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This report summarizes the research and development activities in the Department of
Reactor Engineering during the fiscal year of 1996 (April 1, 1996 — March 31, 1997).

The major Department’s programs promoted in the year are the design activities of
advanced reactor system and the development of a high power proton linear accelerator to
constract an intense neutron source for innovative neutron science. Other Major tasks of the
Department are various basics researches on the nuclear data and group constants, the
developments of theoretical methods and codes, the reactor physics experiments and their
analyses, the fusion neutronics, the radiation shielding, the reactor instrumentation, the reactor
control/diagnosis, the thermal hydraulics and the technology developments related to the reactor
engineering facilities, the accelerator facilities and the thermal hydraulic facilities. The
cooperative works to JAERI’s major projects such as the high temperature gas cooled reactor, the
fusion reactor and PNC’s fast reactor project were also progressed.

The activities of the research committees to which the Department takes a role of

secretariat are also summarized in this report.
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Preface

The research activities of the Department of Reactor Engineering, Japan Atomic Energy
Research Institute, during the fiscal year 1996 (April 1996 — March 1997) are presented in this
report. The activities of the Department cover the broad field : physics of fission reactor, fusion
reactor neutronics, shielding, reactor instrumentation diagnosis and control, thermal hydraulics,
conceptual design of new type reactor, and accelerator technologies focussing on intense beam.

The total number of permanent staff working in the Department during the year was 138.
The Department was funded from JAERI expenditure amounting to 1,833 million yen for FY
1996, excluding nuclear fuel cost and personnel expense. About 469 million yen was provided by
the research contracts with external organizations ; Science and Technology Agency (STA) for
non-destructive measurement technology of trans-uranic elements (TRU), for the large scale
reflood test program and for the thermal hydraulic demonstration test for high conversion PWR,
Power Reactor and Nuclear Fuel Development Corporation (PNC) for reactor physics constants
of fast breeder reactor and covariances of major actinide data.

The Department has served as secretariat of Japanese Nuclear Data Committee, the
Research Committee on Reactor Physics, Atomic and Molecular Data Research Committee, the
Research Committee on Advanced Reactors and Committee on the International Conference on
Physics of Reactors PHY SOR96.

The research activities have been conducted in the following fourteen laboratories with

the support of two divisions.

Nuclear Data Center

This center has two research themes; nuclear data and atomic & molecular data. As to
nuclear data, the research activities consist of nuclear data evaluation for JENDL (General
purpose file and Special Purpose File) and nuclear data measurements. Much efforts has been
placed to the covariance file evaluation and to the planning of the strategic development for the
next version of JENDL, i.e., JENDL-3.3. Asto atomic & molecular data, main efforts are devoted
to compilation and evaluation of atomic and molecular collision data and of atomic spectrum data.

This center has a function of the National Center which disseminates the nuclear and

atomic & molecular data to Japanese customers, contacts the foreign and international centers and
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coordinates the international collaboration. This center also serves as a secretariat of Japanese
Nuclear Data Committee and of Atomic and Molecular Data Committee.
Reactor Analysis Laboratory

Major research theme of this laboratory is development and improvement of software
(data/code) in reactor physics to serve for reactor design and analysis. It aims development of high
speed, high accuracy Monte Carlo codes and nodal codes. Efforts is now concentrated to develop
a comprehensive code system used for reactor core design including thermal hydraulics, core
management and kinetics. Another theme is production of multi-group nuclear data libraries to
apply to feasibility study and preconceptual design of new type reactors,

Reactor Physics Laboratory

Analyses on the measured data have been made on the safety related reactor physics
parameters for fast reactor. The international B erbenchmark experiments have being conducted
at FCA with the foreign participants from France, Russia, the United States and Korea. The
mock-up experiments for a nitride fast reactor and the GEM reactivity effect were carried out to
verify the improved safety margin in reactivity coefficients. As a part of the OMEGA program,
the measurements of the nuclear data and thermo-physical data of minor actinides were continued
under collaboration with ORNL of the United States.

Reactor physics experiments have been carried out at the Very High Temperature
Reactor Critical Assembly (VHTRC) to verify the neutronics design of the start-up core of the
High Temperature Engineering Test Reactor (HTTR) under construction at the Oarai site. The
critical mass of the annular core of the HTTR was studied in the VHTRC-9 core.

Sensing Technology Laboratory

This laboratory carries out R&D work in the field of instrumentation and measurement
under two themes. One covers general subjects of the nuclear and reactor instrumentation widely,
where performed are R&Ds of a new type of neutron detectors, nondestructive measuring
technologies to assess the material degradation of reactor components, synthetic-diamond
radiation detectors for high energy neutron spectroscopy, a pop-top type Ge detector combined
with a small Stirling refrigerator for in-situ gamma-ray spectroscopy in various fields, etc. The
other is specified to the nondestructive measurement of TRU waste drums, where both the active

and passive neutron assays are applied together with gamma-ray CTs.
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Control and Al Laboratory

The research program of this laboratory aims to establish basic technologies for the
operational safety and hazardless maintenance of nuclear power plants. Advanced diagnosis
system technologies such as early fault diagnosis based on neural networks, an expert system and
a reactor noise analysis are being developed to improve the operational safety. For the inspecting
patrol of nuclear power plants, a human and autonomous mobile robot collaborative system with
the high safety and reliability is also being developed.

lied Radiati !

In the accelerator radiation shielding study field, 1) neutron energy spectra were
measured behind polyethylene shields bombarded with 40- and 65-MeV quasi-monoenergetic
neutrons, 2) compilation was completed for results of benchmark calculations on transmission of
the same neutrons through iron and concrete shields, 3) effective dose equivalent of protons
higher than 20 MeV was evaluated with HERMES calculation. In the spallation study field,
spallation experiments were conducted on ,1) tungsten target bombarded with 0.9 and 1.2 GeV
protons and, 2) lead assembly bombarded with 500 MeV protons. Code validation and
improvement were continued.

; | Fluid Flow La

The transient thermal-hydraulic test program was continued to verify the core integrity
during design basis events (DBEs) of LWRs. First series of abnormal transient simulation tests
for a PWR core was started in 1996 and it was confirmed experimentally that the core cooling is
attained during PWR DBEs. The code development work and fundamental thermal-hydraulic
tests were also performed to establish reliable thermal-hydraulic analysis tools for advanced
LWRs, fusion reactors and components exposed to very high heat flux.

. s Lal

The shielding neutronics experiments under the ITER/EDA R&D task has ended up with
the experiments on gap streaming, nuclear heating and induced radioactivity, providing a full set
of experimental data for validation of calculation codes and data. There has been a great progress
in the decay heat measurements on a large number of materials conducted under ITER/EDA R&D
Task. Extensive data testing of the state of art nuclear data libraries has contributed to the
completion of FENDL-2. Under the IEA collaboration, integral experiments on vanadium at FNS,
the experiment on the low activation material characteristics at FZK, an inter-comparison of the

TLD measurement have been in significant proress.
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Passive Safety Reactor Systems Laboratory

The main task of this laboratory is to develop an innovative concept of the JAERI
Passive Safety Reactor (JPSR). Experimental and analytical works including the construction
cost estimation have been performed to improve the design concept. The design study of the
JPSR has been completed. Another task is to demonstrate the thermal-hydraulic feasibility of a
Pu active storage PWR concept by large scale experiments. Experiments on hydraulic
characteristics for the lower and upper plena have been conducted.
Transmutation System Laboratory

The main research program of this laboratory is the studies on transmutation systems.
The conceptual design studies of transmutation system driven by a proton accelerator and the
associated calculational code systems including a spallation cascade code are developed.
The preliminary design studies of the research facilities for the accelerator-driven transmutation

system are also carried out in the Neutron Science Research Project.

The high-intensity proton accelerator with a beam power of 8MW has been proposed for
the Neutron Science Project (NSP) in JAERI. Primary configurations and accelerator parameters
for RFQ, DTL and superconducting high f linac have been evaluated in order to meet the various
requirements for the NSP accelerator. After a test stand of superconducting cavity development
had been constructed, a fabrication and test of a single cell cavity of =0.5 have been conducted.
The peak field measurements were successfully performed with the observed peak field of
16MV/m and 18.6 MV/m at 4.2 and 2.1K respectively, which exceeded the specification for the
proposed cavity. Preliminary study of a storage ring for a SMW pulsed beam for neutron
scattering experiments has been started.

Free Electron Laser Laboratory

The JAERI optical resonator distance measurement and alignment system was
developed to realize their errors of <0.5mm and <8mrad, respectively. In order to realize a very
long pulse operation, we continued to develop and to improve the electron gun and RF amplifier
systems. Amplified spontaneous emission and intermittent oscillation in the wave length of
around 29 mm have been observed by using the photoconductive Ge(Cu) detectors. The JAERI
superconducting rf linac as an FEL driver was successfully operated to get an electron beam

ranging from 14 to 23 MeV with an accelerating voltage of 4~8 MV/m, beam current of 7~14 A,

and micropulse width of 40~16 ps.
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Intense Neutron Source Laboratory

International Fusion Materials Irradiation Facility-Conceptual Design Activity
( IFMIF-CDA ) has been carried out under the IEA Co-operative Program. A final report and a
cost report of the IFMIF-CDA have been completed and reported to the IEA Fusion Program
Coordinative Committee (FPCC). The design studies of accelerator and target system will be
continued for next phase.
Energy System Assessment Laboratory

In the research on energy system assessment, the development was promoted on the
analytical model for estimating regional damages of air pollution, and on computer programs for
using MARKAL and JALTES-II on personal computers. In the field of analytical studies, the
potential of CO: emission reduction and its costs were analyzed for Japan in the common
assessment of IEA/ETSAP (Energy Technology Systems Analysis Program) Annex-VI. In
addition, the analysis was made on the role of high temperature nuclear heat in future energy
systems of Japan. In the field of technology assessment, the new efficient system was designed for
the UT-3 hydrogen production process by applying adiabatic reactors.
F neering Facility C o0 Divisi

This division operated four large-scale engineering facilities : FCA, VHTRC, FNS and
Heat Transfer Fluid Flow Test Facilities in accordance with each experiment program and
maintained in the monthly or the annual inspection. Consequently safety operations of these
facilities were achieved and contributed sufficiently to the execution of each experimental study.
Furthermore the experimental operation of VHTRC was closed by the achievement of final
purpose of verification the calculation accuracy related to the nuclear design of HTTR.

| Divisi

The 20UR tandem accelerator and the super-conducting booster were operated as
scheduled for various experiments. Almost all of the research programs have been successfully
achieved. The development of a satellite control console of the tandem accelerator completed in
March 1997 and began to assist the booster operation. An in terminal heavy ion injector using a

compact ECR ion source was being developed, which will be useful to accelerate inert gas ions.

The Department is involved in the following project-oriented programs of JAERI;
(1) Design Studies of advanced reactors

(2) Technology development for OMEGA program
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(3) Development of a high intensity proton accelerator
(4) Development of High Temperature Gas-cooled Reactor
(5) Engineering research for fusion reactor
The activities of the Department in FY 1996 have contributed to the essential progress in

the field of reactor engineering.

Masayuki Nakagawa, Director
Department of Reactor Engineering

August 20, 1997
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1. Nuclear Data, and Atomic and Molecular Data

Evaluation for JENDL Special Purpose Files has been progressed. As to the
Covariance File development, estimation of uncertainties in resonance parameters of Fe-
56, Pu-239, Pu-240 and U-238 was made for JENDL-3.2 data based on the
measurement data. Covariance matrices of neutron cross sections for Cr-52, Fe-56, Ni-
58 and Ni-60 were also evaluated. A completely new evaluation for neutron nuclear data
of stable mercury isotopes(from Hg-196 to Hg-204) was made mainly based on the
model calculations due to the lack of experimental data. As to the JENDL Intermediate
Energy Files development, steady progress is continuing for JENDL High Energy File,
JENDL PKA/KERMA File and JENDL Photonuclear data file. As to the JENDL
Actinide File development, soft-rotator model analysis of collective band structures of
even-even actinide nuclei was made. From this study, systematic trends of the
parameters found could be guide to estimate the collective band structure of nuclei for
which such data are poorly known.

Benchmark calculations were made in order to devise the data for the final
FENDI/E-2.0 selection. Six materials were tested with Japanese fusion neutronics
benchmark experiments using by MCNP-4A code.

Measurements of activation cross sections have been continued using JAERI
facilities. An experimental program for measurements of neutron activation cross section
at 17.5 to 30 MeV region has been progressed using JAERI TANDEM facility.
Activation cross section measurements for (n,n « ) reactions near 14 MeV were made
using FNS facility. Activation cross sections for lanthanide isotopes at 14 MeV
measured at FNS were also reported.

Mass chain evaluation has been continued within the international framework for
ENSDF. The evaluation of mass chain A=129 were completed and published in Nuclear
Data Sheets.

Decay and fission yield data library has been produced using JNDC library for
ORIGEN 2 code to allow consistent calculation with AESJ recommended values in the
decay heat calculations.

As to the atomic and molecular data, cntically compiled spectroscopic data of
highly ionized atoms for T1, V, Cr, Mn, Fe, Co, Ni, Cu, Kr and Mo have been published.
Analytic cross sections for collision of electrons with hydrocarbon molecules were
obtained using modification of semi-empirical theory developed by Green and McNeal.

These data are destined to be used in fusion energy devices development.
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1.1 Estimation of Uncertainties in Resonance Parameters of *°Fe, ***Pu, >**Pu and **U

T Nakagawa and K. Shibata

(f~-mail: nakagawa(@cracker.tokai.jaeri.go jp)

Uncertainties were estimated for the resonance parameters of *Fe, *’Pu, **'Pu and “**U
contained in JENDL-3.2.  Errors of the parameters were determined from the measurements
which the JENDL-3 2 evaluation was based on.

The resolved resonance parameters of *Fe were obtained from an analysis performed
by Perey et al."" for most resonances except 27.7 keV s-wave and 1.15, 264, 357 keV p-wave
ones. We adopted the standard deviations of neutron and radiative widths and the correlation
coefficients obtained by them. The uncertainties in the four resonances mentioned above are

given in Table 1.1 1.

Table 1.1.1 Resonance parameters and their standard deviations

Resonance I, (eV) T, (eV)
1.15 keV p-wave 0.0617+0.0009 0.574£0.040
27.7 keV s-wave 1420£60 1.4£0.1
264 keV p-wave 0.7+0.3 0.64£0.3
357 keV p-wave 1000£100 1.0£0.1

The JENDL-3.2 evaluation of **’Pu resolved resonance parameters were based on the
work of Derrien™ in the energy region below 2.5 keV. Derrien obtained covariances of the
resonance parameters, and they were available in the energy range from | to 2.5 keV.  The
parameters and their standard deviations of the Reich-Moore type were converted to the ones
of the Breit-Wigner type for estimating the uncertainty in self-shielding calculations. The
uncertainties in unresolved resonance parameters were determined from calculations using the
ASREP" code, and are given as follows: AD=5%, AS =10%, AS,=15%, AT{(0+.1+)=15%,
AT(0-,1-.2-)=20% and AT,=10%

As for 7"'Pu, the resolved resonance parameters are given in JENDL-3.2 below 4 keV.
The width parameters for the 1.056 eV resonance were determined from those values given by
Liou and Chrien® which are slightly different from the ones of Spencer et al. ' Therefore, in

the present work, the uncertainties were somewhat enlarged as compared with the original
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ones given by Liou and Chrien, as shown in Table 1.1.2.

Table 1.1.2 1.056 eV resonance parameters

References I', (meV) I, (meV)
Present work 2.32+0.12 32420
ENDF/B-VI 245 306

Liu and Chrien® 2.32+0.06 32.4+0.6
Spencer et al.” 2.45+0.02 30.320.3

The uncertainties in the unresolved resonance parameters of “*'Pu are as follows: AD=5%,
AS,=10%, AS,=30%, AT =30% and AT\, =2 meV.

Concerning “*U, the uncertainties in resonance energies were derived from the
measurements of Olsen et al.®” The errors of the neutron and radiative widths were based
on the work of Olsen et al.®” and Moxon et al.”’  An analysis of the ASREP calculation gave
errors on the unresolved resonance parameters, i.e., AD=5%, AS,=13%, AS,=18%, AS.=20%

and AT,=1.5%.
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1.2 Evaluation of Covariance Data for Chromium Iron, and Nickel Contained in

JENDL-3.2

S.Y. Oh® and K. Shibata

(f~-mail: shibata@cracker tokai.jaeri.go.jp)

An evaluation has been made for the covariances of neutron cross sections of “Cr, “Fe,
"Ni and "'Ni contained in JENDL-3.2. Reactions considered are threshold reactions such as
(n,2n), (n,na), (n.np). (n,p), (nd), (nt), and (n,at), a radiative capture reaction above the
resonance region, and inelastic scattering to discrete and continuum levels. Evaluation
guidelines and procedures were established during the work.

A generalized least-squares fitting code GMA'' was used in estimating covariances for
reactions of which JENDL-3 2 cross sections had been evaluated by taking account of many
measured data. Figure 1.2.1 shows the “Fe(n,p) cross section and standard deviation
obtained from the GMA analysis. For cross sections that had been evaluated by nuclear
model calculations, a code KALMAN-, which vyields covariances of associated model
parameters on the basis of the Bayesian statistics, was used in conjunction with nuclear model
codes EGNASH’ and CASTHY™.

The evaluated uncertainties of a few % to 30 % in the cross sections look reasonable,
and the correlation matrices show understandable trends. Even though there i1s no strict way
to confirm the validity of the evaluated covariances, the tools and procedures adopted in the
present work are appropriate for producing covariance files based on JENDL-32  The
covariances obtained will be compiled into JENDL in the near future. Meanwhile, new sets
of optical model and level density parameters are proposed by one of byproducts obtained

from the KALMAN calculation.

References
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1.3 Evaluation of Neutron Nuclear Data for Mercury

K. Shibata, T. Fukahori, S. Chiba and N. Yamamuro*
(£-mail: shibata@cracker tokai jaeri.go jp)

Neutron nuclear data of stable mercury isotopes ('*Hg, "*Hg, '“Hg, *“Hg, *"'Hg, *"Hg,
and ""Hg) have been evaluated in the energy range of 10" eV to 20 MeV. The evaluation is
mainly based on nuclear model calculations since experimental data are very scarce.

Resolved resonance parameters were given in the energy region below the following
energy for each isotope except *“Hg: 102.85 eV for '“Hg, 459.14 eV for '**Hg, 968 eV for
"Hg, 8 58 keV for *"Hg, 753.5 eV for *"'Hg, and 4.52 keV for ""Hg. No background cross
section was applied in the resonance region.

The resonance parameters were taken from the compilation of Mughabghab' The
multi-level Breit-Wigner was adopted to represent cross sections in the resonance region.
No resonance parameters are given for **Hg. The scattering radius for each isotope was
adjusted so as to reproduce measured total cross sections of natural mercury.

A computer code system SINCROS- 1 *, which is based on the multi-step Hauser-
Feshbach code GNASH", was used to calculate the cross sections for the reactions (n,2n),
(n,3n), (n,p), (n,d), (n,a), (n,np), and (n,nex). The calculation included the precompound
process as well as the compound one. The cross section for the direct-interaction process of
inelastic scattering was calculated by using the DWUCK" code, and it was fed into the
SICROSS- I code.  Figure 1.3.1 shows the calculated (n,2n) cross section of ""“Hg together
with measurements. In addition to cross sections, energy distributions of secondary neutrons
and gamma-rays were obtained from the calculation, while their angular distributions were
assumed to be isotropic in the laboratory system.

A statistical model code CASTHY"' was applied to calculate the cross sections for the
elastic and inelastic scattering, and the radiative capture together with the angular
distributions of scattered neutrons. The cross sections for the competing process were
provided by the SINCROSS- Il calculation. Then, the inelastic scattering cross section was

given as a sum of the cross sections calculated by CASTHY and DWUCK.

* Data Engineering, Ltd.
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The presently evaluated data have been compiled in the ENDF-6 format.
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1.4 Nuclear Data Evaluation and Compilation for JENDL Intermediate Energy Files

T. Fukahori and Japanese Nuclear Data Committee

(E-mail: fukahori@cracker tokai jaeri.go.jp)

The JAERI Nuclear Data Center started evaluation work in cooperation with Japanese
Nuclear Data Committee (JNDC) to produce files related intermediate energy, which are
JENDL High Energy File, JENDL PKA/KERMA File and JENDL Photonuclear Data File. In
this paper, present status of these files are reported.

The JENDL High Energy File includes nuclear data for proton- and neutron-induced
reactions. The evaluation work is separated into two phases. The energy range of the
phase-I is up to 50 MeV, mainly for the International Fusion Material Irradiation Facility
(IEMIF) " The energy range for the phase-II is up to 2 GeV mainly for a project of JAERI
Neutron Science Research Center. Below 20 MeV, the data of JENDL Fusion File” or
JENDL-3.2" are adopted basically. The elements included in the JENDL High Energy File
are summarized in Table 1.4.1. As an example of evaluated results, evaluated data of
*Bi(n,xn) cross sections are compared with experimental data in Fig. 1.4.1. Though the
experimental data by Tohoku University were measured after the evaluation, the evaluated
results can reproduce the data satisfactory.

The JENDL Photonuclear Data File is being developed for gamma-ray induced reaction
data up to 140 MeV. The photon absorption cross section is evaluated with the giant dipole
resonance model and quasi-deuteron model, and the decaying processes are estimated with the
statistical model with preequilibrium correction by using MCPHOTO and ALICE-F codes.
The isotopes shown in Table 1.4.2 are included in the file. The evaluation work is now in a
final stage.

The JENDL PKA/KERMA File is generated to supply primary knock-on atom (PKA)
spectra, damage energy spectra, DPA (displacement per atom) cross sections and kerma factors
by neutron-induced reactions in the energy region up to 50 MeV. The elements included in
the file are listed in Table 1.4.3. A processing code system, ESPERANT™ was developed to
calculate above quantities from evaluated nuclear data file by using effective single particle

emission approximation (ESPEA). As a trial task of ESPERANT, files of PKA spectra and
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KERMA factors for 69 nuclides from F to Bi in the energy region up to 20 MeV have been
generated for fusion application (FENDL-2 project) > from the JENDL Fusion File. For light
mass nuclei, SCINFUL/DDX code which considers break-up reactions with PKA spectra is
used as well as EXIFON code which can calculate with correction of preequilibrium process.

The present status of the JENDL Intermediate Energy Files was reported. In the first
step of the JENDL High Energy File, evaluation work was concentrated to the neutron data
below 50 MeV. The JENDL PKA/KERMA File will be produced just after the phase-I
evaluation work for the JENDL High Energy File is finished.
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Table 1.4.1 The elements to be included in the JENDL High Energy File

Phase-1 (for neutron, < 50 MeV): 31 elements, 81 isotopes
H, Li, Be, B, C. N, O, Na, Mg, Al Si, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co. Ni, Cu,
Ge, Y, Zr, Nb, Mo, W, Au, Pb, Bi
Phase-1 (for proton, < 50 MeV): 14 elements, 42 isotopes
Li, C, Al, Sy, Cr, Fe, Ni, Cu, Nb, Mo, W, Ta, Pb, Bi
Phase-I1 (for neutron and proton, <2 GeV): 39 elements, 101 isotopes
H, Li, Be, B, C, N, O, F, Na, Mg, Al, Si, Cl, Ar, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Y, Zr, Nb, Mo, W, Au, Hg, Pb, Bi, Th, U, Np, Pu, Am, Cm
Underline: Evaluation has been finished.
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Table 1.4.2  The nuclei to be included in the Photonuclear Data File

27 elements, 48 1sotopes
2 2 14 16 23 24.25.26 27 28.29300: 40,48 46,48~ 3 5 33
H, "*C, "N, 0, *Na, #*#*Mg, YAl 22gi #8Cy 4573 3y 2Cr, PMn,
54.56 59 38.60.61.62.64 t: 63.63 64 90 93 92.94,96,98.100 181
48:_@1’86 Cl%? _2—132t)_72'(—)£\—h 20 Cg’Sz_sZ‘n Zr, _Nb, Mo. _Ta,
184, 06. . 09y 35.23
1821841863y T Au, Pb, 2”Bj, 22y

Underline: Evaluation has been finished.

Table 1.4.3 The elements to be included in the PKA/KERMA File

29 elements, 78 isotopes

H, Li, Be, B, C, N, O, F. Na, Mg, Al Si, CLL K, Ca, Ti. V, Cr, Mn, Fe, Co. Ni
~L. 7. Ge. Nb. Mo. W. Pb. Bi

Underline: Processing from JENDL Fusion File blow 20 MeV has been finished.
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1.5 Soft-rotator Model Analysis of Collective Band Structures of Even-even
Actinide Nuclei

O. Iwamoto, S. Chiba and R. Kuwata*

(E-mail: iwamoto@cracker.tokai.jaeri.go.jp)

Positive-parity collective band structures of low-lying levels in even-even actinide
nuclei were analyzed based on an extension!) of the Davydov-Chaban soft rotator model,?
which accounts for the rotation and - and 7-vibrations of even-even nuclei with non-axial
quadrupole deformation. The parameters to reproduce the 4-bands, i.e., the ground-state
(G.S.) rotational band, the K ~ 2 band, and the nz = 1 and n, = 1 bands, were obtained,
and their systematic trends were deduced.®) The systematic trends of the parameters
found in this work could be a guide to estimate the collective band structure of nuclei for
which such data are poorly known.

The calculated band structure of 234U is compared in Fig. 1.5.1 with the experimen-
tal data. The left part of this figure shows the experimentally-known band structure, and
the right one was obtained by using the best-fit parameters for this nucleus. As demon-
strated by this figure the soft-rotator model reproduces the structure of the ground-state
rotational band, K ~ 2 band, n, = 1 band, and ng = 1 band very satisfactorily. Similar
degree of agreement was obtained for **Pu and 2¢Cm for which these 4 bands are known
well.

The parameters have been obtained for 30:232Th, 232:234,236,238() 238py and 246Cm
nuclei. The systematic trends of parameters have been represented by quadratic or linear
curves as a function of f;, which were deduced by fitting with the least square method.
As a way to assess the validity of the systematics of the parameters, the band structure
of 2**Pu was calculated using 3, = 0.2931. The result is compared with the experimental
data in Fig. 1.5.2. Agreement of the present prediction with the experimental data is
reasonably good. However, the energies of the high-spin states in the G.S. rotational

band tend to be underpredicted. On the other hand, the 2% level around 1 MeV is

*Kyushu University
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well explained as the band head of K ~ 2 band. The soft-rotator model predicts the
energies for ng=1 and n, = 1 bands which are not known experimentally. Such ability of
predicting the collective band structures will be a powerful aid in the coupled-channel and
statistical model calculations of neutron cross sections for minor actinides because the
inelastic-scattering (both by direct and statistical processes) to these low-lying discrete

levels is one of the dominant reactions for minor actinides.
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1.6 Benchmark Calculation for the Final FENDL/E-2.0 Selection

F. Maekawa, M. Wada, C. Ichihara* and Y. Oyama
(E-mail: fujio@fnshp.tokai.jaeri.go.jp)

FENDL is the international reference nuclear data library for fusion applications,
available from the IAEA. The first version of the general purpose FENDL library,
FENDIV/E-1.0, has been available since May, 1994. Cross section data for many isotopes
in FENDILV/E-1.0 have been updated by newly evaluated cross section data from national
libraries, i.e., JENDL Fusion File ¥ (Japan), ENDF/B-VI (USA), EFF-3 (European Union),
BROND-2 (Russia) and CENDL (China), to produce FENDI/E-2.0. Benchmark testing
of the candidate cross sections with fusion neutronics integral experiments was conducted
for the update. In June, 1996, the IAEA Consultants’ Meeting on Selection of Basic
Evaluations for the FENDL-2 Library was held at Karlsruhe, Germany.? Results of the
benchmark testing as well as microscopic cross section data were examined at the
meeting, and the consultants selected the best evaluation for FENDL/E-2.0 for each
isotope. These selected evaluations were approved finally at the IAEA Advisory Group
Meeting on Extension and Improvement of the FENDL Library for Fusion Applications
held at Vienna, Austria, March 1997. However, further actions were requested for some
of the selected evaluations by the meeting. According to the request, we performed
benchmark calculations as a part of the further actions.

The continuous energy Monte Carlo code MCNP-4A® was used for transport
calculations. Six materials, i.e., carbon, nitrogen, silicon, iron, niobium and molybdenum,
were tested with Japanese fusion neutronics benchmark experiments ¥ conducted at D-T
neutron source facilities, OKTAVIAN/Osaka University and FNS/JAERI.

Carbon: JENDL Fusion File was adopted as the base data. However, the elastic
scattering cross section of carbon in the energy region approximately below the first
excited level of '*C at 4.4 MeV, was suggested to be replaced with ENDF/B-VI data by
Nuclear Data Center (NDC) of JAERI. As a result of benchmark calculations with the
FNS-TOF and FNS-Slab experiments, although no significant improvement due to the
replacement is found as shown in Fig. 1.6.1, calculated results show good agreements
with the experimental data.

Nitrogen: JENDL Fusion File was adopted basically. Both the (n,p) cross section
above 6 MeV and the (n,y) cross section in FENDI/E-1.0, which showed better agreement

with microscopic experimental data compared to JENDL Fusion File, were implanted

* Research Reactor Institute, Kyoto University
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in JENDL Fusion File by NDC. Although no significant improvement due to the
implantation is found, the calculated results with the new cross section data agree well
with the experimental data.

Silicon: New ENDF/B-VI evaluations for silicon isotopes, which were based on
an accurate and high-resolution total cross section measurement, were submitted. The
OKTAVIAN experiment was analyzed by the ENDF/B-VI data and the other candidate
of JENDL Fusion File. As shown in Fig. 1.6.2, the calculated spectrum with ENDF/B-VI
agrees with the measured spectrum as a whole while JENDL Fusion File gives larger
spectrum fluxes below 1 MeV. The adoption of the ENDF/B-VI evaluations for
FENDL/E-2.0 is reasonable.

Iron: The EFF-3 evaluation for **Fe was nominated because it was the unique
evaluation based on an ultra-high resolution total cross section measurement in the
unresolved resonance energy region up to ~ 7 MeV. The FNS experiments were analyzed
with EFF-3 and FENDIL/E-1.0. As a whole, both evaluations give similar results for
neutron, and agree well with the experimental data. Figure 1.6.3 shows calculated to
experimental (C/E) ratios of the "**In(n,n’)!**®In reaction rate which is mainly sensitive
to 0.5-10 MeV neutrons, approximately corresponding to the unresolved energy region of
iron. Both calculations give very good agreement with the measured data.

Niobium and Molybdenum: JENDL Fusion File was selected for both elements.
According to the request, the total cross section between 0.5 and 4 MeV was modified
and the (n,00) cross section was newly evaluated for niobium, and the (n,Yy) cross section
was re-evaluated for molybdenum, by NDC. As a result, prediction of the leakage
neutron spectra of the OKTAVIAN experiment is improved for both elements. Figure
1.6.4 shows the molybdenum case.

In conclusion, these benchmark tests demonstrated validity of the modifications
and newly submitted evaluations for the final FENDL/E-2.0 selection.
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1.7 Measurement of Activation Cross Sections for the Neutron Dosimetry at
an Energy Range from 17.5 to 30 MeV by Using "Li(p,n) Quasi-
monoenergetic Neutron Source (II)

Y. Uno, S. Meigo, S. Chiba, T. Fukahori, Y. Kasugai, O. Iwamoto and Y. Ikeda
(E-mail: uno@fnshp.tokai.jaeri.go.jp)

Since 1993, an experimental program for measurements of the neutron activation cross
sections at 17.5-30.0 MeV region has been continued for high energy neutron dosimetry
application. Cross sections of 24 reactions for Al, Co, Cu, Y, Nb, Tm, Au, **Ti and **Ni were
measured in previous years. The second series of experiment for *’Sc, nat-Cr, nat-Zn, nat-Rb,
193Rh, nat-Ir, **Cr, *°Zr and **Cu was performed in this fiscal year. The measured reactions are
tabulated in Table 1.7.1.

Protons of 20.0, 22.5, 25.0, 27.5, 30.0 and 32.0 MeV were impinged on the thin "Li
target (~ 2.0 mm thickness) and neutrons via the 'Li(p,n) reaction were produced by using the
JAERI TANDEM accelerator facility. The "Li target was cooled by water and protons passing
through the target completely stopped in the cooling water layer behind the target. The neutron
energy spectrum for each proton energy was measured by the time of flight (TOF) technique
incorporating with an NE213 scintillation counter. The measured energy spectra are shown in
Fig. 1.7.1. The energy spectrum of this neutron source has a quasi-monoenergetic peak
corresponding to the combined reaction of Li(p,n)’Be[0.0 MeV] and "L(p,n)’ ‘Be[0.429 MeV].
The absolute flux of the peak neutrons was determined by a proton recoil telescope (PRT)
counter.

The samples for the cross section measurement were irradiated in the forward direction.
After each irradiation, y-rays from the irradiated samples were measured with HP-Ge detectors.
From the net count of full-energy peak of interest, the reaction rate was derived after necessary
corrections. As shown in Fig. 1.7.1, there are a large amount of neutrons in a tail region below
the peak corresponding to a breakup reaction of "Li(p,n) and reactions between protons and
water. Therefore, the contribution of tail neutrons to the obtained reaction rate should be
subtracted. The correction factor F was calculated by using the measured neutron spectrum

¢(E) and estimated cross section o,.(E) as follows:

. [ 9B 0., (EB) dE
) -[olal¢(E)'o-'¢f (E) dE ,

and the cross section o was calculated by the following equation:
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where R was the obtained reaction rate and ¢, was the absolute flux of the peak neutrons
measured by the PRT counter. When there were no appropriate evaluated cross section data,
the cross sections were calculated with SINCROS-II" or ALICE-F? code. The main sources of
the experimental error were the statistical error of y-ray count and the uncertainty of the

absolute neutron flux determination. The total errors were in a range of 6-7 %.

References

1) Yamamuro N.: "A Nuclear Cross Section Calculation System with Simplified Input-Format
Version-II (SINCROS-II)", JAERI-M 90-006 (1990).

2) Fukahori T.: "ALICE-F Calculation of Nuclear Data up to 1 GeV", Proc. Specialists’
Meeting on High Energy Nuclear Data, Tokai, Ibaraki, Oct. 3-4, 1991, JAERI-M 92-039,
114 (1992).
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List of reactions measured in the second series of experiment

Sample Reaction Half life
Sc 4Sc (n,2n) **™Sc 2.442d
44mege 3.927h
nat-Cr °%Cr (n,2n) *°Cr 42.1m
(n,2np) **V 15.976d
nat-Zn 8Zn (n,2n) %Zn 38.1m
(n,3n) *Zn 9.26h
nat-Rb 8Rb (n,2n) *™2Rb 32.9d
(n,3n) *Rb 86.2d
Rh 19Rh(n,2n) !'®*™Rh 207d
(n,3n) '“'"Rh 4.34d
(n,p) '“Ru 39.254d
nat-Ir e (n,2n) 1O0mItmi+ely 11.78d
(n3n) '"®Ir 13.2d
32Cr 2Cr (n,2n) 3'Cr 27.704d
207r 9%7Zr (n,2n) ™ 3.27d
(n,3n) **Zr 83.4d
(n,p) Y 3.19h
53Cu 5Cu (n,2n) *‘Cu 12.701h
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1.8 Cross Section Measurement for (n,no) Reactions by 14 MeV Neutrons

Y. Kasugai, Y. Ikeda, Y. Uno, H. Yamamoto* and K. Kawade*
(E-mail: kasugai @fnshp.tokai.jaeri.go.jp)

Activation cross sections of (n,na) reactions by 14 MeV neutrons have been reported
on several target nuclei. In most cases, however, only upper limits of cross sections were
given because activities produced via (n,no) reactions were weak!). We succeeded to measure
very weak activities via (n,na) reactions by using HPGe detectors with high efficiency and
excellent energy resolution.

Cross sections of nine (n,na) reactions listed in Table 1.8.1 were measured by means
of the activation method. Sample sandwiched by Al or Nb foils were irradiated by D-T
neutrons (FNS) at JAERI. Neutron flux at the sample position was determined from the
reaction rate of 27Al(n,p)2’Mg and 93Nb(n,2n)92mNb. The typical neutron flux at the
irradiation position was 2.0X 108 n/cm2/s. The pneumatic transport system was used for
short-lived products. The sample and the arrangement of pneumatic tubes are shown in Fig.
1.8.1. After irradiation, gamma-rays emitted from the irradiated samples were measured with
HPGe detectors. The main error sources were due to gamma-ray detection efficiency (2%), the
standard reaction cross section of 27Al(n,p)27Mg or 93Nb(n,2n)92mNb (3%), and statistical
error of gamma-ray count (3-45%).

The cross sections measured in this work are shown in Figs. 1.8.2-1.8.10 with the data
reported previously and the evaluation data of JENDL-3 and ENDF/B-VI. The cross sections
of 91Zr(n,na)87mSr, 96Zr(n,no)92Sr and 199Ag(n,na)195Rh were measured for the first time.
For the (n,na) reactions on 71Ga and 93Nb, the partial excitation functions between 13.5 and
14.9 MeV were obtained for the first time by the measurement at multiple neutron energy
points. Some of the evaluated values are much different from our data. The present data of
87Rb(n,n)83Br cross section is 30 times as large as both ENDF-B/VI and JENDL-3
evaluations. For the 51V(n,na)47Sc reaction, the upper limit of the cross section is given in
this work because of the large contribution of the 530V(n,a)47Sc reaction to the activity of 47Sc.
We subtracted the contribution by using the 50V(n,a)47Sc cross section which was estimated
from systematics at 306 mb. The measured upper limit of the cross section is consistent with
the JENDL-3 evaluation, while that is lower than the data reported previouslyD.

The systematics of (n,na) cross sections has not been established well because the

available experimental data are not so many and because the accuracies are not enough. We

* Faculty of Engineering, Nagoya University
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tried to find the systematics for (n,no) cross sections on the basis of our data, but no distinct
trend could be observed. More accurate data are needed for a detailed analysis of the

systematics.

Reference
1) Qaim S. M.: Nucl. Phys. A, 458, 237 (1986).

Table 1.8.1 Measured reactions and decay parameters

Reaction Half-life Gamma-ray Intensity Q-value
Energy (keV) per decay(%) MeV)
51V(n,na)47Sc 3.344d 159.4 68%2 -10.68
65Cu(n,na)61Co 1.65 h 67.6 84.710.4 -6.25
71Ga(n,na)67Cu 2.58d 184.6 48.6*0.8 -5.47
76Ge(n,na)72Zn 1.98 d 144.7 83+2.0 -7.83
87Rb(n,nat)83Br 238 h 529.7 1.30+0.03 -7.81
91Zr(n,n0t)87mSr 2.80h 388.4 82.3+0.8 -8.09
96Zr(n,n0L)92Sr 271h 1384.1 90x 10 -4.91
93Nb(n,no)89mY 16.06 s 909.2 99.14 -5.55
109Ag(n,na)!0SRh 147 d 319.2 19.0+0.4 -3.51

FSampIe & Cartrige
Polyetvne capsule
)

SRR
T Y

1.8 cm

. R 4)
A\ Xv’
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Sample

d*beam
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2 mA

Fig. 1.8.1 Arrangement of pneumatic tubes around T-target, a sample cartridge and a sample
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1.9 Activation Cross Section Measurement for La, Ce, Pr, Nd, Gd, Dy and Er
Isotopes by 14 MeV Neutrons

Y. Kasugai, Y. Ikedaand Y. Uno
(E-mail: kasugai @ fnshp.tokai.jaeri.go.jp)

The cross sections by 14 MeV neutrons have been systematically measured by using D-
T neutron source of the FNS (Fusion Neutronics Source) facility at JAERI since 1984. More
than 250 reactions for 50 elements have been already reported"”. In this study the cross
section measurement for lanthanide isotopes is reported. The measured reactions are listed in
Table 1.9.1 with associated decay data®’.

The cross section values were obtained by measuring the radioactivity induced with
neutron irradiation. Neutrons were generated by bombarding a *T-target with d* beam of 2
mA and 350 keV. A pneumatic sample transport system was used for measurement of the
short-lived activities. The samples were irradiated at angles from O to 155 degree to the d*
beam in order to cover the neutron energies from 13.4 to 14.9 MeV. The distance between
the neutron source and the irradiation positions was 10 cm. The samples were sandwiched with
two aluminum or niobium foils. The neutron flux at the sample position was determined from
the reaction rate and cross section of ?Nb(n,2n)**"Nb or *’ Al(n,p)’’Mg; the cross sections
were calibrated by using ?’ Al(n,a)**Na cross section as a standard. The fluctuation of neutron
flux was monitored every 10 seconds. The effective reaction energy of incident neutron at
each irradiation position was measured by the ratio of reaction rate between *°Zr(n,2n)**Zr and
Nb(n,2n)*>"Nb. The experimental results of effective neutron energy corresponded well to
the kinematics of E;,=150 keV, where E;, was the effective reaction energy of deuteron.

The samples except the '**Nd-samples were natural abundance. The contributions of
(n,y) reactions to the (n,2n) reactions for '*°Ce, '**Ce and '*°Gd were estimated to be negligibly
small judging from the (n, ) cross sections and the thermal neutron flux at the sample position.
Gamma-rays emitted from the irradiated samples were measured with HPGe detectors of
115% and 25% in efficiency and a well-type HPGe detector.

Some of the results are shown in Figs.1.9.1-1.9.4 with the evaluated data of
FENDL/A-2.0 and JENDL-ACT96 along with the data in literature. The cross section data of
the '**°Nd(n,2n)'*’Nd reaction are shown in Fig. 1.9.1. The present cross sections are almost
constant in the energy range between 13.0 and 15.0 MeV, while the excitation function of
FENDL-2 evaluation shows the decreasing trend. The JENDL evaluation agrees with the
present data. The present experimental data for the '*'Pr(n,2n)'“°Pr reaction are 50% lower
than the FENDL-2 evaluation as shown in Fig. 1.9.2. For the '**Er(n,p)'**Ho reaction, the
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JENDL evaluation is higher than FENDL-2 evaluation by a factor of 2 as shown in Fig.1.9.3.

The present result agrees with the FENDL-2 evaluation.  For the '**La(n,t)'*’™Ba reaction, the
present data show that the excitation function increases more rapidly than the FENDL-2

evaluation as shown in Fig.1.9.4.  The measured data of '*’La(n,p)'**Ba, '*°Ce(n,2n)'¥*"*¢Ce,
"9Ce(n,0)'*"™Ba, '"**Nd(n,p)'**Pr, '®°Gd(n,2n)'**Gd and '**Dy(n,p)'**Tb show good

agreement with the FENDL-2 evaluations, while those of '*°Ce(n,2n) '**™*Ce,

'SNd(n,2n)'**Nd, '**Dy(n,p)'*“Tb agree well with the JENDL evaluation.

References

1) TIkeday., etal.: JAERI-1312 (1987).

2) Konno C., etal.: JAERI-1329 (1993).

3) Browne E. B., etal.: Table of Radioactive Isotopes (1986).

Table 1.9.1 Measured reactions and associated decay data

Reaction Half-life Gamma-ray Intensity Q-value

Energy(keV) per decay(%) (MeV)
'**La(n,p)'**Ba 1.410h  165.9 24+4 +2.53
'*La(n,t)'*""Ba 2552m  661.7 90.11£0.06 -6.41
140Ce(n,a)' ™Ba 2552 m  661.7 90.11+0.06 +5.30
1%0Ce(n,2n)'**"Ce 56.4 s 754.2 92.45 -9.20
0Ce(n,2n)" ™ eCe 137.66d 165.8 70.8986 -9.20
%Ce(n,p)'*’La 1.678 d 1596.5 95.40+0.08 -2.99
'“2Ce(n,2n)"*'Ce 32.50d 145.4 48.2+0.03 -7.17
"'Pr(n,p)'*'Ce 32.50d 145.4 48.2+0.03 +0.20
'“'Pr(n,2n)'*°Pr 3.39m S11(B") 98.7 -7.93
'"Nd(n,2n)"*'™Nd 249 h 1126.9 8.0+0.3 -9.82
"**Nd(n,p)"**Pr 24.15m 4539 48+3 -3.37
'5'Nd(n,2n)'**Nd 1.73 h 211.3 25.9 -7.38
169Gd(n,2n)"*°Gd 18.56 h 363.5 113 -7.45
'"‘Dy(n,p)'**Tb 30m 215.1 21.2+0.7 -3.07
'*Er(n,p)'**Ho 3.0m 7413 36.6+1.0 -1.07
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1.10 Evaluation and Compilation of Nuclear Structure and Decay

Data in 1996

J. Katakura and ENSDF Group”
(E-mail: katakura@cracker.tokai.jaeri.go.jp)

The international nuclear structure and decay data evaluation network aims at complete
and continuous nuclear structure data evaluation of all mass chains. As a member of the
network, Japanese group, whose data evaluation center is Nuclear Data Center, Japan Atomic
Energy Research Institute, has responsibility for evaluating 12 mass chains with A=118-129.
In the fiscal year of 1996, the evaluation of A=129 mass chain were completed and published

in Nuclear Data Sheets!). The evaluated data are also included in ENSDF (Evaluated Nuclear
Structure Data File) file which is maintained by National Nuclear Data Center, Brookheaven
National Laboratory as a computer readable data file.

In the evaluation of A=129 mass chain, all data available up to December 31, 1995 have
been considered for inclusion. The updated data included in the evaluation are tabulated below.

Nuclide Data Type Nuclide Data Type
129¢4 Adopted Levels 129Te Adopted Levels, Gammas
1291n Adopted Levels, Gammas 129Sb B” Decay (4.40 h)
129Cd B™ Decay (0.27 s) 1295b B~ Decay (17.7 min)
1299n Adopted Levels, Gammas 129Te IT Decay (33.6 d)
1291 B8~ Decay (0.61 s) 128Te(n,Y) E=thermal
1291n B” Decay (1.23 s) 128Te(d,p)
1295 Adopted Levels, Gammas 128T¢(1,d)
12951 B Decay (2.23 min) 130Te(p,d)
12951 B” Decay (6.9 min) 130T¢(d,1)
1295b IT Decay 17.7 min) 130Te(3He, a1)
130’Te(d,3Hc) 1291 Adopted Levels, Gammas
130Te(t, o) 129Te B™ Decay (69.6 min)

* Members are H. limura, M. Oshima, S. Ohya, K. Ogawa, J. Katakura, M. Kambe,
K. Kitao, T. Tamura, Y. Tendow, A. Hashizume and K. Miyano
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Nuclide Data Type Nuclide Data Type
1291 129Te B Decay (33.6 d) 129¢s | (HI,xny)
128Te(p,p),(p,p’) IAR 12984 Adopted Levels, Gammas
128Te(3He d) 130Ba(d,t)
Coulomb Excitation (HI,xny)
130Te(a,t) 1291 4 Adopted Levels, Gammas
129x ¢ Adopted Levels, Gammas 1291 41T Decay
1291 8" Decay (HI,xny)
129X ¢ IT Decay 129Ce | Adopted Levels, Gammas
129Cs £ Decay 129p; & Decay
Coulomb Excitation (HI,xnY)
(HI,xnY) 129p, Adopted Levels
129cs | Adopted Levels, Gammas (HI,xny)
129Ba & Decay (2.23 h) 129Nd | Adopted Levels
12984 ¢ Decay (2.16 h) (HI,xny)

The new data of other mass chains Japan has the responsibility to are reviewd and being

prepared for update of old mass chain evaluation.

