u t I

tempeaturs hihrta bu 0 ere ,i a
imosilet cnfr teunfo tya show inth

the pates andamon thepiinoeT.Fialw fxe (mm)h Poitio of Ftio of (ecme)

piec wihsrewassh(b)i Scewtatl cnterg and betwee siean5ene

sosthe results we he ightlypisplaaed an pelefthicanenloaedntesieedo h

temperatures00 hihrta bu 0 egesC twsAtI

it, 574 -~ ~ ~ ~ ~ ~ ~ ~ ~~~S534plt

the plates, and among t o piec. Fialymemiedec Foig24Fxtion of specimen.)

shos tersuls Fg the fiedpecueas.inten left-hand ixng pecs
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figure, uniformity of temperature distribution is compared for different temperature levels. This
fixed-piece result satisfies the condition of temperature difference within 1%, even at high
temperatures, as shown in the right-hand part of the figure.

The experiment shows that the uniformity of temperature distribution in specimens is realized
in the proposed design of the test module. Also, a small displacement of specimens and the gap
condition (such as contact among pieces and contact between capsule and specimens) has a strong
influence on the temperature distribution in the specimens.

(8) Conclusion
We proposed a new concept for the IFMIF test module that is expected to improve the

achievable temperature, the uniformity of temperature in specimens, and the cooling performance.
Calculations were performed for various cases corresponding to assumed scenarios for temperature
control during IFMIF operation. The cooling performances of the new design were examined
numerically for diverse conditions and good results were obtained.

In the proposed system, uniform specimen temperature distributions in span-wise direction can
be realized and the cooling performance is greatly enhanced. This leads to better performance of the
irradiation capsules and more accurate measurement of the temperature of each specimen. A series of
numerical simulations indicate that the effect of the conditions of the control gap on specimen
temperatures is very large, and that the key to temperature control is the gap condition.

A mock-up experimental facility was made based on the new design and experiments for
temperature control were conducted. From the results, the uniformity of temperature in specimens
with temperature difference within % was validated. Also in the experiment, the gap conditions were
shown to markedly affect the temperature in the specimens.
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3.3.12 TF41-JA :Optimization of Staged Construction

(1) Brief Task Description
IFMIF construction is planned in two stages ( 25 mA -* 250 mA). Two deuteron beams enter a

lithium target with 20 degrees opening angle (each beam enters with the angle of 10 degrees to the
surface of target), completely overlapping with a beam footprint 20 cm wide x 5 cm high. However, only
one accelerator will be operated in the first stage. It is necessary to optimize the beam size and incident
beam angle for the first stage, and then to determine the distribution and gradient of the neutron flux. It is
concluded that the best beam size during first stage operation is 10 cm wide x 5 cm high, with the beam
incident angle 10 degrees.

Contributors
Name Party Institute E-mail address
M. Sugimoto Japan JAERI sugimoto(&ifi-iftokaijaeri.gojp
T. Yutani Japan JAERI ytani ifmnif tokai.jaeri.go.p

(2) Introduction
The full capability of the IFMIF neutron irradiation field will be achieved in a staged

construction. At the start of the Key Element Technology Phase the planned staging was: (i) beam
with -50mA, (ii) beam with 25m-A, and (iii) 2 beams with 250 mA total. In the final configuration,
two deuteron beams enter a lithium target with 20 degrees opening angle, and completely overlap with a
beam footprint 20 cm wide x 5 cm high. As the neutron flux is proportional to the total beam current, a
possible way to increase the neutron flux on the specimens is to reduce the beam size in stages (i) and
(ii).

The conceptual design recently changed, with the staged construction compressed to two stages
(125m.A -* 250m.A) with the operating starts scheduled for 2016 and 2019 for the two stages. It is still
possible to change the beam size for the first stage of operation, and the incident direction can also be
changed from 10 to 0 degree. The effects on the distribution and gradient of the neutron flux due to the
different options for the beam footprint size and the entering angle are examined to determine the
optimal irradiation field during first stage operation.

(3) Calculation Model and Method
A calculation configuration is shown in Fig. 1. In full operation two deuteron beams enter the

lithium target with 20 degrees opening angle (10 degrees to y-z plane). Each beam has energy of 40
MeV, current of 1 25mA, and uniform distribution 20 cm wide x 5 cm high (z direction) with cm tails at
top and bottom. In stage one only one deuteron beam (beam 1), with energy 40 MeV and current I 25mA,
enters the ithium target with incident angle of 0 or I0 degrees. Also it has uniform distribution of 10 or
20 cm wide x 5 cm high and has cm tails at top and bottom. The thickness of the lithium jet and steel
backwall are 25 mm and 1.8 mm respectively on the basis of the recent design of the target system. The
loading material (test module and specimens) in the high flux test module is assumed to be uniformly
composed of Fe 50% and void 50%, and of infinite size. The distance between backwall and loading
material is 2 nmm and will be accurately set by the remote handling system in IFMIF. The calculation
cases are as follows. (The numbering of the cases is continued from Task TF22-JA.)

* Case (reference)
two beams with 20 degrees opening angle, 200 mm beam width

* Case 4
one beam with incident angle 10 degrees, 200 mm beam width
Case 
one beam with incident angle 0 degree, 200 mm beam width
Case 6
one beam with incident angle 0 degree, 00 mm beam width
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Case 7
one beam with incident angle I 0 degrees, 00 mm beam width

(The calculation method is described in Task TF22-JA.)

Test module & Specimens 
(Fe 50% + Void 50%) cc

2 mm
Backwall e)~~fat~ 1 .8 mm

VO Lithium No5 mm
L A. 260 mm

Beam eam 2

r ~~~~~~~~Beam height (z direction): 50 mm
Deuteron incident angle: 0 or 10 degree

Fig. 1 Neutron flux calculation model.

(4) Neutron Flux Distribution
Figure 2 shows the contour plots of neutron flux for the region of 5 cm x 20 cm on the central

x-y plane of the specimen irradiation region. Figure 3 shows the space volumes giving the neutron flux
above the specific level in the specimen irradiation region.

IFMIF construction is planned in two stages (125 mA -y250OmA). Two accelerators operate in
the second stage, when each beam size is 200 mm (width) x 50 mm (height), and that is Case 1. The
beam width of 1 00 mm (Case 6 and 7) or 200 mm (Case 4 and 5) will be selected for the first stage, when
only one accelerator is operated. Also, the beam incident angle of 0 degree (Case 5 and 6) or 0 degrees
(Case 4 and 7) will be selected.
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..... 3x10'4

0~~~~~~~~~~~~~~~~~~~~~1

C 5 
y (cm)

(a) Case 1 (Reference case, 2 beams, 20 degrees opening angle, 200
mm beam width.)

5 .........

* * *3x!1

(b) Case 4 (1 beam, 10 degrees incident angle, 200 mm beam width.)

(c)........) . . . 1

2x10'4 ' .

.0..7......** x t4 j *1
-10 -5 ~~0 5 1010 ~~~~y (cm)

c)Case 5 (1 beam, 0 degree incident angle, 200 mm beam width.)

.~~~-T~~~xl0' 4 ~~-. 1001

(d) Case 6 (I beam, 0 degree incident angle, 100 mm beam width.)

.. 3x10'4 ]~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~......or' ~~~~~~~~~~~-r~~~~~~~xIO%.J'N~~~~~~~~~~~~~~2I\14 ii
-10 -5 0510

y (cm)

(e) Case 7 ( beam, 10 degrees incident angle, 100 mm beam width.)

Fig. 2 Contour plot of neutron flUX (n/cm 2 /S) for the region of 5 cm x 20 cm on the

central x-y plane of the specimen irradiation region.
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........ ... ..... .... .... W hen the beam width
................... .is 200 mm the neutron flux is