References

1) Tendow Y.: Nucl. Data Sheets 77, 631 (1996)
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1.11 Decay and Fission Yield Data Library for ORIGENZ2 Code based on
JNDC Nuclear Data Library of Fission Preducts

J. Katakura
(E-mail: katakura@cracker.tokai.jaeri.go.jp)

The Atomic Energy Society of Japan (hereafter referred as AESJ) released recommended

decay heat values of major fissioning nuclides in 1990. 1) The recommended values have been

accepted for LOCA analysis of ECCS performance evaluation by Atomic Energy Safety

Committee in Japan. The recommended values, however, cover the time range of spent fuel

storage and reprocessing. For the decay heat evaluation of spent fuel ORIGEN2 code? is often

used, but the code has own library of decay and fission yield data which are different from

those of INDC Nuclear Data Library of Fission Products> (hereafter referred as INDC library)
that is the basis of the AESJ recommended values. The decay heat values calculated by the
ORIGEN?2 code are, therefore, inconsistent with the AESJ values. The situation has caused
perplexity in the user-comunity of ORIGEN?2 code in Japan. In order to remedy the situation,
the decay and fission yield data library has been produced using the JNDC library for

ORIGEN?2 code.?)

The library was produced by replacing the original ORIGENZ2 data with those of the
JNDC library. The number of nuclides contained in the ORIGEN?2 library, however, is different
from that in the JNDC library and the decay chain is also different from each other in the
libraries. The number of the nuclides in the new library was kept to be the same as that in the
original library, but for the decay chain that of the JNDC library was adopted. The fission vield
data at the beginning of decay chain, therefore, were changed to the cumulative yield in order to
satisfy total mass yield of 200 per fission.

The decay heat values calculated with the new library were compared with the AESJ

recommendation. The difference between the calculation with the new library and the AESJ

recommendation is shown in Fig. 1.11.1 for the case of 235U burst fission. In the figure the

calculation with the original library is also shown for comparison. The similar comparison for

239py burst fission is shown in Fig. 1.11.2. As seen in these figures the original calculation
shows 20 % to 25 % difference from the AESJ recommendation. The new calculation, however,
shows much small difference, that is, 3 % at most, with the AESJ recommendation. In the case
of 1-year-irradiation which is more realistic in an application than burst fission, the ORIGEN2
calculation with the new library gives agreement with the AESJ recommendation within less

than 1 %, that agreement is enough for application.
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1.12  Spectral Data for Highly Ionized Atoms: Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Kr and Mo

T. Shirai, J. Sugar” and W.L. Wiese™
(E-mail shlralécracker.tokal.Jaen.Jo.Jp)

During the last 10 years we have published a series of spectroscopic data table for highly
ionized heavy atoms that occur either as impurities in fusion energy devices or which have been
injected into these hot plasmas for diagnostic purposes.  These spectroscopic data are
wavelengths, energy levels, ionization energies, and atomic transition probabilities, which are
required both for modelling the energy balance and impurity cooling effects in such plasmas as well
as for applying non-perturbing spectroscopic techniques to determine plasma parameters. In
addition, spectroscopic data needs for highly ionized atoms exist in astrophysics, especially the
physics of the solar corona, and in atomic physics research. A good bit of new spectral analysis
work, both observations and calculations, had been done in recent years, and the results had not
been tabulated conveniently before. We have thus critically compiled these spectroscopic data into
single monographs for each element and have published, in order of nuclear charge, such tables
for the spectra of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Kr, and Mo ions!"'?,

Since we have now compiled this series, we are presenting all these data in this single
volume to provide users with the convenience of a single source. Our new tables include three
significant improvements: First, in cases where new or improved data have been published, we
included this updated material. This affects especially the early tables of Ti and Fe. Second, we
have expanded some compilations by including additional lower ions, so that in each case all ions
from the Ca-isoelectronic sequence to the H-isoelectronic are covered. Third, we have added a
unified finding list, ordered in increasing wavelengths, which covers all transitions that we have
compiled on these elements.

In the present tables we keep the data for each element together as separate subunits. This
includes the respective introductory comments for the various spectra and the lists of references.
We also include a few typical Grotrian diagrams as representative examples. However, we do not
include the extensive Grotrian diagrams contained in our earlier publications because these would
make this volume very large and unwidely. However we offer to provide such diagrams on

request.

*National Institute of Standards and Technology
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In all of our earlier compilations of Ti through Ni we began with the data compiled by
Sugar and Corliss'?, using their selection of references as our source of wavelengths. This was

12 the review article by

supplemented by the extensive tabulation of wavelengths of Kelly
Fawcett'®, and for the more recent work, the bibliographic database of NIST. For wavelengths
of forbidden lines we adopted the compilation by Kaufman and Sugar'®. For transition
probabilities, we adopted the data compiled by Martin ez a/.'> and Fuhr ef a/.'®. Again, we search
the more recent literature for significant updates and additions. For the He and H sequences only
theoretical results are give since they are considered to be more accurate than the experimental
values.

In cases where no experimental wavelength data are available but for which f~values exist,
the quoted wavelengths ( A ) are calculated from the known energy levels using Ritz combination

principle. The wavelengths are then used to calculate A-values from f~values.
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1.13  Analytic Cross Sections for Collisions of Electrons with Hydrocarbon Molecules

T. Tabata®, T. Shirai and H. Tawara™
(E-mail: shirai@cracker tokai jaeri.go jp)

Data on cross sections of collision processes between electrons and hydrocarbon molecules
are important in the study of thermonuclear fusion research, in which graphite or carbon-coated
materials are commonly used as the inner walls of plasma devices. In such devices chemical
sputtering due to interactions of carbon atoms with active atomic hydrogen produces a large
quantity of hydrocarbon molecules. These molecules in turn collide with electrons and hydrogen
atoms or molecules in plasma, and the collision products give serious effect on the behavior and
characteristics of plasma.

Tawara et al.V (see also Tawara?) have reviewed the present status of experimental cross-
section data for collisions of electrons with hydrogen molecules. The purpose of the present work
is to give analytic expressions fitted to the data for a total of eighty-nine reactions compiled by
these authors.

The fuctional forms used for the analytic expressions are those semiempirically developed
by Green and McNeal” and modifications of these. A total of ten types of functions has been used.
The use of such expressions allows one not only to interpolate but also extrapolate the data to
some extent in contrast to polynomial fits, which frequently show physically unreasonable behavior
just outside the energy range of available data.

The value of the threshold energy used for each reaction has been estimated from the
behavior of the cross-section data at the lowest energies. The number of adjustable parameters
in the analytic expressions is from two to twelve according to the type of the function. Values of
the adjustable parameters have been determined by least-square fits to the data except some values
that were assumed to guarantee reasonable behaviors outside the energy range of the available
data.

The analytic expressions obtained are compared with the experimental data in Fig. 1.13.1,
which shows that agreement is satisfying. The root-mean-square deviations of the expressions

from the data are about several percent.

*Qsaka Prefecture University

**National Institute for Fusion Science
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2. Theoretical Method and Code Development

In the calculations by a continuous energy Monte Carlo code, users require cross section
libraries at various temperatures. Some interpolation methods were investigated and a code ART
was developed to generate easily a cross section library at an arbitrary temperature for a Monte Carlo
code MVP. It was found that an interpolation based on Akima's method gives most accurate values
to resonance region. The validation by criticality calculations of the TCA and VHTRC cores
showed that the method can generate a library with good accuracy.

The continuous energy Monte Carlo method is the most reliable one in solving neutron
transport problems. Since the MVP code based on this method employs a fast computational
algorithm suitable for recent supercomputers, a burn-up analysis system MVP-BURN has been
developed by coupling with an auxiliary modular code BURN. The NEACRP burn-up benchmark
problem was solved to validate this system, and the results were compared with those by SRAC95
and other solutions submitted from various countries.

In order to help a designer in decision of design parameter values, a procedure was improved
to search more efficiently a design window. The principle is to construct a multilayer neural
network to simulate quickly the response of the analysis code. The procedure was applied to a fuel
pin design of an LWR and it was found that the four-layered neural network is suitable from
viewpoints of both of the accuracy and training time.

A new method was proposed to consider anisotropic effect by introducing a direction
dependent correction factor into leakage operator in the transport equation of the homogenized
system. The method was examined for a k ; problem with simple plate geometry. All the transport
calculations were performed by the Monte Carlo method. Solution by the present method agreed
well with the one with heterogeneous configuration when the total cross section is not very small.

The ATRAS code system was revised to improve the accuracy of spallation neutronics and
burnup analysis for accelerator-driven subcritical systems. By adding some lumped fission
products cross sections, the neutron multiplication factor decreased by about 2.5 % in a burnup
analysis. The NMTC/JAERI code predicted the number of emitted neutrons with a high accuracy
by implementing new Random Neck Rupture HEF model. The nuclear code system SPACE was

also upgraded for the IAEA accelerator-driven benchmark.
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2.1 Library Generation Method at Arbitrary Temperature for a Continuous Energy
Monte Carlo Code MVP

M. Nakagawa, T. Mori~ and K. Kaneko™~
(E-mail:nakagawa@mike.tokai.jaeri.go.jp)

The continuous energy Monte Carlo method has many advantages compared with the
multi-group one. Use of accurate point-wise cross sections is one of them. It means that a
cross section library is necessary at each temperature depending on a problem which a user
solves. In an analysis of a power reactor, accordingly, many libraries will be necessary at
different temperatures. However, It is not efficient to prepare libraries at many temperatures in
advance because those require large size of storage in a computer system.

We have developed a method and a code ART to generate easily a cross section library
at an arbitrary temperature for a Monte Carlo code MVP'. Energy region is usually divided
into 1) high energy one with smooth cross section, 2) unresolved resonance region, 3)
resolved resonance region and 4) thermal region. Region 1) is not temperature dependent and
in 3) temperature dependent cross section can be calculated by Doppler broadening based on a
reference library given at a fixed temperature. For regions 2) and 3), we have applied
interpolation methods to an arbitrary temperature based on the tabulated values or assigned
values at an evaluated nuclear data file. The interpolation methods have been developed and
the results of verification calculations are described below.

Unresolved Resonance Region

The MVP code uses the probability table method in the unresolved resonance region.
Unresolved resonance cross sections of averaged total, elastic scattering, capture, fission cross
sections and their probabilities are prepared for each incident energy at 11 temperatures in
advance. Those data were restructured into the probability table with equal probability bins.
The interpolations were made for the cumulative probability distribution functions produced

from the above tables. We have compared the accuracy of interpolation methods of Lagrange,

*  Science and Technology Agency

** Integrated Technical Information Research Organization



JAERI-Review 97-011

Akima and Spline. Among them, the Akima method gives the most accurate interpolated
values where a log-linear function is used. Figure 2.1.1 shows comparison in the first bin
between the original and the interpolated fission cross sections of *°U. The maximum
deviation is about 0.6%.

Thermal Scattering Raw

Temperature dependence is very important in thermal scattering low, S(@, £). In the
MVP library, S(@. @) is given for Be( metal & oxide), C( graphite & CH, ), H( benzene ,
H>O, ZrH), D(D,0), 281 and Zi(ZrH). The secondary energy probability distribution is
interpolated after modifying them into the cumulative probability distribution. Interpolation of
elastic scattering cross section is made by using the interpolation formula assigned in the
evaluated file. Inelastic scattering cross section is interpolated by a linear-linear function
based on the Akima method. The interpolation errors are satisfactorily small.

Validation Calculations

In order to validate the library generation method and the ART code, we have
analyzed criticality of the TCA and VHTRC assemblies which have water and graphite
moderated UO; fueled cores, respectively. They are suitable for testing an adequacy of
interpolated S(a, ) of H,O and C( graphite ). The old library® was generated at the
temperatures given in the evaluated file and the new one is by the ART code.

The calculated kes for TCA are compared in Table 2.1.1 where in case 1, the
temperatures of all materials are 300K and in case 2, the fuel is at 1800K and the moderator at
600K. The values of ks agree within statistical uncertainties for both cases.

The criticality of VHTRC were calculated at 4 temperatures with the old library and 5
ones with the new library. The results are compared in Fig. 2.1.2. At 1500K, a small
difference is observed. At this temperature, the old library is also generated by interpolating
the data in the original evaluated file. This interpolation method is different from the one
mentioned above and inferior in accuracy. From the above comparison, it can be said that the

present method can generate a library at arbitrary temperature with good accuracy.
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Table 2.1.1

Comparison of calculated k.gs between two libraries

£ROSS SECTION (B4RN)

Old library New library
Kess 1.00211 1.00274
FSD(%) *0.0553 +0.0552
Kest 0.99347 0.99346
FSD(%) +0.0527 *0.0507

Total number of histories: 2.2 X 10°

History/batch: 20,000
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2.2 Cell Burn-up Calculation with a Continuous Energy Monte Carlo Code MVP

K. Okumura, K. Kaneko” and M. Nakagawa
(E-mail: okumura@mike.tokai.jaeri.go.jp)

The continuous energy Monte Carlo method is the most reliable method to solve
neutron transport problems because of its precise geometrical modeling and continuous energy
treatment. Recent progress of supercomputers makes it possible to apply this method to some
burn-up problems. In spite of still expensive computation costs, the Monte Carlo method is
very useful for the special burn-up problems in which we have few calculation experiences or
the problems which are difficult to be treated by conventional deterministic neutron transport
codes.

A continuous energy Monte Carlo code MVP" employs a fast computational algorithm
suitable for recent vector and/or parallel computers. The speed-up factor of ten or more is
realized on such supercomputers as compared with other scalar Monte Carlo codes. Therefore,
MVP can reduce much computation time required for the repeated use of a Monte Carlo code
at many burn-up time-steps. In order to apply it to cell burn-up calculation problems, we
have developed the MVP-BURN system? by implementing an auxiliary modular code BURN
which has a function to calculate buildup and decay of nuclides in irradiated materials
(depletion calculation).

By using the continuous energy Monte Carlo code, microscopic reaction rates of all
nuclides are obtained. Since the depletion calculation is possible if the microscopic reaction
rates are given, the coupling of a Monte Carlo code and a depletion calculation code is
realized only by implementing an interface program between them. The newly developed
BURN code has the functions of the depletion calculation, file management, and interface
with MVP. A whole burn-up calculation is performed by executing alternately these codes.

In order to investigate the accuracy of burn-up characteristics calculated by MVP-
BURN, the system was applied to the numerical burn-up benchmark problem for a BWR fuel
assembly with adjacent poisoned fuel rods®. Figure 2.2.1 shows the lattice geometry of the
benchmark problem. The results of MVP-BURN were compared with those obtained by the
collision probability method in SRAC95% and also with other ten solutions® submitted for
international comparison. In both of the calculations by MVP-BURN and SRAC95, a poisoned

fuel pellet was divided into eight annular depleting zones to consider the change of spacial

“Integrated Technical Information Research Organization (ITIRO), Tokyo
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shielding effect of Gd,0, during burn-up period, while other unpoisoned fuel pellets were not
divided. As the changes of microscopic absorption rates of gadolinium nuclides through
burn-up are so rapid, small intervals of burn-up step are required. The intervals 0.25GWd/t
up to 8.0GWd/t and 0.5GWd/t thereafter were used for both codes. In the MVP-BURN
calculation, a large number of neutron histories (670000) was taken to achieve a sufficiently
accurate k., (10=0.08%) in each burmn-up step. It took about 27 minutes of computation time
per burn-up step on FACOM VPP-500 computer (single CPU calculation).

Major calculated results are shown in Figs. 2.2.2 and 2.2.3. The maximum (and
average) differences between the SRAC95 and MVP-BURN results are 0.85 (0.24)% on k.,
1.2 (0.56)% on power density of the unpoisoned fuel rod (No.4 pin), and 3.2 (2.4)% on that
of the poisoned rod. As the maximum differences are almost comparable to those at the zero
burn-up state (e.g. 0.81% on k,), they are mainly caused by inaccuracy of the SRAC9S
calculation. However, general burn-up characteristics of both codes are similar in comparison
with other solutions.

Applicability of MVP-BURN to a heterogeneous fuel assembly with burnable poison
rods was validated by this benchmark calculation. However, it should be noted that the
burn-up calculation even with the continuous energy Monte Carlo method can not always
give us exact solutions, because depleting zones and burn-up time intervals are discretely

treated.

References

1) Mori T. and Nakagawa M. : "MVP/GMVP : General Purpose Monte Carlo Codes for
Neutron and Photon Transport Calculations based on Continuous Energy and Multigroup
Methods", JAERI-Data/Code 94-007 (1994) [in Japanese].

2) Okumura K., Nakagawa M. and Kaneko K. : "Development of Burn-up Calculation Code
System MVP-BURN Based on Continuous Energy Monte Carlo Method and Its Validation",
to be published in Proc. of Joint Int. Conf. on Mathematical Methods and Supercomputing
for Nuclear Applications (M&C and SNA'97), Saratoga Springs, NY (1997).

3) Maeder C. and Wydler P. : "International Comparison Calculations for a BWR Lattice
with Adjacent Gadolinium Pins", NEACRP-L-271 (1984).

4) Okumura K., Kaneko K. and Tsuchihashi K. : "SRAC95 ; General Purpose Neutronics
Code System", JAERI-Data/Code 96-015 (1996) [in Japanese].



U0 (3w/o U-235)

JAERI-Review 97-011

UO02-Gd203 B3w/o Gd203)

aturated H.O
(0% void)

/
)

o

/Zircaloy

500

O

©©)

Fig. 2.2.1 Lattice geometry of the benchmark
problem on BWR lattice with adjacent

gadolinium pins”

1.05

1.00

Relative pin power (No.4 : unpoisoncd fuel)

PR

LA DL S A B A R

~O-SRAC95
——-MVP-BURN

~--=Qther 10 solutions )

PSSV B SR By

4 6 8
Burn-up (GWd/t)

(a)

120 ——

o

<] .

g 1.15 ? ...........................

— -

g I

‘3

S =

= 1.10

g L

‘3 -

E L

[ = -

SR 15— B

: -

w H

= : i

2 ~e— MVP-BURN 1

RN i o 2 S ~O- SRAC95 1

- " Other 10 solutions 1

1 i 1 :L 1 1 1 i 1 1 1 i 1 L 1 l 1 | I
0'950 2 4 6 8 10
Burn-up (GWd/t)

Fig. 2.2.2 Comparison of infinite neutron
multiplication factors for various burn-up.
The 10 solutions (Ref.3) are plotted only at
11 burn-up points (0, 1, 2,..., IOGWd/t).

T

1.00

0.90

1T

0.80

0.70

T T T T

0.60 F

0.50

Relative pin power (No.6 : poisoned fuel)

0.404f¥

0.30

.

~-O-SRAC95
——-MVP-BURN

EUEN SRS SRS S N

~=-==Qther 10 solutions )

iii§H

ST NN U SRR FUENE NS TS DU EE N

0 2

4 6 8
Burn-up (GWd/h)
(b)

Fig. 2.2.3 Comparison of pin powers for various burn-up. (a) unpoisoned fuel rod
and (b) poisoned fuel rod.

—
S



JAERI-Review 97-011

2.3 Improvement of Design Window Search Procedure using Neural Network

T. Kugo
(E-mail: kugo@mike.tokai.jaeri.go.jp)

To help a designer in decision of design parameter values, we have developed a procedure
to search efficiently a design window using a neural network. A principle of the procedure is to
construct a multilayer neural network to simulate quickly a response of an analysis code through
a training with some teaching data. Then the computation time is reduced by using the trained
neural network as a substitute of an analysis code. The success of this method relies on the
ability of the estimation of the neural network. In this study, we investigate how a difference of
the structure of neural network influences on the accuracy of the estimation by employing three-
and four-layered neural networks.

The training of the neural network is performed using the error back propagation scheme"
where connecting weights are modified on the basis of a steepest descent method to minimize

the error

N
E = %; % T,-0,) (2.3.1)
where E, is the mean error of estimation for the i-th output unit, T, the teaching data of the i-th
output for the k-th leamning patterns, O, the output from the i-th output unit for the k-th learning
patterns and N the number of the learning patterns. The “overlearning” where the error of
estimation for the learning patterns converges but the one for the unlearning patterns diverges,
will sometimes occur in the above training scheme. It should be checked whether the
overlearning occurs or not in the training process. The present method prepares not only learning
patterns but also unlearning ones as illustrated in Fig.2.3.1 and we observe the error of the
estimation for the unlearning patterns to check the overlearning.

We employed three- and four-layered neural networks with six neurons in hidden layers
to solve a fuel pin design problem of a light water reactor. A searching space was defined by the
following parameter ranges;

pin diameter: 9.0~12.0 mm, pin pitch: 10.0~15.0 mm and hot channel factor : 1.3~1.7.
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Learning and unlearning patterns were prepared at 5x5x5 and 4x4x4 grid points in the above
defined searching space, and 64 and 38 patterns satisfying the geometrical constraint were
adopted for teaching data, respectively. Figure 2.3.2 shows training histories of learning and
unlearning patterns on the coolant temperature. It is seen that the overlearning occured in the
three-layered neural network. On the contrary, the error for four-layered one converged according
to the training. To examine the correlation between the overlearning and the accuracy on the
estimated design window, we compare design windows estimated by three- and four-layered
neural network in Fig. 2.3.3. There is a notable discrepancy between two estimated design
windows. It is important to avoid the overlearning to obtain reliable estimation. Two or more
hidden layers will be needed to avoid it, but they will consume a lot of time for the training of
the neural network. So the four-layered neural network is suitable to realize both of the high

accuracy of the estimation and the saving of the training time.

Reference
1) Rumelhart D. E,, Hilton G. E. and Williams R. J. : "Learning Internal Representations
Error Propagation”, in Parallel Distributed Processing, Vol.1, MIT Press, 318 (1986).
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Fig. 2.3.1 An illustration of learning and unlearning patterns
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2.4  Application of Anisotropic Neutron Streaming Effect to Transport Theory

H. Oigawa
(E-mail: oigawa@fca00].tokai.jaeri.go.jp)

In the cell homogenization procedure of the reactor physics calculation, the anisotropic
neutron streaming effect caused by the cell heterogeneity has been taken into account by

' In the present study, a new

anisotropic diffusion coefficients based on Benoist's theory.'
method to apply this effect to the transport theory, instcad of the diffusion theory, is proposcd
and examined for a simple plate cell geometry.

The basic idea, quoted from Lewis' work? , is to introduce a direction dependent
correction factor, o) , into the leakage operator in the transport equation of the homogenized

system as Eq.(1).”

o(@-2-V P a5 e o=z YY) ()
where ¥'(r.@ : the angular flux in the homogenized system,
%' : the homogenized total cross section, and
(='¥" : the source term.

The transport equation in the heterogeneous system is written as

QVr @+ L= , (2)
where  ¥r,2) : the angular flux in the heterogeneous system, and
% : the total cross section.

In case of the plate cell geometry with one-directional neutron leakage as shown in Fig.2.4.1,
the angular flux in the heterogeneous system can be separated into the cell fine structure and

the global distribution.

(r,82)=g (x,42)-cos(B.-2)+h(x,0) sin(B.z) , 3)
where  g(x,&) : the even component of the cell fine structure,
h(x,82) : the odd component of the cell fine structure, and
B, : the buckling of z-direction.

By substituting Eq.(3) into Eq.(2) and assuming that the scattering cross section is isotropic ,
equations which g(x,42) and h(x,&) obey are derived as Egs.(4).
.Q,-dig(x,QHZLg(.r,Q):(Zug) - B-Q.h(x, & and !2,-£J1(,r,12)+21h(x,@):3;-f);g(.r,Q) . 4)
X

On the other hand, in the homogencous system, the second equation of Eqgs.(4) is rewritten as
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IR @) = B, Q.o @)g (@)= BZ~.QZw(.Q)J dx g,V , (5

cell
where g"(Q) is approximated by the space average of g(x,4).
To conserve the neutron leakage between the heterogeneous system and the homogenized
one, Eq.(6) should be satisfied.

J dxh(x, ) = Ve 0(@h"(@) (6)
cell
By substituting Eq.(5) into Eq.(6), a definition of w(£ is obtained as
2 o H
o’ @=(2/Bea)|| ahe@ /| dgad) . (7

In this study, g(x,f) and h(x,£2) were obtained for fine angular and spacial meshes by transforming
Egs.(4) into integral forms. Then, o) was calculated by Eq.(7).
Finally, a new unknown function, @&(r.Q) , is introduced to solve Eq.(1);

dr=w(@)¥Yra . @=3"xQ . (8)

By substituting Eqs.(8) into Eq.(1), a transport equation with direction dependent cross sections,
Z(4), is obtained:

QV AP B DNTA={EA D)D) . ©)

This equation was solved by a Monte-Carlo method in the present work.

As an example, k ;. of the system indicated in Fig.2.4.1 was compared among four
calculation methods : (1)Monte-Carlo calculation with heterogencous configuration (reference),
(2)Monte-Carlo calculation with the conventionally homogenized cross sections, (3)Monte-
Carlo calculation with the direction dependent cross scctions (present method) , and (4)
Diffusion calculation with Benoist's diffusion coefficients. The total cross section in Region-2,
=, ,was parametrically changed to investigate the influcnce of the cell heterogeneity.

The calculated results are shown in Fig.2.4.2. Conventional transport calculation with
the homogenized cross section overestimates &, since it ignores the anisotropic neutron
streaming effect. The present method shows very good agreement with the reference calculation,
when X, is not very small (>0.07cm™). As X, decreases, however, the present method
tends to underestimate k., . On the other hand, the diffusion calculation with Benoist's
diffusion coefficients always underestimates k , because of the transport effect, i.e. the diffusion
theory generally overestimates the neutron leakage. The difference between the present
method and the diffusion calculation is not dependent on X,

It can be concluded that the present method is valid to apply the anisotropic neutron
streaming effect to the transport theory. In the case of strong heterogeneity, however, the
present method underestimates &, as well as Benoist's theory does.
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2.5 Development of the Design Code System for the Accelerator-driven Transmutation

Research

T.Sasa, T.Nishida’, K. Tsujimoto and T.Takizuka

(E-mail: sasa@omega.tokai.jaeri.go.jp)

The ATRAS code system was revised to increase the accuracy of the spallation
neutronics and burnup analysis of accelerator-driven subcritical systems.

For the core burnup analysis, estimation of the reactivity change caused by the
accumulated fission products are important. We added some lumped fission products cross
sections to the 73 group cross section library for the ATRAS code system. We selected the
infinite diluted cross sections of lumped FP in JFS3-J2" cross section library for the fast
reactor analysis. For the conversion process from JFS3-J2 library to ATRAS library, total
cross sections in the energy range above 10 MeV, which were not prepared in the JFS3-J2
library, were assumed to zero and (n,2n) reaction of the lumpecd FP was not considercd.
Figure 2.5.1 shows one of the lumped FP cross section which was newly added to the
ATRAS cross section library. We performed the burnup analysis of the accelerator-driven
transmutation system with TRU-nitride fuel and tungsten disk spallation target with the
revised library and the previous library. Comparison of the corc averaged ncutron encrgy
spectrum are shown in Fig.2.5.2. Neutrons in intermediate energy rcgion was decreascd by
the capture reaction of lumped FPs. The neutron multiprication factor after the 300 days
operation including the lumped FP was determined about 2.5 % lower than the result with the
previous library.

In the NMTC/JAERI code simulating the nuclear reaction and particle transport in the
cnergy range higher than 20 MeV, the intranuclear reaction model consists of two stcp
proccdures, namely, the first step (cascade process) and the second step (equilibrium process).
The high energy fission (HEF) reaction is assumed to compete with the particle evaporation
process in the second step. The HEF reaction mechanism has a large influence on the total
number of spallation neutrons emitted from a nucleus. In the prescnt work we examined the
Random Neck Rupture Model? as a new HEF model to predict the number of neutron
emitted in the process with a higher accuracy. This model can deal approximatcly with the
dynamical process of fast fission reaction through a scission point of a nucleus deformed like
adumbbell, while the former model installed in the current cascade code focuscs only on the
statistical property of fission reaction. It was recognized that the model can give morc exact

fission neutron yield for through its check run.

* Radiation Application Dcvelopment Association
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The nuclear code system SPACE, which had been developed in JAERI, has been
upgraded for the IAEA Accclerator-driven system benchmark. We newly produced the
microscopic cross scction files of uranium 233, thorium 232 and natural lead with the 295
groups JSSTDL files for TWOTRAN-II to calculate the nucleonics of the Pb-cooled, **Th-**U
mixed oxide fuelled subcritical fast core proposed in the benchmark problem. The burnup
code COMRAD in SPACE, which was bascd on the Bateman mcthod, has also been improved
to take into accounts the effect of the neutron absorption by fission products build up in the
accelerator-driven system in the burning process of Th-U fuel. The thirtcen nuclides as ™ Cs,
®Tc, * Pm, '""Rm, Mo, **Nd, '®Rh, “Mo, **Nd, *'Pr, **Sm, "' Xc and I were sclected as
main fission products compiled in COMRAD aftcr cvaluating the build up cffects of those
nuclides with the ORIGEN-2 code. Figurc 2.5.3 shows the comparison of the time evolution

of reaction rates of fission products.
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3. Reactor Physics Experiment and Analysis

The Begr benchmark experiments have been carried out at FCA under the NEA/NSC
/WPEC Subgroup on Delayed Neutron Data Validation. Six countries participate in thesc
experiments @ France (CEA), Italy (ENEA), Russia (IPPE), USA (LANL), Korca (KAERI)
and Japan (JAERI and the Nagoya University). Each participant mecasures the By by using
their own measurcment technique. Three different core configurations were sclected at FCA so
that these cores could be complementary to those of the MASURCA experiments. The first core,
XIX-1 (U-core), went critical on Oct. 1995 ; followed by the second core XIX-2 (Pu/NU corc)
and the third core XIX-3 (Pu core).

The physics parameters measured on metallic-fueled and oxide fuel mock up core at FCA
were analyzed as a benchmark-test of the present calculation tools; the JENDL-3.2 data file and
the JAERT's standard calculation system for fast reactor ncutronics.

The calculation accuracy of various methods were examined for In-Core-GEM reactivity
worth measured at the FCA-XVII-1 core which simulated a prototype MOX fucled LMFBR. It
was concluded that the diffusion thcory should be used with great care to calculate the In-Core-
GEM reactivity worth, and that it would be necessary to solve the dependence of the C/E values
by the transport theory upon the sodium level.

Analyses on the reaction rate ratios in the moderator added fast reactor corc showed that
the Calculation/Experiment (C/E) values for C8/F9 and F8/F9 had the H/HM dependence ; the
calculation underestimates the measured C8/F9, and overestimate the measured F8/F9, while
there arc good agrecments in the F5/F9 between calculation and experiment.

To evaluate the calculation accuracy on reactor physics parameters of an HTTR core, the
measured data in the VHTRC cores were analyzed with the SRAC code system and the nuclear
data libraries based on the ENDF/B-1V and/or JENDL-3.2. It was concluded that the present
calculation code satisfies the accuracy requirement of 10% for nuclear design of the reactivity
worth of the HTTR Reserve Shutdown Absorber. Critical mass and Kinetic parameter at critical,
(Beg/ \)., were measured at a room temperature 21°C and an elevated temperature 200°C in
the VHTRC-4 core. In comparison with the experiments, the calculations underestimated the
critical mass at 21°C by 4% and 6% in cach casc of ENDF/B-IV and JENDL-3.2, respectively,
while the agreement at 200°C became better in both cases. The calculated (Ben/A), vales
agreed fairly well with the measured onc within 5%. An improvement in analysis method for
(Bert/ i\ ), measurement at VHTRC was made by considering the delayed neutron contribution
more precisely. By applying this method to analyses on the (Beg/A), values in the VHTRC-1
and VHTRC-4 cores, the discrepancies between calculation to experiment could be reduced
from 10% to 5%.
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3.1 Experimental Study for Nuclear Characteristics of Metal and Oxide Fuel
LMFBR at FCA

S. lijima, H. Oigawa, T. Sakurai, T. Nemoto and S. Okajima
(E-mail: 1ijima@fca001.tokai.jaeri.go.jp)

The benchmark experiment of a metallic-fueled LMFBR has been conducted on
JAERI's Fast Critical Assembly (FCA) facility in order to examine nuclear characteristics of the
advanced fuel core and to test calculated predictions of reactor physics parameters in a core
design. A metallic-fueled core has hard neutron spectrum and its nuclear characteristics differ
from those in a conventional oxide fuel core. Reactivity feedback parameters such as sodium
void and Doppler reactivity and ***U-capture to **’Pu-fission ratio, which were sensitive to
neutron spectrum and fuel composition, were measured in the mockup core of metallic-fueled
LMFBR. In the test of calculated predictions of reactor physics parameters, the results of the
metallic-fueled core were compared with those of the oxide fuel core. The physics parameters
measured on metallic-fueled and oxide fuel mockup core have been analyzed using the same
nuclear data, JENDL-3.2" and the same calculation method, JAERI's standard calculation

system for fast reactor neutronics” >,

Criticality

The diffusion calculation in 25-group using anisotropic diffusion coefficients was made
in the x-y-z model of the reference core. Transport and mesh-size corrections were applied to
the diffusion calculation result. The transport correction is taken from transport and diffusion
calculations in r-z geometry. In addition to the calculation based on the deterministic method,
the continuous energy Monte Carlo calculation by the MVP code® was made in the whole core
model. The difference of C/E value between the deterministic method and the Monte Carlo
calculation is small in the metal and the oxide core.

Table 3.1.1 Results of criticality

Assembly Metal Core Oxide Core
Experiment (k) 1.00244+0.00024 1.007331+0.00013
Calculation (C/E value)
Deterministic 0.991 0.996
Monte Carlo®® 0.996 0.994

(a) Monte Carlo calculation: 1,700,000 history
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Sodium Void Reactivity Worth*’
A central sodium void worth, which is dominated by non-leakage component, was used

to test prediction accuracy in the cores with different composition and spectrum. The sodium
void worth was measured at the central 3x3 drawers in the metallic-fueled and oxide fuel
mockup core.

The sodium void worth was calculated by the exact perturbation method based on
diffusion theory.

Table 3.1.2  Results of sodium void reactivity worth

Assembly Metal Core Oxide Core
Experiment
Sodium Weight (g) 1018 814
Reactivity Worth (10"* Ak/k) 1922212 % 1.006x24 %
(35 ¢) 2.0 ¢)
Calculation (C/E value) 0.98 1.05

Doppler Reactivity Worth® "+ ®
Doppler reactivity was measured using a cylindrical metallic sample (natural uranium;

25 mm ¢ and 150 mm in length) inserted at the center of the core. Reactivity worth was
measured for the Doppler sample heated from 300 K to 1100 K.

The diffusion calculation in 70-group was made in the r-z model which had the Doppler
sample and its surrounding capsule region. A resonance interaction effect between the
Doppler sample and the surrounding materials was examined by the PEACO-X code which was
calculated the resonance shielding effect precisely in the heterogeneous geometry. The
calculation by PEACO-X code gave —~ 10% larger Doppler reactivity worth than the
conventional calculation in which the Doppler sample was treated as isolated.

Table 3.1.3  Results of Doppler reactivity worth

Assembly Metal Core Oxide Core
Experiment  (10°° Ak/k) 747128 % -18.19%£3.7 %
Calculation'® (C/E value) 0.95 0.99

(a) by PEACO-X code
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28U Capture to **°Pu Fission Ratig®’
The absolute values of ***U capture rate and **’Pu fission rate were measured at the

center of the core by a foil activation technique with thin metallic depleted uranium foils and
plutonium foils. The difference of ***U capture to **’Pu fission ratio between the metal core
and the oxide core was about 20 % .

The reaction rates were obtained from the cell averaged 70-group microscopic cross
section and the neutron flux by the diffusion calculation in r-z geometry.

Table 3.1.4 2’*U Capture to **’Pu Fission Ratio

Assembly Metal Core Oxide Core
Experiment 0.1215%£2.4% 0.1457£2.0%
Calculation (C/E) 1.00 0.99
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3.2 Estimation of Prediction Accuracy of **U Doppler Effect up to 3,000 °C

S. Okajima
(E-mail: okajima@fca001.tokai.jacri.go.jp)

The Doppler effect of **U plays an important role in the transicnt behavior of an FBR
(Fast Breeder Reactor).  For a better prediction of the transient behavior, the Doppler effect
measurement at temperatures around the melting point of the fuel was preferable.  For this
reason, new cxperimental devices were developed and were used o measure the **U Doppler
effect up to 2,000 °C in the Fast Critical Assembly (FCA) . In order to estimate the
Doppler effect beyond the experimental temperature range, the Doppler cffect was extrapolated
to the melting point of the oxide fuel by using curve fitting.
Experiment of High Temperature Doppler Effect in FCA '™

Two measurement techniques were used to measure the Doppler effect of ***U up to
2,000 °C: (a) a reactivity worth measurement up to 1,500 °C with a heated sample " and (b) a
reaction rate measurement up to 2,000 °C with a heated foil . The mecasurecments were
carricd out in a mock-up core of an oxide-fueled tast reactor (FCA XVII-1 Assecmbly).

The experimental results are shown in Table 3.2.1 together with the C/E values. The
C/E values of the Doppler reactivity worths are 0.94, .94 and 0.98 for the sample temperature
of 800 °C, 1,100 °C and 1,500 °C, respectively. The calculation slightly underestimates the
Doppler reactivity worth. The C/E values at the temperature of 1,500 °C and 2,000 °C arc
1.05 and 1.02, respectively. The calculation of the activation Doppler effect agrees with the
cxperiment within the experimental error.
Extrapolation of the Doppler Effect to 3,000 °C

In order to estimate the Doppler effect beyond the experimental temperature range,

the measured Doppler reactivity worths were fitted as the following temperature function ”;

d—g(TT—)=C(T/To)'Y, (D
where T, is the reference temperature (293K), C and v are fitting parameters, and p(T) is the
Doppler reactivity worth as a function of temperature. A non-linear least squares method
was applied to fit the measured data and the inverse square of the experimental error was
used as the weighting function. The standard deviation of the estimated value was determined
by using the principle of propagation of crror. Figure 3.2.1 shows the experimental data
together with the fitted curve. From the curve the Doppler reactivity worths beyond the
temperature of 1,500 °C are obtained within an estimation error of 10%. The estimated
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Doppler reactivity worths at the temperature of 2,000 °C, 2,500 °C and 3,000 °C are -2.1 x
10%,-2.2 x 10® and -2.4 x 10® (Ak/k / g of **U), respectively.

The ratio of the calculated Doppler reactivity worth to the estimated one at 2,000 °C
was compared with the C/E value of the activation Doppler effect at the equivalent temperature
(see Table 3.2.1). Both values coincide with each other within the error. By permitting a
direct check on predictions of the change in reaction rate due to Doppler broadening of the
resonances, the activation Doppler effect can be considered as complementary to the Doppler
reactivity worth measurements. The calculation accuracy of the Doppler reactivity worth at
2,000 °C is confirmed by the C/E value of the activation Doppler effect.

From these results, it is concluded that the calculation predicts the Doppler effect in
the temperature range from 20 °C to 3,000 °C with an estimation error less than 10%.
Conclusion

The Doppler effect was extrapolated to the melting point of the oxide fuel by using
curve fitting. The calculated Doppler reactivity worths were in agreement with the extrapolated
ones within the estimation error of 10%. The extrapolation using the experimental data of
the high temperature Doppler effect contributes to the confirmation of calculation reliability
of the Doppler effect at higher temperature.
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Table 3.2.1 Experimental and calculated results of high-temperature Doppler effect

Doppler reactivity worth" Activation Doppler effect”
Temperature
Expt. C/E Expt. C/E
(x10*Ak/k / g of **U)
800 °C -1.3613.7% 0.94 0.043+16% 0.92
1,100 °C -1.6313.1% 0.94 0.052+13% 0.91
1,500 °C -1.84+3.8% 0.98 0.053%13% 1.05

2,000 °C (-2.125%)* (1.03)** 0.06216.5% 1.02
2,500 °C (-2.2+7%)* (1.07)**
3,000 °C (-2.4210%)* (1.1)**

* Estimated values by the extrapolation of the measured data up to 1500 °C (The data are fitted to
temperature functions of Eq. (1) ).
** Ratio between calculated and estimated values.
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Fig. 3.2.1 Estimation of the Doppler effect in the higher temperature range by the
extrapolation of the measured data up to 1500 °CY (The data are fitted to
temperature functions of Eq. (1) (y=1.1310.18) ).
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33 Measurement of In-core GEM Reactivity Worth at FCA

H. Oigawa, S. Iijima and M. Andoh
(E-mail: oigawa@fca001.tokai.jaeri.go.jp)

Gas Expansion Module (GEM) is a device to enhance negative feedback reactivity in
case of a loss-of-flow accident of sodium cooled fast reactors. The level of the sodium free
surface in GEM is maintained above the top of the core in normal operation. When a loss of
flow occurs, inert gas in GEM expands and reduces the sodium level, which results in the
enhancement of the neutron leakage from the core.

The GEM installed in the central part of the core is called "In-Core GEM". In this
case, the axial neutron streaming effect along the void is important to calculate reactivity
worth caused by the reduction of the sodium level. It is, however, still difficult to calculate
such an effect precisely, and therefore, the experimental validation of the calculation method
is essential for the design of In-Core GEM.

In this study, In-Core GEM reactivity worth was measured at FCA XVII-1 core which
simulated a prototype MOX fueled LMFBR and the calculation accuracy of various methods
were examined.

Experiment

The central fuel drawers (ScmxScmx76cm") were substituted by the drawers consisting
of sodium plates as the In-Core GEM test region. The RZ model is shown in Fig.3.3.1.
Although the effective radius of the test region was about one third of the actual GEM
assembly, the same kind of difficulty is expected in calculation of GEM void reactivity worth
govemned by an axial neutron streaming effect along the void.

The sodium plates in the test region were canned by stainless steel. To simulate the
void of the sodium in GEM, the sodium plates were replaced with void cans so as to conserve
the amount of stainless steel.

The reactivity worth caused by the reduction of the sodium level from the top of the
upper axial blanket to the center of the core were measured in four steps as shown in Fig.
3.3.2. The negative reactivity is observed with the decrease of the sodium level because of
the enhancement of the neutron leakage. Near the core mid plane, however, the reactivity
changes toward the positive side because of the neutron spectrum hardening. This phenomenon
reduces the GEM effectiveness.

Calculation

Two sets of 70-group effective cross sections based on JENDL-2 and JENDL-3.2
were prepared using cell calculation code, SLAROM. For the test region, two kinds of
cylindrical cell models were examined : one was a homogeneous super-cell model and the
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other was a heterogencous one. In the latter model, the array of stainless steel and sodium in
the plate cell was approximated by a series ol concentric cylinders. As for the diffusion
coclticients, four formulas were examined ; (1)D=1/(3% ), (2)Rowlands™, (3)Benoist's”, and
(4) Takeda's”. The former two formulas were applied to the homogencous super-cell and the
latter two were to heterogencous onc.

The core calculations was performed in RZ model. In case of transport theory, S8
calculation with transport approximation was performed. The reactivity worths were calculated
by the exact perturbation theory.

Results and Discussion

The measured and calculated GEM reactivity worths arec compared in Table 3.3.1. As
for the transport theory with JENDL-3.2, the calculated values are 4 - 24 % smaller than the
experimental ones and the C/E values depend upon the sodium level. The calculation with
JENDL-2 gives smaller values than that with JENDL-3.2. In Fig.3.3.2, the reactivity worths
are divided into the non-leakage and the leakage term. The difference between JENDL-3.2
and -2 is caused by both terms.

As for the diffusion theory, good agreement with the transport theory was obtained by
using Rowlands' coefticient in homogeneous super-cell, though 1/(3X ) gives unacceptably
large values.

In the heterogeneous cell model, Takeda's diffusion coefficient shows good agreement
with the transport theory, while Benoist's does not. This result is not surprising since Benoist's
diffusion coefficient was not formulized to be applied to the super-cell, but Takeda generalized
the Benoist's theory to the super-cell.

It can be concluded that the diffusion theory should be used with great care to
calculate the In-Core GEM reactivity worth. Moreover, it is necessary to solve the dependence
of C/E values by the transport theory upon the sodium level.
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Table 3.3.1 In-Core GEM reactivity worth in FCA XVII-1

Transport theory | Diffusion theory (JENDL-3.2)
Na level |Experiment Homogeneous cell Heterogeneous cell
(107 Ak/k)|JENDL-3.2| JENDL-2 | 1/3% ) | Rowlands| Benoist | Takeda
-30.5cm |-3.2+0.2%-3.1(0.96)™ -3.0(0.93)| -13.2 -3.2 -14.5 -3.1
-45.7cm |-7.4£0.2 |-6.6(0.89) |-6.4(0.87)| -31.3 -6.7 -33.6 -6.9
-66.0cm |-7.3%x0.2 [-6.2(0.85) |-5.8(0.80)| -40.3 -6.0 -433 -5.8
-76.2cm |-5.6£0.2 |-4.3(0.76) |-3.8(0.67)| -389 -3.9 -42.1 -3.3

(a) Experimental error (b) Calculated to experimental value (C/E)
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3.4  Analysis of Reaction Rate Ratios Experiments for Moderator Added Fast Reactor
Cores

M. Andoh, T. Nemoto, K. Tsujimoto, T. Osugi and Y. Kato
(E-mail: andoh@fca001.tokai.jaeri.go.jp)

New reactor concepts have been investigated to enhance safety margins for a metallic
or nitride fuel fast reactor by adding small amount of moderator material into the core."® A
series of mockup experiments for moderator added metallic fuel fast reactor was carried out
at FCA (Fast Critical Assembly) to obtain the experimental verification for improvement of
reactivity coefficients.™” In this study, reaction rate ratios as spectrum indexes were measured
to investigate calculation accuracy of neutron spectrum at the core center.

Mockup cores (FCA XVIII cores) consist of a test region (39cmx39¢cmx91cm), a
buffer region and a driver region. The test region cell contains zirconium (Zr) and polystyrene
(CH) plates to simulate moderator material, zirconium-hydride (ZrH). Atomic number density
ratios of hydrogen to heavy nuclide (H/HM) of the test region cell were set to the values of
0.13, 0.05 and 0.02 by varying the void fraction of the CH plates from 45% to 95%.