.. ............ c a se 1
~~~~~~~ - ~~~~~........... . .... case 4 reduced to about half of that of

-- case 5 the reference case. The neutron
10000 ................... . ...........- Xcase 6 flux inside the range -5 to 5 cm

.................. ..... ..-. .-.....a ....... in the y direction reaches about
........................ 80% of the reference case if the

1000 ~~~~~~~~~.....beam width is 00 mm. At
... ...... ........... .... ..... .... .beam widths of 200 mm and

........................ ........ 100 m m , the volum es w ith
neutron flux above 2x10'

100 ,*~lm
2/saerdcdt 0 n

.......................... ..... . ........................ .. 30% that of the reference case,

............... .. ......... . ................. 3irespectively. (A neutron flux of
10 2x1 4 nlcms is equivalent to

.................. .......... .. ....... 1 7 dpa/fpy, if the value of the

..................... ........... dpa cross section for Fe in
IFMIF is estimated to be 2.7

l.0X10 13 l.OXlO14 1.OXlO15 b*keV) However, these
Neutron flux (n/cm2/s)volumes are little affected by
Neutron flux (n/cm~~~~~~~~~~~~~~~~~~~~~ls) ~~~~the beam incident angle.

Fig. 3 Volume over specific neutron flux in the specimen Therefore, the best beam size is
irradiation region. 10 cm wide x 5 cm high during

first stage operation.

(5) Neutron Flux Gradients
Contour plots of the neutron flux gradients of the x direction and y direction for the region of 5

cm x 20 cm on the central x-y plane of the specimen irradiation region are shown in Fig. 4 and 5,
respectively. The contour plots of neutron flux gradient of z direction on the central x-z plane of the
specimen irradiation region are shown in Fig. 6.

All neutron flux gradients in the x direction inside the region having a relatively high neutron
flux (>1 XlO14 n/cM2/s) exceed 10%/cm. When the beam incident angle is 0 degree the neutron flux
gradient in y direction is less than 10%/cm in the range -8 cm to 8 cm (for 200 mm width) and -3 cm to
3 cm (for 1 00 mm width) in the y direction. When the beam incident angle is 0 degrees these ranges are
shifted about cm to the positive side of y direction. The neutron flux gradient in the z direction is less
than 10O%/cm in the high flux region (-2.5 cm 2.5 cm in the z direction) at any case. Therefore, the
beam incident angle of 10 degrees is not a significant concern to the materials irradiation program.

(6) Conclusions
The effects on the distribution and gradient of the neutron flux due to the difference of beam size

and incident angle were examined to optimize the beam size and incident angle of beam during the first
stage of lFMlF operation.

The neutron flux is reduced to about half of that of two beams (the second stage), if the beam
width is 200 mm, the same as it will be in the second stage. When the beam width is 1 00 mm the neutron
flux is about 80% of what it will be in the second stage.

The volume having neutron flux above a specific level is little affected by the difference of beam
incident angle. However, the neutron flux gradient is slightly affected.

The best beam size during the first stage is 10 cm wide x 5 cm high, because the neutron flux is
nearly equal to that of second stage operation when the effective irradiation volume will be larger than
that of the first stage operation. The beam incident angle of 10 degrees, the same value as in the second
stage, will have little effect on the irradiation program.
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5~~~~~~~~~~~~~~~~~~~~~~'

0~~~~~~~~~~~~~~~~~~2

010 -5 10

(a) Case 1 (Reference case, 2 beams, 20 degrees opening angle, 200
mm beam width.)

5

y (cm)

(b) Case 4 (1 beam, 10 degrees incident angle, 200 mm beam width.)

5~~~~~~~~~~~~~~~~~~~~1

0 I~~~~~~~~~~~~~~~~2

-5 0 5 10
y (cm)

(c) Case 5 (1 beam, 0 degree incident angle, 200 mm beam width.)

5

-10 -5 0 5 10
y (cm)

(d) Case 6 ( beam, 0 degree incident angle, 100 mm beam width.)

5 v * H II II

-10 -5 y0cm 10

(e) Case 7 (1 beam, 10 degrees incident angle, 100 mm beam width.)

Fig. 4 Contour plot of neutron flux gradient (%/cm) of x direction for the region of 5 cm
x 20 cm on the central x-y plane of the specimen irradiation region.

- 363 -



JAERI-Tech 2003-005

E 10 ~~~~~~~~~~~~~~~~~~~~10

-10 -5 0 510
y (cm)

(a) Case 1 (Reference case, 2 beams, 20 degrees opening angle, 200
mm beam width.)

10 $~~~~~~~~~~~~~~~~~1
-0 -5 51

(b) Case 4 ( beam, 10 degrees incident angle, 200 mm beam width.)

- 5 1 11 I I I I I I ~~~~~~~I I I I I I I I I l

E 10 ~~~~~~~~~~~~~~~~~~~10

-0 -5 0 5 1 0
y (cm)

(c) Case 5 (1 beam, 0 degree incident angle, 200 mm beam width.)

5 / i I i i 1 I 1 I I IIl/ I I I I 

10~~~~~~~2

-10 -5 0 5 10
y cm)

(d) Case 6 (1 beam, 0 degree incident angle, 100 mm beam width.)

10 * I I 4

20~~~~~~~~2
30 /~~~~~~~~30

-10 -5 0 5 10
y (cm)

(e) Case 7 (1 beam, 10 degrees incident angle, 100 mm beam width.)

Fig. 5 Contour plot of neutron flux gradient (%/cm) of y direction for the region of 5
cm x 20 cm on the central x-y plane of the specimen irradiation region.
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(a) Case 1 (Reference) (b) Case 4
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(c) Case 5 (d) Case 6

5.0 III I h .
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20 20

0.0 . . .I
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(e) Case 7

Fig. 6 Contour plot of neutron flux gradient (%/cm) of z direction on the central x-z
plane of the specimen irradiation region.
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3.3.13 TF42-JA : PIE Facility

(1) Brief Task Description
IFMIF construction is planned in two stages (1 25 m-A -y250 mA). The irradiation tests and post

irradiation examination (PIE) tests will be planned to coordinate with the staged construction. The items
of PIE testing are reviewed to provide the equipment for PIE during the construction phase. There is no
significant difference in the PIE requirements between the first and second stages. However, duplicate
test equipment may not be necessary during the first stage.

This task focuses on the examination of facilities needed for specimens without tritium
contamination. The examination of the facilities that handle specimens containing tritium is carried out
in task TF34-JA.

Contributor
Name Party IInstitute E-mail address
T. Yutani Japan JAERI ytani ifinif tokai.jaeri.go.p

(2) Introduction
IFMIF will be constructed in two stages (125 mA -250 mA). There will be differences in the

number of irradiated specimens and/or the neutron flux between first stage and second stages. Therefore,
the PIE items and specimens to be tested during the first stage might differ from requirements with full
facility operation. Also, the equipment for PIE needs to be provided and installed during the
construction phase.

The layout of the PIE facilities also needs to be reviewed in consideration of the material flow,
since the design of the main building that houses the PIE facility has been modified from that of the
CDA phase.

(3) PIE Test Items and Equipment
In the present plan, the operating period of the first stage is about three years. Although the

beam size of the first stage is not yet decided, it will probably be half that of the second stage, because of
the users desire to reach high fluences as soon as possible. As a result, the beam size is assumed to be
half that of the second stage. A fluence of at least 50 dpa will be achieved during operation in the first
stage, although IMIF may not be operated smoothly due to early failures and interruptions for work on
the second stage. The specimens from the high flux test module will be taken out more than once in
reaching this fluence for interim testing and evaluation.

There is no significant difference in PIE test items between the first and second stages. Thus, the
equipment for all kinds of PIE must be provided in the first stage, although some equipment may be
added or removed according to future progress in development of fusion materials. The candidate
materials will be investigated in various kinds of tests (tensile test, fracture toughness test, push-pull
fatigue test, impact test, measurement of profile of pressurized tube creep specimen, optical microscopy,
transmission electron microscopy, etc.). The equipment to carry out these PIE tests are reviewed on the
basis of examination on the CDA phase []. A radioactivity level of the specimens is estimated to be of
the order of I1010 Bq/cc from calculation results on the ITER-FEAT, so all mechanical tests will need to
be carried out in the hot cells (i.e., conventional hot cells). However, some small volume specimens,
such as TEM specimens (volume 0.002 cc), may be handled with hands-on operation in the shielded
glove box.

The disassembly/assembly of the test modules of VTA and VTA2, except for the in-situ tritium
release test module, is conducted in the test module handling cell using a small universal robot. The
disassembly/assembly of the rig, which holds capsule in the high flux test module, will be conducted in
the conventional hot cells, although they may be done in the test module handling cell. They will not
involve the PIE equipment.

The equipment for the conventional hot cells and shielded glove box laboratory are shown
Tables I and 2 respectively.
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Table 1 PIE test equipment for conventional hot cells.
Equipment Number (Specification) Purpose

Cutter 1 Disassembly of rig and capsule
Welder I Assembly of rig and capsule
NaK processing equipment I (cutter, kerosene) Disassembly of capsule with NaK
NaK pouring equipment I Assembly of capsule with NaK
Universal testing machine 3 (0 kN load cell, Tensile test, fracture toughness test

20-10000 C, vacuum)
Fatigue testing machine 3 (Inert gas/vacuum, Push-pull fatigue test, fatigue crack

_____________________ aquous/iquid metal) growth test, corrosion fatigue test
Slow strain rate testing 2 (aqueous/liquid metal) Slow strain rate test
machine
Compact Charpy impact I Charpy impact test
tester with therostat____________________
Equipment for measurement 1 set Measurement of specimen dimensions
of specimen dimension before and after mechanical test
Periscope I Observation of specimen appearance
Laser profilometer I Measurement of profiles of pressurized

_________________________ ~tube creep specim ens
Diamond saw, grinder, 1Iset Specimen preparation for optical
mechanical polisher, electro microscope, SEM, TEM
polisher, etc.
Optical microscope I Optical microscopy
Microhardness tester 1 Hardness test
SEM 1 Fractography
Furnace 3 (Vacuum/inert gas) Annealing of specimens
Other equipment As needed (TBD) Measurement of magnetic property of

specimen, electric insulation of heater,
___________________________ electromotive force of thermocouple, etc.

Shielded storage containers 1 set (Computerized Storage of irradiated specimens
specimen identification
system)

Table 2 PIE test equipment for shielded glove box laboratory.
Equipment Number (Specification) Purpose

Grinder, electro polisher 1 set Specimen preparation for TEM
Immersion density I Precision density measurement for TEM
equipment disks
SEM I Scanning electron microscopy, elemental

analysis
TEM I~~~~~ Transmission electron microscopy,

_________________________ ~elem ental analysis

Ge and Si-Li gamma ray 1 Activation analysis

Temporary vacuum storage I set Storage of TEM specimens

In the conventional hot cells, the needed number of universal testing machines, fatigue testing
machines and slow strain rate testing machines may be one of each kind for the first stage of IFMIF
operation, because the specimen number is half that in the second stage. The equipment added to the list
compiled in the CDA phase of IFMIF design is as follows.

* NaK processing equipment and NaK pouring equipment
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* Compact Charpy impact tester
* Equipment for measurement of specimen dimension and periscope
* Microhardness tester
* Scanning electron microscope (SEM)
* Equipment for measurement of electric insulation of heaters and electromotive force of

thermocouples
In the present design for the high flux test module, He gas fills the gap between specimen and

specimen holder. Thermocouples are attached to the specimen holder, and specimen temperatures may
not be accurately estimated from the value of the thermnocouple, because the uncertainty of heat transfer
coefficient of the gas gap is large. In order to solve this problem, users recently proposed the use of NaK
in this gap. Then, NaK processing equipment and NaK pouring equipment are necessary. The kerosene
will be used to process NaK. The need for a compact Charpy impact tester was overlooked in the CDA
phase. The equipment for measurement of specimen dimensions and a periscope are indispensable for
the mechanical testing. The microhardness tester can be installed in the conventional hot cells because it
is not difficult to automate. In the CDA design, SEM and transmission electron microscope (TEM),
which are expensive, were planned to be located in the tritium laboratory to minimize the cost of the PIE
facilities. However, the users may need to observe the fracture surfaces of specimen as soon as possible
after the mechanical test, and the SEM needs to be located in the conventional hot cells. A focused ion
beam system might be needed for TEM specimen preparation. Also, PIE test equipment for damage
evaluation of electric heaters and thermocouple may be important.

The equipment to prepare specimens for optical microscopy and the microhardness tester
(diamond saw, grinder, mechanical polisher, electropolisher) is eliminated from the list of equipment for
the shielded glove box laboratory, and relocated to the conventional hot cells. In accordance with the
above-mentioned plan on the CDA phase, the SEM and TEM will be located in the tritium laboratory at
the first stage. However, an additional SEM and TEM may need to be located in the shielded glove box
laboratory at the second stage. Furthermore, other equipment (e.g. scanning tunneling microscope) may
become necessary as additional needs and instrumentation improvements are identified.

(4) Layout
The plan view of PIE facilities is shown in Fig. 1.
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The layout of this facility must take into account the flow of irradiated material, and that will be
considered now. The specimen holding rigs from the high flux test module will be transferred in a cask
from the test module handling cell to the conventional hot cells using the ig transporter of universal
robot system, passing through an access/maintenance room. Other non-tritiated materials are transferred
by the same method. The access/maintenance room is located between the conventional hot cells and the
test module handling cell (and access cell). The personnel access to the test module handling cell and
access cell is through this room. The maintenance and repair of contaminated equipment that can be
transferred from the hot cells are conducted by hands-on operation in the access/maintenance room.
Also, equipment for the hot cells are sometimes temporarily stored in this room.

Tritium-containing materials such as the in-situ tritium release test module and lithium target
assembly are transferred from the access cell to the tritium hot cells via an Ar/air changing room using
the roller conveyors. The small volume TEM and SEM specimens are moved in a shielded small vessel
that can be handled by personnel, from the conventional hot cells to the shielded glove box or tritium hot
cell.

The main building that houses the accelerator system, target system and test facilities was
revised since the CDA design. At that time, the area of the post irradiation examination facilities was
enlarged from that of the CDA phase. In the KEP phase, the area for the tritium laboratory also needed to
be enlarged, because the function of the tritium laboratory increased. Although the area for the
conventional hot cells can be nearly equal to that of CDA phase, the area for the shielded glove box
laboratory becomes about half. The precision equipment will be installed in the shielded glove box
laboratory in the future. It may be necessary that the shielded glove box laboratory be located in some
other area to avoid the vibrations generated by operation of the universal robot and other heavy
equipment. Its location should be examined in the next phase of the IFMIF project.

(5) Summary
IFMIF construction is planned to occur in two stages (125 mA -p250 mA). The requirements of

PIE testing are reviewed to assure that the equipment for PIE is included and phased into the
construction plan.

There are no significant differences in the PIE test types required in the first and second stages
of IFMIF operation, because a fluence of 50 dpa is expected to be achieved during the first stage.
Although the equipment for all kind of PIE tests must be provided in the first stage, the necessary
number of systems for each type of test can probably be kept to one, since the number of specimens will
be small. The probable types of PIE test needed in the first stage are the tensile test, fracture toughness
test, push-pull fatigue test, impact test, measurement of profile of pressurized tube creep specimens,
optical microscopy, transmission electron microscopy, etc.

Equipment for the handling of NaK has been added to respond to the recent requirement from
users.

Reference
[I] M. Martone (Ed.), "IFMIF International Fusion Materials Irradiation Facility, Conceptual Design

Activity, Final Report, IFMIF CDA TEAM", ENEA Frascati, Report ENEA-RT/ERG/FUS/96-1i1
(1996).
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3.3.14 TF51-EU D-Li Reaction Source Term - Data Evaluation and Code Development

(1) Brief Task Description
The D-Li neutron source term is of primary importance for calculating the neutron flux, the

spectrum and the nuclear responses in the IFMIF Test Cell. The uncertainty in the total neutron yield is
directly transmitted into the neutronic response calculated for the test modules. The objective of Task
TF-5 1-EU is to provide the computational tools and data required for the simulation of D-Li source
neutrons in the transport calculation.

During KEP, a suitable methodology for the evaluation of D + 6 7Li double-differential
cross-section data has been established and a first set of data files has been prepared in accordance
with standard nuclear data format rules. The evaluated data include cross-sections for all reaction
channels up to 50 MeV deuteron energy as well as energy-angle distributions for the neutrons emitted
through the various 6 7 Li(d,xn)-reactions. State-of-the-art nuclear reaction models have been applied
for the evaluation making use of available 6"7Li + D experimental cross-section data.

The Monte Carlo code McDeLicious was developed to simulate in the transport calculation
the neutron generation on the basis of the evaluated D + 67Li cross-section data. The McDeLicious
approach was tested against available experimental thick Lithium target data. It was shown that the
resulting total neutron yield as well as the neutron angle-energy spectra can be predicted with
considerably better accuracy than with previously available approaches. The accuracy of the angular
yield spectra, however, needs to be further improved.

Contributors
Name Party Institute E-mail address

U. Fischer EU FZK ulrich.fischer irs.fzk.de
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Yu. A. Korovin EU INPE korovin~iate obninsk.ru
A. Yu. Konobeyev EU IN4PE
P. E. Pereslavtsev EU INPE/FZK pereslavtsev~irs.fzk.de
U. v. Moellendorff EU FZK rnoellendorff~irs.fzk.de

(2) Background
In the IFMIF lithium target, neutrons are generated through the D-Li stripping reaction and

various other nuclear Li(d,xn) reactions. The neutron source generation must be represented
accordingly in the neutron transport calculation.

This requires developing a suitable D-Li source term model which ideally should be integrated
to a standard Monte Carlo neutron transport code such as MCNP []. The McDeLi code [2] has been
previously developed as an extension to MCNP with the capability of representing the neutron source
term on the basis of a built-in semi-empirical D-Li reaction model. McDeLi can handle two beams
impinging onto the lithium target taking into account different beam directions and a spatially varying
intensity distribution. Deuteron slowing down in the lithium is described according to the well
established empirical model of Ziegler et al. [3]. The McDeLi Li(d,xn) reaction model considers as
neutron producing reactions deuteron stripping and deuteron absorption followed by the formation of a
compound nucleus with subsequent neutron emission. Adjustable parameters of the Li(d,xn) reaction
model were obtained through numerical fits to experimental angle-energy distributions of neutron
yields from thick lithium targets, bombarded by 32 and 40 MeV deuterons. Extensive testing of the
McDeLi code against available experimental data over the full deuteron energy range from 5 to 50
MeV has shown that McDeLi fails to reproduce the experimental data below 30 MeV incident
deuteron energy [4]. The high energy tail above 40 MeV cannot be reproduced either since the
semni-emnpirical reaction model does not take into account exothermic reactions.

To overcome these drawbacks, a new approach was established during KEP with the objective
to replace the semi-empirical Li(d,xn) reaction model of McDeLi by a complete description of the
deuteron interactions with the lithium nuclei through the use of evaluated D + 6 7Li cross-section data.
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(3) Evaluation of D + 6,7Li Cross-section Data
A new methodology has been developed to enable the evaluation of nuclear cross-sections for

the interaction of deuterons with lithium isotopes up to 50 MeV deuteron incidence energy based on
diffraction theory, a modified intra-nuclear cascade model and standard evaluation techniques [5].
Following this approach, a complete set of evaluated cross-section data was prepared for the reaction
system D + 6 7Li. The evaluated data include cross-sections for all reaction channels up to 50 MeV
deuteron energy (Table 1) as well as energy-angle distributions for the neutrons emitted through the
various 6 7 Li(d,xn)-reactions. Cross sections are shown in Fig. as fction of the incident deuteron
energy for the total and the elastic D + Li reaction as well as the production of secondary particles (n,
p. d, t, ot, y). A complete set of D + 6 7Li cross-section data was prepared in standard ENDF-6 data
format and processed with the ACER module of the NJOY99 code [6] for use in Monte Carlo
transport calculations.

Table Deuteron-lithium reaction channels open up to 50 MeV incident deuteron energy with
associated Q values and threshold energies. Neutron producing channels are displayed in
b o ld . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

_________ ~D+ 'Li __ _ _ _ D 6Li

Reaction Q, Threshold, Reaction Q, Threshold,
Products MeV MeV Products MeV MeV
Y.+ 9Be 16.696 _ 0 2a 22.372 _ _ 0
n +2a 15.122 0 y+ Be 22.2810

+ Be 15.031 0 p 7Li505 
cc+ He 14.232 0 n + Be 3.381 0

d+T i 0 0 -p+t +a 2.558 _ 0
p+ Li -0.192 0.247 -n H~a1.795 0

t+6 L -0".993 1.7 ~ e +He 0.9050
n+p + Li -2.225 2.863 -+Ti - 0.593 _0

2n + Be -3.869 4.979 2d+a -1.474 1.968--
.e+He -4.482 5.769 n +p+ i -2252.969

n +p+t+a -4.692 6.038 n+jp+d+ai -3.699 4.937

(4) Monte Carlo Code 3,0
McDeLicious 2,8 ...

The Monte Carlo code 2,6
McDeLicious [7] was 2,4 L~jt
developed to simulate in the 22 2,2
transport calculation the 2,0
neutron generation on the basis 1,8
of the evaluated D + 6'L ,6LU~I
cross-section data. TO this 1,4
end, the tabulated D + 6'Li 1,2____

0 1,0cross section data (including U 0,8
the angular and energy 0,6
distributions) are processed04
from the ACE data files 0,2
prepared by NJOYY/ACER. 0,0 L J
With these data available, the 0 5 10 15 20 25 30 35 40 45 50
generation of D-Li source Deuteron Energy [MeV]
neutron can be sampled in the Fig. 1 D + Li(nat) reaction and production (n, p, d, t, a, J
Monte Carlo calculation. First cross sections as a function of the incident deuteron energy.
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the deuteron track length is sampled taking into account the total D-Li interaction cross sections. Next
the interaction probability with either of the 6 Li or Li nuclides is calculated according to the
associated macroscopic cross sections for the given deuteron energy. Eventually the energy an d angle
of the generated neutron and photon are sampled. This information together with the coordinates of the
D-Li interaction in the lithium target cell is further used for transporting the generated neutrons and
photons in the Monte Carlo calculation. The procedure described has been integrated to the McDeLi
code by replacing the routines describing its semi-empirical Li(d,xn) reaction model. The resulting
McDeLicious Monte Carlo code is thus a further enhancement to McDeLi with the new ability to
sample the generation of D-Li source neutrons and photons from tabulated D + 6

,
7Li cross-section data

as provided on an ACE formatted data file.

(5) Testing and Validation of the McDeLicious Approach
Numerical tests were performned to make sure McDelicious calculations describe correctly the

D-Li source neutron generation. To this end, the angular energy spectra calculated by McDeLicious for
a thin (0.1I mm) lithium target were compared to the double-differential data stored on the D + Li data
files. The incident deuteron energy was selected to coincide with an energy point given on the ENDF
data file (e. g. 40 MeV). In this way, the double-differential cross-section data could be derived from
the original ENDF data without any further processing. The angular neutron and photon yield spectra
calculated by McDeLicious for the 2

20
specified deuteron energy were finally 1

converted to double-differential TtlYed(2=4t
cross-sections. Good agreement was
found between the data stored on the
original ENDF data file and those 
calculated by the Monte Carlo 101 
McDeLicious code using the data
processed by NJOY/ACER [8]. Mceciu Lorne

The McDeLicious approach was A McecluJohnfsoni

extensively tested against available*Suioo
Umann

experimental thick lithium target data
including recent results that became
available with Task TF52-EU (P. Bem et 0 . 020304

al., NPI Rez) for 17 MeV deuterons [7, 8, Deuteron Energy MeVI

9]. Calculated and measured total neutron Fi.2Tikltumaretolnurnyedssa
yields are compared in Fig. 2 as a fg.n2ticko ithiumn dtarota neroyied.a 
function of incident deuteron energy. Fig. fucinoicdeteteneer.
3 shows a comparison for forward
neutron yields where a significant Forward Yield ( 0

number of experimental data are......
available. Calculated angular neutron
energy spectra are compared to the (~ 10 ~ Mce

experimental data of Sugimoto [10] (Fig. + arg

4) and Mann [] (Fig. 5) at 32 and 40 2_ ee

MeV incident deuteron energy, .6- 0 Ancols

respectively. There are included lo'~- ' 
Lon

calculation results obtained with the * saimarsh,

serni-empircal D-Li reaction model of A-onoSugimncto
McDeLi and the ISABEL intra-nuclear -Bem 2002

cascade model of the high energy lo-'~
partice Mone Carl codeMCNPX0 10 20 30 40

particle Monte Carlo code MCNPX ~~Deuteron Energy [MeV]
2.1.5 [12]. It is revealed that Fig. 3 Thick lithium target forward neutron yields as
McDeLicious can predict both the a function of incident deuteron energy.
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3.3.15 TF52-EU D-Li reaction Source Term - Experimental Verification of Neutron
Yield

(1) Brief Task Description
The D-Li neutron source term is of prime importance for calculating the neutron flux, the

spectrum and the nuclear response in the FMIF Test Cell. The uncertainty in the total neutron yield is
directly transmitted into the neutronic response calculated for the test modules. The objective of
Task TF52-EU is to provide experimental data required for the validation of the D-Li neutron source
term simulation model developed in the framework of Task T51I-EU.

Measurements of thin and thick Li target yield data were performed to this end at the Nuclear
Physics Institute (NPI) ke2, employing the upgraded cyclotron-based Fast Neutron Facility (FNF).
The spectral distribution of neutrons emitted from a thick lithium target bombarded by 17.0 MeV deu-
terons was measured at five detector angles (0, 30, 60, 75 and 120 degrees). The spectral distribution
of the zero-degree double-differential (thin target) neutron yields at 17 MeV incident deuteron energy
was obtained by the difference of the thick target yield data for 17.0 and 16.32 MeV. The experi-
ments of NPI fte! were complemented by measurement of the neutron spectrum and yield and the
tritium and Be-7 production in lithium, performed at the Karlsruhe cyclotron using 40 MeV deuterons
impinging on a thick lithium target.
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(2) Background
In the IFMIF lithium target, neutrons are generated through Li(d,xn) reactions. These proc-

esses are simulated in the neutron transport calculations on the basis of evaluated D + 6 7Li
cross-section data (Task TF5 1-EU). Experimental data are required both for the evaluation of the
cross-section data (thin lithium target yield spectra) and the validation of the source term simulation in
the transport calculation (thick lithium target yield spectra).

Only a few independent measurements of neutron yield spectra from the deuteron bombard-
ment of thick lithium targets are available (see review [1]). These experiments were performed at a
few deuteron energies between 5 and 40 MeV and covered secondary neutron energies above MeV.
Only one experiment is available on neutron yield spectra for thin lithium targets [2]. Moreover, the
existing experimental data scatter to a large extent, thus demonstrating the need for further experi-
ments with improved accuracy.

In the framework of Task TF52-EU, a 17 MeV deuteron beam from the NPI variable-energy
cyclotron U- 120M was used to measure neutron yield spectra from the D+Li reaction at different
angles (0, 30, 60, 75 and 120 degrees). Pulse-height distributions were measured with a liq-
uid-scintillator detector and unfolded to determine the energy distributions of the neutron yields. The
shadow bar technique was used to determine the room neutron background. The computational analy-
sis was performned at FZK using the McDeLicious code [3] with evaluated D + 6 7Li cross-section data.
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(3) Setup of Experiment
The beam passed through a collimator-free beam guide and was centered at the target of the
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subtract the room neutron background, the conventional shadow bar method has been employed. For
neutron spectrometry, the scintillator pulse-height unfolding technique was utilized. A cylindrical
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NE213-equivalent liquid scintillator, BICRON BC5OI A, with 4.5 cm diameter and 4.5 cm length was
used as the neutron detector. It was encapsulated in a bubble free aluminium container and optically
coupled to a Hamamatsu R329-02 photomultiplier tube (PMT). To cover t he dynamic range of the
registered neutron energies from 1.5 to 35 MeV, pulse-height spectra were registered at two values of
the PMT supply voltage (1550 and 1850 V) in every irradiation. The pulse height spectra were cali-
brated up to 12 MeV by the standard gamma ray sources Pu~e, Co and '3 Cs and, in addition, by the
known gamma lines from the thermal neutron capture in iron. Employing these reference energy
points, the linearity of the PMT gain in the relevant dynamic range was tested for the PMT supply
voltage varied between 1200 and 2000 V.

A multi parameter data acquisition system, augmented by the neutron gamma discrimination
technique was used. Pulses from the detectors were collected in an external buffer, which was trans-
ferred to the on-line computer. List mode registration of the pulse height and monitoring events in the
external buffer provided full information about the event history and permitted us to perform dead
time and systematic error corrections [4].

(4) Data Processing and Results
An off-line Gaussian analysis was performned for the neutron and photon peaks in the

two-dimensional (pulse shape vs. pulse height) spectra. Due to different room background conditions
at the various detector positions, a complete discrimination between neutrons and photons was
achieved for neutron energies above a minimum varying from 1.8 to 3.5 MeV The proton recoil
pulse-height spectra were unfolded using the GRAVEL procedure of PTB3 Braunschweig [5]. The neu-
tron response functions and the efficiency of the scintillator detector were calculated with the Monte
Carlo code SCINFUL-R [6] for the neutron energy range from 1.5 to 40 MeV, assuming the detector
geometry specified by the producer. For generating the response matrix, the calculated response spec-
tra were folded with a Gaussian distribution to account for finite resolution [7].

The uncertainties in the data consist of several components. The statistical uncertainty data gen-
erated during the de-convolution process account for pulse height statistics, background subtraction
uncertainty and the uncertainty due to the (n,,y) discrimination procedure. The uncertainty of the de-
tector efficiency is estimated to be less than 4-6% [6]. The beam charge on the target was determined
with an uncertainty less than 2%. The beam current dependent correction for dead time (amounting up
to 8%) was estimated to contribute less than 1% uncertainty. The quadratic summation of these con-
tributions was interpreted as the uncertainty of the yield scale factor. No numerical corrections for the
attenuation of the measured neutron flux were performed.

The zero-degree neutron yields from the Li(d,xn) reaction at deuteron energies of 17.0 and 16.32
MeV are shown in Fig. 3. The neutron yields from the D+ 7Li reaction at 15 - 19 MeV (taken from Ref.
1) are also shown. These data were determined using a Stilbene neutron detector and the time-of-flight
(TOF) technique. The overall agreement of the present results and the TOF data is satisfactory. The
angular dependence of the measured spectral yield is displayed in Fig. 4. Except for the integral yield
data, no angle-dependent spectra have been reported previously in the deuteron energy range under
investigation.

Fig. 5 shows the neutron spectrum for a "thin" Li target. It was obtained by the difference of the
spectral yield for Ed = 17.00 and 16.32 MeV, The dominant part of the spectra corresponds mainly to
the deuteron stripping reaction. For the first time the cross-section value of 0.5 b/sr was obtained by
integrating the spectrum over the energy range of the deuteron stripping reaction (neutron energy from
the unfolding bias to the kinematical limit). The "effective" Li layer thickness was extracted from the
energy difference using the stopping power data. In Fig. 6 the measured data are compared with the
only available cross section data from the TOF measurement at Tashkent [2]. Due to the narrow time
window in this TOF experiment, neutrons from the stripping process were not detected.

In Figs. 3, 4 and 6, the experimental data are compared to calculations performed at FZK with
the McDeLicious, McDeLi and MCNPX codes. It is indicated that further improvement of the neutron
source term is required. With the McDeLicious approach, this can be achieved by updating the D +
6'7Li cross-section data evaluation. It is also noted that the contribution of the 7Li(d,n)9Be (E* = 2.9
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Fig. 3. Zero-degree spectral neutron yield measured at 17.0 MeV and 16.32 MeV deuteron en-
ergy. Present data are compared with experimental data of Lone (top) and Weaver (bot-
tom). Curves correspond to the calculations using the McDeLicious, McDeLi and
MCNPX Monte Carlo codes.

and 16-17 MeV) reaction channels to the D+Li double-differential neutron cross-section cannot be
reproduced in the forward direction by the calculations (Fig. 5).

(5) Measurement of Neutron Spectrum, Neutron Yield, and Tritium and Beryllium-7
Production in the Lithium Target

As part of a cyclotron experiment at FZK simulating several nuclear features of IFMIF, the
neutron spectrum and yield were measured [8]. This measurement had to rely on activation foil do-
simetry, because other techniques were not available in the given experimental conditions at the cyclo-
tron. Such a method is inherently of limited precision, as it requires the numerical de-convolution of
the spectrum from a set of measured reaction rates. On the other hand, it measures the spectrum and
yield averaged just over the transverse area of the foil sandwich. As long as, e.g., a material activation
sample has the same dimensions and position, it will be exposed to the same neutron field. This was
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Fig. 5 Zero-degree double-differential yields for the Li(d,xn) reaction at 17 MeV obtained
from the difference of yield spectra measured at 17 and 16.32 MeV.

(A) - difference of neutron spectra, (B) - unfolded difference of pulse-shape spectra.
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microampere or neutrons per deuteron can be inferred by fitting suitable model calculations to these
integral values.

The spectra measured in the two positions are shown in Fig 7. The uncertainty of either spec-
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Fig. 7 D-Li neutron spectra measured in the 'Centre' and 'Side' positions of the FZK

cyclotron experiment (40 MeV deuteron energy).

trum, referred to calculations of threshold neutron reaction rates, is estimated at ±10O% [9].
The same experiment was exploited to determnine, after the irradiations, the quantities of tit-

ium and beryllium-7 produced in the lithium target. These are the only radionuclides with half lives
longer than a few seconds that can originate from 40 MeV deuterons and pure lithium (neglecting a
very small yield of beryllium- 10, a beta ray emitter of I1.6x 106 year half life). Note that the preliminary
results reported earlier [0] are superseded by the new, higher ones given below.

The tritium was measured by releasing it from the target at several hundred 0C within a quartz
tube through which a gas stream of 95% Ar + 5% H2 was flowing at 50 ml/min. The gas was subse-
quently oxidized in passing through a CuO bed. The resulting H20+HTO gas was absorbed in a mo-
lecular sieve. The molecular sieve was periodically changed and eluted with water. This water was
then analyzed for tritium in an automated liquid scintillation system (Beckman Instruments LS
6OOOTA). The result, after correcting for decay and for the neutron background produced in the steel
target wall, is 2.78 ± 7% titons per 1 00 deuterons incident on the lithium which corresponds to 6.85 g
± 7% titium per IFMIF full power year. If all the tritium were produced by D+Li-7 reactions, the ef-
fective production cross section per Li-7 atom averaged over deuteron energy ( .. 40 MeV) would be
297 mb ±7%.

The Be-7 yield was determined by measuring (after a suitable cooling time, but prior to de-
stroying the target for the tritium measurement) the 478 keV y ray line from the irradiated target with a
7y spectrometer. Experimental details are again found in Ref.[8]. After applying corrections for deu-
teron loss in the steel target wall as well as gamma ray absorption in the steel wall and in the lithium,
the result for the Be-7 yield is 0.322 12% Be-7 atoms per 100 deuterons incident on the lithium,
corresponding to 1.85 g ± 12% Be-7 per IFMIF full power year. If all the Be-7 were produced by the
6Li(d,n) 7Be reaction, the effective production cross section per Li-6 atom averaged over deuteron en-
ergy ( ... 40 MeV) would be 426 mb ± 12%.
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3.3.16 TF53-JA: Reliability Study of the Activation Cross Section Library

(1) Brief Task Description
The reliability of the available cross-section data for the neutron-induced activation reactions

relevant to IFMIF, especially the Test Cell equipment and shielding wall, is examined. The existing data
libraries containing the cross-section data in the region of 20 to 60 MeV are surveyed and compared with
the available experimental information. Recommendations for improvement of the data set are derived
to enhance the reliability level of calculations of the production of radioactivity and nuclear heating in
IFMIF.

Contributor
Name I Party IInstitute IE-mail address

M. Sugimoto Japan JAERI sugimoto~ifiiftokaijaeri.gojp

(2) Introduction
Activation of the test cell equipment and shielding wall is a primary concern for maintenance of

IFMIF, to protect the maintenance equipment from the radiation and contamination by radioactive
materials. To evaluate this activity, the neutron induced reaction data up to -60 MeV is needed and its
reliability is important in designing the equipment, especially including devices sensitive to radiation
damage. The evaluated neutron data up to 20 MeV are well covered in the existing libraries. The
reliability of these libraries generally meets the requirement and is not considered in this study. The
available data in the higher energy region are limited to a few libraries: IEAF-200 1 [], ACSELAM [2],
REAC*3 [3] and ENDF/B VI [4], and most of these evaluated data (except for REAC*3 in the range of
20 - 60 MeV) were generated by various versions of the ALICE code [5]. This may cause similar results
without changing the sensitive input parameters or applying normalization factors. Comparison among
the available evaluations is made for several typical reactions to first clarify the level of agreement. The
elements include Li, C, 0, and Fe, which have primary importance in the Test Cell area. The required
accuracy of the cross sections is around 30%, so that the cross sections to produce the activation of these
elements are considered in this study.

(3) Cross Sections for Selected Isotopes

(a) Li-7
7The important radioisotope produced by Li+n reactions is tritium and the production cross

sections are normally investigated through an ax-production channel (7 Li(n,n(X)3H) up to 20 MeV. The
available data libraries and the experimental data are compared in Fig. 1. In the energy region 15 - 60
MeV, the difference between the general library (ENDF/B and JENDL) and the activation libraries
(REAC3 and IEAF-2001 )is found and the uncertainty of the cross sections above 20 MeV is greater
than 50%.

(b)C-12
The neutron induced activation reactions for 2C have threshold energies higher than 20 MeV

and no data are given in the usual general libraries. The reaction 12C(n,2n) "C is the most probable
channel below 60 MeV, with -20 mb maximum cross section (Fig.2). The activation libraries employ
the higher cross sections at all range and the difference is a factor of 2 or more. The other two reaction
channels, ' 2C(n 'X) 3H and 12 CQn, X) 7Be, have smaller cross sections, estimated as < 10 mb at the
maximum values. The activation libraries give very large cross sections for tritium production with
scattered results of the excitation, and the difference reaches an order of magnitude for the extreme case
(Fig. 3). On the other hand, the data fo B production are very similar (Fig. 4).

1 The data given in the file have constant cross sections above 8 MeV and the correct excitation curve might
be similar to the result of REAC3.
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(c)O-16
Two reactions that produce 3H and 14C are important for the (n, 60) interactions in the LFMIF

environment. In Fig.5 the data libraries and the experimental data are compared and a large difference is
seen among them. The tritium production cross sections of the carbon and nitrogen at the maximum are
-10 and --20 mb, respectively, and two experimental results support this trend. For 14C production, the
similar situation can be seen in Fig. 6; however, the cross sections are smaller than for the tritium
production by about a factor of 5.
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Fig. 1 Comparison among the data libraries for 3H production by n-I 7Li.
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Fig. 2 Comparison among the data libraries for "1C production by n+ 12C.
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Fig. 3 Comparison among the data libraries for 3H production by n+' 2C.
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Fig. 4 Comparison among the data libraries for 7Be production by n-I-'2C.

(d)Fe-56
The production of two important radioisotopes , 3H and Mn, are correlated if the majority of

them originate from the 5 Fe(n tj 4 nreaction channel. As shown in Fig. 7, this is true up to -20 MeV
where the multi-particle emission channels, (n,nd) and (n,2np) open. The tritium production of REAC*3
library is too high at the higher neutron energy region, -40 MeV, and is not consistent with the other
libraries. For the ACSELAM library, the cross sections below 20 MeV are too low to reproduce the
experimental data. The result is that the LEAF-2001 library is the most reliable up to 60 MeV. For the

5Mnproduction three libraries are relatively consistent, though the magnitudes are different by about a
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factor of 6 at the maximum (-40 MeV).
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Fig. 5 Comparison among the data libraries for 3H production by 11+160.
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Fig. 6 Comparison among the data libraries for 14C production by n+160.
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(4) Recommendations for Improving Reliability
After the publication of the IEAF-2001 library, the completeness of the cross-section data set is

much improved and the overall accuracy of the estimations, such as of the summary dose, meets the
requirements for standard cases. However, this comparative survey of a small number of isotopes, which
were selected from the list of important neutron induced radioisotopes produced in the IFMIF
environment, indicates that inconsistencies can be found among the libraries and the experimental data.
Improvement in the reliability can be achieved by the following scheme:

(a) Accumulate additional experimental data focused on the 20 - 60 MeV region, which may not
require using monoenergetic neutron sources because most of the reactions considered have a
threshold energy of around 10 MeV, (e.g. use activation stack foil experiments with a 9 e(d,n)
source at various incident deuteron energies)

(b) Review the systematic rules used to fill the incomplete region where no experimental data are
available; (the rules for the different reaction channels should be consistent)

(c) Apply the theoretical calculations with different approaches to the same reaction channel to
avoid methodical biasing.

It is also recommended to produce a thorough compilation of all data and evaluations, for
independent review that will qualify the results.
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0 20840 Qaim+ 1978
1000 'an,x)54Mn 
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0.001 -acselarn (n,x)54Mn
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Fig. 7 Comparison among the data libraries for 54Mn and 3H production by n+56Fe.

(5) Conclusion
The activation cross sections for neutron energies above 20 MeV were gradually completed to

the level that no critical data are lacking to performn dose or heating estimates. The consistency among
the available library data was checked for several radioisotopes important in IFMIF, and the consistency
is not yet satisfactory. It is recommended that work in the next phase verify and revise the data set,
including the accumulation of additional experimental data and review of the evaluation processes.
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3.3.17 TF54-EU Evaluation of Neutron Cross-section Data in the 20-50 MeV Range;
Intermediate Energy Activation File

(1) Brief Task Description
The objective of Task TF54-EU is to provide nuclear cross-section data required for neutron

transport and activation calculations of IFMIF. Neutron cross-section data must be available over the
whole energy range of IFMIF which extends up to about 55 MeV neutron energy. In particular there is
a need for neutron cross sections above 20 MeV which is the upper energy limit of the standard
nuclear data libraries.

The focus of the evaluation effort during the KEP was on the generation of a complete
activation data library, the Intermediate Energy Activation File 2001 (IEAF-200 1), and the preparation
of general purpose neutron cross-section data files for the light mass nuclides67 Li and 9 e for use in
Monte Carlo transport calculations.
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(2) Background
Nuclear cross-section data must be provided over the whole neutron energy range of IFMIF,

from 55 MeV down to thermal neutron energy. Such data must be evaluated for a variety of nuclides
important for neutron transport calculations. They must include all data types and reactions which are
required to calculate the important nuclear responses. For activation calculations, a full set of data for
all potential target nuclides must be available. To allow the preparation of working libraries for use
with state-of-the-art transport and activation codes, complete data sets must be prepared in accordance
with standard nuclear data format rules.

During CDA and CDE general purpose cross-section data files were prepared for selected
important nuclides, including H, 5 'Fe, 23Na, 9K, "S5i, 12c, 52cr, 51V, up to 50 MeV incident neutron
energy to enable Monte Carlo transport calculations for IFMIF 11,2]. Other important general purpose
data files for isotopes including 60, 'N27A 28930i31,4a 50'52,53,54Cr, 56578Fe, 86,16,4i

636Cu, 93Nb, 12838486W were adopted from the LANL-evaluation of 150 MeV cross-sections 1131
and were processed with the ACER module of the NJOY code 4] for use with McDeLi/McDeLicious
Monte Carlo calculations.

A major task for KEP was (1) to provide general purpose neutron cross-section data files for
the light mass nuclides 6 7Li and 9 e, to enable neutronic calculations for the medium flux test module,
and (2) to prepare an activation data library to enable activation and decay heat calculations for the test
modules.

(3) Evaluation of n + 6 '7 Li and n + 9 e Cross-section Data
By making use of the methodological approach developed for the evaluation of the D + 6,7Li

reaction system [5], general purpose cross-section data files have been prepared for the n + 6 7Li and
the n + 13 reactions according to standard ENDF-6 format rules. The upper energy limit has been
increased to 1 50 MeV to permit the utilization of these data files for other high energy applications.
The n + 67 Lidata files were processed with NJOY/ACER for use in Monte Carlo transport
calculations. They are being applied to neutronics calculations of the Medium Flux Test Module with
the McDeLi/ McDeLicious code (Task TF23-EU).
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(4) Intermediate Energy Activation File (IEAF-2001)
Activation calculations for the IFMIF D-Li neutron source require (i) a complete activation

data library containing all target nuclides that may be present in the materials to be irradiated and
taking into account all activation and transmutation reactions that may occur over the whole neutron
energy range from 55 MeV down to thermal energy, and, (ii) an activation code capable of handling
the many open reaction channels. Substantial effort has been devoted over the KEP period to preparing
a complete activation data library for intermediate energy applications. The Intermediate Energy
Activation File IEAF-2001 has been developed as a collaboration of Forschungszentrum Karlsruhe
and the Institute of Nuclear Power Engineering, Obninsk, as part of KEP Task TF-54EU [6]. The
activation code "A LA RA (Analytical and Laplacian Adaptive Radioactivity Analysis)", previously
developed at the University of Wisconsin-Madison as an advanced computational tool for simulating
induced activation in nuclear facilities [7], has the ability to handle the IEAF-2001 activation
cross-section data in a straightforward way.

The IEAF-2001 library includes 679 target nuclides from Z=l (hydrogen) to 84 (polonium)
with neutron induced reaction reactions from 1 eV to 150 MeV incident neutron energy. The total
number of reaction channels with activation cross-section data is 134,431. The European Activation
File EAF-99 [8] served as the basis for the activation cross-section data below 20 MeV neutron energy.
Threshold reaction cross-sections were evaluated on the basis of geometry dependent hybrid exciton
and evaporation models taking into account the pre-equilibrium emission of clusters (d, t, 3He, ax) and
,y-rays. A new computational approach based on diffraction theory and a modified intra-nuclear
cascade model was employed to evaluate the cross-sections for the light nuclei up to Z = 12 [5].

The IEAF-2001 data library has been prepared in standard ENDF-6 data format making use of
the MT=5 (neutron, anything) option with the excitation functions stored in file section MF=3 and the
product nuclide vectors in MF=6. A 256 group GENDF-formatted (groupwise ENDF) working library
has been generated with the GROUPR-module of NJOY. IEAF-2001 was made available on CD-ROM
to the NEA data bank, Paris, and to RSICC, Oak Ridge, for further dissemination [9]. The IEAF-2001
CD-ROM contains both he pointwise (ENDF) and the groupwise (GENDF) data files for use with any
activation code capable of handling an arbitrary number of reaction channels; codes such as "ALARA".

(5) Testing and Validation of IEAF-2001 Activation Data
Testing and validation of the IEAF-2001 data library is mandatory to ensure reliable results of

the activation calculations. First application tests have been performed to demonstrate its applicability
and suitability for IFMIF activation analyses [10]. Table shows the afterheat and activity calculated
for the high flux test module (made of the low activation steel Eurofer) after an irradiation of 5 full
power years.

Table Total afterheat ower and activity inventory of the IMIF high flux test module (HFTM).
Cooling Time rshutdown h d 30d y y 10y lO y lO y

Activity[]0' Bq] 22 20 16 15 1 0 3.3 0.94 2.8 10 - 7.2 1 06

Afterheat power[W] 244 172 5 1 41 19 1.0 0.10 7.1 0~ 4.6 106

Recently, detailed IEAF-2001 validation analyses were started on the basis of activation
calculations with the "ALARA" code [11]. The validation procedure comprised several steps, including
various benchmark calculations and computational analyses of integral activation experiments. In the
first step, ALARA activation calculations for the low activation steel Eurofer were benchmarked against
activation calculations with the "FISPACT' code [12]. Since "FISPACT' is not capable of using
IEAF-200 1 cross-section data, an irradiation in the first wall neutron spectrum of a fusion DEMO reactor
was considered so as to enable the use of the European Activation File EAF-99 with "FISPA CT'. The
same EAF-99 data have been adopted in the IEAF-2001 library for the energy range below 20 MeV.
Satisfactory agreement was found for the calculated activity inventories, the decay heat production and
the contact dose rate (Fig. ). Thus there is consistency between "ALARA"IIEAF-200 1 and
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"FISPA CT'/EAF-99 activation calculations for the energy range below 20 MeV.
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Nuclide (T112) C/E Dominant Pathways (E thr)

46Sc (84 d) 0.77 ± 0.04 51V(n,2nct) 97.8% (21.3 MeV)

47Sc (3.4 d) 0.17 ± 0.01 5 V(n,nct) 99.6% (10.5 MeV)

48Sc (44 d) 1.07 ± 0.06 5 V(n,ct) 99.7% (2.1 MeV)
48V ~~~~~~~~~~~~~~~~~~~514V(16 d) 1.07 + 0.24 V(n,4n) - 93.3% (32.6 MeV)

50V(n,3n) 6.7% (21.3 MeV)
51'Cr (28 d) (0.41 + 0.04)10-3 5

4 Fe(n,az) - 68.4% ( MeV)
5Fe(n,2na) 3 1.6% (20.0 MeV)

9 2 mt41 (28 d) 1.32 ± 0.36 93Nb(n,2n) 94.6% (8.9 MeV)

92Mo(n,p) - 4.9% ( MeV)
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vanadium are shown in Table 2. Satisfactory agreement between the "ALAPRA"/IEAF-2001 activity
results and the ex eriment was found for all product nuclides except SC and 5 Cr. To resolve the SC

discrepancy the V(n,nax) reaction cross-section needs to be updated. For the 51Cr, it was found that
sequential char~ed particle reactions (SCPR) such as 5 V(n,xp) => 5 V(p,n) 51Cr play an important role
in generating Cr from V. The "ALARA" code is presently not capable of handling the SCPR
mechanism and needs to be updated to meet this need.

The third step of the IEAF-200 1 data testing was devoted to comparative analyses of the
activation and transmutation of Eurofer steel irradiated in the LFMIF high flux test module (HFTM)
and in a fusion DEMO reactor first wall (FW). Fig. 2 shows the calculated activity inventories as a
function of the decay time. It is noted that the D-Li and the D-T neutron irradiation fields produce the
same radioactive nuclides. The activity is dominated by 55Fe during the first year after irradiation, by
3H in the time interval up to one century, and by 4C and 53Mn at longer times. The magnitude of the
nuclide activities, however, is larger for the irradiation in IFMIF, in particular for tritium by two orders
of magnitude. This is the result of the harder D-Li neutron spectrum and the high energy thresholds of
many activation reactions such as the dominant tritium production reaction in iron (56Fe(n, t) 54Mn with
a reaction threshold of 12.1 MeV). The elemental transmutations induced in Eurofer steel during
irradiation are compared in Fig. 3. It is noted that the transmutation of the main constituents of Eurofer,
including iron and chromium, is not significant. The inventory of other elements such as Ti, V and Mn,
however, increases by 5-20% per irradiation year in FW/DEMO and by 10-30% in HFTM/IFMIF.
These elements are minor constituents of Eurofer and are produced during irradiation by (n,p) and
(n,oa) reactions of Cr and Fe, the main constituents of the steel. The large fraction of high energy
neutrons in the IFMIF spectrum accounts for the higher transmutation rate of these elements in
comparison with the D-T fusion spectrum. Similar reasons explain the different transmutation
behaviour of elements such as B, Co, Ta, and W.
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Fig. 3 Eurofer irradiation in the DEMO reactor first wall (FW) and the IFMTF high flux test
module (HFTM): Comparison of transmutation rates calculated with ALARA/lEAF-2001.
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3.3.18 TF55-EU Neutron Data above 20 MeV - Neutron Transport Benchmark Tests

(1) Brief Task Description
The evaluation of neutron cross-section data up to about 55 MeV neutron energy is performed

as part of Task TF54-EU. Validation of the evaluated nuclear data is required to ensure they provide
reliable results when applied in IFMIF neutronics design calculations. This can be achieved through
integral experiments and their computational analyses.

The objective of Task TF55-EU is to provide the experimental data base for the validation of
iron cross-section data used in neutron transport calculations for the IFMIF high flux test module. A
suitable benchmark experiment has been conducted using a 20 cm thick iron slab at the Fast Neutron
Facility of NPI keW with an IMIF-like white neutron source spectrum extending up to 35 MeV. The
spectra of neutrons from both the bare source and transmitted through the iron slab were measured
using the pulse height technique and analysed by means of neutron transport calculations with the
MCNP-4C Monte Carlo code using iron cross-section data provided by Task T54-EU.
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P. B~m EU NPI bem~ujf cas.cz
V. Buijan EU NPI__ _ _ _ _ _ _ _ _ _ _

M. Gotz EU NPI
J. Novdk EU NPI _______________

V. Kroha EU NPI
E. Sime~kovd EU NPI
J. Vincour EU NPI
U. Fischer EU FZK ulrich.fischer~irs~fzk.de
S. Simakov EU FZK simakov~irs.fzk.de
U. v. Moellendorif EU FZK moellendorff~irs.fzk.de

(2) Background
The IFMIF neutron source reaction D(40 MeV)+Li produces a white neutron spectrum which

extends up to about 55 MeV. The evaluation of neutron cross-section data up to about 55 MeV neutron
energy for neutron transport calculations is performed as part of Task TF54-EU. Validation of the
evaluated nuclear data is required to ensure they provide reliable results when applied in IFMIF neu-
tronics design calculations. In particular there is a need for validating the neutron cross-section data
above 20 MeV where experimental data are scarce. Validation is achieved through integral experi-
ments with a white IFMIF-like neutron source and computational analyses using the tools and data
applied to LFMIF design calculations.

A suitable benchmark experiment on iron, the major constituent of the high flux test module,
has been performed at the Fast Neutron Facility of NPI ke2 using the NGI1 target station (see
TF52-EU, Fig. ). The D2 0(3He,xn) reaction at 40 MeV incident energy was employed to produce
an IFMIF-like white neutron source spectrum extending up to 35 MeV neutron energy.

Previously, high-yield emission of fast neutrons with a broad energy spectrum from the deu-
teron break-up reaction on 3H target nuclei had been observed. The observed Gaussian spectral dis-
tribution of these neutrons was attributed to a mixture of final states of the neutron/proton and the tar-
get nucleus. Therefore, the same spectrum shape had to be expected for the inverse reaction DC3He,

np)3He. On the basis of simple theoretical considerations, a mean energy of 15 MeV and a high energy
tail extending up to about 35 MeV were estimated for the zero degree neutron yield in irradiation of a
D target by a 40 MeV 3He beam. A strongly forward-directed neutron emission had to be expected due
to the higher mass of the rojectile. These characteristics strongly favored the use of the D2 003He,xn)

reaction for simulating the IFMIF source neutron spectrum. No experimental thick-target neutron yield
data exist for this reaction so far. Thus the measurement of the D20(3 He,xn) neutron yield spectra was
required for later use in the computational analyses. Extensive calculations were performed at FZK to
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assist in the design of the experiment.

(3) Experimental Arrangement
The benchmark measurements were performed on an external beam line of the variable energy

cyclotron U- I 20M at the Nuclear Physics Institute ke& The 3He ion beam accelerated to 40 MeV was
centered on the 40 gim molybdenum entrance foil. The heavy water (target) was contained in a 3 cm
dia x cm stainless steel chamber. The beam current on the target was kept below some tens of nA to
minimize dead time corrections.

The neutron energy and angular distributions from the D20( 3He,xn) source were measured at
00, 100, 200, 30, 600 and 900. For the benchmark measurements, a 20 cm thick cylindrical iron slab
with a diameter of 80 cm was
placed 30 cm away from the shielded detector Fe slab
neutron source in the beam di-
rection. The experimental ar- 4-47--* 3* 25' o, 20~ 
rangement is shown schemati- T7 .
cally in Fig. 1. The slab was ....- ~iD~ are
manufactured from type 11373 91 .9., -

steel, which is 99% iron. Neu- --------- -- 080------ ---
tron spectra were measured at -.. 

source at O and 200. To de- 

crease the background radia-
tion level, the detector was 340______ __________

surrounded by a polyethylene34
and iron shield in a configura- UDetector (NE213)
tion optimized by Monte Carlo EIron+borated polyethylene
calculations performed at FZK. Io
To subtract the room neutron
background, the conventional
method with a 60 cm long Fig. 1 Experimental arrangement for the measurement of
iron-polyethylene shadow bar neutron transmission spectra for an iron slab with
has been employed, shielded detector (sizes are given in cm).

(4) Data Acquisition and Processing
The fast neutron spectrometer is described elsewhere in detail (see Ref. [1,2] and Task TF52-EU

report), thus only the main characteristics are repeated here.
The neutron detector, a liquid scintillator (NE2 13, 4.5diax4.5 cm2), was able to register neutrons

in the energy range 1.8 to 35 MeV by the pulse height technique. The apparatus spectra were cali-
brated up to 7.6 MeV using y-rays from 60Co, 137Cs, and PuBe sources and from the capture of thermal
neutrons in iron. The fast neutron spectrometer was operated with two-dimensional n-y discrimination
hardware. List mode registration of pulse-height and monitoring events in an external buffer provided
full information about the event history and permitted the performance of dead time and systematical
error corrections [2]. By employing off-line Gaussian analysis of the two-dimensional pulse height
spectra, a complete discrimination between neutrons and photons was achieved above the recoil proton
energy of 3.5 MeV. The neutron spectra were obtained by applying the standard pulse height unfolding
technique available with the GRAVEL procedure [3]. Detector response and efficiency were calculated
using the Monte Carlo code SCINFUL-R [4].

The uncertainties of the data consist of several components. The statistical uncertainty data gen-
erated during the de-convolution process account for pulse height statistics, background subtraction
uncertainty, and the uncertainty due to the (n,y) discrimination procedure. The uncertainty of the de-
tector efficiency is estimated to be less than 4-6% [6]. The beam charge on the target was determined
with an uncertainty less than 2%. The beamn-current-dependent correction for dead time (amounting up
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to 8%) was estimated to contribute less than % uncertainty. The quadratic summation of these con-
tributions was interpreted as the uncertainty of the yield scale factor.

(5) Experimental Results and Computational Analysis
In Fig. 2, the measured angular distribution of spectral neutron yields from the He-D 20 neu-

tron source is shown. The pronounced Gaussian-like shape of the energy spectra with a maximum at
about 15 MeV and extending up to 35 MeV neutron energy is evidence of forward emitted neutrons as
a result of the deuteron break-up process. In Fig. 3, the zero-degree spectrum is compared with the
neutron spectra of the IFMIF source reaction D(40 MeV)+Li, as calculated by the McDeLicious code
[5]. Fig. 4 compares the angular dependence of the integrated neutron yield of the 3He-D 20 and the
D(40 MeV)+Li reaction. The shape of both the spectra and the angular dependence of the yield are
found to be rather similar. Therefore, the D20( 3He,xn) reaction was selected as a suitable neutron
source for the simulation of the IFMIF D-Li source spectrum. The absolute neutron yield of the D-Li
reaction, however, exceeds the yield of the He-D20 reaction by two orders of magnitude at the same
incident beam energy and current.

D2 0 CHe,xn)
EH 40 MeV

He

00
108 ,20 

107 ~ Y~ * 1

30040 ~

A k 0

z 'V~A 

A& 

10 A A90 

AAA

A

A^

0 5 10 15 20 25 30 35

Neutron Energy [MeV]

Fig. 2 Angular distribution of spectral neutron yields from the reaction D20( 3He,xn) at 40 MeV
incident deuteron energy.
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Fig. 3 Spectral neutron yields at 00 from a thick D20 target irradiated by 40 MeV 3He-ions: 0 -
experiment, solid curve - MCNPX calculation. For comparison: dashed curve - 0' spec-
tral yield (multiplied by 10-2) from a thick Li target bombarded by 40 MeV deuterons as
calculated by the McDeLicious code 31.
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Fig. 4 Angular dependence of integrated neutron yields from the reaction D2 0(3 He,xn) com-

pared with data from the D(40 MeV)+Li and D(4OMeV)+Be reactions. The experimental
data from the EXFOR database are fitted with a Lorentz function.

The computational analysis of the benchmark experiment was performed with the MCNP-4C
Monte Carlo code [6] and iron cross-section data provided by Task T54-EU (INPE/FZK) as well as
data from the LANL 150 MeV evaluations [7]. A detailed three-dimensional geometry model was de-
vised to accurately represent the iron slab, the detector shield, and the experimental hall. The neutron
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source distribution was modeled on the basis of the measured double-differential angle-energy neutron
yields obtained for the bare heavy water target. Calculated and experimental neutron transmission
spectra are compared in Fig. 5 for detector angles of 0 and 200. For the 200 yield spectra, good agree-
ment is observed for the NPE/FZK and LANL- 1 50 iron data in the energy range below 15 MeV. In
the higher energy domain 15 to 35 MeV, the FZKIINPE evaluation satisfactorily represents the ex-
perimental results, whereas the LANL-150 data overestimates them by up to 50%. A trend to overes-
timating the transmission spectra with both iron data evaluations is observed for the 0' yield spectra
above about 5 MeV neutron energy.

0

10~~

0~~~~~~~~~~~~~~~... ....................

U) ~0 This experiment
co ~ - MCNP/INPE-FZK

O) MCNP/LANL-1 50

0

z

1 0

o 5 10 15 20 25 30 35
Neutron Energy, MeV

Fig. 5 Energy spectra of neutrons transmitted through 20 cm thick iron slab as recorded at 0

(top) and 20'(bottom): o - experiment, curves - MCNP4C calculation with INPE/FZK
(red) and LANL iron data (green).

(6) Conclusions
The spectral yields of neutrons from a thick heavy water target bombarded by 40 MeV 3He

ions were measured. The comparison of the 3He-D 20 and D-Li neutron producing reactions showed
very similar energy-angular distributions at the same incident beam current and energy. Thus the suit-
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ability of the 3He-D20 reaction for simulating the IFMIF source neutron spectrum in transport bench-
mark experiments was demonstrated.

The spectra of neutrons from a 3 He-D20 source transmitted through a 20 cm iron slab were
measured and compared with Monte Carlo transport calculations based on the INPE/FZK and
LANL- 150 iron data evaluations. The analysis has shown that the INPE/FZK iron evaluation satisfac-
torily reproduces the measured neutron transmission spectra up to 35 MeV whereas the LANL-1 50
iron evaluation gives an overestimation above 15 MeV by up to 50%.

A continuation of the benchmark experiment is required to improve the experimental accuracy
and extend the neutron energy range down to about 0.1I MeV. This will employ a neutron collimator
assembly and a Stilbene scintillator with high sensitivity.
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3.3.19 TF56-EU Nuclear Safety and Shielding

(1) Brief Task Description
In the framework of IFMIF project [1] the ENBA-Bologna group was committed to performn

shielding calculations for various Test Facility rooms and cells. This activity required the setting up,
production and application of new computational tools and data libraries for shielding analysis (deter-
ministic approach) and activation calculations to contribute to the definition and establishment of
shielding design criteria and to assess the radiological protection related to beam-on and beam-off op-
erational phases. In particular, IFMIF production of a considerable fraction of the neutrons at energies
above 20 MeV implied the following activities [2]:

* production of a new group-wise radiation transport library [3], "Vitenea-LEF", extended over 20
MeV (up tolSO5 MeV for neutrons and 00 MeV for gamma-photons) for deterministic Sn codes;

* production of the ANITA-LEAF activation code package [4] (code and libraries) able to handle
the numerous reaction channels for neutron energies over 20 MeV (up to 150 MeV).

The main characteristics of both Vitenea-IEF library and ANITA-EAF activation code package are
given in the next sections.

For qualification and calibration purposes a set of preliminary calculations of the dose rate
outside the Test Cell concrete walls via the Sn Scale-Enea [2] shielding analysis sequence, with the
new intermediate energy coupled 256n-49,y multi-group cross-section library Vitenea-LEF, was per-
formed.

Two different concrete shielding-cooling design solutions have been considered. One approach
utilizes an array of coolant passages embedded in the concrete shielding. Gaseous helium would re-
move the neutron heating deposited in the concrete. This approach is referred to as Standard. The al-
ternate approach uses a separate stainless steel thermal shield placed between the liner and the con-
crete shield. This approach is referred to as Thermnal Shield. Various analyses have been performed by
considering, for example, different directions from beam axis and concrete wall thickness. The pre-
liminary total dose rate values for normal plant operation (beam-on phase), in the forward direction,
are:
9.15 (Sv/h)(or Standard case) and 1.26 (gSv/h) (for Thermal Shield case).

Application of the ANITA-EAF code package to the neutron exposure characterization and to
radioactive inventories, for the SS-3 16 liner of the Test Cell area, is described.

Contributors
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G. Cambi EU Bologna University dangiliogbologna.enea.it
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(2) Introduction
The IFMIF is an accelerator-based D-Li neutron source to simulate the neutron irradiation

field in a fusion reactor. After the IFMIF Conceptual Design Activity (CDA) in 1995-9 6 and the Con-
ceptual Design Evaluation (CDE) in, 1997-98, the IFMIF project proceeded to the next phase: the Key
Element Technology Phase (KEP) to reduce key technology risk.

The ENEA was committed to perform shielding calculations of various Test Facility rooms
and cells in order to investigate the accessibility of the IFMIF rooms during and after accelerator op-
eration and the compliance with dose limits inside and outside the facility. For that purpose, the neu-
tron and gamma shields both of the Test Cell and of the entire facility have to be defined. To establish
the appropriate shielding, evaluation of the gamma and neutron dose rates in various IFMIF rooms and
cells is required.

Dose rates need to be estimated both during normal plant operation, "beam-on", and at
"beam-off ' conditions.

During normal plant operation the main contributors to the dose rate outside the Test Cell are:
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I) neutrons emerging from the lithium target due to the interaction of the primary deuteron beam
with the target itself;

2) gammas, so called prompt gammas, generated by neutron induced nuclear reactions (for example,
n-,y) in the materials of the Test Cell walls;

3) gammas generated by the neutron induced activation and subsequent decay of the materials con-
tained in the Test Cell walls (so called decay gamma sources).

During the beam-off phase the contribution to the dose rate is due only to the decay gamma
sources generated by the material radioactivity.

As a first guess for calibration purposes, it was planned to perform the evaluation of the dose
rate outside the Test Cell shielding walls during plant operation, due to the a) and b) contributions,
through a coupled n-,y Sni Scale-Enea transport calculation.

These calculations required the production of the new intermediate energy group-wise trans-
port library, "Vitenea-IEF", extended above 20 MeV, in Ampx format.

The decay gamma sources calculation required the production of the ANITA-lEAF activation
code package (code and libraries) able to handle the numerous reaction channels for neutron energies
over 20 MeV

(3) The Vitenea-IEF Library
Vitenea-IEF is a new intermediate energy coupled 256-neutron and 49-gamma-ray

multi-group cross-section library in Ampx formnat, suitable for Sni radiation transport codes.
The library was obtained by processing the LANL evaluated files of ENDF/B-VI Release 6

and FZKIINPE files via the NJOY-AMPX-SCALE code systems.
The library contains the following materials/isotopes: H-1,H-2, C, 0-16, Al-27,Si-28,Si-29,

Si-30, P-31, Ca, Cr-50, Cr-52, Cr-53, Cr-54, Fe-54, Fe-56, Fe-57, Ni-58, Ni-60, Ni-61, Ni-62,
Ni-64,Cu-63, Cu-65, Nb-93, W-182, W-183, W-184, W-186, Pb-206, Pb-207, Pb-208 from
ENDF/B-VI Release 6 and K-39, Li-6, Li-7, V-5 1 from FZKIINPE Nuclear Data.

The inclusion in the library of the ENDF/B-VI materials together with those made available by
FZK makes it possible to handle most materials, including the lithium target, stainless steel, and con-
crete planned to be used in IFMIF.

The following options in the NJOY processing were applied.

For neutrons:

* 256-group energy structure up to 150 MeV (standard 175-group Vitamin-J structure to 19.64
MeV and 81 groups above; constant energy bins of MeV and 2 MeV were used for the energy
domains 20-50 MeV and 50-150 MeV, respectively);

* weighting function: thermal + IE + flat
* temperatures: 300 K, 600 K, 900 K, 1500 K;
* 10 values of background cross sections: 1010, 1000, 300, 100, 30, 10, 3, 1, 0.1, 10-6 (Bondarenko

method for the resonance self-shielding treatment);
* maximum Legendre expansion order for scattering matrices: 6

For gammas:

49-group energy structure up to 100 MeV (standard 42-group Vitamin-J structure to 50 MeV and
7 groups above; constant energy bins of 5 MeV and 10 MeV were used for the energy domains
50-70 MeV and 70-1 00 MeV, respectively);
weighting function: flat over the entire energy range;
maximum Legendre expansion order for scattering matrices: 8

The production of the library required the development of a new Smiler code, which converts
the NJOY output from GENDF to AMPX format, in collaboration with the ORNL group of the
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Ampx-2000 system, in order to let it manage the nonstandard ENDF format lumped MT=5 cross sec-
tion structure contained in the evaluated files for neutron energies over 20 MeV.

In order to performn the dose rate calculations by S method, a new file, containing the
group-wise neutron and gamma fluence to ambient dose equivalent conversion factors, was produced.
It was obtained by integrating the neutron and gamma point-wise factors available in literature
(ICRP-74 and Ferrari-Pelliccioni evaluation [5]) on the same weighting functions and group structures
previously described, converted to Amnpx format and included in the Vitamin-IEF library.

(4) The ANITA-lEAF activation code package
The new ANITA-IEAF activation code package traces back to the ANITA-2000 code

(OECD-NEA-1638, RSICC CCC-606). It is able to manage the many reaction channels open for neu-
tron energies higher than 20
MeV and up to 150 MeV 256-group

neutron fluxes
The code computes the from

radioactive inventories of radiation transport
materials exposed to con-caulto
tinuous or stepwise neutron
irradiation,. It provides activ-
ity, isotope nuclide density, AiEF
decay heat, biological hazard,
clearance index and decay I1ryADaLbai
gamma ray sources, in the 42
standard Vitamnin-J energy
structure, at shutdown and at
different cooling times.

The code package (Fig.
1) is provided with a com-
plete data base that includes
neutron activation data i-Rdictv
brary, decay, hazard andinetrs
clearance data library, and Activity, Decay Heat

library. ~~~~~~~~~cdntact Dose~ Decay gamrmasourc
gamma cleaarrance ex iloial 'aar

Fig. 1 ANITA-1EAF activation code package.

(4.1) New Anita-1EAF activation library
The Anita-IEAF activation library has been derived from the FZK IEAF-200 1 activation li-

brary [6]. However, that library contains neutron activation cross sections (for 679 nuclides), in Gendf
format, not suitable to be used in Anita code. In IEAF-2001 library the neutron activation cross sec-
tions for each nuclide are identified in the MF=3, MT=5 structure by the recoil nucleus produced. This
is due to the fact that for neutron energies greater than 20 MeV many reaction channels open, which
don't correspond well to defined MT numbers in the standard ENDF6 format notation. So far, a fixed
reaction table, as required in Anita code, has been created by associating to every recoil nucleus, char-
acterized by a well known difference in charge Z and mass A, a nonstandard MT number.

(4.2) Anita-1EAF Decay, Hazard and Clearance Data Library
This library contains the information describing the decay properties of unstable nuclides use-

ful for the calculations performed by ANITA-IEAF. This file has been completely updated. It contains
the following data for 1840 nuclides:
* The decay data have been taken from the Fusion Evaluated Nuclear Decay Data Library

FENDL/D-2.0.
* The Annual Limit of Intake (Bq) by ingestion or inhalation for the public or workers (ALI) quan-

tities is obtained from the ICRP-72.
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The clearance level data. They are the "unconditional clearance levels" (Bq/g), based on
IAEA-TECDOC-855.

(4.3) Anita-lEAF Gamma Library
This data base contains gamma ray spectra emitted by the radioactive nuclei (1390 isotopes) in

the Vitamin-J 42-,y energy group structure. The data of the library are based on the FENDL/D-2 evalu-
ated decay data file (gamma radiation spectra).

(5) Results, Discussions and Conclusions
(5.1) Dose rate calculation outside the Test Cell concrete shielding walls

For qualification purposes of the codes and the new data libraries, a set of preliminary calcula-
tions of the dose rate outside the Test Cell concrete walls via the Scale-Enea shielding analysis se-
quence using the Vitenea-IEF library was performed. These calculations represent a check of the
consistence of the cross sections of the Vitenea-LEF library and in the same time the results are the first
preliminary "solid numbers" of the dose rates outside the Test Cell. The calculations are related to
the normal plant operation, (beam-on phase) where the dose rates are due to neutrons and prompt
gammas.

Geometrical configuration, material compositions, and neutron source
The geometrical layout was modeled in order to maintain the real equivalent volumes of the

various regions of the Test Cell (lithium target, back plate, High Flux Test Module, Test Cell vacuum
room, shielding walls etc.). This choice assures that the total collision densities are preserved in the
various zones.

The IFMIF Test Cell modeled in the calculations contains:(l) Lithium target (24 cm x 6 cm x
3 cm volume = 432 cm3); (2) Back plate; (3) High Flux Test Module-HFTM (20 cm x 5 cm x 5 cm,
volume = 500 CM3); (4) Test Cell vacuum room (300 cm x 250 cm x 300 cm) that encloses the test
module and the lithium target; (5) neutron and gamnma concrete shielding system (two different design
solutions, see the details in the following).

The first design utilizes an array of coolant passages embedded in the concrete shielding.
Gaseous helium would remove the neutron heating deposited in the concrete. In this case a concrete
shielding, consisting of concrete 80%, plus He 20% for cooling, thickness 00 cm, and concrete 00%
up to a total thickness of 3 10 cm, was placed after the test cell vacuum room. This approach will be
referred to as Standard in the following.

The second design solution uses a separate stainless steel thermal shield that is placed between
the liner and the concrete shield. This arrangement reduces the neutron heat load to the concrete
shielding to a level that can be tolerated with only edge cooling of the concrete, i.e. no internal cooling
required. Gaps of 10 mm thickness are provided between the test cell liner and the test cell thermnal
shield and between this and the concrete shield. A thickness of 20 mm of SS-316 as thermal shield
plus concrete 1 00% up to a total thickness of 3 10 cm after the test cell vacuum room were used in the
calculations. This approach will be referred to as Thermal Shield in the following.

The following material compositions were chosen: a) lithium target: lithium natural isotopic
abundance; b) back plate: stainless steel SS-3 16 LN-IG; c) High Flux Test Module : Eurofer; d) liner
and thermal shield: stainless steel SS-3 16 LN-IG; e) biological shield: concrete.

Neutron Source
To perform the coupled n-y transport calculation an angle- and group-dependent boundary

neutron source was used. In this case, one specifies not a source but a flux condition on the boundary.
The energetic neutron source distribution, due to the interaction of the primary 40 MeV deuteron
beam on Li-target, calculated by Oyama based on the Serber model has been produced in the same
group structure of the Vitenea-IEF library.(see Fig. 2).
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A total neutron source ---
strength Of .lXlO' 7 n/s'1 was IFMIF energy source distribution
used to normalize the calcula- for 40MeV deuteron beam
tions.

0.14

Dose rate results ~01
The neutron and _- 0%.08

gamma dose rate calculations 30.06
were performed for the two 80 0.04
different concrete shedn 8 0.02 _

design solutions, Standard and 1023041
Thermal Shield, defined pre-

viously. For each, different energy (MeV)
calculations were performed in _

order to simulate the real 3-D Fig. 2 Neutron energy source distribution for 40 MeV
Test Cell geometrical configu- deuteron beam.
ration (volumetric collision
density conservation) and to take into account that the real neutron source is not isotropic, but peaked
in the forward direction. Six different dose rate calculations were performed, in particular:

Standard configuration:

a) "Lateral Wall case"- a concrete shielding, consisting of concrete 80%, plus He 20% for cooling,
thickness 00 cm, and concrete 00% up to a total thickness of 3 10 cm placed around the test cell
vacuum room was considered. The corresponding dose rates can be considered as those out of the
"lateral" walls of the Test Cell (not forward direction forced neutron source);

b) "Frontal Wall case"-the same concrete shielding of case a) was considered but a forward direction
forced neutron source has been applied. The corresponding dose rates can be considered as those
out of the "frontal" wall of the Test Cell. The total dose rate due to both neutrons and gammas vs.
distance from the inner concrete shielding surface is shown in Fig.3;

c) "Ceiling Wall case"-the thickness of the concrete shield is 210 cm. The corresponding dose

I.E+12 Total dose rate from neutrons and gamma's
Standard configuration

Frontal case

1.E+09 

±1.E+06 

I.E+00

0 100 200 310

Distance from inner concrete shield surface cnml

Fig. 3 Total dose rate inside concrete shielding.
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rates can be considered as those out of the "ceiling" and "floor" walls of the Test Cell;

d) "Ceiling 2 Wall case"-the thickness of the concrete shield is 250 cm. Cases c) and d) are an ex-
ample of testing the effectiveness of the shielding properties of concrete.

Thermal Shield configuration
The concrete shielding system consists of: ) void gap 0 mm, II) stainless steel Thermal

Shield 20 mm; 1II) void gap 10 mm, IV) helium gap 10 mm, V) concrete 00% up to a total thickness
of 310 cm.

e) "Lateral Wall case"- The corresponding dose rates can be considered as those out of the "lateral"
walls of the Test Cell 

f) "Frontal case"-same geometrical configuration of case e) but a forward direction forced neutron
source has been applied. The corresponding dose rates can be considered as those out of the
"frontal" wall of the Test Cell.

Results and discussion
The detailed dose rate results for cases from a) to f) are shown in Table 1, both for the standard

and the thermal shield configuration. The following remarks can be made:
* neutron and gamma dose rates for both cases a) and b) (standard configuration) are lower than the

recommended limit ( OjiSv/h);
• cases c) and d) (standard configuration) corresponding to two different wall thickness in the up and

down directions show high dose rates; these are due to the reduced thickness of the shielding that
reduce its effectiveness (see Fig. 2);

* cases e) and f) (thermal shield configuration) appear to be more effective than the Standard one;
* detailed results analysis points out that the total contribution to the dose rate outside the concrete

shielding wall due to the neutrons with energy higher than 20 MeV and gammas with energy higher
than 50 MeV is about 11I% for the Standard configuration, Frontal case b). These results show the
importance of taking into account the higher energy neutron in the IFMIF facility as done using the
Vitenea-IEF transport library.

The I -D deterministic calculations appear to be a powerful method to obtain reliable results in
short computing times, useful to assess the shielding efficiency, via parametric and sensitivity studies.

To obtain the safety margins for the IFMIF design of the shielding structure three-dimensional
calculations (both MCNP Monte Carlo family code and DOORS deterministic Sn family code, in or-
der to guarantee a complete Q.A. process) will be performed.

____Table n and dose rates outside the shielding alls.________

________ Lateral (a) Frontal (b) - Ceiling1 (c) Ceilin 2 d
Standard Position Dose n Dose y Dose n Dose y Dose n Dose y Dose n Dose y

configu- Surac ([iSv/h) (Sv/h) (Sv/h) (Sv/h) (gSv/h) (Sv/h (Sv/h) (gSv/h)
ration Surface 3.56 3.91 4.36 4.79 1.94E+4 1.02E+4 5.57E+2 4.13E+2

_______ I 1n m 2.01 12.65 2.47 3.24 9.82E+3 6.05E+312.62E+2 2.60E±2

Thermal ___- _ Lateral e Frontal f
Thermal Position Dose n Dose y Dose n Dose y

shield con- _____ Sv/h) (gSv/h)_ (gSv/h) (gSv/h)
figuration Surface 1.85E-1 8.39E-1 2.26E-l1 1.03

__________ 1 1.05E-lI 5.77E-1 Il.28E-1 7.07E-1-
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(5.2) IFMIF Test Cell steel liner activation Table 2 Isotope specific activity of
As an application and test of the ANITAI1EAF the Test Cell steel liner at the

code package, an activation calculation was performed end of beam-on phase.
for the SS-316 liner. The neutron flux in 256 group ATVT
structure calculated with the Scale-Enea shielding analy- ABqcIVITY RC
sis sequence was used. A continuous 5-year irradiation Mn 56 3.66Em09 P.9EO I
scenario has been applied. Table 2 lists the specific activ- Fe 55 2.66E±09 2.16Es01
ity, with the most relevant isotope contributing, at IFMIF Cr 51 1.95E+09 1.58E+01
plant shut down. Co 58 1. OE+09 8.90E+00

The contribution of the neutrons with energies Mn 54 5.57E±08 4.52E±00
Co 57 4.74E+08 3.84E+00

higher than 20 MeV to the activation characteristics has Co 58m1 4.68E+08 3.80E±00

been estimated. In particular, a difference of about 15 to Co 60m1 1.98E+08 1.61E+00
23% results in the specific activity (Bq/g) out to three Co 60 1.74E+08 1.41IE±00
years cooling time.V515008 12E0

MO 99 1.50E+08 1.22E+00
These calculations show the importance of taking Tc 99rn I .32E+08 1.07E+00

into account the higher energy neutrons in IFMIF facility Cu 64 1.28E+08 1.03E+00
as done in ANITA-1EAF package. V49 5.16E+07 4.18E-0 I

Al 28 3.64E+07 2.95E-01
Ni 57 3.63E+07 2.94E-0 I
Mol0l 3.26E+07 2.65E-01
Tcl0l 3.26E+07 2.65E-01
Fe 59 3.l1OE+07 2.52E-01

Cr 55 2.74E+07 2.22E-01
Mn 52m1 2.44E±07 1.98E-01
Co 56 2.43E+07 1.97E-01
Cu 66 2.3 1 E+07 1.88E-01
Ni 63 2.1llE+07 1.71E-01
Fe 53 1.87E+07 1.51E-01
Ni 65 1.76E+07 1.43E-01
Mn 57 1.24E+07 lOI1E-01

ISum I1.22E+10 I
I Total 1.23E+10 _______
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3.3.20 TF57/58-EU Sub-miniature Fission Chambers - Development, Construction and
Experimental Tests.

(1) Brief Task Description
The task consists of the development of prototype on-line neutron monitors for IFMIF and their

testing in an IFMIF-like neutron field provided by the upgrade of the NPI (Nuclear Physics Institute)
cyclotron-based Fast Neutron Facility (Rez, near Prague, Czech Republic). In parallel, integral tests on
activation foils selected for IFMIF neutron dosimetry can also be performed. As the NPI cyclotron can
accelerate protons up to 37 MeV, the p(37 MeV)+D 20 breakup reaction is used in order to simulate the
IFMIF D(40 MeV)-ILi neutron spectrum. Preliminary experiments and theoretical evaluations had
shown that this reaction provides a Gaussian shaped neutron spectrum, with mean neutron energy of - 14
MeV and maximum energy in excess of 30 MeV. A neutron emission rate Up to _IXIO 12 n/s/sr is
expected using the negative-ion extraction mode of the cyclotron.

Contributors__ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _

Name Party Institute E-mail address
B. Esposito, M. Angelone, A. Pensa EU ENEA-Frascati -espositogfrascati.enea.it

C. Blandin, J.P. Hudelot EU CEA-Cadarache christophe.blandin~cea.fr
P. B~m, V. Burjan, V. Kroha, J. Novdk, EU NPI-Rez bemgujfcas.cz
E. Simeckovi, J. Stursa and F. Vesely __________________________

(2) Development of Sub-miniature Fission Chambers and Monitors
The task of studying the necessary instrumentation for neutron/gamma flux and neutron

spectrum measurements in the IFMIF HFTM, assigned to ENEA-Frascati, started in the CDA phase []
and continued in the CDE and the KEP phases. CEA-Cadarache collaborated with ENEA in the last two
phases through a study of the modifications required to adapt available sub-miniaturized fission
chambers for the monitoring of the neutron flux in various positions within the HFTM [2,3,4] and then
with the detailed final design of the chambers suitable for IFMIF [5,6]. According to the results of such
activity [6,7], the optimum miniaturized chambers for IFMIF application should have either 238U or

23 pas fissile coating; these chambers should have a diameter of 1.5 mm, a fissile mass of 0.528 mg
and an argon gas pressure of 2 atm.

Due to the low expected neutron emission at the NPI cyclotron (-lxO12 n/s/sr), following
meetings with Czech and French experts, the decision was taken to build prototype miniaturized fission
chambers of larger diameter (8 mm instead of 1.5 mm) since the 1.5 mm diameter chambers would
detect a very low current signal (much below the nA range), which would probably be masked by noise.
Therefore, three 8 mm diameter fission chambers (238U, 2 7Np, and no fissile deposit) were produced at
CEA-Cadarache in 2001, tested in the MINERVE thermal reactor (238U and 237Np only) and sent to NPI
during March 2002. These chambers having larger diameter, greater fissile material content and higher
argon pressure were expected to have a total increase in signal of a factor -30 with respect to the 1.5 mm
diameter chambers. The IFMIF-like neutron spectrum can be measured using a set of activation foils
suitable to the IFMIF neutron spectrum energy range: the comparison of the spectral measurement
performed with an independent spectrometer (BC-50l liquid scintillator-based) will provide
information on cross sections of some activation reactions to be used in IFMIF dosimetry in the high
neutron energy range (above -20 MeV). Foils planned for use in the experiment are Al, Ti, Mn, Fe, Co,
Ni, Y, Zr, Nb, Rh, Lu, Au.

(3) The Simulation of IFMIF Neutron Spectrum at NPI Fast Neutron Facility
Search for IFMIF-like neutron source reaction

The FMIF neutron source reaction D(40 MeV)+Li produces a white spectrum with mean
energy of 14 MeV and a high energy tail up to 50 MeV. Therefore, the response of- and radiation effects
on IFMLF neutron monitors are to be investigated at relevant neutron energies. As deuterons can be
accelerated up to 18 MeV only (and protons up to 37 MeV) on the NPI cyclotron, other reactions had to
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be selected in order to simulate the D+Li IFMIF neutron spectrum. Previous experimental investigations
[8] had indicated the D(p,n)2p reaction as the most suitable candidate. Measured neutron yield data of
the p+D (thin gas target) reaction show a Gaussian-like spectral shape of the break-up process and a
noticeable high-energy group (Fig. 1 (a)), corresponding to the final state interaction. Simple theoretical
considerations applied to available cross section data have permitted prediction of the energy
dependence of the spectral yield (Fig. I1(b)) and the En - 0.45 Ep dependence for the mean neutron energy.
For a 35 MeV, 20 gA proton beam, possible for the NG2 target station, a neutron emission of about
3x 1012 n/sec/sr and a mean neutron energy of 14 MeV could be deduced.

DEUTERON ENERGY (MeV)
______ _____ _____ ______ _____ _____0.00 5.00 10.00 15.00 20.00

(a) ooop(b5 e)--
p(00 14.8 MeV)D

C.) ~ ~ C

c2.OE+9 10 io",~
q3~ ~ ~~~N

Li d+D exp.
5: El __ d+D

< 1.0E+9 0 6a>--p+Be

0 66
Li0 
0..6 a, 

10 :

0E-- , ... ...... ......... __________...... _____-
0 4 8 ~~~ ~~12 16 0.00 10.00 20.00 30.00 40.00

NEUTRON ENERGY (MeV) PROTON ENERGY (MeV)

Fig. I (a) Zero-degree neutron yield spectra for the D(p,n)2p reaction measured using the 14.5
MeV proton beam of the NPI cyclotron; relevant data of the Be(p,xn) reaction EXFOR
database] are also shown for comparison; (b) calculated thick-target zero-degree neutron
yield from D and Be targets as a function of incident particle energy.

High-power neutron target station NG2
Due to target considerations (heat dissipation of 800 W beam power), heavy water instead of

D-gas was preferred as the target medium. A new beam-line, vacuum system, beam-diagnostic system
and a specially designed D20-flowing target station have been developed and installed at the
negative-ion beam extractor of the cyclotron (Fig.2). The loss of beam intensity was limited to 10% or
less, and firther improvements are under consideration. This leads to an acceptably low level of
unwanted neutrons in the vicinity of the target. The spot size of the uncollimated beam on the target
could be adjusted within 8 to 20 mm in diameter. Both the long- and short-time fluctuation of the beam
intensity are less than 5%.

Neutron spectra
The contribution of the proton reaction on oxygen to the neutron yield could not be correctly

calculated due to lack of relevant data. Instead, the p+D320 reaction was investigated experimentally.
The measurement of the angular distribution of the spectral neutron yield at 24 MeV and of the
zero-degree spectral yield at 37 MeV incoming proton energy were carried out employing the
shadow-bar method in an open-geometry arrangement. Liquid scintillator-detector techniques (BC-5O 1)
with two-dimensional n-y discrimination hardware and a multiparameter data-acquisition system have
been used. Special care was given to safe operation of the detector (phototube) hardware operating in the
gamma and electromagnetic fields of the accelerator.

The resulting neutron spectra are shown in Fig. 3. The measured mean neutron energy of 13.9
MeV and the neutron emission of 9x1IO" n/sr/s (for 37 MeV/20 gA proton beam) deviate only slightly
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from the predicted values for the pure p+D reaction, in accordance with the assumed low neutron yield
from the accompanying p+O interaction.

Fig. 2 NPI cyclotron-based fast neutron fi .1 .ly, NG2 t a r g et s tat ion: (1) cyclotron, (2) beam guide
and vacuum system, (3) beam-diagnostic hardware, (4) quadrupole lenses, (5) beam-guide
support, (6) heavy-water flowing target chamber, (7) holder for irradiated samples
(sub-miniature fission chambers in actual positions).

------- -- - --

D0(pxn) E = 24 MeV1
E 2=24 MeV

10 ~~~~E =24 MeV
Q ~E =7 Mev.

1 0

V A~~~~~~~

.0"

0 10 20 '0 40

Neutron Energy (MeV)

Fig. 3 Neutron spectra from NG2 target station: angular distribution of spectral yield at 24 MeV
and zero-degree spectral yield at 37 MeV incoming proton energy.
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Data were measured in point-like geometry (long detector-target distance): in order to
extrapolate these observables to the vicinity of the target (i.e. the location of the irradiated samples), an
integration of observables over target and sample dimensions was performed, utilizing simple
theoretical considerations about the energy and angular dependence of data [8]. The results, i.e. the
dependence of the neutron flux and the neutron mean energy vs. distance between the target and the
position of the sample, are shown in Fig. 4 and Fig. 5.

1 0 I 11 I i I

Y(0 mm)
-- Y(1 mm)

W ~~~Y(3 mm)
-Y-'(4 mm)

I 0 10 ~Y(5 mm)
~~> 10~o> - - -Y(6 mm)

~~4h -'((7 mm)
-Y-'(8 mm)

- '(9mm)
>_ ~~~~~- (10 mm)

:37 MeV proton bea
0 20 40 60 80 100

distance from target (mm)
Fig. 4 Caiculated neutron lux vs distance between end of target and position of the sample (y is

the radial coordinate perpendicular to the beam axis).

~14

-y=0 mm
-- y: mm
-y=2 mm

Q) ~ ~ ~ ~ -- y==3 mm
-Y=5 mm

12 - -y=6 mm
-y=7 mm

-y=9 mm
r- ~ ~ ~ ~ ~ - y=1 mm

0 3 ~ ~ ~ ~ ~ ~ -=0m
E 1007~ MeV proton beam 10

distance from target (mm)
Fig. 5 Calculated neutron mean energy vs distance between end of target and position of the

sample (y is the radial coordinate perpendicular to the beam axis).
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As can be seen, the numerical values of both observables (reaching 5x I 0 1I n/CM 2/s/20 j.tA and
12.8 MeV, respectively) strongly reflect the integration procedure for a sample of cm diameter at a
distance of 5 mm and only deviate slightly from point-like geometry data for distances above 50 mm.
These calculations will be benchmarked employing activation-foil measurements with point-like data
from scintillators as assumed neutron spectra in the deconvolution procedure.

(4) Experimental Tests
The experiment was carried out in July 2002, due to a delay in obtaining the fission chambers

export license from CEA (France) to NPI (Czech Republic). Three and a half days (July 2 2 d- 2 5th) were
devoted to the experiment, with cyclotron maintenance carried out at night. The personnel consisted of 2
scientists from CEA, scientist andl technician from ENEA, plus local NPI scientists and technicians
(for operation of the cyclotron and experiment setup). The cyclotron was operated with a proton beam at
a fixed energy of 37 MeV. Fig.4 and Fig.5 show the calculated neutron flux and neutron mean energy as
a function of the distance between the end of target and the position of the sample (coordinate x): the
various curves in the figures correspond to different distances of the sample from the axis of the primary
proton beam (coordinate y). The cyclotron produces a pulsed neutron emission: the macrostructure
corresponds to one burst every -6.6 ms (duration of burst ranging from 0.2 to 2 mns - typically -1 ins,
i.e.: filling of -1 5%), while the microstructure corresponds to one burst every -70 ns (duration of burst
3 ns). Both testing of a) fission chambers and b) activation foils were tried in the experiment.

a) Fission chambers:
The details of the chambers (see sketch in Fig.6) used in the experiment are as follows:

1) 23U miniaturized fission chamber with 10.82 ± 0.03 mg of fissile deposit (2 mg/cm 2), argon pressure
9 atm, (serial number 2130 9]); the purity of 2 8U is characterized by the following ratios:
234U/ 238U=O. 000003±0.000001 and 235U/238U=O .0003 59±0.000002.

2) 7Np miniaturized fission chamber with 9.0±0.3 mg of fissile deposit (2 mg/cm 2) , argon pressure 9
atm; fissile material purity 100% (serial number 2131 [10]);
3) miniaturized fission chamber without fissile deposit ("No Deposit" in the following), argon pressure
9 atm (serial number 2136(11I]).

An~ode (308L Stainless steel)
Body (Ti Lanium)

Fissile deposit
TighL eedth-ough
(Titaniu n lu mina)

Cathode (316L stcunless steel)
P1,ug (Titarnum)

Fig. 6 Schematic cross section of miniaturized fission chamber.

All detectors and related electronics (amplifiers, cables, data acquisition chain) needed for the
experiment have been prepared by CEA (pulse and current mode electronics and pulse mode acquisition
system) and by ENEA (a second pulse mode acquisition system plus a current mode acquisition system
based on National Instruments PCI card and Lab VIEW dedicated software). Various measurements at
different cyclotron beam currents were performed both in pulse and current mode fission chamber
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operation. Data were collected for all available fission chambers (238U, 237Np, No Deposit) and for a
cable not connected to any chamber ("Cable" in the following) in order to monitor noise. After some
preliminary testing it was discovered that the 237Np chamber was broken and therefore no data will be
shown for such chamber. The arrangement of the holders of the fission chambers with respect to the
target is shown in Fig.7. The scheme of electronic and acquisition chains and the overall layout of the
experiment is shown in Fig.8. For the majority of acquisitions almost simultaneous monitoring of beam
current level was available by means of the second pulse mode acquisition system.

proton beam

foil (Mo, 40ji) holder (Al, mm)

D 20 stream -holder (teflon)

-stainless steel

d8
d36 10 68

1 0 5 10 5
15 2

I ~~~~~x2

Fig. 7 Schematic cross section of target and fission chamber holders (all dimensions in mm).

Standard RG 59B/UJ organic cables were used throughout the experiment for all connections: a)
in pulse mode: between fission chambers, preamplifiers and acquisition system; b) in current
mode between fission chambers, INV converter and acquisition system.

b) Activation foils
A stack of various dosimetry foils (Go, Au, Mn, Rh, Lu, Y and Zr) was mounted on the target for

a preliminary test on the third day of the cyclotron run, but due to malfunctioning of the target cooling
system during this dedicated run, the proton beam was directed on the stack of foils causing its
destruction. In this stage, it was decided to postpone further testing to subsequent runs. However, due to
the flood in the Czech territory in August 2002 (which struck the NPI territory and partly destroyed the
cyclotron hardware), the cyclotron operation - and consequently the activation-foil tests - are expected
to be restored at the beginning of 2003.
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Measurement hail

/~ ~ ~ ~ ~ ~~~~~~~~/IX

Fission Chambers Prga wrte Inl LaVE 6
(U238, NP237, graphical language

No Deposit Cinble)

Fig. 8 Fission chamber current mode experiment layout.

(5) Results and Discussions
The analysis of the data from the experiment is still under way; preliminary results concerning

the current mode tests (valid data acquired on July 24, 2002) are described below.
The sampling of the cur-rent mode acquisitions was at 100 kHz. A scan of the fission chamber

current mode signal at different chamber voltages was performed for various levels of nominal cyclotron
beam current (0. 1, 0.5, 1, 1.2 and 5 jiA). The first set of current mode data was acquired in the following
configuration (position 1): 237 238 "Uand No Deposit on the first holder (having three slots) located at a
distance from the target X2=24 mm (left: ... Np, right: 2 8U , back: No Deposit); Cable on second holder
(having two slots) at position x,=54 mm. The distance of the 238U fission chamber from the target was
therefore x9 mm (see Fig.7). In a subsequent run, the 238U and 237Np chambers positions were
exchanged (position 2) in order to check any asymmetry of the neutron emission in the y coordinate (due
to possible misalignments of the primary proton beam). No particular difference in the signal of the 238U
chamber at the same level of beam power was observed after this exchange, thus indicating an overall
symmetry of the neutron emission with respect to the center of the target. Finally, the No Deposit and
237Np chamber positions were also exchanged (position 3). Two last acquisitions (position 4) were made
in the same configuration as position 3, but with the first holder at a distance X2 = 1 34 mm from the target:
in these acquisitions the cyclotron was functioning, but a beam dump produced zero beam current on the
fission chambers.

The acquired data show the presence of a high level of noise: Fast Fourier Transformn (FFT) with
the Hanning window function has been used in order to clarify which frequencies are related to noise
and signal (see the power spectra - square of the magnitude of the complex spectrum - in Fig.9).
Spectrogramrs have also been produced, showing the behavior of various frequency components in time
(Fig. 10). By cross-checking the Cable, No Deposit and 238U signals, it is found that frequencies above 0
kHz are certainly due to noise: this is proved by the fact that in the measurements in position 4, the FFT
power spectrum shows that the frequencies related to the pulsed cyclotron beam (e.g. 150 Hz) disappear,
whereas frequencies above 10 KHz still persist. Consequently, all current mode data have been filtered
with a bandpass filter (low pass with cut at 10 kHz). Typical results are shown in Fig.l I and Fig. 12
where the raw data (red) are overlaid to the filtered data (blue); in these figures a I V signal corresponds
to a measured fission chamber current of I ItA.
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frequency (Hz)

Fig. 9 Power spectrum of signal (238U current mode).

4~~~~A ~ "

2.5~~00 0115 02 .2

time (S)
Fig. 10 Spectrogram showing current mode noise components during

238Uchamber irradiation at 5 pA beam current.

After subtraction of the noise, a plot was produced showing the linearity of the 238U signal with
the cyclotron beam current: in Fig. 13 the RMS value of the 238U signal (average over the whole
acquisition interval, typically 300 ins) is plotted vs the measured beam current (the chamber voltage in
these measurements was set at300 V). The results indicate that the 238U chamber correctly measures the
fast neutron emission from an JEMIF-like source. Another interesting point is the comparison of the
signals between the 238U and the No Deposit chambers in this neutron field: in Fig. 14 are shown the
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signals when these two chambers are located in the experimental configuration at the same distance
from the target (position 3, beam current 1.2 RA). The No Deposit chamber detects a signal about 5
times lower than the. signal from the 238U chamber, the Cable signal being negligible ( 5 my). The
reason for such a high level of signal has to be investigated in detail, but it is due to the gamma-ray field
in the vicinity of the target.

-beam current =5 ~LA

\1

-0. I raw data
f itered

0.01 0.02 0.03 0.04
time (s)

Fig. 11 238 U fission chamber current mode signal (5 pA beam current, holder in
position 1).

15beam current 5pA'

to. 5
CY)

-0. 5 udt
ilt e red

0.025 0.026 0.027 0.028
time (s)

Fig. 12 Detail of 238U fission chamber current mode signal
(5 pA beam current, holder in position 1).
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beam current (A)
Fig. 13 Linearity of 238U current mode signal with

beam current (fission chamber HV=300 V).

0 .2III II II I 7F7 - T1III
-No Deposit

0.15% U2 3 8
> 0. 1 

0.05
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~~~~~Ibacurrent= 1.2 A

-0.05 I~~~~~~~~~~~~I I 0 0.02 0.04
time (s)

Fig. 14 Comparison of 238U , No Deposit and Cable current mode signals
(HV=300 V): note that 238U
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(6) Conclusions
The predicted neutron flux characteristics of the NPL NG2 heavy-water target station have been

experimentally proven: 1) the white spectral distribution with neutron mean energy of 13.9 MeV (for a
detector threshold of 2.6 MeV) and energy range up to 32 MeV is a good simulation of the IFMIF
neutron spectrum; 2) for a proton beam current of 20 gA, the zero degree integral yield of 9x loll" n/sr/s
leads to a flux density of -5x lOl 1 n/CM 2/s at 5 mm foil-to-target distance: the mean energy is about 12.6
MeV in this case.

The experiment performed at the NPI cyclotron has demonstrated that the current mode
operation of the 8 nun diameter 238 miniaturized fission chambers for measuring the fast neutron flux
in an IFMLF-like environment is possible; therefore the use of the planned sub-miniaturized fission
chambers (1.5 mm diameter) should be feasible in IFMIF. The preliminary results of the irradiation
experiment indicate the linearity of the measured current mode 238U signal with the cyclotron beam
current (i.e. with the neutron emission). The chamber used in the experiment has 8 mm diameter and
10.82 mg of fissile material; it detects a current of about 0. 15 gA in a fast neutron field of roughly xI GIG
nicM2/ . The No Deposit chamber also detects a signal in the same environment at a level about 5 times
lower (the signal being due to gamma-ray interactions). No useful tests of the 27Np chamber were
possible, as this chamber was found to be broken (possibly having been damaged during shipment).
Pulse mode data (with spectral analysis) for the 238U chamber have also been obtained in the experiment,
but have not been analyzed yet: these data will be useful for absolute calibration of the cyclotron neutron
source. However, it is foreseen that, due to the high neutron fluxes, only current mode measurements
will be possible in IFMIF. No activation foil measurements have been performned in the present
experiment, but they are scheduled for future cyclotron operation.
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3.3.21 TF61-EU Recalculation of Nuclear Response for Different Beam Footprints

(1) Brief Task Description
The design modifications of the IFMIF reduced cost option with different deployment

strategies consider different variants of the beam footprint, the beam current, the number of beams, as
well as their spatial orientation. Another design modification was introduced by integrating a neutron
reflector around the test module to improve the irradiation conditions for the material test samples. In
addition, new computational tools and nuclear data were recently developed to increase the accuracy
of the neutronics calculations. These changes necessitated performing a complete reevaluation of the
irradiation parameters and the nuclear responses for the different test materials that will be irradiated
in the High Flux Test Module (HFTM) of IFMIF.

Contributors
Name Party Institute E-mail address
U. Fischer EU FZK ulrich.fischer~irs.fzk.de
S.P. Simakov EU FZK simakov~irs.fzk.de
A. Mbslang EU FZK anton.moeslang imffzk.de

(2) Introduction
Detailed neutronics calculations were carried out for the fll performance option of IFMIF

with two 125 mnA deuteron beams during CDA and CDE [1, 2]. The recent cost reduced option [3]
with staged deployment scenarios considers the employment of one 50 mA or 125 mA deuteron beam
during the IFMIF starting phase and various beam footprints to get sufficient irradiation volume and
neutron flux intensity for meaningful materials testing. In addition, a neutron reflector surrounding the
H-FTM was proposed to improve the irradiation conditions by increasing the damage production rate
and decreasing the spatial gradients [4].

New computational tools and nuclear data were continuously developed during CDA, CDE
and KEP, resulting in (i) the McDeLicious Monte Carlo code [5,6] which makes use of D-Li evaluated
cross sections [7] for the neutron source simulation (EP Task TF5 1 -EU), and (ii) the high energy
neutron cross-section data [8,9] which form the basis for the neutron transport and nuclear response
calculations (EP Task TF54-EU).

In the framework of Task TF61I -EU a complete reevaluation of the three-dimensional
distribution of the neutron and photon fluxes, the hydrogen and helium gas transmutation production,
the displacement damage and the nuclear heating has been carried out. In the following, a brief task
description is given, the calculation methods applied are outlined, and an overview is provided of the
main results of the irradiation parameters and nuclear response.

(3) Variations of the Deuteron Beam Configurations
It is most likely that IFMIF will start operation with one accelerator delivering one deuteron

beam to the lithium target (Table 1). At this phase only one 50 m-A beam current will be available for a
few years (Starting Stage ), followed by a stepwise increase up to 125 mA (Starting Stage II). The
deuteron beam will be oriented along the symmetry axis perpendicular to the lithium jet surface. For
the full performance operation phase two 125 mA beams vertically declined by 10 degrees from the
symmetry axis are foreseen in the reference design. The cost reduced option suggests the accelerator
allocation at one level. This means the two deuteron beams will be declined in a horizontal plane [3].

Different beam footprints are considered for these stages: 2x5 cm2 as reference for the fll
performance operation, and reduced (in horizontal direction) footprints of I0> x5cm2 or 4x5 cm 2 during
the IFMIF deployment phases. For the sake of illustration, the relative beam density distributions on
the lithium target surface are shown in Figs. and 2 for two extreme cases. The beam profile for the
fuill performnance IFMIF operation mode is based on the simulation of the accelerator optical system
[10]. It was linearly reduced along the horizontal axis to get the beam density distribution for the
smaller beam footprints.

- 419 -



Table 1 Scenarios of IFMIF concept deployment and main neutronics parameters (given the accelerated deuteron energy of 40 MeV).
Deployment Stage -I pio I Starting I StartingI FlPefmac

Parameter L pin1 Option 2 Option 3
Beam/Accelerator Options _______________

Number of Beams/Accelerators 12
Beam Orientation Perpendicular to the Lithium Jet Horizontal Vertical

Each beam current, mA 50 50 50 125 125 125
Beam power, MW 2 2 2 5 1 0 1 0

2
Beam footprint (width xheight), cm 20 x 5 10 x5 4 x 5 20 x 5 _ 20 x 5 20 x 

Bea denit -A/cm2 0.5 1.0 2.5 1.25 2.5 25
Li target backplate: n-flux, dpa and heat generation in the center

n-flux, 11 4/cm 2/s 2.8 4.9 9.0 7.1 14.5 14.2
Displacement rate, dpa/fp ..... 12 22 42 31 63 62
Nuclear heating, W/cm3 6.1 10 1 9 1 5 3 1 29

n-flux, 1014/cm2/sHFTM: Irradiation parameters and nuclear heating ~1.-.
n-flux, ~~2.6 -1.1 4.4 -1.6 8.0 -2.3 6.6 -2.7 13.3 - 551. 

0 - - --~~~~I2. 1744 .342 .-fl X, 10 0.9 -s 09-7 1.4 -1.0 2.3 -1.322-744334233

Nuclear heatini-W/cm3 --- ---- -- 4.9 -2.8 -8.5 -4.3 - 15 -6.4 12 -6.9 j[ 25- 14 24 -13
HFTM: Radiation induced effects in Eurofer(*) ______________L

Displacement rate, dpa/fpy1-42 2-. 38 -10 2-172155 -20

Voue ~?da > 2 /fy), cm 0 0 40 100 524 514
Volume (dpa > 40/fpy),, cm3 0 -0 0 0 102 90
. Hjproduction, appni/fty - 500 -200 910 -340 1800 -580 1250 -490 2550 -1000 2420 -1000
He production, appm/fpy 110 -41 200 -70 390 -120 270 -103 1 560 -210 520 -190

HFTM: Radiation induced effects in Vanadium ~ ~ _______ ______

Displacement rate, dpa/fy1-.72-. 40 -1232 26-36-2

Volume (dpa > 20/fy) cmI01 49 149 645 640
Volume (dpa > 40/fpy)2 cm3 0 -- 0 2 0 145 135
H productio, ppm/fty - - 220 -100 420 -160 -830 -290 - 570 -260 1150 -470 1100 -470 
Hje production, appm/fpy "39 -18 72 -29 140 -50 98 -45 200 -80 2 20-8

(*)The given maximum and minimum values correspond to the center points at the front and the back surface of the HFTM, respectively.
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-0.02>

~~~(,03~~~en

Fig. Three-dimensional (top) and contour plot (bottom) presentation of the IFMIF deuteron
beam profile. The box on the projection plane shows the front plate contour (20x5 cm 2) Of
the HFTMI.