The reaction rates were measured at the center of the core. The measured reaction
rates were the fission reaction rates of **U (F5), *®*U (F8) and **Pu (F9) and the neutron
capture reaction rate of “*U (C8). A depleted uranium foil (***U 99.96%) was used to obtain
C8 and F8. An enriched uranium (**U 93.2%) foil and a plutonium (**Pu 94%) foil were
used to obtain F5 and F9, respectively. These foils were irradiated simultaneously in the
voided cell in the central drawer as shown in Fig. 3.4.1 so that the cell-averaged neutron
spectrum could be achieved. The y-rays from the foils were measured using HP Ge detector
after the irradiation. The parallel fission chambers® were used to correct FS5, F8 and F9 that
were obtained by the measurement of foils. Finally, reaction rate ratios C8/F9, F8/F9 and
F5/F9 were obtained.

A collision probability code with ultra-fine group structure, PEACO-X®, was used to
obtain the effective microscopic cross sections in the resonance energy region to consider the
resonance interaction effect between nuclides in the foil and those in the adjacent core region.
After the collision probability calculation, the ultra-fine group structure was collapsed to
JFS-37 type group structure (lethargy width=0.25). A super-cell calculation model in one-
dimensional infinite slab geometry (an infinite slab foil in a voided region surrounded by
homogenized fuel cell) was employed for the PEACO-X calculation. The effective microscopic
cross sections of each nuclide except resonance energy region were calculated by the use of a
conventional cell calculation code SLAROM® with 70-group structure. The reaction rates of
each nuclide were obtained by 70-group diffusion calculation in the R-Z geometry using
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CITATION-FBR code”. The above calculations were performed with JENDL-3.2 library'”.
The results of the analysis are shown in Table 3.4.1. The calculation of C8/F9 shows
good agreement with the experiment except the case of H/HM=0.13 and C/E values slightly
depend on the H/HM values. The calculation of F8/F9 for each H/HM value overestimates
the experiment. F5/F9, however, shows good agreement between the experiment and
calculation. It can be considered that these tendencics come from the calculation accuracy of
the ncutron spectrum in the system that contains hydrogen, especially in the high encrgy
region where the fission of **U occurs and in the low energy region where the neutron

spectrum is softened by adding hydrogen.
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Table 3.4.1 Results of the analysis of the reaction rate ratios in FCA-XVIII
C8/F9 F8/F9 F5/F9
H/HM Expt. C/IE Expt. C/E Expt. C/E
0.13 0.152+1.5%" 0.92 0.0186 £1.2% 1.07 1.03 £1.8% 1.02
0.05 0.143£1.3% 0.97 0.0224 £1.8% 1.03 1.04 £1.6% 0.99
0.02 0.133x1.2% 0.99 0.0233£1.8% 1.04 1.00 £1.4% 1.00

Fig. 3.4.1

*) Experimental error.

Foils *
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View of the irradiation condition for the foils in the central drawer
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3.5 Analysis of 3 . Benchmark Experimentin MASURCA

T. Sakurai and T. Nemoto
(E-mail : sakurai@fca001.tokai.jaeri.go.jp)

The effective delayed neutron fraction J . is an important parameter as a scale of
reactivity worth of a nuclear reactor. International 3 Benchmark Experiments were performed
at fast critical facility MASURCA in France during April 1993 and March 1994 " under a
framework of OECD/NEA/NSC . In the present study, analysis was performed for the 3
experiments at two MASURCA cores : R2 which is a 30% enriched uranium core and Zona2
which is a 25% enriched MOX core. Main characteristics of these cores are given in Table
3.5.1. Each core consists of a simple cylindrical one-region core and a blanket which surrounds
the active core both radially and axially. Experimental values and uncertainties of 3 . by
each participant were already discussed in ref.1). We take the weighted average of these 8
values ; 720pcm +2.6% for R2 and 346pcm +2.7% for Zona2.

The analysis was made by a transport theory code, TWOTRAN-II” using a two
dimensional cylindrical model and homogeneous atom densities of MASURCA fuel cells.
Seventy energy group constants set of JFS-3-J3.2 ) which was processed from JENDL3.2
nuclear data file was used. The 3, values were calculated by changing delayed neutron(D.N.)
yields and spectrum as follows :

(a) D.N. yields evaluated by Tomlinson(fission spectrum) » and D.N. spectrum in
JENDL3.2(2 MeV),

(b) D.N. yields and spectrum in JENDL3.2(2 MeV) and

(c) D.N. yields in JENDL3.2(2 MeV) and D.N. spectrum in ENDF/B-VI(2MeV).

Calculated values of 3 are summarized in Table 3.5.2.

- The calculated g, of the cases (b) and (c) agree well within 0.6% at both cores of R2
and Zona2.

- The calculated g i of the cases (a) and (b) agree within 3% at R2 core.

- Significant difference of more than 5% between cases (a) and (b) is found in the
calculated 8 . at Zona2 core.

This large difference is caused by :

- a large difference of D.N. yields of 23U between Tomlinson(D.N. yield : 0.044) and

JENDL3.2(D.N. yield : 0.048),
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- alarge contribution of U o B . Of Zona2 core(48%) as shown in Table 3.5.1.
Calculation/experiment ratios(C/E) of 3, are summarized in Table 3.5.3. The calculation
using Tomlinson D.N. yield underestimates the 8 ., while the calculation using JENDL3.2
D.N. yicld overestimates the 3 . at Zona2 core as shown in Table 3.5.3.

From these results we conclude :

(1)There is no significant difference of calculated j3 . between D.N. spectra of JENDL3.2

and ENDF/B-VI at the present two cores and

(2) The recommended value of D.N. yield of 2y is larger than (.044 and less than 0.048

by taking account of the C/Es at Zona2 core.
Further 3

to have D.N. yields to be recommended for calculating 2 ;.

o €Xperiments at FCA in JAERI are in progress on complementary core configurations
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Table 3.5.1 Main characteristics of the 8 ;. cores in MASURCA b

Core R2 Zona2
- Dimension
Radius x Height 48cm x60cm  S50cm x 60cm
- Fuel U metal PuO,-UQO,
- Fuel enrichment 30 % 25 %
- Moderator Sodium Sodium
- Contribution of main
isotopes to 8 * U 77% 2%
Py 23% 48%
() S R— 43%

* Calculated results by JAERI
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Table 3.5.2 Calculated 3

D.N. data B ot
Case D.N.yield D.N. spectrum R2 Zona2
a Tomlinson JENDL3.2 730 339

0.971)* (0.949)

b JENDL3.2 JENDL3.2 752 357
(1.000) (1.000)

c JENDL3.2  ENDF/B-VI 756 359
(1.005) (1.005)

* Ratio of the calculated value to that of case b

Table 3.5.3 C/E of 2

D.N. data C/E
Case D.N.yield D.N. spectrum R2 Zona2
a Tomlinson JENDL3.2 1.013 0.980
b JENDL3.2 JENDL3.2 1.044 1.031
c JENDL3.2  ENDF/B-VI 1.050 1.037
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3.6  International B, Benchmark Experiment in FCA
(1) Experimental Program

S. Okajima, T. Sakurai and T. Mukaiyama
(E-mail: okajima@fca001.tokai.jaeri.go.jp)

Purpose and Background

The effective delayed neutron fraction, B,,, which allows the conversion between
calculated and measured reactivity values, plays an important role in the theoretical interpretation
of reactivity measurement. To improve the prediction accuracy of the B, the program of
the international benchmark experiment in FCA was planned. This program was the
complementary nature to that in MASURCA facility of CEA-Cadarche which was carried out
between 1993 and 1994". In these programs five different core configurations were selected
taking into consideration of the systematic change of the nuclide contribution from U-235,
U-238 and Pu-239 to the B,, These experiments have been conducted under the NEA/NSC
Working Party on International Evaluation Cooperation (WPEC), Subgroup 1.6 on Delayed
Neutron Data Validation. The several countries participated in this experimental program.
The [3,, measurcment was carried out by each participant with their own measurement technique,
and the measured results have been compared with each other. The primary intent of these
benchmark experiments was to obtain an in-pile measurement of the B, with an accuracy
better than 3% using a wide variety of experimental techniques. On the basis of these
results, the reliability of declayed neutron data can be verified using current computational
methods.

Benchmark Cores in FCA”

Threc different core configurations were selected so that these cores could be
complementary to those of MASURCA: XIX-1 (U-core), XIX-2 (Pw/U core) and XIX-3 (Pu
core). Figure 3.6.1 shows the nuclide contribution to B, for each core. The systematic

change of nuclide contribution was found. The nuclide contribution to B, in the XIX-2 core
is similar to that in the MASURCA Zona2 core. The purpose of the XIX-1 core is to
compare the experimental techniques among participating parties through the [, measurement
for standard nuclide, U-235, since the contribution of U-235 in this core is about 95%. The
purpose of the XIX-3 core is to evaluate the {3, for Pu-239.

The main characteristics of these cores were shown in Table 3.6.1. The core is
surrounded by an inner blanket of 30 cm thickness containing a significant amount of depleted
uranium-oxide and sodium, and an outer blanket of 15 ¢cm thickness containing only depleted

uranium metal. The contribution of these blanket regions to B, was less than 10%.
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The followings arc participating groups; CEA/Cadarche (France), IPPE/Obninsk
(Russia), KAERI (Korca), LANL (USA), Nagoya Univ. (Japan) and JAERI (Japan).

The experimental schedule was also shown in Table 3.6.1. The first core, XIX-1
core, construction started in October, 1995. The 3, mecasurement in this core was carried
out between January, and April, 1996. The measurement in the third core will finish in
1998.
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Table 3.6.1 Majoir characteristics of the f3,, benchmark cores in FCA

Geometry

Core name  Enrichment B (pcm) Experimetal period
R x H (cm)

XIX-1 93% (U) 33x51  782(96% : 4% : 0%) Jan.’96 - Apr.”96

XIX-2 22% (Pu/U) 36 x61 382 (12% : 46% : 41%) Jul.’96 - Apr.’97
XIX-3  92%fiss. (Pu)  33x61 246 ( 8% : 9% :80%) Jul.’97 - Feb."98
Nuclide contribution to 3, : (U-235 : U-238 : Pu-239)

XIX-1 : Evaluation of B, for U-235
XIX-2 : Similar magnitude of f3,; to MASURCA ZONA?2 core
XIX-3 : Evaluation of f,; for Pu-239
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3.7 International 2 . Benchmark Experiment in FCA
(2) Core Characteristics of the First Core(XIX-1 Core)

T. Sakurai and S. Okajima
(E-mail : sakurai@fca001.tokai.jaeri.go.jp)

The FCA XIX-1 core was built as the first core in a series of International g
Benchmark Experiment in FCA. Measurement and analysis were performed for reactor physics
parameters such as (a) criticality, (b) central fission rate ratio and (c) fission rate and fission
importance distributions. Main features of XIX-1 core are discussed in the former section.
Fuel cells of this core consist of 93% enriched uranium plate and graphite plate as a moderator.

28U/%5U at the core center and the fission rate distributions

The fission rate ratio of
of ?*U and ***U were measured by a foil activation technique " with thin metallic foils of
depleted uranium and enriched uranium. The fission importance distributions were measured
as distributions of pseudo-reactivity worth of a B2Cf source by traversing the neutron source
through radial and axial penetration holes. The reactivity worth was determined by positions
of a control rod which keeps the reactor power at constant Jevel.

Analysis of these experiments was made with 70 energy group constants set of
JFS-3-33.2 ® which was processed from JENDL3.2 nuclear data file and a standard calculation
system for fast reactor neutronics in JAERI  The collision probability code SLAROM Y was
used to calculate effective cross section of each region in the XIX-1 core. The core calculation
was made by the three dimensional diffusion calculation in x-y-z geometry with CITATION-
FBR code”.

Calculation/experiment ratios(C/E) are summarized in Table 3.7.1 and Figures 3.7.1
~ 3.7.3.

(a) The diffusion calculation underestimates the k . by 1.4%. A correction for transport
effect will be made in future to improve the C/E.

(b) The calculated central fission rate ratio agrees well with the measured one within 1%.

(c) Good agreements within 1% between the calculation and measurement were obtained
for the U fission rate and fission importance distributions. On the other hand, the

238

calculation underestimates the “U fission rate distribution by more than 2% near

boundary of active core and blanket.
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Table 3.7.1 C/E* of keff and central fission rate ratio of 2*U/**°U

0.986
1.01

- keff
- Fission rate ratio of 2*U/>°U

* C/E based on diffusion calculation
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C/E

0.95
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20
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235

Fig. 3.7.1 C/E of radial distribution of “~U fission rate
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3.8 International 3 . Benchmark Experiment in FCA

(3) B 4 Measurements in the First Core(XIX-1 Core)

T. Sakurai; S. Okajima, H. Sodeyama, H. Song* and Y. Kim*
(E-mail : sakurai @fca001.tokai.jaeri.go.jp)

The effective delayed neutron fraction( 8 ) of FCA XIX-1 core was measured by
(a)me source method " and (b)covariace-to-mean method. The covariace-to-mean method
is a modification of a variance-to-mean method already presented in ref.2) etc.

22t Source Method
The 3, was obtained by the 22Cf source method :

5 Sy o5 . Jdv[dE x¢™ [dEVE ;¢
eff = 5. R,V FE | .+ L +
AR A O (3.8.1) and (J dEx9 jdEv}:f(p)center (3.8.2)

where

Py : an apparent reactivity due to emission of spontaneous fission neutrons from a PCf
source ( in dollar unit) ,

S¢r ¢ the source strength (/s) ,

Rf : a fission rate of core material at the core center (/s cm”) ,

vV aneutron emission rate per fission averaged in the reactor ,

F;, :anormalization integral(cm %) given as (3.8.2) and

+
2 . . .
[i : an importance ratio of source neutrons to reactor fission neutrons

+
¢ﬁ4el

The per. S¢r and Ry were measured as described previously in ref.3) .The F, Vv and the
importance ratio were calculated by the diffusion code in the three dimensional x-y-z geometry
as described in the former section.

Covariace-to-mean Method
The g, is obtained by the covariance-to-mean method with an Eq.(3.8.3) for a ratio

of covariance of counts of a couple of neutron detectors to mean of counts of the detector »

when a prompt-neutron approximation is valid.

* Korea Atomic Energy Research Institute
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mymy iy _ 1o ex0(ap)

m apT ,

(3.8.3)
. 2
Ap = 45 Do D (/li_ ﬁjf;J and | il
where P 7 (3.8.4) , (.jdEzf(P)center (3.8.5) ,

my and my : number of the counts of detectors #1 and #2 during time gate 7(s),
¢, :acount rate of the detector #2(/s),
R roota fission rate of core material at the core center(/s cm?),
F : a ratio of total fission rate in the reactor to a fission rate at the core center(cm?)

given as Eq.(3.8.5),
Dp  : Diven factor, p : a reactivity(dk/k),
Dg  :aspatial correction factor “and o, :aprompt-decay constant(/s).

Measurement of covariance was made with a couple of BF3 detectros(#1 and #2)
which were placed at the symmetrical position in the radial blanket. Neutron counts of the
detectors #1 and #2 were processed with conventional electronics and multichannel scaler #1
and #2 which simultaneously start sweep for data accumulation.  Each of the multichannel
scalers had 8192 data channels and the preset time gate width( 7) of cach channel was fixed at
0.1ms. The covariance-to-mean ratio was obtained as shown in Fig.3.8.1 where the ratios at
time gates wider than 0.1ms were obtained by bunching % the data at the 0.1ms gate. To take
account of the influence of delayed neutrons, a least-squares fit was made for the covariance-

to-mean ratio in Fig.3.8.1 by using a modified equation :

mymy —my -my _

Ay |1- 1- exp(—apr)

1-exp(—ay7)
ny apr ’

+ Ad-[l— o=

(3.8.6)
where the second term in the right side represents the contribution of delayed neutrons. The
B o 18 determined from an amplitude A, given as Eq.(3.8.4). The measurement of
covariance was made at a slight subcriticality of 0.017%dk/k(0.022 dollar). The Ry was
measured and the F,, Dy and Dg were calculated.

Analysis of 3 . was made by the diffusion theory in the three dimensional x-y-z
geometry as described in the former section. Delayed neutron yields and spectra evaluated in

JENDL3.2 nuclear data file were used to calculate the 3 ..
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The experimental values of 2 . are summarized in Fig.3.8.2. Good agreement of the
two values of 2 . within 1% was obtained. Calculation/experiment ratio(C/E) of 2 . is 1.08
when the average of the two values of 2 . is used. Comparison of 3  between each

participants of the benchmark experiments will be made in future.
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3.9 Measurement of Reactivity Worth of HTTR Mockup Reserve Shutdown
Absorber at VHTRC -1 Core

F. Akino, M. Takeuchi, T. Ono and S. Fujisaki
(E-mail : akino@terzan.tokai.jaeri.go.jp)

In the design of HTTRY, the Reserve Shutdown Absorber worth must be determined
accurately. To examine the accuracy of neutronics calculation code, we measured the
reactivity worth of an HTTR mockup Reserve Shutdown Absorber (RSS) rod in the VHTRC-1
core by the pulsed neutron source (PNS) method.

The VHTRC-1 core? is loaded with 4wt% enriched coated particle fuel. This core
reaches a critical point by 280 fuel rods. The RSS rod consists of a stack of about 6100
neutron absorbing pellets (diameter : 9.9mm, length : 10.3mm, boron content :28.7wt%)
inserted into a stainless steel tube (diameter : 97.5mm, length : 1135mm). These pellets are
produced by sintering B ,C and graphite powders.

In the PNS experiment, the core loaded with 274 fuel rods was used and four BF,
counters were installed in the core. The PNS target was located near the center of back
surface of the fixed half assembly. The fuel rod loading pattern and arrangements of the BF,
counters and the PNS target arc shown in Fig.3.9.1 The decay constants of the pulsed
neutrons with and without the RSS rod were measured. The outputs of the four BF, counters
were collected using a multichannel time analyzer with four independent inputs in a
multichannel scaling mode. To determine the prompt neutron decay constant, a , the raw
data were fitted to an exponential function with a computer code ALPHA-D?, taking account
of the effect of delayed neutron modes. The final value of @ was obtained by averaging the
four a values for each detector position. The reactivity worth was determined by the revised
King-Simmons' formula® with the correction for the change of the generation time and the
effective delayed neutron fraction. We obtained the reactivity worth of the RSS rod as 19.6
+ 0.3 dollars. The neutron generation time and effective delayed neutron fraction were
obtained by using 24 groups 3-dimensional diffusion calculation.

The effective cross sections were obtained with SRAC code system® using the nuclear
data based on the ENDF/B-1V. The double heterogeneity of fuel compact and coated particle
in the fuel block was taken into account in the cell calculation by collision probability
method. The cross sections of central column with the RSS rod were prepared by the Sn
method using the TWOTRAN code? (X-Y geometry, S, approximation). The calculational
flow are shown in Fig.3.9.2. Thermal neutrons in the energy range from 10°eV to 1.125¢V
were divided into 39 groups and fast neutrons in the energy range from 1.125¢V to 10MeV
were divided into 22 groups. Using the neutron spectra obtained by the cell calculation, the
cross section of 61 groups were condensed into 24 groups (thermal : 13 groups and fast : 11
groups) for the core calculation. The cross sections for reflector were condensed by means of
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asymptotic spectrum consisting of fission, 1/E and Maxwellian spectra.

The core calculation was performed for the hexagonal and z geometry with using these
cross sections by 3-dimensional diffusion code CITATION?. A cross section of the graphite
block was subdivided into 24 triangular meshes, and in the axial direction, the half assembly
of 120cm long was divided into 15 meshes. Effective multiplication factor was calculated
for with and without the RSS rod in the central column. Then, the reactivity worth of the
RSS rod in dollar unit are derived from the decrease of effective multiplication factor due to
inserting the RSS rod, divided by the calculated effective delayed neutron fraction.

The calculated value obtained as 19.72 dollars. The agreement between calculation
and experiment was fairly good. The result obtained satisfies the accuracy requirement 10%
for nuclear design of the reactivity worth of the HTTR Reserve Shutdown Absorber.
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3.10 Anlmprovementin Analysis Method for (8,,/A), Measurement by Pulsed Neutron
Source Technique at VHTRC

T.Yamance

(E-mail: yamane(@vhtrcO1.tokai.jacri.go.jp)

The pulsed neutron source (PNS) technique has been applied to a measurement of the
kinetic parameter at critical, (B, /A),, at the VHTRC facility. In the analysis of experiments
at VHTRC-1 core, we obtained the result that the discrepancy exceeded 10% in (B, /A),
value between calculation and experiment.” To investigate the cause of this large discrepancy,
the analysis method had been reexamined from an experimental point of view, and an
improved method was devised to reduce a systematic uncertainty. lmprovements are made
mainly in the following points.

1) The prompt neutron decay constant @ at a subcritical state of reactivity p is determined by
fitting the decay curves to an analytical expression using a data analysis code TDX that
has been developed on the basis of the ALPHA-D code®. Main improvements from the
ALPHA-D are¢ made in the cstimation of delayed neutron contribution, D(t), from multi-cycle
accumulations more than three-cycle during periodic pulse injections.

2) The kinctic parameter (B, /A), is determined directly as a fitting parameter by the least
squares fitting to the in-hour equation using measured sets of & and p. The assumption of
a lincar relation between o and p in the previous analysis method is not introduced any
more; it is still implicitly assumed that the parameters B, and A do not so largely change
near critical state.

For validation of the present method, calculational simulations to PNS experiments
with VHTRC-1 parameters were performed using analytical solutions based on the one-point
reactor kinetics theory. The analysis results of these simulation experiments are shown in
Table 3.10.1 where the quantity ND means the number of cycles accumulated for estimating
D(t). The previous method, which corresponds to the case of a linear «-p relation with
ND=3, underestimates the (B, /A), value by 5.5% in comparison with the exact one. On the
contrary, the present method can reproduce the (B, /A), value with a good accuracy and
reduce a systematic crror within 0.3% when ND is larger than 30. The table also shows a
large size of systematic crror due to the assumption of linear o-p relation. A careful attention
should be paid to this kind of systematic crror, in particular, for the slow system characterized
with a longer neutron generation time A and then a smaller o like a graphite system.

The PNS experiments for (B, /A), measurements at VHTRC-1 and VHTRC-4 cores

were re-analyzed by the present method and the results were compared with those by the
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previous method, as shown in Table 3.10.2. From this table, it is inferred that the results
obtained by the previous method would have possible systematic errors of 7% and 5% in the
(B.;/A). values for VHTRC-1 and VHTRC-4 cores, respectively. In the same table, the
ratios of calculated to experimental values (C/E) are also given, where calculations were
performed with the SRAC code system® (SRAC93 version® ) using the ENDF/B-IV bascd
nuclear data library. By applying the present method, the accuracies of experimental values
are improved and the discrepancies between calculations and experiments are lessened within
5%.
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Table 3.10.1 Analysis results of simulation experiments

a-p

Deviation from exact (Bcﬂ}A)C value (%)
relation ND=3' ND=30 ND=100
Linear 5.5 29 23
In-hour ¢q. -1.5 -0.26 -0.08

* ND: Number of cycles accumulated for estimating D(t).

Table 3.10.2 Results of (B4/A), measurements at VHTRC-1 and -4 cores

Analysis CVHTRC-1  VHTRC4
method ) C/E (s C/E
Previous 4.89+0.02 1.09 5.03+£0.03 1.08
Present (ND=30) 5.26+0.03 1.01 5.27+0.03 1.03
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3.11 Temperature Effect on Critical Mass and Kinetic Parameter f/A of VHTRC-4

Core

T.Yamane, F.Akino and H.Yasuda
(E-mail: yamane@vhtrc01.tokai.jaeri.go.jp)

A wholc assembly heating experiment was carried out at an axially heterogeneous
core VHTRC-4 to evaluate the calculation accuracy of temperature effect on reactor physics
parameters of an HTGR core. Critical mass and kinetic parameter at critical, (B ,/A), , were
measured at a room temperature 21°C and an elevated temperature 200°C.

The VHTRC-4 core was loaded with 2, 4 and 6 %-enriched coated particle fuel in an
axially zoning pattern. The core at a room temperature was initially loaded with 288 fuel
rods and the critical point was measured using the calibrated control rods. When the assembly
was heated up around 200°C, fifty-two fuel rods were added to the core so that the criticality
was achieved again with an appropriate excess reactivity. Figure 3.11.1 shows the critical
fuel-loading configurations.  After the corrections for the reactivity worths of loading
irregularitics such as control-rod and safety-rod insertion holes, a gap between two half
assemblies, clectricheaters, ete., the minimum critical mass at each temperature was determined.
The results are listed in Table 3.11.1. The critical mass increased by 15% as the assembly
temperature rose from 21°C to 200°C.

Pulsed neutron source experiments were carried out at four slightly subcritical states
of which reactivities were changed down to -40 cents in a step of approximately 10 cents by
inserting the calibrated control rods. Figure 3.11.2 shows the relation of measured prompt
neutron decay constants o ’s versus reactivities p,’s. The kinetic parameter (B /A), at each
core temperature was determined by an improved analysis method described in Ref.l. As
listed in Table 3.11.2, the measured (B,;/A), value was larger by 14% at 200°C than at 21°C.

Analysis was performed with the SRAC? code system, where the SRAC93” version
was cmployed with two kinds of librarics based on the ENDF/B-1V and JENDL-3.2 nuclear
data. Cell calculations were made by the collision probability method in sixty-one neutron
encrgy groups. Three-dimensional whole core calculations were carried out with a diffusion
code CITATION? in 16 ncutron energy groups. In comparison with the experiments, the
calculations underestimated the critical mass at 21°C by 4% and 6% in cach case of ENDF/B-1V
and JENDL-3.2 respectively, and the agreement at 200°C however became better in both
cases. The calculated (B, /A), values agreed fairly well within 5% with the measured one.
It should be, however, noticed that the calculation accuracy of (B.4/A), depends upon that of

critical mass since there exists a strong correlation between the neutron generation time A
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and the critical size.
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Table 3.11.1 Critical mass of VHTRC-4 core

Temperature  Measurement  Calculation (ENDF/B-IV)  Calculation (JENDL-3.2)

O (kg- V) kg-U)  CE ke-*U)  CE
21.0 4.508+0.014 4.385 0.973 4.231 0.938

200.0 5.183+0.017 5.289 1.020 5.028 0.970

Table 3.11.2 Kinetic parameter (B,; /A). of VHTRC-4 core

Temperature  Measurement  Calculation (ENDF/B-1V)  Calculation (JENDL-3.2)

O ) ") C/E ) C/E
21.0 5.27+0.03 5.477 1.039 5.126 0.973
0.950

200.0 6.01+0.03

6.186 1.029

5.711
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4. Advanced Reactor System Design Studies

An innovative concept of the JAERI Passive Safety Reactor (JPSR) has been
developed to meet needs for the nuclear energy in the future. In order to develop and
improve the reactor design, experimental and analytical studies have been performed including
the construction cost evaluation.

In this year, loss-of-coolant accident (LOCA) has been analyzed in detail with a best
estimate code REFLA/TRAC. In the case of large break LOCA, the break was assumed to be
double-ended break in a cold leg with break areas from 200 to 20% of the cold leg flow area.
The results show the accident is terminated in safe only by the passive safety systems of the
JPSR. In the case of small break LOCA (SBLOCA), the split break type was considered with
break areas from 20 to 5% of the cold leg flow area. The results show the passive safety
systems of the JPSR can keep the safety without activation of the automatic depressurization
system (ADS), which was adopted to depressurize the reactor to induce coolant injection.
The above results suggest the possibility of ADS elimination. This is favorable because the
ADS itself might induce the LOCA. Very small break LOCA is being analyzed now to
confirm the safety without the ADS.

A Containment vessel (CV) of the JPSR is passively cooled by natural air convection
outside the CV in the case of accidents. The heat removal quantity was evaluated numerically
with the 3-dimensional flow simulation code STREAM. The results show the CV could be
safely cooled for a long time by the natural air convection.

A small-scale experiment has been performed to investigate the flow pattern in the
JPSR lower plenum by applying the flow visualization technique. The results show
installation of a perforated plate in the lower plenum makes the flow in the region relatively
uniform.

The construction cost of the JPSR was estimated to be 20% higher than that of an
existing PWR with the same output. The increase in size of the reactor vessel, steam
generators etc. results in the higher cost in spite of the design simplification of the JPSR.
After some possible improvements of design for reducing the cost, comparative cost
performance can be expected for both reactors, since the system simplification of the JPSR may

result in low operation and maintenance cost.
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4.1 Large Break LOCA Analysis of JPSR with REFLA/TRAC Code

F. Araya, T. Teramae*, M. Ochiai, T. Iwamura and Y. Murao
(E-mail: araya@jpsrews].tokai.jaeri.go.jp)

A design study of a passive safety light water reactor concept JPSR has been carried
out with a primary objective to develop a safety-enhanced reactor concept at Japan Atomic
Energy Research Institute (JAERI)1). One of major features of the concept is an adoption of
passive safety systems. The safety of the concept under large break loss-of-coolant accident
(LBLOCA) conditions has been confirmed by accident analyses with the transient thermal-
hydraulic analysis code REFLA/TRAC, as shown in the following.

The passive safety systems adopted to JPSR is categorized into two groups, passive
heat removal system and passive coolant injection system. The passive heat removal system
consists of two kinds of residual heat removal systems (RHRs) named upper- and lower RHRs,
and a pool water cooling system (PWCS). The RHRs are cooled by the water contained in a
gravity-driven coolant injection (GDCI) pool placed inside the containment and the pool water
is cooled by PWCS. These systems are designed so that the heat generated in the core is
transferred to atmosphere by a series actuation of these systems without bulk boiling of the
pool water. On the other hand, the coolant injection system is designed to consist of an
accumulator system (ACC) and a gravity-driven coolant injection system (GDCIS). The
concept of the passive safety systems is shown in Fig. 4.1.1.

Under LOCA conditions, the lower-RHR, PWCS, GDCI pool, ACC, GDCIS are
designed to be used to keep the safety. The lower-RHR is designed to cool down the primary
coolant system and lead to early actuation of ACC and GDCIS. The long-term cooling is also
maintained by this system together with PWCS. ACC is an advanced type one which is
originally designed for NP-212). GDCIS is designed to inject a coolant from the GDCI pool to
the primary system when the primary pressure becomes lower than the GDCI pool head. As
for the containment pressure, a pressure suppression system is adopted. This function is
realized by introducing a steam discharged inside the isolation boundary to the GDCI pool
through vent pipes.

The REFLA/TRAC input deck models major passive safety systems described
above except PWCS. The break was assumed to be double-ended break in a cold leg with
break areas from 200 to 20 % of the cold leg flow area. Only one train of each passive
safety system connected to the intact loop was assumed to be actuated. At the beginning of the

transient calculation, the reactor scram, the main coolant pump trip and the steam generator

*: Mitsubishi Heavy Industries, Ltd.
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isolation were assumed to occur.

Figure 4.1.2 shows the JPSR behaviors under 200% LBLOCA conditions. As shown
in this figure, the cladding temperature increases after the initiation of LOCA and reaches to
the maximum value of 900 K. After reaching the maximum value, it continuously decreases
due to large negative core flow and low power generation rate in the core. ACC and GDCIS is
actuated properly and the core inlet flow is kept positive after about 80 s. This means that the
long-term cooling is maintained. The similar behaviors to the 200% LBLOCA case are
calculated in the LBLOCA calculations with the 200 to 20% break ares. The cladding
temperature in each case is kept very low value than the safety evaluation limit as shown in
Fig. 4.1.3. As shown in the figure, the maximum temperature is appeared in the 100 %
LBLOCA case and is evaluated to be less than 1000 K.

Based on the results shown above, it can be said that the safety of JPSR under the
200 to 20% LBLOCA conditions is kept only by the passive safety systems.

References
1) Y. Murao, et al., J. Nucl. Sci. Technol., Vol. 32, No. 9, pp 855-867 (Sep. 1995).
2) M. Nishimoto, et al., Proc. ICONE-4, Vol. 3, pp. 269-275 (1996).
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4.2  Small Break LOCA Analysis of JPSR with REFLA/TRAC Code

T. Teramae' , F. Araya, M. Ochiai and Y. Murao
(E-mail : teramae@jpsrews]1.tokai.jaeri.go.jp)

The feasibility of the passive safety system concept adopted to a passive safety
light water reactor JPSR has been confirmed by performing transient thermal-hydraulic
analyses with the REFLA/TRAC code. Small break LOCA (SBLOCA) analysis was
performed, in order to confirm the safety in SBLOCA conditions.

The noding diagram for the REFLA/TRAC calculations is shown in Fig.4.2.1.
The model covers most of the important components other than pool water cooling
system (PWCS). The core power is calculated by a point kinetics model. The whole
system is modeled only by one-dimensional components.

In the calculations, the split break type was considered for SBLOCA. The
calculation covers a range of break area from 20% to 5% of a cold leg flow area. An
accumulator (ACC) and a gravity driven coolant injection system (GDCIS) were
assumed to be actuated only in a intact loop. Heat removal systems (RHRs) were
assumed to be actuated, too. But, lower RHR was assumed to be actuated only in intact
loop. Although JPSR has an automatic depressurization system (ADS), it was not
actuated in the calculations. The signals of the reactor scram and the main coolant pump
trip were assumed to be caused by a low pressurizer pressure at 12.8 MPa.

As a representative of SBLOCA cases, the 5% SBLOCA case is presented here.
The calculated results are shown in Fig.4.2.2 and Fig.4.2.3. As shown there, ACC is
actuated at around 300 s. GDCIS actuation is delayed until 950 s. GDCIS injection flow
is very oscillatory. However, the core is covered by the coolant and the core heat-up is
not experienced. These results show that the passive safety systems can keep the safety
without ADS in SBLOCA conditions.

The safety of JPSR was demonstrated by REFLA/TRAC calculations which
cover a rage of the break area from 20% to 5% of the cold leg flow area. Namely it is
confirmed by the analyses that the passive safety systems could keep the safety without
ADS in the 5% to 20% SBLOCA conditions.

" MITSUBISHI HEAVY INDUSTRIES, LTD.
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4.3 Natural Flow Simulation for Qutside of JPSR Containment Vessel

H. Yoshida
(E-mail: yoshida@jpsrewsl.tokai.jaeri.go.jp)

One of passive safety features of the JPSR (JAERI Passive Safety Reactor) system is heat
removal from the containment by the natural air convection in a case of the accident. Air flow
channel of the JPSR is more complicated comparing with the similar cooling system adopted
in the several innovative reactor concepts ", since six air coolers are installed around the
containment vessel (CV) which is covered with an external structure (we call this external
structure “stack wall”). To adopt the cooling of the CV by natural air convection, the actual heat
removal quantity must be estimated in the numerical analysis.

The 3-dimensional single phase numerical simulation code STREAM was used to analyze
the single-phase flow pattern and temperature distribution around the CV. The analyzed region is
half-cylindrical shape (the diameter and height are 200m). The number of the computation grids is
47,250 (=45(r)x10(0)x50(z)). To simulate heat removal from the air cooler, constant volume heat
generation condition is given. The CV outer wall (hemisphere part) temperature is assumed to be
constant (=120°C, the saturation temperature of approximately 0.2MPa water). The atmospheric
temperature is set at S0°C. We adopted conservative assumption in which thermal radiation has no
effect on natural air-cooling of the CV.

Calculation parameters and results are shown in Table 4.3.1. Except the case 4, air coolers
don’t work. In the case 4, air coolers remove 0.5% of rated power (Qc=1.83x10°W). Three types of
stack wall shape are examined. In the case 2, Qt is larger than that of the cases 1 or 3. Especially,

Qt is very small when type C stack wall is used, and the stack wall needs to enhance the heat

Table 4.3.1 Calculation parameters and results

Case No. Stack shape ( Fig. 4.3.1) Qa/Qc(%) | Qt/Qc(%) Qw /Qc (%)
1 A 0 1.02 1.02
2 B 0 1.84 1.84
3 C 0 0.12 0.12
4 A 0.5 0.95 0.45
Qa : Air cooler removal heat (input parameter, W)
Qt : Total removal heat from CV (W)
Qw : Net removal heat by natural air convection (=Qt-Qa)
Qc : Thermal reactor power (=1.83x10°W)
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Fig. 4.3.1 Tested stack shapes

removal. Total heat removal is almost the same amount in the cases 1 and 4. Heat release from the
air cooler doesn’t enhance the total heat removal, and net heat removal by natural convection is
decreased.

Velocity vectors of air flow near the CV in symmetric plane are shown in Fig. 4.3.2. If the
type A stack wall is used, flow area near top of the CV is smaller than that of the air inlet. Then, air
flow is accelerated around the CV top. Nevertheless, total flow rate of the air is not so large, since
flow resistance becomes very large. In the case 2 stack wall, maximum velocity is smaller and total
flow rate is larger than those in the case 1. Cool air flow was observed around the stack wall in the
inverse direction in Fig. 4.3.2(B), due to the following two actions: (1) Air near the CV wall is
heated, and accelerated by the buoyancy force. Then pressure near there is lower than that around
the stack wall. (2) In the air coolers, flow area is small, and air flow is restrained. If the type C stack
wall is adopted, air flow velocity becomes small. Then total heat removal rate is also small. In the
opposite side of the air inlet, velocity in the case 4 is larger than that in the case 1. In the case 4, air
is heated in the air cooler and accelerated. However, flow resistance near the CV top is very large,
then air flows to the opposite side of the air inlet, and velocity in this region is larger compared
with the case 1. Then, Qt is almost the same in the cases 1 and 4.

We have concluded that more than 1 % of the rated power can be released from the wall by
natural air convection. Except for short period after accidents, heat that is released from the core is
smaller than 1 % of the rated power. The CV can be cooled by the natural air convection, and

pressure in the CV is kept lower than design pressure (0.3MPa) in the long term.
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4.4 Small-scale Experiment on JPSR Lower Plenum Flow

K. Kunii
(£-mail: kunii@jpsrewsl.tokai.jaeri.go.jp)

It is necessary to investigate the flow pattern in the JPSR lower plenum ,especially that
beneath the core which is very important for core- heat removal. For the purpose, a small-scale
experimental study changing inner structures in the lower plenum has been performed by
applying the flow visualization and image processing technique which is effective to
simultaneously measure flow velocities at many points in the lower plenum.

Experimental Technique The small- scale ( 1:10 length- scale ) transparent container was

applied to simulate the JPSR’s reactor pressure vessel. Flow fields in the container were obtained
by using the particle tracking velocimetry (PTV'?) method. A 3- D flow field was analyzed
virtually by combining several vertical and horizontal 2-D flow fields. Table 4.4.1 shows the
parameters of Euler similarity law and experimental condition. According to the similarity law,

each inlet flow rate at cold-legs was set to 50 L/min.

Table 4.4.1 Parameters of similarity law and experimental conditions

practical reactor experiment
o [kg/m?] 755.8 1000
U [m/s] 2. 51 0.0367
AP[Pa) 113 000 30.4~40.6
D [m] 4. 00 0. 40
v [m?/s] 1.26x 1077 1.0x10°°
Eu [-] 2.11x107% 2.22~1.66%x107°
Re [-] 7.97x 10’ 1.47x10*
Ud [m/s] 7.12 0.0700
where, as reference, Ud : average velocity in downcomer

Flow Pattern in Lower Plenum without Inner Structure ~ This case is important to obtain the

basic flow pattern before installing any inner structure. Figures 4.4.1a~e show the flow patterns
at an arbitrary time but mostly indicate a time - average flow pattern. Virtually making up a 3- D
flow field by combining these 2- D flow fields, it was found that the flow distribution was very
complicated with 3-D vortexes. The flow pattern beneath the core had a complicated
distribution which had to be made uniform. In addition, it was noticed that the flow-symmetry

was not achieved in both horizontal and vertical 0° cross- sections. It would be necessary to
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obtain more data to clarify that since the reason has not been sure.

Effect of Perforated Plate on Flow Pattern The flow patterns are shown in Figs.4.4.2a~c.

This case is the trial installing a simple perforated plate beneath the core. Geometry of the plate
was 10 mm of thickness and 64 holes (diameter ; 14.8 mm) in staggered arranging (pitches; 20.0
mm). Comparing with Figs.4.4.1a~c, it was found that by installing the plate the flow was

made uniform considerably beneath the core with little time-dependency.

downcomer

¢ (Vertical flow pattern at 90° )

a (Horizontal flow pattern beneath core) downcomer
core
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core T~ PELI AR
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”’
o;/;’é
” A
Vit
i
b4
7149
777
R

E-E|L45 B -\‘E“‘

e (Vertical flow pattern at left handside 45° )

Fig.4.4.1 Flow pattern in lower plenum without inner structure



JAERI-Review 97-011

downcomer
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V rt- o
a (Horizontal flow pattern beneath core) ¢ (Vertical flow pattem at 90" )

downcomer
|_.AF

perforated plate

—» 10.0cmy/s

b (Vertical flow patternat 0" )

Fig.4.4.2 Flow pattern in lower plenum installing a perforated plate

Conclusions 3-D flow patterns in the JPSR lower plenum were investigated on a small-
scale experiment ( 1:10 length- scale), so that an expectation to make the flow uniform by

installing a perforated plate was obtained.
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4.5 Estimation of Construction Cost of JPSR

T.Okubo, F.Araya and M.Ochiai
(E-mail: okubo@)jpsrews]1.tokai.jaeri.go.jp)

In the design of the JAERI’s Passive Safety Reactor (JPSR)", simplification of the
system has been intended to be introduced as much as possible, in addition to the passive safety
enhancement.  Although the construction cost is expected to be desirably reduced in passive
safety reactors due to the system simplification, they are, on the other hand, expected to have
another undesirable factor to increase the construction cost due to their generally large passive
safety components. Therefore, it is important to estimate the effect of the passive
components on the construction cost, and to consider the most economical design to achieve
the required function based on this information.

For this purpose, the construction cost for the JPSR was estimated. The technique
adopted for the estimation was to break down the construction processes for a specified system
component into basic ones and to determine the unit prices for materials, fabrication cost and
so forth for each process, and to apply these unit prices to the material amount and fabrication
processes based on the current design information, and then, to accumulate all these related
cost values together for the concerned component. Proceeding the same estimation to all
necessary components considered in the design, the total amount of the construction cost was
obtained. The basic unit prices were obtained from the cost data base developed for the plant
construction cost including nuclear energy plants.

In the present estimation, only the cost for the machine equipments and the building
were covered, excluding costs for land, interest, fuel and so forth. The construction cost for a
600 MWe class Japanese PWR was also estimated as the reference with the same technique to
investigate the differences between the JPSR and the PWR. Estimated results are shown in
Fig. 4.5.1. In the figure, costs for the JPSR and the PWR are compared in eleven divided
subsystems or items.  Since the JPSR’s nominal power (630 MWe) is about 10 % higher than
for the reference 600 MWe class PWR, values for the JPSR are converted to those
corresponding to the same nominal power as the reference PWR based on the exponential

scaling of the power ratio.  This figure shows the construction cost for the PWR is 120 Billion
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yen (GY), which is considered to be in the range for the Japanese 600 MWe class PWR
construction data”, and the value for the JPSR is about 20 % higher than this,

From the figure, it is recognized that subsystems with the major increase in cost are the
reactor internals (denoted as #2), the primary cooling system (#3) and the engineering safety
system (#4). Especially, the last one gives the largest increase in cost of about 12 GY. The
increase mainly results from the air cooler system introduced to remove heat from gravitational
injection pool. At present, this system is designed as natural circulation water type in stainless
steel tube heat exchangers operated under the ambient condition. Therefore, there considered
to exist large possibility to change the design to make the system more compact and
economical, resulting in a significant cost down. The cost increase reasons for the reactor
internals are increase in the size of the reactor internals corresponding to the reactor vessel size
increase and increase in numbers of control rods resulting from the soluble boron free core
design. For the primary cooling system, increase in size of the reactor vessel, the steam
generators and the pressurizer is the major contribution.

Since simplification of the system has been intended to be introduced, the cost for the
auxiliary system (#5) was expected to be reduced. There is estimated reduction of about 3
GY due to simplification of the chemical volume control system. There is, however, a newly
introduced passive RHR system, and this results in increase in cost canceling the above
reduction.  Since the capacity of this RHR system as well as another RHR system involved in
the engineering safety system is 'very large and there is another possibility to reduce the cost by

optimizing the capacities of these components.

References

1) Murao, Y., Araya, F., Iwamura, T. and Okumura, K.: “A Concept of Passive Safety
Pressurized Water Reactor System with Inherent Matching Nature of Core Heat Removal”,
J. Nucl. Sci. Technol., 32[9], 855 (1995).

2) For instance, Hokkaido Electric Power Company: “Tomari (No.1 and No.2) Safety
Analysis Report” (1982)

— 102 —



JAERI-Review 97-011

@ 1. Building B 2. Reactor internals

B 3. Primary cooling sys. [J 4. Engineering safety sys.
[15. Auxiliary sys. []6O. Instr. & control sys.

[J /7. Electricity equip. [0 8. Turbine sys.

[0 9. Radioactive waste disposal sys. []1(0. Radiation control sys.

[011. Power station auxiliary sys.

[10® yen]
1. 500
i AT
—o~10
i 8
11
I i)
1,000 + 7 o
i 7
" 4 6
500 + 5
i 4

0 i
JPSR PWR

Fig. 4.5.1 Comparison of estimated construction costs between JPSR and PWR at

the same power basis of 600 MWe class PWR

— 103 —



JAERI-Review 97-011

4.6  Applicability of Existing DNB Evaluation Methods to Fast Transient in
Triangular Wide Pitch Lattice Core for Advanced Reactors

X Jiang', T.Okubo and F.Araya
(£-mail: okubo@)jpsrews] tokai.jaeri.go.jp)

A concept of an integral type reactor (ITR) has been developed at JAERI based on a
passive safety reactor SPWR (System-integrated PWR)" and an advanced marine reactor
MRX”. A triangular lattice fuel assembly, which is different from that of the high conversion
pressurized water reactor (HCPWR), is proposed to be used in the core of this kind of reactor,
and a small inertia canned-motor pump is adopted simultaneously in this system, which would
cause a very fast reduction of the core flow rate if a pump trip accident occurs. Therefore,
the evaluation of the core thermal margin, i.e. the departure from nucleate boiling ratio
(DNBR), under the pump trip accident conditions becomes very important in the safety
analyses for the design of the ITR.  And hence, a series of fast transient DNB experiments for
the triangular wide pitch lattice core were conducted and an investigation on an applicability of
the existing quasi-steady-state evaluation method” to these fast transients has been performed.

To simulate the pump trip accident transients of the ITR in those experiments, core
flow rates were reduced by the rate of 13~25%/s around the DNB onset time, which is
considered to be much faster transient than expected in the current PWR (which is considered
to be about 6%/s around the DNB onset time). The core heating power change rate was
another experimental parameter with the changing rate of -20~+3%/s, including 0%/s
(constant power).