0.20 > I t 4

Fig. 2 The same as Fig. 1, but for the beam profile for the reduced beam footprint 4x5 CM2.

The beam configuration options are summarized in Table 1. The three footprint options
considered for the Starting Stage I correspond to the increase of the beam current density from
0.5 mA/cm2 to 2.5 m.A/cm2 as the footprint area is horizontally compressed. The transition from the
Starting Stage II to the Full Performance phase results in an increase of the beam density from
1 .25 mA/cm2 to 2.5 mA/cm2 due to the use of the second accelerator.

(4) Computational Tools and Data
The neutron-photon transport calculations and nuclear responses evaluations have been

performed with the Monte Carlo code McDeLicious [5,6]. This is a further enhancement to the
McDeLi code [2] with the new ability to sample the neutron and photon generation of the D-Li source
from tabulated 6 '7 Li(d,xn) and (d,xy) double-differential cross section data developed in the framework
of KEP Task TF5 1-EU. The McDeLicious approach was validated against measured energy-angular
yields from the thick lithium target bombarded by deuterons with energies up to 40 MeV (see Task
report TF5 1 -EU).

Two sources of evaluated neutron cross-section data were used for the neutron-photon
transport calculations and the nuclear responses: the LANL-1 50 (14 elements, up to 150 MeV) [9]
aind the INPE/FZK data evaluations (cross sections for 10 elements up to 50 MeV neutron energy) [8].
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The calculations have shown differences of no more than 10% in the average nuclear responses due to
the different cross-section data evaluations. Validation analyses of experimental benchmarks are
presently underway with the objective to check and improve the data evaluations.

The computational model used for
neutronic analyses takes into account the essential Refectrk

features of the IFMLF source and the test modules,
i.e., geometry configuration and material Lire

specifications. As an example, Fig. 3 displays a
sketch of the model used in the analyses for the full
performance stage with two vertically orientated
deuteron beams. It comprises the lithium target (a d-Llearn
26x2.5x20 cm3 box filled with Li at density ME-oule

0.512 g/cin), the Eurofer target back plate dut
(26x0.l8x20 CM3), the high flux test moduled-e 2L 20 lIT-odl

(20xx5 m3ox, illd wth urofr a 80 of Fig. 3 Geometry and material distribution
nominal density) and reflector slabs around the model for the Monte Carlo simulation: X-
HFTM (10 cm thick Eurofer plates at reduced axis -horizontal direction; Y-axis - vertical
density to account for cooling channels), direction; Z-axis - forward direction away

To get three-dimensional distributions of from the target.
nuclear responses, the space of the HFTM and the
surrounding reflector was divided into a regular lattice with small cubic segments of size
0.5x0.5x0.5 cm3. The neutron and photon fluxes, nuclear heating, dpa, and gas production rates were
calculated as 3 -d arrays, each quantity being averaged over the volume of the small cubic segment.

(5) Results of the Neutronics Re-evaluation
The results of the calculations are summarized in Table 1. They show the main irradiation

parameters and the nuclear responses calculated for Eurofer and vanadium with different deuteron
beam profiles and currents. There are maximum and minimum values which correspond to the centre
points at the front and back surfaces of the High Flux Test Module, respectively. The results generally
show that the irradiation parameters and responses are proportional to the beam current density. The
highest values of the irradiation parameters, which the lithium target back plate made of Eurofer must
withstand, are also included in Table 1.

For the characterization of the irradiation volume, the space available for displacement
damage exceeding a specified level was assessed. The data presented in Table I show that the
irradiation volume available for the minimum displacement damage level of Ž20 dpa/fpy depends on
both the current and density of the deuteron beam. It is noted that a relatively higher damage
accumulation can be achieved in the Starting Stage I at the expense of the available irradiation volume
with the reduced beam footprint configuration (Option 3).

As mentioned above, the spatial distributions were calculated for all neutron responses and
stored as a 3-dimensional array. For a better understanding these data were visualized in the form of 2-
d contour plots on three planes of the Cartesian coordinate system (X-axis: horizontal direction, Y -
axis: vertical direction, Z - axis: deuteron downstream beam direction, see Fig. 3 and inserts in
Figs. 4-9). Figs. 4 - 9 display contour maps for the dpa rate in Eurofer for the different deuteron
beam/footprint configurations considered. The contour maps allow assessment of the size and shape of
the 3-d irradiation volume which is available for a specified damage displacement level. To achieve
20 dpalffly level, for example, 4x6x2 cm3 and 19x5x1.5 cm3 rectangular test modules should be
considered for the Starting StagelI (4x5 cm2 beam footprint, 5 mA current) and Starting Stage I
(20x5 cm'; beam footprint, 125 mA current), respectively.

For the Full Performance Stage the two options for the beam orientations in vertical and
horizontal planes were investigated. As shown in Figs. 8 and 9 and Table 1, the resulting differences
are comparatively small. The reason is supposed to be the rather small declination angle, which means
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that both options are geometrically close to the configuration, with one beam impinging
perpendicularly on the target surface.

Beam Footprint 2x5cmdpa-rate [ /fpy]I

40

mv30

25

15

I02

Beam Footprint
03

d (-Beam-6

z

Fig. 4 Spatial distribution of the displacement damage rate induced in Eurofer for the case of
one 50 mA d-beam with footprint 2OxG cm 2 (deployment Starting Stage I, Option 1).
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Beam Footprinit 0 x 5 m' dpa-rate i1/fpy]

~25

0 Z 2

5 Beam Footprint

40~~~~~~~~~~~

25~~~~~~~~~~~~~~

z

Fig. Spatial distribution of the displacement damage rate induced in Eurofer for the case of
one 50 mA d-beam with footprint x 5 m2.(deployment Starting Stage , Option ).
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2-Beams Footprint 20 x 5 cm' dpa-rate [1/,fpy]

> 3~~0

V~~~j 30 Z- x~~~~~- 2O

Beam Footpriz I 

Fig. 8 Spatial distribution of the displacement damage rate induced in Eurofer for the case of
two 125 mA d-beams (horizontal declination) with a footprint 20 x 5 cm 2 (full
performance stage).
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in addition to the absolute values of the nuclear responses in the test module, their spatial
gradients are of great importance. For example, Fig. 10 shows the dependence of the displacement
damage rate versus the horizontal, the vertical and the beam downstream directions. It is seen that the
relative gradient near the test module edges is practically independent of the beam footprint sizes:
along the beam and vertical directions it amounts to 25%/cm; along the horizontal direction it is
around 50%/cm.

101

0 2 4 6 8
Z-axis (beam direction), cm

0 1 2 3 4 5
Y-axis (vertical direction), cm

2 21
10~~~~~~~~~~~~~ 

~~ 10 Ox& m, 125+125rnA beams in Ver or Hor planes:

5 OmA.)4x~c 5 )I..I 0ti

- 5O>~~~~/5cA,2 I

0 2 4 6 8 10 12
X-axis (horizontal direction), cm

Fig. 10 uispiacement damage rate proaucea in iEuroier as a iunction 01 tnree cooruaaes for
different beam currents and footprints. Vertical dashed lines indicate the position of the
corresponding HFTM box edges, values in the frames - relative gradients near these
points.
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(6) Summary and Conclusions
The energy deposition, the neutron and photon flux, the gas and heat production, and the

displacement damage rates have been reevaluated for the FMIF high flux region for the full
performance operation and the intermediate deployment stages. Variations of the beam current, the
number of beams, the beam orientation, and a neutron reflector around the HFTM were considered.
The three-dimensional spatial distributions provided for the nuclear responses in the HFTM allow
assessment of the actual shape and the irradiation volume in which specified dpa rates and gradients
can be reached.

The analysis has shown that an accelerated displacement damage accumulation during the
starting stages is achievable with a higher beam current density or reduced beam footprints. The latter
option, however, results in a reduced irradiation volume. The horizontal and the vertical orientations
of the deuteron beams do not show significantly different result for the nuclear responses calculated
for the HFTM. This was shown for the full performance operation of IFMIF.
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3.3.22 TF62-JA: Review of the Concept for Materials Testing in LFMIF

(1) Brief Task Description
In the CDA phase of IFMIF it was planned to operate with current of 250 mA from the

beginning. However, the IFMIP plan is now for construction in two stages (125 mA-*250 mA), and
therefore the irradiation plan must be reviewed. The main purpose of stage one operation is the
performance confirmation of selected structural materials for ITER test blanket modules. In the second
stage, the focus will shift to the acquisition of engineering data for design and licensing of a
demonstration plant for power generation. The irradiation matrix to achieve these purposes was
examined. Since it would take much too long to acquire the necessary data using only IFMIF, the model
used in planning is based on using fission reactor i-radiations in combination with IFMIFE

Contributors
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(2) Introduction
In the CDA phase of IFMIF, materials irradiation tests were planned assuming that IFMIF

would be operated with current of 250 mA from the beginning [1]. The plan now is for JEMIF to be
constructed in two stages (125 mA-4250 mA) [2]. Maximum efficiency in use of the irradiation tests,
with limited volume and operation time, requires a thorough review of the purposes of the tests and the
irradiation matrices to meet these needs.

(3) Purpose of Irradiation Tests in IFMIF
The development of power generation blankets and materials for fusion systems must be

accelerated to match the fast track approach proposed to demonstrate the feasibility of fusion. A
near-tenn need is to test several test blanket modules in ITER. The purpose of the first ITER tests is the
demonstration of the power generation and tritium breeding in the fusion reactor environment. In the
next steps, high performance blanket modules will be tested to demonstrate that fusion power will be an
economically attractive energy source. Figure shows the fusion blanket/materials development plan
being followed in Japan. IFMIF construction is planned in two stages (125 mA->250 mA), with first
stage operation scheduled to start in 2016 and the second stage in 2019.
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Fig. 1 Fusion blanket/material development plan in Japan.
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Assuming that the deuteron beam intensity in first stage operation is kept the same as in the
second stage, then the irradiation volume with flux above 20 dpa/fpy is about a half that for full
operation. Fluence of at least 50dpa will be achieved during the first stage, even though IFMIF may not
operate smoothly due to early failures and the installation of second stage equipment. The purposes of
irradiation tests planned for the first stage are as follows:

1) Performance confirmation of selected structural materials for test blanket modules to be
tested in ITER.

2) Development of advanced structural materials for the DEMO reactor.
3) Study of high fluence irradiation effects produced in materials by fusion neutrons.
4) Measurement of tritium release behavior of ceramic breeder materials.

Purpose ) is the most important, because the structural materials for test blanket modules are
likely to become the leading candidate for the power generation demonstration plant. Also, the same
materials will be irradiated to fluences over 100 dpa in the second stage of IFMIF for acquisition of
engineering data. Microstr-uctural observations, tensile tests, impact tests, fatigue tests, fracture
toughness tests, fatigue crack growth tests and creep tests (i.e. profile measurements on pressurized tube
creep specimens) will be conducted in post irradiation examination (PIE). Also, in-situ creep/fatigue
tests in the medium flux region are important. Low activation ferritic steels, vanadium alloys and
SiC/SiC composite materials are under development as promising candidates. Low activation ferritic
steels with oxide dispersion strengthening are the leading candidate for the test b lanket modules,
selected on the basis of the results of irradiation tests using fission reactors.

Vanadium alloys and SiC/SiC composite materials are advanced materials that have higher
strength than ferritic steels at high temperatures. The performance blanket modules made of these
materials need to be tested in the latter phase of ITER, because their development is important to make
fusion reactor power economically competitive. To prepare for this use in ITER test modules, vanadium
alloys and SiC/SiC composite materials need to be irradiated in the first stage of IFMIF operation to
confirm their performance.

In comparison with fission reactor irradiation, the helium production rate and the primary
knock-on atom energy are higher in IFMIF irradiations. The effect of these differences on the swelling,
mechanical properties and microstructural evolution needs to be quantitatively determined. The effects
of irradiation on materials have been examined by fission reactors, accelerated particle beams, etc, but it
is necessary to have a more quantitative understanding of the effects. That knowledge base will be used
for modeling irradiation damage and microstructural evolution to establish the interrelationships
between the 14 MeV fusion neutron irradiation and fission reactor irradiation. Therefore, purpose 3) is
also important.

The irradiation behavior of lithium-based ceramic breeder materials such as Li2O has been
investigated using fission reactors, e.g. the BEATRIX-11 collaborative tests. The results demonstrated
good tritium release performance up to 5% Li burnup. However, tritium release performance needs to be
evaluated in higher burnup ranges by irradiation in the medium flux region of IFMIF, to confirm that the
materials can be used in the power generation demonstration plant.

The irradiation volume with flux over 20 dpa/fpy in the second stage of IFMIF operation will be
about 500 cc. The purposes of irradiation tests in stage two IFMIF are as follows.

I ) Acquisition of engineering data for design and licensing of a demonstration power
generation plant.

2) Study of high fluence irradiation effects produced in materials by fusion neutrons.
3) Blanket element performance validation tests (tritium release behavior, tritium breeding

performance, compatibility of breeder/neutron multiplier /coolant, etc.).

The acquisition of engineering data is the main purpose of full performance IFMIF operation.
The emphasis will be on low activation ferritic steels and the advanced materials, vanadium alloys and
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SiC/SiC composite materials. The low activation ferritic steels involved will include some of the
specimens from purpose ) of the first stage, which will continue to be irradiated up to fluences of
80-100 dpa. The irradiation volume for advanced materials will be about 100 cc at the start of second
stage, and increase to about 300 cc several years later. Also the research of purpose 2) will be continued
to support material developments.

The tritium breeding rate increases, as neutron energy decreases, and it is important to increase
the neutron flux for improvement in tritium production rates in IFMIF experiments. The reaction 9Be(n,
2n) with the high-energy neutrons (over 2.5 MeV) is used to multiply the neutron numbers. Spectral
tailoring by moderator materials is investigated in EU KEP tasks to increase the number of low energy
neutrons in the medium flux region for the irradiation of ceramics breeder materials. The neutron
spectrum in the low neutron flux region may also be modified to be similar to the environment of a
fusion blanket by using moderators. With those changes, these regions will be used for blanket element
irradiation tests to verify behavior before blanket designs are finalized. Other blanket element
irradiation tests may involve tests for tritium release behavior, tritium breeding performance,
compatibility of breeder/neutron multiplier /coolant, etc.

(4) Irradiation Test Matrix
Irradiation tests of structural materials will be performed in the IFMIF high flux region, with a

volume of 500 cc, using a helium-cooled high flux test module. Small specimens are used to make
maximum efficient use of this limited volume. To achieve the purposes that are mentioned in paragraph
(3), properties of the structural materials that must be evaluated in the high flux region are as follows.

1) Tensile properties
2) Fatigue properties (fatigue life)
3) Fracture toughness
4) Fatigue crack growth properties (fatigue crack growth rate)
5) Impact properties (ductile to brittle transition temperature; DBTT)
6) Creep under irradiation
7) Microstructure and swelling

The irradiation matrix for one condition of one structural material is shown in Table 1, to acquire
accurate engineering data related to the needed properties. Because data from small specimens vary
widely, the multiplicity of each specimen is comparatively large. The volumes needed for each specimen
set include the space occupied by specimen containers, and are taken from the CDA report [1]. In the
CDA phase, the irradiation matrix was planned on the assumption that a NaK-cooled high flux test
module might be used [1, 3]. This module has three chambers, each thermally controlled at a different
temperature by a separate liquid metal (NaK) loop. Specimens were encapsulated in packets that were
stacked in the chambers. Each packet contains one to six specimens of the same type, except for TEM
disk packets (which contained up to 80 specimens). The main problem with this module was that
irradiation at temperatures over 650'C was difficult. To solve this problem, a helium-cooled high flux
test module that may be used for irradiation at temperature from 250 to I 000C is under development.
The helium-cooled high flux test module consists of a number of rigs containing the encapsulated
specimens. The specimen will be kept at constant temperature by electric heaters attached to the
capsules. In this stage, available volumes are unknown, because methods for encapsulating specimens
are under examination. However, it is necessary to know how many specimens can be installed in the
helium-cooled high flux test module. Therefore, volumes for the case of the NaK-cooled high flux test
module are used in this matrix development. The volume occupied by specimens for each irradiation
condition is 37.38 cc. This volume increases by about 50% to account for space for coolant. The result is
that nine irradiation conditions can be simultaneously included in the 500 cc high flux region.
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Table 1 Irradiation matrix for one condition of one structural material.

Specimen Multiplicity Occupied Comment
__________________volum e (cc)

Tensile 1 6 4.64 Duplicate specimens tested at different temperatures
and strain rates

Push-pull fatigue 16 9.28 Duplicate or triplicate specimens tested at different
Push-pull fatigue 16 9.28 strain ranges

Fracture 810.8 Tested at different temperatures and strain rates
toughness8
Crack growth 8 6.3 Duplicate specimens tested at different temperatures
Charpy 6 3.08 Tested at 6 temnperatures
Creep 8 2.88 Specimens loaded to 8 different gas pressures
TEM disk 10 0.4

Total 37.38 ______________________
*Include space occupied by specimen container.

The present candidate materials are the low activation ferritic steels, the vanadium alloys and
SiC/SiC composite materials. Irradiation conditions needed for the study of low activation ferritic steels
are shown in Table 2. The steel types are a low activation ferritic steel such as F82H and an oxide
dispersion strengthened steel. Also, welded/joined regions as well as base material need to be included
because they seem to have different properties. The irradiation temperatures are 300, 450 and 550'C for
low activation ferritic steel, and 450 and 550'C (or a higher temperature) for oxide dispersion
strengthened steel. If a minimum of three dose levels are evaluated, then there are 30 irradiation
conditions. In addition, each vanadium alloy and each SiC/SiC composite material may need more than
27 irradiation conditions (3 materials, 3 temperature levels and 3 dose levels).

Table 2 Irradiation conditions for low activation ferritic steels.

Material' Temnperature levels"~ Dose levels Total
LAFI 3 3 9
LAF2 3 3 9
ODS1 2 3 6
0DS2 2 13 6

Total 30
*LAFI1 is low activation ferritic steel base metal, LAF2 is weldments of low activation ferritic steels,

ODS is oxide dispersion strengthened steel base metal, and ODS2 is welded/joined sections of oxide
dispersion strengthened steels.
** LAF1I and LAF2 are irradiated at 300,450 and 550 0C, and ODS1 and 0DS2 are irradiated at 450 and
550 C.

Even if the maximum target dose is only 100 dpa, more than 30 years of IFMIF operation are
necessary to satisfy all the above-mentioned irradiation conditions. This seems to be an unrealistic plan.
Further reduction in the irradiation matrix and further miniaturization of small specimens may be
necessary to meet the needs of a fast track program. To reduce the number of tests and conditions, the
results of models based on irradiation data from fission reactor and accelerator particle beam
experiments can be used to guide the development of irradiation matrices. These models and non-IFMIF
data may also be used to reduce the number of candidate materials to be tested in IFMIF.

(5) Summary
With the change in the IFMIF plan to stage construction (125 mA-*250 mA), review of test

purposes and irradiation matrices were needed, to assure efficient use of the limited volume in

- 431 -



JAERI-Tech 2003-005

irradiation tests and limits on operating time.
Several test blanket modules need to be tested in ITER, to demonstrate the power generation and

tritium breeding in a fusion reactor environment and to show that fusion energy will be economically
attractive. The main purpose of irradiation tests in IFMIF stage one operation is to confirm the
performance of selected structural materials for the ITER test blanket modules. In the second stage of
IFMIF operation, the primary goal is the acquisition of engineering data for design and licensing of a
demonstration plant for fusion power generation. Also, the study of the effects of high fluence fusion
neutron irradiation on fusion materials is important.

An irradiation matrix to achieve these goals is examined. More than 30 years are necessary to
acquire all data for three candidate material systems (low activation ferrite steels, vanadium alloys and
SiC/SiC composite materials) based only on use of IFMIF. Because this seems to be unrealistic, the use
of models based on fission reactor experiments, further miniaturization of specimens, and other
measures are necessary to guide the most efficient use of the valuable space in IFMIF.
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3.3.23 TF63-JA Small Specimen Test Technology - Development of Fracture Toughness
Testing with Miniaturized Specimens

(1) Brief Task Description
The objective of this task is to develop small specimen test technology to evaluate fracture

toughness of several millimeter thick plates of structural materials, as well as to maximize the use of
limited irradiation volume in IFMIF. Three-point bending (3PB) specimens with 7.0, 5.0 and 3.3 mm
thickness and compact tension (CT) specimens with 25.4 (ICT), 12.7 (/2CT) and 6.35 mm (1/4CT)
thickness were prepared from a Japanese low activation ferritic steel, JLF-1. Elastic-plastic fracture
toughness tests by the unloading compliance method at room temperature and plane-strain fracture
toughness tests at 77 K were conducted in general accordance with ASTM standards, together with
plane-strain FEM analysis. Since each of the 3PB and CT specimens has advantages, emphasis is placed
on the reliable fracture toughness evaluation including the determination of the actual J-value for crack
initiation for the 3PB specimens and on the effect of specimen size on fracture toughness for the CT
specimens.
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(2) Introduction
Fracture toughness is a key engineering property of structural materials. The first wall and

blanket of a fusion reactor are thin wall structures, several millimeters thick. Furthermore, irradiation
volumes available in IFMIF [1, 2] are limited to approximately 500 cc for displacement damage above
20 dpalyear. This volume of 500 cc corresponds to that occupied by only six standard compact tension
(CT) specimens or two standard 3-point bending (3PB) specimens for fracture toughness testing.
Overcoming these limitations requires miniaturization of fracture toughness test specimens.

Previous specimen miniaturization for fracture toughness testing has mainly concentrated on the
CT specimen, because the load-line displacement can be correctly measured with a clip gage for the CT
specimen, but not for the 3PB specimen. J-integral values obtained from the 3PB specimen might
include the effect of local deformation in regions of the specimen in contact with loading and supporting
pins, and thus would be overestimated. However, as shown in Table 1, the 3PB specimen has many
advantages over the CT specimen. Therefore, it is desirable to develop test techniques for reliable
evaluation of fracture toughness using miniaturized 3PB specimens.
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Table Comparison of 3PB and CT specimens.

_______ ______ ______ ______ 3PB specimen CT specimen

Data precision fair good
Data availability fair good

Specimen miniaturization good fair
Specimen preparation good fair

Specimen setting good fair
Control of testing condition good fair

Another concern with the evaluation of fracture toughness using miniaturized specimens is loss
of validity of the fracture toughness value because of the decrease in specimen thickness. Therefore, it
must be determined how the fracture toughness depends on specimen thickness.

In this study 3PB miniaturized specimens with thickness 7.0, 5.0 and 3.3 mm were tested using
J and parameters K for the opening mode (Mode ) loading. Tests were conducted at room temperature
and 77 K. The data were combined with plane-strain FEM analysis, aiming at developing miniaturized
test techniques for reliable fracture toughness evaluation. For fll-sized and sub-sized CT specimens
with 25.4 (CT), 12.7 (/2CT) and 6.35 mm (/4CT) thickness, the elastic-plastic fracture toughness
tests are conducted at room temperature to evaluate the effect of specimen size on J-value. The
Japanese low activation ferritic steel JLF-I [3] was used because it is a candidate first wall and fusion
blanket material and fracture toughness data on this alloy is limited [4].

(3) Experimental
(3.1) Material

The reduced activation ferritic steel JLF-l was used for this research. A 300 kg heat of JLF-I
was produced, as 30 mm thick plate with composition, in weight percent, 0.098 C, 0.05 Si, 0.5 Mn, 0.002
P, 0.004 , 8.92 Cr, 2.00 W, 0.20 V, 0.098 Ta, 0.0149 N, 0.0001 B, and balance iron. The plate was
normalized at 1323 K for hr (AC) and tempered at 1053 K for hr (AC). The plate segments were
provided to each research group, including Kyoto University, Tohoku University and NIFS. Two plates
were TIG-welded with JLF-1I weld filler metal.

(3.2) Specimens and test methods
(3.2.1) 3PB specimen 

Four types of 3PB specimens and one type of N

tensile specimens were machined from the plate of JLF- ______________

base metal. Figure shows the configuration of the 3PBT
specimens having the following dimensions, where B is45
the thickness, W is the width and L is the length: 7 MMBs X
10 mmw~ x 45 MML , 5 MMBx 5 mmw~x 25 MM 3.3 mmB 
x 5 mmw x 25 MML , and 3.3 mmB x 3.3 mmw x 18.3 mm L.

The original crack length, a, was controlled between
0.50W and 0.58W and the side grooves to be 0.4B3 to L
increase the constraint for the high fracture toughness of
JLF-I [4]. The dimensions of tensile specimens are 0.5 Fig. I 3PB specimen configuration.
nmB x 4 mmw x 16 mm" with a gage section of 0 .5 MMB

Lxl1.2mmw x MM.

A fatigue testing machine (Shimadzu Servopulser with 50-kN capacity and 5-kN shear-type load
cell) was installed in the Oarai Irradiation Experimental Facility of IMR at Tohoku University and used
to introduce a well-defined crack and perform fracture toughness tests. For pre-cracking, control of
stress intensify factor, AK, was most effective in introducing a well-defined fatigue pre-crack, where AK
was controlled from the initial value of 20 MPam"12 to the final value of approximately 12 W~amn1 2. A
temperature control bath, 3PB test fixtures with different spans, and miniature clip gages with working

- 434 -



JAERI-Tech 2003-005

ranges of 2.0 and 1.5 mm were designed to
performn fracture toughness tests at and below
room temperature. Figure 2 shows a photo of a test -~W/oball

fixture with a 3PB specimen and a clip gage. In
the figure, the clip gage was seated on an eie
attachable knife edge (Z I and G 2 mm) that
had been cemented to the notched side. However, '
such an attached knife edge would not be safe for
higher-temperature irradiation because of loss of Clpgauge
adhesion of the cement. Therefore, for the 3PB
specimens with 10 and 5 mmn width, the knife edge
was machined on the notched side of each
specimen (Z = 0 in Fig. 1).

Elastic-plastic fracture toughness tests by
the single specimen method at room temperature Fig. 2 Test fixture for 3PB specimen.
and plane strain fracture toughness tests at 77 K
were conducted in general accordance with ASTMV standards [5, 6] at a cross-head speed of 0.0 13 mmn/s
and in some cases at 13 mm/s. A program for the unloading compliance method for testing the 3PB
specimens was developed and used. Tested specimens were heat tinted and fractured at 77 K to measure
the initial and final crack lengths. Fracture surface observations showed that fractures occurred mainly
in the plane-strain condition, even at room temperature. Therefore, two dimensional plane-strain FEM
analyses with 1274 8-node elements was used, assuming that the crack-tip radius is ~im. and the
pre-crack does not grow. Tensile tests were conducted at room temperature and 77 K at initial strain
rates of 1 x 10-3 and 10 s'1.

(3.2.2) C T sp ecim en s..............................................
Specimen size effects on the fracture toughness (nn)1tlT

were investigated using the following geometries of CT
specimens, shown in Fig. 3:

a) IJCT-specimen (W=50.8 mm, 13-25.4 mm)
b) /2t-1ICT-specimen (W=5 0.8 mm, 13 1 2.5 mm) i-
c) 1/2CT-specimen (W-25.4 mm, 13=12.5 mm) 
d) 1/4CT-specimen (W= 12.7 mm, B3=6 mm)865812

The ASTM standard prescribes geometries for CT Fig. 3 CT specimens for fracture toughness
specimens, which are summarized in Table 2 with the measurement with different
main geometries of the CT specimens. All specimens geometries.
selected in this work satisfied the requirements.

Table 2 Requirements for the geometry of fracture toughness specimens and the judgment for
each size of specimen.

Specimen Size Bao Side Groove Judgment

ASTM E1820-99a 2=< W/B =< 4 0.45W-0.70W <0.25B

lOT 50.8 25.4 29.60 0.28 OK

1/2t i CT 50.8 j12.7 29.60 0.2B OK

1/2CT 25.4 j12.7 14.70 0.2B OK

IIACT 12.7 j6.35 7.85 0.28 OK

Prior to the fracture toughness testing, fatigue pre-cracks were introduced in all specimens until the
final K value was 21.7, 21.4 and 20.1 MPa~m for CT, /2CT and /4CT specimens, respectively.
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Elastic-plastic fracture toughness (JQ) tests were carried out by means of the compliance method
following the ASTM standard test method E813 (E I820-99a).

Tensile specimens were produced in accordance to the JIS which defined the specimen gage length
and diameter as 40 mm and 6.25 mm, respectively The tensile tests were carried out on an Instron-type
machine at a cross-head speed of 0.1I mm/mm at room temperature.

(4) Results and Discussion
(4.1) 3PB specimens.

Figure 4 shows an example of the load versus clip-gage displacement records measured at 295
and 77 K at 0.013 mm/s for the smallest specimen, 3.3 MM x 3.3 mmwadtefcursraeso
tested specimens of JLF-1 base metal. The figure shows that even in this miniature specimen the
pre-crack extends at both test temperatures and the fracture mainly occurs in the plane-strain condition.
The tests with dynamic loading at 13 mm/s gave essentially the same result. As seen from the figure, at
77 K the miniaturized 3PB specimen fractured in a completely brittle manner and the plane-strain
fracture toughness, K~c, was estimated to be 13 MWarn12 . Table 3 lists the values of Ki measured for
four types of 3PB specimens, which satisfy the criterion of B, W-a > 2.5(Klc/aYys) , where ays is the
0.2% off-set static yield strength measured in this study. The values of K1c lie in the range 13-16
MPam" 2 regardless of specimen size, indicating that Kic does not show appreciable dependence on
specimen size.

600
JLF-1 V, 0.013 mm-s-I

295 K 77 K

'-'400 Pf = 242 N
V ~~~~~~~~K = 13.2 MParT
0 =~~~~~~~~~S 0.0039 mm

a [W= 0.71
(Aa =0.57 mm)

200

0.5 mm
a /W= 0.53

Clip Gage Displacement (mm)

Machined

Cckfrot

Fig. 4 Load-displacement records and fracture surfaces for pre-cracked 3PB specimens with 3.3
mm x 3.3mmw of JLF-1 tested at 295 K (right) and 77 K (left) at 0.013 mm/s.
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Table 3 Plane-strain fracture toughness, K~c, at 77 K for four types of 3PB specimens of JLF-I.

B W W-a0 Pf B, W-aO > 2.5
_______ (mm) (mm) (mm) (kN) (MWamn/ 2) KCY2

1 7.0 10.0 4.70 1.080 16.4 satisfied

2 5.0 5.0 2.25 0.475 15.2 satisfied

3 3.3 5.0 2.45 0.370 15.7 satisfied

4 3.3 3.3 1.57 0.242 13.2 satisfied

-

Olt~~~~~~~~~~~~~~~~~~~~~~~~O
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4~~~~~~ M7 ~~~~~~~~~Crack
extension

* ~~~~~~~~~4- ~~~~~~~Fatigue
- ~~~~~~~~~~~~~~~~~~pre-crack

00 02 04 04 0a tO

C rack Extension (mm)

Fig. 5 Examples of J-integral versus crack extension curves for 3PB specimens with (a) 7.0 MMB 

10 mmW, (b) 3.3 mm B x 5.0 mmW and (c) 3.3 MMB x 3.3 mmw and (d) fracture surface of (b)
of JLF-1 tested at room temperature.

At room temperature, on the other hand, slow, stable crack extension is observed. Thus, the
unloading compliance method was applied to measure J-integral for JLF- 1. Figure 5 shows J-integral
versus crack extension curves for three types of specimens: 7.0 mm B X 10 mmnw, 3.3 MMB x 5.0 mm"w
and 3.3 MMB x 3.3 mmw The number of data points in the figure is the sequence number of unloading.
The blunting line is the calculated one defined by 2aFAa (OF is the flow stress and 57OMPa). According
to ASTM standards, the J value is defined as the intersection of the J-R curve with the 0.2 mm offset line.
flowever, it should be noted that the initial part of the J-R curve is much steeper than the calculated
blunting line. Therefore, a straight line was fitted by eye through the initial portion of the data and a
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second line was drawn parallel to the first but offset by an amount corresponding to a crack extension of
0.2 mm [7]. The candidate toughness value JQ was determined by the intersection of the data with this
offset line.

On the other hand, it is obvious from the figure that clear jumps in the crack extension occur
about at data point number 7 - 9, which may correspond to the onset of pre-crack extension. Therefore,
in this study the value f JN, defined here as the J-value at the onset of pre-crack extension, was
determined from the intersection of the straight line and a linear approximation of the data falling
between approximately 0.1 and 0.3 mm of crack extension. For such IN values the effect of local
deformation of specimen regions in contact with loading and supporting pins during testing may be
negligible, because the JIN value is obtained from the very initial part of the J-R curves and the contact
regions are already hardened by loading for fatigue pre-cracking (which requires larger load than that for
fracture toughness testing).

The values of JQ and JIN are listed in Table 4, together with jQASTM estimated according to ASTM
standards. No significant differences in JQ and JIN between the specimen sizes are recognized, although
the JQ value for the 3.3 mm x 3.3 mm specimen is appreciably lower than the others.

Since the above determination Of JIN by the compliance method is difficult to apply to dynamic
tests and to tests of highly irradiated specimens with less ductility, another approach was taken to
estimate IN, and is described below.

Table 4 Elastic-plastic fracture toughness test results on differently sized 3PB and CT specimens
of JLF-1 base metal at room temperature.

Specimen W B BN aoJQ ASMJQ JIN

type (mm) (mm) (mm) (mm) (kJ/m') (kJ/m') (kJ/ni)
3PB 10.0 7.0 4.2 5.18 431 251 117
3PB 5.0 5.0 3.0 2.89 467 273 123
3PB 5.0 3.3 2.0 2.82 443 261 116
3PB 3.3 3.3 2.0 1.84 336 222 103
CT 50.8 25.4 20.3 29.60 486 ---____ ---___

CT 50.8 12.7 10.2 29.60 492 ---____ ---___

CT 25.4 12.7 10.2 14.70 502 ---____ ---___

CT 12.7 6.35 5.1 7.85 435 ---____ ---___

In this approach, first static or dynamic 3PB loading is conducted for a pre-cracked 3PB
specimen to measure the load versus load-line and clip gage displacement records. Next, the tested
specimen was heat tinted and fractured at 77 K. The original and final crack lengths, ao and a0±Aa, and
the effective specimen thickness, t, for the plane-strain fracture to occur; can be measured on the
fracture surface. Then, plane-strain FEM analysis is applied to reproduce the measured
load-displacement record. Finally, the measured record and the FEM curve are compared.

The FEM analysis assumes no extension of pre-crack and thus the curve obtained by FEM
should reproduce the measured record up to the point where the pre-crack starts to extend. Above that
point, the FEM curve should go higher than the measured record. Therefore, we can say that the
pre-crack may start to extend at the point where appreciable deviation of the FEM curve from the
measured record starts to occur. This means that the area, A, under the load-displacement record (more
correctly the load versus load-line displacement record) up to the deviation point is related to JIN for
crack initiation by

JIN = 2A/boBN, (1)

where bo is the original ligament size (bo = W - ao) and BN is the net specimen thickness.
Figure 6 shows the comparison of load-displacement curves calculated by the plane-strain FEM

analysis with the measured record for the 5 MMB x 5 mmw specimen tested at 286 K and 0.0 13 mm/s.
Here, *t was assumed to be 2.48 mm so that the FEM curve can well reproduce the measured record. It
should be noted that the value of 2.48 mm is quite close to the thickness for the fracture to occur in the
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Fig. 6 Comparison between the load-displacement curves obtained by plane-strain FEM
analysis and by experiment for 3PB specimen with 5 minD x 5 mmw of JLF-1 tested at
286 K and 0.013 mm/s.

plane-strain condition, approximately 2.5 mm, determined by the facture surface examination.
Comparison of the two curves shows that there is a good agreement until the displacement reaches about
0.7 nmm, and above 0.7 mm appreciable deviation of the FEM-curve from the measured one clearly
occurs. Calculation of the area marked as A in the figure and substitution of the calculated value for A in
eq. (1) gives the JIN value of approximately 130 kj/M2, which is nearly equal to the value of JIN shown in
Table 4. Further study to demonstrate the validity of this approach is now in progress.

(4.2) CT specimens
(4.2.1) Tensile properties

Stress-strain curves of base metal and weldments are shown in Fig. 7, which indicate that both
the yield and tensile stress are larger in weldment than in base metal, while the total elongation is smaller
in the weldments. This feature is very similar to the effects of irradiation which cause hardening and
ductility loss. The numerical values are summarized in Table 5.

800

700 - Weld Metal (W1)
a_
2 600 Table 5 Numerical data of the tensile test

500 results of JLF-l steel. Li and WI stand for
400 Base tal(i base metal and weld.

0300 ID Y.S[MPa] T.S.[MPa] Eu [%] Et [%]

I200 LI 448 605 9.5 25.3
100 WI 639 743 5.3 16.5

0~~~~~~~~~~~~~~~~~~~~~~~
0 5 10 15 20 25 30

Tensile Strain, El %

Fig. 7 Stress strain behavior of base metal
and weld deformed at RT at a
deformation rate of 0.1mm/mmn.
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(4.2.2) Size effects on fracture toughness
Typical examples of J-Aa curve of CT, /2CT and /4CT specimen are shown in Fig. 8. The

fracture toughness, J, was defined as the value at Aa 0.2 mm. In the figure, the fracture toughness
values, J, are 503, 505 and 435 kJ/M2 for I CT, /2CT and /4CT specimen, respectively. They show
almost no size dependence of the fracture toughness among CT, /2t-ICT and 1/2CT specimens. A
smaller fracture toughness, however, was obtained for the /4CT specimen.

1000 1t-OT ,'4 T

ItIC I JZZQTI 

800 r/

Cfl 600 j,=503kJ/M2, J,=505kJ/M2
I 

a1)

0) .

2 00 II* '

L.

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

Crack Extension, a [mm]

Fig. 8 The load displacement curves of JLF-1 base metal obtained with different size of specimens.
The JQ was defined to be the fracture toughness at Aa = 0.20mm.

JLF-1, 9Cr-2WRAFS (Base alloy)
800

E
700 -Number of tests = 3 - 6

-j600-

4500 - 4
0 t~I 

I..300-

.200

I_- 100

1/4CT 1/2CT 1CT(1/2t) iCT
Fig. 9 The dependence of the Jjc of JLF-1 base metal on the specimen size.

Among the JQ values obtained, which were the average of three or six data for each size
specimen, all the values were invalid, as shown in Table 6, according to the following validity criteria:

B and bo >25JQ /ay (2)

However, the reduction of fracture toughness coupled with hardening, which will be induced by
high dose neutron irradiation, may reduce the specimen thickness that satisfies equation (2). Assuming
that the irradiation-induced reduction of fracture toughness and irradiation hardening is 40% and
300MPa, respectively, the minimum thickness required for a valid value is estimated to be 9 mm,
indicating that even after neutron irradiation, the fracture toughness obtained with using /4CT
specimen will still be invalid.
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Table 6 Fracture toughness obtained with use of different specimen geometries
and valid-invalid evaluation.

Specimen size Jo B and bo 25J~c/cry Valid/invalid
(kJ/m2 (mm)

ICT 486 25.4 27.12 invalid
1/2t- ICT 492 12.7 27.46 invalid

1/2CT 502 12.7 1 28.01 invalid
1/4CT 435 6.4 1 24.27 invalid

Since the first wall thickness is estimated to be less than 5 mm for a ferritic steel-water fusion
blanket system, fracture toughness evaluation of thin plate is believed to be inevitable. However, the
fracture toughness values of JLF-l steel were always invalid without irradiation hardening. This
requires that new valid/invalid criteria be established for thin specimens to provide a valid database of
fracture toughness of fusion blanket structural materials.

(5) Comparison of Test Results for the 3PB and CT Specimens
The elastic-plastic fracture toughness test results obtained from the 3PB and CT specimens are

listed in Table 4. Only the jQASTM values can be compared between the 3PB and CT specimens and are
discussed here from the engineering viewpoint. The jQASTM values obtained from the miniaturized 3PB
specimens were shown to be much higher than the JQ or JIN values for crack initiation. 

The comparison shows that the jQASTM from the 3PB specimens are appreciably lower than those
from the CT specimens. This is opposite to the prediction that J-integral values obtained from the 3PB
specimens might be an overestimate. The reason for the lower jQASTM value of the 3PB specimens is not
clear at present. Nishimura et al. showed that the jQASTM value of JLF- I base metal is 41 9kJ/m2 for the
I CT specimen and 431 kj/M2 for the /2CT specimen [4].

(6) Conclusions
For the miniaturized 3PB specimens of JLF-1 steel with thickness of 7.0, 5.0 and 3.3 mm,

elastic-plastic fracture toughness tests by the unloading compliance method at room temperature and
plane-strain fracture toughness tests at 77 K were performed to develop test techniques for reliable
evaluation of fracture toughness. Size effects were also investigated in CT specimens, to measure the
room temperature fracture toughness of JLF-I. The results are as follows.

I) The elastic-plastic fracture toughness tests for the 3PB specimens gave JQ values ranging between
222 and 273 kJ/m 2 and JuN values of 103 to 123 kJ/M2 . JIN is defined as the J value for crack initiation.

12
The plane-strain fracture toughness tests gave Kic of 13-16 MPamn 

2) Another method to estimate JIN is proposed, based on the finding that the plane-strain FEM analysis
can reproduce the measured load-displacement record until the pre-crack starts to extend. The
method is applicable to static and dynamic tests and also to heavily irradiated materials with less
ductility.

3) Almost the same values of fracture toughness, JQ, are obtained for CT, 1/2t-ICT and /2CT
specimens, while a smaller value is obtained for /4CT specimens.

4) A simple estimate of fracture toughness for irradiated specimens suggests that the minimum
specimen thickness of the CT specimen will be 9 mm to get a valid fracture toughness value.

Finally, these results show significant progress toward reliable evaluation of fracture toughness
using miniature specimens. Since the 3PB specimen has many advantages over the CT specimen, efforts
should be continued to establish test techniques for reliable fracture toughness evaluation using the
miniaturized 3PB specimens.
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3.3.24 TF64-EU SSTT - Fracture Toughness Specimen Development

(1) Brief Task Description
It has been recognized that the fracture toughness degradation of the tempered martensitic

steels under neutron irradiation has to be well understood and quantified in order to safely manage the
operation conditions of a fusion reactor. One of the most challenging issues regarding the development
of miniaturized specimens for IFMIF is the possibility of extracting reliable fracture toughness data
from small specimens. It is then necessary to develop solid experimental techniques and theoretical
methods that account for the size and geometry effect on fracture toughness. As far as the mechanical
testing is concerned, the fracture toughness data will be mainly obtained from sub-sized compact
tension specimens and bend bars for which loss of constraint happens rapidly. It is then necessary to
develop techniques and modeling that properly account for such loss of constraint. Since the whole
process of macroscopic failure is a complicated one that involves multiscale phenomena, it is
necessary to understand the link between the different mechanisms taking place at various length
scales resulting in a complex process of fracture. This requires supplementing the mechanical testing
by, for example, fractography, finite element simulation, profilometry of the fracture surface by
confocal microscopy, fracture reconstruction etc. In this report, we mainly report on the fracture
reconstruction technique applied to the .2T CT specimens of T91I tempered martensitic steel and
focus in the lower transition region where the specimens fail by quasi-cleavage and where we applied
a confocal microscopy/fracture reconstruction technique in order to follow the sequence of events
leading to fracture. Two fracture reconstruction examples are presented along with their corresponding
load-displacement curves. Other development activities are also briefly reported.
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(2) Introduction
Advanced tempered martensitic steels are leading candidate materials for fusion reactor

structural components due to their resistance to void swelling and good balance of physical and
mechanical properties. Despite these good properties, the main drawback of the tempered martensitic
steels lies in their fracture mode transition, namely from ductile tearing mode with high toughness
values at high temperature to cleavage mode with low toughness values at low temperature. Since the
materials surrounding the plasma chamber in a fusion reactor will be highly irradiated by energetic
neutrons and other types of radiation, a degradation of their overall mechanical properties induced by
the radiation environment will occur. The degradation of the fracture toughness properties is reflected
in an upward shift of the transition temperature between the brittle and ductile modes of fracture as
well as in a decrease of the fracture toughness value in the ductile mode. These facts may seriously
limit the use of the tempered martensitic steels in fusion applications. It is therefore of primary
importance to characterize both the fracture properties in the unirradiated condition and to assess the
degradation of these properties as a function of the neutron dose, the irradiation temperature, the flux,
and so on, in order to safely operate the fusion reactor. It is well known that fracture toughness is a
material property only under specific conditions, among which the plastic zone size has to be much
smaller than the specimen and crack dimensions. The nuclear heating and irradiation volume
limitations in IFMIF prevent irradiating a significant number of fracture specimens whose dimensions
fulfill the ASTM size requirements. Thus, mainly sub-sized bend bars and compact tension specimens
will be irradiated, for which constraint loss will occur. Provided that a good understanding of the
fracture process is available, it is possible to correct the fracture data obtained on small specimens that
are affected by constraint loss. This mainly requires an understanding of the micro-mechanisms of
fracture and its relation to the macroscopic fracture. Based upon a fracture reconstruction technique
originally developed at the University California Santa Barbara [1,2] we performed a series of fracture
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reconstructions on 0.2T CT specimens of T9 1 martensitic steel and tried to gain some insights into the
whole fracture process of cleavage. Here, we briefly describe the procedure of this fracture
reconstruction technique and how we implemented the algorithms developed at the University
California and illustrate with examples the most important information we can deduce from it.

(3) Experimental Equipment and Conditions
The mechanical testing was carried out on a modified vanadium-niobium-stabilized

martensitic steel. The alloy is close to the ASTM designation T91 (Fe-8.26Cr-0.lC-0.95Mo-0.2V-
0.075Nb). It was normalized for 2.5 h at 1343 K and tempered for 4.75 h at 1038 K. The tests were
carried out on fatigue pre-cracked, 20% side-grooved, small compact tension specimens, with crack
length a to specimen width W ratios of about a/W 0.5 and a specimen thickness (B) to width ratio of
B/W = 0.5 (B = 5.0 mm; .2T CT). Static tests, at a ram displacement rate of about 4 Prm/s, were
carried out under displacement control on a servohydraulic load frame at temperatures ranging from
77 to 188 K. Temperature control was provided by either a liquid-nitrogen-cooled alcohol bath or a
regulated N2 gas environment. Test and analysis procedures to determine Kjc or K0, representing
valid small scale yielding elastic-plastic toughness and large scale yielding toughness, respectively,
were based on ASTM Standard Practice E8 13 and El1921-97, where the specimen geometry can also
be found.

The fracture reconstruction technique was used to determine the sequence of events leading to
fracture. It uses the topographic maps of the two conjugate fracture surfaces. The topographic maps
are measured with a confocal scanning laser microscope 1ILM2 1. The optics of the microscope are
configured to provide a very shallow depth of focus so that only the points on the focal plane can be
imaged. In order to determine the height of a given point on the surface, the specimen is moved up and
down at a fixed focal length. The maximum intensity of a pixel of the surface is then recorded and
corresponds to the height of that specific point of the surface. In order to get a precise topography map
over a significant fracture area (several mm2~), it necessary to assemble smaller confocal fields, whose
characteristic dimensions are about 200 g~m x 300 g~m. A computer-controlled stage is used to
horizontally move the specimen in order to acquire in sequence the series of confocal fields. The
confocal fields are taken in such a way that they overlap over the four adjacent ones on a strip of about
1 0 g~m so that the assembling can be accurately made. Finally, the height of a given point of the
surface is represented by a gray level ranging from 0 to 255. The resolution in the horizontal plane is
about 0.3 while the vertical resolution between two gray levels depends evidently on the height
difference between the lowest and highest point of the surface area investigated. For the specimens
studied here, it was possible to build the topographic maps with a vertical resolution of the order of 
g~m. The last step before running the fracture reconstruction itself consists of computational overlap
and match of the conjugate surfaces. The difference between the two surfaces is calculated and set to
zero on the pre-cracked area. Finally, the surfaces are separated by an amount corresponding to the
crack tip opening displacement. At a given crack tip displacement, spots on the surfaces where the
profiles cross each other correspond to material separation and can be flagged. Thus, the nucleation
and evolution of the damage preceding the macro-crack initiation can be followed and the critical
crack tip opening displacement determined.

The analysis programs were taken from the original codes developed at the University
California Santa Barbara. However, they had to be modified and adapted to our own acquisition
equipment. Furthermore, modifications of the code were necessary to recompile all the libraries and
routines to make them compatible with the computer platform we used, namely a Macinstosh
computer running under Mac OSX system.

(4) Results and Discussion
1) Fracture reconstruction

The 0.2T CT fracture test results obtained on the T91 steel are shown in Figure where the
fracture toughness-temperature curve is presented. It is important to note that all the specimens failed
by a quasi-cleavage fracture mode. The data plotted on the figure have to be interpreted as an effective

- 444 -



JAERI-Tech 2003-005

400C......static fracture toughness, K,, which
intrinsically depends on the metallurgical

300' state, loading rate, and specimen size and
geometry factors. Only for restricted

~-200 *conditions (plane strain, mode I of loading,
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lying above 200 MPa in 112 underwent extensive loss of constraint; even out-of-plane constraint loss
was observed by optical microscopy observations of the specimens whose fracture toughness is higher
than 200 MPa n' 12. The issues of loss of constraint can be mitigated by assessing the local properties
at the crack tip that do not depend on the deformation level. This can be done by evaluating locally the
stress/strain fields by finite element analysis in order to define a critical condition for cleavage. Further
in this modeling, it is also important to understand how the macro-crack responsible for the failure of
the specimen is initiated and evolved as a function of the local stress/strain field. In order to obtain
some insight into that process, the fracture reconstruction was applied and two analyses are given in
detail below.

Two different specimens were selected for fracture reconstruction: one, tested at T -105'C,
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Fig. 2 Load-displacement curve, .2T CT Fig. 3 Load-displacement curve, .2T CT
specimen tested at T = -1051C. specimen tested at T = -85 0 C.

which exhibited an almost completely elastic loading and failed at 11 8 MPa mU , a on tT= -850C
whose loading curve was elastic-plastic and failed at 270 MPa Mn112 after having undergone a
significant loss of constraint. The two respective load-displacement curves are reported in Figure 2
and 3. The fracture reconstruction sequences are given in Figure 4 and 5. The 6-value indicated below
each field is the crack tip opening displacement; the black areas correspond to the spots where the
material is separated while in the white ones the material is still intact. In Figure 4, it can be seen that
the crack does not propagate and that the initial damage appears for equal to about 20 gim. The
damage zone size increases with and it is very important to emphasize that the damage initiated
ahead of the crack tip. This observation is well revealed on the fields corresponding to 8 = 28 gim and
32 gim where a white strip separates the crack tip from the damage process zone in which micro-cracks
nucleate. Increasing above 36 gim leads to a full separation between the two surfaces. Hence, the
critical opening displacement for that specific specimen is of the order of 40 gim. Interestingly, the
same qualitative sequence of events occurs for the tougher specimen. In this second case, however, the
damage initiates between -- 220-gnm--and- 230O i.-It--shold-be- td-TAmt, in-this-last case-, an---
important crack blunting is taking place which results in an overall crack tip advance of about 200 gim.
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Above 5 = 230 g~m the crack continues to blunt and the damage zone containing the bridged micro-
cracks increases until all the micro-cracks coalesce into a large macroscopic and unstable crack. This
happens for a critical crack tip opening displacement of about 260 gim.

Values of the critical opening displacements obtained from fracture reconstruction can be used
to recalculate the fracture toughness using the following relation [4]:

Ks = 5 (T'~y
where E' is the plane-strain Young modulus, 8*c is the critical crack tip opening displacement and oyy
is the yield stress. A good agreement between the values of KZ and those of Ke (determined from the
mechanical tests) was found. The results are summarized in the Table 1.

Table Fracture toughness as measured from the critical opening displacement obtained from
fracture reconstruction K6 or from the mechanical test Ke

T=-1050C K =l106 MPamI" K = II8 MPa m 2

T=-850C ~ -6jm K8= 264 MPa M 2 K, =270OMPa m'/

2) Other activities
In the framework of this task, different geometry of sub-sized fracture specimens of

EUROFER97 were machined and pre-cracked. Namely, there were OA4T CT, 0.2T CT, 0. IT bend bars
and KLST Charpy specimens pre-cracked at a/w = 0.5. A capsule was prepared to be irradiated up to
0.5 dpa at T = 350'C in the experimental reactor at KFKI-Budapest. The corresponding dlevises and
three point bending fixtures were developed.

(5) Conclusions
In order to better understand the effect of specimen size/geometry on fracture toughness, the

technique of fracture reconstruction was used. A scanning laser confocal microsope I LM2 1, with a
computer controlled stage, was used to acquire a series of small confocal fields from the two conjugate
fracture surfaces, which are later assemble into large fracture areas. The topography of the fracture
surfaces is represented by 256 gray levels. After a careful computational alignment of both surfaces on
top of each other, they are separated by a given displacement reflecting the crack tip opening
displacement. Following the overlapping of the surfaces, it is possible to determine the evolution of
damage nucleation of micro-crack as a function of the crack tip opening. Two examples were given
for 0.2T CT specimens of T91 martensitic steel; one with a level of in-plane constraint well
maintained, and another exhibiting a huge amount of constraint loss. It was possible to localize at
which crack tip opening the damage ahead of the crack tip appeared and to relate the critical opening
to fracture toughness. Good agreement was found with the fracture toughness data obtained from the
mechanical tests. It was emphasized that the information, which is deduced from the fracture
reconstruction, is of primary importance in the development of local criterion for cleavage and in the
modeling of the fracture toughness-temperature curve.
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3.4 Design Integration

3.4.1 D1l-JA: Diagnostics for the Spatial Distribution of Neutrons

(1) Brief Task Description
On-line information on the neutron irradiation field, such as flux intensity distribution and

energy spectra, is essential for control of the quality and distribution of the ion beam on the target. In
the past several monitoring methods, including a multi-foil activation detector, a miniaturized fission
chamber, a nuclear heating detector (like a gamma thermometer), a moving activation wire detector,
etc., were proposed and described in the IFMIF conceptual design. In this task, the feasibility of these
candidate methods is examined and the possible arrangements of the diagnostic system in the test cell
area are investigated. The recent progress on neutron measurement techniques also encourages the
consideration of two other types of active neutron detectors, bubble detector spectrometer and
activation counter, to monitor the spatial and spectral distribution of the neutron field. Therefore, the
possible use of these two methods is included in the investigation.
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M. Sugimoto Japan JAERI sugimot ifmrif.tokai.jaen'.go~Jp
H. Takeuchi Japan JAERI takeuchi(&fnshp.tokaijaeri.go.jp
T. Yutani Japan JAIERI ida Aifmif. tokai. aeri.go.

(2) Introduction
The on-line characterization of the fluence and the spectrum of the neutron irradiation field in

IFMIF is important diagnostic information for predicting the malfunction or deterioration of the
performance of the ion beam accelerator and the lithium target as the data are also needed to qualify
the irradiation test results. The goal of the accuracy for neutron fluence is tentatively -15% in the
range between 5 and 20 MeV, and -30% for neutron energies outside this range, based on guideline
given in the FMIT design study (see Table ).

Table Requirements for neutron spectrum measurement in IFMIF.
Neutron energy Accuracy of measured Comments

range (MeV) fluence* (%)
< 3 30 - 60 Small effect on the total fluence

3 -5 20 -40 Relatively low intensity portion of energy spectrum
5 - 10 10 -20 Major influence on the neutron response of irradiated
10 -15 10 -20 samples;
15 -20 10 -20 It is enough to only measure a few energy points in this
20 -25 10 -20 region;
25 - 30 20 - 40 Relatively low intensity portion of energy spectrum

> 30 40 - 80 Penetrability and damage energy are high
*)The values were initially given as the requirements for the characterization of irradiation field at the

commissioning stage of FMIT, however, they can be applicable to IFMIF commissioning and normal operation.

In the IFMIF CDA study, neutron monitoring inside the test assembly using multi-foil
activation techniques and a miniaturized fission chamber was investigated []. Two additional
methods, the gammna-thermometer and the activation wire, were proposed in the CDE phase [2] as
possible on-line monitors/spectrometers (see Table 2). However, these concepts are hard to include as
sensors integrated into the test equipment and to operate as reliable on-line monitors. The gamma-
thermometer is relatively thick, 15 mm or more, and it is better used at back positions to avoid
occupying valuable space near the target/test assembly. It also cannot be too close to the target
position because of the high flux gradient along the beam direction. The activation wires inside the test
assembly have low reliability because the replacement of the wire is impossible without removing and
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reassembling the test module. An overall monitor of the neutron field at the test modules will be
performed indirectly by measuring the nuclear heat that needs to be removed by the coolant system.

In the FMIT project three types of spectrometer were selected [3]: liquid organic scintillator,
two-detector short-path TOF, and magnetic spectrometer. However, they need a lot of sp ace for
equipment to measure with enough accuracy and low background. (An extra dosimetry cell might be
required to deliver the neutron beam into the low-background area from the test cell through a
collimation system.) The characteristics of these methods are also compared in Table 2.

Two other possible candidate systems for the intense and high-energy neutron environment of
IFMIF are the damage detector and the activation counter described in a recent textbook [4]. The
applicability of these two detector types is discussed in the following section.

Table 2 On-line neutron detection methods applicable for beam diagnostics on IFMIF.
Method Principle Comments

Gammia- To detect the rise of temperature due a Produced heat is sensitive to the neutron spectrum;
thermometer to the nuclear heating induced in the e Background heat from the external radiation source

stainless steel needle; at the top of the needs to be controlled precisely;
needle thermocouple is attached and * It can be useful for checking the overall neutron flux
copper base board is used as heat sink; distribution at the commissioning stage.

Activation To measure the radioactivity produced * Reliable extraction of the wire from the test cell to the
wire in the wire-shaped sample that is outer measurement station is hard to implement under

periodically extracted from monitoring the irradiation test;
position in the test cell area; * It is easier to implement together with the irradiation

test using the rabbit tube by attaching a set of
activation foils.

Liquid To measure the scintillation light a Sensitivity to 7-rays is high and the n-,y discrimination
organic output caused by the interaction method is difficult to apply under the high flux
scintillator between the neutrons and liquid envirornent.

organic materials * The use under the high counting rate is limited.
* It can be used to monitor the leaked Or penetrated

neutrons through the pipes or shields of test cell.
Two-detector To measure the neutron energy by a It requires a space for TOF measurement, which
short-path using time-of-flight method with influences the energy resolution.
TOF supplying the start timing signal * The background of y-rays can be separated efficiently.

generated by the collision event in the
first detector

Magnetic To analyze the energy of the charged * The size of measurement system becomes large
spectrometer particles generated by neutron induced generally depending on the required resolution.

reactions * Accuracy of energy is the highest.
Bubble To measure the bubbles formed from * Neutron energy threshold is controllable by changing
detector supercritical droplets by the thermal the droplet size.

spikes due to recoil atoms or charged * Insensitive to 7y-rays.
particles produced by fast neutrons * Total measurable fluence is limited by the density of

droplets.
Activation To measure the radiation due to the
counter decay of the radioactivity produced by

neutrons

(3) Neutron Detectors
(a) Bubble Detector

The bubble detectors were developed from the request to improve the neutron response of
damage-track detectors like CR-39 below - MeV. They use the stored energy in superheated liquid
droplets, dispersed in a non-active media of polymer or gel. Charged particles produced by the neutron
collisions generate bubble numbers proportional to the released energy in the medium. The bubble
detectors have no sensitivity to gamnma radiation below photoneutron emission threshold energy. They
also can be used as a neutron spectrometer [5], because the minimum energy required for bubble
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formation can be changed by controlling the difference of the vapor pressure of the superheated liquid
and the pressure around the droplet. Bubble chambers as passive personal neutron dosimeters are
already available commercially, using optical readers for counting the number of bubbles. As an active
detector, the bubble density is measured by ultrasonic methods [6] or acoustic detection methods.
These methods can be extended to position-
sensitive detection by using sensors attached at UBSfl

each end of a long pipe containing bubble nlo

detectors. The schematic view of a typical Inactive
bubble detector is shown in Fig. 1. The, main Supercrtlcal Medium

neutron environment Liquid Drop (Polymer,
issue with use in the IFMIF nurnevomnt (Freon, etc.) Gel, etc.)
is limitation of dynamic range, i.e. maximum

Trapped
neutron dose (or fluence) measurable with NeutronsVao
sufficient accuracy. As the number density ofBube
bubbles reaches the limit where the bubbles
strongly overlap, the density measurement is
difficult. Fig. 1 Schematic view of typical bubble

detector. 141

(b) Activation Counter
An activation counter can normally be applied to measure a pulsed neutron source by counting

the decaying radiation ( or y) from the accumulated radioactivity produced by the neutron burst. In
the case of non-intermittent neutron source like IFMIF (the average time duration between the bursts
is -3 ns), the separation of the decay events from background by measuring the time dependence is
impossible, and it is important to select an activation reaction insensitive to low energy neutron and
gamnma ray background. The criteria for selection are: (i) decay constant short enough to make flux-
time history measurement possible but long enough to avoid counting loss due to the detection dead-
time and pile-up effects, ie. lifetime of less than a few seconds; and (ii) competing reaction channels
do not produce excessive background events. Several candidate reactions are shown in Table 3 and
the optimal combination of several activation reactions needs to be established for various energy
spectra at each location in the test cell. It also requires a precise determination of the reaction cross
sections up to -60 MeV, covering the IFMIF neutron spectra.

Table 3 Neutron induced reactions applicable for activation counter use in IFMIF.

Reaction Radioactivity Half-life Threshold energy
9Be n,ccx He 3-3.5 1MeV 0.807 s ~-2 MeV
160 (n,p) N y 6.13MeV 7.13 s 10.2 MeV

19F (n~~~oc) "N P- 4.3, 10.42MeV ~ ~~ ~-'3 MeV
23Na (n,aX) 2 F y 1.63MeV 11 s 7 MeV

FC (np) B 3-13.37MeV ______02______1-14 MeV

A possible structure of the activation
counter is schematically shown in Fig. 2. As the Vessel for cooling in
Test Cell area is evacuated to -0. 11Pa during Activation evacuated test cell

Materials
operation, it is necessary for the counter to be in Hlu

a vacuum to reduce the nuclear heating. The size Neutrons Cooling
of the detectors must be small enough to avoid
flux perturbation and for easy set-up through Detector
access holes in the Test Cell shielding wall. 017 radiation Sga

detector head Signal Poe
(scintillator, etc.) Convertor

Fig. 2 Schematic view of activation counter.
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(4) Detector Arrangement
Placement of the neutron detectors in the test cell will be carried out using a remote handling

system that allows little interference with the target assembly and test assembly modules. The access
methods for this purpose are categorized as:

(a) Vertical access using a stalk through the Test Cell ceiling;
(b) Horizontal access through the Test Cell wall on the beam entry side (or on the left- or right-

hand side).
The possible access routes to the Test Cell are ~ , Acs elRa

shown in Fig. 3. For the vertical access method Access Hole

the remote handling system in the Access Cell
can be used for the installation of the detector Raito

assembly. The position of the access hole is Shielding Ion . %

restricted to the area near the side walls of the Room Beams -

Test Cell to avoid interference with the Test Cell .- * 

ciling plugs. On the other hand, for the SpoA

horizontal access method no existing remote V.Shieldin
handling equipment is available in the cur-rent Horizontal Wl

design. However, the interference with target AcesHei./'

and test assembly modules can be minimizedi
and the detector position is also controllable by Fig. 3 Possible arrangement of on-line
extending the horizontal support arm. Both neutron spectrometers in the Test Cell.
access methods require a saling mechanism to
maintain the vacuum in the Test Cell.

(5) Conclusion and Discussion
This survey of various neutron spectrometers applicable for FMIF shows that every

measurement method has some drawbacks and a combination of several methods is necessary to meet
the accuracy requirement. As the general rule, the absolute integral fluence will be calibrated by using
off-line methods, such as a multi-foil activation technique, and the time-dependent flux/spectrum will
be measured using the relative methods described above. Two methods, bubble detector and activation
counter, are investigated for use as a compact spectrometer, and the technical issues are identified to
develop these methods as the neutron monitors for IMIF. The detector arrangement in the Test Cell s
considered and two access methods, using the vertical and the horizontal holes, are proposed. Either
method requires some modification of the present conceptual design.
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3.4.2 D121-JA: Selection of Elements Having Large Cross Section for Activation

(1) Brief Task Description
Every element included in the structure, equipment, and buildings of FMIF can be activated

due to interactions with the primary ion beam, secondary neutron, or gamma rays. The criteria for
the selection of important radioactive nuclei are investigated and elements most important for control
of the dose rate at the maintenance time are identified.

Contributors
Name Part Institute E-mail address

M. Sugimoto Japan JAERI sugimoto~ifniftokaijaeri.gojip
H. Takeuchi Japan JAERI takeuchi~cfnshp .tokaijaeri.go.jp
M. Ida Japan JAERI ida ajfmiftokaijaeri.g0.

(2) Introduction
The accurate estimation of the induced radioactivity in the equipment and building materials

associated with the IFMIF operation is crucial to predicting the radiation dose levels during operation
and maintenance. An important step is to recognize what elements or isotopes have the largest
contribution to the total radiation dose, so that use of these elements can be minimized. Generally,
there are two distinct origins of the radioactivity in the equipment of IFMIF:
(a) the primary charged particle beam induces activation of materials near the beam path and target

material, and
(b) the secondary neutral particles induce activation throughout the entire facility.

The "primary beam" of the IFMIF is either deuteron (21-F, d) or molecular hydrogen (H 2~)
where the latter is used during the tune-up process at machine startup [1]. The radioactivity related to
source (a) is strongly correlated with the accelerator design and the operation scheme, so all materials
directly facing the beam are important and to be treated in the separated study. The "secondary"
particles for source (b) are the neutrons and gamma rays produced by the nuclear reactions in the
"primary" source regions, e.g. lithium target, moveable beam dump for beam tuning, accelerator and
target system components hit by beam-loss particles. Other secondary particles are outside the scope
of this study. In the following section, criteria are developed to select the isotopes that will produce
induced activity by interaction with high-energy neutrons, gamma rays and deuterons. The hydrogen
beam ('H2 ') is not considered because the maximum energy is half of that of deuteron, -20MeV, and
generally the induced activity is much less than that produced by the deuterons. Also the total beam
operation time for hydrogen beam is very limited so that the contribution to the total activity
production is negligible.

(3) Isotope Selection Method
The following criteria are applied to select the elements that might contribute significantly to

total radioactivity levels.
(a) The half-life of resultant activity is larger than 0.1 s.
(b) The allowed activity level at shutdown is less than 10' Bq/kg, where that activity is reduced to

clearance level one hour after shutdown. The clearance level data are taken from EAF-99 library
[2], which was defined in IAEA publications for several isotopes or calculated by the following
formula for the others isotopes.

4 =min 1000 D D_
1Ei+ 0IX E ' inh' Ieing Xl0j

where Eyj. is the effective photon emission energy (MeV); Ep, is the effective beta decay emission
energy (MeV); D = 20 mSv/y is the dose limit for radiation workers; e,mnh is the effective dose
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equivalent from inhalation (Sv/Bq) and ej' is the effective dose equivalent from ingestion
(Sv/Bq).
The plot of the allowed activation limit vs. -

the atomic number is shown in Fig. and E.8-
the numerical values for some important 1.E+07.

radioisotopes are listed in Table . This
criterion excludes the short-lived isotopes Z* ~V :
so that the criterion (a) is also satisfied for ;- 1.E+05 * *. * 

< *.'~ 

all isotopes selected here. W1.404 !A 
(c) The parent isotopes that may produce the 

radioactive isotopes selected by (b) are.... ;;i .i 
considered. Tritium production is possible1110
for all elements with atomic number > 2, 0 20 40 60 8J 10

Alimrc Numberr
and it must be treated separately.______

Fig. Activity level of radioisotopes at
shutdown satisfying the clearance level after

one hour cooling.

For neutron-induced activation, the range of the parent isotopes is surveyed by adding up to
five nucleons to the residual radioisotopes based on the assumption that the average binding energy of
nucleon to the nucleus is about 8 MeV and the possible maximum excitation energy of the compound
nucleus is 40 MeV. The typical reaction channels to produce the important isotopes are given in the
last column of Table 1.

The corresponding reaction list for gamma-ray induced activity is limited to add up to two
nucleons by taking into account of maximum excitation energy would rarely exceed 20 MeV after the
gamma-ray absorption. The list of the reactions that have the cross sections of several mb or larger at
Eyr-.2OMeV is given in Table 2.

The similar reaction list for deuteron-induced activation can be derived also, but the materials
bombarded by deuterons are limited to the target lithium (including impurity elements); beam line
component mainly made of aluminum, steel, and alumina ceramics; and the beam defining apertures
typically made of tantalum. The reaction list for these materials is shown in Table 3.

Table List of important isotopes contributing to neutron activation in IFMIF.
Isotope Clearance level Decay constant Allowed activity Typical neutron induced reactions

___________ (Bg/kg) (1/sec) level (Bg/kg)
H-3 3.0Ox 106 1.77 x 10-9 3.0Ox 106 X(n,t)
Be-7 2.Ox lO1.50 x i 2.0Ox l X(n,7Be)
Be-10 4.0 X 104 1.37 x i0-'4 4.0 x 104 

9Be(n,y); '0B(n,p); 12 Cn,h)
C-lI 9.5 x 102 5.66 x 104 7.3 x l0' '2C(n,2n); 1

4 N(n,nt)
C- 14 3.0 x I O' 3.83 x 10.12 3.0 x 10' 1

4N(n,p); 160(n,h)
N-13 9.3 x 102 1.16 x I 0- 6.0 x 104 '4 N(n,2n)
F-18 9.9x 102o 1.05 x 10-4 1.4 x I O' '9 F(n,2n)

Na-22 3.0 x 102 8.44 x l0-9 3.0 x 10
2 23Na(n,2n)

Na-24 3.0 X 102 1.29 x 10-5 3.1 X1i0 2 23Na(n,y) ; 27Al(n,a)
Mg-27 1.0 x lo, 1.22 x 10-3 8.1 104 27A1(n,p); 28Si(n,2p);
Mg-28 7.1 x 102 9.22 x 1 0-6 7.3 x 10

2 31P(n,ph)
AI-26 3.7 x 102 3.05 x 10-14 3.7 x 1 0O2 'A1(n,2n); 28 Si(n,t);
AI-29 6.8 x 102 1.76 x 10-' 3.9 x I0 O' 2S(n,ph)
Si-31 1.6 X l04 7.35 x i0-5 2.1 x 10

4 "P(n,p); 32S(n,h)
Si-32 1.5 x I 0' 6.66 x 10" 1.5 x I ' '5C1(n,ph)
Ar-41 7.5 x 102 1.05 x 1041.1 x l0, 

40Ar(n y); 4 K(n,p)
K-42 2.3 x I 0' 1.56 x 10-5 2.4 x 10' 4 1K(n,y)
K-43 1.0 x 10, 8.68 x 10-' 1.0 x l0, 43Ca(n,p)
K-44 3.9 x 102 5.22 x 10-4 2.6 x 103 44Ca(n,p)
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K-45 5j1xj102 6.67 x 10' 5.6 x I O' 48Ti(n,ph)
Ca-47 9.1 x 02 1.77 x 10-6 9.2 x I O' 4 8Ti(n,2p)
V-47 9.3 x Il0' 3.55 x 10 3.3 x 0' 0 r~~t
V-48 3.4 x I 0' 5.03 x 10-7 3.4 x 102' 50Cr(n,t); 5 V(n,4n)
V-50 9.2 x 102 1.48 x I0 2` 9.2 x 102 5 0Cr(n,p); 51V(n,2n); 1

2Cr(n,t)
Cr-48 2.3 x I O' 8.94 x I 0` 2.4 x i0' 50Cr(n,3n)
Cr-49 9.0 X 102 2.76 x I0"-' 2.4 x 103 

50Cr(n,2n)
Mn-5I 9.2 x 102' 2.50 x 10-4 2.3 x I ' 1

4 Fe(n,nt); 5Mn(n,5n)
Mn-52 2.9 x 1 02 1.44 x 10-5 2.9 x 102 1

4 Fe(n,t); 55Mn(n,4n)

Mn-52m 3.9 x 102 5.48 x 10-4 2.8 x I ' 1
4 Fe(n,t); "Mn(n,4n)

Mn-54 3.0 x 102' 2.57 x I 0- 3 .0 X 102 54 Fe(n,p) ; 5 5Mn(n,2n); 56 Fe(n,t)
Fe-52 1.3 x 103 2.33 x I 0` 1.4 x I O' 1

4 Fe(n,3n); 5 6Fe(n,5n)
Fe-59 3.0 x 0' I.8Ox I 0` 3.0 x I0 O' Fe(n,,y); 59Co(n, p); 6 2Ni(n,a)
Co-55 4.9 x 102 1.10 X 1o-5 5.1 X 102 5"Ni(n,nt)
Co-56 2.8 x 102 1.04 x i07_ 2.8 x I102 58Ni(n,t)
Co-58 3.0 x 103 1.13 x I0V 3.0 x I O' 58Ni(n,p)
Co-60 3.0 x 102 4.17 x 10-9 3.0 x 102 59 CO(n y); 60Ni(n,p); 6 2 Ni(n,t)

Co-62m 3.6 x 102 8.31 x 10-4 7.2 x i0' 59CO(n,y); 60Ni(n,p); 6 2 Ni(n,t)
Ni-56 5.8 x 102 1.32 x 10-6 5.8 x 102 5 8Ni(n,3n)
Ni-57 5.1 X 102 5.40 x 10-6 5.2 x 102 

58Ni(n,2n); 6ONi(n,4n)
Ni-65 1.6 x 10' 7.65 x I WS 2.1 x I0 O'6Ni(n,y); 65CU(n,p)
Cu-60 2.5 x 102 4.74 x 10-4 1.4 x I O' 63CU(n,4n)
Cu-61 1.2 x 103 5.65 x 1 0- 1.5 x I O' 63CU(n,3n)
Cu-64 4.9 x I O' 1.52 x I10` 5.2 x 103 

63CU(n,y) ; 6 5CU (n,2n)
Y-84m 2.4 x 102 2.89 x 10O4 6.8 x 102 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Y-85 7.5 x 102 7.19 x I 0` 9.7 x 102 ' 9Y(n,5n)
Y-85m 7.1 X 102 3.96 x 1O05 8.2 x 102 89Y(n,5n)
Y-86 2.8 x 102 1.31 x I O` 2.9 x 102 89Y(n,4n)
Y-87 2.2 x I O' 2.40 x 1 06 2.2 x 103 ' 9Y(n,3n)

Y-87m 3.2 x I O' 1.50 x 1 0- 3.4 x 103 ' 9Y(n,3n)
Y-88 3.7 x 1 02 7.53 x I O` 3.7 x 102 89-y(n,2n)

Lu- I77m 5.7 x I O' 5.01 x I O` 5.7 x i0' 'Ta(n,ncx)
Lu-178m 9.1 X 102 5.00 x 10-4 5.5 x 103 'Ta(n,a)
Hf-1I77m2 8.3 x 102 2.25 x 10-4 1.9 x to, '"W(n,ax); 'Ta(n,4np)
Hf- 178m2 8.1 x 102 7.09 x 101` 8.1 X 102 '80W(n,h); 'Ta(n,nt); 812W(n,rnx)
Hf-1I79m2 1.1 X 103 3.20 x IO' 1.1 x lo, 'OW(n,2p); '8 Ta(n,t); 182W(n,oc)
Hf-180m 9.9 X 102 3.50 x I 0` 1.1 x lo, ]'Ta(n,d); 192W(n,h); 183W(l,ax)
Hf-181 1.8 x 103 1.89 x I 0` 3.4 x 102 18 1Ta(n,p); 182W(n,2p); 184W(n,a)
Hf- 182 3.4 x 102 5.03 x 10-7 1.8 x 103 183W(n,2p); 194w(n,h); "'8 W(n,ncx)

Hf-182m 1.0 x Yo~~~ 1.88 x 2.0 x 0"'W(n,2p); '"W(n,h); '"W(n,na)
Hf-183 1.2 x 0' 1.81 x I o- 2.3 x IO' 1'4W(n,2p); 186W(n,ax)
Hf-184 3.4 x 103 4.67 x IO-' 4.0 x iO' 186W(n,h)
Ta-171 5.2 x 102 4.96_x IOV 3.1 x 10, 186w(n,2p)

Ta-180m 1.9 x 10~~~ 1.2 x 1031.7 x 10 'W(n,t); 'Ta(n,4n); '8 W(n,2nt)
Ta- 182 7.7 x 102 7.00 x I108 7.7 x IO' 'Ta(n,y); 182W(n,p); 1

83W(n,d)
Ta-183 3.1 x i0' 1.58 x 10-6 3.1 x 10' 1

83W(n,p); '84W(n,d); 186W(n,nt)
Ta- 184 5.9 x 102 2.21 x 1 O- 6.4 x 102 '4W(n,p); 6W(n,t)
Ta-185 4.1 x I 0' 2.36 x IO' 9.6 x 10' 186W(n,d)

Table 2 List of important isotopes contributing to gamma ray activation in IFMIF.

Isotope Typical gamma-ray induced reactions Isotope Typical gamma-ray induced reactions
C-Il 12C(,yn) N-13 ___4__________________

F- 18 19F(yn) Na-22 23Na(,yn)
AI-26 27A1(yn) V-50 51V(-yn)
Cr-49 5 0Cr(yn) Mn-54 1

5 Mn(,yn)
Ni-57 5 8Ni(,yn) Cu-64 __ __ __ __ _ __ __ __ _ __ __ __ _

Y-88 ' 9Y(,yn) Ta-180m 81Ta(yn)
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Table 3 List of important isotopes contributing to neutron activation in IFMIF.
Isotope Typical deuteron induced reactions Isotope Typical deuteron induced reactions

H--3 X(djt) Be-7 'Li(d,n); Li(d,2n); C(d,hct)
C-1I '2C(d,t); 14N(d,rnx) C- 14 1

4 N(d,2p); 160(d,2pd)
N-13 '2C(d,n); 1

4 N(d,t); '60(d,ncx) Na-22 2 7Al(d,tcc)
Na-24 2 7 Al(d,pa) Mg-27 27 Al(d,2p)
AI-26 27 Al(d,t) AI-28 2 7A1(d,p)
V-48 50Cr(d,ax); 12 Cr(d,2nax) V-5O ' 2Cr(d,2p); 1

2Cr(d,cx); 1
3Cr(d,na)

Cr-48 50Cr(dl,2nd) Cr-49 1
2Cr(d,nd)

Mn-51 ' 4Fe(d,ncc) Mn-52,m 1
2 Cr(d,2n); 1

4Fe(d,cx)
Mn-54 54 Cr(d,2n); 6Fe(d,cx); 57Fe(d,nx) Fe-52 5 6Fe(d,2nd)
Fe-59 5 8Fe(d,p) ; 6 2 Ni(d,pax) Co-55 5 8Ni(d,na)
Co-56 5 6Fe(d,2n); 5 8Ni(dx) Co-58 58Fe(d,2n); 58Ni(d,2p); 60Ni(d,a)
Co-60 6ONi(d,2p); 62Ni(d,cx); 6 3CU(d,pac) Co-62m 1

2 Ni(d1,2p); 64Ni(d,cx); 65CU(d,pct)
Ni-56 5 8Ni(d,2nd) Ni-57 58Ni(d,2np)
Ni-65 64Ni(d,p); 65Cu(d,2p) Cu-6 1 6 2Ni(d,2n); 63CU(d,2nd)
Cu-64 63Cu(d,p); 6 Ni(d,2n); 65Cu(d,nd) Lu-178mn "'Ta(d,px)

Hf-i177m2 'OW(d,pcx) HfI782'Ta(d,ncc)
Hf-1i79m2 18'Ta(d,c); 182W(d,pac) Hf-I180m 18'Ta(d,pd); 

82W(d,2pd); 1
8 3W(d,pcc)

Hf~ 1 8 1 18Ta(d,2p); 1
8 3 W(d,2pd); 184W(d,pax) Hf-182 '"'W(d,2pd)

Hf-183 '86W(d,pcx) Hf-84 1 8 W(d,2pd)
Ta- 180m ]'0W(d,2p); 18'Ta(d,nd); 1

8 2W(d,cx); Ta-182 'Ta(d,p); 182W(d,2p); 183W(d,pd);
1 83~~~~"W(d,na); 14W(d,2na) 184W(d,Cx); 186W(d,2nax);

Ta-183 183W(d,2p); 'W(d,pd); "16 W(d,nac); Ta- 184 184W(d,2p); 186W(d,cx);
Ta-185 186W(d,pd);________________________

(4) Production of Activated Material
(a) Neutron Induced Activity

The neutron spectra produced by deuteron bombardment depend on the bombarded materials
and incident deuteron energy. So it is convenient to assumne a set of typical neutron spectra to
represent the overall characteristics of induced activity at every area in IFMIF.

The neutron spectra from D-Li source reaction are used as the reference, and those obtained at
the three typical emission angles, 0-, 90-, and 1 80-deg are shown in Fig. 2. The variation of the mean
energy as a fnction of the emission angle is given in Fig. 3. For other elements, the nature of the
angle-dependent neutron spectrum is similar to that for lithium, except that the total production yield
of neutrons and the detailed shape of the energy /angular dependence are different according to the
specific properties of each nuclei.

D44i Neutron Spectrum

L.OE- 07 4... .

~12

0~~~~~~~~~~~~~~~~1
.1.cE- 08 -'0

_ ~~~~~~~~~~~~90 deg CU

.CE- 09

1LE- 1 0 
0 20 40 60 0 30 6) 90 120 150 1w)

Neutron Energy (MeV) Drection Arxje (eg)

Fig. 2 Typical neutron spectra for lithium Fig. 3 Average energy of Li+d neutron
bombarded by 40 MeV deuterons at the spectra at various direction angles

neutron emission angles, 0-, 90-, and 180-deg.
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std:Therefore, the following three energy groups are identified as the reference spectra in this

Group 1: highest energy region, mean energy --I10 MeV or more,
e.g. target backwall, test modules, front wall of test cell shield;

Group 2: middle energy region, mean energy -5 - 10 MeV,
e.g. side-walls of target assembly, side wall of test cell shield, high energy beam transport
line components bombarded by beam-loss deuterons;

Group 3: lower energy region, mean energy -2 - 5 MeV,
e.g. beam pipes connected to target assembly, back wall of test cell shield, injector and
linear accelerator components bombarded by beam-loss deuterons.

Table 4 Neutron-induced activation cross sections for important radioisotopes.
Radio- Material Threshold Cross sections (mb)
isotope isoope energy Group Group 2 Group 3

3H 1
2c 20.5MeV 0mg< <10 

1N 4.3MeV 20 20
_______ 160 15.4MeV 0Yg,< 20 

27Al 11.3MeV 0a_~ -20 
28

si 16.7M eV o=, < 10 __ _ _ _ _ __ _ _ _ __ _ _ _ _ _

________ 
56 Fe 12. 1MeV Gam_(15-~60) 

_______ 
63cu 8.3MeV (Y~ -20 __ _ __ _ __ _ _

65cu 8.8MeV Grnx -20 
18T 4.9MeV 0m_. -20 

7 Be '2c 27.4MeV 0,,,_.< 10 
11C 12c 20.3MeV cym, 20 

4N 24.4MeV 0mg,< 10 
14 4 j70.7MeV 50 20 -30 (resonance region)

160 15.5MeV o,,_~ < 4 
13N 14N 11,3MeV 0(Y~-10

22Na 23Na 13.0MeV 0,-r- 150 
24Na 2"Al 3.2MeV 130 3 0 

27m 27A 1.9MeV 100 80 1 0
26Al 27Al 13.5MeV crnx -300 

28si 16.7MeV oY-20 
41Ar 4 1K 1.8MeV 50 25 5

43 3Ca 1.1IMeV 100 140 90
44K 44Ca 5.0MeV 40 1 

5 4Mn 56 Fe 12. 1 MeV ama~ (50-300) 
65Ni 65cu l.4MeV 20 1 0
6 1cU 6 3cu 20.1 MeV Omgx -200 ___________

64cU 63Cu (-10.lMeV) 2 3 5 50
_______ 

65cu 10.1M eV o -I000 __ _ _ _ _ __ _ _ _ _ __ _ _ _ _ _

The cross sections to produce some important radioisotopes are obtained from the existing
data libraries and the available experimental data for each group, and the results are given in Table 4.
The values are rough estimates and their uncertainties are about 30% for reactions having cross section
larger than 100 mb and exceed 50% for those having smaller cross sections. The Omax~ in the table
indicates that the reaction cross section is rising in the 20-60 MeV region and only the maximum value
is given as guidance. The tritium production is relatively insensitive to the materials except for carbon
and silicon whose threshold energies are very high. The main production of H, Be, "1,4C will occur in
the group area except for nitrogen. The 1

4Na and "Mg in aluminum are produced in the lower energy
groups so that the use of aluminum components in the high neutron flux area should be restricted if
remote maintenance in not available. The content of Na, K and Ca in the shielding concrete is
particularly important in estimating the total dose for maintenance operations. A large discrepancy
among the data libraries is found for the 1

4 Mn production in iron and it is necessary to determine the
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most probable evaluation. The activation of copper will occur at every place where copper is used and
neutrons are produced, so the neutron production should be controlled to the minimum level
achievable in copper component zones.

(b) Gamma-ray Induced Activity
The most important reactions in this category are (yn) in the viewpoint of cross sections

below Ey-2OMeV as listed in Table 2. The high-energy gamma rays are produced by the fast neutron
collisions rarely and a possible source is neutron capture at thermal energy or 6

,
7Li(d,y) at the target.

Therefore, carbon or other elements contained in the shielding wall and the elements used as structural
materials, such as Al, V, Cr, Ni, and Cu, in the target assembly or the test modules. For both cases,
neutron-induced activation is taking place at the same time, and the contribution to the total activity by
gamma rays is usually a small fraction of the total.

(c) Deuteron Induced Activity
Deuteron energy up to 40 MeV is considered in IFMIF and the integrated yield of the activity

production in the thick target material is important. In the typical case, the activity produced by
deuterons is an order of magnitude higher than that produced by protons with the same energy, and is
similar to the level of activity produced by neutrons with the same energy. Consequently, the result of
the neutron-induced activation can be used as an estimate of the deuteron-induced activity, and
multiplied by an adjustment factor. Tritium production through (d,t) reactions in the materials is more
probable than the (n,t) reactions, and can be estimated using a higher multiplication factor with the
neutron tritium production case.

(5) Conclusions and Discussion
The important elements that contribute to the total radioactivity in IFMIF are surveyed and the

reaction list is identified to be used in further study and detailed evaluation of the expected dose
during maintenance. The selection of radioisotopes is based on the clearance data, and neutron-,
photon- and deuteron-induced channels are considered. For the neutron-induced activation cross
sections, enough data are available to derive the quantitative comparison of the importance among the
possible contributing elements. On the other hand, photon- and deuteron-induced activities are
investigated only qualitatively in this stage, mainly due to the paucity of reliable data. It is
recommended that systematical experimental research be initiated to verify the theoretical estimations
of activation and to improve the data libraries.
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3.4.3 D141-JA: Design of Buildings

(1) Brief Task Description
IFMIF building design is performed in parallel with the subsystem design. Building and site

layout for the reduced cost, staged IFMIF were designed during the KEP.
The site area is about 250 m x 200 m. The IFMIF facilities mainly consist of Administration

Building and Main Building for Accelerator, Target, and Test Facilities. The area of the Main
Buildings is about 170 m x 60 m. The building height is 26 m aboveground and 11 m underground.
For reduction of IFMIF construction cost, the building height, especially the underground part, was
reduced. The accelerator with a length about 110 m is installed on the ground floor, and the lithium
loop is mainly installed below ground level. The Target/Test Building, which is a part of the Main
Building, was designed to meet Japanese seismic engineering guidelines. Furthermnore, stainless steel
linings are included in the Test Cell, Access Cell and Test Module Handling Cell to control activated
materials and lithium leakage. The seismic class depends on assumed accident scenarios and
applicable regulations, thus depend on the specific IFMIF site location. The design to meet this
regulation is being evaluated in task D19 1. Detailed design was performed for the Access Cell and
Tritium Laboratory. Two lines of handling/experiment equipment are installed in the Tritium
Laboratory to handle Tritium Modules and Target Assembly.

The results of this task are reported in the following sections, along with progress in
subsystem designs.

C ontributors__ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Name Party Institute E-mail address
M. Ida Japan JAERI _ida(,&ifrnif tokai jaeri.gojp
T. Yutani Japan JAERI_ yutani~ifmfiftokaijaeri.go~Jp
M. Takeda Japan JAERI mtakeda~popx.tokai~Jaeri.go~Jp
H. Takeuchi Japan JAERI takeuchi(&fnshp.tokai.jaeri.go.jp

(2) Site Layout
This design assumes that IFMIF is located within an existing nuclear research facility that is

surrounded by an exclusion boundary and is able to supply services such as electric power and water.
The IFMIF buildings consist of a Main Building (Accelerator Building and Target / Test Building), an
Administration Building and others. The site measures 200 m by 250 m. The site area, originally
assumed to be about 10 ha, has been reduced to 5 ha through redesign for cost reduction. The
following facilities Will be provided in this area:

• Accelerator Building,
* Target and Test Building,
* Administration Building,
* Electrical Switchyard,
* Emergency Power Area,
* Cooling Tower Area,
• Cooling Water Blowdown Pond, and
* Others (Access Gate, Parking Area, Warehouse)

The site layout is shown in Fig. 1. Construction planned for phase two of the project is shown as
"expansion area" in the figure.

(3) Buildings
This section describes designs on buildings those house and support three major subsystem

facilities (Accelerator, Target, and Test Facilities). The Main Building that houses these facilities is
designed in accordance with radiation-protection requirements. The building layout is shown in Figs. 2
through 6.
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Expansion ~Electrical Access

Accelerator
Building

Target and Test

Tower ~~~~~~~~Expansion

Expansion Wareouse

Cooling Towe Physical Protection Fence
Blowdown Pond

0 50 loom

Fig. 1 Site layout.

(a) Accelerator Building
The Accelerator Building consists of the accelerator vault, RF power bay, assembly

maintenance bay, heat exchange room and shipping bay. The Accelerator Building is constructed to
accommodate the staged deployment, namely only the structure to house the first Accelerator is
erected in stage one, and the building sections for the second Accelerator are deferred until the second
stage of the project. The Accelerator Building is a reinforced concrete structure and is anchored to
bedrock. Exterior walls, floors, and roof of the Accelerator Building will be waterproof to preclude
seepage of water.

The dimensions of the accelerator vault are determined by the maintenance approach.
Personnel access to the vault will be allowed after shutdown, with a reasonable activity decay (cool
down) time to be determined. Local shielding and portable shielding will be used as required.

For maintenance functions, bridge cranes (one each) are installed in the RF Power Bays
(RI03) and the Shipping Bay (R102). A hoist crane is installed in the Accelerator Vault (R108). The
Accelerator Building must be constructed according to the standards related to earthquake, wind load
and soil condition.

(b) Target and Test Building
The Target and Test Building is the main building other than the Accelerator Building. The

Target and Test Building includes beam transport rooms, the Test cell, the Access cell, the Tritium
laboratory, a radioactive waste processing room, the Control room, a health physics room, etc. The
Target and Test Building is a reinforced concrete structure and is anchored to bedrock. Exterior walls,
floors, and roof of the Target and Test building will be waterproof to preclude water seepage.
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In the lithium loop area, lithium leaks must be assumed during the loop lifetime, which could
result in a possible fire through Li/air reactions. Therefore, the lithium loop area must be designed to
guarantee no combustion in the event of a leak. This can be achieved by the use of confinement of the
lithium loop area combined with a containment structure to exclude the outside atmosphere and a
system to provide a controlled argon gas atmosphere. In the Lithium loop area, leaked lithium is
caught and detected in troughs under the piping. Personnel access for inspection and maintenance is
permnitted after shutdown and draining of the lithium to the dump tank and replacing the argon gas
with an air atmosphere.

The lithium target and all test assemblies will be accommodated in the Test Cell without any
barrier between the lithium target back-wall and the test assemblies. The Test Cell is about 3 mn wide,
3 m long, and 6 m high. These values were determined with consideration of the size and arrangement
of the target assemblies and quench tank, and the needed working space for remote handling. The Test
Cell provides adequate shielding from neutron and gamma radiation to protect personnel and
equipment in the adjacent areas. Along the top of the Test Cell, a removable concrete shielding plug
protects the equipment of the adjacent area. In order to maintain a pressure of 0.1 Pa in the Test Cell
during normal operation of the facility, the entire inner surface is covered by a reduced activation
ferritic steel liner. The liner also provides lithium containment to minimize risk in case of lithium leak.

During replacement of the Test assemblies and the Target, tritiated argon (Ar) gas will be
discharged from the Test Cell. The Test Cell will be flooded with Ar before starting maintenance
operations. Tritium will be discharged from components of the Target assembly during the cutting and
removal operation, and the tritium concentration in the Ar atmosphere may be high. The atmosphere of
the Test Cell is also circulated to monitor and control the impurity level in the Ar gas, and is kept at
negative gage pressure to prevent uncontrolled releases of tritium to the Access Cell. The exhaust
tritiated. Ar gas will be processed in the Gaseous Waste System, described in Section 3.4.4. Helium
cooling pipes are installed in the walls of the Test Cell to remove the heat generated by neutrons.

Lithium is very reactive with concrete, air, water, carbon dioxide, and nitrogen. Therefore, a
stainless steel drip tray will catch any leaking liquid lithium from the loop components in the Lithium
loop area (R001) and Trap area (R002) where leaks must be assumed. Epoxy paint will be used in the
following areas: Organic area (R004), Radioactive waste processing room (R122), Exhaust processing
room (RI21), Vacuum pump room (R118), Beam transport room (R109), Radiation isolation area
(RI 13), Target interface room (Ri 14), Access/Maintenance room (R209), Lithium loop area (R001),
and Trap Area (R002). Areas where stainless steel lining is used on all surfaces are: Test Cell (RI 15)
(reduced activation ferric steel), Access cell (R207), Storage cell (i 12), and Test module handling
room (R210). For maintenance purposes, bridge cranes are installed in the Access cell, Test module
handling room, Access/Maintenance room shipping bay and high bay.

(c) Other Buildings
The other buildings include the administration building, the electrical switchyard, the

emergency power and the cooling tower. The administration building is about 40m x 30m in the first
stage of the project and will be expanded in the second stage. This building includes office area,
reception and visitor control areas and workshop areas.

(4) Fire Protection
The structure of the IFMIF will be noncombustible. Concrete and steel will be the main

materials used for the structure. The lithium loop will be separated from other parts of the facility by
shielding doors. An interior partition within the building will separate process areas, work areas and
laboratories to limit the spread of any fires that do start. The IFMIF will be equipped with smoke
detection systems and fixed type fire extinguishers. The smoke detection system will be installed in all
rooms that can have personnel access. The fixed type fire extinguishers will be installed in the
Electrical Room and RF power bay.
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(5) Summary
The IFMIF site area is about 250 m x 200 m. The FMIF facilities mainly consist of the

Administration Building and the Main Building for Accelerator, Target, and Test Facilities. The area
of the latter buildings is about 170 m x 60 mn. In the first stage of construction, one accelerator vault is
constructed for the first accelerator. The Target and the Test Cell are also constructed in the first stage.
The RF power supplies are installed outside this building. The building height is 26 m aboveground
and 11 m underground. To minimize IFMIF construction cost, the building height, especially the
underground part, was reduced. The accelerator with a length about 11 0 m is installed on the ground
floor, and the lithium loop is mainly installed at the underground level. The Target/Test Building,
which is a part of the Main Building, was designed to meet Japanese seismic engineering guidelines.
Furthermore, stainless steel linings in the Test Cell, Access Cell, and Test Module Handling Cell
reduce concemns about activated materials and lithium leakage.

The seismic class depends on assumed accident scenarios and applicable regulations, thus,
depends on the specific IFMIF site location. Detailed design was performed for the Access Cell and
Tritium Laboratory. Two lines of handling/experiment equipment are installed in the Tritium
Laboratory. One is used for Tritium Modules and the other for Target Assembly. The Target Assembly
line includes provision to handle the target back-wall and to have pieces of the back wall tested as
irradiated specimens. More detail of this design is being reported as a task under Test Facilities.
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3.4.4 D143-JA Design of Utilities

(1) Brief Task Description
Utility design is conducted in parallel with the subsystem designs. Utilities for the reduced

cost, staged IFMIF were designed during the KEP.
The heating, ventilation and air conditioning (HVAC) system was designed for two categories;

industrial and nuclear HVAC systems were separated based on radiological risk. The areas of nuclear
HVAC system are filled with air or argon with pressure 200-400 Pa lower than the atmospheric
pressure. The required total electric power is 50 MVA, including emergency power. The supplied
voltage is 66 kV at the boundary of the assumed IFMIF site. The required capacities for heat rejection
by cooling water are 26 MW for the Accelerator system and 13 MW for the Target system. The water
temperature is controlled in the range 30-350 C. Gas supply systems were examined for argon (Ar),
helium (He), compressed air and nitrogen (N2). A radioactive waste system was designed for treatment
of liquid, gaseous and solid wastes including tritium, beryllium-7 and other radioactive nuclides.

This task included the following work, completed along with the progress in subsystem
design.

Contributors
Name Part Institute E-mail address

M. Ida Japan JAERI ida@ifmnif. tokaijaeri.gojp
T. Yutani Japan JAERI yutani~ifinif. tokaijaeri.gojp
H. Takeuchi Japan JAERI takeuchi fnshp.tokaij aeri.go.p

(2) HVAC System
The IFMIF HVAC system treats air and Ar gases. Argon is used in areas where leakage or an

exposure to lithium may occur or where large amount of tritium release may occur. Detritiation on Ar
is easier and requires smaller equipment than would air. A few pressure levels were employed to
confine highly activated atmospheres. Conditions of lower pressure are used in areas of higher
activation to prevent high-activation gas flow toward low-activation areas. The HVAC system is
composed of two systems based on radiation zoning. An industrial HVAC System serves areas with no
radiological risk. A Nuclear I-VAC System, serves potentially radioactive areas. Based on the
radiation zoning and atmospheric condition, the two HVAC Systems serve areas as follows;

(a) Industrial HVAC System
The HVAC system for non-active areas will provide environment control and the removal of

heat generated by operating equipment. Areas not subject to radiological risks are ventilated in
accordance with normal industrial ventilation practice; these areas are once-through ventilated at a
flow rate ranging from 2 to 5 replacements/hour, depending on the heat load. The following areas are
not subject to radiological risk and are therefore equipped with an industrial HVAC system; Control
room, Health physics room, and Shipping bay. The total volume served by the industrial HVAC
system is 4500 rn' and the required flow rate is around 15,000 m3/h.

(b) Nuclear HVAC System
The Nuclear HVAC system serves the Accelerator Building and the Target and Test Building,

providing a safe and comfortable environment for personnel. The spread of activated air within the
buildings is controlled through the use of differential pressures, so that air flows from potentially low
contamination to high contamination areas. The atmosphere is continuously monitored for gamma
activity and tritium, and is kept at negative gauge pressure (in the range 20-50 Pa) with respect to the
adjacent operating areas and to the external atmosphere. This will prevent any uncontrolled release
of radioactivity.

The Lithium Loop Area, the Test Cell, and the purged Ar in the hot cell and the Tritium
Laboratory will be ventilated and exhausted through the Exhaust Gas Treatment System. Hot cells in
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the Tritium Laboratory will also be kept in an Ar atmosphere. The hot cells will be ventilated through
a circulating ventilation system in the Tritium laboratory. The exhausted gas, at negative gauge
pressure, will be processed in the Exhaust Gas Treatment System. The configuration of the nuclear
HVAC system is shown in Fig. . The room and cell conditions are shown in Table 1. The outside
temperature and humidity for summer and winter will depend on the IFMLF site location, and the
Nuclear HVAC System size will be determined according to these conditions.

HVAC -1 serves potentially high contamination areas that are the Access cell and the Test
Module Handling Cell. Local HEPA (high-efficiency particulate air) filters are located adjacent to the
cell. The total volume served by the HVAC -I system s 4800 m' and the required flow rate is around
5000 m3/h. The enclosure atmosphere is kept at -400 Pa (gage) (i.e. 400 Pa lower than atm). If
tritium is detected, the air intake valve is closed and the exhaust gas is sent to the temporary exhaust
detritiation system.

HVAC 1-2 serves areas related to liquid lithium. During operation, Ar gas is maintained as the
atmosphere in the lithium area. The total volume is 1500 m' and the required flow rate (air) during
maintenance operation is around 4500 m3/h. The enclosure atmosphere is kept at -300 Pa (gage).

HVAC 1-3 serves the Test cell. During operation, the pressure is maintained at 0.1 Pa in the
Test Cell. For maintenance, the pressure will be increased to -400 Pa (gage) of Ar atmosphere.

HVAC 1-4 serves potentially contaminated areas such as the accelerator vault and beam
transport room. The total volume is 4,000 m' and the required flow rate is around 15,000 m3/h. The
enclosure atmosphere is kept at -300 Pa (gage). In case tritium is detected, the air intake valve is
closed and exhaust gas is sent to the temporary exhaust detritiation system.

HVAC 1I serves areas such as the heat exchange room and tritium laboratory that are less
contaminated and exceed 0.3 mSv/week. The total volume is 67,000 m3 and the required flow rate is
around 240,000 m3/h. The enclosure atmosphere is kept at -200 Pa (gage). The atmosphere from the
High bay and Assembly/Maintenance bay is not processed, and access to and from these areas is
controlled.

RIOR Acoo br V.011 R2I 0 , ~o], u nlmp

HVAC-1C41

AiH odi n coni R10 hpigu I5Cno~on 
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Table Room design condition.

Room Room Name HVAC Area Vol. Maintenance Operation
No. ID Temp. :Pressure: Temp. :Pressure

_____ ___________________ _____ m2 m3 CDB mmH2O: CDB mmH2O
RO. l Lithium oo Area I 2 20 3 050 -30 NC -30

R002 Lithium Trap Are I 2 5 9: 410: 10-50 30 NC -30

R003 Corridor II 146~ 1,022: 10 30 -20 i10 30 i-20

R004 Or0ganic Area II 144: 1,008~ 10-30 i 20 10-30 -20

RIO I Heat Exchange Room II 674 55 00 2 1030 -20

R 10 Shping~ Bay .............. NC...... 9 0: 673... ~ 22-26 -10 22-26 -10
R103 :RJF.Power.Bay ..... ....... 5584: 1 030 -20 10-30 -20

R1 04 HP Room NC 200i 1,098! 22-26 -10 22-26 -10
R105 :Control Room NC 21 I35 22-26 -10 22-26 -10

R 106 ::Shippn ayNC 249..1..367 22-26 -10 22-26 -10

R107........ .... ......... Assmby.aitean Ba ...... 31.1. 2330. 10 30 -20 10 30 -20

RlOS :Accelerator Vault ii 574 316 030 2 10 30 -20

R109 Beam Transport Room I 394 17 10-30 -20 i10-30 -20

RII110 Utility Are .............. 15.7 862~ 10 30 -20 10 30 -20.. .. . . . .. . .. .. .. . . . . . .. . . . . . .. . . . ... .. . . . . . .. . . . . .... .. . . .. . . . . . . ... . . . .
R111 Corridor II 939: 5,165i 10-30 -20 10-30 -20
RI 12 Storage Cell 48 48 265: 10-30 -20 10-30 -20

RI113 Radiation Isolation Area ii94: 42 1 1 0 30 -20 10 30 -20

R 1 14 Target Interface Room II41: 142: 10-30 120 10-30 -20

RILS1 Test Cell 1-3 30: 106: 1 050 -40 NC Ol IPa

R16Access / Maintenance Room II 65: 3 58: 10 30 -20 10 30 -20

RI 17 Access / Maintenance Room ..23.126 10 30 -20 10 30 i-20
RIJS Vacquu Pump.I 4 9 3 509: 10 30 -30 10-30 -30

.............. ............M ......... ..................................... ................. ................. ................. T................ ................. ................. ................~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

RI 19 Access / Maintenance Room I7 6: 41 6: 10 30 -20 10 30 -20

R 120 Test Cell TechnologRomI 15 8 866: 10-30 20 10-30 -20
R 12 1 Exhaust Processn I 4 21.5: 1,183: 10 30 -30 10 30 -30

R122 Rad Waste ProcesIn I 4 129: 707: 10 30 -30 10 30 -30

R201 ::Industrial HVAC II 573 2 577: 10 30 -20 10 30 -20

R202 Corridor I 95 8 647 10 30 -20 10 30 -20

R203 ::Waste. Storage I 4 ......143: 1... .645: 10-30 -30 10-30 -30

R204 ::ot Shop.Man.ulto.Rpai..195 2.. 2243 10 30 20 10 30 -20

R25 Glove Box Laboratory II 324 116i 10 30 -20 10 30 -20

R206 Conventional Hot Cell Lab. II 47 20 03 0 10 30 *-20

R207 Access Cell I1 336: 3,864i 10 30 i 40 10 30 -40
R208 Tritium Laboratory II 40 26 00 20 10-30 -20

R209 Access /Maintenance Room II 140: 907: 10 30 -20 10 30 -20

R210 Test Module Handlin Cell I I 8 1 926: 10 30 -40 10 30 -40
R211 Test Facility Control Room I 2 7 1 2 040: 10 30 20 10 30 -20

R212 Electric Room I 162; 1,863: 10 30 -20 10 30 -20

R 213 Test Cell Technology Room II 116: 1,328i 10-30 -20 10-30 -20

R301 High Bay II 656 4921 ~~~~~ ~~~ ~~~~~10-30 I 20 100 -20

R32 Nuclear HVAC II 690 515 100 20 10-30 -2
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(3) Electrical System
The Electrical Power System transforms the grid voltage in order to meet the level specifically

required for each facility load and distributes the power to each load. The main distribution voltages
are 22 kV for the RF power source and the HEBT, 6.6kV for the high capacity (300 kW) equipment,
and 420 V for the low capacity equipment.

IFMIF requires approximately 50 MVA of electrical power, which will be brought from a
Substation (outside of IFMIF) to the site. The supply voltage is 66 kV. The normal electrical power
line diagram is shown in Fig. 2. The IFMIF will require automatic switching to emergency power on
loss of normnal electrical power. The emergency system must provide power for fire and radiation
detection and alarm systems, the Nuclear HVAC system, key instrument and control systems, and
Uninterruptible power supply (UPS) system batteries.

EXISTING FACILITY 66KV

(2

0

50/40-1OMVA
66KV/22KV-6.6KV

0

U

M/C 6.6KV 0 0~~6.6V/20

<(

()TOTA 1.8MWDCIV/4220VA6.460/I/4V(VlOK VA

Fig 2v BlcPdara f lcri owrstm

An overal heat ejectio caaiy0faprxmtly22W8n 3MW is prvieWfr h
acceleratorand the tagetsystem resecVel.Coigwtri suplie at0 tmeausof 3 n

3 EMERGTeNAceaoY oln wtrwl ecmpeeyioae<i lsdsses cossigo

leakge f ativtedprouct. 2emioeraie aer is ued foer prmy coln.teiueaswllb

suppliedato n the bfe tankessofte repiaryCoogloop. Pin andli componentsaresade enirelyno

austenitic stainless steel to reduce the generation of activated corrosion products. All cooling water
will be filtered and demineralized in order to maintain conductivity of less than gt S/cm2.
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Equipment is adopted for periodic sampling and analysis of the water for control of the
activated corrosion products and tritium content. The secondary loop water is connected to chiller
units and the cooling tower. The system configuration is shown in Fig. 3. Cooling capacity is shown in
Table 2. In addition to the above systems, cooling water will be supplied to the helium gas cooling
systems, which provide circulating gas to cool liners and covers of the Test Cell and the Vertical Test
Assemblies (VTAs). The gas coolant will be maintained at a low pressure and is transported in ducts

from the technology room to the Test Cell and the Access Cell.

250A 250A

8A

Make-up Water
_______ ~2 OA 250A

HEBT, RF
Cooling Tower 600A

250A 250A ChillerUnit RF, Ion Source, LEBT

Cooling Water Pump ~ ~ ~ ~ ak- Wte

Drai 900A50

OA600A RF, on Source, LEBT

L 

Fig. 3 Block diagram of cooling water system.

Table 2 Capacity of cooling system (tW).

__________________ I~~~~~ ~ Summation

_____ ____ _____ _ __ _____ ____ ____ Supply Temp. external loop ]~ internal loop _

RF Non-radioactive_ 30/50oC - 16.72

Ion Sauce, LEBT Non-radioactive 30/50oC - 0.6

Accelerator - RFQ Non-radioactive 35/380 C - 2.24

DTL Radioactive 35/38C - 5.6

HEBT. RF Radioactive 30/50ot - 1.36

aux. eq. HVAC _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ __0.02 

L i L oop__ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ 13 __ _ _ _ _ _

Summation 13.02 26.52

Chiller Unit 18.68

___________________________Coolini! Tower 39.54

(5) Service Water System
The industrial water supply for sanitary, process, and fire systems for IFMIF will be supplied

by the existing site. The system will provide 70 m-/h (560 m3 /day assuming 8h operation a day) for
sanitary and process uses. The Japan Refrigeration and Air Conditioning Industry Association has
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issued guidelines on the quality of supply water for refrigeration and air conditioning components as
JRA GL-02-1994. The guidelines for cooling water and chilled water are shown in Table 3. Primary
cooling water for the Accelerator will be treated by a demnineralizer located in the Utility Area.
Requirements of the demnineralizer are 10 L/min capacity and maintaining conductivity of i S/cm2'.

Table 3 Guideline of supply water for refrigeration and air conditioning components
(JRA GL-02-1994).

Guideline
Cooling Water Chilled Water

Circulating Supply Circulating 1 supply
______ ___ Water ~~~~~~ ~~~~Water Water j Water

Standard pH - 6.5-'8.2 6.0-8.0 6.8-8.0 6.8-8.0
Conductivity ILS/cM •5800 •53 00 •5400 ---30 0
Cl- mg/L •-52 00 •50 !E50 •=50
SO042 mg/L •5200 ;550 •=5 0 •550
M alkalinity MgCaCO 3/L 51 00 •50 ;550 •550
Total hardness mgCaCO3/ L ;5200 •570 •570 •570
Ca hardness mngCaCO3/ L •5150 ;550 •550 ;550
5io2 MgSiO,/L •550 •530 •530 •:30

Reference Fe mg/L •LO •. '0.3 •51.0 •50.3
C u mg/L •0.3 •50.1 •51.0 ;50.1
s2 __ _ __ _ __ _ mg/L __ _ _ _ _ _Not Detected _ _ _ _ _ _

N H4, mg/L •51.0 •0 .1 I•51.0 •50.1
Cl mg/L •50.3 •50.3 j •0.3 j •0.3
Free Carbon Dioxide MgCO 2/L •54. 0 5•4. 0 1 •4.0 1 •4.0

__________Stability Index I - 16.0-7.0 j - I - -

(6) Central Vacuum System
A vacuum system will be provided for the Accelerator and Target areas. The vacuum system

is composed of turbomnolecular, mechanical booster, and dry rotary pumps. The manifold is evacuated
by a series of pumps that discharge exhaust at atmospheric pressure. The pumps should be oil-free
systems to prevent contamination by tritiated oil. It is anticipated that the effluent will contain lithium
vapor/aerosol and tritium and thus requires processing before being released to the environment. The
assemblies that are exposed to the beam should be evacuated in order to maintain the vacuum in the
range of 0.1 rnPa. The beam transport system will also be evacuated, and the exhaust will contain
tritium as a product of the reactions in the beam line. The Test Cell should always be evacuated to
maintain the vacuum in the range of 0.1 Pa. The vacuum system for the Lithium target is not included
in this system. The vacuum system configuration is shown in Fig. 4.

(7) Gas Supply System
Argon (Ar) gas, helium (He) gas, compressed air and liquid nitrogen (N) are used to operate

IFMIF.

(a) Argon Supply Unit
The liquid Ar storage vessel and evaporator are located outside of the Target and Test

Building. Within the Target and Test Building, the supply line is branched to provide gas to the
following services: Ar purge (Lithium system), low-pressure Ar service, and the fire protection Ar
flood gas system for lithium fire protection.

(b) Helium Supply Unit
The He gas storage cylinders outside of the Target and Test Building are inter-connected by a

manifold. The gas is delivered to the following services: He purge (primary cooling loop), the Test
Cell wall cooling systems, and Test Assembly cooling systems.
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(c) Compressed Air Unit
An air compressor and storage tank supplies compressed air with pressure of 10 kg/cm' (gage)

and rate of 10 Nm3/h (i.e. I0 rn'/h at O'C) throughout the facility. The compressed air system is
located in the Target and Test Building Utility Area.

(d) Nitrogen System
In order to meet the requirements of various system e.g. central vacuum system, a liquid nitrogen
system will be provided for the supply of dry inert gas.