In the DNBR analyses, the COBRA-IV-I subchannel analysis code®” was used to obtain
local and instantaneous thermal-hydraulic conditions during the transient, and the existing
DNB correlations, i.e. EPRI-Columbia correlation, B&W-2 correlation and modified W-3
correlation, which are considered to be general correlations in the DNBR predictions for
steady-state conditions, were used to obtain DNBR. The predicted DNBR values with these

correlations at the DNB onset points for the experimental conditions are summarized in

* A visiting engineer from NPIC based on the STA Scientist Exchange Program

— 104 —



JAERI-Review 97-011

Fig.4.6.1. It shows that the EPRI-Columbia correlation is applicable to the transient DNB
onset in the core of ITR. The average DNBR value with the EPRI-Columbia correlation is
1.08 and its standard deviation is £0.07. For the modified W-3 and B&W-2 correlations,
the average DNBR values are 1.14 and 1.29, respectively. These values are larger than that
of the EPRI-Columbia correlation.

As a conclusion from these comparisons, the existing quasi-steady-state DNB
evaluation method has been revealed to be applicable to the prediction analyses of the transient
DNB for the ITR. The evaluation method with the COBRA-IV-I subchannel analysis code
and the EPRI-Columbia correlation has been confirmed to be applicable within the error of
15% to the fast transient expected for a pump trip accident in the ITR triangular wide pitch

lattice core.
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5. Fusion Neutronics

Accomplishment of the ITER shielding neutronics experiments under the ITER/EDA
R&D task (T-218) should be highlighted in the fusion neutronics research area. The task ended
up with the second experiment on gap streaming providing a full set of experimental data for
validation of calculation codes and data. Extensive experimental analyses have been conducted
by using MCNP-4A along with FENDL-1 and JENDL-FF. In parallel, nuclear heating and
induced radioactivity experiments have been carried out in collaboration with US-Home team.
The objective of these experiments was to validate nuclear data bases of KERMA and activation
cross section libraries to be applied in the ITER nuclear design. Summarizing the outcomes
through those experimental analyses, followings were addressed; (1) nuclear responses in
SCM region, e.g, nuclear heating, fast neutron flux, can be predicted within + 30 % with the
use of the state of art nuclear data, FENDL-1, JENDL-FF, (2) adequacy of the calculation code
and nuclear data for the local gap streaming between two shield blanket modules are assured
with uncertainties range of + 30 %, (3) nuclear heating relevant nuclear data, i.e., KERMA for
most of major structural materials were validated to be in an accuracy within + 20 %, (4)
accuracy of activation cross sections of FENDL-A2 has been proved to be within = 30 % for
almost all elements of major structural materials. There has been a great progress also in the
decay heat measurements conducted under ITER/EDA R&D Task for safety and environment
area (T-339). Decay heat measurements for a large number of materials have been carried out
systematically by using a newly developed whole energy absorption spectrometer and analyzed
by using FENDL-A1, A2 and JENDL-ACT96 activation libraries.

Extensive data testing of nuclear data libraries of candidates for FENDL-2 has been
conducted as the selection procedure. As a result, a number of data in JENDL-FF have been
selected for the FENDL-2 as the most adequate data. The fusion blanket nuclear
characterization extended the scope to the advanced breeder and structural materials as a long
term research project. Integral experiments on vanadium was carried out for validation of
nuclear data in JENDL-FF and FENDL-1. This experimental effort is recognized as a part of
activities under IEA collaboration. The preliminary analysis resulted in the strong suggestion
for the revision of JENDL-FF data. The other activity for IEA was the joint experiment on the
low activation material characteristics done at FZK by using a d-Be white neutron source up to
20 MeV. In this fiscal year, a detailed analysis was carried out. The inter-comparison of the
TLD measurement technique between FNS/JAERI and FNG/ENEA has been also organized
under the IEA as the forth research item of technical development for fusion.

As applications of 14 MeV neutrons, several research projects were conducted on
neutron sputtering yield measurements, precise measurements of decay gamma-ray branching
for short-lived radio-nuclides, investigation of irradiation effects on several functional materials,
e.g., optical fiber, insulator, GsAs, CCC, etc. In order to enhance the availability of the FNS
facility, a collimator system for extracting fine 14 MeV neutron beam has been installed.
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5.1 Analysis of Bulk Shielding Experiment with Simulated Superconducting
Magnet by Using DOT-3.5 with FENDL/E-1 and JENDL Fusion File

C. Konno, F. Maekawa, Y. Oyama, M. Wada, Y. Kasugai, H. Maekawa and Y. Ikeda
(E-mail: konno@fnshp.tokai.jaeri.go.jp)

The experiment on a bulk shielding assembly simulating the superconducting magnet
(SCM)" was reported with the analysis by the MCNP-4A? code and the nuclear data libraries
of JENDL Fusion File (JENDL-FF)” and FENDL/E-1.1? in the last annual report. Recently
the analysis of this experiment was conducted by the two-dimensional S transport code
DOT3.5” with JENDL-FF and FENDL/E-1.1. Two different versions of multigroup libraries
[175-n & 42-y groups, P, Legendre expansion] with the self-shielding correction were generated
by using the TRANSX2.15¥ code from the old and revised FENDL/MG-1.1” matxs files.
The 6, (background cross section) values of *Fe, **Mn, "*Mo, '*'Ta and **Bi are insufficient
in the old FENDL/MG-1.1 matxs file, while they are sufficient in the revised FENDL/MG-1.1
matxs file. The multigroup library of JENDL-FF was also obtained with the TRANSX 2.15
code from the matxs files of JENDL-FF newly processed by the NJOY91.128® code with the
same process conditions as those in the revised FENDL/MG-1.1 matxs file. The angular
quadrature of S,, was adopted. The experimental assemblies were modeled in the R-Z
cylindrical shape as shown in Fig. 5.1.1. Figure 5.1.2 shows the details of the SCM region.

Figure 5.1.3 shows the ratios of the calculated to measured data (C/E) for reaction-rates,
neutron fluxes and gamma-ray heating rate along with the previous C/E results by MCNP-4A.
MCNP-JFF, MCNP-F1, DOT-JFF, DOT-F1[old] and DOT-F1[rev.] mean the calculations
by MCNP-4A with JENDL-FF and FENDL/E-1.1, and by DOT3.5 with JENDL-FF and the
old and revised FENDL/MG-1.1 matxs files, respectively. DOT-JFF and DOT-Fl1[rev.]
agree within 40 % with the measurements and show almost the same results as the MCNP
calculations. On the contrary, DOT-F1[old] largely underestimates the neutrons in the eV
region because of the insufficient self shielding correction in '*'Ta, ¢, of which is 10"
[infinite dilution].

The DOT calculations were additionally done with the library processed from the
revised FENDL/MG-1.1 matxs file which omitted the gamma-ray production data in the
matxs file of the specified nucleus (e.g. tantalum) included in the conductor region of Fig.
5.1.2. The contribution of the nuclei involved in the conductor region to the gamma-ray
heating rate was estimated from difference between the gamma-ray heating rates of the
additionally calculated DOT and DOT-F1[rev.]. Figure 5.1.4 shows the estimated contribution
at the depth of 711 mm with the volume fraction in the conductor region. It is remarkable

that the contribution of gamma-rays emitted from tantalum to the gamma-ray heating rate in
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the conductor region was more than 30 %, although the volume fraction of tantalum in the

conductor region was only 1.2 %. The analysis suggested that it was quite important to deal

with heavy nuclei of small quantity such as tantalum precisely in the shielding design.
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5.2 Gap Streaming Experiment for ITER - Source Characterization -

F. Maekawa, C. Konno, Y. Kasugai, Y. Oyama, Y. Uno, M. Wada,
H. Maekawa and Y. Ikeda
(E-mail: fujio@fnshp.tokai.jaeri.go.jp)

In the current design of International Thermonuclear Experimental Reactor
(ITER), shielding/breeding blanket modules are attached on the back plate. This
assembling method results in presence of a number of gaps of ~ 20 mm between the
adjacent blanket modules. It is concerned that the gaps significantly degrade shielding
performance of the blanket modules due to the streaming effect of neutrons and photons
through the gaps. To investigate the gap streaming effect, a benchmark experiment
focussing on the gap streaming effect was conducted at FNS/JAERI as an R&D task
(T-218) of ITER/EDA.

An experimental assembly made of iron was installed in a large opening prepared
in a room wall of the second target room of FNS. In this experimental configuration,
neutrons and gamma-rays scattered by the other room walls come into the experimental
assembly. Structural materials of the rotating neutron target (RNT) for D-T neutron
generation also scatter source D-T neutrons producing lower energy neutrons and gamma-
rays. These scattered neutrons and gamma-rays as well as the source D-T neutrons
should be considered as the source for the experiment, and should be known precisely
for the successive experimental analysis. Therefore, the source characterization
experiment was performed as the first stage of the gap streaming experiment.

On a vertical plane at 1.7 m from the RNT, where the front surface of the
experimental assembly was to be located, spatial distributions of the following quantities
were measured: (1) neutron spectrum
between 10 keV and 1 MeV by proton

recoil gas proportional counters, (ii) Y 4 vettical Line
e +200 e e

dosimetry reaction rate by the foil
Opening of
the Diect Gap

Horl zontal Line

activation method, (iii) fission rate of
235 and #*®U by micro fission chambers

Opening of

and (iv) gamma-ray heating rate by el - cee o
TLD. As shown in Fig. 5.2.1, detector ( )
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As the three dimensional model was needed, the continuous energy Monte Carlo
transport code MCNP-4A ¥ was used for the analysis of the source characterization
experiment. Cross section data in JENDL Fusion File ® were used. A calculation
routine for D-T neutron generation was implanted in the “source” subroutine of MCNP-4A.
The following effects were considered in the routine: (i) the probability function of D-T
reaction as a function of the deuteron energy in the TiT, , target calculated with stopping
power data and the D-T reaction cross section, (ii) the angular distribution of generated
neutrons, (iii) the kinematics of the D-T reaction to determine the generated neutron
energy, and (iv) the collimated deuteron beam diameter of 15 mm. And then, the RNT
assembly, experimental room walls, the accelerator and the experimental assembly were
modeled in detail.

According to a preliminary calculation for the source characterization experiment,
calculated threshold reaction rates agreed fairly well with the measured data. Quantities
related to low energy neutrons, however, were not predicted accurately by the calculation
because of improper chemical composition of the concrete wall and modeling of the
experimental setups in the experimental room. To predict low energy neutrons adequately,
therefore, the room wall thickness, the hydrogen content in the room wall and densities
of materials for the experimental setups were adjusted.

The measured fission rates of **U and 2**U, and gamma-ray heating rates are
compared with the calculated results shown in Fig. 5.2.2. At the +300 mm position of
the measured ***U fission rate distribution, a large dip of ~ 30 % due to attenuation of
the source D-T neutrons by the structural materials of the RNT is clearly observed. The
distribution is reproduced very well by the calculation. The measured horizontal
distributions of the #*°U fission rate and the gamma-ray heating rate are almost flat,
and predicted adequately by the calculation. Figure 5.2.3 shows calculated neutron
spectra with and without modeling of the room walls, comparing with the measured
data. The figure indicates that the presence of the room walls considerably increases
low energy neutron flux. Thus, the room walls should be modeled precisely. The
calculated spectrum with modeling the room walls agrees with the measured data.

In summary, the calculation predicts high energy neutrons within + 10 % and
low energy neutrons and gamma-rays within + 20 %. These good agreements between
the measurement and calculation show validity of the calculation model determined
through the source characterization experiment. The calculation model] is to be used for

the analyses of the successive gap streaming experiment.
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53 Gap Streaming Experiment for ITER - Experiment -

C. Konno, F. Maekawa, Y. Oyama, Y. Uno, Y. Kasugai, M. Wada, H. Maekawa and
Y. Ikeda
(E-mail: konno@fnshp.tokai.jaeri.go.jp)

In the global shield of ITER it is necessary to properly estimate the influence of
neutron streaming due to gap of about 20 mm which appears between the blanket modules
since the blanket in ITER has a module structure”. A gap streaming experiment was performed
by using the FNS D-T neutron source at Japan Atomic Energy Research Institute as the
ITER/EDA R&D Task T-218, in order to examine the effects due to gap between shield
blanket modules in ITER. The experiment had three phases. The first one is defined as
neutron source characterization (Source Characterization Experiment) as described in Sec.
5.2. The second (Experiment-1) aimed at the gap effect for welding part between shield
blanket and back plate, where the helium production rate is a key design parameter for
rewelding. The third (Experiment-2) focused on the influence of the gap on troidal field coil,
where the gamma-ray heating rate and radiation damage are key design parameters. The
analysis of this experiment is presented in Sec. 5.4.

Eerriment- 1

The experimental assembly was an iron slab of 1.6 m in height, 1.4 m in width, and
500 mm in thickness, in which a gap (22 mm in height, 500 mm in width and 300 mm in
depth) and a cavity (140 mm in height, 500 mm in width and 100 mm in depth) were made in
the height of 1.8 m (the same height as the beam line of FNS) [Direct gap] or 1.6 m [Offset
gap]. Figure 5.3.1 shows the experimental assembly. This assembly was installed in the
auxiliary shield (3.1 m in height, 2.5 m in width, layered structure of iron and polyethylene).
The overall experimental assembly was embedded in a large hole opened in a wall, which
separated two target rooms, in order to reduce background neutrons. The distance from D-T
neutrons to the front surface of the experimental assembly was 1.7 m. A B,C plate of 13 mm
in thickness was attached to the front surface of the experimental assembly in order to reduce
low energy neutrons which were difficult to estimate by the calculation.

Neutron spectrum of keV region, various reaction-rates, gamma-ray spectrum and
gamma-ray heating rate were measured inside the gap, on the surface of cavity and the rear
surface of the experimental assembly . Some measurements were also performed without the
gap. The influence of the gap is given as the ratio of the fission rates of **U and **U to those
without the gap. The results are shown in Fig. 5.3.2. The direct gap increases the fission rate
of 28U along the gap line by 20 times and on the upper surface of the cavity by 50 %, while
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the offset gap increases along the gap line by 3 - 4 times. On the contrary, the increase of the
fission rate of **U due to the gap is much smaller; it is 20 % along the direct gap line and
only a few % on the upper and lower surface of the cavity. The influence of the gap between
the shield blanket modules should be considered accurately in the shield design of ITER from
the view of the helium production which is sensitive to neutrons above a few MeV.

Eerriment-2

The front part of experimental assembly was the same as that in Experiment-1. The
bulk iron region of 300 mm in thickness was attached to the rear side. Measurements were
performed on the rear surface of the experimental assembly with and without gap and/or
cavity. Figure 5.3.3 shows the influence of the gap on the fission rates of ***U and **U, i.e.
the ratio of the fission rates of **U and **U to those without the gap. The direct gap and
offset gap increase the fission rate of *U by 10 times and 2.8 times, respectively. On the
other hand, the influence of the gap is small and at most 10 % as for the fission rate of >**U.
From the comparison between Figs. 5.3.2 and 5.3.3, it is founded that the influence of the
direct gap on the rear surface in Experiment-2 is smaller by about 50 % than that in Experiment-1
because of attached 300 mm thick bulk iron layer, while the influence of the offset gap is

almost the same on the rear surface in Experiment-1 and -2.

Reference
1) Ioki K., et al. : "ITER Shield Blanket and Vacuum Vessel," Proc. 16th IEEE/NPSS
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54 Gap Streaming Experiment for ITER - Analysis -

F. Maekawa, C. Konno, M. Wada, Y. Kasugai, Y. Oyama, Y. Uno,
H. Maekawa and Y. Ikeda
(E-mail: fujio@fnshp.tokai.jaeri.go.jp)

The gap streaming experiment ” conducted at FNS/JAERI was analyzed as an
R&D task (T-218) of ITER/EDA. The objective of the analysis is to demonstrate capability
of the Monte Carlo transport calculations for prediction of the two major shielding
design parameters: (1) helium production rate (HPR) at the connection legs between the
blanket modules and the back plate, and (2) nuclear responses in the troidal field coil
(TFC) behind the vacuum vessel.

Analysis

The continuous energy Monte Carlo transport calculation code MCNP-4A?, which
had been used for many designs of ITER/EDA, was used with two nuclear data libraries,
FENDL/E-1.0® and JENDL Fusion File ?. Calculated results with the two nuclear data
libraries were not so different from each other. In most of cases, the differences were
less than 10 %. Therefore, we discuss about the results obtained with FENDL/E-1.0.

The experimental assemblies were modeled precisely. The experimental
circumstances determined through the source characterization experiment ® were
appended to the calculation model. Track length detectors were located at the
corresponding experimental detector positions. The source biasing method, and the
particle splitting and Russian roulette method with cell importance parameters were
used as variance reduction techniques. Although the variance reduction techniques
were adopted, it took a great amount of computation time, typically 1 ~ 2 weeks for one
case of calculation with an engineering work station, because of large attenuation of
particle fluxes in the experimental assembly and small solid angles of the track length
detectors viewing from the D-T neutron source.

Some aspects in use of Monte Carlo codes for streaming and shielding calculations
are found through the analyses: considerable experience and time are needed for
optimization of the variance reduction parameters, and Monte Carlo calculations require
much computation time to obtain statistically reliable results even now when very fast

computers are available.

Experiment-1 for HPR at the Connection Legs
The measured and calculated results in the gap (Z= 0~300 mm), inside the cavity

(Z= 300~400 mm) and on the rear surface of the experimental assembly (Z= 500 mm)
are compared. (See Fig. 5.4.1 for the geometrical configuration.) As a whole, agreements
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between the experiment and the calculations are very good. The measured nuclear
responses for high energy (> 0.5 MeV) neutrons are predicted within 20 % by the
calculations, while those for low energy neutrons and gamma-rays are predicted within
30 %, for all the detector positions.

The rewelding points on the connection legs of the blanket modules and the back
plate are located apart from the gap center line to reduce HPR. Figure 5.4.1 shows
reduction of nuclear responses obtained by the experiment and calculation. It is defined
as ratios of response at the cavity side to the cavity center. The experimental reduction
factors for the *’Al(n,0)**Na reaction rate, which cross section is similar to the helium
production cross section of SS-316, are ~ 1/30 and ~ 1/3 for the direct and the offset gap
configurations, respectively. The reduction factors for the nuclear responses of interest

are adequately predicted by the calculations.
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Fig. 5.4.1 Reduction factors of various nuclear responses (*’Al(n,0)**Na, **Nb(n, 2n)*®Nb,
U35 (n,n’ )% In, 2°U(n,H, **®U(n,H), integral fluxes of 0.1-1 MeV and 10-100
keV and gamma-ray heating rate) obtained by the experiment and calculations,
and a sketch of the geometry for the gaps, cavities and detector positions

Experiment-2 for Nuclear Responses of TFC

Here, we define a peaking factor as a ratio of a nuclear response for the gap
configuration to the bulk assembly without the gap and cavity. Results of two nuclear
responses along the rear surface of the assembly (Z= 800 mm) are shown in Fig. 5.4.2.
When the experimental and calculated peaking factors are compared, a large difference
is found in the integral fluxes of > 10 MeV as shown in Fig. 5.4.2 (a). The calculated
peaking factors are larger than the experimental ones. The difference is consistent to

the results ® of the 14-MeV neutron transmission experiment on bulk iron that the
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calculated 14-MeV neutron fluxes become smaller compared to the experimental data as
the transmission length increases. The peaking factors of the gamma-ray heating rate,
shown in Fig. 5.4.2 (b), are not so large, at most ~ 1.2, and the experimental and
calculated peaking factors agree within the uncertainty ranges of the experiment and
calculations.

As a whole, all the calculated results including both high and low energy neutrons
and gamma-rays agree within ~ 30 % with the measured data. Therefore, any nuclear
parameters on TFC can be estimated within uncertainty of 30 % by MCNP-4A if the
complicated geometry of the ITER blanket is treated precisely.
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Fig. 5.4.2 Comparisons of the measured and calculated peaking factors for (a) the integral
flux > 10 MeV and (b) the gamma-ray heating rate
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5.5 Experiment and Analysis of Nuclear Heating on Structural Materials
in a Graphite Assembly Driven by D-T Neutrons

Y. Ikeda, A. Kumar*, F. Maekawa, Y. Kasugai and M. Wada
(E-mail: ikeda@fnshp.tokai.jaeri.go.jp)

The experiments on nuclear heating were carried out at the FNS facility under the
ITER/EDA R&D sub-task of T-218 in order to provide experimental data for validating the
nuclear data relevant to nuclear heat deposition in fusion reactor structural components. The
measurements were conducted on potential candidates for fusion reactor structural materials, i.e.,
Be, graphite, Al, Si, SiC, Ti, V, Cr, Fe, Ni, Cu, Zr, Nb, Mo, W. The central zone of the
assembly consisted of graphite blocks with a central channel hole of 50 mm in diameter. The
outer zone was filled with SS-304 and polyethylene.  As the reference arrangement, six
graphite probes were placed throughout the hole to obtain the heat deposition distribution in the
assembly. The second arrangement held each probe other than graphite at the first probe location
of the graphite arrangement. The experimental assembly was placed at very close position to
the D-T neutron target. For the total heating rate measurement with the calorimetric method!-2),
the probe of each material in a cylindrical shape, on which thermal sensors of 6 kW thermistor
(TM: Techno Seven Co. Ltd.) were attached, was inserted in the central hole. D-T neutrons
were generated by bombarding a tritiated target with a 20 mA deuteron beam of 350 keV. The
assembly was irradiated with D-T neutrons of 3 to 5 minutes duration pulses separated by 3 to 5
minutes. The temperature rise in the probe material due to nuclear heating was measured by
detecting resistance change in TM with a constant current of 5 to 20 mA. It was observed that
there were clear temperature rises corresponding to the neutron pulses. The nuclear heating rates
were derived from the temperatﬁre rises with use of available specific heats. The g-ray heating
components at locations between two adjacent probes were also measured with TLD. In order to
validate neutron transport calculation, dosimetry activation foil measurements were carried out.

The calculations have been performed using the MCNP-4A Monte Carlo transport code
with JENDL-3.2 and FENDL-1 nuclear data libraries. The foil activation rates were calculated
using IRDF-90 version 2 dosimetry file. In Fig. 5.5.1, C/E values for heating rates at graphite
probes along the central axis are plotted. Figure 5.5.2 shows ratios of calculated to measured
for the volume averaged heating rates in the probes. The followings are the status of the results
based on the experimental analysis:

Total Heating
C: Both JENDL and FENDL gave excellent agreements with measurements. JENDL

tends to be slightly larger than FENDL at the first location. This is due to 10 % higher

* University of California, Los Angeles
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KERMA factor at 14 MeV region as suggested in the previous experiments.

Both JENDL and FENDL agreed with the experiment within 10%. The result is consistent
with the result in the copper assembly.

Both calculations excellently agreed with the measurement.

JENDL overestimated the experiment by 15 % and FENDL underestimated it by 8 %.
Considering experimental error of 8 %, FENDL seems adequate.

Both JENDL and FENDL agreed with the experiment.

Both calculations agree with the experiment. However, JENDL is higher by 10 % than
FENDL. It may be due to the difference in the KERMA data. The results are consistent with
those in the copper assembly.

JENDL seemed adequate. FENDL, however, overestimated the experiment by 25 %.

: Both JENDL and FENDL slightly overestimated by 8 %. However, it can be concluded that

both are reasonable.

. Both are adequate.

JENDL underestimated by 18 % and FENDL overestimated by 28 %. Both  KERMA data
should be checked carefully.

Both JENDL and FENDL gave overestimations by around 10 %. The overestimation is
consistent with the previous results.

Both JENDL and FENDL underestimated by 20 %. The KERMA data should be checked.
Though JENDL slightly underestimated by 8 %, it seemed adequate. While, FENDL largely
overestimated by 50 %. Apparently, the FENDL KERMA data should be revised after a
careful investigation.

JENDL underestimated by 20 %. However, FENDL agreed with the measurement. FENDL
seems adequate.

Gamma-Heating

Experimental data were obtained with errors less than 30%. The measured heating rates at

the front side were systematically lower than those at the back side. If the contribution from the

D-T source was underestimated, it could be explained.

All calculations are in agreement within 30 % with experiments. It is concluded that there

is no serious problem in the gamma-heating data. The result provided an uncertainty range in the

design calculations relevant to the nuclear heating.
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5.6 Measurements of D-T Neutron Induced Radioactivities in Elements
and Analysis with JENDL and FENDL Activation Files

Y. Kasugai, A. Kumar*, F. Maekawa, M. Wada and Y. Ikeda,
(E-mail: kasugai @fnshp.tokai.jaeri.go.jp)

The importance of the induced radioactivity in D-T fusion environment is recognized as
one of the most critical issues from the safety point of view. The ITER development has
addressed important tasks undertaken as R&D for an experimental validation of all process
requested for the activation relevant design calculation. Integral experiments on the induced
radioactivity in the graphite assembly were conducted. Two irradiation positions with different
neutron spectra in the assembly were selected. Induced radioactivities in materials of Al, Mg,
Ti, V, Mn, Fe, Ni, SS-316LN, Cu, Zn, Nb, Mo, Ag, In, Sn, Dy, Hf, Ta, W and Pb were
investigated. The parameters were cooling time, neutron spectrum, cross section libraries,
which should be considered in the experimental analysis. As the neutron transport code, a
continuous energy Monte Carlo code MCNP-4A was employed coupled with FSXLIB-J3.2
and FENDL/MC based on JENDL-3.2 nuclear data file and FENDL/E]1, respectively. For the
activation calculations, ACT4 of the THIDA code system with the JENDL activation library"
(JENDL-ACT96), FENDL-A1? and FENDL-A2 (updated version of FENDL-A1) activation
libraries was used.

The neutron source and experimental assemblies were the same as those in the nuclear
heating experiment. (See the previous section) Two positions for foil irradiation were selected
to be at positions between the first and second probes, and third and fourth probes for the
nuclear heating measurements described in the previous section. These positions were named,
hereafter, as A and B. The samples of Al, Mg, Ti, V, Mn, Fe, Ni, SS-316LN, Cu, Zn, Nb,
Mo, Ag, In, Sn, Dy, Hf, Ta, W and Pb were irradiated with D-T neutrons at two positions in
the graphite assembly, namely, position A at 50.2 mm from the bottom of the experimental
channel and position B at 151.2 mm. The size of sample was 10 x 10 x 0.01~0.5 mm’. The
weight of the sample ranged from 10 ~300 mg.  After irradiation, induced radioactivities were
measured by gamma-ray spectroscopy with Ge detectors at cooling time from several minutes
to about one year. Experimental data were derived as the radioactivity intensity per unit volume
(Bg/cm’). The radioactivities were identified by gamma-ray energies and their intensity
relationship. The decay rate
was derived from gamma-ray counts, detector efficiency, gamma-ray emission probability and
other corrections needed, e. g., gamma-ray collection time, half-lives, etc.

Three dimensional code MCNP-4A was used for modeling the rotating target geometry
and the probe-vacuum chamber system. The library, FSXLIB-J3.2, was used for

* University of California, Los Angeles
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neutron interactions and photon production in MCNP calculation in the whole system. The
FENDL-1 library was also applied for the MCNP calculation. The neutron spectra obtained by
two libraries were almost identical. ACT4 of the THIDA code system was used as the
radioactivity inventory code. The activation cross section libraries based on the JENDL-
ACT96 activation file with 125 neutron energy groups and FENDL-Al and A2 with 175
neutron energy groups were used for the induced radioactivity calculations. Induced
radioactivities corresponding to the experimental conditions were calculated by those codes to
be compared with the measured value. Figure 5.6.1 shows C/E values of radioactivities
induced in the SS-316 at Position A after D-T neutron irradiation fo 6 hrs. There is no
significant difference among the calculations. C/E values of some radioactivities for
molybdenum at Position B after 30 min. irradiation are plotted in Fig. 5.6.2. Almost all the
cases give C/E values in a range from 0.7 to 1.3. In particular, for the major structural
materials, the calculations agreed within 20 % with the measurements. It can be stressed that
FENDL-A2 always shows better results than FENDL-A1.
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5.7 Development of Fusion Dosimetry Technique with a Microcalorimeter

Y. Ikeda and A. Kumar*
(E-mail: ikeda@fnshp.tokai.jaeri.go.jp)

One of recent technical developments addressed to improve the nuclear data for a
fusion reactor was achieved in the direct nuclear heating measurement with a calorimetric
method.'? It was generally understood that a low Z material is sensitive to neutrons rather
than y-rays because of low interaction coefficient of y-rays with a low Z material. On the other
hand, high Z materials such as tungsten and lead tend to have dominating contribution from -
rays because of large y-ray absorption coefficient. On the basis of these nuclear properties, a
technique incorporating with the micro-calorimetric method is proposed for the neutron and -
ray dosimetry in D-T neutron driven fields.

The experimental system consisted of a host medium at the center region followed by a
polyethylene zone. As the host media, SS-316, copper and graphite were chosen to provide
different neutron and y-ray environments. A cross sectional view of the assembly is shown in
Fig. 5.7.1. Along the central axis, probe materials to be tested for the nuclear heating
measurement were deployed in a hole with 50 mm in diameter. The experimental assembly
was irradiated with D-T neutrons produced via the *T(d, n)*He reaction by using FNS. The
net heating to the D-T neutron irradiation was obtained by subtracting values of resistance
change rate from those before and after neutron pulses. Heating rate in units of erg/g/10'* n/s,
were derived from the measured net resistance change in the attached thermistor using data for
a coefficient of temperature vs. resistance, specific heat, cycle time, and neutron yield. The
experimental procedure is described in detaile in Ref-1,2).

The experimental analysis was carried out by MCNP-4A” calculations with nuclear
data based on JENDL-3.2* and FENDL-1%. For the data of tungsten at the first location in
the graphite assembly, the C/E values were 1.02 = 0.05. These agreements suggest that
calculations are valid for the nuclear heating in the tungsten probe. It is shown that most of the
nuclear heating in tungsten probe is attributable to y-rays throughout the assembly. The
neutron fractions are less than 5 %. On the other hand, heating in graphite probes are
dominated by neutrons. More than 90 % of the total at front region is due to the neutron
heating. However, the y-ray contribution increases up to 20 % with the depth in the assembly.
By assuming that those calculated ratios are valid as far as the medium of interest is concerned,
these doses could be extracted from the total heating measurements of two probes with
extreme profiles for neutron and gamma.

The method proposed here is in principle based on the linear combination of the two
different responses, i.c., two extreme sensitivities to neutron and y-ray for the low and high Z

% University of California at Los Angeles (UCLA)

—126 —



JAERI-Review 97-011

materials, respectively. Here, we use graphite as the low Z probe for neutrons and tungsten as
the high Z probe for y-rays. Let the total heating of graphite and tungsten be denoted by T(C)
and T (W). T (C) and T (W) possess both neutron and gamma contributions, given as

T (C) = ND(C) + GD(C),
T (W) = ND(W) + GD(W).

Here, ND and GD denote neutron and gamma doses, respectively. Solving for ND and GD,
one finds,

ND~=a x(1-CFC)y)xT(C),
and
GD~=b x(1-CFW)ex-y)xT (W),

where a and b are conversion factors for the absorbed dose from heating rate, and CF(C)y
and CF(W)ex-vy, ratios of the total heating rates of tungsten and graphite, and calculated ratios
of internal and external y-ray contributions in the tungsten probe as a function of the probe
position in the assembly. From Fig. 5.7.2, we can assume that CF(C)y is identical to
CF(W)ex-y. Then, we know all parameters for extracting ND and GD. Consequently,
dose rates for neutrons and y-rays can be derived from measured heating rates of graphite and
tungsten. It is noted that as a high Z gamma detector, lead or bismuth could be more
preferable than tungsten because of the smaller cross sections for neutrons in those materials
than that in tungsten, resulting in less internal gamma contribution.
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5.8 Decay Heat Measurement on Fusion Reactor Materials

F. Maekawa, Y. Ikeda, M. Wada and E. T. Cheng*
(E-mail: fujio@fnshp.tokai.jaeri.go.jp)

As an R&D task of decay heat measurement (T-339) for safety and environment
under ITER/EDA, the Whole Energy Absorption Spectrometer (WEAS) ¥ has been
developed to obtain experimental decay heat data on fusion reactor materials irradiated
by D-T neutrons. In this fiscal year, decay heat data on 32 fusion related materials were
measured with WEAS. Preliminary validation of decay heat calculation codes and data
bases used for safety analysis of fusion reactors was also performed.

Sample materials used in the measurements are listed in Table 5.8.1. About a
half of them are metallic thin foils with an area of 25 x 25 mm® while the rest are
powder sandwiched by two thin plastic tapes of 24 x 24 mm®. The powder samples are
used because of their availability due to chemical and physical stability. Carbon and
oxygen atoms contained in parts of the powder samples do not cause significant decay
heat except for '®N nuclei with very short half-life of 7.13 s produced by the *O(n,p)
reactions. The metallic foil samples were sandwiched by the same ones to compensate
escape of recoil-atoms from the samples. The plastic tapes for the powder samples
functioned as a recoil-atom stopper. An aluminum foil of 50 um in thickness with the
same size as the sample was attached to the sample for determination of D-T neutron
fluence with utilizing the 2’Al(n,a)**Na reaction rate.

The samples were irradiated with D-T neutrons at the Fusion Neutronics Source
(FNS) facility in JAERI. Pulse height spectra were measured with WEAS at various

Table 5.8.1 Sample materials used for the decay heat measurement

Metallic Foil Sample Powder Sample

Al Mo B,C Y,0,
Ti Ta Na,CO, SnO
\% W Si0, BaCO,
Fe Pb S Re
Co SS304 K,CO, Bi
Ni SS316 CaO

Cu Inconel-600 Cr

Zr NiChrom Mn

Nb CF, SrCO,

* TSI Research, Inc., 225 Stevens Ave., Solana Beach, CA 92075, USA
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cooling time. To obtain decay heat data for a wide range of half-lives, three combinations
of irradiation and cooling time were adopted: 5 min irradiation for 1 ~ 60 min cooling
time, 1 hour irradiation for 1 ~ 12 hour cooling time and 7 hours irradiation for > 0.5
days cooling time. Accordingly, decay heat data for a wide cooling time from 1 min to
200 days were measured. The high sensitivity feature of WEAS enabled to measure
decay heat for such a long cooling time. For example, the *Co (T,, = 5.27 years)
activity produced by the ®*Cu(n,a) reaction in a 31 mg copper sample irradiated for 7
hours was ~ 18 Bq after 200 days cooling. This decay heat corresponded to 8 pW, and
was clearly measured by WEAS in 10 minutes.

The decay heat calculation was performed with two calculation codes, REAC*3?
and ACT4 in the THIDA code system?”. The activation cross section library FENDL/A-2.0Y
was commonly used for both calculations. In addition, the USACT93® and JENDL
Activation File ® were used for REAC*3 and ACT4, respectively. Decay data libraries
developed individually for the REAC*3 and ACT4 codes were used. The source neutron
spectrum at the sample position used in the calculations was calculated with the Monte
Carlo transport calculation code MCNP-4A ” with simulating the kinematics of a D-T
reaction, the structure of neutron target and the pneumatic tube used in the experiment.
Therefore, the peak energy of D-T neutrons and low-energy neutrons scattered by
surrounding materials were taken into account precisely in the source spectrum.

As an example of the measured and calculated decay heat, decay curves for a
copper sample irradiated for 1 hour are shown in Fig. 5.8.1. The curves consist of fast

and slow decay components corresponding to **Cu (T,,, = 9.73 min) from the **Cu(n,2n)

! T T ]
- Copper —&— Expt.
10" B 1 Hour Irradiation | —e— REAC3-USACT93 !
—«— REAC3-USACTI3 (rev.)|
—_ — o REAC3-FENDL2 ]
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= —o— ACT4-FENDL2
= 10°L -
I z
T -
= [ ?
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g 107k .
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Fig. 5.8.1 Measured and calculated decay heat for a copper sample
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reaction and ' Cu (T, =12.7 hr) from the 8Cu(n,2n) reaction, respectively.

The REAC calculation with FENDL shows good agreement with the experiment.
The REAC calculation with USACT93, however, gives smaller decay heat values as a
whole by 50 % compared with the experiment. The reason was found that decay
energies due to annihilation gamma-rays for the positron emitting isotopes, *Cu and
%4Cu, were disregarded in the decay data library used, although cross section data in
USACT93 were reasonable. Thus, the decay data library was revised to include the
annihilation gamma-ray energies, and decay heat was calculated again. The result
was, as shown by black diamonds in Fig. 5.8.1, improved to give a good agreement with
the measured data. Note that the revised decay data library was used for the REAC
calculation with FENDL2.

The ACT4 calculations with both FENDL and JENDL also predict the decay
heat values considerably lower than the measured ones. The calculated values for #2Cu
and ®Cu are ~ 40 % and ~ 67 % of the measured ones, respectively. It was found that
decay energies of ®?Cu and %*Cu were not treated correctly in the ACT4 code. After the
correction of the decay energies, ACT4 predicted the decay heat of copper adequately.
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59 Benchmark Experiment on Vanadium with D-T Neutrons

F. Maekawa, Y. Kasugai, C. Konno, I. Murata*, Kokooo*, M. Wada,
Y. Oyama, Y. Ikeda and A.Takahashi*
(E-mail: fujio@fnshp.tokai.jaeri.go.jp)

Vanadium-alloy is one of advanced structural materials for fusion reactors which
can be accepted by the public because of its low-activation property. As vanadium is the
major constituent of the vanadium-alloy, benchmark experiments on vanadium are
strongly required to validate evaluated nuclear data libraries used for designs of the
fusion reactors. The leakage neutron spectrum measurement from spherical vanadium
shells of 35 and 105 mm in thickness in the energy range above 0.07 MeV done by
Mollendorff et al. was the unique existing benchmark experiment. ¥ For validation of
low energy neutron cross sections and secondary gamma-ray data for vanadium, there
are, however, no benchmark experimental data. To provide supplementary experimental
data on vanadium, a benchmark experiment was conducted at the Fusion Neutronics
Source (FNS) facility at JAERI.

A cubic experimental assembly of (254 mm)® made of pure vanadium was placed
at a 200 mm distance from the D-T neutron source. Four side surfaces and a rear
surface of the assembly were covered with a graphite reflector of 51 mm in thickness to
reduce leakage neutrons out of the assembly and incoming background neutrons from
the outside. Two experimental channels to insert detectors into the assembly were
located at 76 and 178 mm depths measured from the front surface. The following
nuclear parameters were measured at the front surface of the assembly and in the two
experimental channels; (1) neutron spectrum (> 1.5 MeV) by a 14 mm ¢ NE213 liquid
organic scintillation spectrometer, (il) neutron spectrum (20 keV ~ 1 MeV) by proton
recoil gas proportional counters, (iii) neutron spectrum (1 eV - 300 eV) by the slowing
down time method, (iv) dosimetry reaction rates of the ¥’ Al(n,0)**Na, *Nb(n,2n)**"Nb,
157 1n(n,n")**®In and *"Au(n,y)'®®Au reactions by the foil activation method, (v) gamma-ray
spectrum by a 40 mm ¢ BC537 liquid organic scintillation spectrometer and (vi) gamma-ray
heating rate by TLD.

Transport calculations were performed by the continuous energy Monte Carlo
code MCNP-4A? with evaluated nuclear data files, i.e., JENDL Fusion File (JENDL-FF)?,
FENDI/E-1.0 (FENDL-1) ¥ and European Fusion File version-3 (EFF-3). The cross
section data of vanadium in JENDL Fusion File are to be selected for FENDL/E-2.0.

* Department of Nuclear Engineering, Osaka University
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Those in FENDL/E-1.0 are taken from ENDF/B-VI.

In the energy region above 20 keV, in general, calculated neutron spectra with
the three cross section files agree well with the measured spectrum as shown in Fig.
5.9.1. The three threshold reaction rates of Al, Nb and In are predicted within 10 % by
the three files. Integral neutron fluxes in the energy ranges of 20 - 100 keV and 0.1 - 1
MeV by the three calculations agree within ~ 20 % with the experimental data.

In the energy range below 300 eV, as shown in Fig. 5.9.1, the calculated spectra
with EFF-3 and FENDL-1 follow the measured spectrum, while the calculated spectrum
flux with JENDL-FF is about a half of the measured data. This trend is also found in
the gold reaction rate which is sensitive to low energy neutrons. A reason of the large
underestimation by JENDL-FF is attributable to low elastic scattering cross section at ~
1 keV, as shown in Fig. 5.9.2. The smaller elastic scattering cross section reduces
slowing down of neutrons at ~ 1 keV, and also, enhances leakage of neutrons outside the
experimental assembly due to the longer mean free path. Accordingly, neutron spectrum
fluxes below ~ 1 keV are predicted smaller by the smaller elastic scattering cross section.
The experimental results support EFF-3 and FENDL-1.

Figure 5.9.3 shows the measured and calculated gamma-ray spectra. The spectrum
by JENDL-FF agrees very well with the measured spectrum. EFF-3 gives a larger flux
spectrum over the whole energies. The spectrum by FENDL-1 is smaller than the
measured one. Especially, the prominent peak at ~ 1.6 MeV by FENDL-1 is not so clear
as the experimental spectrum. Figure 5.9.4 shows measured® and evaluated gamma-ray
production cross sections at En= 14.5 MeV. The present experimental results for secondary
gamma-rays are consistent with the results for the differential gamma-ray production

cross sections.
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5.10 Further Investigation on Multigroup Library of Copper

C. Konno, F. Maekawa and M. Wada
(E-mail: konno @ fnshp.tokai.jaeri.go.jp)

An analysis by DOT3.5" with JENDL-3.2% was newly performed for the benchmark
experiment’™” on a copper slab assembly (630 mm in effective diameter and 608 mm in
thickness) bombarded by D-T neutrons. Some remarks on the multigroup library were
deduced from the comparison of the DOT calculations with the calculation by the continuous
energy Monte Carlo code MCNP-4A” and the FSXLIB-J3R2® library processed from JENDL-
3.2

Two multigroup libraries (neutron 125 groups, y 40 groups and P, Legendre expansion
with self-shielding correction) were made from JSSTDL-295n-104y” of JENDL-3.2 and
newly processed matxs files from JENDL-3.2 by the NJOY91.128% code. The DOT calculations
with these two libraries are denoted as DOT(JSSTDL) and DOT(NJOY), respectively. The

angular quadrature of S,; was adopted.

Insufficient self-shielding correction in JSSTDL system

Figure 5.10.1 shows the measured and calculated neutron spectra at the depth of 228
mm. We focus our attentions on the difference among the calculations. All the calculations
agree each other in the neutron energy above 40 keV. On the contrary, the discrepancy
among the calculations appears in the neutron energy below 40 keV. Particularly the neutron
flux of DOT(JSSTDL) below 7 keV is smaller by one order of magnitude than the measurement
and other calculations. We found that the reason of the discrepancy was due to the incomplete
self-shielding correction for the scattering matrix, i.e., the f-table (self shielding correction
coefficient) for elastic scattering cross section was used for the scattering matrix in the
JSSTDL system. On the contrary, the f-table for the scattering matrix in the NJOY system is
appropriately prepared. Since this insufficient self-shielding correction method is adopted
not only for copper but also for all nuclei in the JSSTDL system, it should be noted that Sn

calculations with the JSSTDL library sometimes give incorrect results.

Overcorrection of self-shielding for the resonance around 500 eV in copper
From Fig. 5.10.1 it is also noted that the neutron spectra of MCNP and DOT(NJOY)
are different below 500 eV. This is probably due to the overcorrection of the self-shielding

of the large sharp resonance around 500 eV in copper. It was confirmed that the DOT
calculation with the multigroup library of the finer group structure around 500 eV agreed

with the MCNP calculation better. It is considered that the self-shielding correction in the
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multigroup library is not so perfect for a large sharp resonance even in the NJOY system.

Self-shielding correction for multigroup dosimetry cross section

The agreement of the DOT calculation with measurement for the reaction rate of
Cu(n,x)*Cu, which is sum of **Cu(n,y)*Cu and **Cu(n,2n)*Cu, was very poor (the ratio of
the calculation to the experiment was 2.5 at the depth of 510 mm) compared with the MCNP
calculation in the previous paper” on this benchmark experiment. The reaction rate of
Cu(n,x)*Cu was derived in general by using the multigroup dosimetry cross section of
Cu(n,x)*Cu without self-shielding correction in the DOT calculation, while it was obtained
by using the continuous energy dosimetry cross section of Cu(n,x)**Cu in the MCNP calculation.
We thought that the multigroup dosimetry cross section of Cu(n,x)*Cu without self-shielding
correctionwas not adequate. In order to test this idea, we made the 125-group dosimetry
cross section of Cu(n,x)*Cu with self-shielding correction by the TRANSX2.5” code from
the *Cu and Cu data in ENDF/B-VI'”. The cross section is shown with that without
self-shielding correction in Fig. 5.10.2. Figure 5.10.3 shows the ratio of the calculation to the
experiment (C/E) for the reaction rate of Cu(n,x)*Cu. The DOT calculation id slmodt the
same as the MCNP calculation if the self-shielding corrected multigroup dosimetry cross
section is adopted. It is concluded that the self-shielding correction for multigroup dosimetry
cross section is essential for the precise activation calculations including (n,y) reactions for
principal material with DOT
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5.11 Activation Experiment on Fusion Reactor Materials Bombarded by
d-Be Neutron Source

F. Maekawa, Y. Ikeda, U. Mollendorff* and P. Wilson*
(E-mail: fujio@fnshp.tokai.jaeri.go.jp)

In February 1996, an integral activation experiment was conducted at Forschungs-
zentrum Karlsruhe (FZK), Karlsruhe, Germany, with utilizing a d-Be neutron source
available at the Karlsruhe Isochronous Cyclotron (KIZ). This endeavor corresponded to
the item #3, “Integral Experiments for Development of Low Activation Materials,” of the
sub-task “Fusion Neutronics” under the IEA Collaboration. The d-Be neutron source
provides a white energy spectrum, unlike those based on D-T neutron sources. The d-Be
neutron field is an advantage for integral activation experiments because of a broader
neutron energy for validating evaluated activation cross section data up to 20 MeV. On
the other hand, the d-Be neutron spectrum was not known so well as the D-T neutron
spectrum. Therefore, the first stage of the experiment was devoted to a determination of
the neutron spectrum at the sample position by the multi-foil activation technique. And
then, two structural materials for fusion reactors were irradiated.

Activation foil samples of 5 x 5 mm® for the dosimetry purpose were stacked in
sample packets. Typical dosimetry reactions used for D-T neutron field characterization
were employed. Four (n,3n) reactions of yttrium, silver, thulium and gold, threshold
energies of which were higher than 15 MeV, were selected for detecting neutrons of > 15
MeV. A sample packet was attached on a beryllium target of 12.2 mm in thickness. The
target was positioned inside the KIZ cyclotron as shown in Fig. 5.11.1, and bombarded
by a deuteron beam of 10 ~ 15 pA at 19 MeV. Three irradiations were conducted
changing the irradiation time, 10 minutes, 1 hour and 5 hours. Most of produced
neutron energies were below 19 MeV suitable for validation of activation cross section
libraries up to 20 MeV. Two structural materials of fusion reactors, SS316LN (ITER-grade,
10 mm ¢ x 0.5 mm) and F82H (low-activation ferrite steel, 10 mm ¢ x 1.0 mm), were also
irradiated. After the irradiations, radioactivities of the samples were measured with a
HP-Ge detector.