Accelerator

Turbo Molecular
4l+~- 4141-iL -14141-~ Puup (5000Llsec)

Dry PumpDry Pu I Dry Pu p

40A40 20 0A

Fg4 lock darmovcumste.

(8) Liquid Radioactive Waste Treatment System~~Booste
The lquidradiactiewats arPeeaeumilmnteprmrpolngioso h
AcceeraortheTaret ssemlie, ad te Lthim iop. hes wates aswellas the raioativ

wastederivd fro opertion f theplant wilbIrcse bytewstOrametssemA ml
fratio ofthedeuern bam urrnt il belos an wil ombrd he cceertordrit tbesan

activity needs to be determined.m

cleaningi opRaioscLtiumWat hy rd etm aetobthmjrceialopnent inywtereTh

factiit of the aboeentioed liuiden watwill be 0.4-40n qi omad vo alera15 dyri te migh

cotmaind siortA-liveC Hnu e Picric Acd, hF, Ethln alcohol l encticac d an/rto the unitg to

prcesst the liquid radoativned wastes areast follw .40Bqcmanvoue1m/ .Imih
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(a) Liquid Waste Storage Unit
Liquid wastes from primary cooling water and decontamination systems will be collected in

one of two 10 m3 storage tanks. Sampling and analysis of the liquid waste is conducted. before
treatment.

(b) Liquid Waste Evaporation Unit
After neutralization, the water is routed to the evaporator for reducing the waste volume.

Evaporation capacity is 150 kg/h. The reduced volume liquid with concentrated radioactive wastes is
temporarl strdi ocnrted liquid waste tank before sending to the solid waste treatment
system.

(c) Ion exchange Unit
An ion exchange unit further improves the water quality. The capacity of this unit is 150 kg/h.

(d) Storage before Discharge Unit
Most of the treated water is re-circulated to minimize release to the environment. Excess water

within allowable activity level is discharged to the environment. The guideline for the total activity
concentration in discharged water is 4.Ox10-4 Bq/cm', except that tritium is controlled to 6 Bq/ cm'.

(9) Gaseous Radioactive Waste Treatment System
During IFMIF operations, tritium (H) is produced in the lithium target, and air is activated

around the linac and beam transport system. To meet safety and licensing requirements of the host
country, the system design must include confinement, isolation and treatment of the radioactive gases.
The main concern in this section is gaseous tritium released in the Li Loop Area / Trap Area (Ar
filled) and the Test Cell Room (kept at 0.1I Pa during operation). Argon gas pressure is kept lower than
1 atmn (=101.3 kPa), and the gas is circulated and detritiated. Tritium containing gases are treated by
detritiation systems in the Exhaust Gas Treatment System before final treatment for discharge through
the stack. Radioactive gases other than tritium can be treated by the Nuclear HVAC.

(a) Exhaust Detritiation System for Ar Gas
Tritium will be produced in the lithium target by deuteron and neutron reactions with Li-6 or

Li-7 at a rate of about 3.Ox IO"~ Bq/y. Most of the tritium in the lithium loop will accumulate in the
yttriumn trap, and the remainder of the tritium, which is 5.0x 0'4 Bq/y, will be confined in the lithium
loop components. A small amount of the tritium will escape from the components due to permeation at
the stainless steel boundaries. The release rate of the tritium to the Lithium Loop Area/Trap Area will
be approximately 5.Ox 108 Bq/h based on conservative assumptions.

The Lithium Loop Area/Trap Area is filled with Ar gas that is circulated at a low flow rate for
impurity monitoring and control, thereby eliminating the possibility of lithium combustion in the event
of a leak. The atmosphere of the area is continuously circulated to monitor and control the purity of
the Ar gas, and is kept at negative pressure (gage) to prevent uncontrolled releases of the tritium.

The discharge rate will be determined by the air-tightness of the areas. Epoxy paint lining will
be applied to the Lithium Loop Area/Trap Area, and treatment conducted to achieve air-tightness, for
example, by sealing feedthroughs for cables or pipes. When the leak rate of the area is assumed to be
1.5 vol%/day, the discharge rate to maintain negative gage pressure is I m3/h. The tritium
concentration in the discharged gas will be 5.Ox 102 Bq/cm'. It is assumed that the concentration of
tritium in the feed gas for this system is I .Ox O' Bq/cm' considering the safety margin.

A simplified flow diagram of this system is shown in Fig. 5. After the exhausted gas is heated
up to 400 C and compressed to 700 kPa, the tritium gas in the exhausted argon gas is removed by a
circulating palladium permeation system, in which hydrogen isotopes can permeate through the
palladium membrane to separate them from other gases. A tritium getter alloy, which is used to
occlude hydrogen gas, absorbs the tritium and the alloy is moved to the Storage Cell. The rest of the
discharged Ar gas is mixed with air and treated as mentioned below.
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JReceiving
Pd-~_Jrrneator

a,~~~~~~~~~~~~~~~~~~~~~~~~~eprt ExhaustnGas

Compressor Fan HetrStart up Vacuum Pump

-~Storage

Receiving Tank A/B/CT2AB

Fig. 5 Block diagram of exhaust detritiation system for argon gas circuit.

(b) Exhaust Detritiation System for Air
The vacuum exhaust from the target, quench tank and beam lines, and the Test Cell evacuation

exhaust, contain tritiated gas. The tritium is removed from exhaust effluence by the air exhaust
detritiation system. It is assumed that the concentration of tritium in the feed gas for this system is
5.0 Bq/cm' and the flow rate is 19 m3/h. The exhaust gas is mixed with the discharged Ar gas from the
Exhaust Detritiation System for Argon Gas, and a flow rate of 20 m3/h is treated in this system.

The exhaust gas is carried into the oxidation system, and the tritiated species in the exhaust
gas s oxidized to tritiated water using an oxidation catalyst at high temperature, for example, 5000C.
Tritiated water in the exhaust gas is condensed and collected in a buffer tank. The tritiated water in the
remaining exhaust gas is removed through two membrane separators. At the outlet of a membrane
separator system, the tritium gas concentration in the exhaust gas is measured. The exhaust gas is
released into the atmosphere via the Nuclear HVAC if the concentration is lower than 5.Ox 10-4 Bq/cm'.
The tritiated water stored in the buffer tank is discharged after dilution or solidified, if necessary.

(c) Temporary Exhaust Gas Detritiation System
This system is operated for management of gas exhaust during maintenance operations. Most

of the gas is air with the possibility of low-level tritiated water vapor contamination. The amount of
temporary exhaust gas is estimated to be 100 m3/h, and is fed through the flexible ventilation ducts
from various areas of the facility where maintenance operation will be performed. This system will be
operated when the tritium concentration of the maintenance area is above the concentration limit of
8.0x102 Bq/cm' in the working atmosphere, which is one tenth of the Japanese regulatory limit.
Accordingly, it is assumed that the tritium concentration of the feed gas for this system is 0.1I Bq/cM3.

Any tritiated water separated by membranes is discharged after dilution or is solidified, if
necessary. At the outlet of the membrane separator system, the tritium gas concentration in the exhaust
gas is monitored, and the exhaust gas is released into the atmosphere via the Nuclear HVAC, if the
concentration is lower than 5.0x104' Bq/cm'.

(10) Solid Radioactive Waste Treatment System
Solid radioactive wastes generated by IFMIF operation will consist largely of spent ion-

exchange resins, the Lithium Target assemblies, the test assemblies, the paper and rags used in
controlling contamination, and air filters. Spent on-exchange resins and concentrated liquid waste will
be solidified after drying. Paper, rags and air filters in containers will be sent to the existing storage
facility near the IFMIF.

Highly irradiated solid wastes will be generated at the Test Cell and during the analysis and
testing of irradiated specimens. The wastes include the Target Assemblies, irradiated specimens and
specimen holders. The most radioactive solid waste will be the Target Assembly. Concentration of
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radioactive nuclide in the Target Assembly base plate is roughly estimated from calculation results for
the separable first wall of TER-FEAT. The typical isotope concentrations in the Target Assembly are
1.2x10 9 Bq/cc of V-49, 2.lIxlIO" Bq/cc of Fe-55, 7.9x10 9 Bq/cc of Co-58 and 4.l1xlIO' Bq/cc of Ni-63.
This estimation was performed based on the assumption that austenitic steel SS3 16L is the material of
the whole target assembly. This assumption will give larger values of activation and thus more
conservative estimates than if ferritic steel or a vanadium alloy is employed as the materials of the
target back-wall. (A technique has not been proven yet to weld these alternate backwall materials to an
austenitic structure and thus allow their use.) These highly irradiated solid wastes will be placed in
containers and then stored in the Waste Storage Cell.

(1 1) Summary
Utilities were designed with the assumption of a Japanese site for IFMIF. The heating,

ventilation and air conditioning (HVAC) system was designed for two categories; industrial and
nuclear HVAC systems, selected on the basis of radiological risk. The areas of nuclear HVAC system
are filled with air or argon (Ar) with pressure 200-400 Pa lower than the atmospheric pressure.

The required total electric power is 50 MVA, including emergency power. The supplied
voltage is 66 kV at the boundary of the IFMIF site. Required heat rejection capacities of the cooling
water system are 26 MW for Accelerator system and 13 MW for Target system. The water
temperature is controlled in a range 30-350 C. Gas supply systems were examined for Ar, helium (He),
compressed air (10 kg/cm 2 (gage)) and nitrogen (N2). Argon gas is used in the Test Cell and lithium
loop areas etc. Helium gas is used for cooling of the test assemblies and the Test Cell walls.

Radioactive waste systems were designed for liquid, gaseous and solid wastes. The liquid
waste including tritium and Be-7 is treated through storage tank, evaporation and ion exchange units
etc. Tritiated Ar gas is treated through palladium permeation cells and hydrogen getters. Tritiated air is
oxidized into tritiated water.
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3.4.5 D151-JA: Examination of Central Control and Common Instruments

(1) Brief Task Description
Operation of IFMIF requires that the whole facility be controlled with consistency among the

Accelerator, Target, Test Facilities, Utilities, Radiation Control and Access Control subsystems.
Furthermore, for the reduced cost IFMIF, the cost of Central Control and Common Instruments
(C.C. & C.I.) was reduced mainly by eliminating the second target and test cell included in the CDA.
The C.C. & C.I. is also affected by the staged construction of IFMIF. The design of C.C. & C.l. must
be examined and revised to meet these conditions.

Conceptual design of the C.C.&C.l. was performed in the CDA. In KEP, the C.C.&C.I.
concept was reviewed and examined. For this task, suitable locations of subsystem controllers and
guideline on access control were emphasized. This task was performed in parallel with the task for
operational flow (16 1).

Contributors
Name Party Institute E-mail address

M. Ida Japan JAERI id~fmftokaijaeri.go j

H. Takeuchi Japan JAIERI Itakeuchi fnshp.tokai.jaeri.go.

(2) General Concept of the Central Control System
Recent remarkable advances have been made in the technology fields of hardware and

software for process and control equipment. Therefore, the basic concepts for equipment operating
methods and management of facilities require evaluation of configurations in the central control
system. Redesign and improvements are rarely restricted by conditions of the hardware configuration.

As an example related to the installation location of process and control equipment (console
box and others), it is generally desirable to concentrate the equipment into one location, for the
following reasons;

* Common utilization of information
* Minimization of personnel needs for continuous operation

However, the concentration may increase distance between the control equipment and controlled
components, and it may bring the following concemns;

* Increased work load on the operating crew during inspection tours of the controlled
components

* Possible increased wiring costs
This requires that the methods of central control be examined to evaluate the trade-off between control
methods and construction and operating costs.

(3) Concept of Central Control and Related Equipment for IFMIF
Figure shows a schematic of the central control system for IFMIF. The control system will

be designed to provide a high degree of reliability. The mean time to repair control system
components will be minimized. The deuteron accelerators, lithium target and test cell will be
controlled together during accelerator operation. The facilities for post irradiation examination will be
controlled independent of the accelerator and other facilities most of the time.

It is too difficult to install all process and control equipment in only one room in the IFMIF
Main Building. Therefore, the control equipment is divided into four categories and installed in four
rooms as follows;

(a) Accelerator, Target and Test Facilities
Control equipment for the Accelerator, the Target and the Test Facilities (except for remote

handling equipment) are installed in the Control Room (RI 05). The controls for these systems are
interconnected through interlocks, etc. Most of the facility operating personnel will work in this room.
For example, operation of the accelerator requires 92 people (distributed over four shifts), out of the
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total of 183 IFMIF operations personnel []. This concentration results since availability of IFMIF
depends mainly on the accelerator [2]. With a sufficient number of personnel available, most
accelerator failures may be recovered with only a short downtime. A server computer and three local
control stations for the three subsystems will be installed in this room.

(b) Utilities
Control equipment for utilities will be installed in the Test Facility Control Room (R2 11). This

will control equipment located on all three floors of the IFMIF Main Building. The Test Facility
Control Room is located on the second floor, and this location is suitable for the inspection tour of the
controlled components. In an alternate design, the utility controllers may be installed in the main
Control Room (R1 05) for optimization of the operation crew.

Utility control requires a server computer and three local control stations. The first station
controls equipment for the electric power supply; the second station controls equipment for HVAC,
cooling water, vacuum and detritiation systems; and the third station controls equipment for waste
treatment and the tritium laboratory.

(c) Remote Handling for the Test Cell
Process and control equipment for remote handling operations in the Test Cell is installed in

the Test Cell Technology Room (R2 13) adjacent to the Access Cell (R207). The local control station
in this room is used only during maintenance, to control the remote handling equipment.

(d) Access Control and Radiation Protection
Access control is required during all operation of IEMIF accelerators. Process equipment for

Access Control and Radiation Protection is installed in the Health Physics Room (RI104). A local
control station in this room runs equipment for access control and radiation protection. These control
doors, card readers, area monitors, and similar equipment.

(4) Access System
(a) Radiation Protection

LFMIF requires a large number of personnel for operation and maintenance, and they must be
protected from harmful levels of radiation. At the same time, many types of radiation and radioactive
nuclides are generated in IFMIF. The major source of direct radiation in LEMIF will be materials
bombarded by deuterons or neutrons in the lithium target and the test assemblies. These materials will
emit beta and gamma radiation. It is anticipated that low energy (18.6 key) beta particles emitted by
tritium will be important to internal exposure, but they will be stopped relatively effectively by piping
and structural materials. Special provisions such as shielding, distance, and time limitations will be
required to limit gamma radiation dose and internal exposure to acceptable levels. Basic criteria for
radiation exposure control in the IFMIF will be:

* Limits on whole body dose of 00 mSv/5years (and a maximum of 50 mSv/y). Whenever
practical, this will be accomplished by shielding which limits the whole body dose rate to less
than 0.2 mSv/week in continuously or frequently worked areas.

* Limits on eye exposure to less than 150 rnSv /year and on other tissue exposure to less than
500 mSv/y.

* Limit for tritium concentration in air in work areas to 0.07 Bq/cM3.

(b) Radiation Zoning
Radiation Zoning shall be used for control of personnel exposure. If IFMIF is constructed in

Japan, all areas will be divided into the following three zones based on Japanese regulations and
JAERI standards.
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• First grade control area
This area will have radiation exposure risk exceeding the value published in Science and

Technology Administration Notice 15 in 1988.

• Second grade control area
This area will have radiation exposure risk exceeding 300 .tSv/week and not come under the

first grade control area.

* No control area
This area will have low radiation exposure risk and will not require the first or second grade

controls.

(c) Radiation Monitoring
A Radiation Monitoring System, fitted with alarms, will be installed in areas where radiation

levels may exceed allowable limits. All areas in which radioactivity is present will be provided with
air sampling or air monitoring systems, with appropriate alarms installed to warn of dangerous levels
of airborne activity. Areas equipped with such systems will include the Lithium loop and the Test cell.

(5) Summary
The concept of C.C.&C.I. was reviewed and examined based on the concepts developed in the

CDA. Suitable locations of controllers for Accelerator, Target, Test Facilities, Utilities, Remote
Handling, Access Control and Radiation Protection were examined. Also the guidelines on access
control were examined. This task was performed and will be refined in parallel with the task for
operational flow (DI6 1).

References
[1] M. . Rennich, (editor), IMIF International Fusion Materials Irradiation Facility Conceptual

Design Activity Cost Report, ORNL Report, ORNL/M-5502, December 1996.
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3.4.6 D161 -JA Check of Consistency and Analysis of Operations Flow in IFMIF

(1) Brief Task Description
The design of IFMIF must assure continuous flow of operations from one subsystem to the

next, with consistency across interfaces between the accelerator, target, test facilities, and other
subsystems. Also, the IFMIF operational flow from startup to shutdown to maintenance to restart must
be considered. This task checks these requirements in parallel with the progress of other IMIF design
work.

In KEP, the operations flow was examined for each subsystem of the Accelerator, the Target,
the Test Facilities (including remote handling) and the Utilities (including radiation control and access
control). This flow was compared and examined to check the consistency among these subsystems.

Contributors
Name Party Institute E-mail address

M. Ida Japan JAERI ida~aifmif tokaijaeri.go.jp
H. Takeuchi Japan JAERI takeuchi fnshp.tokai. aeri.go.p

(2) Operations Flow
Operational flow of each subsystem was examined and summarized, as shown in Table , to

check consistency among all subsystem flows. These operations of the Accelerator, Target, and Test
Facilities are based on the CDA design [i], except for the flow of operations during maintenance. To
check consistency, operating modes of all facilities at a same time are arranged on the same line of
Table 1. The deuteron accelerators, the lithium target and the test cell must all be operating during
IFMIF irradiation runs. (This is the mission of JFMIF, which is designed to be in operation 70 percent
of the time.). Facilities for post irradiation examination must be operated independent of the irradiation
facilities, and will also be in use most of the time. The remote handling systems are operated mainly
during maintenance. Other utilities, such as Heating, Ventilation and Air Conditioning (HVAC),
cooling water, electric power, waste treatment and radiation control / access control, are operated (or
available) continuously.

(a) Accelerator Facility
During start up, the RF power is adjusted, then the deuteron beams are calibrated as pulsed

beams at low power. After that, the beams are injected into the lithium target. Most failures that occur
in IMIF operation will be in the accelerator. However, most of the accelerator failures will be short-
time failures, with quick return to power. In consideration of the accelerator failures, eight hours per
week are allotted for recovery or maintenance in the IFMIF schedule.

(b) Target Facility
At TFMIF start up, the lithium dump tank is heated and the lithium is melted, then the loop

piping is heated. After that, the liquid lithium is circulated without beams, then with beams during
normal operation. At shut down, lithium circulation for two days is estimated to be necessary to
remove the decay heat of the target assembly. For maintenance in the Lithium Loop Area, a change in
the cover gas from argon gas to air is necessary.

(c) Test Facilities
The Test Cell is kept under vacuum pressure of 0.1 Pa during irradiation and is filled with

argon gas during maintenance. Setup of the Test Cell requires the following operations: Target
Assembly installation by the Remote Handling Device, removal of the Remote Handling Device,
installation of the Test Modules by the Universal Robot System, and Cell Ceiling closure by welding
of the seal cover. After that, the Test Cell is evacuated to a pressure of 0.1 Pa. The temperatures of all
test modules must be carefully controlled to maintain the specified irradiation conditions of the test
specimens in the assemblies. The remote handling device is used mainly during maintenance
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operations. At the start of maintenance, the test cell cover is removed, then the test assemblies are
removed. After that, the target assembly is separated using the welding / cutting device and removed.
The test assemblies and the target assembly are transferred to the Tritium Laboratory.

(d) Utilities
The HVAC System, Cooling Water System, Electric Power System, Liquid / Solid

Radioactive Waste Treatment System, Detritiaton System for buildings, and Radiation
Control / Access Control Systems are nearly always in normal operation. Vacuum System is operated
to meet the needs of the Test Cell. The Tritium Laboratory is operated as needed for PIE. The
Detritiaton System for laboratories is continuously operated during the irradiation. The Liquid / Solid
Radioactive Waste Treatment System and Tritium Laboratory are operated only during the daytime
shift.

(3) Summary
The design and operation of IFMIF was checked for consistency of operations flow of all

subsystems. It was found that the IFMIF design is basically appropriate at this stage. In the next phase,
IFMIF operations flow must be checked in parallel with progress in the design of all subsystems, and
any required design modifications made to assure IFMIF operations consistency.

References
[II M. Martone, (editor), IFMIF International Fusion Materials Irradiation Facility Conceptual Design
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Table Operation flow of IFMIF sub-systems (1/3).
Accelerator Target Test Facilities

__________________ Remote Handling Test Cell

Operation Flow Stop Maintain Vacuum Stop Operation Stop

Start Up Operation Stop Maintain Vacuum
Main Power On
Instrumentation On

RF On Preparation
Adjustment of RE *Dump Tank Heating
Frequency, Current

Ion Source On Start
Adjustment with Low *Pipe Heating Test Cell Cooling
Energy Pulse Beam *Purification On

Circulation
Switch to Target On-Beam Operation VTA Heating

VTA Temperature
Control

Transition to Continuous
Operation

Transition to Full Power Irradiation Start
Normal Normal Operation Normal Operation Stop, Maintenance Normal Operation
Operation Short-term Stop,

Maintenance (-8hr/w)

Shut Down Holding at Low Power Semi-Operation Operation Stop VTA Heating Stop
with Decreased Pulse *Puriification Off
Rate * Removal of Decay Heat

(Ion Source Off) (2day)

(RF Off) Operation Stop Confirmation of VTA
*Pump Stop Cooling
*Dump

(Instrumentation Off) Stop VTA Cooling Stop
(Main Power Off) Test Cell Cooling Stop

Maintenance (Holding at Vacuum or Air Filling in Li Loop Installation of Remote Ar Gas Filling
Atmosphere) Area Handling in Access Cell

Direct Maintenance by VTA Removal,
Worker Disassembly

Transfer of Specimen to
Tritium Lab.

Transfer of Test Cell
Cover

Back-wall Cutting

Transfer of Back-wall to
Tritium Lab.

Back-wall Assembly,
Attachment

Attachment of Test Cell
Cover

VTA Attachment

Sealing of Test Cell
Ar Gas Filling Removal of Remote Maintain Vacuum

___________ ___________________ H andling_ _ _ _ _ _ _ _ _ _

Operation Feature Heavy Requirement on Light Requirement on Light Requirement on Heavy Requirement on
Control to Short-term Control in Normal Control in Maintenance Control Corresponding to
Stop in Normal Operation Beam Current in Normal
Operation Operation

Normal Operation Pattern Continuous Continuous No Operation Continuous
Importance for Safety Impotant (Isolation Valve

Ito Li Target) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Local Process Panel
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Table Operation flow of IFMIF sub-systems (2/3).

(HVAC) Cooling Water UitisElectric Power Vacuum
Operation Flow Stop Continuous Operation or Continuous Operation or Continuous Operation Maintain Vacuum

Stop Stop__ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _

Start Up Normal Operation Normal Operation Normal Operation Maintain Vacuum
* Accelerator

Maintain Vacuum
*Test Cell
* Piping of Li Loop

Normal Normal Operation Normal Operation Normal Operation Normal Operation
Operation

Shut Down Normal Operation Normal Operation Normal Operation Normal Operation

Vacuum Pumping Stop

Test Cell
__________ ~~~~~~~~~~~~~~~~~~Piping of Li Loop

Matntenance Normal Operation Normal Operation Normal Operation Maintain Vacuum or
(usually), Maintenance

Cooling Stop, (Maintenance
Maintenance corresponding to

(depending on maintenance plan of
maintenance status of accelerator)
other sub-system)

Operation Feature Light Requirement on Light Requirement on Light Requirement on Light Requirement on
Control in Normal Control in Normal Control in Normal Control in Normal
Operation Operation Operation Operation

Normal Operation Pattern Continuous Continuous Continuous Continuous
Importance for Safety Important

Local Process Panel for Nuclear HVAC __________Power Supply Panel __________
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Table Operation flow of IFMIF sub-systems (3/3).

Liq.&Sol. Radiation Tritium Laboratory Detritiation Detritiation Radiation Control,
Waste Treatment (PIE) (Laboratory) (Building) Access Control

Operation Flow Stop Continuous Examination Continuous Continuous Normal Operation
Operation or Stop Continuing Operation Operation or Stop

Start Up Normal Operation Examination Normal Operation Normal Operation Normal Operation
Continuing

This operation is
always required
during the
examination.

Normal Normal Operation Examination Continuous Normal Operation Normal Operation
Operation IContinuing Operation

Shut Down Normal Operation Examination Continuous Normal Operation Normal Operation
Continuing Operation

This maintenance is
to be realized by
switching two sets
of detritiation
system or
maintenance after

____ ___ ____ __ ____ ___ ____ __ ____ ___ ____ ___ the exam ination -
Maintenance Normal Operation Examination Normal Operation Normal Operation Normal Operation

Continuing

This operation is This maintenance is
kept because of posible after tritium
specimen transfer in treatment of other
I FMIF maintenance facilities. Exhaust

air treatment is
always operated for
treatment of exhaust

Specimen Transfer from laborotory.
to PIE

Operation Feature Most process is Most process is Light Requirement Light Requirement Light Requirement
done locally, done locally, on Control in on Control in on Control in

Normal Operation Normal Operation Normal Operation

Normal Operation Pattemn Daytime Daytime Continuous Continuous Continuous
Importance for Safety

ILocal Process Panel ILocal Process Panel Local Process Panel _________
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3.4.7 D171-JA : Verification of the Design of Radiation Shielding

(1) Brief Task Description
The materials and thickness of radiation shielding influence the construction cost of IFMIF

buildings. Especially important are the weight and volume of shielding plugs on Test Cell, as they
influence the specifications for the Universal Robot System (URS) in the Access Cell. Therefore,
requirements of these walls and plugs must be clarified.

In this task, the adequacy of the Test Cell wall thickness was verified by a computer code
MCNPX [] with data library LA150 [2]. The neutron flux and dose rate were calculated for locations
as follows;

* Neutron Flux in Test Cell (to be used for estimation of activation)
* Dose rate outside of the Test Cell front wall and at the shielding plugs (bulk shielding

performance)
* Dose rate at the exit of penetrations for vacuum piping (estimate of neutron streaming)
* Neutron flux in the Lithium Loop Area by streaming through piping penetrations (to be

used for estimate of activation)
* Neutron flux in the Target Interface Room by streaming through beam ducts (to be used for

estimate of activation)

Contributors
Name Part Institute E-mail address

M. Ida Japan JAERI_ ida(?ifmif.tokaijacri.gojlp
M. Sugimoto Japan JAERI_ sugirnoto~ifmnif.tokai. jaeri .go.jp
H. Takeuchi Japan JAERI takeuchi afnshp.tokai.jaeri.go.

(2) Calculation Conditions
(a) Calculation Code and Data Library

The calculations were executed employing the Monte Carlo code MCNPX [], which can deal
with neutrons with energy up to 50 MeV. The cross section library used was LA] 50 [2].

(b) Geometry
The arrangement of shielding walls and plugs around the Test Cell and components in the Test

Cell are shown in Fig. 1. The size of the Test Cell is 3 m x 3 mn x 6 m. The Front Wall between Test
Cell and Access / Maintenance Room has a thickness of 4.3 m. The shielding plugs on Test Cell have
thickness of 2.4 rn. Penetration holes were taken into consideration through three walls as follows:

* Back Wall: Beam ducts (outer size 0.3 mx 0.1m, x8 mmthick)
* Side Wall: vacuum piping (12B3, Sch4O i.e. outer diameter 318.5 mm, inner diameter 297.9 mm)
* Bottom Wall: Li piping (8B/ I0B, Sch4O i.e. outer diameters 216.3 267.4 mm, inner diameters

199.9 / 248.8 mm) covered with 0. 15 m thermal insulation.

(c) Modeling of Materials Table 1 Composition f heavy concrete.
The shielding wall and plug materials Element Weight Ratio (w%) Atom Density (I/(-crn))

were treated as heavy concrete for simplicity, H 0.3116 6.328E-03
while the shielding plugs consist of heavy 0 33.09 4.233E-02

Si 2.578 1 .879E-03
concrete, steel, and void regions. The Ca 7.11 3.631 E-03
composition of the heavy concrete is shown in Mg 0.9348 7.872E-04
Table 1 [3]. Regions of liquid lithium, stainless A 2.351 1.783E-03

stee piing nd he terml inulaion ere S 0.1416 9.040E-05steel ipingand th theral inslatio were Fe 47.48 1 .740E-02
conservatively treated as void regions, since Ti 5.439 2.325E-03
there was no data for lithium in the cross section Cr 0.17 6.692E-05

libaryandcomosiionof he heralinsulation Mn 0.1983 7.388E-05
libary nd spcomostinifehethrmlV 0.3116 1.252E-04

was not specified. ~~~~~~~~~~~~~~~~(Density 3.4g/cc)
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For a conservative estimation, target, test assemblies, quench tank and liquid lithium were also
ignored.

Point Tallies: PFO - PF6 (AL=0.2m)
Access / Maintenance Room _

Plane Tallies SF0 --SF1 Front-wallTetCl
(AL=0.4m) --- (t4.3m) Tcnlg

(3m x 3m) ------ ~(t4.0m) Plane Tally: SS1I

Source ~~~~~~~~~~~Piping
16.8m Plane Tallies: Tais: (12B, Sch4O)

Access Cell Sildn Plug (t2.4) lan Tall: 

Point~ ~ ~ ~~~~Itrfc

I l.5m ~ ~ ~ ~ II 

Tes Cell ShedihPug t.4)lneTly:S)

CC2 : h2.5m Quench Tank L ~~Piping

CC3 : hl.Orn Cell all CI 8B/1OB, Sch4O)

CC4: h2.5m Bottomn-wal

Li Loop Area
Plane Tally : Sl Plane Tally: SD2

Vertical cross section

Fig. 1 Calculational model for radiation shielding calculations.
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(d) Neutron Source _________________

For simplicity, a point neutron source
was assumed at the intersection of the two
deuteron beams. For the deuteron beam energy 10-4 ~5

spectrum up to 50 MeV in steps of I MeV and 55

of 4 MeV and current 250 mA, the neutron =

spatial distribution 00 - 175 (0 is the direction 10
toward the Front Wall) in steps of 50 were input.

A typial spcrmis shown in Fig. 2. In the t- 10-6 0-5

maximum neutron yield per energy of 7.5 x 0
lo-,

neutrons / MeV / deuteron is given at neutron 170-1 75~" 
energy of 14 - 15 MeV. In the directions
90 - 950 (approximately toward the shielding lo-, 0 0 30 40 5
plugs, Side Walls and Bottom Wall) and 0 20 3 40 5
170 - 1750 (nearly toward the Back Wall), most Neutron Energy (MeV)
neutrons have low energy, around - 2 MeV.
The total yields is about 0.06 neutrons/ Fig. 2 Spectra and spatial distribution of
deuteron. source neutrons.

(e) Conversion Factors for Dose Equivalence
Conversion factors for the dose equivalence of neutrons were applied depending on the energy

range of neutron as shown in Table 2 [4]. The conversion factors were calculated in MCNPX with
interpolation from the data shown in Table 3 [5].

Table 2 Conversion factor for dose equivalent Table 3 Conversion factor for
_______ _______ (neutron). dose equivalent_(y).

En ] Cn En Cn En J CnEgg
2.OOEi03 4.52E+00 9.OOE+01 1.65E+00 2.46E+00 1.43E+00 L.OOE+01 2.38E+01
L.OOE+03 3.74E+00 8.OOE+01 1.62E+00 2.02E+00 1.34E+00 8.OOE+00 1.99E+01
9.OOE±02 3.46E+00 7.OOE+01 1.59E+00 J.65E±00 1.23E+00 6.OOE±00 1.60E+01
8.OOE±02 3.23Ei-00 6.50E+01 1.57E+00 1.35E±00 1. 3Ei00 4.OOE+00 1.20E±01
7.50E+02 3.05E+00 6.OOE±01 1.55E±00 1I I1E+00 1.02E+00 2.OOE'00 7.49E+00
7.OOE+02 2.88E+00 5.50E+01 1.54E±00 9.07E-01 9.14E-0 1.OOE±00 4.48E+00
6.50E±02 2.70E+00 5.OOE+01 1.54E±00 7.43E-01 7.66E-01I 8.OOE-01 3.73E+00
6.OOE+02 2.53E+00 4.50E+01 1.55E+00 4.98E-01 5.94E-01I 6.OOE-01 2.9 1E+00
5.50E+02 2.38E+00 4.OOE+01 1.58E+00 3.34E-01 4.49E-01I 5.OOE-01 2.47E+00
5.OOE+02 2.26E±00 3.50E+01 1.6 I E±00 2.24E0 01 3.36E-01 4.OOE-01 2.OOE+00
4.50E+02 2.14E+00 3.OOE+01 1.62E±00 1.50E-01 2.38E-01 3.OOE-01 1.5 1 E+00
4.OOE+02 2.05Es00 2.75E+01 1.64E+00 8.65E 02 1.45E-01 2.OOE-01 1.OOE+00
3.75E±02 1.99E+00 2.50E+01 1.66E+00 3.18E 02 9.OOE-02 1.50E-01 7.52E-01
3.50E+02 1.94E+00 2.25E+01 1.69E±00 1.50E 02 6.70E-02 LOQE-01 5.17E-01
3.25E+02 1.89E+00 1.96E+01 1.74E+00 7. 1 OE 03 5.65E-02 8.OOE-02 4.40E-0 
3.OOE÷02 1.84Ef00 1.75Ei01 1.77E+00 3.35E 03 5.23E-02 6.OOE-02 3.78E-0 
2.75E+02 1.79E+00 1.49E±01I 1.78E+00 1.58E 03 5.12E-02 5.OOE-02 3.57E-01
2.50E+02 1.75E+00 1.35E+01 1.79E+00 4.54E 04 5.18E-02 4.OOE-02 3.38E-01
2.25E+02 .1.72E±00 1.22E±01 .1.80E+00 LI OE 04 5.34E-02 3.OOE-02 3.00E-O0I
2.OOE÷02 1.70E+00 L OOE±0] L.79E±00 2.26E 05 5.44E-02 2.OOE-02 2.05E-01
1.80E+02 1.70E+00 8.19E±00 1.77E4-00 1.07E 05 5.42E-02 1.50E-02 1.25E-01
1.60E±02 1.70E+00 6.70E+00 1.74E+00 5.04E 06 5.34E-02 I.OOE-02 I4.85E-02
1.40E1-02 1.70E+00 5.49E+00 1.70E+00 2.38E 06 5.15E-02 Eg: Gammnaenergy (MeV)
1.20E+02 1.70E+00 4.49E+00 1.62E+00 1. 12E 06 1:4.77E-02 Cg Conversion factor (pSv-cm2)
I1OE+02 1.69E+00 3.68E+00 1.59E+00 4.14E 07 3.02E-02
I OOE±02 i1.68E+00 3.01E+00 1.55E±00 ILOOE-10 -

En Upper limit of neutron energy (MeV)
Cn Conversion factor ((mSv/h)/(1/cm2/s))
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(f) Detection of Calculation Results (Tally)
Tallies, which are virtual detectors in the MCNP calculation model, were installed in the

model of the test cell as shown in Fig. 1. The results from the tallies correspond to dose rate and
neutron flux. Four cell Tallies (CC]I Quench tank, CC2 Upper part of Test Cell, CC3 Middle part,
CC4 : Lower part) were installed in the Test Cell to obtain the neutron flux to be used for estimation of
activation in the Test Cell. Seven point Tallies (PFO - PF6) were installed at the beam level on the
outside of the Front Wall with spacing of 0.2 m to estimate dose rates in the Access Maintenance
Room. Twelve plane Tallies were installed in the Front Wall with spacing 0.4 m in the thickness
direction (but with the outer one 0.3 m, since wall thickness is 4.3 m) to estimate shielding
performance depending on the wall thickness. Five point Tallies (PS0 - PS4) were installed along the
vacuum piping in the Side Wall with spacing of mn (but with the space between PS2 and PS3 0.5 in).

A plane Tally (SSI) with the same section as that of the wall penetration was installed at the exit of the
hole on the Side Wall. These (PS and SS) were installed to estimate dose rate due to neutron streaming
toward the Test Cell Technology Room. Two plane Tallies (SBI, S1B2) with the same cross section as
that of the wall penetration were installed at the exits of the holes on the Back Wall to estimate
neutron streaming toward the Target Interface Room. A plane Tally (SU 1) with the same cross section
as that of the Test Cell was installed above the shielding plugs to estimate the dose rate in the Access
Cell. Two plane Tallies (SDI, SD2) with the same cross section as those of wall holes were installed at
the exits of the holes on the Bottom Wall to estimate neutron streaming toward the Lithium Loop
Area.

(3) Results
The MCNPX calculations were executed with 120,000 Histories, which is the number of

source neutrons generated in MCNP. The calculation results are as follows;

(a) Neutron Spectrum in the Test Cell
Calculated neutron spectra are shown in 10 . .

Fig. 3. Except for neutrons with energy more Average in Test Cell
than 30 MeV, the calculation of the neutron flux - pe ato etCl
was accurate, since the relative errors were less l oo pe at fTstCl
than 0.1I recommended as the guideline on
statistical error forcelTly Whete E
averaged neutron flux in Test Cell was Z.- lo
1.2 x 1012 neutronS/CM2 .s, the fraction of high- Middle Part....

energy neutron above 40 MeV was 0.1I%. Qec a I /

(b) Shielding with Front Wall
The dose equivalent rate at the beam Z LwrPr

level on the outside of Front Wall is shown 104~ 1 0 3 0 5
Table 4. The maximum value given at the point 1 0 3 0 5

Tally PFO, which is located directly downstream Neutron Energy (MeV)
from the neutron source, was 0.65 g~Sv/h. This
value is far below 10 jiSv/h, which had been Fig. 3 Neutron spectra in the Test Cell.
defined as the limit for occupational exposure.
The effect of wall thickness on radiation shielding is shown in Table 4 and Fig. 5. The 4.3 m design
thickness of the Front Wall is appropriate. This Front Wall has shielding performance of 1042. The
minimum thickness must be about 4.0 m to reduce the dose equivalent rate to less than 10 hiSv/h.
According to the spectrum at point Tally PFO shown in Fig. 4, the dose equivalent rate mainly depends
on neutrons with energy less than 22.5 MeV.
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102 101 ....
> ~~~~~~~~~~~~~~Wall Thickness: 4.3m