A source routine to simulate neutron generation by the d-Li reaction, McDeLi ”,
has been developed at FZK for the IFMIF project. McDeLi was modified at FZK for the
d-Be reaction, and provided to JAERI. The source neutron spectrum at the d-Be neutron
field was calculated with the MCNP-4A Monte Carlo transport code? and the modified

* Forschungszentrum Karlsruhe, Karlsruhe, Germany
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McDel.i routine with simulating precisely the irradiation field. The dosimetry reaction
rates were calculated with the cross sections in FENDL/A-1.0%.

According to the preliminary comparison of the measured and calculated reaction
rates, the calculated high threshold (n,3n) reaction rates were much smaller than the
experimental data. Moreover, gamma-rays from ®’8Y produced by the ®*Y(n,3n) reaction,
threshold energy of which was 21 MeV, were observed in the measured gamma-ray
spectrum. These results suggested that a certain amount of neutrons of which energies
were higher than the incident deuteron energy of 19 MeV were produced by the d-Be
reaction due to the positive Q-value (+4.4 MeV) of the reaction. Hence, the source
routine was modified to generate such high energy neutrons. As a result, the large
discrepancies between the calculated and measured high threshold reaction rates were
considerably reduced.

Next, the calculated neutron spectrum was adjusted to be consistent with the
measured dosimetry reaction rates by the unfolding technique with the SAND-II code *.
Figure 5.11.2 shows the source neutron spectra before and after the adjustment. Higher
energy part of the spectrum is enhanced by the adjustment. The adjusted spectrum is to
be utilized for analyses of integral activation experiments using the d-Be neutron field
in the KIZ cyclotron.

Measured gamma-ray spectra from the SS316LN and F82H samples normalized
by the sample weight and the counting time are shown in Fig. 5.11.3. Although the
analysis of the activation experiment has not been completed for longer cooling time, it
is clearly exhibited that induced radioactivities in the low-activation F82H steel sample
are ~ 1 order smaller than those in the SS316LN sample. This is mainly due to the

reduction of nickel content in F82H.
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5.12 Use of Gamma Rays from the Decay of 13.8-sec¢ ''Be to Calibrate
a Ge Detector for Measurements up to 8 MeV

Y. Ikeda, D. L. Smith?, F. Maekawa, Y. Kasugai, K. Kawade” and Y. Uno
(E-mail: ikeda@ fnshp.tokai.jaeri.go.jp)

Calibration procedures for Ge detectors are described in an ANSI standard” and
various other literatures>”. Efficiencies are then deduced from the recorded full-energy-peak
yields of standard radioactive sources. For convenience these data can be fitted with smooth
empirical or semi-empirical fomulas”. However, using this approach it is difficult to obtain a
calibration > 3 MeV due to the scarcity of gamma-ray sources covering this energy range.
Higher-energy gamma-ray can be generated by (n,y) or (p,Y) reactions™® using an accelerator,
reactor neutron  or proton radiation source. ''Be is an attractive auxiliary calibration source if a
neutron generator and rapid sample transport apparatus are available. It can be produced by the
""B(n,p)''Be reaction. The reaction Q value is -10.724 MeV and the cross section is 5.5 mb at
14 MeV”. ''Be decays by B- emission (100 %) with 13.8 sec half-life, and the decay gamma
branching is adequately known (see Table 5.12.1). Although some of these gamma-rays are
relatively weak, it is still possible to obtain adequate yield in the full-energy-peak lines of a
recorded spectrum by resorting to cyclic activation, i.e., by repeatedly alternating irradiation and
y-ray counting of a sample containing a boron compound.

Table 5.12.1 Gamma-rays from - decay of 13.8 sec ''Be®

Ey(keV) V(%) Ey(keV) IY(%) Ey(keV) V(%)
478 0.39 2895 0.081 5852 2.13
692 0.0344 4444 0.054 6790 4.48
1771 0.263 4666 1.82 7975 1.90
2124 35.5 5019 0.467

Ey: Gamma-ray energy in keV
Iy: Gamma-ray branching ratio in %, taken from Ref-8).

A several-gram boron carbide (B,C) sample was placed in a plastic capsule and carried
by a pneumatic transport device to a position near the target of the FNS D-T 14 MeV neutron
generator for irradiation”. After ~30 sec the sample was retrieved to a remote, shielded location

a) Argonne National Laboratory
b) Faculty of Engineering, Nagoya University
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and counted with a Ge detector for ~30 sec. This procedure was repeated many times until
adequate statistics precision was achieved. The measured gamma-ray spectrum is shown in Fig.
5.12.1. Almost all gamma-ray peaks corresponding to the ''Be decay were observed. A Ge
detector calibration < 2 MeV was carried out first using several conventional radioactive sources.
Full-energy-peak counts for the ''Be gamma-rays were then divided by the relative intensities
given in Table 5.12.1 and sum-coincidence corrections were applied. This yielded relative
efficiencies from 0.5 - 8 MeV thus extending the original calibration curve to higher energies.

A Ge detector efficiency curve generated by this approach is shown in Fig. 5.12.2.
This result demonstrates that ''Be is a worthy calibration source when it can be produced and

used easily.

T AL A B T 3
o ]
107 o) < E
- N .
~ ~— -
6 o) o ™
0 S o M '
[7e1 wl uJ 0
10° £ o 2 ilb e
NSRRI Py & l
104 . _}x_ E
o 03
o ol o
p— 5 v Q . '(D
g 1 B S I A o
o (@) 0] % (o) H w o
=R S BN S 0 TN (e N ¥
@ 3
= 10
Z
=
=
S
10*
10°
10°
10" e L
0 500 1000 1500 2000 2500
2500 3000 3500 4000 4500 5000
5000 5500 6000 6500 7000 7500

Channel Number
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5.13 Measurement of Sputtering Yields by 14.9 MeV Neutrons

B.J. Ye*, Y. Kasugai and Y. Ikeda
(E-mail: bjye @fnshp.tokai.jaeri.go.jp)

With the application of intense neutron fluxes in science, technology and power
generation, the effects of high energy neutron bombardment become important, not only in the
bulk material, but also at the surface. One of these surface effects is neutron sputtering, i.e., the
removal of atoms (or clusters and microsize particles) from the bombarded surfaces.
Unfortunately, neutron sputtering yields are still poorly investigated, mainly because the
neutron fluences available are a factor of 10-100 lower. Experimental data for the neutron
sputtering yield are very scarce and contradictory. Different measurements on Nb, for example,

had resulted in widely scattered sputtering yieldsl'3)

and had large difference with the results
predicted by theory4). Usually, the experimental data were much higher than theoretical
predictionss). The highest reported sputtering ratios have been associated with the observation
of micron sized "chunks"” of target material. If the higher sputtering ratios were correct, neutron
sputtering would be a critical issue for fusion reactors.

An experimental study on the systematics of sputtering yields by 14.9 MeV neutrons
has been carried out at the FNS facility. Sputtering yields (S,) have been measured by
subjecting a target material with collectors on each side to a given neutron fluence. The present
measurement was performed in the air, which was the same as the method used by Y. Ikeda in
1992%. This method needed to measure the change of the activity at the collector with the
distance between the target and the collector foils. In present measurement, the distances of
0.2, 0.5, 1.0, 2.0, 3.0 and 5.0 mm from the target to the collector were used to deduce the
function of S, varing with the distance. The thickness of the sample foils was from 0.02 mm to
0.25 mm. The size of sample was 25 x 25 mm?. The plastic film of 0.013 mm in thickness and
20 mm in diameter was used as the collector foil. The samples were irradiated by D-T 14.9 MeV
neutrons. The activities of all the samples and collectors were measured by using four Ge
detectors. Because the activity of the collector was very weak, especially for high Z target, the
activities of the collectors for some samples were only measured in two or three distances.
From data obtained for different distances we deduced the S, value at 0 mm distance. Figure
5.13.1 shows a typical example for deducing the S, from data for aluminium. The

sputtering yields for sixteen kinds of materials ( aluminium, magnesium, scandium, titanium,

*A visiting scientist from the University of Science and Technology of China by STA

exchange scientists program.
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vanadium, iron, cobalt, nickel, zirconium, niobium, palladium, silver, cadmium, indium,
rhenium and gold ) have been measured in this method.

In order to deduce the systematics of the sputtering yields, S;s were reduced
by corresponding cross section values. We denoted the reduced sputtering yield as RS,. We
have

5, =—r (D

"~ o(barn)

All data have been classified according to the type of (n, 2n), (n, &) and (n, p) reactions and are
plotted in Fig. 5.13.2 with respect to the atomic number (Z) of target materials. It was found
that RS s present a strong correlation with Z. RS s decrease with increase of Z. A power

function
RS, =aZ", ()

can describe this process very well, where a and b are fitting parameters. The data of eleven,
six and seven reactions for (n, 2n), (n, &) and (n, p), respectively, have been measured to fit
the parameters. The ratios of the experimental RS to the systematic one are plotted in Fig.
5.13.3. It shows for most of reactions the deviation of RS, between experimental values and
systematic results is within the range of 20 %. Only for the °Co(n,0)°®Mn reaction the
experimental RS is 40 % larger than the systematic one.

In the present work, the neutron sputtering yields for eighteen reactions were given in the
first time. We have also measured the backward sputtering yields which are a factor of 5 to

180 lower than the forward sputtering yields depending on materials and reactions.
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6. Radiation Shielding

A series of shielding experiments have been continued for polyethylene slabs by using 40-
and 65-MeV quasi-monoenergetic neutron sources equipped at the 90-MeV AVF cyclotron
TIARA facility as a Universities-JAERI cooperative project research programme. Measured
neutron energy spectra were compared with results of Monte Carlo calculation using MORSE-
CG code and DLC multigroup cross section library. The agreement was generally satisfactory,
although, calculated spectrum was about twice as high as measured one in the most thick case.
Dose equivalents were also evaluated at various thickness.

Benchmark calculations based on the accelerator shielding experiments on concrete and
iron slabs using the same quasi-monoenergetic neutron sources were compiled. Comparisons
were shown between the calculations with MORSE-CG, MCNP4A and a modified version of
HETC-KFA2 codes. Disagreements were mostly within several tens percents except the 100
cm thick concrete(C/E:3) and 70 cm thick iron(C/E:2 to 10) cases by the modified HETC .

The ‘proton fluence’-to-‘effective dose equivalent’ conversion factors for proton
energies from 20 MeV to 10 GeV were calculated with the HERMES code system for anterior-
posterior and posterior-anterior geometries of an adult hermaphroditic anthropomorphic
phantom. The results were compared with the effective dose and the effective absorbed dose.
Dose equivalents of testes and ovaries behind 10 and 30 cm thick iron slabs irradiated with
protons are evaluated on the way of the above calculation. The contributions of neutrons and

secondary protons were investigated.
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6.1 Measurements and Calculations of Neutron Energy Spectra behind
Polyethylene Shields Bombarded by 40- and 65-MeV Quasi-monoenergetic

Neutrons

H. Nakashima, N. Nakao', M. Nakao’, Su. Tanaka, Y. Sakamoto, Y. Nakane, Sh.
Tanaka and T. Nakamura®
(E-mail : nakasima@shield2.tokai.jaeri.go.jp)

A series of shielding experiments has been carried out for concrete and iron by using
40- and 65-MeV quasi-monoenergetic neutron sources constructed at the 90-MeV AVF
cyclotron TIARA facility of JAERI as a Universities-JAERI co-operative project research
programme. In the present work following the shielding experiments, we measured the
energy spectra of neutrons behind polyethylene shields up to 183 cm thickness using the same
quasi-monoenergetic neutron sources, because polyethylene shield, of which large content of
hydrogen attenuate neutrons of 10-keV- to 1-MeV effectively, is often used by combined with
the iron shield.

The cross sectional view of the experimental setup is shown in Fig. 6.1.1. The
118.5-cm x 118.0-cm-wide and 30.5-cm-thick polyethylene slabs were assembled to the
thickness from 30.5- to 183.0-cm.  Neutron energy spectra above a few MeV were measured
with a 12.7-cm-diam. by 12.7-cm-long cylindrical organic liquid scintillator, BCSO1A, and
neutron spectra down to thermal energy with a multi-moderator spectrometer (Bonner ball)
which was a 5.08-cm-diam. spherical *He proportional counter (10 atm) surrounded by four
spherical polyethylene moderators of various thickness, 1.5-, 3.0-, 5.0- and 9.0-cm. The
neutron energy spectra were obtained from the measured pulse-height distributions using the
FERDOU unfolding code and the measured response matrix, and using the SAND-2 unfolding
code and the cited response functions, respectively. The initial guess spectra for this
unfolding were obtained from the Monte Carlo calculations described later. The Bonner ball
detector gives the spectra over the entire energy range from thermal to the source peak energy,
and the BCSO1A detector gives the spectra above a few MeV.

For the analysis of the measurement, Monte Carlo calculations were performed with the
MORSE-CG code and the DLCI19 multi-group cross section library. The DLCI19 has an

1 Tanashi Branch, Radiation Safety office, Radiation Science Center, High Energy Accelerator
Research Organization, Midori-cho 3-2-1, Tanashi, Tokyo 188, Japan

2 Cyclotron and Radioisotope Center, Tohoku University, Aoba, Aramaki, Aoba-ku, Sendai
980, Japan
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neutron energy structure of 66 groups between thermal and 400-MeV with a P, Legendre
€Xpansion.

The measured and calculated neutron energy spectra on the beam axis behind
polyethylene shields of various thicknesses are compared in Figs. 6.1.2 and 6.1.3 for 43- and
68-MeV p-Li neutron sources, respectively. These show a general tendency that the MORSE
calculation gives results rather in good agreement with the measured results. By looking in
detail, the calculated spectra are in good agreement with the BC501A spectra above a few MeV
for thinner polyethylene shield but become higher with the shield thickness. Comparison of
the fluxes integrated in the peak and continuum energy regions between the calculations and
measurements shows that the discrepancy increases with the shield thickness and the value
reaches to about a factor of 2.

As for the neutron spectra off the beam axis, the calculations tend to underestimate the
measured peak fluxes behind 30.5 cm thick polyethylene shield for 43-MeV, while they
slightly overestimate on the beam axis. ~ As already pointed out in the iron experiment, angular
distributions of elastic scattering cross section given by the Legendre expansion coefficients in
the calculation have some problems.

Dose equivalents were also estimated by folding the measured and calculated neutron
energy spectra with the neutron-flux-to-dose-equivalent conversion factor cited from ICRP21
publication.  Neutrons above 10 MeV which occupy around 90 % of total flux have dominant
contribution to dose equivalents.  The ratios of calculated to experimental values are therefore

similar to those of peak neutron fluxes, and are between 1.07 and 2.06.
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Fig. 6.1.1 Cross sectional view of the experimental arrangement at TIARA facility.
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6.2 Intercomparisons of Benchmark Calculations for the Transmission of 40- and 65-

MeV Quasi-monoenergetic Neutrons through Iron and Concrete Shields

Y. Nakane, H. Nakashima, N. Nakao™ and K. Ueki”
(E-mail: nakane @shield2.tokai.jaeri.go.jp)

To evaluate calculation codes and the nuclear data for neutrons around several tens
MeV, intercomparisons of benchmark calculations with MORSE-CG (MORSE), MCNP4A
(MCNP) and modified version of HETC-KFA2 (modified HETC) codes were carried out for
the transmission of 40- and 65-MeV quasi-monoenergetic neutrons through iron and concrete
shields.

Figure 6.2.1 shows the cross sectional view of the facility with the experimental
arrangement'”.  Quasi-monoenergetic source neutrons of 40 and 65 MeV which were
generated in 'Li-targets bombarded with 43- and 68-MeV protons reached the experimental
room through an iron collimator embedded in the concrete wall. An iron test shield of 10 to
130 cm thickness was assembled on a movable stand with 10 cm thick iron slabs of 120 cm
x 120 cm rectangular surface. A concrete test shield of 25 to 200 cm thickness was also
assembled on the movable stand with 120 x 120 x 25 cm slabs. To measure the neutron
energy spectra, a 12.7 cm diameter x 12.7 cm long BCS01A liquid scintillation detector was
placed behind the test shields.

The neutron spectra behind the concrete and iron shields were calculated with the
MORSE using the DLC-119/HILO86” and HILO86R* multigroup cross-section data sets,
respectively. The neutron spectra behind the shields were also calculated for the 65-MeV
source neutron with the MCNP using the DLC-119/HILO86 multigroup cross-section data set.
The calculations in the energy region above 20 MeV with the modified HETC were made”
using the total and elastic scattering cross sections obtained from the data due to Pearlstein’s
systematics”. In all calculations, measured spectra of source neutrons were used as the source
spectra, and source neutrons were assumed to be emitted uniformly in a sharp cone of 5.94
x 10 steradian considering the geometry of the collimator. In the MORSE calculation, the

next event track length estimators having the same size as that of the detector were placed

" High Energy Accelerator Research Organization (KEK), Tanashi, Tokyo
" Ship Research Institute, Mitaka, Tokyo
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at the detector positions to estimate the flux in the detector. For the cases of concrete shields
thicker than 150 cm and itron shields thicker than 100 cm, the exponential transform method
was used to reduce the fractional standard deviation. In the MCNP calculation, the track
length estimators were used to consider the detector shape. Both the concrete and tron shields
were divided in thin slab cells of 2.5 cm thickness, and the energy dependent weight window
bounds were assigned in each cell. In the modified HETC calculation, the track length
estimators were used.

Calculated results were compared with the measured ones. For the concrete shield,
the neutron fluxes of the peak region for the 40-MeV source neutron calculated with the
MORSE agreed with the measured ones within 26% for all the cases of shield thickness,
while those of the continuum region were more than twice higher than the measured ones for
the 150 cm thickness. For the 65-MeV source neutron, the fluxes of both the peak and
continuum regions calculated with the MORSE agreed with those measured within 24% for
all shield thickness. The fluxes of both the peak and continuum regions calculated with the
MCNP for the 65-MeV source neutron agreed with those measured within 22% for all shield
thickness. The flux calculated with the modified HETC for both the 40- and 65-MeV source
neutrons agreed with measured ones within 30% for the 25 cm thickness, though the spectra
for the 100 cm thickness were more than three times higher than measured ones as shown in
Figure 6.2.2.

For the iron shield, the fluxes of both the peak and continuum regions for the 40-MeV
source neutron by the MORSE calculation agreed with the measured ones within 33% for all
shield thickness except for the 70 cm thickness and the continuum region. The fluxes of both
the peak and continuum regions for the 65-MeV source neutron by the MORSE calculation
agreed with the measured ones within 50% for all shield thickness except for the 130 cm
thickness. The large disagreement for the 130 cm thickness was caused by the poor statistics
of the calculations, in spite of using the exponential transform method. The fluxes calculated
with the MCNP for the 65-MeV source neutron agreed with those measured within 30% for
the 20 and 40 cm thickness, though the calculated flux of the continuum region for 100 cm
thickness was about twice higher than the measured ones as shown in Figure 6.2.3. The
results of the modified HETC for both the 40- and 65-MeV source neutrons agreed with
measured ones within 35% for the 20 cm thickness, although the flux for the 70 cm thickness
and the 65-MeV source neutron was about twice higher than the measured one, and that for

the 40-MeV source neutron was about ten times higher than the measured one.
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63 Evaluation of Fluence to Dose Equivalent Conversion Factors of High Energy
Radiations (V) - Effective Dose Equivalent of Protons Higher than 20 MeV and
Dose Equivalent of Their Secondary Radiation behind Iron Shield -

Y. Sakamoto. S. Iwai * . T. Uchara ™ O. Sato " . N. Yoshizawa "~ .
S. Furihata *° and S. Takagi *°

(E-mail: sakamoto(eshicld2.tokai.jacri.go.jp)

Along with the incrcasc of high intensity accclerator facilitics, the cvaluation of
cffective dosc cquivalent of high cnergy radiations has come up to an important problem
from thc view point of radiation protection. The "proton flucnce”-to-"cffective dosc
cquivalent” conversion factors has been cvaluated in succession to those of ncutrons and
photons.  The cffective dose equivalent (H r ) and the effective absorbed dose (D k) arc
defined respectively as the weighted sum of the dose equivalent and the absorbed dose (D )

of twelve specified organs and a remainder consisting of ten organs as follows,

He =X Wr 60 ZQ5 D, (1)
r ;

De =X W60 D, 2)
-

Dr=2X Dijr. (3

where W r. so0 is the appropriate tissuc weighting factor defined in the ICRP60O Y0 s
the mecan quality factor of the j—th charged particle or recoiled nuclei in water medium and
D jr is the average absorbed dosc in the T-th organ by the j-th charged particle or
rccoiled nuclei.  On the other hand, the cffective dosc (E) is defined in the ICRP60 as the
weighted sum of the cquivalent dosc of organs (H 1) as follows,

E::_W'r.so Hr =X W60 Wk D7, (4)

; -
where H r is defined as the average organ—absorbed-dose (D + ) multiplicd by a radiation
weighting factor (W « ).

The “proton fluence” —to-"effcctive dose cquivalent” conversion factors at 14 proton
cnergics from 20 McV to 10 GeV have been calculated with the HERMES code system 2

for AP (antcrior—postcrior: uniform parallel beam from the front side of the body to the rear

Mitsubishi Heavy Industics, Ltd.

** Mitsubishi Rescarch Institute, Inc.
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side) and PA (posterior-anterior: uniform parallel beam from the rear side to the front side)

» Figure 6.3.1

geometrics using an adult hermaphroditic anthropomorphic phantom *
shows D e, He and E for the unit fluence of protons from 20 McV to 10 GeV. There is
no maximum point of the absorbed dose of proton having the energy above 200 McV
within the phantom becausc of long proton range. The difference of each doses for the AP
and PA geometrics is small. The magnitude of E obtained by using thc valuc Wk =5
adopted in the ICRP60 is two and a half times as large as that of H . The average quality
factor (H & /D &) of protons is less than 2 for both AP and PA gcometries.

Figure 6.3.2 shows the cnergy spectra of radiations bchind 30 ecm thick iron slab
irradiated by 0.1, 1 and 10 GeV protons. Above 1 GeV, incident protons can penctratc 3()
cm thick iron, and pions and muons are produced. As the intensity of pions is below a half
of that of neutrons, the contribution of pions and muons whose dosc conversion factors arc
same order of those of neutrons and protons ®* | is smaller than the contribution of ncutrons
and protons to total dosc cquivalent. Dominant radiations behind iron slab arc ncutrons and
secondary protons. The dose equivalents of thc testes and ovaries behind 10 and 30 cm
thick iron slabs irradiated by protons with 3 different energies are shown in Fig.6.3.3. The
differcnce of dose cquivalents between tetes and ovarics is small in the case of ncutrons, but
is very large in the case of protons because the ovaries arc located in the center of body and
lower energy protons cannot reach them. The increase of iron thickness brings the increcasc

of contribution of dose cquivalent by neutrons to total dosc cquivalent.
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7. Reactor and Nuclear Instrumentation

In R&D works of reactor and reactor-relevant instrumentation, efforts were made to
develop an advanced neutron detector for future reactors and methods for nondestructive
detection of defects in aged reactor components. The advanced neutron detector is of a
position sensitive fission counter by which fast neutrons are aimed to be detected for the
accurate measurement of reactor core power distributions. Thence the adoption of *>Th as a
fast-neutron sensitive fissionable material and Ar-N, mixed gas as ionization gas was studied.
Computer simulation calculation presented pulse height distributions of neutron signals to be
produced in the detector. Since nondestructive detection of defects and flaws in reactor
components is very important and still advanced techniques are needed in this field, a method
of detecting positions of magnetic dipoles was explored and a new device was proposed. The
device is a magnetic flux sensor that is surrounded by superconducting and ferromagnetic
cylinders. This constitution brings about the directional sensitivity to detect magnetic dipoles
of only one direction and thus better spatial resolution in detection of neighboring two dipoles.
Also a new eddy-current-testing (ECT) probe was invented, and experiments were carried out
to detect flaws and defects in a metal plate by it. Because the probe has exciting coils of
parallerogrammic shape, it has no blind spot in detection of both vertical and horizontal flaws.
Another topic is R & D of nondestructive measurement to assess « -radioactivity in TRU
wastes. During the period under review, main efforts were concentrated on optimization of a
neutron detection system for active assay. Here the neutron detection efficiency was
investigated as a function of the number of neutron detectors in a “detector bank™ and its
position and also of the number of detector bank. This study showed that our present system
built in the NUCEF (the Nuclear Fuel Cycle Engineering Research Facility) is of
approximately optimal design. As concerns advanced radiation detectors, a dedicate
electronic system was developed to amplify signals from a pop-top type Ge detector and
control a threefold Stirling refrigerator for cooling the detector. Development of synthetic-
diamond radiation detectors progressed also. Wave forms of output signals from a charge
sensitive pre-amplifier connected with the detector were investigated to study the electron

trapping-detrapping effect and the Hall mobility.
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7.1 Analysis on Signals from Synthetic Diamond Radiation Detectors

J. Kaneko, M. Katagiri and Y. Ikeda
(E-mail : kin@fnshp.tokai.jaeri.go.jp)

A diamond radiation detector has excellent features of high radiation resistance, high
temperature operation, high chemical resistance, tissue-equivalent, etc. Recently it has been
available to get high purity synthetic type IIa diamond single crystals made by a high pressure
and a high temperature process. The authors reported the first stage of development for a
diamond radiation detector using such a synthetic type Ila diamond single crystal in the
referencel). Although the detector showed a high energy resolution of 0.81% for 5.486 MeV
alpha particles, a problem of a polarization effect resulting in limitation on a counting rate
remained to be solved. Therefore, it is strongly required to understand behavior of charge
carriers in the diamond crystal for improving the performance of diamond radiation detectors.
Then signals from diamond detectors can be analyzed in detail.

Data of diamond radiation detectors used in this research were summarized in a Table
7.1.1. All these detectors are made of high purity type Ila diamond single crystals, and have a
simple metal - diamond - metal structure. The properties of these detectors were measured
mainly by means of 5.486 MeV alpha particles from an 24! Am radioactive source. A charge
sensitive preamplifier was connected to an entrance window of a diamond detector. As shown
in the Table 7.1.1, these detectors showed roughly 1% energy resolution constantly. However,
these detectors have a severe problem on a low level limit of counting rates due to polarization
effect. In general, this problem can be improved by a special contact made by an ion
implantation technique. However, sometimes a contact made by an ion implantation technique
has a property of rectification. On this research, behavior of charge carriers, i.e., electrons and

holes, should be measured in the same electrical condition except bias polarities, so both ohmic

Table 7. 1. 1 Diamond Radiation Detectors used in this research

Detector Number Crystal Thickness Contact Type Energy Resolution
(5.486MeV alpha)

Type Ila #1 super 0.3mm Pt - Pt 09 %

Type I1a #7 0.1mm Pt - Pt 1.2 %

Type Ila #8 0.3mm Al - Ti/Pt 09 %
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Fig. 7.1.2 Leading edge of a signal from

the charge sensitive preamplifier
and a thin detector, 1. e., the
detector #7

contacts were suitable. At low counting rates, it is possible to neglect the influence of

polarization effect.

Fig. 7.1.1 shows typical leading edges of signals from a charge sensitive preamplifier

and a type Ila diamond radiation detector. In this measurement, the entrance window was

biased in positive. The 5.486 MeV alpha particles stopped near the entrance window; a range of

a 5.486 MeV alpha particl in a diamond crystal is 13 to 17 micro meters. So the rises of these

signals were mainly due to the motion of holes. As reported in the referencel), there are fast

and slow components caused by trapping and detrapping effect in the signal from the diamond

detector of 0.3mm thickness. When bias voltage was increased, the pulse height of the fast

components increased. It means that velocity of
holes increased, and then holes traversed long
distance than a measurement condition that lower
bias voltage was supplied until getting trapping.
Fig. 7.1.2 shows a leading edge of a
signal from a thin detector, i.e., the detector #7.
In this measurement, charge carriers needed to
traverse only O0.Imm. Moreover, high bias
voltage, 45kV/cm, was supplied. Therefore, the
large part of charge carriers arrived to the
contacts without getting any trapping. Although
there is a spike at the leading edge caused by
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insufficiency of electrical circuit regulation, it
has very fast rise time less than 20 ns.

Fig. 7.1.3 is a comparison between
signals biased in positive and negative. There are
completely same conditions except bias polarity
on these measurements. There are only fast
components in the leading edge of both signals;
Although signals which had maximum pulse
heights were chosen, there are big differences in
the pulse heights. From this results, it is
obvious that trappings occurred on electrons,
and these charge carriers could not be set free in
this time scale again.

Fig. 7.1.4 a) and b) show 5.486 MeV
alpha spectra obtained by the same circuit
condition and bias voltage except bias polarities
and measurement times. It was expected easily
from Fig. 7.1.3 that there is big difference in the
peak channels in Fig. 7.1.4 a) and b). From

these result, it can be said that trapping on
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Fig. 7. 1.4 5.486 MeV alpha spectra obtained

by the detector #7 with positive
and negative bias conditions

electrons occurred even a detector which is very thin and biased in high electrical field, 33

kV/cm. Because, if there is a no capture, the peaks of 5.486 MeV alpha particles should be the

same channels.

The most important problem on this development is captures of electrons in diamond

crystals. Though diamond crystals used were very high purity crystals, the captures of

electrons occur extremely. Maybe, these captures caused by nitrogen impurities which is

assumed to be about 1ppm. If it is possible to reduce the impurities in diamond during a crystal

growth, it is expected to solve this problem.
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7.2 Calculational Study of Output Signal Pulses from Fission Counters

for Detecting Fast Neutrons

H. Yamagishi and K. Ara

Pulse height distributions (PHDs)
of output signals fom fission counters
were studied for development of a fast-
neutron-fission-counter (FNFC) that can
be used for reactor power distribution
monitoring. Figure 7.2.1 shows a
schematic diagram to explain a
fundamental operation configuration of
the FNFC. In this study, electrodes
(Anode and Cathode) of the FNFC are
constructed with a shape of parallel plates.
As a sensitive material to fast neutrons,
thorium (3*?Th) is coated with a thin
thickness on the surface of electrodes. The
fission cross section of 232Th depending on
neutron energy is shown in Figure 7.2.2.
Generally, the electrode gap is of a few
millimeters (mm). As ionizing gas,
mixture gas of (Ar+N>) is filled with a
pressure of several atmospheres (atm) in
the counter vessel. In this study, electric
charges of the FNFC outputs that were
generated by detecting fast neutrons were
calculated to investigate the PHDs.

Figure 7.2.3 shows the schematic
diagram of calculation model for the case
that a fission occurs in the cathode. Two
fission fragments (FFs) produced in **Th
of the electrode fly to opposite direction,
respectively: the probability of FF flight is
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|
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Fig. 7.2.1 Principle of Fission Counter
for Fast Neutrons
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uniform in all directions. The FF flies into the electrode gap and ionizes the gas. The FNFC

provides a signal pulse with a small electric charge by one fission. The stopping power (dE/dx)
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of materials to a heavy ion such as a FF is given by Eq. (7.2.1) which is an experimental
equation proposed by Bridwell and Moak!. 2.

() o] 2252 BT

Here T is an energy (MeV) of a heavy ion; A and Z,, mass and atomic number of the heavy ion,

and, A; and Z,, mass and atomic number of a material (Thorium, Argon or Nitrogen). Hence the

stopping power (dE/dx)..x of a mixture of material elements is given by Eq. (7.2.2);

() ey o) =

where ®; is the weight percentage of i element; (dE/dx);, the stopping power of i element.

In case the fission occurs in the Th-coating of cathode and either FF finally reaches the
anode (B-area) as shown in Figure 7.2.3, track lengths of the FF in the Th-coating and in the gas
are given by Eq. (7.2.3) and (7.2.4), respectively;

L, = % 723) Ly | dg —(72.4)
L R tanﬂﬂ —(7.2.3) - taneﬂ -
In @ - sinj tan ing- sm tan
[ (sing )] s1n<p)J
1|—dl+dg1 [ di+dg] i de+dg ] 1[dy+dg ]
S ey e v N e yJ<(p Sm-tan ]

where L, the track length in Th-coating; L, the track length in gas; d,, the depth from the surface
of electrode where fission occurs; dg, the electrode gap; and, @ and 0, angles of the flight
direction in the electrode gap.

In case that the FF flies from A-area to C, D, E or F-area, each track length can be
deduced by the same way as that in the above case of B-area. The energy of FF decreases with
flying through the Th-coating and the ionizing gas. The FF ionizes the gas and produces an
electric pulse in the FNFC. The value of electric charge (Py,) that quantfies the pulse height of
signal output from the FNFC is calculated by Eq. (7.2.5);

e&
Ph(xz,@,e)=wij (95) i — (7.2.5)
gJ0

dx

where ¢, is the flight distance (pgl; kg/m?) of FF in ionizing gas; (dE/dx)g, the stopping power
of mixture ionizing gas; and, w,, w-value. The p, is the density of ionizing gas. A PHD is
constituted with pulses that are generated by the FFs produced at every position: x=0 ~ a, y=0 ~
b, di=0 ~ maximum thickness of 232Th, in the cathode and the anode.

The PHDs were calculated with following conditions: a=10mm, b=10mm, electrode
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gap=1mm, thickness of Th coating=1, 2,
3,
2as=95%Ar+N,, gas pressure=5 atm, w-
value of mixture gas=26.4 MeV.
Adopted physical constants of the FFs
are as follows: the light FF (energy
TL=97 MeV, AL 1=95, Z11=38), the
heavy FF (Ty=65 MeV, Ay =139,
ZH)=54).

Figure 7.2.4 shows the calculated
results for various thicknesses of the Th-

4 and Smg/cm2?, ionizing

coating. The calculated results are of
signal pulses due to fast neutrons; they do
not contain the contribution of pulses due
to alpha-rays. The calculated results
show that the pulse heights (P,) of the
most frequent pulses in the PHDs

decrease with the increase of Th-coating

thickness. In the case of a Th-thickness of 1mg/cm2, the P, is of 0.92x10'*C. Each P, of FNFCs
with Th-thickness of 2, 3, 4 and Smg/cm2 s of 0.84x10°1*C, 0.84x103 C, 0.68x10''* C and

0.60x10°'* C, respectively.

Though this study, we found that the FNFC having Th-coating and ionizing gas of
(95% Ar+5%N,) of pressure Satm, is able to detect fast neutrons of the energy above 1MeV. In

case that the Th-coating thickness is less than 3mg/cm?, the FNFC can provide a performance of

high of signal-to-noise ratio.
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7.3  Experiments for Selective Detection of Magnetic Dipoles Using Superconducting
and Ferromagnetic Cylinders

K. Sakasai and K. Ara
(E-mail: sakasai(@stsp2a0.tokai.jaeri.go.jp)

Noninvasive techniques are essentially important in measuring magnetic fields
produced by ionic currents accompanied with electrical activities of various human tissues.
The same situation occurs in non-destructive testing of metallic substance. The authors have
introduced a selective detection system for magnetic dipoles using superconducting and
ferromagnetic cylinders for non-destructive testing of metallic substance'™”. After the

D

effectiveness of the system was confirmed by the magnetic field analysis™’, experiments

were conducted.
Figure 7.3.1 shows a experimental setup, where a high-T, Bi-Sr-Ca-Cu-O based
superconducting cylinder and a iron one

are adopted. The superconducting cylinder 2.9 mm

- ————

is made by depositing a superconductin
y aep g P g Magnetic sensor ~ _2:2Mm z
layer on the surface of a silver cylinder. |

The thickness of the layer is about 0.2 mm. X

The critical temperature and critical
iron cylinder

current density of the cylinder are around
90 K and 800 A/cm’ respectively. The
SC cylinder
was developed for low temperature use

and has a sensitivity of 4.26 V/G at 77K.

1
1
|
|
[}
I
]
]
1
magnetometer used in the experiments 60 mMm '
1
1
1
!
1
]
1
[ 4

It has a good linearity in a magnetic field Small
magnet

range between -2 G and +2 G. The outside

diameter and the sensitive length of the

magnetometer are about Imm and 20 mm, 0
respectively. In the experiments, the Fig. 7.3.1 Experimental setup
system was directly immersed in liquid
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nitrogen and the z-component of
the magnetic fields was measured
as a function of positions of a
small magnet that equivalently
works as a magnetic dipole.

The experimental results
are shown in Fig.7.3.2, where the
measured magnetic fields are
normalized to the respective peak
values. The curve of the case
with superconducting and iron
cylinders has a more sharp peak
than that of the case without
cylinders. When we define the
spatial resolution of the sensor as
the full width of the curve at a
half value of the measured peak,
the spatial resolution  with
superconducting  and iron
cylinders and without cylinders
are 384 cm and 5.82 cm,
respectively. This means that the
spatial resolution of the system is
improved by using super-
conducting and iron cylinders.

The improved spatial
resolution suggests that better
positioning of dipoles will be
possible with the system. This is

very clear when magnetic fields
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caused by two parallel dipoles are tried to be detected. Figure 7.3.3 shows the results of
magnetic field detection by the system in case that 40 mm-distant two parallel dipoles are
exist. In the figure, two arrows show the positions and directions of the dipoles. As seen in
the figure, two clear peaks can be detected in case with cylinders but only one peak without
cylinders. Here, the positions of peaks are clearly corresponding to those of two dipoles,
showing better positioning of the dipoles by the system.

In conclusion, the system proposed by authors for selective detection of magnetic
dipoles was proved to be very effective, and it could be useful for nondestructive detection of

flaws in metallic components and structures.
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7.4  Development of an ECT Probe Having Exciting Coils of Parallerogrammic Shape

N. Ebine*, S. Takeuchi** and K. Ara
(E-mail: ebine@popsvr.tokai.jaeri.go.jp)

Steam generator (SG) tubes in PWR power plants have been inspected with the eddy
current test (ECT) method during in-service inspection periods, and ECT probes of bobbin
coil type have been widely used. This type of probe has, however, a poor detection sensitivity
to circumferential flaws since flows of eddy currents is limited only to the circumferential
direction in the SG tube. Hence the authors proposed an ECT method to detect efficiently the
magnetic flux component only distorted by flaws, and its effectiveness was proved by basic
experiments'’. Based on the experimental results, a new type of ECT probe was invented. The
probe consists of exciting coils having a parallerogrammic shape and an array of differential
coils for detection of magnetic flux distorted by flaws. This probe structure aims to
eliminate

inherent blind spots where the probe misses

22 mm

the detection of flaws. A fundamental

structure of the probe was then

fabricated in trial, and flaw detection ___ON
tests by it were conducted. The results are /I
resented in this paper o / S AN
p paper. (/V ’ | 53m| Scaming
Figure 7.4.1 shows a fundamental 0 mm g @ AL [Jd”e‘:tw”
L -
structure of the proposed new ECT probe. ’j
B © R Flaw
The elemental unit of detection coil is a @t A
V]
single differential coil that is wound on a [ ® Ao °
pair of Permalloy wires of 0.2 mm in
O~
diameter. The number of tumns of each coil ) Parallelogram
Differential

magnetic flux exciting coils

in the unit 1s 75. The coil wire is of pick-up coils

enameled Cu of 0.05 mm in diameter. Four

units are set in the two positions of 3 mm

inside from the front and end (right and left Fig. 741 A parallerogrammic ECT

* Department of Reactor Safety Research, JAERI. ** MTI Co., Ltd.
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in the figure) edges of the exciting coil (parallelogrammic) to the scanning direction. Three
units are in the oblique area between the two parallelogrammic coils. All units are
connected in a series to compose the detection coil as a whole.

The probe is assembled so that blind spots of the differential coil group on the left
side can be covered by active areas of the right side one during a course of scanning. Even if
a flaw passes through a blind spot of one group, it could be detected by other group. In the
area between the two parallelogrammic coils, an oblique distribution of magnetic flux and
thus an oblique flow of eddy currents are induced. These are very effective for detection of
both the vertical and horizontal slit flaws.

Examples of the experimental results of flaw detection by the probe are shown in Fig.
7.4.2, where the results for both vertical and horizontal flaws of 5 mm long, 0.4 mm wide
and 0.15 mm deep are shown. The induced voltage clearly increases at the points where
detection coils are located.

These results clearly show that the probe can detect both the vertical and horizontal
flaws without missing at any position of the area covered by the probe coils. Any of blind
spots cannot be found in obtained results: namely the flaw can be detected at least once by
one of three detection coils located in the vicinity of three different coil edges.

When signal forms shown in Figs. 7.4.2(a) and (b) are compared, mountain and valley

0 0
5 3 = 5 —
A e —
‘/\\ [e— P ——— _2 l’IV:
10— 20V = 10 % =
—~ V g — =
E 15 ‘/ "t ~ 15 / N—
S Wi /K 8 0 =
T 25 N7 ¥ =)
> /f¥ - ‘.
30 =/ N 30 x
= £
fypmm Xt
35 35
40 = " . - -
(a) 0O 10 20 30 40 50 60 70 80 SO0 100 (b) 0 10 20 30 40 50 60 70 80 90 100
X-direction (mm) X-direction {mm)

Fig. 7.4.2 Detection results; (a) a holizontal flaw and (b) a vertical flaw.
(a slit of Smm long, 0.4mm wide and 0.15mm deep)
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peaks in terms of output signal amplitude are sharp in case of the horizontal flaw and smooth
in case of the vertical flaw. These differences in signal form could give important
information about the flaw direction and shape identification.

The results of the output voltage for the inner and outer hole with various depths are
shown in Fig. 7.4.3. These plots are of the peak values of the output voltage when the flaw
passes at the position of Y=15 mm. The reason why the detection voltage of the inner hole
at a excitation frequency of 200 kHz becomes saturated at the depth of about 0.2 mm is due
to the magnetic-field penetration-depth of about 0.22 mm for aluminum at this frequency. In
case of the outer surface flaw, the output voltage becomes small, but detection of an outer

hole of 1.0 mm in diameter and of 15% (0.15 mm) in hole depth is possible.

0.5

Inner hole

Quter hole
Z o5 | 1=05App g 04 | 1=054pp
> f = 200 kHz = O t-20k
> 20t 3 oal[=—¢=15m
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Z 10t _ ]
2 3 01}
3 05} g o
3 00 : : : © o ‘ ' - ‘
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(a) Hole depth / thickness (%) (b) Hale depth / thickness (%)

Fig. 74.3 Relation between detected voltages and flaw depths; (a) inner surface hole and

(b) outer surface hole

In conclusion, it is confirmed that the components of magnet flux distorted by flaws
can be detected thoroughly by the probe of parallelogrammic exciting coils and the array of
differential detection coils. There is no blind spot in the probe. Both the vertical and

horizontal flaws and even the small hole of 0.5 mm in diameter can be detected successfully.
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7.5 Optimization of the Active Neutron Detection System for High Sensitivity
Measurement

M. Haruyama, K. Ara and Y. Sugimoto
(E-mail haru@stsp2a0.tokai.jaeri.go.jp)

Obiecti
As a part of developing the technology of screening shallow land disposable TRU

wastes, we performed a feasibility study of increasing the detection sensitivity of TRU

nuclides assayed with the active neutron detection system already installed in NUCEF.

The study consists of two parts: verification of the reliability of the calculation
method for the evaluation of detection sensitivity by comparing with experiments, and
extended simulation calculations of the detection sensitivities for future candidate
modifications to the present detection system.

Verificat] f the Reliability of the Calculation Method

Figure 7.5.1 shows a plan of the present active neutron detection system installed in
NUCEF. The measurement cavity is of a rectangular parallel-pipe with 90 cm width, 90 cm
depth and 110 cm height and accommodates a 200/ waste drum. The cavity is surrounded with
a graphite wall of 30 cm thickness, a polyethylene Pulyethylons contained borun

Pure polynthyle

T

wall of 10 c¢m thickness and then a boron loaded

polyethylene wall of 10 c¢cm thickness toward the JRe— T

outer direction. Two pulsed neutron generator

Rotator of tes) specimen
i
Fissile material

heads are set vertically at two corners of the cavity.

A neutron detector bank containing fourteen *He

. | ‘
proportional  counters  surrounded by a e g

Door

polyethylene moderator and wrapped with a

Thermal seutron detector

cadmium shield is located along a vertical surface 751 Measurement geometry for detection efficiency

on active methods (plan cross section)

of the graphite wall.

Figure 7.5.2 shows the counts of *He counters in the detector bank by detecting fast
neutrons emitted from a fissile sample located at the center of the cavity as a function of
fissile weight of the sample. The fast neutrons detected come from the fissions induced by the
thermal neutron field formed with moderating the generator neutron pulses in the graphite
moderator wall. The detection sensitivity of the system was about 1.5x10° counts/mg Pu as
the slope of the linear relationship. The measurement time was 200 s at the generator pulse
repetition rate of 50 pulses per second. The total number of neutrons generated was about
1.49 x 10", It is attributed to the self-shielding of samples for thermal neutrons that the
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response is depressed than the linear relationship above 100 mg of fissile material. The figure

also shows MVP" calculation results corresponding to the experimental results. The detection

sensitivity was  calculated by @ vemsocooo e e e s

continuous energy Monte Carlo program
MVP with an MVP neutron cross-
section file mainly based on the JNDL

1. DOE +05

1. 0DE+04

Net Counts

L 00E403 ¢

file. The agreement between calculations

1 00E402

- ¢ - Musbers ol detecting neutron by calculation :
—&— Kumbers of detecting neutron by experiment

and experiments was satisfying.

The reliability of calculation e .

was ascertained through the comparisons
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between calculated and experimental Fissile seimnt(ap

. . . Fig7.5.2 Numbers of detection neutron versus 97 % Pu weight
results dCSCl’led in this and next (Ratio of calculation and measurement)}
paragraphs.

Effect of the Increase of the Number of Detector Banks

The system was designed to increase the number of detector banks up to four each
placing in front of four vertical faces of the cavity. Although the increase of detector banks
increases the neutron detection efficiency, it increases the absorption of thermal neutrons
according as the increase of detector banks in the cavity and lessens the number of fissions
arisen in the fissile sample. The overall detection sensiAtivity, which is determined as the
product of the fast neutron detection efficiency of the bank(s) and the conversion factor of
generator neutrons to thermal neutron fissions in the sample, does not increase so much as the
neutron detection efficiency. The experimental detection sensitivity of four banks is about 2.7
times larger than that of one bank, whereas the maximum sensitivity point is at one bank. The
effect of the decrease of the thermal neutron field is larger than that of the increase of the
detection efficiency. The MVP calculation reproduced well these effects.

Effect of the Increase of the Number of *He Counters

Fourteen *He counters are used in the present detector bank. There is a possibility to
change the number of *He counters without changing the size of cadmium sheath. The
detection efficiency of the detector bank for fission neutrons are calculated for changing the
number of counters between 6 and 24. The maximum point was at 20 and the efficiency was
about 5% larger than the present value.

Effect of the Increase of *He Gas Pressure

The gas pressure of the present *He counters is 4 atm. The increase of the pressure is
expected to increase the detection efficiency of the neutron detectors and then the detection
sensitivity of the system. The MVP calculation showed that the increase to 12 atm will

improve the detection sensitivity by about 25%.
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Effect of Graphite Additi L Banl

The thickness of graphite wall of the present system is 30 ¢cm and sufficiently thick
compared to ordinary active neutron systems. Nevertheless we can expect a larger sensitivity
with adding graphite around the detector bank. We examined this effect of adding graphite up
to 8 cm thickness around a detector bank with MVP calculations. The optimum thickness was
between 4 and 5 cm and the effect was about 16%.

Result

Table 7.5.1 summarizes the results of the extended simulation calculations. The
effects of calculation models @, @ and @ are not independent with each other and we can
not expect an multiplicative effect between them. The effect & is expected to be
multiplicative with other effects. We can expect an overall effect of about 31% between D
and @ and that of 45% between @ and .

Table7.5.1 Result of extended simulation calculations for improvement of sensitivities
of the active experiment apparatus

Calculation condition Range of effect
Model of simulation And (Ratio to original Best value notes
Range and parameters values)
® Improvement by o - Change of accelerator
i Straight array ..
the increase of the 0.75~1.05 20 detectors heads position
number of detectors ' ' 1.05 " Detector bank is change
6~~24 detectors . .
for insertion numbers
@ Improvement by Regi
he i prov H ’ 2.5cm¢ X 100cm L - q‘;g‘()nd) X 1o0emn L
t Zat 2.
f'SAmcrease e 1.00~1.25 ] gsm g cr: cm
illing gas pressure 4 atm~12 atm . o change
of the detector
® Improvement by . . Addition of Graphaite up
ddin hite at Graphite thickness about 10 8cm by geomels:
ing gra etric
adding grap 1.00~1.16 45 cm YE
around covered of condition
0~8 cm 1.16
the detector bank
@ Improvement by 14 detectors./ bank I bank
an
the increase number 1.00~0.35 1.00
of detector banks 1~ 4 banks '
Total improve rate against original occasion of 14 detectors 1.3t ® and @ satisfied
Total improve rate against original occasion of 14 detectors 1.45 @ and @ satisfied
References
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7.6  Development of Electronic Circuits for Electrically-cooled Ge Gamma-ray Detector

M. Katagiri, T. Senzaki, K. Kaneko, A. Birumachi, T. Kozawa and Y. Kobayashi
(E-mail : kata@stsp2a0.tokai.jaeri.go.jp)

A small maintenance-free Ge detector, which can be used without a dewar for keeping
liquid nitrogen, has been required for various gamma-ray spectroscopy applications. We have
developed small electrically-cooled Ge gamma-ray detectors using the Stirling refrigerator for
cooling the detector elementi»n. It is necessary to develop an exclusive electronics circuit for
efficient use of this Ge detector with portability. We, therefore, developed a small low-power-
consumption amplifier circuit and an AC power supply with a control circuit for cooling the
detector element.

A schematic diagram of the electronics circuits developed is illustrated in Fig.7.6.1. The
electronics circuit consists of a preamplifier, a main amplifier, a high voltage supply with a
filter, a temperature monitor circuit, a CPU for control, a DC-DC converter and a DC-AC power
supply. The circuit is designed to cooled down a Ge detector of 20% relative detection efficiency
with two Stirling refrigerators. The PWM(Pulse Width Modulation) method is employed to
convert DC 12V to AC 17V(50Hz) because the method has a high conversion efficiency of
75%. The circuit can be operated by a DC12V battery. The cooling down of the Ge detector and
the control of detector temperature are made by the CPU with monitoring the detector temperature.

The operation of refrigerators will be stopped when the temperature of their displacer becomes

» | Main amplifier with » To MCA
pulse shaping
High voltage
Filter for | [High voltage control signal
bias voltage supply circuit
Szn?:trﬁcmr P Iff?am e — AC voltage
plifier Two Stiling DC-ACpower supply control signal | CPU for
‘ ‘ Temperature
Temp. of Ge refrigerators |Temperature signals >
detector element > monitor circuit
( Ge gamma-ray detector with Two Stirling refrigerator)
DC-DC converter for - DC12V
electronics circuits ‘ -gwitch Power supply

Fig. 7.6.1 Schematic diagram of the electronics circuits for Electrically-cooled Ge detector
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over 60°C. The preamplifier and the main amplifier are composed of an AMPTEK A250 and

some low-noise operational amplifiers, respectively. A schematic diagram of the small and

low-power-consumption amplifiers developed is shown in Fig.7.6.2.

Charge sensitive

Shaping amplifier

amplifier
ORTEC .
-FET Main
output
— a0 AD82D> ADBAD w -0
% 2GQ
A A h
A I__ x10 x3-6 x4 Buffer
Ge detector 1PF ,
LAAASS Preamplifier
2k output
©

Shaping constant : 3usec
Gain: 100-200
BLR: 700Hz

Fig. 7.6.2 Schematic diagram of the preamplifier and the main amplifier

A250: Low noise high speed charge

sensitive amp.

ADB829: Low noise high speed operational

amp.

AD847: High throu rate operational

amp.

The experiments were carried out to evaluate various characteristics of this electronics

circuit, The characteristics of cooling-down and temperature keeping with Ge detector is shown
in Fig. 7.6.3. At 10,000s after AC 16.3V was supplied on the Stirling refrigerators, the Ge

detector had been cooled down to
103K =. Thereafter, the detector
temperature was kept constant
within a variation of 0.5K by the
PID control with CPU. This control
performance is sufficient to prevent
the peak shift and to obtain the
good energy resolution of the Ge
detector. The supply of bias voltage
to the Ge detector was started
automatically supplied when the
temperature had reached 105K.
The rate of 1V/150ms up to a bias
voltage of 255V and then the rate
of 1V/60ms up to 2000V were used
during the supply of bias voltage.

Temperature, K

Elapsed time, sec
Fig.7.6.3 Characteristic for cooling down and

1] — 20
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keeping temperature of Ge detector
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These operations were done perfectly according to the design.
A gamma-ray spectrum for the ®Co source were measured at three operation conditions
of the Stirling refrigerator: namely, a normal operation condition, a condition of AC OV and a

condition of non-operating DC-AC g,

LB e e e

LENN L B e e m e aun e

lv. A N L Twin-type refregirator Pulser
power supply gamma-ray spectrum 700 £ Relative efficiency:20%

obtained at normal operation condition
is shown in Fig. 7.6.4. The FWHM 600 f 3
energy resolution for 1.33MeV at three

T
1

500
operation conditions are 3.3keV, 1332keV

)

C o
2.8keV and 2.4keV, respectively. The 3 400 3.2keV—[le-
best energy resolution is obtained when© 300 F ]

T

the operation of DC-AC power supply L efle—3.3keV
200 | )

T
A

is stopped. It is revealed that the worse [
energy resolution is due to the high 100 | ]

frequency noise(150kHz) produced in ! “ X " S ]
For 8400 2500 2600 2700 2800 2900 3000

Channel Number

the DC-AC power supply.
resolving this problem, the practical
way of assembling the Ge detectorand ~ Fig. 7.6.4 Gamma-ray spectrum of ®Co measured

the electronics circuits must be at the condition of normal operation
improved.

A Ge gamma-ray detection system with two Stirling refrigerators was completed by
developing the inclusive electronics circuits. This system can be in service at about three hours
after DC voltage was switched on. Hence, it will be applied to various gamma-ray spectroscopy

applications.

References

1) Katagiri M. et al.:” Small Electric-cooled Germanium Gamma-ray Detector””, KEK Proceeding
94-7, Radiation Detector and Their Uses, 174 (1994).

2) Katagiri M. et al.: “ General-Purpose Germanium Gamma-ray Detector Cooled by Two Stirling
Refrigerators”, KEK Proceeding 95-1, Radiation Detector and Their Uses, 219 (1995).

3) Katagiri M. et al.: “ PopTop-Type Germanium Detector Cooled by Stirling Refrigerators”,
KEK Proceeding 96-4, Radiation Detector and Their Uses, 209 (1995).

—175—



JAERI-Review 97-011

8. Reactor Control, Diagnosis and Robotics

In large PWRs with high the coolant flow rate, more fluctuation of neutron flux is
observed. This fluctuation occasionally brings forth safety protection actions to reduce the
power. The study reveals that large fluctuations of reactor power are not random but coherent
and the strength of thermohydraulic fluctuation in the core does not always determine the
neutron-flux fluctuation. The two way effect, or the coupling between the thermohydraulic
and neutronics plays an important role to cause large neutron-flux fluctuation.

A nuclear power plant monitoring with artificial neural network was tested by using
an on-line PWR simulator. The new technique called "adaptive learning' enables the neural
network model to follow the changes of reactor dynamics. The results show that this monitoring
system can detect the early symptoms of small anomaly during transient operation as well as
steady state operation, and sooner than the conventional alarm system.

Auto-associative neural network has been applied successfully to the monitoring of
nuclear power plant operation. However, physical interpretation of the network structure and
its parameters is not obtained sufficiently, because of the nonlinearity of the network. The
contribution ratio function is introduced in order to express the contributions ratio of sigmoidal
function in the neural network. The contribution ratio of hidden layered neuron to output
layered neuron and the contribution of input variables to output of hidden layered neuron are
calculated. The results indicate that the autoassociative neural network can express a regression
relation among multi-variables.

For the inspecting patrol of nuclear power plants, a human and robot collaborative
system is proposed. Basic idea.of this system is that while in the normal situation the robot
takes an autonomous action, in abnormal situation when unexpected problem occurred human
operators act to help the robot solve the problem. Thereby the system incorporates the ability
to cope with the abnormal event quickly. One of the key technologies for a human and robot
collaborative system is to correct the error of position estimation from internal sensors by
using the difference of the actual and estimated TV images. In the error compensation
process, human action plays a role of corresponding of feature points between actual and
estimated images. This method has a great advantage of avoiding the computational burden

caused by usual image processing.
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8.1 Experimental Analysis of Coherent Neutron-flux Fluctuation Observed in a
PWR
T. Suzudo, E. Tiirkcan™ and J.-P. Verhoef™
(E-mail: suzudo@clsu3a0.tokai.jaeri.go.jp)

Unlike BWRs, PWRs have been considered stable, because there are no voids in the
coolant during normal operation and, as a result, the neutronics are not strongly coupled to
the thermohydraulics. Therefore few people have examined their fluctuation during normal
operation condition from the viewpoint of dynamical stability. The neutron-flux fluctuation
in the PWR is smaller than that of the BWR; for instance, the root-mean-square value of a
PWR with nominal power of ~500 MW is always less than 0.5 % of full power 1)-

Recently however, large PWRs with nominal power of 1300 MW or more have been
and will be built. In general, the more power generated from the reactor, the more strongly the
thermohydraulics is coupled to the neutronics because the coolant has to remove more heat
generated in the fuel. In these large PWRs, therefore, the coolant flow rate through the core is
much higher, and is more likely to result in a greater neutron-flux fluctuation caused by
thermohydraulics. Some local neutron-flux fluctuation in the large PWR was, in fact,
occasionally so large that the peak-to-peak amplitude went up to ~10 % of full power in the
end of fuel cycle, and, as a result, power was often reduced by the automatic control system.
We know the fluctuation is mainly caused by the combination of neutronics and
thermohydraulics, which makes it complicated as a result of the nonlinearity; the concept
called "complexity"” is often used to represent such a phenomenon. It is said that, in the term of
complexity, a random phenomenon becomes ordered when the system deviates far from its
equilibrium state, i.e., when the power of reactors becomes larger. Therefore, it is likely that
large fluctuations of reactor power are not random but coherent or ordered, as experienced in
BWRs. From the reason mentioned above, we have experimentally analyzed the operation
signals measured at the PWR plant in the Netherlands.

Figure 8.1.1 shows a typical power spectral density (PSD) of the ex-core neutron-flux
signal. The PSD for the DC signal has a peak at ~0.1 Hz and a trough at ~0.18 Hz (see Fig.
8.1.1a), and the graph smoothly connects to that of the AC signal at ~0.3 Hz (see Fig. 8.1.1b),
above which no meaningful peaks or troughs are seen.

Next, we will look into coherent motions of the neutron-flux using the coherence and
phase difference between each pair of ex-core neutron-flux at different positions. First,

detector pairs vertically deviated were investigated and their coherences and phase

* The Netherlands Energy Research Foundation
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differences were found to almost be unity and nil, respectively, indicating that the ex-core
neutron-flux does not vary with the vertical position, that is, the neutron-flux fluctuation is
almost coherent in the longitudinal direction. Second, detectors pairs azimuthally deviated
were investigated, and, we found, there are several frequency ranges in which the neutron-
flux seems to form coherent motion; they are for instance the second azimuthal mode at
~0.03 Hz, and core-wide modes at ~0.1 and 0.2-0.5 Hz. The mode distribution with respect
to the frequency including higher frequency range is shown in Fig. §8.1.2.

Finally, the coherence and the phase difference between an ex-core neutron-flux signal
and the thermohydraulic signals were examined. The coherences between the neutron-flux
signal and the primary loop temperature and pressure indicate peaks at ~0.1 Hz, suggesting
that the neutron-flux oscillation at ~0.1 Hz is related to the thermohydraulics. The phase
between the neutron-flux signal and the parameters at this frequency is completely reversed.
This implies the oscillation is caused not by one-way thermohydraulic effect but by a two-way
effect; the neutronics is effected by itself through the thermohydraulics, i.e., by a negative
coolant temperature feedback. The fact that the frequency range of this mode is narrow (see
Fig. 8.1.2), supports this hypothesis, because the fluctuations which survive in feedback loops
must have a specific frequency determined by system parameters. Note that further
investigation indicated that the result shown in the figure hardly depended on the position of
ex-core neutron detector and on whether Loop 1 or Loop 2 was considered. At the same time,
we have investigated the coherence between an ¢x-core neutron-flux signal and the core-exit
temperature?). The result indicated that the coherence was strong at less than 0.03 Hz. The
linear phase between the two signals indicated that this coherence was built by a one-way
effect from thermohydraulics to.neutronics.

In conclusion, the strength of thermohydraulic fluctuation in the core does not always
determine the neutron-flux fluctuation. The two-way effect, or the coupling between the
thermohydraulic and the neutronics plays an important role to cause large neutron-flux
fluctuation.
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8.2  Apomaly Detection in Nuclear Power Plant with Adaptively Learned Neural
Network

K. Nabeshima, S. Nose’, K. Kudo' and K. Suzuki
( E-mail: nabe@clsu3a0.tokai.jaeri.go.jp )

The condition monitoring of a nuclear power plant (NPP) is of major concern during
operation. The conventional monitoring method is to set the fault threshold level for each
plant parameter and to alert when the monitored signal exceeds its threshold level. However,
when anomalies are detected, they are possibly too developed to cope with. Therefore, it is
necessary to develop model-based monitoring methods to detect symptoms of anomaly.

The major advantage of artificial neural network (ANN) is an ability to model multi-
output process system from the measurement information without using physical expressions.
This is a benefit in the area of the power plant monitoring, apart from other numerous
application areas. To construct the dynamic model of the NPP, three-layered auto-associative
neural network, trained by backpropagation learning algorithm, was used. For neural network
utilization 12 plant signals are picked out: they are ex-core neutron flux, generated electric
power, hot-leg temperature in primary loop-B and loop-C, primary water flow, feedwater
pressure and steam pressures, steam flows and feedwater flows of secondary loop-B and
loop-C. These signals are most significant for the plant surveillance. The basic idea of
anomaly detection method is to monitor the deviation between process signals measured
from actual plant and corresponding output signals from the ANN plant model.

We have realized that the initial plant model can not be used during whole fuel cycle,
and that the model must be changed to follow the slow change of reactor dynamics, which is
caused by operational condition shifts and fuel bum-up. Therefore, a new technique called
"adaptive learning" is proposed here". In monitoring process, the neural network is adaptively
trained, if the all testing errors are smaller than the corresponding testing fault severity levels.
Certain number of previous data are utilized for training at the adaptive learning stage. We
have confirmed that this enables the model to follow the changes of reactor dynamics, and
that the system detects the symptoms of small anomalies precisely.

We developed an ANN plant wide monitoring system for the PWR plant simulator
designed Surry-1, USA. Several kinds of simulated malfunction caused by equipment failure
during steady state operation were used to evaluate the capability of the neural network
monitoring system?. All results show that this monitoring system can detect the early symptoms

of small anomaly sooner than the conventional alarm system. The present work is an attempt

* Kyushu University, Fukuoka
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to evaluate the usefulness of the adaptive learning algorithm and the monitoring system
during transient operation.

The results in case of '"Volume Control Tank Level Control Fails Low' are shown in
Fig. 8.2.1. The solid line indicates the measured signals from the simulator. The dotted line
represents the estimated values by neural network. The diamonds indicate the deviation
between measured signals and estimated values. Two horizontal broken lines show the fault
severity levels, defined by the largest deviation during initial learning If the deviation is in
the range between two horizontal lines during monitoring, the plant condition should be
considered normal. In this case, the malfunction was added at 600 s.

This power decrease operation is faster than the learning data, the neural network
without adaptive leamning cannot follow this new transient operation, so that the monitoring
system alerts the anomaly before the malfunction is added, as shown in Fig. 8.2.1a.

On the other hand, the monitoring system with adaptively learned neural network detects
anomalies when the deviations exceed the limit at 638 s (see Fig. 8.2.1b). The conventional
alarm system could detect this anomaly 3594 s after the malfunction start. The results show
that this monitoring system can detect the early symptoms of small anomaly during the

transient operation as well as steady state operation.

References

1) Nabeshima K., et al:"Proc. of Third International Conference on Nuclear Engineering",
Vol.3, 1551 (1995).

2) Nabeshima K., et al:"'Specialists' Meeting on Monitoring and Diagnosis Systems to Improve
Nuclear Power Plant Reliability and Safety", Barmwood, UK, May 14-17 (1996).

58.0 20 580 2.0
Measured Measured :ﬂ
Tsr0 | oo Estimated 15 Fsrof o Estimated {15
S —o— Deviation -~ O —o— Deviation
Ls6.0 105 seo {10 €
O
o 2o o
== — ~
3550 05 2550 05 X<
@ S <
O N B L M\ =
Q540 | 005 O 540 Kl e 00 ©
................................................. g
g 8 (% Fault Severity level [
D530 05 D830 059
n 73]
52.0 : ! . s 1 -1.0 52.0 ! n . . L -1.0
0O 200 400 600 8OO 1000 1200 0O 200 400 600 800 1000 1200
Time (sec) Time (sec)
(a) Without adaptive learning (b) With adaptive learning

Fig. 8.2.1 Results in case of "Volume Control Tank Level Control Fails Low"

— 181 —



JAERI-Review 97-011

8.3 Statistical Approach to Understand Auto-associative Neural Network

K. Hayashi
(E-mail: hayashi@clsu3a0.tokai.jaer1.go.jp)

Auto-associative neural network has been applied successfully to the monitoring of
nuclear power plant operation. It is well known that neural networks have a high model fitting
capability, which is caused by the flexible structure made from parallel and layered
connections of simple nonlinear functions. This feature makes another advantage that the
modeling can be done without any prior mathematical assumption on target system. However,
physical interpretation of the network structure and parameters obtained numerically becomes
much difficult because of existence of the nonlinear elements inside the network. Therefo. ¢,
any criterion or limitation on usage of neural network for obtaining a suitable result is not yet
established.

Objective of this study is to clarify the meanings of network structure and the model
parameters of neural network, and to establish critenion or limitation of the usage. This study
focuses to the auto-associative type neural network in which the output variables are the same
as the input vanables. Therefore, the autoregressive model is very similar to regression model
in statistics, excepting with existence of nonlinear elements; usually sigmoidal function. It s
easy to understand that the auto-associative neural network without nonlinear elements is
equivalent to regression model completely.

The contribution of nonlinear elements in the neural network could not be evaluat:d
exactly by analytical way. Therefore, a contribution ratio function calculated numerically was
introduced 1n order to express the contributions of sigmoidal function in linear
approximations of the neural network. When it 1s assumed that the structure of auto-
associative neural network is a feed forward type with three layers and that the nonlinear
element uses a logistic function, the contribution ratio of j-th hidden layered neuron to k-th

output layered neuron at a certain system state "s" 1s defined as

AFu, (s)
Ay (8) = 5————

Y AFu,,.(5)

(83.1)

where AFu,(s) expresses a change of hidden layered neuron output between two different

n_n

system states "s" and "s-1" and it is calculated from

AFu,(s) = Fuy,(s) - Fu,,(s-1) (8.3.2)
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Ay,,(s) is named as "signal power contribution ratio" here.
In the same manner, the contribution ratio Ay, (s) of each network input variable

x,(s) to the output layered neuron is also defined as ;
M
AY() = 3 AFu, (5)APu(5) (83.3)
<

where APu;(s) expresses the contribution of each input variable to the output of hidden

layered neuron and calculated from the following equation.

APu (s) = K(CjiAxi(s))h 2
E(CjnAxn(s))

n=|

(8.3.4)

where ¢ 1s a weigh of hidden layered neuron and Ax,(s) means a difference of input variable

between "s" and "s-1" system states, as
Ax. (s)=x,(s)—-x,(s-1). (8.3.5)

Examples of each new contribution function are shown in Fig. 8.3.1 and Fig. 8.3.2. It is easy
to find from the former graph that the contribution of each hidden neuron changes by the
amplitude of input variable x1. Furthermore, the contributions of input variables x2, .., x12 to
the output variable y1 change due to the amplitude of the input variable x1, as shown in the
latter graph. This means that the auto-associative neural network can express a regression
relation among multi-variables, depending on each system state. Therefore, it could be
concluded that the auto-associative neural network is equivalent to a state-varying regression

model.
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8.4 Development of a Human and Robot Collaborative System for the Inspecting

Patrol of Nuclear Power Plants

N. Ishikawa and K. Suzuki
(£r-mail: ishikawa@clsu3a0.tokai jaeri1.go.jp)

Autonomous mobile robot 1s widely studied in the robotics research field to realize
the self-consistent system for performing the given task in the unstructured environment.
Although self-consistent autonomous system has an advantage of reducing the labor of human,
it 1s not always suitable to use this system for the tasks in nuclear power plants. For the
inspecting patrol of nuclear power plants, we propose a human and robot collaborative system
with the high safety and relhability. Conceptual idea of this system is that while in the normal
situation the robot takes an autonomous action, in abnormal situation when unexpected
problem occurred human operators act to help the robot solve the problem. Thereby the
system incorporates the ability to cope with the abnormal event quickly. The system is
constructed by adding the interfacing function between human and robot to ordinary
autonomous system. Schematic diagram of the system i1s depicted in Fig. 84.1 The
interfacing function can be categorized into 3 parts: hardware, software and algorithms. As a
hardware constructing the interfacing function the wireless modem is utilized to transmit the
sensor data obtained by inspection activities and command issued by operator in problem-
solving phase. Software means the graphical user interface (GUI) on host computer through
which the human monitors the sensor data and operates the robot manually in the case of
abnormal situation. Algorithms are required for performing the collaborative procedure,
being explained in next paragraph of introducing the positioning tool.

The function of the positioning tool is to estimate the robot position with high
accuracy for navigation. The position is estimated from the rotational speed of wheels
measured by encoders and the angular velocity of the robot measured by a gyroscope. To
improve the estimation accuracy, the data from gyroscope 1s used when sudden odometric
ciror (e.g. shp of the wheel) occurred. 1) Since the gyroscope used here 1s piezoelectric
vibration type and has comparatively large drift, the compensation of the drift based on

lowpass filtering is incorporated. However, the error of the position estimation from internal
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sensors (encoder and gyroscope) increases with the distance of navigation. To reduce this
error, landmarks are usually utilized. Considering the difficulty of installing new landmarks
in nuclear power plants, we adopt the compensating method utilizing the image from TV
camera. The error of position estimation from internal sensors 1s corrected by using the
difference of the actual and the estimated TV images. The estimated image 1s generated
based on the position obtained from internal sensors. Corresponding of feature points(e.g. the
apex of object) between actual and estimated images required for compensation 1s performed
by human. This method has a great advantage of avoiding the computational burden caused
by image processing. This compensation algorithm adopts human collaborative procedure.
Figure 8.4.2 shows the illustrative sketch of positioning tool which will be implemented on

the host computer.

Reference
1) Ishikawa N., et al.: "Experimental Evaluation on Position Estimation of Mobile Robot by

the Combined Use of Odometry and Gyro", JAERI-Research 97-033 (1997) (in Japanese).
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9, Heat Transfer and Fluid Flow

There are two major subjects of research associated with heat transfer and fluid flow.

The first subject is the transient thermal-hydraulic demonstration test program. which is
the second phase of the large-scale reflood test program. The test program aims at
demonstrating the core integrity during the design basis events (DBEs) of light water reactors
(LWRs). In FY 1995, the construction of the test section with a PWR configuration was
completed. The facility has a full height core with a 5x5 bundle of a PWR configuration and
a flow control system supplying coolant at specified conditions which simulate transients
during DBEs of PWR, BWR and their improved ones. In FY 1996, first series of abnormal
transient simulation tests for PWR was performed and it was confirmed that the core cooling
is attained during PWR DBEs. Post-CHF tests were also performed using a single rod test
section to quantify the safety margin during DBEs. The analyses of major DBE transients in
PWR and BWR were also performed to specify the test conditions using the J-TRAC code
and the TRAC-BF1 code.

The second subject is the development and verification of the best-estimate codes for
thermal-hydraulic analyses of next-generation nuclear systems such as advanced LWRs with
passive safety system, fusion reactor, a target of an intense neutron source, etc. To establish
an analytical tool based on multidimensional two-phase flow model for design of passive
safety reactors, a multidimensional two-phase flow analysis code has been developed and
applicability of existing constitutive equations (lift force model and turbulent dispersion
model) for a developing bubbly flow was investigated systematically. A series of
experiments on natural circulation two-phase flow instability, thermal-hydraulic safety
simulation tests for a fusion reactor, and a model experiment for the mechanism of critical
heat flux were also performed to get validation data checking the applicability of system
analysis codes for design of passive safety reactor design and fusion reactor safety assessment

codes, respectively.

Major results obtained in FY 1996 are described in the following sections
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9.1 Abnormal Transient Simulation Tests at Core Thermal-hydraulic Transient Test

for LWRs

T. [guchi, A. Ohnuki, C. Iwaki, M. Kureta, K. Nakajima, H. Watanabe
Y. Watanabe, T. Sato, M. Kimura and H. Akimoto
(E-mail: iguchi@hfll.tokai.jaeri.go.jp)

"Abnormal Transient Simulation Tests" arc in progress as a part of "Large scalc
reflood test program II" sponsored by Science and Technology Agency of Japan. The purposc
of the tests is to confirm the core integrity during unexpected transicnts and accidents, i.c.
design basis cvents (DBEs), of light water reactors (LWRs).

The PWR DBEs chosen for “Abnormal Transicnt Simulation Tests" arc listed below.
These DBEs were chosen, since they were considered severc based on previous licensing

calculations.

(DPower increase cvents
- Uncontrolled rod assembly (fast) withdrawal

- Uncontrolled rod assembly (slow) withdrawal

@Flow reduction events
- Pump scizure accident of 4-loop PWR
- Loss-of-flow accident of 4-loop PWR
- Pump seizure accident of 2-loop PWR

- Loss-of-flow accident of 2-loop PWR

®Depressurization cvent
- Abnormal depressurization duc to unexpected opening of

valve

Test conditions (Pressure, fluid temperature and flow rate at inlet of test section) were
dctermined to simulate conservatively the core boundary conditions during PWR DBEs, by
referring to the results of licensing calculation and our own calculation with 1D J-TRAC code
(J-TRAC code with one dimension model). Power distribution in horizontal planc of the test

section were determined to simulate the power distribution in PWR core. Power level
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supplied to the test section were determined by taking into account the difference of thermal
characteristics between the heated rod in the test section and the nuclear fuel. Major
differences taken into account are in initial stored energy and thermal time constant.
According to the measured data, the transient test conditions were well simulated at all
“Abnormal Transient Simulation Tests" .

Figure 9.1.1 shows an example of measured clad temperature. This result was obtained
in a test simulating 4-loop PWR pump seizure accident. Clad temperature increases after
transient initiation because of flow reduction. Then clad temperature decreases because of
power reduction. Maximum discrepancy between the clad temperature and the saturation
temperature is less than 10 K. Thus, significant heat-up of the heated rod is not observed at
any elevation at this test.

Figure 9.1.2 shows measured clad temperatures at “Abnormal Transient Simulation
Tests" other than 4-loop PWR pump seizure accident simulation test. Maximum discrepancy
between the clad temperature and the saturation temperature is less than 30 K. Thus, it is
confirmed that the core cooling is attained during PWR DBEs.

Test conditions at “Abnormal Transient Simulation Tests" were determined referring to
onc dimensional calculation (1D J-TRAC code), as described above. Therefore, further
“Abnormal Transient Simulation Tests" are necessary in order to take into account the effect
of multi-dimensional in-core thermal hydraulics for confirming core cooling during PWR
DBEs. This is because the real in-core thermal-hydraulics in PWRs are considered to be
multi-dimensional due to the wide core and the corewise horizontal power distribution. These

tests are scheduled in 1997.
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9.2 Post CHF Heat Transfer Tests with Thermal Hydraulic Demonstration Test

Facility

C. Iwaki, T. Iguchi, A. Ohnuki, M. Kureta and H. Akimoto
(E-mail: iwaki@sag.nel.rdc.toshiba.co.jp)

Post-CHF tests were performed to study the post-CHF heat transfer and
rewetting behavior under DBEs and beyond-DBE conditions. The test were
performed with a single rod test section of Thermal Hydraulic Demonstration Test
Facility. The single rod test section consists of a rod-type electrical heater and a
surrounding round flow channel. Rod diameter, heated length of the rod and
channel diameter are 9.5mm, 3.66m, and 14.2mm, respectively. Axial power
shape of the heated rod is chopped cosine with a peaking factor of 1.55. Test
procedure is a traditional way. Power supplied to the heated rod was increased
step by step. The power increase was continued until the superheat of cladding
became almost 300 K. Then, power was decreased until rewetting took place.

Major experimental conditions of the present tests are as follows.:

e Pressure : 2MPa to 15.5MPa
e Mass velocity : approximately 200 kg/m’s to 3000 kg/m’s
e Maximum clad ‘temperaturc: 920 K

The clad temperature of the heated rod was measured with ungrounded
sheathed thermo-couple of 0.5 mm outer diameter, which was buried on the clad of
the heated rod.

Figure 9.2.1 shows the measured clad temperature at 7MPa and 15.5MPa.
Several clad temperatures at several elevations indicate sudden increase from
nearly saturation temperature accompanying with small temperature oscillation.
(Analog data indicate temperature oscillation clearly, although this figure does
not indicate it clearly.) When power increases further, clad temperature becomes
stable. Thus, it is oscillatory at lower superheat and stable at higher superheat. It
is stable even at lower superheat under higher pressure, as noticed from these

figures. Therefore, scattering of data is small for higher pressure, and then the
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clear boiling curve can be obtained as shown in Fig. 9.2.2. Boiling curve obtained
in the present test indicates the transition from nucleate boiling to stable film
boiling clearly under forced convective and high pressure conditions.

Heat transfer coefficient at stable clad temperature was calculated by
assuming fluid temperature was saturation. The calculated heat transfer
coefficient is shown in Fig. 9.2.3. X axis is superheat. Parameter is mass velocity,
in upper figure, and parameter is pressure in lower figure. Figures indicate that
the higher superheat gives the lower heat transfer coefficient. When superheat is
low (less than 100 K - 250 K depending on pressure), superheat effect on heat
transfer coefficient is significant. On the other hand, when superheat is large, the
effect is little. And, heat transfer coefficient is higher at higher mass velocity and
lower pressure.

Figure 9.2.4 shows the relation between Re number and Nu number. Data
in this figure were chosen when superheat was larger than 200 K. This figure
indicates that Nu number is almost proportional to 0.8 power of Re number. This

suggests that the forced convection is dominant at higher superheat.
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9.3 Assessment of Boundary Conditions in Core Thermal-hydraulic Test for LWRs
by J-TRAC Three Dimensional Calculations

A. Ohnuki, T. Iguchi, M. Kureta and H. Akimoto
(E-mail: ohnuki@hfl1.tokai.jaeri.go.jp)

In the corc thermal-hydraulic transient test for LWRs", we are performing simulation
tests to cvaluate the core integrity of LWRs against abnormal operational events or accidents.
In order to perform the simulation tests, it is necessary to know the core boundary conditions
(Pressure, core power, flow ratc and coolant tempcraturc) because the test facility properly
simulates only the core part. The core boundary conditions are estimated through predictions
with reliable analysis codes, i.c. J-TRAC, TRAC-BF1 codes. In analyzing transient
phenomena in PWR, J-TRAC codc® is used but most of the system calculations arc performed
with one-dimensional nodarization. To check the validity of the one-dimensional (1D)
calculations, we performed system calculations with three-dimensional (3D) nodarization for
rcactor vesscl.

Four-loop PWR (1100MWec) was modeled in the analysis. The reactor vessel was
divided by 23 (12 in core) in the axial direction, 5 (3 in corc) in the radial direction and 8 in the
azimuthal dircction. The fucl assembly is 17x17 typc onc and the radial peaking factor for
high power rod and the axial peaking factor arc 1.552 and 1.495, respectively.  The radial
power distribution for average power rod was derived from the cstimated results for initial
period of equilibrium corc”. The 3D calculations were performed for the following scvere
cvents chosen based on previous licensing calculations: Flow reduction events (Pump scizure
and loss-of-flow accidents), power increase cvents and depressurization events. The DNB
heat flux was cvaluated by EPRI correlation®.

The calculated results in the 3D case were almost thc same as thosc in the 1D casc
against over-all behavior such as pressure at pressurizer, total core inlet flow rate, thermal-
hydraulic behavior in each loop and so on. However, the radial distribution of flow ratc and
fluid temperature in the corc were calculated in the 3D calculations.  Figures 9.3.1 and 9.3.2
show the calculated results in the 3D case for the pump scizure (onc loop) accident. At the
bottom of core, the axial mass velocity at core center region is about 3 % higher than that at
core periphery region but on the contrary the axial mass velocity at core center is about 5 %
lower than that at core periphery at the top of core.  The fluid temperaturc becomes higher in

the corc center region than that in the periphery region due to the distribution of thc mass
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velocity and the core power. The DNBR derived from the EPRI correlation became lower in
the core center region due to the above distribution. These results indicate that the cffect of
the reduction of axial mass velocity in the core center region should be evaluated in the core
thermal-hydraulic transient test. To evaluate the reduction of DNBR due to the radial
distribution, it was found to be enough to perform tests under about 3 % lower core inlet flow

rate than average one through calculations for the severe events mentioned above.
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9.4  Prediction of Developing Bubbly Flow along a Large Vertical Pipe by
Multidimensional Two-fluid Model

A. Ohnuki and H. Akimoto
(E-mail: ohnuki(@hfll.tokai.jaeri.go.jp)

Development of reliable constitutive cquations is nccessary to cstablish an analytical
tool bascd on multidimensional two-fluid model for design calculations of passive safcty
rcactors. To construct the constitutive cquations, we developed a multidimensional two-fluid
model code with a two-phase k- & turbulent model as a driver code" and investigate the
applicability of existing constitutive equations to an air-water two-phasc flow along a large
vertical pipe (inner diameter D of 0.48 m and 0.2 m). In this scction, the predictability of
cxisting constitutive cquations (lift force model and turbulent dispersion model)*? is discussed
for a developing bubbly flow along the large vertical pipe (D of 0.48 m)*.

The cffect of lift force on the distribution of phase and liquid velocity is investigated by
the change of cocfficient C; of lift force model.  Figure 9.4.1 compares the distribution of
void fraction and liquid velocity along the large vertical pipe.  The air and water flow rate
(superficial air velocity: (.14 m/s and superficial water velocity: 0.18 m/s) arc relatively low in
this calculation and the flow pattern in the experiment was an agitated bubbly flow.  The
locations of L/D = 3.8, 1.7 and 0.2 (L: length of flow path) arc the top, middlc and bottom
rcgions in the test section, respectively. It is found that a negative value of C; is needed to
predict the mcasured data qualitatively and quantitatively.

The negative valuc of C;, produces the lift force acting toward the pipe center under an
upward flow with a convex liquid velocity distribution. Tomiyama et al. > reported through
cxperiments and numerical analyscs that the lift force acting on a large and distorted bubble
dirccts toward the center of a flow path in an upward flow. Since the flow rate condition in
this calculation is near the bubbly-slug flow transition condition by Mishima and Ishii®, large
and distortcd bubbles might be dominant although no slug bubbles occupying the flow path
were not observed in the cxperiment.

The effect of turbulent dispersion force on the distribution of phase and liquid velocity
is investigated by the change of cocfficient C,; of turbulent dispersion model.  Figurc 9.4.2
comparcs the distribution along the large vertical pipe.  The values of C; was -0.2 in this
comparison. The following remarks can be stated from this comparison:

(1) The distribution of liquid velocity is insensitive to C,,.
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(2) The phase distribution is better predicted with a larger value of C,; above about middle of

test section, while it is better predicted with Cy; less than 0.2 at the bottom of test section.
The results of (2) indicate that the whole behavior along the large vertical pipe is difficult to be
predicted with a constant C, although the phase distribution at a elevation is predicted
reasonably with a proper value of Cy.

From the above results, it is concluded that the developing bubbly flow is predicted
reasonably using a lift force model to produce a lift force acting from wall to the pipe center
although the change of phase distribution along the developing region is difficult to be
predicted accurately using a turbulent dispersion model with a constant empirical cocfficient.
Since these remarks are obtained under a low flow rate condition, the study under several flow
rate conditions should be performed to investigate the applicability of the existing constitutive

equations in the future.
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Fig. 9.4.1 Sensitivity analyses for lift force along large vertical pipe
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9.5  Burnout in the Rectangular Flow Channel

M. Kureta and H. Akimoto
(E-mail: kureta@hfl1 tokai.jaeri.go.jp)

Systematic understanding of burnout for subcooled forced-convection boiling water in
a rectangular flow channel is necessary to establish a cooling methods for the heat removal
under very high heat flux conditions. It may be applicable to such wide fields as heat removal
from a target of an intense neutron source and high-energy light beam, a fusion reactor
component, etc. These components receive a high heat flux of 10 to 100 MW/m*® from one
side.

Experiments are performed to measure critical heat flux (CHF) for the system cooled
by highly subcooled water at a high velocity. The water flows vertically up-flow thorough a
rectangular flow channel by forced convection as shown in Fig. 9.5.1. Channel gap is 3 mm,
channel width from 7 to 22 mm, heated width from 5 to 20 mm and heated length from 50 to
200 mm. The exit of the channel is opened to the atmosphere. Test data were taken over inlet
velocity range from 1 to 15 m/s and inlet water temperature range from 30 to 90 “C. The one
side of the flow channel is heated by the copper film of 5z m thick on the printed wiring
board electrically. In order to make parameter effects on CHF clear, experiments were carried
out parametrically. The heat flux on the copper film was calculated from the measured voltage
at every 12mm section and measured electric current. CHF was determined by the burnout of
the copper film. Some representative experimental runs involved the use of photographic
techniques to trace the development of the boiling process prior to CHF observed thorough
the transparent flow channel made of the polycarbonate resin.

Most of the CHF data were taken in the minus exit quality region. In order to
investigate the relation between the subcooled boiling-flow characteristics and the trigger
mechanism of the burnout, the maximum vapor length were measured from photos which
were taken just before burnout. Fig. 9.5.2 shows the relation between maximum vapor length,
CHF and inlet velocity. Fig. 9.5.2 indicates that the maximum vapor length decrease almost
lineally if the vapor becomes larger than 0.1 mm. The experimental program investigated the
effect of width, length, velocity and inlet water temperature. Fig. 9.5.3 shows that the effect of
the heated width W, on CHF for inlet water temperature 7,=30°C and heated length
L,=50mm. The figure shows that the effect of /¥, on CHF was comparatively small. Fig. 9.5.4
shows that the effect of Z, on CHF for 7, =30°C and W,=10mm. The figure indicates that the
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CHF increases with decreasing ,. The same tendency has been reported in the case of small-
diameter tubes". The effect of heated length appears to be remarkable, particularly when 7, is
small. Generally burnout occurs at the exit of the heated channel. It was found that the vapor
length at the exit decreased with decreasing L, from the observation. The channel with short
heated length makes the vapor small at the same heat flux condition and increases CHF. Fig.
9.5.5 shows that the effect of 7,, on CHF for £,=50mm and W,=10mm. The figure indicates
that the CHF increases with increasing inlet velocity #,, and with decreasing 7. The effect of
inlet water temperature appears to be remarkable, particularly when L, 1s small. The highest
CHF attained in this experiment was 15MW/m® in a channel with W,=10mm, Z,=50mm,
u,=15m/s and 7,,=30C.

CHF data were compared with several existing CHF mechanistic models to find and
develop models to be used in the design calculation. Katto”, Celata” et al. have developed the
CHF models based on the liquid sublayer dryout mechanism. These models assumed that the
burnout occurs when a thin liquid sublayer beneath an elongated vapor blanket characterized
by bubbly detachment diameter and Helmholtz instability at the liquid sublayer/vapor
interface is completely depleted during the passage time of vapor blanket. The predictability
of the models to rectangular flow channels heated from one side has been investigated by
comparing with present data as shown in Fig. 9.5.6. From the comparison for Celata model, it
was found that his model gives over-prediction when inlet water temperature and heated
length are smaller. Katto model gives void fraction higher than 0.7 in applying his model.
Modified Katto model which was changed to k = k1 or k2 and quality was assumed zero gives

relatively good agreement with most of the present data.
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9.6 Phenomenological Analysis of Experiments for Natural Circulation Two-phase
Flow Instability

J. U. Knebel* and F. Araya
(E-mail: araya@jpsrewsl.tokai.jaeri.go.jp)

In concepts of next generation light water reactors natural circulation is used to
passively remove the heat generated in the core to heat exchangers. With natural circulation
flow the driving forces are very low and flow instabilities can possibly occur. Flow
instabilities are not desirable in boiling two-phase flow process, as sustained flow oscillations
may induce mechanical vibrations of components and cause problems in system control
and/or degradation of heat removal capabilities. In order to avoid such conditions during the
design phase, thermo-hydraulic computer codes are used to predict the boundary of flow
instability and to allow the designer to improve the system. However, these codes are not well
verified for natural circulation flow, especially not for unstable flow conditions. In order to
give a data-base to verify the applicability of the codes to unstable flow conditions, a series of
experiments on the natural circulation two-phase flow instability was performed at JAERI

The experiments are performed in the high-pressure water loop HPWL shown in Fig.
9.6.1. The main parts of the loop are a heated section, a slide valve, a riser, a cooler, an orifice
flow meter and a pressurizer. The main flow pipe is made with a 2-B pipe (inner diameter of
43.1 mm). The heated section consists of a seven hexagonal arranged heater rods with a
equivalent hydraulic diameter of 10.75 mm and 1400 mm heated length. The heat is supplied
by Joule heating of AC electric power. The power distribution is a cosine shape. The valve is
used to vary the friction at the outlet of the heated section. The orifice flowmeter is a quarter
circle type orifice with a 10.53 mm diameter. The system pressure can be varied from 0.4 MPa
to 16MPa. The height difference between centers of the heated section and the cooler is 4.9m.
HPWL is well instrumented with 13 differential pressure gauges, one pressure gauge and 13
thermocouples in the natural circulation loop.

The independent parameters in the experiments are the system pressure, the heater
power and the flow resistance at the outlet of the heated section. The system pressure is
controlled by the pressurizer heater and spray system. The flow resistance is changed by
changing the resistance valve area (stem position). In the present state of the test facility, the
cooler secondary side is at atmospheric pressure only. Thus, the inlet temperature at the heater
section is not actively controlled and therefore determined by the system characteristics of the

natural circulation loop. The stable/unstable boundary is found experimentally by reducing

* Invited foreign researcher from Forschungszentrum Karlsruhe FZK, Germany.
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the heater power at the same pressure and resistance condition, starting from an unstable
condition. The range of the system parameters in the experiments performed up to now are
listed in Table 9.6.1.

The results obtained by the experiments can be summarized as follows: (1) The
coupling between buoyancy effects and phase change is considered by the non-dimensional
combination Npcy, * NF,'”2 for the abscissa and subcooling Ng,, for the ordinate in the stability
diagram. Here, Npcp, Ng and Ng,, are the phase change number, Froude number and
subcooling number, respectively. The distinction between the stable and unstable region over
a wide range of the system pressures is possible on this newly proposed stability diagram as
shown in Fig. 9.6.2. (2) Increasing the Froude number Ng makes the natural circulation
system less stable. (3) Increasing the resistance coefficient at the exit of the heated section
makes the system less stable. (4) When increasing the heating power, the inlet velocity at the
heated section is increasing linearly. (5) Increasing the pressure always stabilizes the system.
The mean time period of an oscillation is about 2 to 3 times of the mean traveling time. The
experimental results shows that the observed flow oscillations are of the density wave

oscillation.
Table 9.6.1 System parameter ranges
Parameter Range
Pressure (MPa) 0.3t0 154
Heating power (kW) 4.4 to 160
Resistance valve stem position (%) 25, 30, 35, 40, 100
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9.7 Fusion Safety Experiments

T. Kunugi and K. Takase
(E-mail: kunugi@popsvr.tokai.jaeri.go.jp)

Two experimental studies on the thermal-hydraulic safety for a fusion reactor, ingress
of coolant events (ICE) and loss of vacuum events (LOVA), have becn carried out as ITER”
safety R&D subtasks since 1995 to obtain validation data for fusion safety analysis codes
under ICE and LOV A conditions.

The severest scenario of ICE and LOVA in the fusion reactor can be considered as
follows®: When the plasma-facing components (PFCs) in the vacuum vessel (VV) are broken
by some damage, such as the plasma disruption, the cooling water is discharged into the VV
and evaporates on the PFCs (This is the ICE). The rapid evaporation of the water will make a
shock wave and lead to a pressurization in the VV. As aresult of this, the high pressure may
cause the destruction of the VV and then a lot of activated materials and tritium may be
released from breaches to the outside of the VV (This is the LOVA).

The ICE experimental apparatus® is shown in Fig. 9.7.1. It consists of thc VV, a
boiler, a water injcctor, a water nozzle, a suppression tank and a vacuum pump. The VV can
be heated up to 400°C by heater plates installed in the VV. The water nozzle is set on the
inside wall of the VV and connected to the water injector. Inthe ICE cxperiments, the water
with high pressure and temperature produced by the boiler was discharged into the VV from
the water nozzle through the water injector, and the pressure rise and temperatures in the VV
were measured quantitatively.