100 Neutron
>I 0~ ~ 1010Neto

4-. I~~~~~~~~~~~~~~C

C4 ~~~ L: ~106

~~~) 10 I: ~ ~ ~ ~ ~ ~ w 0

j106~ 02 lOSv/h
o (to imit occupational ~

o ~~~~~~~~~~~~~l exposure)

o 5 10 15 20 25 ~~0 1 2 3 4 5
Neutron Energy (MeV) Distance from Inside Face of Front Wall (in)

Fig. 4 Neutron and gamma spectra at PFO Fig. 5 Dose equivalent rate as a function of
on Front Wall. the Front Wall Thickness.

Table 4 Dose equivalent rate.
Neutron Dose: Relative Gamma Dose Relative

Wall Tally and Locatio Toa gvh
______________ _____________________Rate (~/h Error Rate (Sv/h) Error oa jivh

PFO : .Om 6.26E-01 0.215 2.61 E02 0.129 6.52E-01
PFI 0.2m 5.43E-01 0.1 75 2.501E 02 0.117 5.68E-01
PF2 0.4m 6.14EO 01 0.166 3.59E 02 0.165 6.501E-01
PF3 :0.6m 4.58E0 01 0.158 3.17E 02 0.232 4.89E-01I
PF4 0.8m 5.32E-01 0.252 1.64E 02 0.125 5.49E-01
PF5 1.Om 3.41E0 01 0.228 1.95E 02 0.236 3.61 E-01
PF6 : 1.2m I 84E0 01 0.177 1.25E 02 0.149 1.97E-01
SF : 0.Om (Test Cell) 1.40E+ 12 0.005 1.25E±1I0 0.008 1.41 E+ 12
SF1 :0.4m 1.34E+ I1 0.016 3.96E+09 0.013 1.38E+11

Front Wall SF2 0.8m 7.4 1E+09 0.028 3.03E+08 0.018 7.72E±09
SF3 :1.2m 4.45E+08 0.044 1.84E+07 0.03 1 4.63E±08
SF4: 1.6m 2.95E+07 0.064 1.20E+06 0.048 3.07E+07
SF5 : 2.Om 2.14E+06 0.081 8.30E+04 0.066 2.22E+06
SF6: 2.4m 1.59E+05 0.101 5.98E+03 0.084 1.65E+05
SF7 : 2.8m 1.22E+04 0.121 4.45E+02 0.107 1.26E+04
SF8 :3.2m 9.65E+02 0.139 3.53E+01 0.124 1.OOE+03
SF9: 3.6m 7.90E+ I 0.157 2.80E+00 0.143 8.18E+01
SF10O: 4.Om 6.38E+00 0.170 2.18EO 01 0.160 6.60E+00
SF11I :4.3mn (Access 4.95E-01 0.192 1 80E 02 0.172 5.13E-Ol
/M aintenance Room)__ _ _ _ _ _ __ _ _ _ _ _ _ _ _ __ _ _ _ _

Shielding Plug SUI 8.14E+00 0.226 3.24E-01 0.189 8.46E+00
PSO: Om, FL 4.52E+1 0.016 5.07E+09 0.028 4.57E+11I
PS : Im, FL 6.38E+09 0.061 3.37E+08 0.255 6.72E+09

Side Wall PS2 : 2m, FL 7.49E+08 0.081 5.46E+07 0.304 8.04E+08
P53 : 2m, FL+0. 5m 2.41IE+07 0.320 7.87E±06 0.459 3.19E±07
PS4: 3m, FL±0.5m 6.OIE+05 0.237 2.31 E+05 0.395 8.33E+05

____________SS I m, FL+0.5m 5.63E±04 0.292 2.27E+04 0.443 7.90E+04
SDI 8B Pipe 1.56E+08

Bottom Wall
_______ ______ D2 I OB Pipe 5.90E+09 _ _ _ _ _ _ _ _ _ _ _ _ _ _

Back Wall SB1 I Beam Duct 2.83E+l0 ____ _______________
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(c) Shielding with Shielding Plugs
The dose equivalent rate at 0.6 m above the shielding plugs is shown in Table 4. The

calculated dose equivalent rate of 8.5 lSv/h is less than the limit of 10 gSv/h. However, in the
simplified calculation model, the shielding plugs were assumed to be made of only heavy concrete and
ignoring the existence of tubes in the plugs. Therefore, more realistic modeling is needed for more
precise estimation of this radiation shielding and the adequacy of the plug design.

(d) Influence of Vacuum Piping
The dose equivalent rate in the vacuum piping is shown in Table 4 and Fig. 6. The calculated

dose equivalent rate fell from 4.6 x Oll gSv/h to 7.9 x 104 jiSv/h through the bend in the piping. This
reduction of 0-7 is not as large as that (1012) at Front Wall. The dose equivalent rate 7.9 x 104 g~Sv/h
on the outside of Side Wall was far higher than the limit of 10 g~Sv/h. Therefore, more shielding
measures should be considered. Bends in the piping are expected to have reducing performance of
about 1 -'-' per 90 degree bend. According to the spectrum on the inside (PS0) and outside (SSI) of
the Side Wall, shown in Fig. 7, there were few high-energy neutrons above 20 MeV.

1012 ,, ,, , ,, ,

Wall Thickness: 4.Om Neutron

rA 10 Neutron 011-- k('Wall inside)

- '-I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~'

-- Effect of C. (wall inside)
Z IO, hO.5m crank ......

(wall outside)
~~ 10~~~~~ ~~~ 10 . ~~~~~ Neutron 

L.. (wall outside)

Ditac Inid 2 1 40 10 20 30 40 50
Disane fomInsdeFace of Side Wall (n) Neutron Energy (MeV)

Fig. 6 Dose equivalent rate in vacuum Fig. 7 Neutron and gamma spectra inside
piping. and outside of the Side Wall.

(e) Neutron Streaming toward the Lithium Loop Area
Dose equivalent rates outside the Bottom Wall, due to neutron streaming through two wall

penetrations for lithium pipes 8B and OB, are shown in Table 4 and Fig. 8. The dose equivalent rate
due to the larger hole (SD2) was about 40 times greater than that due to the smaller hole (SDI), even
though the larger penetration had two 90 degree bends. As shown in Fig. 8, this calculation needs to be
more precise, especially about the high-energy region.

(f) Neutron Streaming toward the Target Interface Room
Dose equivalent rates outside the Back Wall, due to neutron streaming through two wall penetrations
for beam ducts, are shown in Table 4 and Fig. 9

(4) Summary
Through MCNP calculations, the adequacy of wall thickness of the Test Cell was verified. The

4.3 m thickness of the Front Wall was enough to limit the Dose to less than 10 liSv/h in the areas with
worker access during operation. The effects of streaming through wall penetrations on dose rate in
non-access area were estimated. These results will be utilized in equipment designs.
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1010 1011

lo, SD2 (013pipe) 11

lo10 SDI (8B3 pipe) 0

.~106

loll .... ~ ~~~~~~~~~~106 ..

0 10 20 30 40 50 0 10 20 30 40 50

Neutron Energy (MeV) Neutron Energy (MeV)

Fig. 8 Neutron spectra under the floor. Fig. 9 Neutron spectrum outside of the
Back Wall.
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3.4.8 D181-JA RAM Analysis for the Rationalized IFMIF Design

(1) Brief Task Description
IFMIF perform-ance measures such as Reliability, Availability and Maintainability (RAM)

may have been changed with the reduced cost, staged construction design for IFMIF. Especially,
avai'lability of 80.7% must be achieved during scheduled operating time to keep the availability of
70% per year including scheduled maintenance time. Therefore RAM analyses need to be performed
again for the newer design of IFMIF.

The most critical IFMIF sub-system in holding the high availability is the accelerator. The
configuration of the drift tube linac (DTL) was changed through the redesign. Therefore, in KEP,
RAM for the Accelerator System was revised based on the data of mean time between failure (MTBF)
or failure rate and mean time to repair (MTTR). These data for IFMIF components were the same as
used in the CDA analysis.

Three cases of accelerator configuration corresponding to those before and after the redesign
were examined, using a revised calculational method to obtain correct values of MTBF. As a result,
the change in the number of DTL tanks did not cause a significant change in availability. Employing a
repair strategy using common spare parts in the DTL, the required availability (88%) of the accelerator
will be achieved.

Contributors
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(2) Required Availability
Operation of IFMIF must be continuous to avoid the complications of annealing effects that

would occur in the case of intermittent irradiation. It is also required that long-time operation achieve
a total facility availability of 70% to reach accumulated damage levels around 100 dpa in a few years
of operation. This requires the following operation time per year.

Required operation time = 0.7 x 24 h/d x 365 dWy = 6132 hWy
Allowing for the scheduled maintenance time of one month per year and eight hours per week,
scheduled maintenance/operation time per year is as follows.

Scheduled maintenance time = 24 h/d x 31 d/m x m/y + 8 h/w x 52 w/y = 1160 h/y
Scheduled operation time = 24 h/d x 365 dWy - 1160 h/y 7600 h/y

This requires system availability of 80.7 % during scheduled operation, determined as follows.
System availability = 6132 hWy -- 7600 h/y = 0.807

To achieve this availability of IFMIF: AMIF = 0.807 is the product of the availability of all
subsystems. The subsystem availability is allocated: ATF= 97.5%, A= 95.0%, AAC= 88.0%,
A,, = 99.5% and Ac = 99.5% for Test Facilities, Target System, Accelerator System, Conventional
Facilities and Central Control & Common Instruments (CC&CI). The availability of the Accelerator
System is the most critical among the IFMIF subsystems.

(3) Main Changes of IFMIF due to Rationalization of the Design
In 1999 the IFMIF design was revised to reduce construction cost, and the cost was re-

estimated []. At the same time, a staged deployment concept was introduced. In 2002, this concept
was changed from three-stage construction (D' beam current: 50 mA - 125 mA -> 250 mA) to two-
stage (125 mA - 250 mA). This change does not bring any change of availability of the fll IFMIF.
The removal of the Energy Dispersion Cavity (EDC), the buncher cavities and the related RF power
sources, and the RF transport will not affect IFMIF availability, since there is adequate temperature
margin to avoid Li boiling at the point of maximum energy deposition. (With removal of EDC, the
standard deviation of the D' energy decreases to about 0.2 MeV (from 0.5 MeV with the EDC) and the
peak energy deposition is estimated to increase to about 1 .5 times that with the EDC operating. This
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sharp peak raises the temperature of Li, for example to about 730'C, in the case of a flow velocity of
10 m/s. However, the boiling point of Li is 9880 C and this provides adequate margin. [2] The cost
reduced design also had a change of DTL configuration. The number of DTL tanks was reduced from
eight to five. This RAM analysis was performned mainly with consideration of this DTL change.

(4) Calculation Methods for Reliability, Availability, MTBF and MTTR of the System

(a) Definitions
Generally, MTBF: T is defined:

(dt~

where, R Reliability, t = time. As assumed in RAM analysis of the CDA, Reliability: R of "One

Part" is given as an exponential function:

R =e Ft (2)

where, F = failure rate. With equations (1) and (2), MTBF: T =I /F. Availability: A is given as
follows: T

A = T +,r ~~~~~~~~~~~~~~~~~~~(3)

where, T = MTTR. Values of F and T for every "One Part" are shown in Table 2.

(b) Subsystem Consisting of Only Working Parts
In case of "Subsystem: 51I" consisting of m, -working-parts with common values F, T, tr and no

spare parts, the subsystem failure rate: F, MTB3F: T,, Reliability: RI and Availability: A, are given as
follows:

Ft =mlF (4)

1 _T(5

F ml

RI Rm, = emiFt = - Ft (6)

Al =_ T = (Tlm,) 7

Jj +r (T/ml)+,r

(c) Subsystem Consisting of Working and Spare Parts
In case of "Subsystem: S" consisting f M2-working-parts and 2-spare-parts, the subsystem

Reliability and Availability are given in the same way as that in CDA. [3]

R2=em2F P2 (mk eFt P{(F2t)} 8

A2 =_ {(P2 +1I)/ M2 }T 9
{CP2+ 1) /m 2IT +T(9

Having spare parts on hand improves reliability, availability, and MTBF of subsystem. For example,
in the case of one spare part (i.e. P2=1), unavailability (-A 2) decreases to about half and MTBF
doubles according to equations (1), (8) and (9).

(d) System Consisting of Subsystems
In the case of a "System" consisting of n-subsystems: S1, S2, ... , Sn, the system Reliability: Rs

and Availability: As are simply given as follows:
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n
RS= n Ri (10)

i=1

n
As = H1Ai 11

i=1

where, R and A are to be calculated based on equations (8) through (1). Calculation of system
MTBF: Ts is a bit more complex. To get correct values of Ts, a calculational method was revised as
follows. According to equations (1), (8) and (10), the System MTBF: Ts is given as follows:

n Pi (Fit)' I n~~ 1i I Fi 
TS=J1H e Ft{ (')}dt=iJ7ex[H{ -I -I -(12)

i=1 k=O k! Fs i kk' Fs j

where, System failure rate: Fs is given as follows:

S Fi ~~~~~~~~~~~~~~~~~~(13)

Using a function g(x):

g i)=1 lIk=O k! F ~ =0Aci(4

equation (12) is given as follows:

= ieX g(xJ)dx = 1 1jd (15)

finally, in this analysis, Ts was calculated according to equations (14) and (15). According to equation
(3), system MTBF: ts is given as follows:

zs= s 1) (16)

In cases where the whole system consists of a more complex hierarchy of structures such as "System",
"Primary Subsystem", "Secondary Subsystem", "Tertiary Subsystem" and "Parts"; then Rs, As, Ts and
t5s are given by equations (10), ( 1), (12) and (16), respectively. Table 2 shows such Ts and ts.

(5) RAM Analysis of the DTL Configuration
In this Task, three RAM analyses were completed. Case-A, -B and -C analyses were

performed for three different DTL configurations. As shown in Table 2, the DTL system consists of
three subsystems of DTL Tank, Diagnostics, and Drift Tube & Quadrupole Magnets. The subsystem
of the DTL Tank consists of Cavity, Drive loop, Ion pump, Support structure, and Cooling system
controller. Table I summarizes configurations and number of parts ( = number of working parts, p
=spares) for the three cases.

The configurations of the DTL Tanks are each different. Furthermore, the number of Drive
loops and Ion Pumps are different in each of the three cases. Case-A corresponds to an eight-tank
configuration, the original CDA design. Each Tank has cavity, 2 Drive loops, 2 Ion pumps, 
Support structure, and I Cooling system controller as working parts. The tank has Drive loop and 
Ion pump as spare parts.

Cases-B and C correspond to the five-tank configuration adopted in the reduced cost design. In
Case-B, each Tank has 2 or 4 Drive oops and 4 Ion pumps as working parts. The number of other
working parts per tank are the same as in Case-A. The tank has I Drive oop and Ion pump as spare
parts.
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In Case-C, the number of working parts are the same as those in Case-B. However, the repair
strategy is different from those in Case-A and -B. The five tanks share 2 Drive loops and Ion pump
as common spare parts.

Table 1 Configuration of DTL Tanks.
Tank- I Tank-2 Tank-3 Tank-4 Tank-5 Tank-6 Tank-7 Tank-8

Case-A Drive loop mn 2 2 2 2 2 2 2 2
_____~~~ I I I I I / I 1

Ion pump mn 2 2 2 2 2 2 2 2
I I I I I I I 1

Case-B Drive loop m 2 4 4 4 4
1 I I1 

Ion pump mn 4 4 4 4 4
2P_ _

Case-C Drive loop m 2 4 4 4 4
P ~~~~~2

Ion pump m 4 -F 4 4 4 4

(a) RAM Analysis Results for Case-A (Eight Tanks)
Table 2 shows all results for Case-A. The input conditions were failure rates of each part,

system-configuration! hierarchy-structure, and repair strategy (number of spare parts etc.). The outputs
were Reliability, Availability, MTBF and MTTR of higher hierarchies such as systems and
subsystems. The reliability values correspond to a mission time of 168 h (i.e. one week). The ECR
type Ion source was selected, since this type has the most promising reliability in this stage. (The
details of ion-source performance are described in the Accelerator Sections in this Report.) Spare parts
were given to Drive loops/Pumps/RF stations in RFQ/DTL systems, since these parts have relatively
higher failure rates and/or large number of parts. For the RFQ/DTL RF stations, there are no spare
parts, but spare subsystems are provided. In such case, equations (8) and (9) are still applicable in
treating each subsystem as one part. A summary for Case-A is shown in Fig. 1. The Availability of the
Accelerator Module (i.e. one accelerator with 125 mnA beam) is 87.6%, which is slightly lower than
the required value of 88%. The availability of the DTL is more critical than that for the Injector, RFQ,
DTL, HEBT and RF Systems.

MTBF= 729 hr MT3 units r uren

Fig 1 Summary1of RAMiCaeA
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Table 2 RAM Results of Case-A.
Number of P-e Failure Ease 0 I/r 66MT Steadywae Mio

SY- stm ub sur Asem to no at, eTa (he) MIVTI-Rhlt,, Sactr Auabiliu Relibility
lejeusor I l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.2bF 03 7.9iEu02 2.70EuS0 3i4lE-S3 9.97E-Sl 8.09F-0SI

too souceECRI I 99EFS 04 O.0E,0 I SSEuSO 1.9SF-Si 9.9SF-SI dO45E-SI
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HV -oe supply WE 15S-O LOOE-S I5 1 00 i 2 40 1 2 4E-S4 IOOE.00 9S9E-0Sl
TM perp I 5.0SF-Si 5.OSF-OS 2 OErS4 0dOS~00 20SF-SO4 IOOEu00 9 92E-0Sl
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%SWpo ses.ur I 2.NE-Si 2.ORF-07 SOREs-OR I1.bSF.57 3 36E-S045 NOEuISI I OOErOR
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lou pump 2 I 2.iS~~~~~~~~~~~~~~-OE-Si iNE-Si 4E uS 24SEuO 6 OF-0O 99F-SI NOEN
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lit I N~~~~~~~~~~~~~~~~~~~~OE-OR lORE-OR I NOEN6 7.2SEr 7.2SF-S IE+~O IOFO
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2.SFS i0 iEu~ 03 59 4 6F-Si 9.9iE-SI 9 2F-Sl
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RFTt-spe OEOR lOREuOR 2.40EoSI 2.40F-0i lOREoO I NGEON

So-SDijue 6 547F-S E~iO E.ii 0 6 iF-S4 9.9SF-SI 9 8F-SI
Cimulalue S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I EON I NOEON

SOPS I 8.778-Si I 14Eu04 I OIEo01 S 82F-SO4 9.9SF-SI 9.8iF-SI
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QauWrol I I uteri. II I76E-0O 3 6SEu0i 2.40Er01 4 236-Si 9.968-SI 9S7iIE-0SI
(A-ebW I 1.41 I 14.0 24FlI 041 9SEo-0-S

wa.g I2.9SF-OR 2.9S-OR iNOEuSS 20E8.1 0.8SF-Si N(EN IN:OG
eerI-al PS I2 9SF-OR 2.9SF-OR iEo0i 2.40Eu I 0.8SF-Si I OREi-O ORO

SO~~~~~~~lir I l~~~~~~~~~~ORE-Si 1.9SF-S INo 2.OSEo4lI 2.40F-S I NOE+oN 9.9SF-SI
DrpuL uu 2 ___ ___ 2.8SF-Si 3.57EuSO 2.40E001 6.726-SO 9SF-SI1 9iF-0I

Artembl I ~~~~~~~~~~~~~~~~~~~ ~~I 7.10t o E 4l 1TE-0 Tr W~
elecenwag I ~~~~~~~~~~~~~~~~~ ~~~2.9SF-OR 2OR 36 N(eu0~i 2.4S~S .S-i NoR INo
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eles-emmag I ~~~~~~~~~ ~~~~~~~~~2 ORE-OR 2 ORE-OR S OROE+i 2 40EuSI 4 SF-Si N.OEON IN
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Setr K o I 2.3SF-So 3SF0-Si 4.OR.0 i-S SOErS 13FSi 996S 9 9SFS
Vasua I ups-barr) ____ 7.SF-Si. 1.3ibu04 6.0foSI0 4.iIF-ESi0 99SF-SI S 8SF-SI

s-lgb Sc~ie Fu ror I _____1.06F-04d S4iFSi 5.20F-uI i 5lE-Si 9.9iF-01 9.82E-SI
sipee (Ar-emb I 1 .FS 764.0 . 24~ *~l 9.9SF-SI -9SF-SOI

ebooeomag I ~~~~~~~~~~~~~~~~~~2 E-OR 2.9SF-O iNOrE+ 4 SSEoS Sh0E-Si I NWEoNX I NXEoN0
ele-ca PS I2 OOF-OR 2.NOE-OR 3 OROi-Si 2 406.01 49SOF-Si I OOLu00 N0EON
ilr I 1.9S-Si E E.+FSi INoS a.SSESi 4.0SO0 IN ORX 9.9SF- I

Chburin _____ ___ .4FS 7 146u0d 406E51 I b.24E-SO 9.9SF-SI 9.9SF-SI
Q-udpoe Ambl I 1.4SF-Si 7.14FuSO4 0056.1 h.24E-04 9.9E-0 9.9SF-SI
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elecles-aIPS ~ ~ ~~~~~~~I S-OR 2 ORE-OR1 SOREoi 2.OSEuSI 4.O 08FS NEoNI I OO~EO0
I IW OR-S I NDE-Si IONEuSS 4SOoSI 40.9F-O4 OOErOR( 9SF-SI

f~~~~batfll ~~~~~~~~31 0E S-S 23556u0d 4 46Eo01 I 57E-Si 9.9SF-SI 9.SiF-SI
treaau~~~~~~~~ube or w r 2~~~~~~~~~~~5SFS 2.0O 05 40IEuSO OOEuSI 15SF0-Si 9~91E M~WI

aMTrTER -ncdiegepurre rrme- MTTS f-u MTTR/MT1SF
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(b) RAM Analysis Results for Case-B (Five Tanks, Some Spare Parts for Each Tank)
Table 3 shows DTL results for Case-B. Results for systems other than the DTL (Injector,

RFQ, HEBT and RF System) are the same as those in Case-A. Because of the increased number of
working Drive loops (16 in Case-A -8 in Case-B) and on pumps (6->20), the availability of the
DTL was slightly decreased from that in Case-A. A summary of Case-B is shown in Fig. 2. The
availability of the Accelerator Module is 87.2%, still slightly lower than the required value of 88%.

Table 3 RAM Results of Case-B.
__________ __________ __________ __________ __________ N b-4 ,1P o F duIo. 4 (lIh) MTBF 1M0IX Swsdy -s M isi..

ml ___________________ 2 h6E 0 I.43E+03 1.42Eo02 I.OSE0 0E-01 9.260
DTljfoTk I2 42E 04 895E+03 8.50E,01 9.49E03 9 91 0-SI 9.93E-01

C- hY I 2.00E-07 2.OOE-07 5.00,06 4 3E.03 8 76E-04 9 990 I.LOOESO
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17i~~~oooos~~~~co 0 _______ I~~~~~~1 4.t7E.05 3 0 4 60004103 2.40E,01 4.OOE-03 9.416E-01 9.980001

DT&Qnooi. I .000-06 2.170-04 4.610,03 2 230o01 I 570-02 9.SSE-Ol 9.64E-0I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~21E- 461E03 723.1 7E0

JDO I 00E-06 .OOE-06 IOl3E.06 7 20E.01 7 20E-05 I.00Eo0 I.OOEyOO
DTchs sol o WImlorssooloo97 0 4 750 I E 0 v41 7 20EvOI 6 98E-03 9.93E-01 9.94E-01
Qood onog-o I I 0-.000 0-06 :.I .0 2.20E,01 7 20E-O5 I OOE0o00 I .OSE+00

____________ ~ ~ ~~Q.d homn ooso/.s oml-bl 120 0 I.20E-04 8.33E.03 7 2E-0 I 8.64E037 9 1E-01 9.80E-0I

(c) RAM Analy~~~~Misisntm Resuts lor ae-C (Five Tnkseo mnrprgarsSaedb l

DTL results for Cas~~~Ie-Co Beaseo Qti chneDaalbl ofDLwsicesdbHfo hti
Case-B, while the total 79 nubrs oTf repair parts was ign5icntl decrase 2 5268 fohvelos
5-~~l Ion pumps).-rR A 2summary of Case-C3i hownR in4Fi.4 3. The avalabilit ofteAceeao
Module is now 89.2%,R which0 i hihe than1 the require vau of 88.9 Teefrth9T
configuration and ~~~ repai statg of Cse- is= recommended.8
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Table 4 RAM Results of Case-C.
_______________________________________________ NumberoiPair Nflu-,Ratellfe) MTBi MTrR ISiety-i Mission

S stem Subs stem Assembi Wt~~~~~~,~i. Spar ii TF ifo MTTR' lbti taci-i Availbilit Reliabiit
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Dtis loop I 2 5 000-05 9.04E-04 3 33E.03 l.44Eo0 4 32 9 59E0 9.99-01
Ion pump 20 I 2.50E-05 5.OOE-04 4.000+03 2 40E:(01 6013E0-O02 994E-01I 9.97E-01
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DO I I~~~~~~~~~~~~~~~~ 000O , 1m-G I OOEo06 7 20E.0 7 2bE-05 l.OOEoOO 1.100,00
W~bsnllIur -oelhe9k 9 70-05 1 030.04 7 200.01 b8E-03 9.93E-01 9.84E01l

Osad mapuiel I I ~~~~~~~~~~~00b I WE70 O OE0.06 7 20E+01 7 20E-05 LOilll00 I 000+00
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3.4.9 D183A-EU : Safety Analysis and Assessment

(1) Brief Task Description
This task concerns the review of the hazard analysis for the accelerator and test cell facilities

in te light of the rational design version, adopting the FMEA (Failure Modes and Effects Analysis)
methodology, oriented towards detailing on a component-by-component basis all the possible failure
modes and identifying their effects on the plant.

Furthermore, for some major accidents, potentially leading to the damage of the plant or/and
cause hazard to the environment and the public, a probabilistic internal events analysis is performed,
adopting the event tree technique, aimed at assessing the plant risk in terms of accident frequencies
quantification.

Contributor
Name IParty Institute IE-mail address

L. Burgazzi EU ENEA burgazzi &bologna.enea.it

(2) Hazard Analysis Review
Safety analysis review for the test cell and accelerator facilities has been performred applying

the FMEA (Failure Modes and Effects Analysis) approach in order to identify the potential failures
inducing an accident in the plant or simply a stop in the operating phase, with reference to the updated
plant: the outcome of the present analysis is the identification of relevant hazards and the identification
of major initiating events of accident sequences. FMEA is a bottom-up technique oriented towards
detailing, on a component-by-component basis, all possible failure modes, identifying their effects on
the plant and relative mitigating features and ranking the accidents according to their severity and
frequency.

The present safety review reveals that, in the light of plant modifications submitted in the new
rational design version, test facilities operation does not challenge the plant safety and off-site
consequences can be excluded.[lJ The foregoing detailed safety analysis pointed out as major event
loss of vacuum in the test cell due to either malfunction of the test cell vacuum pumping system or
loss of leaktightness of the test cell itself: since the backwall rupture and lithium spill in the test cell is
not completely negligible, the provision for vacuum condition in the test cell greatly reduces the
relative hazard should such an event occur.
The study underlined also the hazard associated with the release of potentially contaminated gas to
cells surrounding the test cell, that is access cell, test cell technology room and operating areas,
resulting thus in a radioactivity increase. Lastly the hazards related to events concerning the VTAs
(Vertical Test Assemblies) systems, involving both gas release to the test cell atmosphere and loss of
test assemblies thermal control, are negligible.

The hazards related to the accelerator are confined within the IFMIF security boundaries and
the main findings stress what was found in the previous CDA phase: although great care must be
exercised to protect workers and site personnel, there is negligible risk to the public from operating the
accelerator. [2]

The most severe hazard indicated by the analysis is the production of a radiation field in the
accelerator tunnel, which calls for a restricted and controlled access to accelerator areas. There are
actually two different levels of contributors to this hazard: the former concerns the continuous beam
spill in normal operation, the latter relates the radiation source due to loss-of-beamn accidents.

A continuous beam spill, present at some level during all hours of normal beam operation,
produces an ambient radiation field which is likely to be the dominant contributor to the dose rate that
personnel working in the tunnel will receive. In addition it will activate all nearby accelerator
components, as well as the concrete tunnel structure itself. Thus, in order for personnel to enter the
accelerator tunnel as soon as possible after beam-off for inspection and maintenance, it is important to
understand the level of activation and the decay characteristics as function of spill level, energy and
irradiation time.
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Conversely the most severe beam-loss accident is identified as the total loss of the extracted
beam: initiators considered are typically the accidental closures of beam intercepting devices (vacuum
valves for example), or failure of a beam-line magnet and beam extraction system. The failures of the
beam devices are conservatively considered as instantaneous, resulting in a sudden source of radiation
(in reality losses distributed in time and space are more likely to occur) thus presenting the most
severe restraints with respect to the access to the contaminated area.

In addition the foregoing detailed safety analysis pointed out as major events loss of vacuum
in the beam line which in turn resuls in beam loss accident and the release of non-ionizing radiation,
Ie. radiofrequency waves, from the radiofrequency system, challenging again the safe access of
personnel to the accelerator.

Monitoring, control and protection systems act as most relevant lines of defense to face the off
normal events, while personnel protection from radiation hazards relies on passive shielding and
restricted and controlled access to accelerator areas,

Preliminary estimates of the probabilities of occurrence of initiating events are made, where
possible, on account of the available published failure data or alternatively on the basis of
subjective/engineering assessment. Conservative assumptions are made to compensate for the
simplified method of analysis and to account for the uncertainties associated with some of the
parameters. The analysis has provided as a result a set of Postulated Initiating Events (PIEs), together
with the total frequency and the list of component failures which could induce the PIE (a set of
elementary accident initiators is grouped under a PIE taking into account the similarity of accident
development in terms of mitigating features and possible consequences): this assures the complete list
of major initiating events of accident sequences, helpful to the further accident sequence quantification
phase. The events are classified by event likelihood of occurrence, according to Table 1. The overall
set of PIEs identified by the FMEA are reported in Tables 2 and 3, respectively for the test cell
facilities and the accelerator. [], [21

Table 1 Event sequences categorization.
EVENT EVENT EVENT

CATEGORY DESCRIPTION FREQUENCY
I Operational Events More than one per year

i1 Likely Events I1-/

III Unlikely Events I 0-_ I 0-41y

IV Extremely Unlikely Events 104_1-6/y

V Hypothetical Sequences Less than I 6/y

Table 2 Test Cell list of identified Postulated Initiating Events.

PIE code PIE Description Categyorv
CLR Release of contaminated gas in cells other than test cell (access

_________________cell, test cell technology room and operating areas)

LF-CS Loss of flow in the test cell liner and heat shield Cooling System 11
LV-TC Loss of vacuum in the Test Cell III
N/S Not Safety relevant initiator I

Table 3 Accelerator list of identified Postulated Initiating Events.

PIE code PIE Description Category
BL- Loss of beam II
LV-13 Loss of vacuum in the beam line II
RIF Release of radio frequency waves from radio frequency transport tubes III

N/S Not Safety relavant initiator INA
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(3) Plant Safety Assessment
An activity aimed at the safety assessment of the IFMIF plant has been carried out applying

the PRA (Probabilistic Risk Assessment) approach: this work has been finalized to the identification
and quantification, in terms of frequencies of occurrence, of the dominant accident sequences
occurring during normal operation and potentially leading to damage of the IFMIF plant and, as
extreme consequence, harming the environment and the public.

The adopted methodology and calculation tool have been respectively the Fault Tree (FT) and
Event Tree (ET) technique, widely utilized in the PRA studies, and RISK SPECTRUM code, a PC
software package for system risk and reliability analysis. [3]

Synthetically, the methodology embraced for the analysis consists of the following major
tasks:
a. Identification of initiating events or initiating event groups of accident sequences; each initiator is

defined by a frequency of occurrence;
b. Systems analysis: identification of functions to be performed in responding to each initiating

events to successfully prevent plant damage or to mitigate the consequences and identification of
the correspondent plant systems that perform these functions (termed front-line systems): for each
system the probability of failure is assessed, by fault tree model;

c. Accident sequences development by constructing event trees for each initiating event or initiating
event groups, to assess the frequencies of all relevant accident sequences and eventual grouping of
the accident sequences into sequence families or Plant Damage States, basing on consequences
and similarity of accident evolution and plant response.

a. The initiating events considered in this study are limited to intemnal initiators - neither extemnal
events, such as earthquakes and floods, nor area events, such as fires or intemnally caused floods, are
taken into account - that are assumed to occur during the normnal operation of IFMIF plant. The
initiating events of the accident sequences have been identified based on the outcome of the safety
analysis review of Target, Test Cell and Accelerator Facilities, performed by applying the Failure
Modes and Effects Analysis (FMEA) methodology. A preliminary analysis of the PEs allows to
disregard any of them for the consequent evaluation, i.e. those actually not triggering an accident
sequence or being involved by other ones or simply representing themselves a plant hazardous state:
this preliminary screening process highlights as relevant initiating events the ones relative to the
failures involving the target system, which is designed to assure the required functions (chiefly the
cooling of the target assembly), as shown in Table 4.

Table 4 List of Postulated Initiating Events of accident sequences.

PIE code PIE Description Category

LF Loss of flow in the Target Li loop II

LFCT Loss of flow in the Cold Trap cooling loop I

LH Loss of heat sink I

Li-LOCA Lithium LOCA II

LP Loss of Li purification II

LSI Lithium spill in the Test Cell III

LTRI Li-Or Cooler tube rupture III

Or-LOCA Organic LOCA III

W-LOCA Water LOCA III

Ar-LOCA Argon LOCA III

b. The most relevant safety systems or front-line systems having the function of stopping the
accident sequence evolution and mitigating the consequences are the Emergency Beam Shutdown
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System, the Beam Isolation System for the beam-target interface, the Heating Ventilation and Air
Conditioning (HVAC) and Vacuum Systems for lithium fire prevention, respectively for the lithium
cell and for the test cell.
At this stage of the design, some of the mitigative and preventive features are developed, mostly
qualitatively: this remark applies significantly to the Emergency Beam Shut-Down and to the Beam
Isolation System. Because a highly reliable Emergency Beam Shut-Down is envisaged, the probability
of failure to shut-down the beam is assigned the value 1LOE-4/d (d: demand); similarly the Beam
Isolation System, consisting of a set of fast acting valves placed downstream the final dispersion
energy cavities in the HEBT of the accelerator, is assigned the reliability value 1LOE-3/d. It has to be
underlined that the uninterruptable power supply (e.g. backup batteries) is provided for the protection
system (e.g. emergency beam shut-down and target/beam isolation), improving thus their availability.
The same approach concerns other important safety features, as operator recovery actions, Li Cell
isolation and Test Cell integrity, appointed to withstand the accident evolution, which are evaluated
through engineering judgement.
Conversely, FT models are constructed for the front-line systems, including the Exhaust Gas
Detritiation System, and for the Electrical Power Distribution System, as main support system, in
order to assess the respective unavailability, as listed below:

* Li Cell HVAC
* Test Cell Vacuum
* Exhaust Detritiation System for Tritiated Air
* Exhaust Detritiation System for Tritiated Argon Gas
* Electrical Power Distribution System

The evaluated failure probability values relative to the foregoing systems are reported in Table 5: for
completeness, also the failure probabilities relative to the remainder of the safety systems are reported.

Table 5 Unavailability values for safety systems.

System Failure probability
Electrical Power Distribution System 7.88E-4
HVAC for Li Cell I1.29E-3
Test Cell Vacuum I1.06E-2
EDS Argon 1.9E-2
EDS Air 2.57E-2
Emergency Beam Shutdown I .OE-4
Beam Isolation System I .OE-3
Human Action 1LOE-3
Li Cell Isolation 2.7E-4
Test Cell Integrity 1 .OE-3

c. The accident sequence scenarios have been modeled through the event tree technique which
allows to identify all the different chains of accident sequences deriving from the selection of the
initiating events. Event tree development implies each sequence represents a certain combination of
events, corresponding to failed or operating safety systems.
ET analysis, besides developing all the accident sequences coming from an initiator, allows the
grouping of such sequences within sequence families or plant status. The grouping is based on
common attributes in terms of consequences on the plant and plant response to the accident.
The methodology followed for the assessment of the accident sequences is summarized in the
following steps:
- For each PIE an ET is developed to identify the possible important accident scenarios from a

safety point of view (mitigative features and safety protections are investigated): this allows to
delineate the accident sequences.

- Each ET branch (sequence) induces a plant status in faulted conditions. The plant status could be
safety relevant or not safety relevant, on account of the consequences on the plant.
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Generally, for each ET few safety relevant plant status are identified: going on with the ET
development a classification of plant status (sequence family), termed also Plant Damage
State(PDS), is performed. Each PDS is classified according to the accident evolution and the
consequences.

At the end of the ET analysis, to each PDS a frequency of occurrence is assigned by adding the
frequencies of all the single sequences as contributors. The ETs, starting from the initiators, branch
down following success or failure of the mitigating features or front-line systems that match the ET
headings, providing therefore a set of alternative consequences.
The outcome of the sequence is classified OK if the final status of the plant is no damage due to a
sufficient number of safety systems correctly operated, while accident sequences implying a damaged
plant state are classified in PDS and an identifier is given to each sequence family.

The accident sequences are categorized into two broad families: the formner concerns the
LOCA (Loss of Coolant Accident) events, the latter is pertaining to the LOFA (Loss of Flow
Accident) events. During the analysis, as far as one of the consequences is the loss of heat removal
from the target, it is worth noting that one of the safety attributes of the target is the very low decay
heat, that decreases very rapidly with time so that it can be neglected, therefore not requiring a residual
heat removal system. In addition, all of the coolant loops are at low pressure and at low temperature:
these conditions result in a low stored energy in the coolants and ultimately in lower consequences in
case of break in the primary coolant system. For instance loss of primary coolant inventory due to
coolant flashing will not occur and the confinement system is not subjected to any significant pressure
increase of a large pipe break.

As stated before, the results of ET analysis, in terms of end sequences probability and
qualitative consequences, allow for the definition of the most important sequences within each single
ET: these important sequences being classified in PDS.
The event trees are grouped into nine PDSs with common attributes with the respective frequencies.
From the quantification point of view, the probability of each PDS is assigned to the sum of its
contributors and the worst sequence in the group should be selected as representative sequence for the
consequences estimation, generally the one with the highest frequency. This procedure is also
considered to be conservative.

The results by sequences appear within each ET picture in Figs. 1-10, while the results by PDS are
summarized in Table 6 by total frequencies.

Table 6 Accident sequences frequencies.
PDS Description Freq. (1/y)
Code

PDS 1 Target overheating 3.3E- 12

PDS2 Li fire in the Li cell 1 .29E-5

PDS3 Li fire in the Li cell without isolation 3.49E-9

PDS4 Li fire in the Li cell and Target overheating 1.29E-1 5

PDS5 Li fire in the Li cell without isolation and Target overheating 3.49E-19

PDS6 Radioactive impurity accumulation 2AlE-12

PDS7 Li intrusion in the beam line 1LOE-9

PDS8 Li fire in the test cell 1 .06E-5
PDS9 Li fire in the test cell without test cell integrity 1 .06E-8

- 504 -



JAERI-Tech 2003-005

LI LOCA E _T -SOL SI ME. a~~~~~~~eqn Feq. on Sequence chain

T _ 2 ID~~~~~~~~~~OE-06OK ERS~.

-- 4 400-12 P1 S1.4OC

I 124E.1 0C5 2 -4iC-E

10 3440-10 ~3 -C901 S-000LVSW 0

Il 1240-IS s4 IAOESOSA*

- 12 344019 PDG 14ACcEsB&-4A02-OLSIE04i

Fig. 1 Lithium LOCA Event Tree.
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Fig. 3 Water LOCA Event Tree.
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Fig. 5 Lithium spill in the Test Cell Event Tree.
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Fig. 6 Li-organic cooler tube rupture Event Tree.
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Fig. 7 Loss of flow in the Li loop Event Tree.
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Fig. 9 Loss of flow in the Cold Trap cooling loop Event Tree.
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Fig. 10 Loss of Lithium purification Event Tree.

The uncertainty analysis, provided in order to add credibility to the model and to "legitimize" the
obtained frequency values, gives the results reported in Table 7. The uncertainty analysis shows a
large variability in the results, mainly due to the high uncertainties in the systems reliability
assessment (values used to quantify the ET model have to be considered affected by a certain degree
of uncertainty): notwithstanding this, even if the highest frequency, on the range of the obtained values,
is considered, such value is not so far from the expected one (i.e. mean value) to represent a safety
concern for the plant and therefore one can conclude that the sequences are correctly evaluated on the
probabilistic standpoint.
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Table 7 Event Trees uncertainty analysis.
PDS Code_ 5th percentile Median 95th percentile

PDSI 9.14E-16 6.71 E- 14 7.19E-12
PDS2 2.48E-8 1.07E-6 4.58E-5
PDS3 1.12E-12 9.22E- I 7.48E-9
PDS4 2.49E-20 4.85E-18 1.28E-15
PDS5 2.45E-24 6.32E-22 1.77E-19
PDS6 3.25 E- 16 2.65E-14 3.36E-12
PDS7 l.98E-13 l.36E-11I 1.37E-9
PDS8 2.5E-8 9.77E-7 3.89E-5
PDS9 5.43E-12 3.62E-10 2.29E-8

(4) Conclusions
Hazard analysis, performed applying the FMEA (Failure Modes and Effects Analysis)

approach, showed that Test Cell and Accelerator Facilities don't present significant potential hazards
and the risk during IFMIF operation with respect to the public and the environment is negligible.

A probabilistic safety assessment based on event tree technique has been performed to
evaluate the safety of the IFMIF plant: the analysis was oriented towards identifying and quantifying,
in terms of expected frequency, the accident sequences that could occur to the plant facilities and
could lead to IFMIF damage and environmental hazard, as extreme consequence.
The study has allowed for the development of all accident sequences resulting from selected initiators
relative to IFMIF plant and their grouping within sequence families, denoted as plant damage states,
on account of the plant response and accident evolution. The frequency assigned to each family
sequence is the sum of the contributions relative to all sequences ending into that particular plant
state.

The outcome of the analysis shows that IFMIF plant is quite safe and presents no significant
hazard to the environment: in fact all the sequences implying potential undesired effects as release to
the outside, show very low frequencies, well below the limit for credible accident (.OE-6) and they
don't need to be further analyzed.

Conversely the study has pointed out some sequences involving the Li fire in the test cell as
well as in the lithium cell, however without any outside releases, to be categorized within the
extremely unlikely sequences class.

Finally the analysis highlighted also another relevant safety concern relative to the failure of
the EDSs, required to process the tritiated gases: this accident implies the possible release of tritium to
the outside through the Nuclear HVAC, due to the ineffectiveness of properly treating the gases (e.g.
compressor failure) or area contamination by tritium due to component leakage. The occurrence of the
accident could be avoided by appropriate design modifications (e.g. the introduction of redundant
components, as compressors, or an emergency storage tank, kept under vacuum to collect effluents in
case of an outage of the EDS), in order to improve the relative reliability.
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3.4.10 D183B-JA : Safety Assessment for Two-stage IFMIF

(1) Brief Task Description
There are two main issues for IFMIF safety. One is radiation including generation of

radioactive nuclides, sucb as tritium (H) and beryllium-7 (7Be), and activated materials. The greatest
concern is H and treatment facilities for solid, liquid and gaseous radioactive wastes that include H
have been designed. Another issue is liquid lithium (Li) as it is combustible in air and reactive with
water. The liquid Li in IFMIF also contains H, Be, and other radioactive materials. Measures to
prevent Li leaks and suppress Li fires have been designed.

Safety assessment of the IFMIF facility was carried out in the CDA using Failure Modes and
Effects Analysis (FMEA). The CDA analysis concluded that safe construction and operation of IFMIF
without significant environmental impact was possible at reasonable cost and using proven technology.
However, IFMIF safety conditions were changed with design for the reduced cost, staged construction
lFMIF. Therefore the safety assessment was repeated for the first and second stages of IFMIF.

The result is that the changes to staged construction and cost reduction would not reduce
IFMIF safety. The important expected failures can be easily enough detected and treated that they will
not spread nor lead to severe effects.
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(2) IFMIF Features That Relate to Safety
IFMIF is an accelerator based intense neutron source that provides a large volume for

irradiation of fusion materials, and the capability to examine the irradiated specimens in its Post
Irradiation Examination (PIE) facility. For these purposes, the subsystems (Accelerator system, Target
system, Test facilities and conventional facilities) have features as follows;

(a) Accelerator System
In the Accelerator system, continuous wave (CW) deuteron (Dl) beams with combined total

current of 250 mA are accelerated to an energy of 40 MeV. The feature of high-energy large-current
D' beams that requires safety consideration is generation of radiation, radioactive nuclides, and
activated materials. A small fraction of the D' beams collides with the accelerator components, and
generate neutrons and gamma rays, especially at the high-energy end of the beam lines. Deuterium
(2H) and H generated in the Li target are absorbed on inner surfaces of the components of the beam
lines. Quantities of these radioactive nuclides and activation affect working conditions during beam
tuning and maintenance. The atmosphere in the accelerator hall is activated by the neutrons and must
be treated through the detritiation system. While electromagnetic field may affect worker health, its
influence is far less than the effect of radiation and radioactive materials.

(b) Target System
In the Target system, a large amount (about 9 n3 ) of liquid Li is circulated. Water and air must

be excluded from the Li loop and the Test Cell, since Li is reactive with water and Li will burn
spontaneously in air. Furthermore, the liquid Li contains radioactive nuclides such as H and Be
produced continuously by the D-Li reaction. The production rates are 7 /y for H and 1.5 g/y for Be.
While most of these nuclides are trapped in yttrium. hot traps (for H) and cold traps (for 7Be, 0, C),
the release of the nuclides to the environment is a safety consideration in the event of Li leakage or Li
fire.

- 508 -



JAERI-Tech 2003-005

(c) Test Facilities Including Remote Handling
Tests on irradiated specimens and the tritium release test module (TRTM) are carried out in

the Test facilities. Remote handling techniques are used to keep workers from the irradiated specimens,
target back-wall examination, and other work on irradiated materials. Measurement of H release from
the TRTM is a normal event operation of the Tritium Laboratory. Liquid and solid radioactive wastes
are also produced in the Tritium laboratory and PIE facilities. While substances in and from the PIE
facilities may also present chemical hazards and should be carefully treated, chemical treatment of
them is not considered to be as difficult as accommodation of the hazards of radiation and radioactive
materials.

(d) Conventional Facilities
In the Conventional facilities, argon (Ar) gas and air containing H are confined to appropriate

regions with differential pressure controls. Treatment of these radioactive gaseous wastes is
continuous in normal operation, and as needed during maintenance. Treatment systems for liquid and
solid radioactive wastes do not required continuous operation. Radiation shielding is achieved
passively by the shielding structure of buildings. Worker access to regions with high dose rate is
controlled by hardware and the working time in radiation zones is controlled administratively.

(3) Assessment method
For the reduced cost, staged construction IFMIF [1], safety was reviewed using the same

methods of Failure Modes and Effects Analysis (FMEA) as used in the CDA. [2] This qualitative
assessment is suitable for IFMIF as a new type of facility, for which quantitative data do not exist. In
this method, failures in IFMIF were identified and classified from the viewpoints as follows;

* Ease of detection;
A: Easy (Immediately detected and alarmned),
B: Limited (Detected with delay or needs observation),
C: Difficult (No detection available),

* Frequency of occurrence
A: Operational events (> I per year),
B: Likely events (I to 0.01 per year),
C: Unlikely events (0.01 to 0.0001 per year),
D: Extremely unlikely events (< 0.0001I per year), and

* Risk potential
I: Normal (Operational caution required),
Ii: Danger (Limited function),
III: Minor hazard (Immediate halt and repair),
IV:Maj.or hazard (Accident, damage of facility),
V: Extreme (Possible environmental effects)

Human errors were not assessed in the FIEA. Those are to be assessed using Fault Tree Analysis
(FTA) methods. Any failure mode caused by a natural disaster such as flood or earthquake was not
assessed, since no specific site for IMIF has yet been identified.

This assessment provides an overview of potential IFMIF failure modes, identifies severe
failures, and points out measures to prevent them as follows;

(4) Accelerator Safety
(a) Impact of Staged Construction and Cost Reduction

The change of staged construction from three to two stages does not produce a change in the
result of the qualitative FMEA analysis. While reducing the number of DTL modules and changing the
energies at the RFQ and the DTL brought cost reductions, these changes did not impact the safety as
evaluated by the FMEA analysis. Removal of the Energy Dispersion Cavity (EDC), the buncher
cavities and the related RF power sources and R transport did not affect the safety, since there is
adequate temperature margin to avoid Li boiling at the point of maximum energy deposition. (With
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removal of EDC, standard deviation of D' energy 0.5 MeV decreases to about 0.2 MeV and the peak
energy deposition is estimated to increase to about 1 .5 times of that with the EDC operating. This
sharp peak raises the temperature of Li, for example to about 7300C in case of a flow velocity of
10 m/s. However, the boiling point of Li is 9880C and provides enough margin[3]) Removal of the
circulator and the dummy load did not affect safety, since another protection scheme for the reflected
RF power is provided.

(b) Overview of Failures
There are no failure modes with difficult detection (Grade C), since there are many monitors

for vacuum, RF power, beam position, and temperatures in the Accelerator system and most of these
are rapid function systems. There are many failure modes, especially failures of beam control, with
frequent occurrence (Grade A) in the Accelerator system (and fewer of these in the Target and Test
facilities). These failures will reduce the availability of the Accelerator system, and thus of IFMIF.
However, most of these do not lead to severe accidents. Furthermore, most of them can be recovered
within short times and without requiring any repair operations. There is considerable experience with
these events in existing accelerators.

(c) Important Failure
There is only one likely event (Grade B) leading to a major hazard (Grade IV) identified for

IFMIF. This is failure of an RF window caused by thermal stress or metallic coating deposition.
However, this failure grows slowly enough to be detected and the system shut down before complete
vacuumn loss. Therefore, this failure would not lead to any severe hazard. Furthermnore, this failure can
be avoided with preventive maintenance. A test on an RF window during EVEDA is planned and will
provide guidelines on the maintenance needed to avoid failures.

(5) Target safety
(a) Impact of Staged Construction and Cost Reduction

Staged construction does not result in any changes for the Target system, which must be
constructed in the first stage. The number of target assemblies was reduced from two in the CDA to
one in the current design. The spare sets of cold traps, hot traps for N removal (using Ti or V-lO%Ti
getter) and hot traps for H isotopes (using Y getter) were removed from the facility. Furthermore, the
Li loop layout of components and piping was revised. Consequently, the Li inventory was reduced
from 21m3 to 9m'. While this reduction of components and Li inventory may reduce probability and
scale of failures, they did not change the safety as determined by the qualitative FMEA analysis.

(b) Overview of Failures
There is no failure mode with difficult detection (Grade C). Detection equipment examined,

developed and tested in KEP through EVEDA would produce easy or quick failure detection. For
example, swelling of the target back-wall will be detected by a laser distortion monitor. There are two
failure modes with frequent occurrence (Grade A); excessive Li evaporation and poor vacuum in the
Target system. However, these can be easily detected by monitoring pressure and in any case, would
not lead to severe hazards.

(c) Important Failures
The most important failure in the Target system is back-wall rupture. However, this failure

would be quickly detected by a Li leak detector. Propagation of hazards due to a Li leak is mitigated
by the confinement system vacuum of 0.1 Pa and steel liner in the Test Cell. Lithium fires in the Li
Loop Area are prevented by gutters to catch spills under Li piping and by the argon atmosphere. Any
Li splash into the Accelerator system is prohibited by fast-acting gate valves between the two systems.
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(6) Test Facilities Safety
(a) Impact of Staged Construction and Cost Reduction

All PIE facilities will be constructed in the first stage. This does not change the safety
conditions, since safety systems for the irradiation and PIE facilities are designed to work
independently. Removal of the planned NaK cooling for VTA-l from the CDA design eliminates
concern for a NaK leak, which was one of most severe hazards in the Test facilities. The number of
Test Cells and Test Cell Technology Rooms were both reduced from two to one. While this change
may slightly reduce availability of irradiation testing, design to optimize the room arrangement, such
as combining the Access Cell and the Service Cell, would compensate for any loss of availability.
These changes would improve the safety.

(b) Overview of Failures
There is no failure mode with difficult detection (Grade C). The most frequent (Grade A)

failures are liquid spills and 3H release in the Access Cell and the Tritium laboratory. However, these
failures are easily detected and the rooms can be easily cleaned. Most components serving the Test
facility (except those circulating Li, He and NaK) are not in use during irradiation operation.
Therefore, most failures do not lead to severe hazards.
(c) Important Failure

The only major hazard (Grade IV) identified was a Li spill in the Test Cell due to a back-wall
rupture in the Target system. However, effects of this failure are mitigated by the vacuum condition
and the cell structure as mentioned above.

(7) Summary
The change to staged construction and cost reduction do not reduce IFMIF safety. Reducing

component numbers and quantities, simplification of equipment and optimization of arrangement are
all expected to improve the IFMIF safety. The most important failures (failure of an RF window and a
back-wall rupture) are easily detected, do not propagate failures in other systems, and do not lead to
severe effects. Detection methods to be developed and optimizations to be performed during EVEDA
are expected to further improve IFMIF safety.
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3.4.11 D185-EU : Safety Analysis and Assessment - Occupational Radiation Exposure -

(1) Brief Task Description
The IFMIF conceptual design documented in the CDA report and CDA reduced cost report

were reviewed and were found to contain a significant level of radiation protection discussion and
related measures. Such measures include shielding, radiation zoning and access control. Collective
worker doses assessed have the potential to be relatively high.
Several key issues have been identified and discussed with the aim of finding possible solutions or
suggesting the direction for issue resolution:
- selection of materials, for the potentially most-activated components;
- the isotopic separation of6 Li for the target fluid;
- the corrosion rate for austenitic steel and liquid lithium;
- the placement of lithium on the outside of the heat exchanger tubes, rather than inside the tubes;
- tritium concentrations in the accelerator hall;
- radiation protection requirement for the lithium equipment rooms and argon atmosphere in these

rooms;
- exhaust gas processing system.
International radiation protection practices have been discussed as well as the ALARA (as low as
reasonable achievable) requirements. At an estimated facility dose of 1800 p-mSv/a, IFMIF is clearly
above current operating experience,

The results of this study [1] serve to send the project a strong message - worker radiation
exposure protection will be a tough challenge for the designers.

Contributors
Name Party Institute E-mail address

T. Pinna EU ENEA ~~~~~~_pinna~frascati.enea.it
A. Natalizio EU ENSAC for ENEA tony.natalizio sympatico.ca

(2) Introduction
This task addressed the issues associated with worker radiation exposure of the Intemnational

Fusion Materials Irradiation Facility (IFMIF) and is based on the design concept documented in the
CDA report [2] and CDA reduced cost report [3]. The objectives of this study were:
- to review the CDA design from a worker dose perspective,
- to identify key radiation protection issues and to suggest possible design improvements, with

respect to such issues, as appropriate,
- to review international radiation protection practices, with the aim of providing suitable

benchmarks for individual and collective doses,
- to discuss the application of the ALARA requirement at this stage of the design activity, and
- to develop some worker radiation protection guidelines to assist the designers in the future

development of the design.

(3) Identification of Radiation Hazardous Activities
There are two basic ways in which workers can be exposed to radiation in the IFMIF facility.

The first is through carefully planned activities, such as routine inspections of the facility, interactions
necessitated by the test program and routine maintenance. The second is through unplanned
situations, or incidents, which are expected to occur infrequently during the life of the facility.
Although the latter has the potential for overexposing workers, while the situation persists, unplanned
exposures do not contribute significantly to the lifetime facility dose [4]. Accordingly, in this
preliminary evaluation, the focus will be on planned events.
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(a) Routine Inspections
Routine inspections nclude activities such as leak-testing of the vacuum boundary,

recalibration of sensitive instruments and safety tests.

(b) Test Program Interactions
The preparation of samples, their insertion and removal from the test cell and post-irradiation

examinations and testing is the key program activity. Although the insertion and removal of test
assemblies, from the test cell, will be performed with the aid of remote handling equipment, the
activity will not be free of worker radiation exposure.

(c) Routine Maintenance
Routine maintenance covers all of the activities needed to maintain the IFMIF facility in

proper working order. It covers planned maintenance work (preventative maintenance) and work
needed to repair failed equipment.

(4) Potential Radiation Hazards
(a) Accelerator
a) Prompt Radiation

Prompt radiation refers to the deuteron beam and any high-energy particles and y-rays emitted
from potential interactions between the beam and beam tube, and between the beam and the target.
This is referred to as prompt radiation because it disappears when the beam is turned off.

The primary means for mitigating the effects of prompt radiation are Shielding and Access-
control during accelerator operation

b) Residual Radiation
Deuteron beam interactions with the beam tube and target can generate radiation that will not

disappear when the beam is tumned off. This is referred to as residual radiation and arises from
neutron and deuteron activation of the accelerator components, including the target assembly. Some
neutron-activation of accelerator cooling water and the air inside the accelerator hall will also occur.

c) Cooling Water Activation
A cooling water system, or systems, is required to cool the RFQ (Radio Frequency

Quadrupole) accelerator, the Drift Tube Linear (DTL) accelerator, beam dumps, and possibly other
devices exposed to neutron activation.

The primary water activation products in the cooling water system will be tritium and short-
lived radionuclides such as 'sO, '3N and 11C which do not pose a long-term hazard as their half-lives
are 20 minutes or shorter. The component cooling water (or service water) system, however, will
also contain neutron sputtering products from the structural material exposed to the beam or* neutron
flux.

d) Cryogenic Coolant Activation
Impurities in the cryogenic gases may become activated, when they are exposed to the neutron

flux. Another consideration is neutron-induced sputtering inside the cooling tubes, if they are exposed
to significant neutron fluxes.

e) Air Activation inside Accelerator Hall
Neutron-activation of the air produces tritium. While it is not expected that the T production

rate would exceed the Derived Emission Limit (as HTO DEL 2x I O5 TBq/a), there is the potential to
raise an ALARA concemn. Accordingly, T production rate should be calculated.

- 513 -



JAERI-Tech 2003-005

(b) Lithium Target
a) Lithium Reactions

The dominant reactions in the lithium target are expected to be the following:
'Li + d y + 9Be 16.7 MeV] [a]
7 Li +d = n +2t15.1 MeV] [b]
7Li + d = n +' 8Be [15.0 MeV] IC]
7Li + d =CC + 5He [14.2 MeV] [d]
6Li + d = n + 7Be [3.38 MeV] [e]
6 Li +n ='He +3 H[I?MeV] Ifi

Of the reaction products, Be is stable, Be is very short-lived, He is very short-lived, Be is a gamma
emitter with a half-life of 53.37 days, 4He is stable and H is a beta emitter with a half-life of 12.3
years. Therefore, the hazardous reaction products appear to be Be and H. These nuclides are
produced only b y 6Li (reactions [e] & [fl) and, therefore, could be eliminated by eliminating Li from
the lithium target (i.e., enriching the lithium target from 92.6 to 100% 7Li). Furthermore, the neutron
produced in reaction [e] is a low-energy neutron and is not important to the IFMIF mission.
Therefore, if reactions [e] and f] where eliminated by using only Li as the target material, the
relevant neutron flux would not be significantly affected.

b) Back-Plate Sputtering
The materials under current consideration by the project are ferritic steel and vanadium. Of

the two, vanadium is preferred because, in addition to its low-activation properties, it has good
corrosion resistance when used with liquid lithium.

c) Lithium Piping System Corrosion
The corrosion rate for austenitic steel in liquid lithium at 500'C is several orders of

magnitude greater than that found in PWR loops, hence, this combination of component
material and coolant could be a poor selection, particularly from a worker dose perspective.
Corrosion performance at lower temperatures (--300'C) could be significantly better, but it
needs to be demonstrated. Vanadium, could be a much better choice, as its corrosion rate with high-
temperature lithium is about an order of magnitude less than that of PWR loops, hence, it should be
given serious consideration.

d) Lithium Equipment Rooms Inert Atmosphere
Maintaining the lithium equipment rooms at a pressure above atmosphere violates an

important radiation protection requirement. All rooms containing radioactivity must be maintained at
a pressure below those that are radiation-free, and below atmospheric pressure, to prevent the
uncontrolled release of radioactivity to "clean" rooms and the environment. Accordingly, the
requirement for maintaining the lithium equipment rooms above atmospheric pressure needs to be
reconsidered. Furthermore, maintaining an argon atmosphere in these rooms potentially increases the
maintenance time and the associated worker doses. Therefore, the requirement for an argon
atmosphere should be reconsidered, taking into account the potentially higher worker doses.

(c) Test Cell
a) Test Assemblies Activation

Test assemblies (highly activated) will be handled remotely. Nevertheless, activities
associated with the test cell are expected to contribute significantly to worker radiation exposure.
Test assemblies are the focus of the entire facility; and although, in theory, the test assembly design is
simple, in practice, servicing the test assemblies may not be so simple.

b) Test Cell Technology Room Hazards
The test cell technology room is being designed for unlimited access. Maintenance activities,

on the equipment located inside, could potentially result in the release of radioactive material inside
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the room. Therefore, the ventilation system exhaust needs to be filtered prior to discharge to the
environment.

c) Access Cell Hazards
The access cell is being designed for limited access. Maintonance on the equipment located

inside is likely to release tritium and other radioactive material into the cell atmosphere. Accordingly,
the ventilation system exhaust from the access cell should be filtered and possibly detritiated prior to
discharge to the environment. During maintenance activities, it is likely that a large ventilation flow
will be required to maintain the airborne concentration of tritium within acceptable levels.

(d) Plant Services
a) Central Vacuum System Hazards

The central vacuum system collects the exhaust from the accelerator and beam tube vacuum
pumps, the lithium target assembly vacuum pumps and the quench-tank vacuum pumps. Activated
particles and tritium will be contained in the exhaust gas, so the central vacuum system has the
potential to be a significant contributor to worker dose, hence, the number of components requiring
maintenance should be minimized.

b) Exhaust Gas Processing System Hazards
Test cell technology room and access cell are not identified in the design report between the

sources for the exhaust gas processing system, but they could have significant impact on the capacity,
and design, of such a system. For example, given the large volume of the access cell, and the need to
maintain low levels of airborne concentration in it, the air flow-rate required may be too large for a
batch system to be practical. Therefore, the current concept for the exhaust gas processing system
should be reviewed in light of the above comment, and with the objective of streamlining the system
to reduce potential worker doses associated with its maintenance.

c) Heat Rejection System Hazards
The present design (with intermediate circuit to cool the accelerator) reduces the potential for

radioactive releases to the environment, but adds unnecessary complexity and may add to the
maintenance work to be performed in close vicinity to activated equipment.

(5) Radiation Exposure Parameters
The worker dose associated with performing a given task is proportional to:

- the time taken to perform the task,
- the radiation fields in the work location,
- the airborne radioactivity, in the work location,
- the number of workers required to perform the task.
To obtain an estimate of worker doses for the entire facility requires a taxonomy of all the tasks to be
performed in a radiation environment and a characterization of that environment.

At this early stage of the IFMIF design, it is not possible to perform such a detailed assessment.
Nevertheless, it is important to identify the facility components and tasks that might dominate the
collective worker dose.

(6) Worker Dose Estimate for IFMIF
(a) TRIUMF Facility

Although the proposed IFMIF facility has elements, such as a liquid lithium target, that are not
present in other large accelerator facilities, it is useful to consider the experience of high-energy
accelerators as a possible benchmark for IFMIF worker radiation exposure. The TRfUMF facility, in
Vancouver, Canada, offers an opportunity for such benchmarking.

The TRIUMF facility comprises a large ion cyclotron accelerator and two small accelerators
that produce medical isotopes. The main accelerator is a sector-focusing, isochronous cyclotron that
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accelerates negative hydrogen ions to a maximum energy of 520 MeV. The energy of the extracted
proton beams is continuously variable from 183 to 520 MeV. Four beams may be extracted
simultaneously at independently variable energies and intensities. One beam feeds multiple targets in
the meson hail, a second feeds multiple targets in the proton hall, a third feeds the isotope separation
accelerator (ISAC) and a fourth beam is used for radioisotope production. The proton beams are
guided down the evacuated beam pipes by magnetic fields produced by a variety of dipole and
quadrupole electro-magnets. For ease of maintenance the ion sources are located away from the
cyclotron and outside the primary concrete shielding. The on beam is steered and focused along the
35 mn long injection line by a periodic system of electrostatic quadrupoles and deflectors. The negative
hydrogen ions are injected axially into the cyclotron with an energy of 290 keV by means of 27 kV
electrostatic spiral electrodes.

(b) Radiation Exposure Benchmark
The approach used in this study utilized the available operating experience from the TRIUMF

accelerator facility both as bench-mark and to develop an empirical worker dose model. To utilize
the TRIUMF data, it was necessary to adapt the TRIUMF worker dose categories to IFMIF. The
following TRIUJMF dose categories were used:
- Accelerator
- Targets
- Vacuum Pumping
- Remote Handling
- Plant Services
- Technical, Engineering & Administrative Support
Several years of data were analyzed to obtain averages for each dose category. Significant variations
existed from year to year, both in average doses and number of dose exposures. These are due
primarily to the experimental nature of the facility, which means that the nature of the
experiments/tests can change from year to year, and that modifications are carried out from time to
time. In any case, adequate averages were obtained over a suitable time period.

While this facility has some similarities (e.g. high voltage and hydrogen beams) with the
proposed IFMIF facility, it also has some significant differences. In addition, there are systems in
IFMIF that are not present in TRl-UMF (and vice versa). Therefore, additional dose categories had to
be developed specifically for IFMIF. These include the lithium loop and the air and gas purification
systems.

The following are the key differences between the TRHJMF and IFMIF accelerators, from a
worker dose perspective. Firstly, TRIUMF is a cyclotron accelerator whereas IFMIF is a linear
accelerator. Secondly, TRl-UMF has solid targets whereas IFMIF has liquid lithium targets.
Thirdly, IFMIF has a higher capacity factor (6,000 vs. 3,000 h/year); and lastly, IFMIF has a much
larger power (60xTRIUMF) and consequently, greater shielding requirements.

All the differences have been taken into account in [] and the results of the base case estimate
are summarized in Table 1. In this table, IFMIF1 is a linear accelerator with the same power and
operating profile as TRRJMF. The difference is that the IFMIF1 vacuum pumping dose is larger due
to the impact of the liquid lithium target. As noted above, the potential difference in dose between a
cyclotron and linear accelerator was ignored in the base case estimate. FMIF2 is the same as
IFMIFI except that it operates twice as many hours per year, hence the IFMIF2 doses are twice the
IFMIFlI doses. IFMIF3 has a higher power level than IFMIF2 (60x). This factor was accounted for
by doubling the IFMIF2 doses. IFMIF4 has two FMIF3 accelerators, hence, the doses are again
doubled. Finally, IFMIF is the same as IFMIF4, but includes the dose associated with the lithium
loops, and the impact of the lithium loops on the remote-handling dose, and the dose associated with
the air/gas purification systems. The lithium loop dose was assumed equal to the FMIF targets dose,
the additional remote handling dose due to the lithium loop was assumed equal to the FMIF remote
handling dose, and the air/gas purification systems dose was assumed equal to the plant services dose.
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Following this base-case estimate, we turned our attention to estimating the uncertainty
associated with the total dose. We looked at each key factor in the above table and assigned a range
to it, as defined below.

Vacuum Pumping (VP) Dose Uncertainty
IFMIFI v, = TRIUMFvp + a * TR~IUMFvP, where 0.5<a<2

Accelerator (Ac) Type Dose Uncertainty
IFMIF IC = b * IFMIF1IAC, where 0. 5<b<2

Beam Power Dose Uncertainty
IFMIF3 = c * IFMIF2, where I1<c<3

Lithium Loop Dose Uncertainty

IFMIlFLi1op = d * IFMIFTrget, where 0.5<d<2

Remote Handling (RH) Dose Uncertainty 
IFMIFRH = IFMIF4m + e * IFMIF4m, where 0.5<e<2

Air/Gas system Dose Uncertainty
IFMIFATGas f * IFMIFps, where 0.5<f<2

The first approach, in trying to estimate the magnitude of the total dose uncertainty, was to
perform a single-parameter sensitivity analysis of the key factors using only the min. and max. values
of the ranges defined above. The second approach [5] utilized a Monte Carlo uncertainty analysis.
Both approaches are discussed below.

Table 1 Worker Dose Estimate for IMIF (p-mSv/a).

Parameters Accounting for Differences in the two Facilities
Vacuum Capacity Beam power N' of Systems

pumping & factor & activation accelerators not in
accelerator level (2 in IFMIF) TRIUMF

type__ _

Dose Category TRIUMF IFMIFI IFMIF2 IFMIF3 IFMIF4 IFMIF
Accelerator 52 52 104 208 416 416

Targets 22 22 44 88 176 176

Lithium loop 176
............................................... .... . .............. .. ........... ............................ .. ........... . .. ............. ........................... ......................... .... ()MF j~

Vacuum Pumping 1 5 30 60 120 240 240
..... .. . .......... .. .. ...................................T... ..... .................F.............................(.I...........F M............................................

Remote Handling 24 24 48 96 192 192

Lithium Loop Impact19
on Remote Handling ....jFMIFRH)
Plant Services -14 1 4 28 56 112 112

Air/gas purification 112
s.ysteml ........ ... ..... ... .... (IFM IF G.)
Technical, Engineering& 3 1 3 1 62 124 186 186
Administrative Support _____

TOTALS 158 173 346 692 1322 1802

- 517 -



JAERI-Tech 2003-005

a) Single-Parameter Sensitivity Analysis
Twelve calculations of total dose were performned using single minimum and maximum values

of each one of the key factors defined in the above functions, keeping the others fixed to the base-case
values, as shown in Table 2.

These twelve sensitivity calculations, plus the base-case calculation, provide thirteen estimates
of the IFMIF facility annual dose. The mean value of the 13 estimates is 1795 p-mSv/a and the
standard deviation is 402 p-mnSv/a. From this we concluded, initially, that the IFMIF annual dose
would likely be in the range of 1 000 to 2600 p-mnSv/a (about two standard deviations on each side of
the mean). It was this rather large dose range that led to the more detailed uncertainty analysis. The
coefficients in Table 2 refer to the coefficients used in the Monte Carlo analysis so that the two could
be compared.

Table 2 Results of single-parameter sensitivity analysis for IFMIF worker dose.

Parameters considered to take into account differences ____Worker Dose (p-miSv/a)
Description Coeff. Base case Min Max Min Max
Vacuum pumping a 1 0.5 2.0 1742 1922
Accelerator type b 1 0.5 2.0 1594 2218
Beam power & activation level c 2 1.0 3.0 901 2703
Lithium loop d 1 0.5 2.0 1714 1978
Lithium Loop Impact on RH e 1 0.5 2.0 1706 1994
Air/gas purification systems f 1 0.5 2.0 1746 1914

b) Monte Carlo Uncertainty Analysis
The Monte Carlo uncertainty analysis used the same functions defined above. In this

analysis, however, the IFMIF dose was calculated repeatedly using randomly-generated values of a, b,
c, d, e & f, within the individual ranges specified above. As demonstrated later, 100,000 calculations
were sufficient to reach the desired accuracy. The results of the calculations are shown in Fig. 1.

The mean and standard deviation for this distribution are 1543 and 343 p-mSv/a, respectively.
Calculating the 5th and 95th percentile of the actual distribution the minimum and maximum dose rate
are 1025 and 2130 p-mSv/a, respectively.

The range of the estimated IFMIF dose is now considerably smaller than the one evaluated by
the Single-Parameter Sensitivity Analysis. Furthermore, the various iterations performed have
correctly identified the importance of the accelerator beam power on the annual worker dose, and
pointed out the importance of shielding required for such a sub-system.

12%
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Total dose (p-mSv/a)

Fig. I Dose distribution from Monte Carlo analysis.
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(7) Radiation Protection Requirements
The radiation protection requirements for workers are stipulated in the regulations of national

governments. However, the new recommendations of the International Commission on Radiation
Protection (ICRP) are quickly becoming the international standards. European countries, however,
have adopted an even stricter limit. In Table 3 are reported such limits.

In practice, the need to comply with the ALARA (as low as reasonably achievable)
requirement forces nuclear facilities and nuclear laboratories to do much better than the regulatory
dose limits. In fact, in many areas of the fission industry, average worker doses are approaching the
ICRP limit for non-radiation workers (I mSv/a). In [1] the ALARA process is discussed.

Table 3 Limits for worker radiation exposure for individuals.

Tye of Worker Latest ICRP Recommendation Latest European regulator Limits
Radiation Worker 1 00 mSv per 5 years 20OmSv/a

50 mSv/a
Non-Radiation Worker I mSv/a I mSv/a

(8) Radiation Protection Practices
Preliminary estimates for IFMIF indicate that, with the current design and staffing information,

average worker doses would be of the order of 12 mSv/a (1800 p-mSv/150p).
This value is significantly higher than mSv/a, which is fast becoming standard industry practice.
This result is sufficient to suggest that there is significant need for improving the IFMIF design with
respect to worker doses.

Although the ICRP does not establish collective dose limits for a nuclear facility, collective
dose targets have become standard practice, as a means of judging dose performance from operating
facilities, on an annual basis.

Collective doses from nuclear facilities vary widely, depending on the type of facility (nuclear
laboratory, research reactor, or power reactor) and range anywhere from 100- 1200 p-mSv/a.

The TRIUMF facility, for example, has recorded doses in the range of 200-1 100 p-mSv/a
during the past ten years (1991-2000), with an average of about 450 p-mSv/a. At an estimated
facility dose of 1800 p-mSv/a, IFMIF is clearly above current operating experience, and further
emphasizes the need for design improvements.

(9) Radiation Protection Guidelines
Although, the ALARA optimization process is the key project decision-making tool, some

design guidelines are necessary to steer the design in the right direction, before the optimization
process is started. These guidelines are not requirements, and design decisions based on such
guidelines could eventually be revised on the basis of a formal optimization assessment.

Accordingly, the number of such guidelines should be kept to a minimum. They are
normally based on industry best-practices that have stood the test of time. These include:
- radiation dose rates,
- airborne activity concentrations,
- worker access and radiation contamination control (radiation zoning).

(a) Dose Rates
Experience indicates that, in fission reactor plants, about 80% of the annual collective dose

occurs during maintenance activities; and the remaining 20% occurs during refueling, in-service
inspections and surveillance. The TRIUMF experience is not too different. Therefore, it is important to
find ways to minimize the personnel exposure during maintenance activities. While many factors, such
as an effective radiation exposure policy, an effective training program and a disciplined approach to
dose planning fall into the operations domain, shielding falls largely into the facility design domain.
Proper and effective shielding is thus an important means of reducing maintenance doses.
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There will be areas in the facility where frequent access will be necessary for normal operation,
inspections and surveillance and areas where access will be restricted to qualified personnel for short
periods only.

a) Frequent Access
Frequent access is assumed to mean up to 2000 hours per year (40 h/week x 50 weeks/year).

The maximum dose rate in such areas should not exceed 10 liSv/h to ensure that the average 20 mSv/a
regulatory limit will not be exceeded.
Recommended guideline for IFMIF: in frequent access areas, the dose rate should not exceed 10
jiSv/h.

b) Restricted Access
In fission reactor plants, annual maintenance activities are typically contained within a four-

week period, and during this time, maintenance is performed inside areas that are normally restricted.
Therefore, assuming up to 160 hours per year in restricted access areas (40 h/week x 4 weeks) implies
a maximum dose rate of 125 gSv/h.

At TRIUMF, the guideline is that no maintenance operation should require more than 0.5 mSv
per person per day (dose rate of 62.5 jiSv/h) or more than 3 mSv per month (dose rate of 18.8 g~Sv/h).
Recommended guideline for IFMIF:
- in restricted access areas, where maintenance is to be performed, the dose rate should not exceed

100 g~Sv/h, one day after beam shutdown, or prior to commencement of the activity. A longer
cool-down period, of course, has to be balanced against a potentially lower facility availability.

Some restricted areas may require access for inspection and surveillance. These are activities,
or tasks, that typically require less than one hour to perform, and could be performed on a regular basis
(e.g., daily/weekly/monthly). In such areas, a dose rate of I mSv/h could be tolerated. This is
consistent with TRIUMF guidelines.
Recommended guideline for IFMIF:
- in restricted access areas, where the task duration is less than one hour, the dose rate should not

exceed I mSvih.
Recommended guideline for IFMIF:
- at the design stage, all areas with radiation fields in excess of mSv/h should be considered

inaccessible.

(b) Radiation Zoning
It is aimed at reducing doses to their practical minimum, by controlling the spread of

radioactive material. The focus of radiation zoning is the prevention of uncontrolled flow of
radioactive material from a radiation zone to a non-radiation zone.

Airborne radioactivity is controlled by a ventilation system designed to keep radiation zones
under a negative pressure, relative to non-radiation zones and the environment, which is at
atmospheric pressure.

Typically, in nuclear facilities, there are three zones defined as follows:
- Zone - radiation-free zone (has no nuclear equipment or contamination),
- Zone 3 - radiation zone (has nuclear equipment and contamination), and
- Zone 2 - is a buffer zone between I and 3. It normally has no radiation but has the potential to be

contaminated from Zone 3.
Any movement of personnel, or equipment, from Zone 3 to Zone 2 and from Zone 2 to Zone 

must be monitored for radioactive contamination.
Recommended guideline for IFMIF:
- the current IFMIF zoning concept, as presented in Fig. 2.7.2-12 of the Conceptual Design Activity

Final Report, could be simplified from 5 zones to 3, thereby also simplifying the monitoring
requirement and the ventilation system requirements.
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all ventilation exhausts from Zone 3 should be directed to a nuclear-grade ventilation system
equipped with suitable filters and shielding.
all Zone 3 rooms, where tritium is expected to be present in concentrations above one DAC,
should be equipped with air, or gas, detritiation systems, as appropriate.
all Zone 3 rooms requiring frequent access should have an air concentration less than one DAC.
all Zone 3 rooms with restricted access should have an air concentration less than ten DACs. All
Zone 3 rooms with air concentrations above ten DACs should be considered inaccessible without
proper protective clothing and breathing apparatus.
all liquid drainage from Zone 3 should be directed to an active drainage system, equipped with
suitable radiation monitoring, to prevent the uncontrolled release of radioactivity to the
environment.

The derived air concentration (DAC) is defined as the airborne concentration of a specific
radjo-nuclide that will produce a dose of 20 mSv when a worker is exposed to it for 2000 hours per
year.

(10) Conclusion
The key conclusion of this study is that shielding of accelerator components requiring

maintenance access could be a design challenge. Furthermore, achieving the desired plant
availability could also be a challenge, as the maintenance dose rate is a function of the component
shielding effectiveness, including self-shielding, (i.e., quantity and quality of the shielding material)
and the time from machine shutdown (the cool-down period). In many cases, when the outer
shielding (external to the component) is removed for maintenance, the only parameter left to control
worker exposure is the cool-down period. Therefore, material selection and specifications, to
minimize key component activation, may be the only design tool to satisfy the ALARA requirement
for occupational radiation exposure.

The worker dose reduction suggestions discussed in the report are:
- Material activation properties, including decay time, should be considered in the material

specification of accelerator, target and test assembly components.
- The shielding design philosophy needs to be well defined to ensure that it is consistent with the

facility availability objective.
- The elimination of Li from the lithium target (i.e., enriching the lithium target from 92.6 to 00%

'Li) is suggested as a means of eliminating, or reducing, the production of Be and H, with the
added benefit that the Li removed from the target lithium could be used in the test assembly to
enhance the tritium breeding effectiveness.

- The use of high-purity cryogens in the superconducting magnets is recommended to avoid
contamination of the cryogenic cooling system. Furthermore, the sputtering phenomena inside
cryogenic coolant tubes exposed to high-energy particles, needs to be assessed.

- The corrosion rate for austenitic steel and liquid lithium at 5000C is several orders of magnitude
greater than that found in PWR loops. Although the rate could be lower at 300'C, other
materials, such as vanadium alloy should be considered for use in lithium system piping, heat
exchanger and target back-plate. Low corrosion and activation rates should be specified for these
components.

- The tritium production rate, in the accelerator hall, and other rooms (i.e.: cooling water system
room), should be calculated to confirm that an air detritiation system will not be required for these
areas.

- Maintaining the lithium equipment rooms at a pressure above atmosphere violates an important
radiation protection requirement. All rooms containing radioactivity must be maintained at a
pressure below those that are radiation-free, and below atmospheric pressure, to prevent the
uncontrolled release of radioactivity to "clean" rooms and the environment. Accordingly, the
requirement for maintaining the lithium equipment rooms above atmospheric pressure needs to be
reconsidered.
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An argon atmosphere in the lithium equipment rooms potentially increases the maintenance time
and the associated worker doses. The requirement for an argon atmosphere should be
reconsidered, taking into account the potentially higher worker doses.
The exhaust gas processing system design (currently a batch system) should be reviewed to ensure
that it is practical given the anticipated large air/gas flows.

The results of this, and the previous study [6], indicate that worker radiation exposure will
prvde a significant challenge to the project team. Accordingly, there is the need for future detailed

studies, during the design process, to ensure that sufficient feedback is provided to designers, as the
design progresses. This is particularly true with respect to those issues already identified in this
report.

The implicit assumption in the dose model used to estimate the IFMIF collective worker dose
is that, from a worker dose perspective, there is no significant difference between maintaining and
operating a linear accelerator and a cyclotron accelerator. This is a major assumption and should be
veri'fied in a future study, by examining the collective worker dose experience of high-energy and
high-power linear accelerators.
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3.4.12 D191-JA: Examination of Licensing and Regulations

(1) Brief Task Description
In IFMIF, energetic deuteron beams from the accelerators are injected into a liquid Li target.

The neutrons generated are used for irradiation of candidate materials and the materials are evaluated
in post irradiation examination (PIE). The safety requirements of IMIF are set by many laws and
regulations covering radiation hazards due to radioisotopes, fire, electromagnetic waves, and handling
of dangerous materials.

Laws and regulations applicable to IFMIF were examined based on the assumption of a
Japanese site. The application of these laws and regulations are due to radiation such as neutrons and
gamma rays, radioisotopes such as tritium and beryllium-7, and the large amount of lithium. The main
items to be regulated are worker dose, concentrations of radioisotopes in gaseous and liquid wastes,
and seismic requirements of buildings and other structures.

Contributors
Name L Party Institute E-mail address

M. Ida Japan JAERI _ida(&ifmif tokaijaeri.gojp
H. Takeuchi Japan JAERI takeuchi afnshp.tokai.jaen.go.p

(2) General Examination of Laws and Regulations Applicable to IFMIF
(a) Elements and Equipment

Based on the examples at fission power plants and general chemical plants in Japan, laws and
regulations applicable to the IFMIF facility and equipment will include the following;

* Laws and Regulations related to Radiation and Radioactive Safety
* Laws and Regulations related to Safety at General Industries
* Laws and Regulations related to High-pressure Vessels and Equipment
* Laws and Regulations related to Mechanical Equipment
• Laws and Regulations related to Piping Equipment
• Laws and Regulations related to Electrical Equipment
* Laws and Regulations related to Control / Measurement Equipment
* Laws and Regulations related to Construction
* Laws and Regulations related to Ventilation Equipment
• Laws and Regulations related to Fire Control Equipment

(b) Applicable Laws
Assuming the IFMIF site is in Japan, Japanese laws relating to atomic energy and radiation

are:
* The Atomic Energy Basic Law II 
* The Nuclear Reactor Regulation Law [2]
* The RI Law [3], and related laws
* The Law concemning Compensations for Loss due to Activities for Atomic Energy [4], and
related laws

The Atomic Energy Basic Law applies to IFMIF, since radiation-generating apparatus are
installed in IFMIF and radiation and radioactive materials are generated. However, the Nuclear
Reactor Regulation Law does not apply to IFMIF, since there is neither the handling of nuclear
materials, nuclear fuels, nor use of a reactor. The RI Law is applied to IFMIF. Therefore, before
IFMIF construction, applications for licenses are executed based on the RI Law, and judgments are
made by regulating authorities that IFMIF meets the standards. Following this decision, a license will
be issued for IFMIF, and the facility can be operated after facility examination by the regulating
authority.

The Law concerning Compensations for Loss due to Activities for Atomic Energy originally
applied to compensation for loss due to activities for atomic energy, such as a reactor operation, and it
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is applied to facilities regulated under the Nuclear Reactor Regulation Law. However, to respond to
any loss due to accidents in IFMIF, this law will need to be taken into consideration, since IFMIF
generates and holds large amounts of radioactive material.

Other non-atomic laws that apply to IFMLF and not related to atomic energy or radiation are as
follows;

* The Industrial Safety and Health Law
* The Labor Standards Law
• The High Pressure Gas Safety Law
* The Fire Service Law
* The Electricity Utilities Industry Law
* The Radio Law
* The Building Standard Law
* Other laws (depending on the site condition; including proximity to the sea, rivers,

industrial regions, etc.)

(c) Relationship between Element / Equipment and Applicable Laws
Two laws, the Atomic Energy Basic Law and the RI Law and related laws and regulations,

apply mainly to one element; "Radiation and Radioactive Safety" out of several elements considered.
The applicability of the Law concerning Compensations for Loss due to Activities for Atomic Energy
and related laws is not clear at this stage.

The Industrial Safety and Health Law and related laws and regulations are widely applicable
to most elements except for two; "Radiation and Radioactive Safety" and "Fire Control Equipment".
The Labor Standards Law is applicable to the element; "Safety at General Industries". The High
Pressure Gas Safety Law is applicable to most elements except; "Radiation and Radioactive Safety"
and "Mechanical Equipment". The Fire Service Law is applicable to most elements except "Radiation
and Radioactive Safety". The Electricity Utilities Industry Law is applicable mainly to three elements;
"Safety at General Industries", "Electrical Equipment" and "Control / Measurement Equipment". The
Radio Law is applicable only to; "Electrical Equipment". The Building Standard Law is applicable to
four elements; "Safety at General Industries", " Construction", "Ventilation Equipment" and "Fire
Control Equipment".

(3) Examination of the Seismic Protection Architecture of IFMIF
(a) Seismic Standards Applied to IFMIF

There are clear provisions for seismic protection architecture in the Nuclear Reactor
Regulation Law and related laws / regulations, while there is no such clear provision in the RI Law and
related ones. For example, requirements on seismic protection architecture are provided [5] under the
system of the Nuclear Reactor Regulation Law. Also under the system of the RI Law, to ensure public
safety, consideration of the seismic protection architecture will be necessary for facilities in which
large amounts of radioactive material are handled. It provides that facilities using RI shall be installed
in locations with a low probability of landslides or submersion [6]. This provision can be extended to
the seismic protection architecture. For example, it provides that seismic protection performnance shall
be ensured to correspond to the quantity of tritium in facilities using or holding tritium [7].

Although the RI Law system will be applied to IFMIF, the seismic protection architecture of
IFMIF buildings is estimated on a preliminary basis as follows, based on "the Guideline of Aseismatic
Design" [8] for power reactor facilities.

(b) Application of Grade of Seismic Protection
Based on the Guideline of Aseismatic Design, an industry standard, "the Guideline

JAEG 4601 " [9] was established. Based on this guideline, the seismic protection grade applied to
IFMIF is examined as follows;
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Classification of seismic protection grades : In the Guideline JAEG 4601, the seismic protection
grades are provided as follows

* Class As: Applied to
Anything having the potential to cause loss of coolant at failure
Anything necessary for emergency shutdown of a reactor, and, keeping it in safe

shutdown
Storage facilities for used nuclear fuel
Reactor vessels

* Class A : Except for things of Class As, applied to
Anything having the potential to cause radiation hazard to the public at failure
Anything necessary for public protection from radiation hazard at a reactor accident

• Class B: Except for things of Classes As and A, applied to
Anything concerning highly radioactive materials

• Class C: Except for things of Classes As, A and B, applied to
Facilities concerning radioactive materials
Facilities not concerning radiation safety

Standard strength of earthquakes : In the Guideline JAEG 4601, the relationship between the
seismic protection grades and the standard strength of earthquakes is provided as follows;

* Class As: The design shall be executed in consideration of;
Earthquake with the standard strength of SI and S2

• Class A: The design shall be executed in consideration of,
Earthquake with the standard strength of SI

where SI and S2 are defined as follows;
* SI: The maximum strength earthquakes forecasted from the engineering viewpoint, i.e.

Evidence of past earthquake occurrences around the site
Possible earthquake occurrences because of highly active faulting around the site

* S2: The maximum strength of earthquakes having possibility of occurrences from the
geological viewpoints

Classification of seismic protection grades and radiation exposure : In the Guideline JAEG 4601,
the relationship between the seismic protection grade and radiation exposure concerning radioactive
materials is examined. The radiation exposure should not exceed the value in "The Guideline of
Judgement on Location" [10], in case that a facility failure is possible at standard strength 2. In the
case of SI, which occurs more frequently than S2, the radiation exposure should be less than that in S2.
Functional integrity should be ensured at the S for a facility having the possibility of radiation
exposure more than 5 mSv due to a failure of only that facility. This measure can keep the radiation
exposure lower than the value in the Guideline, even on the assumption of the facility failure at S2.

In the Guideline of Judgement on Location, a guideline of distance to the site border is
provided with radiation exposures as follows;

On thyroid (of child): 1.5 Sv (per accident)
On whole body: 0.25 Sv (per accident)

In "The Guideline of Judgemnent on Safety Assessment" [11], which specifies the basic policy
on safe design of the facility, it is required to avoid significant risk of radiation exposure to the
surrounding population in an accident. The risk is low if the effective dose on the neighboring
population is estimated not to exceed 5 mSv per accident. The ICRP recommended the main limit of
I mSv as an annual maximum effective dose to the public. Auxiliary limits of 5 mSv / year over
several years is also permitted, if the annual effective dose averaged over a lifetime does not exceed
I mSv. This limit is applied to radiation exposure for normal operating conditions. However, in The
Guideline of Judgement on Safety Assessment, this limit is applied also to low probability accidents.
Therefore, the limit of 5 mnSv in the Guideline JAEG 4601 is read as the limit of 5 mSv in the
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Guideline of Judgement on Safety Assessment. The following preliminary examination of seismiC
protection grade for IFMIF is executed with this limit.

(c) Preliminary Safety Assessment of Potential Accidents in IFMIF
Assessment scenario : To assess the seismic protection grade of IFMIF, the radiation exposure to the
public is estimated for a case of IFMIF failure due to an earthquake. To be conservative, the
assessment scenario is assumed as follows. In IFMIF, most of the radioactive materials are in the
liquid lithium and the hot and cold traps in the lithium oop. An earthquake causes failures of IFMIF
buildings and lithium loop components, and the whole lithium inventory is released and burns in the
air. Consequently, all radioactive materials contained in the liquid lithium are released into the air.
However, the radioactive materials contained in the traps are kept in the traps.

Estimation Isotopes Be-7 and H-3 are main radioactive nuclides generated and contained in the
lithium loop. The estimated amounts of Be-7 and H-3 that are released into the air within the first hour
of a lithium fire are:

Be-7 :1.98 x 0" Bq (assumed to be released within hour)
1--3 :4.41 X 10O4 Bq (assumed to be released within hour)

The released radioactive material diffuses and reaches the site border. Since the site location is not
determnined at this stage, air concentration of the radioactive materials at the site border is estimated
using the following assumptions, based on "The Meteorological Guideline" 121.

Atmosphere Stability :Grade F
Wind Speed I m/s
Effective Height of Release :0 m
Distance to Site Border : 600 m.
Neglecting Building Influence

The atmosphere stability of grade F is the most stable condition among all grades A - F and
corresponds to a condition at night, less cloudy, and with wind speed less than 3 m/s.

Under these conditions, as shown in Tables - 2 and Figs. - 2, the public dose at the site
border is estimated as follows;

Dose due to Be-7 : 47 mSv
Dose due to H-3 :4 mSv
Total :51lmSv

Table 1 Be-7 concentration in air from a severe accident.

Total Release 1.98E+15 Bq (within hr)
Release Rate 5.50E+1 I Bq/s- Release Height Om
Distance to Be Concentration Bci/m31
Site order Atmosphere

[kin] Stability : A B C D E F
0.2 1.55E+08 2.86E+08 5.47E+08 1.36E+09 2.47E+09 5.44E+09
0.4 3.47E+07 7.61 E+07 1.55E+08 3.93E+08 7.22E+08 1.66E+09
0.6 1.06E+07 3.30E+07 7.46E+07 1.94E+08 3.61 E+08 8.48E+08
0.7 6.15E+06 2.37E+07 5.65E+07 1.49E+08 2.79E-i08 6.60E±08
0. 8 3.64E+06 1.76E+07 4.43E+07 1. 19E+08 2.24E+08 5.33E+08
0.9 2.19E+06 1.35E+07 3.58E+07 9.73E+07 1.84E+08 4.42E+08

I I.35E+06 1.06E+07 2.96E+07 8.15E+07 1.55E+08 3.74E+08
2 1.90E+04 1.89E+i06 8.50E+06 2.6 1E+07 5. 18E+07 1.29E+08
4 2.7 5E+ t 2.63E+05 2.45E+06 8.7 1E+06 1.83E+07 4.73E+07
7 1.7 1E-02 4.32E+04 9.01E+05 3.71tE+06 8.23E+06 2.19E+07
I0 4.86E-05 1.22E+04 4.77E+05 2.19E+06 5.05E+06 1.36E+07
20 2.88E-llI 7.88E+02 l.39E+05 X. 2E+05 2.04E+06 5.68E+06
40 2.OI 1E- 19 3.39E+0l 4.1 E+04 3.16E+05 8.75E+05 2.5 1E+06
7 0 1.31E3-27 1.92E+00 1.54E+04 1.52E+05 4.62E+05 1.35E+06
100 1.20E-33 2.62E-0lI 8.26E+03 9.73E+04 3.14E+05 9.32E+05
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Table 2 Tritium concentration in air from a severe accident.

Total Release 4.41E+14 Bq (within lhr)
Release Rate I1.23E+ I Bq/s Release Height Om
Distance to H3 Concentration [Bq/m3]
Site Border Atmosphere

[kmn] Stability A B C D EF
0.2 3.45E+07 6.37E+07 1.22E+08 3.02E+08 5.50E+08 1. 2 1E-.09
0.4 7.73E+06 1.70E+07 3.46E+07 8.75E+07 1.6 1E+08 3.69E+08
0.6 2.36E+06 7.35E+06 1.66E+07 4.32E+07 8.05E+07 1.89E+08
0.7 1.37Et06 5.27E+06 1.26E+07 3.32E+07 6.22E+07 1.47E+08
0. 8 8.1 E+05 3.92E+06 9.88E+06 2.64E+07 4.98E+07 l. 19E+08
0.9 4.89E+05 3.0 IE+06 7.98E+06 2.17E+07 4.I1OE+07 9.85E+07

3.OOE+05 2.36E+06 6.60E-t06 1.8 1E+07 3.46E+07 8.34E±07
2 4.22E+03 4.2 1E+05 1.89E-i06 5.8 1E+06 1. 5E+07 2.88E+07
4 6.12E+00 5.86E+04 5.46E+05 1.94E+06 4.07E+06 1.05E+07
7 3.80E-03 9.61 E+03 2.0OIE-i05 8.27E+05 1.83E+06 4.87E+06

1 0 1.08E-05 2.7 1E+03 1.06E+05 4.88E+05 l. 2E+06 3.04E+06
20 6.42E3-12 1.75E+02 3.I1 E+04 1. 8 1E-t05 4.54E+05 1.27E+06
4 0 4.48E-20 7.55E+00 9.14E+03 7.03E+04 1.95E+05 5.59E+05
7 0 2.92E-28 4.28E-01 3.43E+03 3.39E+04 1.03E+05 3.01IE+05
100 2.67E-34 5.82E-02 1.84E+03 2.17E+04 7.OOE+04 2.08E+05

0 A ~~1x106 ~~~~ o hA $ * B ~~~~~~~1XxI0 6
IX106 ~~~A E A

0 C A 0 0

o 0 e~~~~~~~~~~~~~~~~~~~
B C

B 0~~~~
0 

0~~~~~~~~~~~~~
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U 

I'- 1X10 21 IXV- *V1x
Atmosphere StabilitAtmsphreStayliyA
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Fig. 1 Be-7 concentration in air from a Fig. 2 Tritium concentration in air from a
severe accident. severe accident.

(d) Seismic Protection Grades Applied to Potential IFMIF Problems
Since the estimated dose is far larger than 5 mSv, the limit in the Guideline JAEG 460 1,

function integrity needs to be assured for standard strength SI and the seismic protection grade is to be
Class A. The public dose may decrease to 1/10 of the mentioned value and the seismic protection
grade may decrease to Class B, through detailed analysis after the site location is selected, with
conditions of distance to site border : 600 m and atmosphere stability : Grade F. However, the design
and examination is to be conducted with seismic protection Grade A, in consideration of other
radioactive nuclides not estimated above.
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The estimated dose is about 00 mSv at a distance of 400 m, still less than the limit 0.25 Sv in
the Guideline of Judgement on Location. However, the estimated dose is about 330 mSv at a distance
of 200 m. Therefore, the distance to the site border needs to be more than 400 - 600 m

Remaining issues to be examined are:
* Estimate of effects of radioactive nuclides with short lifetimes other than Be-7, H-3
* Measures to reduce release of radioactive nuclides from the lithium loop

While the release of the whole inventory is assumed in the above estimation, a
possibility to be examined is a reduced release due to solidification of some of the
lithium or chemical reaction with lithium to produce a stable compound, for example.

* Estimate of the release of radioactive nuclides from the hot and cold traps

(4) Examination of the tritium handling facility
In IFMIF, large amounts of tritium are contained in the lithium loop and other tritium is

generated through the irradiation tests. The IFMIF system to treat this tritium is examined. Seals that
will contain tritiurn must be considered, since molecular tritium permeates through metals. Moreover,
the tritium treatment is difficult, since tritium easily reacts with other materials and easily bums. For
tritium sealing, other measures than for other radioactive nuclides are needed because of the physical
and chemical property of tritium. A guideline [13] has been established to ensure safety of facilities
that handle large amounts of tritium, and to help in evaluations of safety.

The guideline is applied to facilities defined in the RI Law to use RI, and, handling large
amounts of unsealed tritium. The facilities handling large amounts of tritium are defined as either;

* A facility for use of tritium with planned annual usage 10000 Ci (3.7 x 0'" Bq), and,
with maximum planned daily usage 1000 Ci (3.7 x 0'3Bq), or any structurally
connecting facility; or,

* A facility for storage of tritium with storage capacity 10000 Ci (3.7 x 1014 Bq), or any
structurally connecting facility.

IFMIF is neither a facility for use nor for storage. However, its design must meet the requirements in
this guideline, since more than 3.7 x 101

4Bq of tritium is generated and large amount of tritium is
handled in IFMIF. Based on the guideline, requirements for IFMIF design are as follows;

(a) Confinement
Guideline-1) Adoption of multi-septum confinement

To prevent contamination of work and circumference environments, a concept of multi-
septum confinement shall be adopted to the corresponding facility. For IFMLF, this is, for
example;

* I1st confinement :Examination equipment, tritium storage equipment, etc.
• 2nd confinement :Grove box, Cell, Hood, etc.
* 3rd confinement :Workrooms, etc.

Guideline-2) Installation of waste facility
To prevent contamination of work and surrounding environments, a waste facility shall be
installed in the corresponding facility.

Guideline-3) st confinement
Measures to prevent leaks and permeation of tritium shall be adopted in design and fabrication
of the first confinement.

Guideline-4) Detritiation facility for st confinement
A detritiation facility shall be included in the exhaust system of the first confinement, if
needed.
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Guideline-5) 2nd confinement
Measures to prevent leaks and permeation of tritium, and ensuring adequate exhaust rates shall
be adopted to the second confinement.

Guideline-6) Detritiation facility for 2nd confinement
A detritiation facility shall be included in the second confinement, if needed.

Guideline-7) 3rd confinement
Air-tightness and ventilation shall be adequate in the third confinement.

Guideline-8) Detritiation facility for 3rd confinement
A detritiation facility shall be included in the exhaust system of the third confinement, if
needed.

(b) Radioactive Waste Treatment
Guideline-I) Gaseous radioactive waste

* Tritium release to the environment shall be as low as possible
* Tritium (as molecular or vapor) concentration averaged over three months at a site border

shall be /10 or less of the corresponding value on the Table in the Notice [ 14].
* Tritium concentration in the exhaust gases shall be continuously measured.

Guideline-3) Liquid radioactive waste
* Tritium release to the environment shall be as low as possible
• Tritium concentration averaged over three months at a drainage at the site border shall be

1 /10 or less of the corresponding value on the Table in the Notice [ 14].
* Liquid waste with tritium concentration exceeding the above-mentioned values shall be

stored in a facility with exhaust equipment to prevent any concentration increase in the
room atmosphere.

(c) Tritium Measurement
Guideline-i) Measurement methods

• Tritium measurement systems and methods shall be consistent with methods of
confinement, storage and waste treatment for tritium in the corresponding facility.

* The system shall be able to detect tritium leaks and permeation from the first and second
confinements.

* The system shall be able to function during abnonnal and emergency conditions.

Guideline-2) Arrangement of measurement systems
* Measurement equipment shall be installed to detect leaks and permeation from recovery,

storage, and experiment systems to a grove box, in cases where those systems are
installed in the grove box.

* Measurement equipment shall be installed to detect leaks and permeation from the glove
box to the work environment.

(d) Safety Measures
Guideline-I1) Consideration of fire and explosion

Measures shall be considered to prevent occurrence of fire and explosion, and to avoid their
*extensions.
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Guideline-2) Consideration of disasters
Measures shall be considered to avoid hazards to the facility and equipment due to disasters
such as earthquake, flood, typhoon and heavy snow.

Guidel ine-3) Consideration of operational errors
Preventive measures and emergency procedures shall be considered to avoid operational errors
and the causes of accidents, in handling large amount of tritium.

Guideline-4) Consideration of blackouts
Appropriate measures shall be considered for loss of power in the tritium facility and
equipment.

Guideline-6) Consideration of common use:
Facilities and equipment important for safety monitoring and response shall not be available
for common use.

Guideline-8) Consideration of accidents and abnormnal events:
The facility shall be designed to provide multiple confinement for accidents and abnormal
events. Appropriate measures shall be provided to support appropriate site safety activities,
announcement and communication, and for radiation protection of the worker, corresponding
to scale of potential accidents and abnormnal events.

(5) Examination of Laws and Regulations Concerning Use of Lithium
(a) Characteristics of Liquid Lithium [151

Lithium (Li) is an alkali metal that has desirable properties as a reactor coolant, such as low
spcfcgravity, high specific heat, high thermal conductivity and low viscosity. However, compared

to sodium (Na), Li is corrosive to structure materials, and reactive with nonmetallic impurities such as
oxygen (0), nitrogen (N), carbon (C) and hydrogen (H). Furthermore, safe handling of Li is difficult,
because of highly burning and difficult fire extinction.

(b) Chemical Reactions and Safety of Lithium [15]
Reaction of lithium and water: While this reaction is as active as that of Na and water, this reaction
generates LIOH and H2 gas. At room temperature, Li in a wet atmosphere quickly becomes black and
at long times, becomes a white powder. This change is the formation of compounds Li3O, LiOH,
LiOH-H2O and, ultimately, Li2CO 3.

Reaction of lithium with oxygen and nitrogen at room temperature: While Li does not easily react
with 02 without water at temperatures lower than 373 K, it reacts and generates LiO2 above 373 K.
While Li slowly reacts with N2 without water, it exothermally reacts with N2 in the presence of any
water, even at room temperature, and generates Li3N. This compound is very corrosive to iron and
steels.

Reaction of liquid lithium: Liquid Li easily and actively bums in air, producing dense white smoke.
Once burning, Li reacts with almost all gas except rare gas and causes fire. Lithium also actively
reacts with many materials such as sand, concrete and CC14, and causes fires. Materials with which it
does not react include most metals, graphite powder, and zirconium silicate.

(c) Laws and Regulations for Lithium
Laws and regulations covering the use of lithium in Japan include the following;
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The Fire Service Law [16] : The purpose of this law is to prohibit, monitor, and suppress fire, so as to
protect the life and property of citizen from the hazards of fire. In this law, dangerous materials are
categorized, corresponding to their properties, into six groups; Group-I (Oxidizable solids), Group-2
(Combustible solids), Group-3 (Pyrophoric /Water-forbidden materials), Group-4 (Flammable
liquids), Group-5 (Self-reactive materials) and Group-6 (Oxidizable liquids). The regulations cover
storage, handling, production and transfer of dangerous materials, and equipment, working methods,
and inspection. Article 2 of this law covers lithium as an alkali metal (Group-3: Pyrophoric / Water-
forbidden materials). Use of Li is regulated if quantities exceed limits as follows;

Li (solid) : 50 kg (Alkali metal Grade-2)
Li (powder, 30% purity) : 10 kg (Alkali metal Grade-I)

The Industrial Safety and Health Law [17] : In this law, dangerous materials are categorized in
nearly the same manner as in the Fire Service Law. They are categorized into five groups; Explosive
materials (corresponding to the Group-5 in the Fire Service Law), Ignitable materials, Oxidizable
materials (almost corresponding to the Group-i), Flammable materials and Combustible gases.
Furthermore, the Flammable material is divided into four sub-groups with temperature: t 0C); T < -30,
-30•~ T< 0, 0 < T < 30,30 < T < 60. Li is categorized as an Ignitable material under this law. [18]

(d) Problems with Lithium Handling
There are no strict requirements on lithium handling provided by the laws and regulations

mentioned above. However, careful consideration is needed in safety design of IFMIF, since the liquid
lithium used in IFMIF is very reactive. For example, the allowable level of air contained in argon gas
must be established. Argon gas is used to isolate lithium from air. An example of a similar limit is in
the JOYO fast fission reactor. The allowable level of 02 s 4 wt% or less in the N2 atmosphere to
protect the liquid sodium coolant.

(6) Summary
Laws and regulations applicable to the IFMIF were examined based on the assumption of a

Japanese site. The main applicable laws are "The Law concerning the Prevention from Radiation
Hazards due to Radioisotopes and Others" and "The Fire Service Law". The former applies to IFMIF
because of radiation such as neutrons and gamma rays, and radioisotope such as tritium and beryllium-
7. The main items to be regulated are worker dose, concentration of radioactive isotopes in gaseous in
liquid wastes, and seismic protection design of buildings and equipment. The Fire Service Law
concerns are due to the large amount of lithium in IFMIF.
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3.4.13 D193-JA Analysis of the Schedule and Future Plans of the IFMIF Project

(1) Brief Task Description
The schedule and future plans from Engineering Validation and Engineering Design Activity

(EVEDA) through construction, operation and decommission must be analyzed to assure that the
IFMIF project matches the schedule for the development of fusion materials, to efficiently use IFMIF
resources, and for efficient use of the facility once operation begins.

In KEP, the schedule leading up to IFMIF construction and Tasks in the Transition phase
(1 9 tasks in 2003) and EVEDA (49 tasks in 2004 -2009) were proposed. Approximate estimates of
costs for the EVEDA tasks were developed. A draft of a new Annex under the current EA
Implementing Agreement was proposed and is under examination by the IFMIF Ad-hoc Working
Group under the Executive Committee of the Implementing Agreement. The Working Group is also
examining possible organization of the EVEDA.

Contributors
Name Party Institute E-mail address

M. Ida Japan JAERI ida(,)fi-iftokaijaeri.gojp
H. Takeuchi Japan JAERI takeuchi dfnshp.to~kai.jaeri.go.p

(2) Schedule
The IFMIF schedule to the point of full-power operation was discussed and tentatively

determined as shown Table 141]

(a) Schedule from KEP to EVEDA
EVEDA in 2004 - 2009 is planned to validate longtime operation of each subsystem

(Accelerator, Target and Test Facilities) and to carry out design integration and engineering design of
the mentioned subsystems and conventional facilities. While the current KEP activity is being carried
out under Annex 1I of the lEA Implementing Agreement for a Programme of Research and
Development on Radiation Damage in Fusion Materials, the next activity should be carried out under a
new framework defined in Annex IV. In EVEDA, tests for engineering validation will involve transfer
of equipment to the testing facilities, and assignment of personnel for the testing and design
integration activities. These activities may not be within the scope of Annex 11. The year 2003 is
dedicated to transition from KEP to EVEDA.

(b) Schedule for Construction and Operation
The first stage of construction in 2010 - 2016 is planned to allow first stage operation with

one accelerator. The second stage construction in 2017 - 2019 will occur while stage one IFMIF is
operating. Construction, Operation and Decommissioning Activities (CODA) will require
establishment of new agreements and new organization among the participating parties. Preparations
such as IFMIF site selection and licensing are included in CODA.

(3) Work Items
Work items in the Transition phase and EVEDA were discussed at the IFMIF design

integration meeting and then proposed to the IFMIF Executive Subcommittee March 11 - 14, 2002.

(a) Tasks in the Transition Phase
Tasks and contributing parties in the Transition phase in 2003 are shown in Table 2. Most

tasks are preparations for EVEDA, such as specifications of reference designs, selections of methods,
design and preliminary experiments for testing in EVEDA, and preparation of databases. Transition
activities are to be carried out under Annex 1I.
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________________ ~Table 2 Tasks in Transition Phase. ______

Tas Task Title Ovresview of Task Content Jusfication Pa~ A US R

Development of critical -Operations of chosen injector system to demonstrate performance and reliability Continue KEP R&D Activity of critical accelerator components to achieve
AC-I accelerator components -Long term test of RF Window RAM goals X X

-Develop non-interceptive diagnostics for high power CW beams
Accelerator Physics/ Establish updated reference design for RFQ & DTL Incorporate KEP results into system design and develop subsystem

o Engineering Design -Perform detailed design of Matching Section specifications
AC-2 -~~~~~~~~Prepare specification for change of Diacrode frequency to 175 MHz x x x

o -~~~~~~~~~Perform detailed design of HEBT
o -~~~~~~~~~~Maintain system level integrated design effort

Analysis of possible -Analyze H2+ source development required o achieve -100 mA output -Source desired for IFMIF commissioning to reduce activation
AC3altemnatives -Perform simulation design of electrostatic LEBT specific to IFMIF requirement -Recent developments from other programs with electrostatic LEBT's need 

AC-3 -~~~~~~~~Perform engineering evaluation of 4-rod IRYQ evaluationX X
-4-rod RFQ needs continued analysis from REP

Flow staility in Li and water -Long term Li loop exp. Obtain additional data for EVEDA to reduce uncertainty margins
TG- exp. -Water exp at different curvature x x

-Diagnostics for Li/Water exp.
T2 Li purification/ monitors/ Characteristics of impurity trap systems Obtain additional data for EVEDA o improve reliability 

corrosion! erosion -Material selection of monitors
Engineering Design -Examination of interface items Establish bane design for EVEDA phase

TG-3 -EVEDA Li test loop x x
- - _ _ _ _ _ _ _ -~~~~Remote handling system _ _ _ _ _ _ _ _ _ _ _ _ _

U' TF~~~~~~iImprove reference design of Validation of capsule fabrication CIO,1 detailed thermo-fluid dynamics calculations Incorporate KEP results into the reference design 
____High Flux Test Module

Cit D-Li reaction: Evaluation of Experimental and theoretical verification of the D-Li source term Reduce significantly the current neutron yield uncertainties of 200/n
TF-2 source term X X

TF3Provide nuclear data above 20 Completion of data file preparation and neutron transport benchmark tests between 20- Indispensable input for neutron transport and nuclear inventory calculations 
TF3 MeV 50 MeV (long term activity)X X

TF4Detailed 3D3-calculations of Provide complete nuclear response based on detailed geometry of revised test modules The nuclear respose (e.g. n-flux, dpa, gas pmoduction rates) is THE 
TE-4 the nuclear response ____________________________________ important information for designers and users (long-term activity) 

F5 Miniaturized neutron/gamma Specification of reference design Incorporate KEP results into the reference design
monitora

TF6 Micro-tomogeaphy system Specify reference design and perform underlying tests for confirmation The reference asernbly is based on REP findings and additional
TF-6experiments performed during 2003 X

TF7He gas prototype facility Definition of I-e has prototype facility and evaluation of existing EU loops To perform teats on 1:1I sized test module prototypes an adequate He-loop 
TF- is necessary

Updated Design of the Test Establish updated reference design outline for (i) the test cell configuration, (ii) the Incorporate KEP results into the reference design
TF-8 Cell subsystems HFTM high performance version, (iii) the MFETM with integrated neutron x x

moderator/reflector

TF9SSTT; CT specimen Development of specimens and testing methodology for Fracture toughness tests CT specimen and testing technology development is inevitable for the 
TF9 development ____________________________________ fission communityX X
DIIBasic Concept of Operation -Examination of specification for the whole sytem control In order to perform system design, a basic concept is needed. , 

*Consistency check among all subsystems
.0 Survey for regulation concept -Worker & Public Safety Assemnent To start the negotiation with authority, a regulation concept is needed.
DI-2 -Examination of guidelines and collection of data for licensing x x

- IFMIF - ~~~~Estimation of Teat Cell shielding performance

D_3IMF_ aabs ___ __ __ up__of ___ ______web-site___To facilitate information exchange 

- DI-4 Reference Desig JUpdate Ref. Design Configuration and Cost Evaluation To Maintain integrae dsganprjcmnge ntX X X



_____ ____ ____ _____ ____ ____Table 3 Tasks in EVEDA (1/2). _ _ _ _ _ _ _ _ _ _

Contents ~~~~~~~~~~~Cost Schedule

No. Task Cnet (M ICF) 2004 2005 2006 2007 2008

A F- a H, on source Develop 1-2-4 on source for beam commissioning 1.5

o AF-lb RFQ Construct REQ (cold model, high power structure) 11.5

AF- c RF Power Amplifier System Construct one RF Power Amplifier System including RF windows, RE Controls (Requires diacrode 8.5
scaled to [75 M Hz) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

AF- id REQ Operation Operate RFQ with high power RF 2.d___________

&. AF-le DTL Construct first drift tube and quadrupole of DTL 05

AF-If' Diagnostics Development of beam diagnostics, instrumentation 3.I

W AF-2a Detailed final design Detailed final design of accelerator components and sub-systems 2.

bo A-bHB Deign Detailed design of HEBT 0.5

O3 AF-2c Instrumentation & Control Design instnrmentarion and computer control systemI
bbA-2 System activation and safety consideration Design activities related to system activation and safety.

AF-2e Interface Control Design activities related to interface issues. 0.

TG-1 a Coordination Coordination of overall target tasks 0.________________

Construction of Li test loop Construction of EVEDA Li test loop. This include components cost of a main loop, an electromagnetic
a TG-lb pump, a primary/secondary heat exchanger. Various diagnostics and titium/impurity monitors&traps g.

0 ~~~~~~~~~~~~~~~~~~~are not included.

TG-lc Operation and Li jet dynamics tests Operation of Li test loop and validation of the Li loop performance in long term operation. 2.6

> G- i gotisLi jet thickness monitor in Li test loop, Distortion monitor of the target assembly, n-site inspection2
uTGethd odeosion/corrosion , Sur-face temperature monitor, Li vapor monitor 2

L. tLb method_ ___ __of__e_

TG-Ie Li purification system Validation of on-line off-line diagnostic and removal of tritium, 7Be,C,N and 0 N
TGfRemote handling system Development and verification of remote handling system of the back wall and target assembly. ______________ 

T 2aMain and urification Loops Design of the target assembly, the Li main loop, the Li purification loop.8

T-bDagnostics Design of various diagnostics and arrangements 0.3

r~T-c Remote Hading System Design of the remote handling system for the target assembly and/or the back wallI

LU. TG2 Sfty, Vcuum, Control Safety analysis and design of vacuum system and control system 1.5

DI-2a Design of buildings Design works for buildings are performed to be enough to make procurement specifications 0.

D 2bDesign of utilities Design works for power and water supplies, ventilation, evacuation etc. are performed to be at the
DI-2b ~~~~~~~~~~~~~~~~~~~mentioned level. 04

D-c Analysis of operation flow and design of central control Operation flow is analyzed from startup to shutdown in normal/off-normal conditions, and design0
'Z DI-2c ~~~~~~~works for central control are performed. __ __ _ __ _ __ _

L ~~~5 ~Revise of radiation shielding Adequate specification of radiation shielding is determined by shielding calculation and other methods
1 D-2 and used for the building design. 0

- akD[2 RAM analyses for staged IFMIF Availability of whole facility is calculated using failure probability of eveiy component, mean time of _________________

C 0ii _______________________________repair, etc., and IMIF adequacy as an irmadiation facility is validated. 0.6rll

DI7f Safety assessments or staged IFMIF Failure mode and its effect are analyzed, and it is validated that the facility is able to deal with the _________________

D-g Preparations for licenses and regulations Preparation works are performed for licenses or regulations about radiation, nuclear fuel material, __________________
DI-2g ~~~~~~~~~~~~~~electromagnetic wave, dangerous material, high-pressure gas, earthquake and fire. 0

DIh Cost estimation with results of EVP and design works Cost evaluation is performed on IMIF construction, operation and decommission using component________________
D _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ specification more clarified through EVP activity. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



__________________________Table 3 Tasks in EVEDA (2/2). __________

No. Task Contents Cost Schedule
(MICF) _2004T2005 2006 2007 2008

T-aEngineering design and fabrication of full scale HFTM Engineering designand fabrication of full scale prototype with assembled rigs, capsules, specimens,- - - -

Tests on full scale H FTM Tests of full scale prototype with assembled rigs and specimens to test () remote handling of 
TIF-lb assembling/disassembling procedures, (2) thermal hydraulics, instrumentation and cooling

T-cUpgrade existing helium gas loop Significant upgrade of existing He gas loop (compressor, instrumentation, tubing, purification system)06
TF-Ic ~~~~~~~~~~~~~for prototype testing of HFTM and MFTMs 0 

T-dIrradiation test in fission reactor Irradiation of instrumented rigs in materials test reactor to verify system design and active heating 1.2 -
TF- Id ~~~~~~~~~~~~~~~under real loading conditions

T-e Engineering design and system evaluation of full scale MFTM Engineering design and system evaluation of full scale prototype for 3 instrumented push-pull fatigue0.
T-efor in-situ creep fatigue tests specimen, and integrated neutron moderator .

Engineering design and system evaluation of full scalecMFTFM Engineering design and system evaluation of full scale prototype with purge gas tubes and
TF- jf for in-situ tritium release tests on ceramic breeders and instrumentation for every individual rig, and integrated neutron moderator 0.7

compatibility tests

Engineening design and system evaluation of full scale MFTM Engineering design and system evaluation of full scale prototype of an instrumented mock-up, and
r- TF- Ig for in-situ experiments for insulation coatings of structural integrated neutron moderator 0.5 =Br

~materials
Engineering design and system evaluation of VIT system Engineering design and system evaluation of full scale prototype of an instrumented mock-up, and 0

> ~~~~~~~~integrated neutron moderator-

sli Construction, fabrication and test of less than full scale VTA Construction, fabrication and test of VTA mock-ups with integrated coolant ducts and
c~~i as ;Lt TF-lIi prototype instrumentation to test () remote controlled precise positioning, (2) sealing. (3) assembling and 0.8