Figure 9.7.2 shows the transient behavior of pressure rise in the VV. Here, experimental
conditions arc as follows: the injection time is 10 s; the water nozzle diameter is 2 mm; the
wall temperature in the VV is 250°C; and the water temperature is 200°C. The inside
pressure of the VV increased rapidly while the water was injected into the VV and reached
0.45 MPa at 10 s. After the water injection it became 0.71 MPa at 70 s and then saturated.

On the other hand, the LOVA experimental apparatus® is shown in Fig. 9.7.3. It
mainly consists of thc VV, the weight measuring system and the preliminary flow visualization
system. The VV is an annular enclosure with six simulated breaches and sct on the weight
measuring system. Two simulated breaches can be opened instantly and simultaneously by
using pneumatic gate valves. The weight measuring system is composed of an clectronic
balance and data acquisition instruments. The exchange mass in the VV under the LOVA
conditions can be mecasured by this electronic balance. The preliminary flow visualization

system consists of a CCD camera, a slit light, a monitor TV, and a smoke gencrator. A
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buoyancy-driven exchange flow through the breach can be visualized qualitatively by smoke.

Figure 9.7.4 shows the variation of exchange mass for diffcrent breach combinations”.
Here, T1-B shows the case that T1 and B breaches were opened simultaneously; S1-B and
T1-T2 are similar to above; and T1 shows the case that the T1 breach was only opened. For
the T1-B case, thc exchange mass increased rapidly to around 50 s from the beginning of the
experiment and reached a saturation value of 0.43 kg in the time range of more than 100 s.
The S1-B case showed almost the same feature as the T1-B case. On the other hand, the
exchange mass at the T1-T2 case showed lower values than those of the T1-B and S1-B
cases. Furthermore, the exchange mass at the T1 case increased monotonously, and it at 300
s was a half of that of the T1-B case. It was clarified from the LOVA experiments that the

exchange mass depended upon the breach positions and numbers.
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10. Transmutation System

The construction of the research facilities for the accelerator-driven transmutation
systent are planned in the Neutron Science Research Project. Target thermal-hydraulic
experiment facility, high-power target experiment facility, transmutation reactor physics
experiment facility and transmutation experiniental reactor are included in this project.
The preliminary design studies for these facilities has been carried out.

The conceptual design for accelerator-driven transmutation system with TRU-
metallic fuel has heen proposed. However, nitride fuel has many advantages over metallic
fuel. The neutronics and burnup analyses are performed for the system with TRU-nitride
fuel. In this system, the fuel with composition of (72MA-28Pu)-'>N are arranged as
pin-bundle type assemblies around tungsten target and cooled by sodium flow. The
tungsten target is injected by the proton beam with energy of 1.5 GeV. The calculation
was performed by ATRAS code system with JENDL-3.2 library. The calculational results
showed that the burnup swing in the system with nitride fuel was much smaller than that
of metallic fueled system.

The calculation code systems for accelerator-driven system (ADS) are adapted
to two different benchmark problems proposed by OECD/NEA and IAEA for the ver-
ification of the performances of these code systems. The benchmark problem proposed
by OECD/NEA is a part of the NSC benchmark project on Physics Aspects of Different
Transmutation Concepts. The purpose of another benchmark proposed by 1AEA is to
assess performances of ADS to achieve consensus on calculation methods and associated
nuclear data. The calculations were performed by the ATRAS code system and a part of
SPACE code system with the JENDL-3.2 library.

In order to study the transport of neutrons in a spallation target, reaction rate
distribution on the surface of a cylindric tungsten target were measured with activation
detectors of 27Al, 3P, *2S, 2Bi and so on. This study was a cooperative work between
JAERI and Institute of Theoretical and Experimental Physics, Russia. The experiment
was carried out at the booster beam line of Institute of High Energy Physics in Russia.
The experimental analysis were calculated with the Monte Carlo simulation code systems

of NMTC/JAERI-MCNP4A, LAHET and HERMES.
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10.1 Research Facilities for the Accelerator-driven Transmutation Study at the Center

for Neutron Science

T. Sasa, K. Tsujimoto, T. Nishida and T. Takizuka

(E-mail: sasa@omega.tokai.jaeri.go.jp)

In the neutron science research project, construction of the research facilities for the

accelerator-driven transmutation are planed as shown in Fig. 10.1.1. This report summarizes

the preliminary design study for the four facilities indicated in Fig. 10.1.1.

Target thermal-hydraulics experiment facility

Basic thermal-hydraulics experiments for the spallation target and beam window arc

planned to be performed at this facility using the 2 MW pulse proton beam. Tungsten disk

target assembliy similar to the transmutation plant are used for the target. No fuel assemblics

are placed and reflector assemblies surround the target assemblies as a shield. Whole assemblies
and beam window are cooled by liquid sodium.

We performed the thermal-hydraulic analysis at the steady state and at the transients

caused by the beam on and off. Transient response under the pulse beam operation must be

analyzed more in detail. Figure 10.1.2 shows the bird's-eye view of the facility.

High-power target experiment facility

Reflecting the results got at the target thermal-hydraulics experiment facility, we will
perform various tests for the target subassemblies under the similar exposure condition of the
transmutation plant by the 7 MW continuous proton beam. The system configration of the
experimental facility are almost same to that of the target thermal-hydraulics experiment
facility.

We carried out the thermal-hydraulics analysis and got the satisfactory results.

Transmutation reactor physics experiment facility

We examined the feasibility of the multipurpose subcritical assembly for the

development of various accelerator-driven nuclear system concepts such as transmutation
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systems and fuel breeding systems operated with very low-power pulse proton beam.

Transmutation experimental reactor

A transmutation subcritical experimental reactor is planned to verify the technical
feasibility of the accelerator-driven system and the performance of minor actinide transmutation.
We divided the plan into two stages. In the first stage, transmutation performance will be

tested using minor actinide fuel pellet and uranium oxide fuel at 30 MW of thermal power.
Then fuel is changed to uranium nitride in the second stage, and verify the transmutation

performance by minor actinide fuel pin or fuel assembly at a thermal output of 60 MW.

We carried out preliminary nuclear analysis and design of the whole system. Table

10.1.1 shows the transmutation performance of this reactor in the first and second stages.
From this results, transmutation rate in the first stage seemed too low and some revision of

the core design or reexaminations of the incident beam strength must be necessary.

For the transmutation research facilities, existing fast reactor technology can widely
applicable. However, there still remain some difficulties such as the material property data

under the proton-neutron irradiation.

Table 10.1.1 Transmutation performance of the transmutation experimental reactor

Reaction rate {/sec./1-target atom) and ratio to Pu-MA-Nitride core
average frac. of

energy (MeV)| flux

fuel Fluxpeint Np-237 | Am-241 | Am-243 | Cm-243 | Cm-244 | Cm245 | Tc-99 | K129 o
Pl(’é't\)AcAM’;‘Ai/tt{rif)’e Core Average || 7.97E+15| 7.24E+ 15| 5.50E+ 15| 3.19E+ 16] 9.54E+ 15| 2.86E+ 16| 3.68E+15| 2.19E+ 15|  0.831 27.4%
) 2.54E+14] 2.13E+ 14| 1.57E+14| 1.50E+15] 3.12E+ 14] 1.32E+15 | 1.80E+14] 1.08E+14

Nitride: Core Average 0.602 18.7%
0.032 0.029 0.029 0.047 0.033 0.048 0.051 0.049
U(U-235 20%)N
Core average
© 3.95E+14| 3.29E+14] 2.44E+ 14| 2.20E+ 15| 4.83E - 14] 1.97E+ 16| 2.92E+14] 1.70E+ 14
Peak point 0.613 18.2%
(3OMWth) |5 g=10¢m.
e 100 0.050 0.045 0.044 0.069 0.051 0.069 0.079 0.078
2.05E+14| 1.73E+14| 1.28E+14| 1.49E+ 15| 2.54E+ 14| 1.30E+ 15| 1.97E+ 14| 1.10E+ 14
Oxide: Core Average 0.547 16.7%
0.026 0.024 0.023 0.047 0.027 0.045 0.054 0.050
U(U-235 20%)0, | . |
Core average
verao ) 3.42E+14| 2.88E+ 14| 2,136 + 14| 2.32E+ 15| 4.226 + 14| 2.06E+15 | 3.25E+14] 1.84E+14
Peak point 0.564 16.3%
30MWh) -
( atR=10cm. 0.043 0.040 0.039 0.073 0.044 0.072 0.088 0.084
2=32cm from top
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10.2  Design Study of the Accelerator-driven Transmutation System with TRU-nitride
Fuel

T. Sasa, K. Tsujimoto, T. Nishida" and T. Takizuka

(E-mail: sasa@omega.tokai.jaeri.go.jp)

TRU-nitride fuel has many advantages over TRU-metallic fuel such as high thermal
conductivity, high TRU density, capability of dry reprocessing and so on. Therefore, we tried
to change the TRU metallic fuel to the nitride one and reexamined the neutronics and burnup
analyscs of the accelerator-driven transmutation system with solid tungsten disk target.

Since nitride fuel has higher thermal conductivity than metallic one, we revised the
design of the target sub-assembly to shorten the overall length of the target from 1.4 mto 1.0
m. We used target disks with three different thicknesses of 1.5 mm, 70 mm and 130 mm.
Figure 10.2.1 shows the cross sectional view of the revised target sub-assembly. According
to this revision, engincering design flexibility of the subcritical core was improved without
significant changes in neutronic characteristics.

The fuel is TRU-mononitride with a composition of (Np, Am, Cm - Pu)N. In order to
prevent the generation of *C, N enriched nitrogen was used to nitration of TRU. About
28% of Pu was added only to the virgin core to reduce the reactivity increase causcd by the
generation of Pu from Np. The fuel is fabricated to a form of particles without coating. The
71N particles were added as inert matrix to suppress the excessive power density during the
whole fuel lifetime. Both particles are mixed and filled into the clad made from 316SS by the
vibropack method. The fuel pin is assembled as a pin-bundle ductless type fuel subassembly
to improve the decay heat removal. Irradiation period was estimated about 1500 days according
to the limitation of maximum neutron fluence on the stainless steel clad. Incident proton
cnergy to the target was set to 1.5 GeV. System specification was listed in the Table 10.2.1.

The neutronics and bumup calculation was perforrﬁcd with the ATRAS code system
with the 73 group cross section file from JENDL-3.2 library.

Results of neutronics calculation are summarized in Table 10.2.2. Figure 10.2.2 shows
the power density distribution in the subcritical core. Obtained characteristics for the virgin
corc were almost similar to those for the metallic fueled one except for the initial neutron
multiprication factor and the burnup characteristics. Initial neutron multiprication factor was
higher and reactivity change during bumup were much smaller than that of metallic fucled

system.

* Radiation Application Decvelopment Association
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Table 10.2.1 System spccifications

Proton beam energy
Proton beam radius
Proton beam profile

Target/Core
Radii

Target
Upper target
Middle target
Lower target

Fuel
Material

Fuel pin outside diam.

Pin pitch

Effective fuel height
Inert matrix

Mixing ratio of ZrN
Filling factor

Bond

Clad thickness

Reflector

Primary Coolant
Inlet temperature
Outlet temperature

TRU initial inventory

1.5 GeV
25 cm
uniform

concentric cylinders with a height of 1 m
25¢cm /90 cm

tungsten (disk layer type)

disk thickness 1.5 cm

disk thickness 7.0 cm, gap 7.0 cm
disk thickness 13 cm

(72MA-28Pu)*N (MA:Np, Am, Cm)
5.43 mm

6.47 mm

100 cm

ZIN particle

30 %

55 %

He gas

0.4 mm (316SS)

stainless steel

liquid sodium
340 °C
440 °C

3650 kg

Table 10.2.2 Neutronics calculation results

Initial k-effective
Thermal output
TRU disappearance

Np

Am

Cm
Average neutron cnergy
Neutron fraction

above 1 MeV

Average neutron flux

Maximum reactivity swing

0.942
24.2 MW/mA

-303.1 kg/year
-183.6 kg/year
+70.0 kg/year
670 keV

19 %
4.1 x 10" (n/cm*/mA)

+1.8 % Ak/k at 600 days
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10.3 Benchmark Calculations with ATRAS and Other Code System for the

Accelerator Driven System

K. Tsujimoto, T. Nishida, T. Sasa and T. Takizuka
( E-mail:ktsuji@omega.tokai.jaeri.go.jp)

The calculation code systems for Accelerator Driven System(ADS) has been de-
veloped. For the verification of the performances of these code systems, they are adapted
to two different benchmark problems proposed by OECD/NEA and IAEA.

The benchmark problem for ADS proposed by OECD/NEA is a part of the NSC
benchmark project on Physics Aspects of Different Transmutation Concepts. The bench-
mark consists of three stages. The first stage considers the UO; fueled PWR reactor. In
the recycling stage, the MOX fuel defined in the first stage is fed either into a PWR or fast
reactor. In the partitioning and transmutation stage, three possibilities are considered:
another MOX fueled PWR, another fast reactor and an accelerator driven subcritical core.

The two dimensional model for this ADS benchmark probelm is shown in Fig. 10.3.1.
This system consists of two-region tungsten target injected by proton beam with an energy
of 1.0 GeV, minor actinide (MA) and plutonium nitride fueled core and reflectors, each
of which is cooled by sodium flow. The Pu and MA composition is corresponds to that
obtained through partitioning after 7 years cooling of products from reprocessing the fuel
burned up to 33 GWd/t. While three more fuel compositions are proposed, only results
for this composition are presented in this paper. The requested results are the spallation
neutrons, nuclear characteristics of transmutation system and burnup characteristics.

The calculation was performed by the ATRAS code system with the JENDL-
3.2 library. The spallation neutrons in the energy above 20 Mev is calculated by the
NMTC/JAERI code. The neutron transport calculation below 20 MeV were carried out
by the TWODANT code with 73 group cross section. The BURNER code was used for
the burnup calculation. The initial nuclei densities for MA and pultonium in fuel region
and the transmutation ratio during the burnup of 200 GWd/t are shown in Table 10.3.1.

The purpose of another benchmark proposed by IAEA is to assess performances
of ADS to achieve consensus on calculation methods and associated nuclear data. The
benchmark problem is divided into several phases. The goal of the phase one can be

defined as a verification of burnup reactivity swing as well as some important reactivity
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effects for fast spectrum ADS with an external neutron source at different subcritical
levels.

The calculation model for this benchmark problem is lead cooled fast spectrum
ADS using Th-?33U fuel cycle with an external neutron source by spallation reaction.
The spallation neutrons are generated in the lead target bombarded by the proton beam
with an energy of 1.0 GeV. The thermal power generated in this system is assumed to
be as constant at 1500 MW during the burnup period of of 2250 days. The proton
beam intensity should be adjusted to yield this thermal power, while the external neutron
source position and 25 group spectrum is provided. The geometrical position and material
arrangements are shown in Fig. 10.3.2. The nuclei densities are presented, however the
initial enrichment of 233U has to be adjusted to get given initial subcriticalities, 0.94, 0.96
and 0.98.

The calculation was performed with a part of SPACE code system. The multipli-
cation factors were calculated with the transport calculation code TWOTRAN-II using
25 group cross sections. The 25 group cross sections are generated by the weighting flux
calculated by the ANISN code and 295 group JSSTDL cross section library based on
JENDL-3.2. The fuel composition at each time step were calculated by the burnup cal-
culation code COMRAD with the one group cross section based on the JSSTDL library.

The change of k-eff for three different initial subcriticalities are shown in Fig. 10.3.3.

Table 10.3.1 Initial number densties of MA and Pu in fuel region and trans-
mutation rate during burnup of 200 GWd/t

Nuclide Initial number density | Transmutation rate
(x10%*/cm?®) (%)
Np-237 3.353E-03 36.99
Pu-238 1.251E-05 0.37
Pu-239 4.947E-04 15.99
Pu-240 1.977E-04 2.23
Pu-241 7.257TE-05 2.79
Pu-242 4.588E-05 0.37
Am-241 3.289E-03 33.46
Am-243 7.293E-04 5.76
Cm-244 1.579E-04 2.23
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10.4 Measurement and Analysis of Reaction Rate Distribution on Thick

Tungsten Target Surface for 0.895 and 1.21 GeV Proton Bombardment

H. Takada, S. Meigo, T. Sasa, T. Fukahori, N. Yoshizawa*, S. Furihata*,
V. 1. Belyakov-Bodin** and G. I. Krupny**
(E-mail : takada@omega.tokai.jaeri.go.jp)

In order to study the transport of neutrons in a spallation target, reaction rate
distributions on the surface of a thick tungsten target were measured with various activation
detectors for the 0.895 and 1.21 GeV proton incidence as a cooperative work between JAERI
and Institute of Theoretical and Experimental Physics under the contract of International Science
and Technology Center project #157.

The experiment was carried out at the booster beam line of Institute of High Energy
Physics in Russia. The proton beam having a profile of Gaussian distribution with a FWHM
of 2.4 cm was injected into a cylindrical tungsten target of 20 cm in diameter and 60 cm in
length whose density and the purity were 19.25 g/cc and 99.95%, respectively. Activation
detectors of 27Al, 31P, 32§, 209Bi and so on were put on the cylindrical surface of the target.
Reaction rates of the detectors were obtained by the y and 3 ray measurements using a Ge-
detector and a polystyrene scintillation counter, respectively. The errors of the reaction rates
were about 6.6% for the y-ray measurement, while about 22% for the B-ray one.

The reaction rates were calculated with the Monte Carlo simulation code systems of

NMTC/JAERI-MCNP4A1L2), LAHET?3 and HERMES# using the nuclide production cross
sections of JENDL-Dosimetry file and those calculated by the ALICE-F code. The following

models and data were employed in the code systems: The preequilibrium process was taken
into account with an exciton model and a multistage multistep preequilibrium exciton model in
NMTC/JAERI and LAHET, respectively. The level density parameter derived by a formula of
Ignatyuk was selected for the evaporation calculation in those codes, while that proposed by
Baba was employed in HERMES. As for the nucleon-nucleus cross sections, NMTC/JAERI
calculation employed the systematics derived by Pearlstein in the energy region below 1 GeV
and the geometric cross sections above 1 GeV. LAHET calculation utilized the elastic cross

sections obtained by a global phenomenological optical model and those compiled in the NASA

* . Mitsubishi Research Inc., Tokyo
**: Institute of Theoretical and Experimental Physics, Moscow, Russia
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library® in the energy regions below and above 400 MeV, respectively. In HERMES
calculation, the elastic cross sections compiled in HILO library”? and those from NASA library
were employed in the energy regions below and above 150 MeV, respectively.

The calculated reaction rates are compared with the experimental ones in Figs. 10.4.1 to
10.4.4. The reaction rate increases with the distance from the front surface up to about 8 cm
and then decreases rapidly irrespective of the incident proton energy. It is observed that
HERMES tends to give lower reaction rates than the other code systems. NMTC/JAERI-
MCNP4A and LAHET reproduce the experimental results better than HERMES. Tt was also
found from a detailed comparison that the calculated results of LAHET were in satisfactory
agreement with the experimental ones with the C/E ratio of 0.8 to 1.2 at the positions up to 30
cm from the front surface because LAHET gave higher neutron yield in the energy region
below 60) MeV than the other code systems. At the position of 55 cm, however, all the code
systems estimate the reaction rates extremely higher. It is necessary to investigate the accuracy

of total, elastic and non-elastic neutron cross sections employed in the code systems.

References

1) Nakahara, Y., Tsutsui, T. : "NMTC/JAERI A Code System for High Energy Nuclear
Reactions and Nucleon-Meson Transport Code", JAERI-M §2-198, (1982), [in Japanese].

2) Briesmeister, J.F. (Ed.) : MCNP A General Monte Carlo N-Particle Transport Code,
Version 4A, LA-12625, (1993).

3) Prael, R.E., Lichtenstein, H. : LA-UR-89-3014, "Users Guide to LCS: The LAHET Code
System”, (1989).

4) Cloth, P, et al.: "HERMES A Monte Carlo Program System for Beam Materials
Interaction Studies”, Jiil-2203, (1988).

5) Fukahori, T. :"ALICE-F Calculation of Nuclear Data up to 1 GeV", Proc. of the
Specialists’ Mtg. on High Energy Nucl. Data, Oct. 3-4, 1991, JAERI, Tokai, JAERI-M
92-039, pp. 114-122 (1992).

6) Alsmiller, R. G. Jr., Barish, J. : "Neutron-Photon Multigroup Cross Sections for Neutron
Energies < 400 MeV", ORNL/TM-6486, (1981).

7) Wilson, J. W., Costner, C. M. : "Nucleon and Heavy-lon Total and Absorption Cross
Section for Selected Nuclei”, NASA TN D-8107, (1975).

— 221 —



JAERI-Review 97-011

26
10 S
3 0.895 GeV p on W-target ]
. 1 (20 cm diam. x 60 cm) 1
0 4 a27 [T
D -
S ol |
g 10*28 3 o
‘é """" . P(np)”'Si ]
el ‘ X107
=10 3 N 31
Q  femR N :
g ----- - ¥Sp) P ]
c 10°°F TN ™ 3
2 E om Altn.p)Mg3
Q [ .
' s Experiment
S 103 L*4a °F° Al(n, o )**Na)
a E —— NMTC/JAERI SN x 013
- HERMES -
---- LAHET
10—32 TS TTTUE FUTDY SR TS FUWOY FUTe

0 10 20 30 40 50 60 70
Distance from Front Surface (cm)

Fig. 10.4.1 Reaction rates of S(n,p)*P, P(n,p)*'Si,
Al(n,p)*Mg and Al(n,o)**Na for the 0.895 GeV pro-
ton incidence on thick tungsten target. The solid marks
indicate the experimental results. The solid, dotied
and dot-dashcd lines stand for the calculated results
of NMTC/JAERI-MCNP4A, HERMES and LAHET,
respectively.,

10°2°

1 21 GeV p on W targe!
(20 cm diam. x 60 cm)

8 10%

Q@

@]

g

c 1028

e

o

(o}

= 10%

)

T {430

p 10

e

8 10_31 [ : ! Experiment

@ .

o E — NMTC/JAERI

1092 Lo

0 10 20 30 40 50 60 70
Distance from Front Surface (cm)

Fig. 10.4.3 Reaction rates of S(n,p)*P, P(n,p)’'Si,
Al(n,p)*Mg and Al(n,o)**Na for the 1.21 GeV proton
incidence on thick tungsten target. The notes to the
marks and lincs are the same as for Fig. 10.4.1.

Reaction Rate (1/proton/nucleus)

Reaction Rate (1/proton/nucleus)

0 895 GeV p on W target
S - (20 cm diam. x 60 cm)

3 i g3

a0t :: ! Experiment B'(”v7;‘1)20 Bi]
1077 F  _ NMTCWAERI 3
R HERMES :

10'31 L:LI_LAHET NIUOY T W U

0 10 20 30 40 50 60 70
Distance from Front Surface (cm)
Fig. 10.4.2 Rcaction rates of Bi(n,4n)***Bi,
Bi(n,5n)**Bi, Bi(n,6n)**Bi and Bi(n,7n)***Bi for the
0.895 GeV proton incidence on thick tungsten target.
The notes to the marks and lines arc the same as for
Fig. 10.4.1.

T T Ty YT YTy

121 GeV p on W- target E
(20 cm diam. x 60 cm)

)

3
Bi(n,4n)**Bi ]

“™h_Bi(n, 6n)2°‘Ba1
x10 3

-y

e
B

ik |

Bi(n.70)*"Bi 3
x1 3

30| : ! Experiment
1077  NMTCuwAER) L] E
E HERMES 3
103 L AT ]

0 10 20 30 40 50 60 70
Distance from Front Surface (cm)

Fig. 10.4.4 Recaction rates of Bi(n,4n)***Bi,
Bi(n,5n)**Bi, Bi(n,6n)**Bi and Bi(n,7n)?*Bi for the
1.21 GeV proton incidence on thick tungsten target.
The notes 10 the marks and lines arc the same as for
Fig. 104.1.

—222—



JAERI-Review 97-011

11.  Accelerator Development

The final report of the conceptual design activity of International Fusion Materials
Irradiation Facility (IFMIF- CDA) is completed at the end of 1996. The basic design
parameters of cw deuteron linac are examined from the view points of the system integration
and the availability, and the basic design and cost estimation for the total lithium target
system have been improved. The stability of the target flow has been studied by simulating
the target flow with water for non- heating condition. The impact of source term uncertainty
to the calculated irradiation parameters such as neutron flux and dpa has been analvzed on the
neutronics calculation.

Several developments for the superconducting rf- linac based FEL facility have been
made: a beam loss current monitoring system based on a Si photo diode and Csl or BGO
scintillators, a measurement of a long FEL resonator length using Ti- sapphire laser and
detecting light pulse enhancement due to the interference between a newly coming light and
stored light pulses in the resonator. Grid pulser circuits in the electron gun have been also
improve to eliminate the fluctuation in micro pulse. Various measurements have been carried
out to improve the beam quality for electron beam bunching, spontaneous emission and
effects of the undulator filed roll-off.

R&D activities and conceptual design studies for high intensity proton accelerator
have been in progress for the Neutron Science Project (NSP). The characteristics of a 2MeV
proton beam has been systematically studied with and multi- cusp type H™ ion source and an
high intensity RFQ, and a basic performance of a H™ with multi- apertures has been measured
for the operation with and without cesium. Primary configurations and accelerator parameters
for CW-DTL and superconducting high 3 linac have been evaluated in order to meet the
various requirements for the NSP accelerator which has been discussed for the proposed
research facilities. An associated RF control system has been also considered to estimate
various uncertainties for frequency shift, phase error and voltage variation. Electromagnetic
properties and beam dynamics calculation have been made to evaluate behavior and quality of
accelerated particles. Structural analysis of superconducting cavities has been carried out to
ensure the strength under vacuum load and cooled condition. After a test stand of
superconducting cavity development had been constructed. a fabrication and test of a single
cell cavity of 3=0.5 have been conducted. The peak field measurements were successfully
performed with the observed peak field of 16MV/m and 18.6 MV/m at 4.2 and 2.1K
respectively, which exceeded the specification for the proposed cavitv. Preliminary studv of a
storage ring for a SMW pulsed beam for neutron scattering experiments has been started.
Many technical problems expected for such an high intensity ring have been checked such as
latticed properties, beam injection, radio- frequency cavity and beam extraction in order to

clarifv the necessary R&D items.
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11.1 Conceptual Design Study of IFMIF Accelerator System

M. Sugimoto, M. Kinsho, M. Chernogubovsky and Y. Houjyo’
(f2-mail. sugimoto@ifmif tokai jaeri.go.jp)

The final report of the conceptual design activity of International Fusion Materials
Irradiation Facility (IFMIF) is completed at the end of 1996".  The basic design parameters of
the high intensity cw deuteron linac for the IFMIF described in the interim report® are examined
from the view points of the system integration and the availability. Two design integration
meetings"¥ were held and the following design issues were discussed:

(1) Practical development path to obtain the 140 mA dc deuteron ion source with long lifetime,
(2) Recent development of high power rf tube in 175 MHz frequency region,

(3) Radiation and activation source models of RFQ and DTL,

(4) Superconducting linac (SCL) option as a high energy section alternative, and 100 kW solid
state rf amplifier module used for each SCL cavity,

(5) Refinement of HEBT system to satisfy the users requirement of the beam profile on the
target, and

(6) Cost estimation of the accelerator system.

The major changes from the baseline design parameters are summarized in Table
11.1.1°.  The number of ion sources per 125 mA linac module was two to achieve the higher
availability of the injector section, however, it reveals that the on-line replacement of the failed
ion source is impossible in the high radiation environment. The single ion source arrangement
is preferable to design the short LEBT with a good matching property to RFQ. The maximum
output power from one rf module was assumed to be 1.3 MW before, and it is reduced to 1.0
MW to increase the availability margin by operating at the reduced rating. This affects the
energy gain per DTL tank and it is reduced from 5 MeV to 4 MeV, roughly.  So, in the final
design, the extra two DTL tanks and the associated rf stations are necessary, and the output
energy step becomes 4 MeV. This also increases the cost of the accelerator by about 20 %.

The cost of the SCL option mainly depends on the cost of the solid state rf amplifier module

* ITitachi Corporation
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and it becomes comparable now. The refined schematic view of power distribution over the
[FMIF accelerator system and the major parameters for each linac structure (RFQ and DTLs)

are shown in Fig. 11.1.1.

Table 11.1.1 Baseline design parameter changes of the IFMIF accelerator system
Parameter Interim design Final design
Number of ion sources per beamline 2 1
Output energy 30, 35, 40 MeV 32, 36, 40 McV
Number of DT, Tanks 6 8
Number of RF stations 10 12
Max. Output Power per RF Station 1.3 MW 1.0 MW
1 Total AC Power Required = 19.4 MW ]
o.1f MW o.z?ww 18.2+Mw 0.8 MW
AC for [ fo OTL EMQs | Eleven 175 MHz, 1oolo kW Max. Power RF Stations: IELHE—B-I—]

injector,

L EERRRERE]

Three i RGDTL DTL DTL 1| DTL DTL || DTL DTL DTL L
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RFQ
- = L= 3888 L= 3143 L=331.7 L=3135cm L=3108cm =3331¢cm L=3219 L= 3398
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Fig. 11.1.1.  Power distribution for IFMIF accelerator system
and major features of RFQ and DTL.

Since the ion source performance is critical for the overall availability of the
accelerator system, we are interested in all developmental works related to the high current,
high brightness, and stable positive light ion sources. The recent ECR source can produce
~100 mA proton beam with enough quality for IFMIF and it will be reduced to ~70 mA for
deuteron case. So, twice of the source intensity should be demonstrated. On the other hand,
the cathode-driven volume source can produce ~70 mA deuteron beam at 35 kV extraction
voltage. It is an enough intensity if it can be scaled up to 100 kV extraction for IFMIF. The
key issue for this source is a long-lived cathode to obtain the high availability. The H," beam

is also required for tuning process, but we expect ~50 mA is possible. The search of the
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source condition is required to obtain both D™ and H," beams with the optimal characteristics
using a single source. The beam neutralization is occurred in the LEBT (> 90 %) and is
disappeared at the entrance region of RFQ. The effect of the ion source fluctuation to the
RFQ matching is important to reduce the beam loss inside of the RFQ. If a pulsed mode
operation is necessary for the tuning process, the above problem becomes a critical issue.

The segmented RFQ developed at LANL? is a reference design of IFMIF RFQ, which
is the best choice from the beam dynamics view point but some additional considerations” are
required to achieve the stable high power operation. The high power test of the segmented
RFQ can answer for the inter-gap field problem presented in Ref. 7. The RF power feed for
RFQ is another problem: it is desirable to keep the balance and symmetry of the RF field in each
quadrant of the RFQ. The beam excitation called as the beam load is also balanced among the
RFQ segments.

The beam dynamics simulation code is indispensable to design the IFMIF accelerator
system. The particle tracking codes used for the relatively low current linacs so far have some
difficulties when the results are compared with the experiments. The suppression of the beam
halo is one of the main issues of the IFMIF system, and it requires a extremely precise
calculation of the small portion (1/10%) of the accelerated and transported beam. The seek for
the best combination of the fast-and-approximate method and the slow-and-precise method is

started from the beginning of 1997.
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11.2 Conceptual Design Study of IFMIF Target System

Y. Kato, H. Nakamura, M. Ida, K. Itoh*, Y. Kukita* and H. Maekawa
(E-mail: kato@ifmif.tokai.jaeri.go.jp)

The conceptual design activity of international fusion materials irradiation facility

(IFMIF - CDA) which started in January 1995 has been performed in cooperation with E.U.
and USA. The results were summarized in the final report of IFMIF-CDA". As the target
group activity, some improvements for the basic design and the cost estimation for total target
system have been made. The stability of target flow has been studied by simulating the target
flow with water for non-heating condition”. In this experiment a stable target flow has been
demonstrated and a data base for investigation of Li jet conditions has been produced.
(1) Conceptual design of a primary lithium system and target assembly
According to the improvements for the lithium system design, the total inventory of lithium
was revised to about 21 m’. Also the parameters of target lithium flow were revised as in Table
11.2.1. A schematic illustration of target configuration is shown in Fig. 11.2.1.
Table 11.2.1 Lithium jet parameters
Jet thickness, m:  0.025 (for 40MeVD") Inlet temperature, C : 250
0.022 (for 36MeVD") Outlet temperature, C : 300 (for 15 m/s)
0.019 (for 32MeVD") (Surface temperature, C : 290 (for 15 m/s)
Jet width, m : 0.26 Peak temperature, C : 450 (for 15 m/s)
Jet velocity, m/s : 15 (range 10-20) Beam footprint, cm: 5x20

In the target assembly, the backwall will get the neutron damage of more than 50 dpa/y
and the replaceable backwall was adopted as a reference design. A target assembly that has a
bolt fixed and lip-weld type replaceable backwall was designed.

In the primary lithium loop, the main electromagnetic pump was designed to have max.
flow rate of 120 L/s and provide a flow up to 110 L/s to the operating target, as well as 10 %
of this total flow to the second target for removal of decay heat from the target structure.

(2) Components design of lithium purification system

The lithium purification sub-loop consists of a system of cold trap and hot trap to remove
various impurities and auxiliary supporting equipment. The impurity elements expected are the
Deuteron (D), Tritium (T), Beryllium (Be-7), Carbon (C), Nitrogen (N) and Oxygen (O). The
cold trap will remove D, T, Be-7 C and O. Total tritium production rate is estimated at 10 g/y.

* Nagoya University
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It is important to minimize the tritium inventory in the system, since this could be the
dominant source term in the event of a radiological release. Then the tritium i1s planned to
remove by the cold trap with protium sparging method and as an option , by hot trap with
yttrium getter. Nitrogen will be removed by hot trap with titanium getter. The most highly
radioactive impurity is expected to be Be-7 which has a 53 day half life. If the cold trap does
not functioned, the Be-7 will build up to a saturated activity of 4.5x10"" Bgq. The remote

handling system is required to exchange the cold trap contained Be-7.

(3) Water Simulation Experiment for IFMIF TargetSimulation of Li jet by water® )

Non-dimensional numbers such as Reynolds, Froude and Weber numbers were preserved
to simulate the Li target flow condition by water flow. Since the kinematic viscosity of water at
room temperature is close to that of Li at the IFMIF operating temperature (~250 °C), the size of
the test section and velocity enable to preserve Re and Fr. The jet free surface condition being
represented by We was simulated by changing the jet average velocity. The experiments were
performed in a water loop (Fig. 11. 2. 2), mostly under atmospheric pressure. A two-
dimensional double-reducer nozzle being newly proposed for the IFMIF provided a high-speed
(< 17 m/s) stable water jet (240 mm-wide and 24 mm-thick) with uniform velocity distribution
at the nozzle exit. There was no flow separation in the nozzle and no liquid entrainment from

the jet free surface.

Test results and discussions

The jet free surface was covered by two-dimensional and/or three- dimensional waves, the
size of which did not change much over the tested jet length of ~130 mm (Fig. 11. 2. 3). The
wave amplitude attenuation effect due to the centrifugal force was estimated assuming that the
local wave energy is preserved on the jet surface. The obtained amplitude attenuation factor
indicates that the longer waves are attenuated more than shorter waves, and that the Li jet
surface would be covered by longer waves than on the water jet (Fig. 11. 2. 4).

The jet velocity profile changed around the nozzle exit from uniform to that of free-vortex
flow where the product of the radius of stream line and local velocity is constant in the jet
thickness (Fig. 11. 2. 5). The depth-wise distribution of static pressure due to centrifugal force
caused such a change in the velocity profile. The jet thickness increased immediately at the
nozzle downstream because of the above change in the velocity profile. One-dimensional
momentum equation predicted well the jet thickness along the length of the jet (Fig. 11. 2. 6)

when the initial change in the jet thickness was taken into account,

References

[1] IFMIF CDA Team, “IFMIF International Fusion Materials Irradiation Facility, Conceptual
Design Activity, Final Report,” RT/ERG/FUS/96/11, ISSN/1120-5563 (1997).
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11.3 Preliminary Analyses of Li Jet Flows for the IFMIF Target

M. Ida, Y. Kato, H. Nakamura and H. Maekawa
( E-mail : ida@ifmif.tokai.jaeri.go.jp )

The conceptual design activity (CDA) of the International Fusion Materials Irradiation
Facility (IFMIF) to provide a neutron irradiation field has started in February 1995 under the
auspices of the International Energy Agency (IEA). The IFMIF target assembly i1s shown in
Fig. 11.3.1. Two deuteron (d") beams at 32 to 40 MeV with the total current of 250 mA are
irradiated onto a rectangular region (50 mm-high x 200 mm-wide) of the Li target. Neutrons
are generated by d-Li stripping reaction in the target.

About 95% of the kinetic energy of the d* beam power is deposited and turns into heat in
the target. The liquid Li target should remove the generated heat to keep the stability and the

integrity of the target flow. Furthermore, the target Li flows in the beam target region of about

103 Pa. To meet these conditions, the target Li flows at high-speed of 10 to 20 m/s, along a
concave wall.  In the Li flow, static pressure distribution due to the centrifugal force results in
a significant increase of the saturation temperature with the depth from the free surface.

The two-dimensional numerical analyses of the target jet flow were performed to clarify
the thermal and hydraulic characteristics of the Li target flow. A commercial computer code
FLOW-3D was employed for the analyses because the code can deal with turbulent flows with a
free-surface using the VOF (volume of fluid) model. The following 5 items were performed
to study the target flow behavior and to test the predictive capability of the FLOW-3D code as a
tool for the analysis of flow dynamics. They were reported in JAERI-Research 97-030.

Temperature Distribution in Target Flow

The effect of back-wall radius and average velocity on the temperature distribution in the
target jet flow was evaluated.( See Figs. 11.3.2 through 11.3.4 ) The adequacy of the CDA
requirements and a range of these parameters were evaluated. The conclusions are as follows.
1) There is enough temperature margin of Li boiling at the free surface and at the peak
temperature location in the jet flow in all the cases, to avoid respectively significant vaporization
and voiding. The minimum temperature margin is 20 K at the free surface.

2) The effect of the back-wall radius on temperature distribution is negligible. There is no
remarkable migration of hot portion of fluid towards the jet free surface. The heat conduction
in the deeper side of the peak temperature location takes place, but is not influential to the

temperature distribution.
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Calculation of Boundary Layer
The applicability of the FLOW-3D code was examined to evaluate the boundary layer

development along the wall. The conclusions are as follows.

1) The calculation using the RNG model, out of three turbulence models in the code, with
fine meshing gives the results very close to the theoretical prediction, though all the models
over-predicts the boundary layer thickness. The k-e¢ model predicts the thickness largely,
especially in case of small mesh size. The velocity profile in the boundary layer calculated
using the LES model is qualitatively different from that of the theoretical prediction.

2) The thickness of the calculated boundary layer increases steeply when the boundary
layer starts to develop, and is followed by a gradual development. The amount of the initial
steep increase in the boundary layer thickness decreases with the size of the cell attached with

the wall.

Jet Thickness

The effects of boundary layer development on the jet thickness were evaluated by
changing the back-wall radius assuming an extremely long jet to enhance the flow behavior.
The conclusions are as follows.
1) The jet thickening rate is roughly equal to that of the displacement thickness of the
boundary layer.

2) The effect of centrifugal force on jet thickness is negligible.

Interfacial Wave

The interfacial wave generation on the jet free surface was attempted to simulate by
using the FLOW-3D code. The conclusions are as follows.
1) No wave is calculated to appear in the two dimensional calculations performed by
changing such parameters as the turbulence model, mesh size, surface tension, physical
viscosity and the existence of a “‘projection”.
2) The jet becomes thinned as the low velocity portion near the free surface, due to the
boundary layer on the front wall of upstream nozzle, is accelerated by the viscosity effect.

This acceleration near the free surface may be one of the causes for the wave generation.

Target Flow Response in Case of Backwall Rupture

The jet behavior was evaluated for the case that the pressure outside the target assembly
is higher than the static pressure at the back-wall due to the centrifugal force. The jet flow is
found to be separated at the downstream of an assumed opening within few milliseconds or
less, causing large deformation of the jet shape when the outside pressure is higher than 30 kPa.

A large gas bubble is formed when the outside pressure is equal to 100 kPa.
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11.4 Impact of Source Term Uncertainty on Neutronics Analysis of D-Li
Neutron Irradiation Facility (IFMIF)

Y. Oyama, K. Kosako* and K. Noda
(E-mail: oyama@fnshp.tokai.jaeri.go.jp)

A 14 MeV neutron irradiation facility, International Fusion Material Irradiation Facility
(IFMIF), has been planned and designed in the conceptual design activity (CDA) under the
collaborative program of International Energy Agency (IEA) Implementing Agreement for a
Program of Research and Development on Fusion Materials'’. The IFMIF facility produces
neutrons with peak energy of around 14 MeV by d-Li reactions by a high current deuteron
linear accelerator and a high speed Li flow target. The irradiation parameters such as neutron
flux and dpa were estimated to optimize the accelerator and target design parameters by neutron
transport codes using the previously developed source model.”” However, since the present
source model was obtained from a rather simple nuclear reaction model, it brought the
uncertainty to the calculated flux and spectrum of emission neutrons. Therefore, it is very
important to know the uncertainty level of the calculated irradiation parameters originating from
the source term uncertainty.

The comparison of the calculated forward emission spectrum of neutrons with the
FMIT model” and Sugimoto’s experiment”’ measured at 32 MeV is summarized in Table
11.4.1. A good agreement can be found for the JAERI calculation, except for the high energy
region. Both the results for thick target spectra are very similar to the experiment in a gross
structure, but the absolute intensity is different. More than 99 % of neutrons are generated with
the energy below 30 MeV. This approves to neglect a high energy part of emission spectrum.
For neutrons below 15 MeV, its fraction is 69% and the C/Es are 0.96 and 0.79 for JAERI and
FMIT, respectively. Generally the FMIT spectrum gives lower C/E value except a high energy
part.

Neutron transport calculations to obtain neutron irradiation parameters were performed
inside the test module loaded with the test material samples®’. A test module was placed in front
of the target with the shape of 50x 200 mm square and the depth of 200 mm. As standard
loading modules, the following four cases were considered: for iron sample, 1) Fe 50%, He
50%, and 2) Fe 50%, NaK 30%, Void 20%, and for SiC sample, 3) SiC 50%, He50%, and 4)
SiC 50%, NaK 30%, Void 20%. The test matrices with the standard loading were averaged by
the volume fraction and homogenized. A neutron transport calculation was performed using the

* Sumitomo Atomic Energy Industries Ltd.
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Monte Carlo code, GMVP, which was a vectorized version modified from MORSE-CG. The
nuclear data library used was HILO86/J3 that was modified from HILO86 by replacing the data
below 20 MeV by JENDL-3.1 incorporating a self-shielding factor.

Contributions of source neutrons with three energy groups as shown in Table 11.4.2
were calculated on the parameters such as Fe dpa, heating and He production for the Fe/He
cooled module. It is concluded that He production is most sensitive to higher energy, i.e.,
30 % for neutrons above 20 MeV, and dpa has lower sensitivity. On the other hand, nuclear
heating is less sensitive to such high energy range. The table summarizes the uncertainties of
source function for corresponding energies based on the comparison with Sugimoto experiment.
Sensitivity of source term to nuclear responses should be exactly determined from the
uncertainty of source function, i.e., uncertainties of energy spectra for every emission angle.
However, here, to simplify and to roughly estimate an impact of the source term, the
uncertainty of source term is assumed to be represented by that of the forward emission
spectrum. From the table, impacts of the source function uncertainty of nuclear responses such
as dpa, heating, and gas production are as follows: 1) A 75-85 % fraction of dpa for Fe is
determined by neutrons below 20 MeV. 2) A 10% uncertainty of neutron emission above 20
MeV contributes to those of the total dpa only by 2- 3 % , of the total heating by 1 % and of the
He production by 2-3 %. 3) A 10% uncertainty of 10-20 MeV neutrons contributes to those of
the total dpa by 4-5 %, of the total heating by 6% and of the He production by 6 %. 4)
Multiplying the sensitivities by the source term uncertainty, the uncertainties of nuclear
responses by the ESNIT and the FMIT models ranged in ~ 8% and ~ 17%, respectively.

References
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Table 11.4.1  Comparison of Integrated Forward Flux in C/E ( Calculated to Experimental
one) [ Ed=32 MeV, Angle=0 degree]
Energy Sugimoto Fraction
range Experiment to total JAERI CE FMIT C/E
[MeV] [n/sr/s/mA] flux of 1- Model Model
50 MeV
1-2 1.28e+10 0.051 1.21e+10 (.945 7.95e+49 0.623
2-10 7.66e+10 0.304 8.46e+10 1.104 6.70e+10 0.874
10-15 8.40e+10 0.333 7.12e+10 0.848 6.13e+10 0.730
15-30 7.76e+10 0.308 7.06e+10 0.911 5.46e+10 0.703
30-40 1.10e+49 0.004 1.31e+8 0.119 2.28e+8 0.208
40-50 1.63¢+8 0.00065 not given | ------ 1.68c¢+8 1.029
Total 2.52e+11 1.00 2.39¢+11 0.946 1.91e+11 0.758
Table 11.4.2 Uncertainties of Calculated Nuclear Responses
Energ | Uncertainty of
¥ Source Uncertainty of calculated responses
range Function
MeV dpa of Fe Total heating "He production
JAERI | FMIT JAERI FMIT JAERT | FMIT [ JAERI FMIT
1-10 +8% -16% +1.6-3.2% -(3.2-6.4)% +3% -6% +1-1.5% -(1.9-3)%
10-20 -14% -27% -(6.3-7.7)Y% -(12-15)% -7.7% -15% -(8.3- -(16-
8.5)% 16.5%)
> 20 -7% -36% -(1.1-1.8)% -(5.4-9% -0.56% | -2.99% | -(1.4-2)% | -(7.2-10)%
total -5% -24% -(4-6)% -(21-30)% -5% -30% -9% -(27-30)%
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11.5 Loss Monitor System for the JAERI Superconducting rf Linac-based FEL

E.J.Minehara and E.Tanaka

(E-mail: minehara@ felwu0.tokai.jaeri.go.jp)

In order to decrease substantially the hard X- and gamma-rays radiation level at the
JAERI FEL facility, we have developed a beam current loss monitoring system being
distributed along the beam line of the JAERI superconducting rf linac. Usually, we first try to
maximize a transmission of an electron beam through the rf linac by adjusting beam optical
elements, and by monitoring the beam current. Once we succeed to transport the electron beam
with about a full transmission, and we can not use a current monitor system to reduce a smaller
amount of the beam loss than a few %. In order to reduce the beam loss smaller than 0.01% or
less, we have to use a more sensitive monitor for the current loss than the current monitor.