- ~~~~~~~~~~~~~~~~~~~~disassembling of test modules

Full evaluation of source term fl-Li nuclear reactions to reduce (I) Broad based neutron time-of-flight measurements from IFMIF relevant Li(d~nx) reactions. (2) Data
TF-lj significantly the current neutron yield tuncentainties of ±20% processing and implementation of experimental data in existing libraries 0.3

TFIkNuclear datasabove 20 MeV l) Completion of data file preparation, (2)Neutron transport benchmark tests 04

T IkCalculation of the complete neutron response throughout the MCNP, NYOY and McDeLi-code calculation for 3D distribution of all nuclear responses, including * - - - - -
TF-21 entire test cell equipped with reference test modules decay heat and nuclear inventory. .

TFItPrototype fabrication and test of on-line miniaturized neutron IAfter fabrication the monitors are tested () in fission reactor, (2) in light ion particle accelerator.04
Fmgamma monitors04

Prototype fabrication and test of IFM[F micro-tomography Transmission and emission tomography systems will be tested to verify suitability for structural
T- n system integrity tests on assembled rigs and [HFTM 0.4

TF-1o RAM studies RAM studies 0.2

SSTT: Development of miniaturized fracture toughness User specific development; () Dlats generation from iadiated and reference samples, (2) Modeling 0 
TF-lp specimen of size effects - .

Test cell improvement and engineering design of entire test (I) Design improvement of entire test cell (including steel liner, shield plugs, VTAs, VIT and test cell
TF-2a cell, access cell. test module handling cell cover), 2.0

(2) Engineering Design
BP Specification, engineering design of complete maintenance and Design based on (I) detailed evaluation of all remote handling scenarios. (2) manufacturer experience
ID TF-2b remote handling systems. incl. universal robot system and from reactor decommissioning .

a auxiliary systems

Test Cell technology room and test facility control room; Layout and specification of both rooms
TF-2c specification of instrumentation and design of all devices 0.4

T 2dEngineering design of post irradiation examination" facilities Neutronics and manufacturers' supported design of (I) Convenional hot cell laboratory, (2) Shielded .
TF~~~~~~~~~~~~d ~~~~~~glove box laboratory, (3) Tritium laboratory I 1. I . . w
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(b) Tasks in EVEDA
Tasks, roughly estimated costs, and tentative schedules for the Transition phase, 2004 - 2009,

are shown in Table 3. Except for Design Integration (DI), tasks for each subsystem include both
Engineering Validation (EV) and Engineering Design (ED). These EV and ED are expected to be
carried out under a new Annex IV.

During the EV for the Accelerator, an ion source, an RFQ and a set of RE power amplifier
systems will be fabricated and tested. The ion source generates H2' ions for beam commissioning.
While the RFQ is a cold model, it is to be tested to examine performnance at high power loading.
Endurance test of an RF power supply will be performned in RFQ system. Testing on the RF power
amplifier system includes testing of RF windows and RF controls. As the ED for the Accelerator,
detailed designs will also be developed for the Accelerator system and components.

For the Target, a lithium test loop will be fabricated and tested to examine the characteristics
of longtime loop operation. Diagnostic methods for the target section will be examined to ensure
target stability in longtime operation. Lithium purification systems consisting of hot and cold traps and
impurity monitors will be validated. Remote handling device to exchange and weld / cut the target
assembly will be developed and tested, but not in the lithium loop. Along with the EV, ED of the
IFMIF Target will be carried out.

For the Test Facilities, a full scale High Flux Test Module (HFTM) is to be fabricated and
tested. Engineering designs and system evaluations are planned for three types of full scale Medium
Flux Test Modules (MFTMs) and a full scale Vertical Test Assembly (VTA). Improvements in
neutron calculation and nuclear data are expected. ED for Test Facilities will include the Universal
Robot System (URS) and Post Irradiation Examination (PIE) facilities.

The DI tasks include not only design of buildings, shielding, utilities and central control but
also RAM and safety analysis, in preparation for licensing and cost estimation.

As summarized in Table 4, the roughly estimated costs for EV and ED Tasks are 53 and
19 MICF, where I MICF = Million of the IFMIF Conversion Factor (approximately Million US
dollar in January 1996). The total cost for EVEDA is 72 MICF.

Table 4 Cost of EVEDA Tasks. _____

Engineering Engineering TotalZ u l u ~~~~Validation Desian ______

Accelerator 27 5 32
Target 17 4 21
Test Facilities 9 5 14
Design Integration______ 5 5
Total 53 191 72

Unit: MICF

(c) Framework for EVEDA
For efficient and responsible implementation of the EVEDA work, a basic organizational

framework for EVEDA has been examined. It is proposed in a draft of Annex IV, developed by the
Working Group. This draft including an EVEDA organization is still under evaluation and discussion.

The proposed organization for EVEDA is shown in Fig. . The Participants of the planned
Annex IV will establish an IFMIF Steering Committee for implementation and supervision of EVEDA.
The Steering Committee will designate an IFMIF Project Leader and will establish a Joint Central
Team (JCT) at a Joint Work Site for intemnational work that includes design integration. The Project
Leader will report to the Steering Committee. The staff members of the JCT will be seconded by the
Participants and will assist the Project Leader at JCT on work including design integration such as
building and utilities. A Leading Participant for each subsystem (Accelerator, Target, Test Facilities
and Conventional Facilities) coordinates work on the respective subsystem and reports to the JCT.
Contributing Participants execute ED and EV with transfer of equipment to testing facilities,
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assignment of specialists to testing facilities and JCT, and exchange of information among the
Participants.

(4) Summary
A schedule that starts with the Transition Phase, EVEDA, and continues through construction

and operation was proposed. Tasks in the Transition Phase (19 tasks in 2003) and EVEDA (49 tasks in
2004 - 2009) were examined and proposed. Costs for the EVEDA tasks were roughly estimated. A
draft of a new Annex under the current EA Implementing Agreement, to cover EVEDA activities,
was proposed and is under examination by the IFMIF Ad-hoc Working Group under the Executive
Committee of the Fusion Materials Implementing Agreement.

Reference
[1] IFMIF Ad-hoc Working Group, Minutes of the IFMIF Ad-hoc Working Group on March 14, 2002,

Tokyo.

Implementing Agreement
for Programme of Research and Development on Radiation Damage in Fusion
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Fig. Possible Organization and Personnel Assignment for EVEDA.
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3.4.14 D195-JA : Cost Estimation

(1) Brief Task Description
Through the former cost estimation for a reduced cost IFMIF completed in 1999 [1], the Total

Capital Estimated Cost (TEC) for IFMIF construction was revised from 797 MICF (Million IFMIF
Currency Factor) as the estimation in 1996 [2] to 488 MICF, including Allowance for Indeterminates
(AFI). Cost estimation should be performed alongside progresses in design work and KEP activities,
which may influences the cost estimates. Furthermore, the planned IFMIF construction schedule was
changed from three stages (total duration of 15 years) to two stages (10 years). Therefore, the cost
estimation was revised.

The result is there was no significant change in the estimated cost even with the change in
staged construction. There were no large changes in the IFMIF design during KEP. To complete
developments remaining beyond EVEDA, additional funds would be needed mainly for RFQ testing
and any modification that may be needed in the construction phase.

Contributors
Name Party Institute E-mail address

M. Ida Japan JAERI idagiffmif~tokai.jaern.gojp
H. Takeuchi Japan JAERI takeuchi gfnshp.tokai.jaeri.gojp

(2) Conditions and Methods for Cost Estimation
(a) Changes in Staged Construction

The LFMIF construction plan was changed from three stages (5 years for each stage, thus
l5years for total duration) to two stages (7 years for the first stage, 3 years for the second stage)
through the international meetings for IFMIF in 2002.

In the plan for three-stage construction, the first and the second accelerators were to be
constructed in the first and the third Stages respectively. The second Stage was to be dedicated to
construction of the PIE facility and increase in the current in the first accelerator from 50 mA to
125 mA deuteron beam. The whole Target System was to be constructed during the first Stage to
reduce total construction cost of that system.

In the revised plan for two-stage construction, only the second accelerator and related facilities
such as the second Accelerator Building, and additional electrical, cooling, ventilation and control
equipment are to be constructed in the second Stage. The IFMIF is to be operated with deuteron
current of 125 mA in the first Stage operation and 250 mA in the second. The PIE facilities are to be
constructed in the first Stage for examinations on specimen irradiated in stage one operation with
deuteron beam current of 125 mA.

(b) Methodology of Cost Estimation
The methodology used to estimate costs is basically the same as those of the former Cost

Reports in 1996[2] and 1999 [1]. The Work Breakdown Structure (WBS) has not been changed from
that in 1999. For comparison with the former values, currency conversion factors are the same as those
of the former Cost Report in 1996 as follows:

1 ICF (IFMIF Currency Factor) = I U.S. Dollar = 105 Yen = 0.807 Euro
Material and Labor fees were estimated using cost mostly estimated by Japanese industries,

and industry engineering fees used values mostly estimated by Japanese industries (in work time) and
converted into international value (international average of payment/time x time cost). These
international average rates are as follows:

Manager :195 kICF/year (WBS 1-6) Engineer :161 kICF/year (WBS 1-6)
Labor : 98 kICF/year (WBS 2-6) Support : 93 kICF/year (WBS 1)
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(c) KEP and EVEDA
In the KEP, technical changes were not significant enough to change the cost of components.

These costs are the same as those in the former estimates. Also the AFI was not changed.
In the former cost estimates in 1999 [1], the Total Estimated Cost (TEC) was 488 MICF with

the assumption that all development would be completed before the construction phase (i.e. in
EVEDA). New cost estimates were performed with the same assumption. Additional development
costs were separated from construction costs.

(3) Results of Construction Cost Estimates
The estimated cost for IFMIF construction was changed only due to the change in staged

construction. The former estimate assuming three-stage construction is shown in Table 1. The TEC
was 487.8 MICF, where TEC is an estimated summary including the cost of design, fabrication,
testing, installation and all project management costs from project approval to the beginning of facility
startup and commissioning. TEC of each Stage (st-Stage, 2nd-Stage, 3rd-Stage) was 303.6, 63.3 and
120.9 MICF respectively. The current estimate assuming two-stage construction is shown in Table 2.
The TEC was slightly reduced from 487.8 MICF to 484.1 MICE due to simplification of planning
(from three stages to two stages) and reduction of construction duration (from 15 years to 10 years).
However, these effects are shown only as costs for Project Management and Accelerator Facility as
follows;

The TEC for Project Management (WBS ) was reduced to 17.6 MICF. The detailed estimate
is shown in Table 3. The assumed number of personnel was 14 persons for 7 years of the first Stage
and 10 persons for 3 years of the second Stage. The required number of persons was increased from 10,
6 and 8 persons at the st, 2nd and 3rd Stages in the former estimation, due to increase of work in the
first Stage and elimination of the third Stage. However, the total cost was slightly reduced.

Table 1. Construction cost estimated in December 1999.

W EVP development Construction Phase Covered by running
B Subsystem reducing 1 st Stage 2nd Stage 3rd Stage Total cost in Operation
S construction cost (5 years) (5 years) (5 years) (15 years) Phase

10Project 774.6 6.2 18.5
.0Management 50 Py 30 PY 40 PY

*URS technology 62.3 33.1 0.0 95.4 *Examination

2.0 Test Irradiation PIE equipment
Facilities facilities facilities ______

Target *Target assembly 40.1 0.0 0.0 40.1 *Spare Hot/Cold traps
3.0 Faiiy remote handling Completion *Remote handling for

Facility technology at st Stage traps

Accelrato RFQ 98.4 25.6 93.2 217.2

4.0 Faccletor Ist-Acc. RF power up 2nd-Acc.
Facility ~~~~~(OmA) (125mA) (25OmA)

50Conventional 85.6 0.0 1'9 .9 105.5
Facilities ~~~~~~~~~~~for 2nd-Acc.

6.0 C. C. & C. . 9.5 0.0 1.6 11.1

Total 303.6 63.3 120.9 487.8

Unit: MICE
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The TEC for the Accelerator Facility (WBS 4) was slightly reduced to 214.4 MICE. The TEC
for the first accelerator was slightly reduced, while that for the second was not changed. The detailed
estimate is shown in Table 6. The cost for accelerator management (WBS 4. 1) was changed according
to duration change from "6 managers x ycars + 3.6 managers x 2.5 years" to "6 managers x 7 years"
in the first Stage. The management cost was not changed for the second accelerator. Installation cost
for the first accelerator (WBS 4.3. 1) was changed. The first accelerator is to be commissioned to full
power of 125 mA in the first Stage. Therefore, installation and checkout costs of the RF System (WBS
4.3.1.6) and cost of Acceptance Testing (WBS 4.3.1.8) were changed to the same as those of the
second accelerator. For the Accelerator System Control (WBS 4.3. 1.9), the cost was given as the total
of those of the first and second stages in the former estimation.

Table 2. Construction cost estimated in September 2002.

W EVEDA development Construction Phase Covered by running
B Subsystem reducing construction 1 st Stage 2nd Stage Total cost in Operation
S cost (7 years) (3 years) (10 years) Phase

Project 13.0 4.6 17.6
1.0 Management 84 PY 30 PY

Test 0* URS technology 95.4 0.0 95.4 * Examination

20Facilities Completioneqimn
at I1st Stage

Target * Target assembly remote 40.1 0.0 40.1 *1 Spare Hot/Cold traps
3.0 Taciety handling technology Completion * Remote handling for

Facility ~~~~~~~~~~~~~at I1st Stage traps

40Accelerator 121.2 93.2 214.4
40Facility I1st Acc. 2nd Acc.

(125mA) (250rnA)

50Conventional 85.6 Expnsonfo 105.5
50FacilitiesExasofr

I __ _ __ _2nd Acc. _ _ _ _ _ _ _

6.0 C. C. & C. 1. 9.5 1.6 11.1

Total 364.8 119.3 484.1

Unit: MICF

Table 3 Cost for Project Management.

Currency Unlls=kllo IFMIF Currency Fctor_
On-nite TEC

WBS El .. nt P-oJ Man.____
I 2 3 4 .)... ..JraL. Rationale and Detail

I 0 0 0 0 Prined Man ... ent 1
4

,579 17,57
I 0 0 0 Project Mana.gement and Ad.iitrati.n 20.0%

1 0 0 Adnnnimroion 10.0% International verage Eog.---r16 (0%)
2 0 0 Cost Contro 3 3% Manager 95(20%)
3 0 0 Sohedule 3.3% Sannors 93 (20%)
4 0 0 Decon-tsaio 3.3% Inte-rti ... average labor cos :54.2 kICF/y,

2 0 0 0 Syntensa Engineering 15.0%
1 0 0 Deign Inlegrofion 5.0%
2 0 0 Sysrees Anayis 3.3% WSt Sag(12SnrA): l2pec.on e7yrs
3 0 0 Rqaiient, /Spec 3.% ~ d Stage25OnsA) (Omne 3m
4 0 0 RAM Analysis 3.3% Totl II14PY (17578.0 kICF=4%otTrEC)

3 0 0 0 Enin~el.Safety & Health Docamnen 10.0%
4 0 0 0 Qoality A ...ance 10.0% 4% ofTEC i posible

5 0 0 0 Denelopanenl Onernlght 5.0% (e.g. NSLS .Tesatro 1.H1. PEP. SLC. MFTF-B
60 00 CourcinManan1-eane 40.0%
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Table 4 Cost for Test Facilities.

Total Eimnated Capita Cost TECI

Currency Uits-kilo IFMIF Ceny Factor OIT-IFMIF Site On-Site At FMIF
orr-site Industry Institat1 Off-site toast. Cntractor Institul1 On-ite

6986 Element MarIab Entic&E .Oozin AFI Total MallI/Lab Eoni/na Eng .s AFt Total
2 34 5 hbI (c) Id) (L) (f) (g) (6) (I) Ii) (kI) (I) .La.

2 0 0 0 0 Test Facilities 1,691 44,2169 11,176 2,607 7,893 65,845 15,042 4.440 3,301 5,117 27.901t 95,437
I 0 0 0 Test Facility Mau.ngenen 1,691 0 0 0 0 0 0 0 0 0 0 1,69t

1 0 0 Pcjec Miancageis sod Admlalion 644 644 322 322
2 0 0 Syos-Erssigioeiog 161 161 1 8 1
3 0 0 E-si-mees., Safely & -Hculih Dc.umco 161 161 II0

4 0 0 Q.alily Asurn 161 161 161 161
2 0 0 0 Test Fility Soystems 0 44,169 11,176 2,607 7,893 00,845 13,542 4,440 3,301 5,117 26,401 92,246

1 1 Vertical Tes Assembolies o Tesr Cell 5.398 1.281 1.3 34 1.474 9,407 69 0 775 169 1.013 10.500
IO0VTA-NaK 0 0 0 0 II I 0 0 0 0 

2 0 VTAI -tc 2.690 752 III 710 4,263 0 0 277 55 332 4,595

3 0 VTA2-61e Fatigue 1.178 092 46 283 1.71X1 0 0 2 2 44 266 1.966
4 0 VTA2-1-1e Breedes 1.065 301 332 344 2.062 0 0 277 55 332 2.39
5 0 ViT-Syslere 437 36 814 129 1.417 69 0 0 14 83 1,50

6bOShield Plug 8 0 30 8 46 0 0 0 0 0 46
2 0 0 Tesi Cell 3,241 129 645 753 4,768 276 32 66 37 412 5.10

I 0 Tesi Cell Cover 1.080 0 195 191 1.467 0 0 0 0 0 1.467
2 0 Tedi Cell Liner 799 0 176 195 1,173 63 0 0 13 75 1.249
3 0 H.al Shield 762 198 991 158 158 1.149
40 eal PIate 291 0 30 64 385 0 0 0 0 0 385

0 Ca-ierSystems 116 0 174 58 348 55 0 0 II 66 415
6 0 Newlm Sorce Diagoosics 84 0 0 1 7 101 0 0 0 0 0 101
7 0Tes CellDiagosics 45 0 0 9 54 0 0 0 0 0 54
0 0 Enneegency hudowo System 34 0 66 20 120 0 0 66 10 3 80 0

3 0 0 Tes Ccll Thnology Roml 1,744 01I 0 II 2.0,36 960 129 57 1 7 1,164 3.00

I 0 Assembly sod Tesdong 0 0 a
2 0 Coolig Syslem 929 929 546 546 1.476
3 0 Vacuu Poospiog Syslem 492 492 24 24 516
4 0 Ar Backfill Sysrom 270 270 360 360 635
5 0 DiagnosticsaodCstesls 55 0 0 II1 64 26 0 57 17 101 16
6 0oS~yremPo..,e 0 0 0 0 I 4 0 0 I 4 

4 0 II VenticalTestlAssembhies for TestlCelllH 0 0 0 0 0 0 0 9 0 0 
5 OO0TestCell 11 0 0 0 0 0 0 0 0 0 0 
6 0 0 Test CellTechnology Roomll1 0 0 0 0 0 0 0 0 0 0 
7 II 0 Tos Fcily C-mnl Room 371 0 91 93 555 3 0 223 45 271 027

I OA-.bmly andTesing 0 0 0 0 0 0 0 57 II1 69 69
2O0DataAa- VA I- NA 0 0 0 0 0 0 0 0 0 0 
3 O tua Aq- VTA-lI- He 45 0 0 9 54 0 0 33 7 40 9-4
4 0 Dat Aq. -Cecpaligue III 0 29 28 160 0 8 57 II 8 9 237
5 0aaAq -Trit.nsReease 100 0 24 26 ISO 0 0 0 0 8 IS8
6OODa.Acq VIT 61 0 38 20 119 0 0 29 6 35 I5

7 0S~p-isory Cmpuer 46 0 0 9 55 0 0 46 9 55 II

0 Sbsysm.Power 0 0 0 0 I 3 0 0 I 4 4
0 0 0 AccesCell 7.908 737 0 1.713 10.357 5,659 322 199 1.172 7.352 17.70

I 0 Assembly adTesing 0 5 0 0 0 0 0 92 18 110 Ila
2 0 Cell Sucute 2,286 8 0 457 2.743 4.731 0 10 940 5.690 t.433
3 0 UniverslRobae 3.950 509 0 852 5.110 247 0 0 49 298 5.40

4 MuoipuutoeSysem 0 0 0 0 0 0 0 0 0 0 a
5 0 Mainreusoce Sppoel Equipuseo 1,672 3.4 0 404 2.424 62 0 9t 32 191 2.615
6 0sfcastucla 0 0 0 0 0 619 0 0 124 743 745

Soo 0SicCell 0 0 0 0 0 0 0 0 0 0 
I0 0 0 TesI Module Hsling Cl 2,6108 506 0 576 3.699 2.249 161 02 567 3.059 6.758

I 0 Assembly and Tesing 0 0 0 8 0 0 0 66 13 79 7
2 0 Cel Sictu 606 6 0 137 823 1.954 0 1 I 393 2.358 5.181

3 0Maipltr ySlcns 669 165 0 167 1.8144 0 0 0 0 0 I.OD
4 0 Bfidge C- 857 0 0 171 1.029 86 0 s in8 109 1.135
5 0 MaieounceSop Erqaip 597 99 0 99 595 21 6 0 4 25 820
6 0 lofroslnelur 9 0 0 2 Ii iuu9 0 0 I3O 326 338

1 I 0 0 PIE Hot Cell 7,125 362 0 14 7.502 1,427 97 65 1 3 1.602 920
I 0 Assemtrly ad Tting 0 0 0 0 0 0 0 65 IS 79 79
2 9 Cell S-t-lu 3.839 0 0 0 3.839 893 0 5 0 895 4.732
3 0 Martipulalor Systems 3.214 0 0 0 3.214 7 0 0 0 7 3.221

40ridge C e 0 0 0 0 0 63 0 0 0 63 63

5 0s rn-rmonor 0 0 0 0 0 419 0 0 0 419 419

6 0E -mamin Enqiprres 0 0 0 0 0 0 0 0 0 0 
7

0Tspratio Eqpwnt 71 0 0 14 86 46 0 0 0 46 I32

12 0 0 Shoeldd Gose B L..Ol-rwy '7,614 6.04 0) 657 9.975 750 302 11 164 1.297 10.165
I 0 Assemably aod Tesinrg 0 0 0 0 0 0 6 71 14 9 86
2 0 Strca d Sprt Sysrems 7.614 0 0 657 8.271 750 0 0 ISO 90 9.1

3 05Emialionfqipnenl 0 0 0 0 0 0 0 0 8 0 C
1 3 0 0 Tnlium Lahotlwry 8,150 7,478 536 2,603 108.767 179 3,398 1.170 2,421 7.167 25.934

I 0 Assembly nd Testing 0 600 215 179 1.073 0 680 215 895 1.789 2.861

2 0 Tnoim Fcilite H Cell 3,450 4.079 215 1.127 9.371 107 1.359 057 382 2.705 12.076
3 0 Gloveboses 4,200 2.719 107 1.291 8.324 71 1.359 98 1,145 2.673 16.997

14 0 0 MuisteoscSyslems 0 0 0 0 0 1.970 0 591 5 12 3,073 3,073
5 00 WaswSog C 206 32 0 40 566 40 48 0 0 96 461

16 0 0 Sroege Cell 1.905 1 6 0 0 1,921 306 32 0 0 330 2,259
3 0 0 0 System tantallatin ad Ceekoat 0 0 0 0 0 0 1,500 0 0 0 1,500 1.500

I 0 0 Installation

2 0 0 Facility Verifctuco Testing
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The TECs for other facilities were not changed. These were 95.4 MICF for Test Facilities
(WBS 2), 40.1 MICF for Target Facility (WBS 3), 105.5 MICF for Conventional Facilities (WBS 5)
and 1.1I MICF for Central Control and Common Instrument (WBS 6) as shown in Tables 4, 5, 7 and 8
respectively.

(4) Development Costs during the Construction Phase
The former estimated construction cost was 488 MICF as shown in Table 1, with the

assumption of completion of development before the construction phase, while EVEDA activities and
their cost were not clear at the time (1999). Also the newly estimated construction cost 484 MICF as
shown in Table 2 is based on the same assumption. However, EVEDA cost 72 MICF mentioned in the
report for the Task D193 is not enough to complete all development, especially those of the
Accelerator. Therefore, some additional cost will be needed in the construction phase for that
development. As shown in Table 9, this development is to be carried out within the framework of the
Construction, Operation and Decommissioning Activity (CODA). To accomplish these activities, the
duration of the first stage was extended from five to seven years.

This development consists of testing (and minor modification, if needed) of components of the
accelerator. In this stage, costs for the testing seem to be dominated by that for testing of a prototype
RFQ. With the assumrption of RFQ testing time of 6240 h (= 40h/week x 2weeks/year x 3year),
required power 1.56 MW (roughly estimated .6x 10-'9J/eV x 5MeV x /1.6x 10-'9C x 0. 125C/s x 2.5)
and international average rate 0.103 ICF/kWh [2], the cost of electric power is 1.00 MICF. With the
assumption of testing personnel consisting of two Managers (95klCF/year/person), eight Engineers
(161k1CF/year/person) and twelve Laborers (98klCF/year/person), the personnel cost in three years is
8.56 MLCF. The minimum required cost for this test would be about. 10 MICF.

Table 5 Cost for Target Facility.
Total FEsttasatecd Capita Cost TEC)

C-r-ay Unait-kilo IFMIF C.srr... y Fact. Off-[FMIF Site O.-Sit. At FMIF
Off-Sit. Industry hmsital[ Off-sit. Coast. Contractor nstit'.] Oa-it.

WBS Elnasnat 1-..s. MafI'/Lab Enuin'g Esgi.s AFI Total Fslat'lLab EFgi. 0 Enfintg AFt Total
1 2 3 4 5 (b) Ic) (4) (o) (7 (g) (h) (i ) (k) (I) (as)

3 0 0 0 0 Target Facility 5,395 20,933 2.244 2.516 2.569 20.263 3.343 2.510 251 305 6,409 400
1 0 0 0 Subsystem Managemeat 5,395 5,395

I 0 0 Prcoject Management and Admnisetion 0 975 98 54 .3126 1.126
2 0 0 Sysiems Engineerng 0 966 97 53 1.116 1.116
3 0 0 En-iron-ol_ Saty & Health oconent. 0 712 644 68 1.424 1.424
4 0 0 Qs. Jity Assoooc. 0 85 831 44 930 930
5 0 0 OtherCosts 0 762 0 38 8151 800

2 0 0 0 Subsystems 20,933 2.244 2,516 2,569 28.263 0 0 0 0 0 28,263
1 0 0 Lithisom Target Syte 1.243 306 505 235 2,589 0 0 0 0 0 2.589

3 0 Asscnbhly adTeoting 0 0 0 II) 0 0 0 0 0 0 
2 0 Cosopoets 1.243 306 605 235 2.589 0 0 0 0 0 2,589

I Targt Assembly 719 75 644 I"4 1.555 0 0 0 0 0 .,585

2 Bea-Targt 524 220 161 91 1.004 0 0 0 0 0 1.00

3 Taget-Test Cl lmftoca 0 0 0 0 0 0 0 0 0 0 
2 0 0 Lithism Cooling Syst.m 9.941 66.4 697 1.130 12.432 0 0 0 0 0 12,432

1 0 Assemnbly adTssing 0 0 0 0 0 0 0 0 0 0 
2 0 Contponents 9.941 664 697 1.130 12.432 0 0 0 0 0 12,432

I Mais Li Loop 5.307 349 322 004 6.642 0 0 0 0 0 6.642

2 Priary Heat Reet-I Systet 4.058 299 322 468 5A147 0 0 0 0 0 5.147
3 Secosdauy Heat R-noat Systent 516 1 6 53 58 643 0 0 0 0 0 643
4 Trtaty Heat Rent.a System (Wate Coolig) 0 0 0 0 0 0 0 0 0 0 

3 0 0 LithiumtPsfication & Monitoog Systent 4.822 953 966 674 7.412 0 0 0 0 0 7.4 12
0 Assembly adTesting 0 0 0 0 0 0 0 0 0 0 

2 0 Components 4.822 951 966 674 7.412 0 0 0 0 0 7.412
I Li Purification System 3.254 715 453 445 43807 0 0 1 0 0 4.597
2Imptity MonitornegSystem 1.567 236 413 229 2.515 0 0 II 0 0 2.515

4 0 0 LithiotoRecoo-y Sytom I30 2 1 6 3 331 0 0 0 0 0 331
5 0 0 Conteal System 4.917 322 32 527 5.799 0 0 0 0 0 5.799
6 0 0Vmlaton Syst.m 0 0 0 0 0 0 0 0 0 0 
7 0 0MaiteaoeSystems 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 tnaltllatlon ad Checkout 0 0 0 0 0 3,343 2.5 10 2 51 305 0,409 6,409
I 0 0 tnetallatioo 0 0 0 0 0 3.016 1.746 175 247 5,1 84 3.184
2 0 0 Verifiotion Tcstieg 0 0 0 0 0 9 16 1 1 6 1 4 259 259

SO Startup 0 0 0 0 0 29 60 0 4 3 3
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Table 6 Cost for Accelerator Facility.

Total Estimated Canitu Cost TEC)
Currency (iskilo IFMIF Currency Factor OE-IFMIF Site On-Sit, At IFMIF

Oft-Site Industry Institat1 Off-site Const, Contractor Isitl on-site
WBS Element Fai..- Mull[/Lab Euming, Etin AFt Tstat MasilILub Enal Funing AFt Total

I 2 3 4 5 (b) Ic) (dl (e) (I) (g) Iti) (i) O) 1k (ll (m
4 0 0 0 0 Accelerator Facility (st Stage) ,24j 5 2845 19,251 6,330 15,958 94,383 1 1088 3,018 tOO 3,349 17,555 121,17

1 0 0 0 Accelera.tor Facility Management 9,240
I 0 0 Projec M-lace t aod Adrmsiratton 0 2.000 0 200 3.080 300
2 0 0 Systems Engincrig 0 2,800 0 200 3,00 300
3 0 0 Eniomn.facty & Health Docorocc. 0 1.400 0 140 1.540 1,540
4 0 0 Quafly Assraco0 1.400 0 140 1540) 1540

2 0 0 0 Subsystem 02,845 19,2 51 6,330 15,958 94,383 0 0 0 0 0 94.383
I 0 0 Acceleraor F.oipmoci Prlieiinay Dlesign o 5.000 5,300 1.700 12,000 0 0 0 0 0 1200
2 0 0 AccIcroior Eqoip-oec Physics 0 2.151 0 323 2.473 0 0 0 II 2,473
3 0 0 Accelertor #l (Casior) 50,025 9.970 030 1 3,283 74,108 74)108

I 0 injecio .200 b(0 100 tMt 2.200 2.28C
2 0 RFQ Sysiem 300 50D 300 5701 4.370 4.370
3 0 DTL Sysiem 13.500 1.450 200 2.273 ' 7.423 17.423
4 0 HEBT System 1.000 300 170 (55 1.705 1.705
5 0 RIF Dve Loop 1.910 6o 205 2.260 2,26h
6 0 Acceleroto& t-tEfT Tnnol Cowioo tOO0 (7 1.3(0 (.I0
7 0 RIF Pwer Sysiem 31.245 4.080 0 90440 44.765 44,705

RIFP.omerSystem 0 a 0 0 0 (
I RIF Contrl Systems 2.720 303 0 00 4.1180 4.0119

2 RF Pednver Systems 1.364 151 0 530 23(45 2.045
3 RF Dion & Fina Pwr Amptir Systems ts.994 2.500 0 3.899 23.193 23,39.5
4 RIFTeanspon Systemrs 3.410 379 0 1.326 5.115 5.115
S Cavity Resonance Control Systes 1.364 152 0 531 2.047 2.047
h SmttchgearSystems 1.310 142 0 500 1,90 9
7 Cooling Systems 0 0 0 0 0a
0 RFStaios Cootrol & Monntrnn Systems 1.050 Iso 0 525 2,025 2.025
0 integratio Equipnment and Sevics 2.727 303 0 1.061 4.091 4.091

4 0 0 Accelerato 2 (Pollos) 0 0 0 0 0 
5 0 0 BumtcCalibhtonsDumps 820 330 0 173 1.32 3 1.323

0 0 AccetcraioSystem Cntol 2,000 400 200 390 2.990 2,99
7 0 0 Ac.-lerato Spport Systems 0 600 0 90 h90 690
0 0 0 Mainteca ystems 0 0 0 0 0 

3 0 0 0 Subsystem tostattatiun and Checkout 0 0 0 0 0 1 1,088 3,018 tOO 3,349 t7,555 17,555
I 0 0 A.ccertor 1 (Co.tar) 11.000 3,018 1001 3,349 17.555 17,3555

I 0 Injector System 40) 125 0 [its 690 6
2 0 REQ System 750 ISO 0 135 1.055 1,035
3 0 DTL Tank #iSystem ISO 400 0 83 633 033

4 0 DTL Tok8#2-lSystem 40 5oo 0 135 1.035 1.05
5 0 HEBT System 400 300 0 70 770 770

60 RIF Systems 5.738 383 0 2.142 8.203 8.203
7 0 Beam Dump Systems 700 160 0 129 080 989
0 0 Foll PrAcerpt-ceTent )l25mA( 2.000 I.0 100 465 3535 3.505
9 0 Accelerator Syste Cmil 500 5 0 75 575 575

2 0 0 Accelerotorli2 (Polos) 5 0 0 0 0 

4 0 0 0 0 Accelerator Facility (2nd Stage) 3.3001 50,709 8.548 970 12.997 73.224 10,488 2,758 tOO 3,302 16.708 93l23
1 0 0 0 Aecete..atar Facility Management 3,300

I 0 0 Prje Mageniet d Administraimon 0 1.000 0 100 1,100 10
2 0 5 Systeros gin-tig 0 .,000 0 100 1,100 1.10
3 0 0 Environme.. Safety & Health Doccmt 0 500 0 50 530 550
4 0 0 Quafiiy As-am-c- 0 500 0 30 550 550

2 0 0 0 Subsystensa 50,709 8,548 970 12,997 73,224 0 0 0 0 0 73,224
I 0 0 Accelrator Eqoip-cr Pminaty Dsign0 0 0 0 0 0 0 0 I
2 0 0 AcclcrotorEqoiprem Physics o 1,924 0 209 2,213 0 0 0 0 0 2,2i3
3 0 0 Accelerotor#l (Casto) o 0 0 0 0 
4 0 0 Accelo 2 (ollos) 40,709 5,724 770 12,244 67,447 67,447

I 0 Design Updates 0 500 0 100 00 0
2 0 injectr Syocro 1.200 (w 00 3110 2.280 2.280
3 0 PFQ Syotro 3.000 500 300 530 4.370 4.37C
4 0 DIL System (3.500 0 200 2,055 15.755 15.755
5 0 ttEBT Sysmem 1.080 500 170 (55 1.705 1,705
O 0 RF- Power Spply Systcro 29.029 5.824 11.904 42.33 42.737

RIFP.omneSystem 0 0 0 0 0a
I RF- Coetro Systems 2.550 283 0 992 5.825 3.825
2 RIFPredivr Sysirms 1.275 (42 0 496 1.913 1.913
-3 RIF DerE ica) P-ar Amplifier Systera 16.541 2.38 0 3.776 22.055 22.655
4 RI-Transport Systems 3.188 354 0 i.240 4.782 4.782
5 Cavity Rsonace Control Systems 1.275 142 0 496 1,913 1.913
O SmitehgeaSystems 1.250 (40 0 487 1.K77 1.1177
7 Coohng ystems 0 0 0 0 0 
0 RiF Oratio Cnion & Msiton.ug Systems 1 .300 142 0 500 (.947 1.947
9 Integratio Equipmen and Seices 2.550 203 0 002 3.825 3.825

5 0 0 Bam ClitihnoioDumps 0 0 0 0 0 
I 0 Mosahle Bam Calibetint Dump 0 0 0 II 0
2 0 Fined am ump 0 0 0 01 0 

6 0 0 Acceeaor Syste Ctro 2.000 4100 200 390 2.990 2,99
7 0 0 A-ccrkabo Sppor Systems 0 510) 0 75 575 575
0 0 0 MaitenanceSystemn 5 0 0 0 0 (

3 0 3 0 Susyntent tasbttalo ad Checkoat 0 0 8 0 0 10,488 2,7 5 tOO 3.362 16.708 16,708
I 0 0 Accelerroro#I (Cantor) 0 0 0 0 0 
2 0 0 Accelerator 2 (Pot1on) 10,400 2.750 100 3.362 16,708 16.700

I 0 InetrSystem 450 125 0 Il5 60 6
2 0 RFQ System 750 (50 0 135 (.035 1.035
3 0 DTL Tk I System ISO 300 0 50 5(0 StC
4 0 OIL Tok 2.05 System 400 500 0 225 1.125 1.125
5 0 HEBT Systenm 400 300 0 130 830 83
6 0 Ri- Systems 5.738 3113 0 2.142 0I.203 I 16
7 0 Foil Pwer Acceptance Test) t12mA) 2.0(0 I .RE 00 000 5 3.56 3.565
0 0 Accelerato System Control 0(0 0 0 01 690 "
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In case modifications are needed after the testing, additional costs for the modification would
be needed. The cost for one set of Injector (2.28 MICF) and RFQ (4.37 MICF) is 6.65 MICF. With
consideration of the engineering costs for design modification, the total required cost for a new
Injector and RFQ would be roughly 10 MICF.

(5) Operation Cost in the CODA Phase
The operating cost can be roughly estimated in this stage with some assumptions. The

operation costs mainly consist of Personnel Cost, Cost of Electrical Power, and Spare Pants Costs. The
Personnel Cost was estimated with assumption that required personnel are 68 Engineers and 98
Laborers for crews of four shifts. The cost is 20.6 MICF/year (= 161 kICF x 68 + 98 kICF x 98). The
Cost of Electricity was estimated with assumptions of a Japanese site. The fee depends on the facility
scale (50 MVA in IFMLF case) and amount of electricity used (kWh). The cost is 34.6 MICF/year
(= 8.9 MICF + 25.7 MICF) and 21.7 MICF/year (= 8.9 MICF + 0.5 x 25.7 MICF) for 250 mA and 125
mA operations, respectively. The spare parts cost was estimated as 24.0 MJCF/year with assumption
that the cost is 5% of the total construction cost. As a result, the operation cost was roughly estimated
as 70 MICF/year and 80 MICF/year for 125 mA and 250 mA operations respectively.

Table 7 Cost for Conventional Facilities.
Toal. Estimatn Ctl Cost (ThC)

Carreay lUniu=kilo IFMIF Currecy Ftor___ Off-IFMIF Site On-Site At FMIF
oft-Site Inuntry Inslila1 Ott-sit Cst. Cntractor Instital On-sitr

WBS Elemen.t c.ac...Mar/Lab Egin'g Eon/eng AF Total Ma.i/Lab Einag Eon/n', AI Total
1 2 345 (6 (C) (d/ (e/ /0) (0) (ti) //1) (ki) (I) (n

50 0 0 0 Conven.tional Facilities (st Stage) 2A4i' 24,684 1,726 0 38 26,448 54,025 2,421 0 205 56,652 85,561
I 0 0 0 Conven.tional Facility Managemtent 2,461 2,461

/ 0 0 Projeci Maoaemc ad Adfimlsrnon 975 400
2 0 0 Sysiems Enginceng 161 32
3 0 0 Envirn., Safely & Hen/l Decomnl. 403 0
4 0 0 Qoaliy Asnorace 161 242

2 0 0 0 Buildings 7,126 760 0 3 8 7,924 32,405 1,069 0 0 33,474 4t,393
1 0 0 AccrelecConplex 1.112 129 0 30 1.279 4.046 193 0 0 4.240 5,319
2 0 0 Target Camp/en 0 386 0 0 306 23.074 773 0 0 24,647 25,034

3 0 0 Testlad EaninalinnCempen 2.682 64 0 0 2,746 260 3 0 0 28/ 3,027
4 0 0 Boilding High Bay 3,33/ /29 0 0 3.460 330 26 0 0 336 3.81/
5 0 0 SupporlFaifi 0 26 0 0 26 2.057 64 0 0 2.122 2/147
6 0 OSak 0 26 0 0 26 1.829 0 0 0 1.829 1.854

3 0 0 8 Plan Svce 17,558 966 0 0 18,524 19,567 1,352 0 0 20,919 39,443
1 0 0 Hearing, Venuli/in and Air Ca.niisig 3.515 250 0 0 3.773 4.575 322 0 0 4.897 0.670
2 0 0 PnoenSyswemSabtlaiar.. 4.5 50 /93 0 0 4.75/ 2.05/ /29 0 0 2,/SO 6.93C
3 0 0 Hean Rejelia Sys[.. 2.236 /129 0 0 2.364 6,1 33 306 0 0 6.520 0.80
4 0 0 UtlitlySysiem 229 26 0 0 254 330 26 0 0 356 6/0
3 0 0 RadioaciieWale TrvaintSyle-i 5.730 258 0 0 5.987 5,699 306 0 0 6,005 /2.073
6 0 0 EleelniSyslem 1.065 77 1.142 479 77 0 0 556 1,698
7 0 0 Ceniral Va.... System 227 26 233 299 26 323 577

4 0 0 0 Sit.e Inp-ovemetn 0 0 0 0 0 2,053 0 0 205 2,259 2,25
/ 0 0 Read ad Paking 0 0
2 0 0 Grading and Ladvcping 0 0
3 0 0 SlnrnrDrsinngc 0 0

50 0 0 0 Convent ional Facilities (2nd Stage) 4571 St91 41 2 0 3 8 5,641 11,801 O1l 0 1,2 27 13,839 19,937
I 0 0 0 Convenional Facility Mana.gement 457 450

1 0 0 Pnjoc Mongemvi nod Adminisiann 1 56 /36
2 0 0 Syvlems Engiocering 32 6
3 0 0 Ersirenmeni, Safely & Hen/lb Deconn. 64 0
4 0 0 Qolily Assrac 6 6

2 0 0 0 Baildings 1,112 142 0 38 0,292 4,438 2t9 0 0 4,657 5,949
/ 0 0 Accce.IleCemp/cs 1.112 142 0 30 1,292 4.430 2/9 0 0 4.657 5.94
2 0 0T geCopcn 0 0 0 0 0 0 0 0 0 0
3 0 0 Tesinod EarnivareC-np/es 0 0 0 0 0 0 0 0 0 0
40 0 Buding High Bay 0 0 0 0 0 0 0 0 0 0
5 OO0SppolFcirns 0 0 0 0 0 0 0 0 0 0
6 0 0 SLk 0 0 0 0 0 0 0 0 0 0

3 0 0 0 Plan Sernicen 4,078 270 0 0 4,349 7,363 592 0 1,2 27 9,182 13,531
I 0 0 Healng, Venliltinad Air Ceodiiiig 770 64 0 0 042 750 /29 II 0 079 1,72
2 0 0 P -Sy,"'mSbsunio. 0 0 0 0 0 0 0 0 0 0
3 0 0 Hea ReclnnSytin 2.236 /29 2.364 6.133 306 0 1.227 7.746 /0./ 
4 0 0UtilySyser 0 0 0 0 0 0 0 0 0 0
5 0 0 RadinotliWaseTreains1oSysro- 0 0 0 0 0 5 0 0 0 0
6 0 0 Elne-nSystem .065 77 0 0 1.142 479 77 0 0 536 16
7 0 0 Cens Vacn- Sysiem 0 0

40 0 0Sitlpeement 0 0 0 0 0 0 0 0 0 0 0
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(6) Summary
The estimated construction cost for the reduced cost IFMIF was 484 MICF, which was little

changed from that in the former estimate even with the change in staged construction, where only the
second accelerator and its relating facilities are to be constructed in the second stage of the two-stage
construction. Slight changes in the costs for Project Management and Accelerator Facility were mainly
due to reduction of the construction duration. There were only small changes in IFMIF design during
KEP.

Other than the construction costs, additional development costs of 10 - 20 MICF would be
needed mainly for RFQ testing (and modification) during the construction phase, since EVEDA cost
of 72 MICF is not enough to complete all development.

The operation cost was very roughly estimated to be 70 - 80 MICF/year depending on 
beam(s) current.
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Table 8 Cost for central Control and Common Instrument.
Total Eatinated Capi C (TEC)

Currency UMnit-kil IMIF Carrency Factor OIT-1FMIF Site On-Site At IFMIF
Off-Site fid-try Instital1 Off-.it. Const. Contractor Inslit'al On-sit.
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(2dStage)
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1 0 0 0 Facility Manag pem 381 381
1 0 0 Poject M.Wsagensod Adiniwation 0 3 1 98 6 135 0 39 195 1 2 246 381

I 0 Adrnninition
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7 0 0 Sty W Emgncy Eqip-n 0 0 0 0 0 0 0 0 0 0
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1 OCt. Contol 0 0 0 0 0 0 0 0 0 0
2 0 0LAN4 0 0 0 0 0 0 0 0 0 0
3 00 Inerlck Logic 0 0 0 0 0 0 0 0 0 0
4 0 0Cnt.lDiplay P..[ 0 0 0 0 0 0 0 0 0 0
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4. Summary
In accordance with the FPCC recommendation, the Key Element Technology Phase of IMIF

(KEP) activities were carried out during 2000-2002 as an international collaboration by the European
Union (EU), Japan, the Russian Federation (RF) and the United States (US) under the EA
Implementing Agreement for Fusion Materials. The objective of the KEP was to reduce the risk
factors of the key technology to achieve continuous long-time operation of each subsystem. The KEP
activities included the designs of subsystem and of the whole IFMIF concept that had evolved
through the CDA, CDE, and the cost reduction and staging study. Important tasks were identified for
the KEP phase of the IFMIF project, Task descriptions were prepared, and performning institutions
identified. The Task Description report was published in 2000. Through international meetings,
progresses of the Tasks were reviewed and contents of some Tasks were revised for more efficient
execution. The interim results of most Tasks up to June 2001 were reviewed and published as a KEP
Interim Report. Significant progress has been made since then, especially in the experimental Tasks
for Accelerator, Target and Test Facilities. There was also steady progress in the Design Integration
tasks. The result is that, 83 KEP Tasks were completed, and are reported in this document.

4.1 Accelerator
Twenty-six tasks related to the accelerator were completed by CEA Saclay, AP Frankfurt,

JAERI and Advanced Energy Systems (AES) Inc. The accelerator reference design was considerably
improved as a result of work during the KEP phase.

The Tasks included investigations of injector options (ECR type in Saclay; volume type in
lAP; filament-driven multi-cusp and mirror field ECR types in JAERI). Several one-month tests on the
ECR type SILHI ion source showed 95% availability at 100 mA proton beam, demonstrating that this
source is fully qualified for IFMIF. Experiments on the JAERI test stand showed that the ECR ion
source is more promising than the multi-cusp type. The ECR source was chosen for the IFMIF
accelerator reference design.

The beam dynamics design for the 4-vane RFQ was fully developed by two groups during the
KEP phase, and is now a robust preliminary reference design. The DTL reference design was also
detailed, including beam performance and cooling. Alternative technologies for the RFQ (4-rod RFQ)
and other types of DTh (IH-DTh and SC-CH-DTh) were investigated to explore potential advantages
to IFMIF. Component activation during operation was estimated. Analyses of HEBT were
performed.

A fully operational 1000-hour test of the 200 MHz Thales Diacrode, identified as the RF
source final amplifier in the reference design, showed stable operation into a resistive load at MW
CW. This is an extremely important result, as it demonstrates that a fully qualified RF source for
IFMIF is available. The investigation of power sources to be used as the IFMIF driver amplifier
showed that the solid state power source is preferable in reliability.

4.2 Target
Nineteen tasks were completed at ENEA, IPPE, JAERI and the universities of Osaka and

Tokyo. Some of the experimental tasks will continue into the next phase of the IFMIF project.
A water jet experiment with a flow velocity of up to 20 m/s showed that the main cause of the

wave growth on the lithium target is wall roughness in the nozzle. Utilizing this result, the lithium
flow experiment has been carried out with modification of the existing lithium loop. The relatively
calm flow without violent waves or splashing of the fluid was obtained with the tested nozzle. As part
of the evaluation of the replaceable back wall options, another water et experiment is under
preparation in order to measure the effects of the back wall curvature and the step at the nozzle joint
on flow stability.

The non-flowing test for impurity control in lithium showed that chromium is more efficient
as the nitrogen getter than Ti or V-Ti-alloys for high concentrations of nitrogen. On the other hand, the
V-Ti alloy was an effective getter for low nitrogen concentrations. Modification of the LIFUSE III
loop is in progress to obtain corrosion data with a maximum lithium flow velocity of 10 m/s.
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Thermal-hydraulic analysis on the lithium target showed that there is adequate boiling margin
at the lithium surface and in the lithium flow. The transient analysis of the oop showed that lithium
solidification can be prevented by flow-rate control.

Safety analysis using FMEA concluded that the target safety is assured and any environmental
impact is negligible.

A remote-handling concept was developed and tests are under preparation for two methods of
target assembly replacement: either the whole assembly can be replaced at the lip seal by cutting
and welding using a YAG laser, or partial replacement of a Bayonet type back-plate can be performed
without moving the target assembly.

4.3 Test Facilities
Twenty-four tasks were completed at FZK, JAERI, CRPP-EPFL, IPP-NPI, NILPRP and the

universities of Kyoto, Kyushu and Tohoku.
Calculations using the combined Li(d,xn) reaction cross sections and the newly developed

Monte Carlo Code have reduced the uncertainty of the source neutron field from about ±35 to ±20%.
High-resolution time-of-flight (TOE) measurements of the D-Li neutron spectra are being performed
at Ed=20-40 MeV. The intermediate energy activation file IEAF-2001 was developed to deal with 679
target nuclides (=1-84) with approximately 51,000 excitation functions for neutrons with energy up
to 50 MeV, and this has improved the reliability of activation analysis calculations. The initial
activation analyses showed that the same radioisotopes are produced during exposures in IFMIF or
Demonstration Fusion Reactor (DEMO) for the reduced-activation ferritic (RAF) steels.

A neutron reflector of RAF steel has been designed for the HFTM, which allows
homogeneous temperature profiles, increases high-flux volume by -20% and decreases flux gradient
by -10%. The neutron transport calculations for the MFTM showed that the shape of the neutron
spectrum can almost perfectly match that for a DEMO-type blanket by using a proper neutron spectral
shifter and a neutron reflector. Two 8 mm diameter fission chambers have been fabricated and
irradiated in a thermal reactor, and a suitable cyclotron irradiation is scheduled. A micro-tomography
system has been set up for the non-destructive verification of the structural integrity of modules in the
test cell.

Detailed flow plans for all remote-handling operations of the test facilities have been
developed. The design of the tritium laboratory has been improved so that the tritium processing
systems meet the Japanese requirement for tritium discharge into the atmosphere of less than 5x 0-4

Bq/cM3.

4.4 Design Integration
Fourteen KEP tasks were completed at ENEA and JAERI.
The Main Building layout with a ground floor size of 170 m x 60 m was designed to contain

the Accelerator, Target, Test Facilities and utilities. The building height is 26 mn above ground and
11 mi below ground, based on the results of the earlier cost reduction study. The utilities for the IFMIE
were designed based on the assumption of a Japanese site. The Heating, Ventilation and Air
Conditioning (HVAC) systems were classified based on the radiological risk. The estimated total
electric power and the heat rejection capacity are 50 MVA and 40 MW respectively. The Radioactive
Waste Treatment System was designed for liquid, gaseous and solid wastes.

Shielding calculation using the Monte Carlo computer code MCNPX with the data library
LA 150 showed that a 4.3 mn thick front wall of the Test Cell was enough to limit the worker dose rate
to less than 1 0 .lSv/h. A bubble type counter was selected to monitor neutrons in the Test Cell. The
elements of the Test Cell shielding with large cross sections for activation were identified.

The entire IFMIF system was evaluated and verified to be consistent at its operation. In
Occupational Radiation Exposure (ORE) analysis, guidelines on access control and facility design
were developed based on the estimated worker dose. FMEA and Event Tree analyses showed no
environmental hazard.
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A schedule for IFMIF construction; tasks for the next phase, Transition Phase (19 tasks); and
the following phase, EVEDA (49 tasks), were proposed. The impact of a change in the planned staged
construction was found to have little effect on the total construction cost.

4.5 Next Phase
The next phase of the IFMIF project, the Transition Phase starting in 2003, is needed for the

smooth and effective transition from KEP to EVEDA. Experiments underway or in preparation are to
be continued in the Transition Phase. The design of each subsystem will be refined based on the
results from these experimental activities. A comprehensive report covering all the IFMIF activities
from the CDA through the KEP will be published in 2003. This will more clearly define the IFMIF
reference design and the technical achievements of the project, and will serve as the starting point for
the EVEDA in 2004.
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Appendix-A

Detailed List of
Development in KEP
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ClasifictionItem Necessity Development Item / Method KE EVED
2 Task ID US EU RF JP

High Fux Tes Expeimenta confrmatio on tst appratus Construction and fabrication of prototypic figs, capsules & test TFI Ix

Module (FTM) (structural integrity, temp.-control, fabrication) Testing of thermal hydraulic and instrumentation in He-loop TFI 2 X

Experimental
Verification of Medium Flux Test Detailed design of T-release test module, test Fabrication of real size test module

Test Methods and Module (MFTM) Experimental verification of concept X
Modules T Release structural integrity, temp.-control and gas piping He cooting

Medium Flux Test Confirm coolant concept, test instrumentation (e.g. Fabrication of prototype x
Module (MFTM) Extensiometers. temp--control) Experimental verification

Creev Fatigue

Spacial neutron Reduce present uncertanties by experimental Measurement of spacial distribution of Li(d~n) reaction by varying TF21 x
distribution verivication the incoming deuteron energy

Allowance of If another accelerator stops or unbalance of each Frmaayiofradtoniealwncofsmerysmde T2
Neutron Asymmetric current generates, asymmetry field is formed. Frmaayi firdainfed alwneo smer smd F2x

distribution irradiation Field Allowance should he investigated for irradiation clear in experiment of material test.
optimisan, ~ ~~~~~~~~~MCNP calculation for selection of proper geometry and material TF23 X 

Qualiicton. Layout of suitable neutron multiplier/reflector Design study, thermal hydraulics calculacions. veriftcation of TF24 x
e~~~~~~~~i1 .~~~~~~~~~~~~~~~~~~~ ~~~fabrication ~___

01 ~~~~~~~~~~~~~~Vertical Test Tests of exact positioning are required because Design of test equipment, control system and sensor TF3 I X :
Assemblies (VTA) space between assemblies is mm. Fabrication of test equipment x

Confirmation of running of control system and sensor t
Probably the only tool that allows verification of Design of teomographic equipment

Micro-tomography structural integrity of activated and assembled Prototype fabrication TF33 X X
specimen capsules, rips and modules Generation of typical 3d-image recontractions - __ 

T Laboratory and Examination of tritium processing is needed. Examination on Arrangement of Laboratory and processing method TF34 X X
T Processing

TestEquiment Arrangement of Optimisation of arrangement of power cable,Test Eqipment Test ClSytmcooling water line and so on for various kind of Examination of optimum arrangement TF35X
Cel ysemiradiation materials is needed.I

Transfer of Heavy Equipment installing in test cell have to be set up Examination of universal robot system (URS) TF36 X
Equipment and dismantled by remote handling. Development of universal robot system (URS) x

Confirmation test by dummy equipment _____

Operation in Off/normal influences irradiation damage. So. the On the basis of experience on irradiation experiment, the condition
Off/Normal operation method should be determined in of irradiation should be determined. If there is no data for operation TF38 X

com liance with materials and irradiation _ method, the necessar data have to be taken.
Coolng MthodFor accelerator beam-off times, temperature

Cooin Meto stability has to be verified experimentally in test Examination of response in temperature control TF39 X

Optimisation of irradiation plan according to staged construction is Reviewing the plan of irradiation tests and post irradiation test TF41 Ix

Revision for Cost Construction
ReductionReiwnth

r PIE Facility PIE facility design for cost reduction is needed. Reieing thtems of post irradiation test and the layout of PIE TrF42 X X



ClasifictionItem Necessity Development Item / Method KE EVD
2 Task ID US EU RE IP __

The D-Li source term is of prime importance for Generation of complete nuclear data files for 6,7Li up 10 50 MeV by TF5 1 X
Source Term of d- the netonyelth eurn pctu adth aluato

Li Reaction nurnyedthnetospcrmadhe Generation of nuclear data files for 6,7Li up to 18 MeV by TF52 X
nuclear responses in the test cell. exoeriments

Nuclear Data Nuclear data up to 50 MeV are needed for Sensitivity analysis and data evaluation for elements like Li, C. 0 TF53 K
production, calculation of e.g. nuclear inventory, damage Data files evaluation for Zc6 isotopes with double differential cross TF54 x

evaluation and parameters, nuclear heating and design of section
Neutronics processing shielding. Experiments for n+Fe between 2-30 MeV followed by benchmark TF55 X

calculations
Evaluation of dose rates in operative and inaccessible areas

Shielding analyses Determination of dose rate in different areas Activation calculations of test modules TF56 x
Definition of radiological concerns based on calculated radioactive
inventory

In-situ neutron / Ex ~~~~~~~~Set-up of accelerator based target station TF57 51
Li, ~ ~ ~ ~ nst nurn/ xeieta oioigo rrdainprmtr

gamma monitors prmnamoioigoiraitnprmersConstruction of sub-miniature fission chamber, tests on accelerator TF58 51

I-' ~~~~Re-evaluation of For the reduced cost version all irradiation Calculation of 3D contourplots of relevant parameters in reference TrF61 X
Irradiation paramaters needs to be recalculated taking into mtrasbsdo otrdcddsg
Parameters account staeing scenarios mtrasbsdo otrdcddsg

Review of T Make maximum efficiency of irradiation test Reviewing test items to simulate materials in fusion condition T521 -

Cii User specific Mat~~~Conerilpt with limited volume and operation time Reviewing test methods and test devices

developments Fracture toughness specimens>: Optimization of specimen size TF63 - -5

Development of The use of SSTIT allows a very effective use of Development of bend bar specimens inc. test techniques; fracture TrF64 X1
Small Specimen limited irradiation volumens and enhances analysis

Test Tehnolog signiicantlymaterils R&DDevelopment and irradiation of various miniaturized specimens TF65 51



ClasifictionItem Necessity Development Item / Method KE - . - EVEDA
2 Task ID US EU RE JP

Examination of free surface behavior in water experiment under low TGIll 
pressure condition

Li jet may be disturbed because of high-speed, Dsg of Li test Loop referring the JAERI and EMIT water jet TG2x x 
Stability of LiJet broad jet and possible erosion/corrosion of reducer DesignX 

nozzle inner surface. experiments and simulation results
StblyofL Remodelling of existing loop and verification of its performance TOG13 X

Fabrication of Li test loop and verification of the performance TOG14 X X

Cavitation at a joint of back wall is examined in water experiment T l 
Caiain Cavitation should be avoided for flow stability and (Current JAERI proposal does not include replaceable back wall) T 1 

Cavitation loop integrity. Cavitation at EMP is examined in a small Li loop. TG16 X X

Measurement of erosion/corrosion in an existing loop TG21I X
Behavior of Data base for erosion/corrosion of pipe and target

Damag and Erosion/Corrosion assembly materials under Li flow condition. Li flow experiments for erosion/corrosion for the Li loop materials TG22 X

Corrosion by Li
Flow Design of inspection method of damage and corrosion TG23

Inspctio Mehod nspctio mehod houd beestblised. Verification of the method of damage and corrosion in Li test loop TG24 

Diagotcdansi n eoa f Design of both methods of impurity concentration measurement TG I 
Li Puriication Mt co On-line/off-line dansiadreolof (On-line/off-line diagnostics) and impurity removal T 3 

Impurity in Li impurte oT,7eadCNOVerification of the both method in Li test loop TO32 X X

-. ~~~~~Diagnostics of To operate safely Li loop. the temperature of target I Jesign ot mirror arrangement to reouce neutron irradiation on TG33 x
Cit s~~~~~~~~~~~~ ~Target is vrimrat information. Exermnto eisig yte T 3 _t

Temoerature Eprmn neitn ytmT3 

Diagnostics Measurement of Monitor of reducer nozzle deformation by Examination and design of measurement methods TG35 X X
JtThickness erosion/corrosion of nozzle inner wall by flowing T3 

for Safety JtLi and irradiation by neutron beamMesrmntstiLietlopT 3 
and Stability Measurement of Monitor of target assembly distortion around back Examination and design of measurement methods TG37 X LAn

on Oeraton Asemlycizen wall by neutron-beam irradiation Measurement test in Li test loop TG38 X

Li Vapour Effect QuniyL cuuainrt nHB ne alEstablishment of estimation methods of Li vapour towards HEBT T4X
onHEBT QuniyL cuuainrt nBE ne albased on Li loop experiments T4 

Collection and examination of existing data of Li reaction TG5 1 j X X

Li Safety Li Leak, Li Fire Events of Li leak and Li fire should be considered. Basic tests for Li fire in air contaminated Ar gas Analysis for T5 
behaviour of 78e and T in the Li loop T 5 

Loop ntegity Transientof Aaye fsatpsudw rcdrsicui
Loop Inegrity ehaviour of Aaye fs9~htonpoeue nldn Numerical analyses by a computer code TG61 X X

tLoops beam trip

Safety Analysis Safety analyses should be performed again, FMEA. Dependent Failure nd Accident Sequence analyses for the TG I 
Safety Analysis for Rationalized because the number of target and the concept of chage7tage syte

Design reserved hot/cold traps have been changed. chnetagtstm

Design remote handling devices TGS8I X

Remot Hanling Setp Method of Development of in-situ welding/cutting methods to Manufacturing of remote handling devices
RemotHanling Tare Asebymount/replace target assembly using a remote

arge Assmblyhandling technique Establishment of key methods such as a welding between different TG82 X X
metals by remote handling



ClasifictionItem Necessity Development Item / Method KE EVED-
2 Task ID US EU RE II'

Estimation and verification of ECR, Multi-Cusp and Volume Type

Deuteron fraction 85% Beam orbit calculationACI 
Current stability : 1% Test of ion source (0hr in KEP. IlOO0hr in EVP)ACIxx x

Ion Source Total beam current : 55mA (Test with deuter
Energy: lO0keV

Life t ~~~~~~Source analyses AC12 X
Injector

Suppression of beam divergence using space charge neutralisation in AC 13 X
solenoid coil focusing

Low Energy Beam Transmission: 90% Suppression of fluctuation of current in pulse operation X
Transport (LEBT)

Beam analyses in REQ matching conditions AC14 X

Final layout AC15 X

Durability of RF I OO0hr continuous operation Test in existing facility (IOO0hr) AC21I X X
Tube

RE Source Widw Durability of windows and circulator Development on the basis of plasma heating technology AC22 Xj

Deelpmntes Engineering verification of RE system Fabrication of RF system for REQ and DTL X

01 ~~~~~~~~~~~~~Beam Loss Protection of discharge and beam collision in the Beam orbit calculation and bench mark test in existing accelerator AC31I X X
qu ~Estimation wall of accelerator tubet'

Cooling of Drift ~~~~~~~~~~~Examination of cooling method AC32 X
TubegofDrf For high power accelerator 

Tube ~~~~~~~Fabrication of model DTL, Test of cooling property - -- 

Choise of RFQ structure AC33 x
Optimization of Optimisation of electric field property in RFQ Fabrication of cold model of RFQ/DTL A3 

REQ Measurement, optimization of electric field property A3 

Choise of RFQ structure AC35 X ___

REQIDTL/lEBT Optimization of Opiiaino lcrcfedpoet nDL Dtie T einAC36 x
DTL Otmsto feeti il rpryi T ealdDLDsg

Engineering evaluation of DTL at 5MeV AC37 x

Matching Test of OtmstoofmthnbeweeahcelrorStudies of RFQ/DTL maching AC38 X
RFQ/DTLUH-EBT Opiiaino acigbtenec ceeaeFabrication and test of prototype 

Estimation of Malntenance method depends on activation of Estimation of activation and shielding effect from orbit calculation AC39 X X
Activation accelerator. Verification with experimental results X

Examination of Reduction of electric power and beam Loss Examination of total system
S.C. Accelerator / To make the best use of independent cavity, Cooperation with other accelerator development project (Neutron X
Solid State AMP 100kW AMP should be developed. Spallation)

Non-destructive To accelerate large current beam without beam
Beam Diagnostics Diagnostics of loss, indirect diagnostics of beam should be Development of sensor, signal processing and control AC41 X X

Beam developed.



ClasifictionItem Necessity Development Item / Method KE EVEDA
2 Task ID US EU RF IP

Diagnostics Diagnostics of Target beam intensity measuring by neutron camera DI II X X
for Safety Neutron Spatial Monitor of target beam intensity

on Operation Distribution Experiment on existing system X

Selection of element having large cross section from investigating 0121 x x x
Estiatio of Radiation Field on Estimation of radiation in test cell is necessary for material constituted building and equipment

Estimation of ~setting design condition of maintenance
Activation the Operation equipment. Estimation of activation D122 X X

Design of Room space and handling lines should be arranged Detailed design of buildings in KEP D4 

Convntinal Room Space exactly. Final design of buildings in EVP X

Facilities Design of Power and water supply from the outer side should Detailed design of utilities in KEP D143 
Utility be clarified. Final design of utilities in EVP X

Central Control & Deino eta oto hudb eie o ainlzd Detailed design of C.C. & C.I. in KEP 0151 X
Conunon Deino Cetacotoshudbreieforainlzd_____ - --

Instruments C.C. & ClI I~FF Final design of C.C. & ClI. in EVP X

C . ~~~~~~~~~~Consistency of IFMsIF total system should be Check of consistency and analysis of operation flow 0161 X X
.2 IFMIF Total Consistency, ch kedincudngaalyisfopratonlowro

11 System Operation Flow ckd inldn nlsso oeainfo rm_____ -- ___00 ~~~~~~~~startup to shutdown. Review along with progress of design 

c Radiatin Shield Evaluation of Specifications of shielding walls should be Verification of current design by computer code and data library 0171 - -

so ~~~~~Radiation Shield clarified for building design. Review along with progress of design and calculation method X

RAM or AM soul be erfrmedfor3 stgesof IMIF RAM for 3 stages IFMIF with detailed design 0I81 X u

Total IFMIF ~~~~~~~~~~~RAM for 3 stages IFMIF with final design 

SaeyAsmentSafety analysis and assessment for IFMIF with detailed design D183 x X
Safety Assessment Safety assessment should be performed for Safety analysis and assessment for IFMIF with final design X

for Total I FIF 3 stages of IFMIF.

Occupational Radiation Exposure evaluation of IFMIF D185 X

Licences and regulations about radiation, nuclear Examination and design in obedience to regulations with an 09
Licences, fuel material, electromagnetic wave, dangerous1 

Regulation material, high-pressure gas, earth quake andofire assumption on site country.
depending the Site should be considered. Also the local condition of _____

License, ~~nature and public should be considered. Procedures for licences X

Schedule, Schedule and Whole schedule and work items about Analysis of schedule and work items D193 X

Cost peimton rio ofe ithF construction, operation and decommission should _____

perio fIFM be analysed. Review of the analysis along with progress of IFMIF project X

Cost estimation should be performed along with Cost estimation with results of KEP and detailed design DI95 X
Cost Estimation progresses of design. KEP and EVP. Operation

cost and cost in life cycle should be estimated. Cost estimation with results of EVP and final design X
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Appendix-B. Acronyms 

AES Advanced Energy Systems Inc.
AFT Allowance for Indetermninates
AICS Accelerator Instrumentation & Control System
ALARA As Low As Reasonably Achievable
ALIP Annular Linear Induction Pump
appm Atomic Part per Million
AOT Accelerator Operations & Technology
APT Accelerator Production of Tritium
ASM Accelerator System Model
CCDTL Coupled Cavity Drift Tube Linac
CDA Conceptual Design Activity
CDE Conceptual Design Evaluation
CEBAF Continuous Electron Beam Accelerator Facility
CODA Construction, Operation and Decommissioning Activity
CT Compact Tension
CW Continuous Wave
DAC Derived Air Concentration
DCT Disk Compact Tension
DEMO Demonstration Fusion Reactor
DFT Dynamic Fracture Toughness
DI Design Integration
dpa Displacements per Atom
DS-Cu Alumina Dispersion Strengthened Copper
DTL Drift Tube Linac
ECU European Currency Units
EDA Engineering Design Activity
ELS Experimental Lithium System
EMQ Electromagnetic Quadrupoles
EPS Electrical Power System
ESNIT Energy Selective Neutron Irradiation Test Facility
ET Event Tree
EVEDA Engineering Validation and Engineering Design Activity
EVP Engineering Validation Phase
FMEA Failure Modes and Effects Analysis
FMIT Fusion Materials Irradiation Test Facility
FPCC Fusion Power Coordinating Committee
fpy Full Power Year
FTP File Transfer Protocol
FWHM Full Width at Half Maximum
HAZOP Hazard Operation
HCPB Helium Cooled Pebble Bed
HEBT High Energy Beam Transport
HEPA High Efficiency Particle Absorber
HFTM High Flux Test Module
HVAC Heating, Ventilation, and Air Conditioning
IA-FM Implementing Agreement for a Programme of Research and

Development on Radiation Damage in Fusion Materials
lAP Institute of Applied Physics (Institut Mir Angewandte Physik)
ICF IFMIF Currency Factor
ICRP International Commission on Radiological Protection
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IEA International Energy Agency
IHEP Institute for High Energy Physics
INPE Institute of Nuclear Power Engineering
IPPE Institute of Physics and Power Engineering
ITER. International Thermonuclear Experimental Reactor
JCT Joint Central Team
KEP Key Element Technology Phase
LAMPF Los Alamos Meson Physics Facility
LANSCE Los Alamos Neutron Scattering Center
LEBT Low Energy Beam Transport
LOCA Loss of Coolant Accident
MFTM Medium Flux Test Module
MTBF Mean Time Between Failures
MTTR Mean Time To Repair
NDT Non-Destructive Testing
NIFS National Institute for Fusion Science
NILPRP National Institute for Laser, Plasma and Radiation Physics
NPI Nuclear Physics Institute
NPSH Net Positive Suction Head
OA Operating Agent
ORE Occupational Radiation Exposure
PDS Plant Damage State
PIE Post Irradiation Examination
PKA Primary Knock-on Atoms
RLAM Reliability, Availability, Maintainability
RE Radio Frequency
REQ Radio Frequency Quadrupole
RTNS Rotating Target Neutron Source
sccm Standard Cubic Centimeter
SCL Superconducting Linac
SEM Scanning Electron Microscope
SLAC Stanford Linear Accelerator Center
SPRFQ Space-Periodic RFQ
Ss Stainless Steel
SSRT Slow Strain Rate Tensile Test
SSTT Small Specimen Test Technology
TEC Total Estimated Cost
TEM Transmission Electron Microscope
TIG Tungsten Inert Gas
TPC Total Project Cost
TRIUMF TRI-University Meson Facility
UPS Unintemruptable Power Supply
URS Universal Robot System
VIT Vertical Irradiation Tubes
VSWR Voltage Standing Wave Ratio
VTA Vertical Test Assembly
WBS Work Breakdown Structure
YAG Yttrium. Aluminum Garnet
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