Preliminary and experimental results showed the reduction of about one and half orders
of magnitudes in the JAERI FEL experimental hall. Plastic, Nal(Tl) crystal and Glass
scintillators have been used to reduce the radiation level. In order to monitor the radiation level

induced by an electron beam loss, we have developed a new semiconductor radiation monitor
using a Si-photo ledCl), Csl or BGO scintillators and a charge-sensitive hybrid ampllﬁer").
In a heavy radiation circumference, we used to remove the scintillation crystal or glass to reduce
the monitor sensitivity, and reduce the bias voltage. Design options of the photon detectors and
monitoring ways will be discussed.

In the Fig.11.5.1, a typical pulse shape from the loss monitor prototype of Si-photo
diode is shown to have a rise time of 30us and a fall time of about a few hundreds ps. The rise

time is the same with a beam pulse duration, and the fall time an amplifier time constant. The
pulse is taken about 2 meters after the JAERI superconducting rf-linac based FEL driver. The
monitor was fixed about one and half meter from the stainless-steel beam duct, and one the

floor, and heavily-shielded with several S0Omm-thick Pb blocks.

References
1) Hamamatsu Photonics Co. "Si PIN Photo diode S3590-05".
2) Hamamatsu Photonics Co. "a charge-sensitive hybrid amplifier H4083".
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Fig.11.5.1 A typical pulse shape from a loss monitor prototype of Si-photo diode is shown,

and has a rise time of 30us and a fall time of about a few hundreds ps.
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11.6

Precise Measurement of Resonator Length at JAERI FEL

N. Nishimori, E. Minehara, M. Sugimoto, M. Sawamura, R. Nagai and N. Kikuzawa

( E-mazl: nisiQmilford.tokai.jaeri.go.jp)

At the JAERI FEL. the repetition rate of the electron beam is absolutely set

to 10.4125 MHz restricted by performance of the grid pulser electron gun. Then the

resonator length must be 14.4 m to get the overlap between the radiated light and

newly coming electron beam. For such a long FEL resonator, the miss adjustment

of the resonator length cause a serious difficulty to achieve lasing, because the mirror

movement over several millimeters is usually requested to adjust the resonator length.

The sophisticated method using an external laser developed by Stanford University'

was 1mproved and adopted to make a direct measurement of the resonator length.

The experimental setup is shown

i Fig. 11.6.1. A commercially

available mode-locked Ti:sapphire laser
(TSUNAMI) with 80 fs pulse duration
and wave length of 790 nm was used for
the experiment. The repetition rate was
set to 83.3 MHz equivalent ta the eighth
harmonic of the repetition rate of the
JAERI FEL. The laser beam was injected
into the resonator through a 2 mm hole
on the upstreamn mirror and the beam
axis was adjusted to reach the center of
the downstream mirror. The laser power
at exit of TSUNAMI was 210 mW and
it in the resonator was 3.7 mW. Adjust-
ment of an inclination of the downstream
resonator mirror was made by observing
the reflected laser beam on a paper screen
with a slit at the entrance of the undula-

tor. Then the downstream mirror was

790nm:80fs:83.3MHz
j[ Ti:sapphire Laser—]

Ve FEL Optical Resonator 14.4m
L /h 1111 ) I
P ~[000000200000060 %
Half émlrror L Undulator Q

\' I;J;I Streak Camera

method based on K.W.Berryman et al.

¢ Haltmirror M A358 (1995) 260-263)
a 1. change a frequency
. 2. a photo diode
Photo Diode our method

1. change a cavity length
2. a streak camera and a photo diode

Fig. 11.6.1 The experimental setup to measure
the resonator length at the JAERI FEL. An ex-
ternal Ti:sapphire laser was injected into the res-
onator through a 2 mm hole on the upstream
mirror. The stored laser beam was outcoupled
through the hole, and separated from the inci-
dent laser beam by a beam splitter cube. It was
transported to the detector system, and mea-
sured by a streak camera and a photo diode si-

multaneously.
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adjusted for both incident and reflected beams to overlap each other. The upstream
resonator mirror was adjusted with similar procedure at the exit of undulator.

The stored light was outcoupled through the 2 mm hole and transported to
the detector system composed of a streak camera (Hamamatsu Synchroscan Streakunit
M1955) and an Avalanche photo diode (APD, Hamamatsu C5331-01). A time structure
of the stored light was measured by those detectors.

At first we studied the time structure of outcoupled lights from the optical
resonator by the streak camcra. Since the frequency of the trigger signal for the streak
camera was set to 83.3 MHz, time differences between the trigger and stored laser light
signals were proportional to the resonator length difference from the resonance and the

number of round-trips.

Scanning by the streak camera
was made by 100 gm step. At longer
resonator length than the resonance, the
peak area was broad in up side as shown
in the Fig. 11.6.2. But it was gradually
narrower with decrease of AL and a line
shaped structure was obtained around
AL = 0 mm. At shorter resonator length
than the resonance, the peak area became
broad in down side. The time structure
at the shorter resonator length is almost

symmetric with that at the longer. Dur-

ing the scanning, the holed mirror was
moved to change the resonator length.

From the change of time structures, the  Fig. 11.6.2 The two dimensional time structures

resonance point could be roughly deter- observed by a streak camera when the mirror dis-

. . tance was slightly changed. Figures are assigned
mined with the accuracy of 100 pm or
from the upper AL = 40.55 mm. 0.00 mm and

less. -0.45 mm, respectively.
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Fig. 11.6.4 The resonator length dependence of

Fig. 11.6.3 Wave forms of photo diode signals on light output observed by a photo diode. The

the oscilloscope. The upper shows a wave form factor 3.3 enhancement was observed at the res-

at 34 pm longer resonator length.

shows 1t at the resonance.

The lower onance. The measurermnent was made with the

evacuated resonator.

After the rough determination of the resonator length, scanning by the APD

was made by 1 pm step. The almost same wave form as shown in the upper of Iig.

11.6.3 was only seen on the oscilloscope outside the resonance region. But in the range

of £10 sun from the resonance point, the peak height gradually began to become large.,

and the wave form shown in the bottom of Fig. 11.6.3 was observed on the resonance.

The resonator length dependence of the peak height is shown in Fig. 11.6.4. The

enhancement had been expected to reach to 10 times the background at the peak', but

the factor of 4 enhancement was obtained in the measurement. From the Fig. 11.6.4,

the resonance was determined within the accuracy of 1 pm.

References
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11.7 Improvement of Grid Pulser in the Electron Gun

N. Nishimori, R. Nagai, E. Minehara, M. Sugimoto, M. Sawamura and N. Kikuzawa

(E-mail: nisi@milford.tokal.jaeri.go.jp)

At the JAERI FEL, the electron gun is operated with a bunched mode to
reduce the drop of the high voltage which is used to extract the electron beam. The
electron beam is accelerated to the anode when the cathode voltage is lower than the
grid. Therefore the repetition rate of the electron beam is controlled by changing the
cathode voltage periodically. Such a circuit to control the cathode voltage is called a
grid pulser. A stability of the grid pulser makes a direct effect to the electron beam,
and is important to realize the stable operation of the accelerator and FEL.

Recently, following serious problems were observed in the electron beam pulses.
1) A micro-pulse had double or triple peaks, not a single peak. 2) A rapid droop was
observed within a range of a macro pulse width. 3) A fluctuation of the height of each
micro-pulse is large. Then we checked the output signal of the grid pulser as shown in
Fig. 11.7.1. From the figure, some indications to solve the problems were obtained. 1)
A shoulder was observed at the peak of the micro-pulse around -50 V. 2) A base line
shift of the grid pulser signal was observed only with beam load. 3) The pulse height

was not stable. To solve these problems we investigated the grid pulser circuit.

Fig. 11.7.1 The figures show the grid pulser signals obtained before the improvement. The time scale

was 10 ns/div for the left and 500 ns/div for the right. The voltage scale was 20V /div for both sides.

Here we explain the signal flow of the grid pulser circuit briefly. Fig. 11.7.2
shows the circuit diagram of the grid pulser. As shown in the figure, the input signal is
a T'TL signal made by a commercially-available high precision pulser with a repetition
rate of 10.4125 MHz. The input signal is amplified by FIET consisting of three stages.
An output signal of K298 in a final amplification stage should be ranged from -100 V
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to +10 V and drive the tube named 7211. Then an output signal of 7211 should be
ranged from -200 V to 0 V and drive the electron gun.

After the careful investigation of the grid pulser circuit, following improvements
were made as solutions to above three problems. 1) As shown in the figure, the capacitor
labeled “A™ was opened because of the lack of resistance against the high voltage. Then
we changed it into new one having high resistance. 2) It was expected that the base
line shift was caused by the bias voltage change of the grid pulser and the current
originated from the electron beam made the voltage drop on the resistor labeled “B”.
Then we shifted it between the ground and the bias. 3) To eliminate the fluctuation in
micro-pulse due to instability in the pulsing circuit, the signal line was shielded by the
ground line. After improvements itemized above, the grid pulser signals were obtained
and shown in Fig. 11.7.3. They have no shoulder around peak, are stable throughout

the macro-pulse range, and little base line shift was observed.

CLIP LINE

INFUT TTL SIGNAL
15.4215MHz ©3

j’ T

To Y-846R To ¥-6468
Bias tilament
power supply power supply

Fig. 11.7.2 The circuit diagram of the grid pulser.

The electron beam pulse after the improvement is shown in the right of Fig.
11.7.4. The beam is composed of series of micro-pulses having single peak and almost
the same pulse height. The rapid droop shown in the left of Fig. 11.7.4 was not
observed after the improvements, but the slight increase was observed over a 0.8 ms
macro pulse duration.

In spite of above improvements, some problems have been left as a open ques-
tion. The output signal of 7211 should be -200V, but it is -80V, the reason is that
the input signal of K297 is -70 V, although it should be -100V. Therefore using a snap

off-diode and a clip-line is not worth and they have been removed.
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Fig. 11.7.3 The figures show the grid pulser signals obtained after the improvement. The time scale
was 10 ns/div for the left and 500 ns/div for the right. The voltage scale was 20V /div for both sides.

Fig. 11.7.4 The figures show electron beam signals observed by the same core monitor. The left is
obtained before the improvement and the right after it. The time scale was 200us/div for the left and

100pus/div for the right. The voltage scale was 200mV/div for both sides.
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11.8 Measurement and Calculation of Electron Beam Bunching

M. Sawamura

(£-mail: sawamura(@telwu0.tokai jaeri.go jp)

Beam Bunchin Iculation

Meth f Parameter h

To substantiate the adequacy of the compressing section of the JAERI
superconducting accelerator for FEL, the phase and energy spread were calculated with the
beam dynamics code, PARMELA. All parameters, such as the amplitude and the phase of the
accelerating field of each accelerator element, were optimized to minimize the phase spread as
follows:
1) Each parameter was set and the longitudinal phase distribution was calculated with the
PARMELA code. The average phase of all particles in the beam bunch at the final element was
calculated.
2) Eighty percent of the particles with the phase nearest the average phase were selected The
phase spread for the set of the amplitudes and phases was defined in the above selected
particles.
3) A Simplex method was used to search the minimum value of the phase spread by changing
the amplitudes and the phases. This is an iterative method for nonlinear optimization of

problems.

Compression with the SHB

PARMELA calculations for beam compression with only the use of the SHB were
performed The intial beam bunch is assumed to have a 200 keV energy, a 3 ns pulse length
with a parabolic distribution, and a 1 mm beam radius with a uniform distribution. The phase
spread A¢ is defined as the phase difference from a reference particle. As the phase is
determined when the particle just reaches an element of the accelerator, the minus phase
indicates that the particle is located ahead of the reference particle. Similarly the energy spread
AW is defined as the energy difference from the reference particle. Figure 11 8.1 shows the

longitudinal phase space distributions and the phase spectrums. As the phase space
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distributions indicate, below 100 mA the electron beam is effectively compressed. However,
200 mA the beam compression is not good, mainly at the end of the beam bunch As the space
charge force increases with an increase in the beam current, the energy spread decreases, in
spite of the high SHB. As a result of the decrease in velocity modulation, beam compression is

not effective, particularly for the high current beams.

Compression with the SHB and Two Single-Cell modules

As mentioned above, beam compression is not satisfactory with only the use of the
SHB due to the space charge effects. Thus, additional elements, two single-cell modules, are
installed for compressing and accelerating the beam up to 2 MeV. Figure 11.8.2 shows the
results or the beam compression with the SHB and the two modules of single-cell
superconducting accelerators. Though the phase spread with the two single-cell modules is
much improved over that with only the SHB, the phase and energy spread depends on the
phase distribution at the end of the drift space after the SHB. The phase and energy spread is
not good for the high-current beam due to insufficient compression at the entrance of the first

single-cell module.

Measurement of the Beam Bunch [ ength

The bunch length has been measured at the exit of the second 5-cell superconducting
module with the macro-pulse length of 10 ps. At this point, the bunch length is estimated to be
several tens picoseconds. An aluminum plate profile monitor was installed. When the electron
beam collided with an aluminum plate, optical transition radiation (OTR) was emitted. The
bunch length was measured with the peak current of 4 A by detecting the OTR with the streak
camera. Figure 11.8.3 shows the result of the bunch length measurement. It indicates a bunch

length of 48 ps. which corresponds to 8.6 degrees.
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Fig.11 8.1 Longitudinal phase space distributions and the phase spectrum are calculated with

only the SHB. The unit of the phase spread is degrees corresponding to 499.8

MHz.
0 mA 100 mA 200 mA
100 —¢ 100- I 200
; ¢ -
g 50 50— -—1 100
ng
E 0 Ot — 0f - -
& ,
& -50 -50 -100 ‘
2
w1004 — -100 - -200
20 410 0 1020 <20 -10 0 10 20 40 20 0 20 40
Phase spread (deg)
500 600
| f
£ 30 2501 \ 300
: ok N ob———~L
Z
= -20 .10 0 20 -20 .10 O 10 20 -40 -20 O 20 40

Phase sprcad (dcg)
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Fig.11.8.3 Bunch length at the exit of the second 5-cell superconducting module.
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11.9 Optical Measurements of Spontaneous Emission

N. Kikuzawa, R. Nagai, M. Sawamura, N. Nishimori and E. Minehara

(I--mail: kikuzawa(@felwuO.tokai jaeri.go jp)

The JAERI FEL driven by superconducting linear accelerator has been carried out to
develop a compact far-infrared FEL. Detection of spontaneous emission is extremely
important before an FEL starts lasing, because the spontaneous emission provides much
information on such things as the correct steering of the electron beam and the alignment of the
optical resonator. It is, however, difficult to detect the spontaneous emission because of the
complex pulse structure. The JAERI FEL has a macropulse length of 50-1000 ps, but this is
made up of 500-10000 micropulses, each a 40 ps long, separated by 100 ns.

For beam current of / [A] at wave length of spontaneous emission A [um], intensity of

spontaneous emission /> [W] can be calculated by

p o2 107" xK*N,.1
- .

where Nw is number of period of an undulator and K deflection parameter of the undulator .
In case of 25 pum wavelength, 4 mA beam current, 0 7 K-value and 52 period of the undulator,
the radiation power is estimated as 82 utW. However, the detectable power was estimated as
10° times smaller than the calculated value. It is considered that the difference comes from
finite aperture and transmission of the KRS-5 window and diffraction loss during a external
transport duct.

The detector requirements for the JAERI FEL are therefore severe. The most
frequently used detectors for infrared FELs are photoconductive detectors. A Copper-doped
Germanium (Ge:Cu) detector operated at liquid helium temperature has detectivity of infrared
in 2 — 30 um region and response time of 10® s =" Therefore the Ge:Cu detector is used to
detect the spontaneous emission of the JAERI FEL.

In optical measurements, a scraper mirror was set in front of a downstream mirror of

the optical resonator. The scraper mirror was 20 mm diameter gold-coated on a glass plate.
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Spontaneous emission reflected by the scraper mirror was extracted through a KRS-5 window.
The extracted radiation was guided through the external transport duct to the Ge:Cu detector
operated at liquid helium temperature, which was installed in a measurement room to avoid
radiation noise from the accelerator *.

A tolerance of an angular alignment was calculated for the optical resonator ' The
radiation loss was calculated as rotating the one-side resonator mirror horizontally or vertically.
According to the calculated results, the rotation error must less than 10 purad.  Figure 11.9.1
shows the experimental results of rotating the downstream resonator mirror horizontally and
vertically and detecting the output power on May 30, 1996. According to the result, the
optical mirror can be adjusted to right direction less than 1 prad.

Spectral distribution measurements have been carried out. The infrared spontaneous
radiation was focused on an entrance slit of a monochrometer by concave mirrors. Figure
11.9.2 shows the experimental results of the spectral distribution measurements on March 25,
1997 The wavelength is defined by electron beam energy and a full width at half maximum
of the spectral distribution depends on energy distribution and emittance of the electron beam.

By measuring the spectral distribution, we can determine the electron beam parameters.
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11.10 Effects of the Undulator Field Roll-off

R Nagai, M. Sawamura, N. Kikuzawa, N. Nishimori, M. Sugimoto and E. Minehara
(F-mail: nagai@felwu0.tokai.jaeri.go.jp)

The planar undulator for the free electron laser (FEL) experiment at JAERI has been
made of Ne-F-B parmanent magnets and parmender poles. The undulator can provide a
maximum field of 5 kGauss with less than 1% transverse roll-off at 2cm offset form the
undulator axis. The transverse roll-off makes to degrade electron beam quality. The electron
beam degradation makes to drop the performance of FEL.

Electron beam depression due to the roll-off was numerically evaluated by variation
of the emittance and beam radius. As a result of the evaluation, in case of the roll-off is less
than 1% at 20mm off from the undulator axis, the roll-off not makes to drop the performance
of the FEL.

At offset from the undulator axis, the magnetic field became weak due to the magnet
finite width of the undulator An electron trajectory is distorted by the magnetic field
strength distribution.  The electron beam quality is degraded by the transverse field roll-off.
The degradation was evaluated by calculating of the electron beam trajectory in the udulator
field with the transverse roll-off. In the calculation, the field of the median plane (z-x plane)

of the undulator is defined as follows,
B,, = By sin(k,z)-(1-ax*) (11.10.1)

where B,, is y-direction field component in the median plane, B, amplitude of the undulator
field, &, wave number of the field, a roll-off parameter. The roll-off is simulated by the
value of the roll-off parameter. A set of the incident electron beam condition is summarized
in Tabel 11.10.1. The emittance and beam radius variation of the electron beam passed
through the undulator field are shown in Fig.11.10.1 and 11.10.2. In case of the roll-off is
1%, the emittance and beam radius enlargement are not so larger the 0% roll-off case. As
shown in Fig. 11.10.1 and 11.10.2, the effects of the transverse roll-off is negligible as long as

the roll-off is less than 1%.
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Table 11.10.1 Incident electron beam condition.
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Fig. 11.10.1 The emittance variation of the electron beam passed through the
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Fig.11.10.2 The becam radius variation of the clectron bcam passed through the

undulator field.
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11.11 A Progress in the High Intensity Proton Accelerator Development

M. Mizumoto, J. Kusano, K. Hasegawa, N. Ouchi, H. Oguri, M. Kinsho, Y. Touchi" K.
Mukugi™*, H. Ino™"", Y. Honda""", . Noda"**", H. Kaneko*"*", N. Akaoka™""*"" and
B, Fcchncrt-taaaa

(£-mail : mizumoto@linac.tokai.jaeri.go.jp)

The high- intensity proton linac with a beam power of 8MW has been proposed for the
Neutron Science Project (NSP) in JAERI. The proposed NSP is aiming at exploring new basic
researches and nuclear technologies such as condensed matter physics and nuclear waste
transmutation based on a proton linac with an energy of 1.5GeV and an average current of
5.33 mA. The basic research facility will require the short pulse structure and high peak
current of about 1 ps intermediate length. The R&D work and conceptual design studies have
been carried out for the components of a low energy part and superconducting cavities of a
high B linac. Preliminary design consideration has also started for the storage ringl). The

schematic diagram of the proposed accelerator facility is shown in Fig. 11.11.1.

@ Normal Conducting Superconducting
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Neutron y Nuclear
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Fig. 11.11.1 A Schematic Diagram of the High Intensity Proton Accelerator Facility

JAERI had originally planned to study the pulsed linac with an energy of 1.5GeV and
a peak current of 100mA with 10% duty factor. The design study has been continued to
confirm technical validity to accelerate high peak current with high duty operation from the

beam dynamics point of view. In this accelerator development. the R&D work has been

* Sumitomo Heavy Industries Ltd.. ** Mitsubishi Electric Corporation
""" Mitsubishi Heavy Industries Ltd., Hitachi Ltd.
""" Toshiba Corporation, Nippon Advanced Technologies Corporation

LR Y

An STA Fellow during September, 1996 November, 1997
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carried out on high brightness H* ion source, radio frequency quadrupole linac (RFQ), drift
tube linac (DTL) and RF source. In the beam test, the current of 80mA with a dutv factor of
8% has been accelerated from the RFQ at the energy of ZMCVZ).

Since 1995, the basic specifications for the accelerator has been changed due to the new
requirements emphasizing the superconducting high B linac and the proton storage ring for
short pulse operation. The superconducting linac is expected to have several favorable
characteristics for high intensity accelerator such as short accelerator length, large bore radius
resulting in low beam losses and cost effectiveness for construction and operation. This
superconducting linac will be operated in pulse as a first stage and gradually upgraded toward
CW by increasing duty factor. The new design modification and various development work
have been started to meét the requitements such as for negative ion source, CW- RFQ, CW-
DTL, superconducting cavity and storage ring.

A flow diagram for the work of the high intensity accelerator development is shown in
Fig. 11.11.2. Four major R&D items are presently carried out. 1) the accelerator system
design including beam dynamics calculation for the high B linac. 2) the low energy accelerator
development of the negative ion source and the fabrication of high pdwcr test models for
CW-RFQ and CW- DTL. 3) the high energy accelerator for superconducting cavity and 4) the

high power RF source.

Develpment of High Intensity Linac
' |

 Accelerator System Design
"Beam Dynamics Calculation Beant Spill Evaluation Cost Evaluation

-
Low Energy Accelerator
Negative lon Source
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e ™

High Energy Accelerator Single Cavity Test

Superconducting Cavity | | y 1 cavity Test — Prototype Test
Beam Storage Ring

]

™~

Construction

e

RF Source
Klystron, Tetrode

N— ey

Fig.11.11.2 A Flow Diagram for the Work of the High Intensity Accelerator Development

Prototype
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The design and operating experiences for superconducting electron accelerator are
accumulated which is operated in light velocity, B=1 (particle velocities divided by light
velocity) at various laboratories. For proton accelerators, however, 3 values are gradually
increased from about 0.5 to 0.9 and structures has to be adjusted according to these proton
energies. The mechanical strength at lower B region is of major difficulty for proton
accelerator. The superconducting accelerator development has been performed in
collaboration with the KEK (National Laboratory for High Energy Physics). A preliminary

specification for the NSP accelerator is given in Table 11.11.1.

Table 11.11.1 A preliminary specification of the NSP-Accelerator

Energy 1.5GeV

Accelerated particle Negative and positive hvdrogen ion

Average current: 5.33mA

Pulse structure First stage ; Pulse mode operation
Second stage; CW/pulse mode operation

Macropulse width 3.7ms -> maximum CW

Intermediate pulse width 400ns (interval 270ns)

Chopping factor: Peak current 60%: nominal 30mA

A superconducting cavity test stand was built at the JAERI Tokai Site with the
equipment of cryogenics system, vacuum system, RF system and cavity processing and
cleaning to test the physics issues and fabrication process. A single test cavity was fabricated
for B=0.5 which corresponds to the proton energy 145McV3). A first vertical test .was
conducted to examine the RF and mechanical properties. The maximum field strength of
16MV/m for 4K and 18.6 MV/m for 2K was successfully obtained as first time for proton
accelerator. The design efforts for other various accelerator components have been

simultaneous made which are described in the separate papers in this annual report.
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11. 12 Present Status of 2 MeV Beam Test with a Positive Ion Source and an RFQ Linac

H. Oguri, M. Kinsho, N. Ouchi and Y. Touchi”
(E-mail: oguri@linac.tokai jaeri.go.jp)

The 2 MeV beam test has been performed to study the characteristics of the injector
section of the high intensity proton linac for the Neutron Science Project at J AERI". The layout
of the beam test is shown in Figure. 11.12.1. The beam line consists of an high brightness ion
source (IS), a Low Energy Beam Transport (LEBT), an RFQ and a Medium Energy Beam
Transport (MEBT). We have obtained the RFQ peak current of 80 mA but remained 20 % less
than the design value”. To investigate the reason for not to reach the peak current to the design
value, we measured the RFQ input beam current by using a current transformer and evaluated the
beam transmission rate in the LEBT and RFQ.

Figure 11.12.2 and Figure 11.12.3 show the peak beam current (Ip) and transmission rate
(Tr) in the LEBT and the RFQ as a function of the IS beam current. An applied voltage ratio I in
these figures is defined by the ratio of the electric potential at the first electrode and the second

electrode of the IS. When I was large, the IS current decreased but the emittance became small®.

Ion Source (IS)

PM-2
@ﬂ -
MEA FC-3
MEBT
2MeV
7.7m CT : Current Transformer

ES : Emittance Scanner
MEA : Magnetic Energy Analyzer
FC : Faraday Cup
. PM : Beam Profile Monitor
Fig. 11.12.1 Layout of R&D 2MeV Beam Test SOL : Solenoid Lens

* Sumitomo Heavy Industries, Ltd.
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Fig. 11.12.3 Beam Transmission rate in LEBT and
RFQ as a function of the IS current

The Ip and Tr in the LEBT increased linearly with the IS current. The maximum Tr was 65 %. By
considering the proton fraction in the IS beam to be 80 % and mass separation effect of the
solenoid lens, the maximum Tr of the proton beam is estimated to be 80 %. The Ip and Tr in the
RFQ, on the other hand, had the peak value as a function of the IS beam current for each of T.
When the I" was large, the Ip and Tr became high. We consider that improvement of the beam
emittance from the IS is expected to enhance the Ip and Tr in the RFQ. Figure 11.12.4 shows the
rms emittance measured about 1 m downstream from the IS and the Tr in'the LEBT-and the RFQ -
as a function of the IS current at the I" of 0.70. The solenoid lens was not used during this
emittance measurement to keep the ion source emittance. The emittance became minimum at the
beam current of 170 mA. We obtained an unexpected result that the Tr in the RFQ increased
even if the emittance became large where the IS current is less than 170 mA. We consider that
when the beam emittance from the IS is large, the beam of the peripheral region is lost in the
LEBT, and the beam of the core region, which seems to have sufficient small emittance to be
acceptable to the RFQ, can reach at the RFQ entrance. We have to perform more precise

measurement of the emittance at the RFQ entrance and compare with the RFQ acceptance.
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We performed the beam test by Fig. 11.12.4 Emittance of the IS beam and transmission
rate in LEBT and RFQ

using a LaBg filament whose

dimensions are 20 mm in diameter and 77 mm in length. The filament was obtained from KEK.
The filament was successfully operated in pulse mode operation. In CW mode operation,
however, the arc current suddenly increased and the electric power supply for the arc discharge
stopped by the over current. We consider that the filament was heated up continuously due to the
condense plasma in the central region of the plasma chamber. The geometry of the filament and

the position to-install the filament must be optimized for the CW mode.

References
1) Hasegawa K., et al., Proceedings of the 1996 Linac Conference, Geneva, Switzerland, (1996)
665

2) Ogun H,, et al.,, Proceedings of the 1994 Linac Conference, Tsukuba, Japan, (1994) 381

3) Takagi A., Private communication

— 257 —



JAERI-Review 97-011

11. 13 Development of a Negative Hydrogen Ion Source

H. Ogur, M. Kinsho, Y. Okumura and M. Mizumoto
(E-mail: oguri@linac.tokai jaeri.go.jp)

At JAERI, a construction of a 1.5 GeV/10 mA proton linear accelerator has been
proposed for engineering tests of accelerator-based nuclear waste transmutation and for various

' A negative hydrogen ion source for the accelerator has been

basic science researches’
developed since 1995. The basic performance of a single aperture beam extraction system was
investigated with the volume production type negative ion source which has been originally
developed for a neutral beam injector for fusion application”. The extracted ion beam current of
36 mA was obtained at the arc discharge power of 45 kW”. To obtain higher beam current, the
negative ion beam is extracted from multiple apertures and the beamlets are focused by aperture
displacement technique. The positive ion source which was used for previous beam performance
experiments® is modified to produce the negative ion beams in the present experiment.

Figure 11.13.1 shows a cross sectional view of the multi-aperture volume production
type ion source. Negative ions are generated in a magnetically filtered multi-cusp plasma
generator, whose dimensions are 200 mm in inner diameter and 170 mm in length. The dimension

> except for the existence of the

of the ion source is the same as the positive hydrogen ion source*
transverse magnetic field, which is created by changing the polarity of the cusp magnets near the
plasma grid. The source plasma is produced by an arc discharge using four tungsten filaments,
and confined by strong multicusp magnetic field. A magnetic filter, which is formed by Sm-Co
permanent magnets, divides the generator into two regions and modifies electron energy
distribution so as to produce negative ions. Negative ion production rate is enhanced by seeding
a small amount of cesium® in the plasma generator.

The beam extractor consists of four grids such as a plasma (PG), an extraction (EXG), an
electron-suppression (ESG) and a grounded grid (GG). The PG is made of molybdenum plate.
The EXG is made of a 10 mm thick copper plate with a water cooling channel and magnet
grooves. In the EXG, Sm-Co permanent magnets are inserted so as to produce a dipole magnetic

field. This field deflects the extracted electron and prevents the Jeakage of the electron to the

acceleration gap. The ESG is installed for trapping the leakage electron escaping from the EXG.
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In the present experiment, produced negative ions are extracted from seven apertures of 9 mm in
diameter. Figure 11.13.2 shows the cross sectional view of the extractor. The distance between
the position of the central aperture and that of the peripheral one is 13 mm in the PG and the
EXG. In the ESG and the GG, on the other hand, the peripheral aperture is displaced by 1 mm to
the direction of center axis. A strong electrostatic lens is formed by the electric field applied in the
gap between the ESG and GG. The beamlets extracted from the peripheral apertures are steered
by the electrostatic lens to merge into a single beam.

Figure 11.13.3 shows the negative ion current as a function of the arc discharge power
for the operations with and without cesium. The filling hydrogen gas pressure in the plasma
generator (Ps) was 0.8 Pa. In the pure volume operation, the ion current tended to saturate at
high arc discharge power and was limited to be 20 mA. In the cesium-seeded operation, on the
other hand, the beam current was enhanced by about three times and increased lineally with the
arc discharge power. The negative ion current (density) of more than 70 mA (16 mA/cm’) was
obtained at 25 kW. The current density is defined by the beam current divided by the total beam
extraction area of 4.45 cm’.

In the multi-aperture extraction experiment, the emittance in vertical plane was measured
using a double slit with a Faraday-cup system at an acceleration voltage of 30 kV. The distance
between the slits is 390 mm. The size of the first and second slit are 0.5 mm x 50 mm and 0.1 mm
x 50 mm, respectively. Figure 11.13.4 shows the emittance diagrams at the ion source position.
These three diagrams correspond to those which were extracted from central aperture (closed
triangles) and lower aperture (closed circles), upper aperture (closed squares), respectively. The
normalized 90 % emittance of each beam was calculated to be about 0.8 tmm.mrad. The beam
steering angle is determined by comparing the angle of the peripheral beam axis with that of the
central one. Because the beam from the lower (upper) aperture has the steering angle of + (-) 15
mrad, the beam trajectory was found to be deflected toward the center of the ion source. The
focal point of the merged beamlets is estimated to be 800 mm downstream from the ion source.

The R&D work is to be continued so as to investigate the dependence of the steering
angle on the various type of the displacement. The steering angle is 1.5-2 times larger than the
value predicted by the linear theory using thin lens approximation®. The experimental result is to
be compared with the value calculated by the 3-D beam trajectory code, which is under

preparation.
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11.14 A Conceptual Design of the CW-DTL for the JAERI High Intensity Proton

Accelerator

H. Ino*, N. Ouchi, and M. Mizumoto
(£- mail . inoh@linac.tokai.jaeri.go.jp)

An accelerating structure called DTL (Drift Tube Linac) will be applied as a component of
the low energy part of the JAERI High Intensity Proton Accelerator. Table 11.14.1 shows the basic
requirements of the DTL design. The design has been carried out under the conditions listed in this
table. Table 11.14.2 shows the present design parameters based on the Table 11.14.1. We discuss
the parameters and beam dynamics issue below.

The DTL is divided into three tanks to keep the frequency spacing between the operating
mode and other modes as large as possible. Each tank has about 50 kHz frequency spacing between
the TM010 and TM011 mode without post couplers.

Since the DTL will be operated under CW condition, it is necessary to keep average electric
field gradient EO rather low and to cool the structure efficiently, in order to reduce beam loss due to
the thermal distortion. We have done some heat transfer analyses of a drift- tube and find that
E0=1.5 MV/m is sufficient. This causes a maximum temperature rise up to 54 C approximately,
and a shift of bore center to about 60 £ m.

The synchronous phasc angle starts at - 55 deg. ensuring a large enough rf bucket to capture
100% of the beam. It ramps up to - 30 deg. at about 33 MeV and remains constant for the rest of the
tank.

The quadrupole gradient which ramps from 77.3 T/m to 9.2 T/m is determined on the basis
of equipartitioning thcory combined with coupled envclope equations for the bunched beam. The
FODO quadrupole focusing lattice is selected because it produces small beam size compared with
other lattice. As we have already developed the quadrupole magnet that produces field gradient of
80 T/m", the further consideration to achieve the ficld gradient of 77.3 T/m is unnccessary.

Fig.11.14.1 shows the effective shunt impedance (ZTT) of the DTL along the particle energy.
We could keep ZTT above 28 M€2/m throughout the DTL by setting the face angle @ to drift-
tubes in tank- 2 ( @ =50 deg.) and tank- 3 (@ =60 deg). The wall loss (assumed 100%Q) of the DTL

decreases from 4.56 MW (which is the value of no face angle one) to 3.58 MW as a consequence.

* Mitsubishi Heavy Industries, LTD.
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We have been evaluating the beam- dynamics performance of the designed DTL using
PARMILA code. This simulation uscs 10,000 macro- particles. The input beam has a Gaussian
distribution, and the emittance value of the RFQ output beam calculated by PARMTEQ code. No

separatc matching section between tanks are applied in the simulation. Fig.11.14.2 shows the

transverse (x and y) and longitudinal normalized rms emittance along the particle energy. There are

only a few present of growth in either transverse or longitudinal emittance.

Reference

1) Hasegawa K., et al. :

Linear Accelerator Meeting in Japan, KEK, July 1993.

Table 11.14.1 Basic requirements for the CW-DTL

R&D WORKS OF THE DTL FOR THE BTA IN JAERI , The 18 th

Injection/Final energy
Frequency

Particles

Duty factor

Beam current

[MeV]
(MHz]

[mA]

2/100
200
H_
~CW
30

Table 11.14.2 Design parameters of CW-DTL

Tank No. 1 2 3
Injection/Final energy {MeV] 2/33 33/67 67/100
Average cavity gradient [MV/m] 1.5 1.5 1.5
synchronous phase angle [deg. ] -55 — -30 -30 -30
Quadrupole focusing Lattice FODO FODO FODO
Quadrupole gradient (T/n] 77.3 - 14.5 14.5 - 11.0 11.0 - 9.2
Effective shunt impedance MQ/n] 28.3 - 31.4 52.9 - 37.1 40.9 - 30.9
Peak surface electric field 1.0 kilpatrick 1.0 kilpatrick 1.0 kilpatrick
Wall loss (100%Q) (M¥] 1.3 1.1 1.2
Cell Number 135 69 59
Tank length (w] 32.2 32.2 34.9
Tank Diameter (cal 91.8 97.1 96. 6
Drift-tube diameter [ca] 20 20 20
Bore radius [ca] 1 1.1 1.2
Corner radius [cu] 1.9 1.9 7
Outer nose radius [cm] - 0.5 0.5
Inner nose radius (cal 0.5 0.5 0.5
Flat length {cu] - 0.5 1

Face angle {deg. ] 0 50 60

Total wall loss (100%Q) = 3.6 MW
Total cell number = 263
Total tank length = 99.3 m
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11.15 A Conceptual Design Study of RF System for the 1.5GeV Linac

Y. Touchi”, K. Mukugi”", N. Ouchi and H. Kaneko
(E-mail: touchi@linac.tokai.jaeri.go.jp)

A high-intensity proton linear accelerator has been proposed for the Neutron Science
Project (NSP). A design study for the high energy portion of the NSP-linac, above 100MeV,
has been carried out using superconducting(SC) cavities. Compared with a normal conducting
cavity the superconducting cavity has excellent characteristics: high Q-value and large bore
radius. But tuning of it within its very narrow bandwidth is difficult to realize. It has been
reported from TESLA project that the superconducting cavity which is made by niobium sheet
may not have a sufficient strength for the Lorentz-force. This will be a serious problem when
the linac is operated in pulsed condition. The calculation of the frequency shift due to the
Lorentz-force” and the detuning caused by the beam loading has been done in our case. Finally
we propose an RF system taking these effects into account by referring to the TESLA system.
Lorentz-force

The wall thickness of the present SC cavity design is 3mm. The calculation of the 8=0.5
cavity wall displacement at an accelerating voltage of 4.2 MV/m was done. In this case, the
maximum displacement of the cavity wall is 0.088 £ m, and the frequency shift is 208 Hz. This
value is not small compared with the band-width of 327 Hz (Q.=1.8E+06). So we should try to
minimize this frequency shift, for example, by increasing the wall thickness and/or put the
stiffening ring. The displacement of the cavity wall is shown in Fig. 11.15.1. Table 11.15.1
shows the frequency shift, phase error and decrease of cavity voltage caused by Lorentz-force
for a number of cases of wall thickness. Fig. 11.15.2 shows the phase error and cavity voltage
as a function of frequency shift.

Detuning

An RF power is supplied into the cavity to generate an accelerating field(Eg). The beam
induces a wake field(Eb) while passing through the accelerating gap. Hence the beam is
accelerated by vector sum of these field(Eg+Eb). To compensate this effect, in other word to
get maximum accelerating efficiency, we detune the cavity resonant-frequency. The frequency
shift: Af is given as follows®.

Af 1
s 2v°c (R/Q) sines

where I is a beam current, V¢ is an accelerating voltage including the transit time factor and

cos(®Ps ), Ds is the synchronous phase. The calculated result is shown in Table 11.15.2.

* Sumitomo Heavy Industries Ltd. "*Toshiba Corporation
** Mitsubishi Electric Corporation
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RF control

The TESLA RF system” is similar to our system, and it is estimated that the frequency
shift due to the Lorentz-force will be above 400 or 600 Hz with stiffening system. This is bigger
than its bandwidth of 465 Hz. The tuning error of 400 Hz corresponds to the detuning angle 60°.
Therefore, a fast tuning mechanism to compensate the effect of the Lorentz-force is needed for
the TESLA RF system.

In our case, the calculation result indicates that the detuning due to the beam-loading is
not so large, but the frequency shift due to the Lorentz-force in the present SC cavity design is
not small compared with its band width. So we should try to suppress the frequency shift to less
than 30 Hz which corresponds to the detuning angle 10°. It seems that the frequency shift will
be suppressed to less than 30 Hz, by increasing of cavity wall thickness and/or using of a
stiffening ring. The preliminary design study of the RF system will be continue without the
particular control circuit like TESLA system. The feed forward control circuit” combined with
the feed back circuit will be needed to realize voltage and phase stability, 0.1% and *+1°
respectively, under large beam loading operation. The proposed RF control system is shown in
Fig. 11.15.3.

References

1) Haebel E. and Tuckmantel J.: “Electromagnetic Surface Forces in RF Cavities”, CERN - AT
- RF(Int) - 99

2) Furuya T.: “Choudenndou kuudou”, KEK- OHO’%4
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01

4)Touchi Y, et al.: “An RF system for the BTA”, EPAC9%4 (1994)

Table 11.15.1 Displacement of the S=0.5 cavity wall due to the Lorentz-force
and frequency shift, reduced cavity voltage and phase error

Thickness | Displacement | Frequency shift | Voltage Phase error
mm um Hz 9% deg
3 0.088 -208.2 56.5 55.2
4 0.045 -131.2 73.6 423
5 0.025 -62.9 91.5 23.6
6 0.016 -40.5 96.3 15.5
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Fig.11.15.1 Displacement of a cavity wall, £=0.5

Table 11.15.2 Detune by beam loading

Peak RF field 16 MV/m
Wall thickness © 3mm

deg
Beam current | Detune | Voltage| Phase b ' ) ' -:380
mA Hz % deg 0.8 ~— [\ [~
63 | 999 [ 228 / 7\¥ 40
2188 | 993 6.8 g, 06 7T\ (2)0 £
= 7 - ]
313 | 979 11.8 3 04 // ] \\ 120
10 626 | 925 222 ~J 0 £
15 939 | 85 316 02 fF—3= ] gg
20 -1252 | 773 39.1 0 L . , 3 100
30 1878 | 63 506 R-4f 0 - foraf
: : frequency error

*Coupler is adjusted at 10mA beam load

Fig. 11.15.2 Voltage and phase error as a

function of frequency

» to monitor

Fig. 11.15.3 Block diagram of auto-tuning, voltage and phase control system
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11.16 Conceptual Design for the 100-1,500MeV Superconducting Proton Linac

Y. Honda', K. Hasegawa, N. Ouchi, J. Kusano, and M. Mizumoto
(E-mail -honda@linac.tokai jaeri.go.jp)

The Neutron Science Project has been proposed with the superconducting proton linac
for the energy range from 100MeV to 1.5GeV. The studies of the linac structure and the beam
dynamics simulation are performed to specify the scale of the accelerator. The basic linac
parameters at present are in Table 11.16.1. Accelerating frequency, peak beam current and
surface electrical peak field (Ep) are 600MHz, 30mA, and 16MV/m, respectively. The
accelerated particles are H* and H™.

In the proton accelerator, the velocity ratio to the light velocity B gradually changes
from 0.43 to 0.92 corresponding to the energy from 100MeV to 1.5GeV. Accordingly, the
length of the cell has to be changed. When the energy range covered with one kind of cavity,
called a B section, is smaller, the length of accelerator and the number of module become
shorter and smaller, respectively because the accelerating gain becomes larger. But in that case,
the mass production effect and the number of transition become smaller and larger, respectively.
In order to determine the layout of the accelerator structure, a typical case of the linac, which is
composed of 8 sections with different cell length, has been studied. The current design
parameters of the structure is described in Table 11. 16. 2. At first, the energy ranges of each
section have been decided so that the maximum phase slips in the cell of each section were
almost the same. Then the ranges have been adjusted for the demand from the RF division that
the number of cavities in each section had to be multiples of four. The cell length(B.-A/2,
A:wave length, Bc:geometriéal B of cell) have been decided to be the linac shorter under the
condition of surface electrical peak field (Ep) up to 16MV/m.

The number of cavities in each section has been decided by the energy range of the
section and the energy gain of each cavity. The constant energy gain of each cavity has been
derived from the transit time factor(T) and the accelerating electrical field(Eo) .

Table 11.16.1 Basic linac parameters at present.

Frequency 600MHz Focusing type Doublet
Energy range 100-1,500MeV || Average phase -30°
Beam current 30mA Cavity per focusing period 2
Surface Ep 16MV/m Accelerated particle Hand H™
Number of cell per cavity 5

*Mitsubishi Heavy Industries, LTD.
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The Eomsx Was derived from the facts that the maximum Ep was 16MV/m and that the Ep/Eo
was decided from the figure of cavity. To make the accelerator shorter, Eom.x Was multiplied by
Tmin. The Eo of the each cavity was derived from the following equation: Eo*T=Eop"
Tmn=constant.

T has been derived from the electrical field of Scell-cavity calculated with SUPERFISH code.
The Eomax has been derived from Ep/Eo ratio of the cavity and Ep<16MV/m. The total
number of the cavities has been estimated to be 308.

The doublet focusing has been applied to the linac. One focusing period had 2 cavities
as shown in Figure 11.16.1. The quadrupole magnetic field gradient was from 4.2 to 7.1 T/m on
the condition of the equipartitioning derived from the relation between four parameters:
transverse and longitudinal emittance, and transverse and the longitudinal beam size”. The
gradient had to be also considered the limitation of H™ magnetic stripping®. Matching
transports with four quadrupole magnets between the sections have been considered with
TRACE3D code.

The total length of the linac has been estimated to be 733m. The RF wall loss has been
estimated to be 26kW and 2.3kW at the operating temperatures of 4K(Rs=150nQ2) and
2K(Rs=13.6nQ2) are assumed, respectively, from the SUPERFISH calculation. But the RF
wall loss has to be estimated again because the experimental results show that the real Rs must
be bigger than above values®.

Table 11.16.2 Design parameters of structure

B section no. 1 2 3 4 5 6 7 8
B . 0.453 0.499 0.549 0.604 0.665 0.732 0.805 0.886
No. of cavities 20 - 24 24 24 24 32 52 108

Energy range [MeV] | 100- | 123.5- | 159.9- | 209.8- | 276.2- | 361.9- | 502.3- | 782.2-
123.5 | 1599 | 209.8 | 276.2 | 361.9 | 502.3 | 782.2 | 1504.7

Length [m] 404 49.8 514 53.3 55.4 76.3 129.0 | 277.7
Eacc [MV/m] 2.45 2.86 3.56 430 5.01 5.59 6.23 7.03
Power per cavity [kW]* 21 27 38 50 64 79 97 121

Focusing gradient [T/m] | 4.7-5.1 | 5.0-56 | 54-6.0 [ 58-64 | 6.1-6.7 | 6.2-6.7 | 5.9-7.1 | 4.2-59

*In case of [ =18mA(30mA X chopping(0.6))

Figure 11.16.1 Focusing period

]
A|lAjAlom

/I A=30cm(p section no. 119 7)
\ AWave Length _/ A=33cm(p section no. 8)
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Figure 11.16.2 Example of simulated result.

The beam dynamics has been simulated with the modified PARMILA code. The
simulation has considered the leak of electrical field from cavity to beampipe.

One typical result is shown in Figure 11.16.2. The current of the input beam has been
adopted 90mA because the frequency is jumped from 200MHz to 600MHz at the transition
between the DTL and this linac. The input transverse and longitudinal rms emittance have been
respectively adopted 0.080 7 cm-mrad and 0.86 © MeV-deg on trial. The output transverse
and longitudinal rms emittance has been simulated 0.083 7 cm-mrad and 0.89 = MeV-deg,
respectively.

The current conceptual design study for the linac structure and the beam dynamics have
been described. The following items have to be further studied:

(1) The number of section and the B. of cell to optimize the efficiency of acceleration.
(2) The number of cavities in one focusing period to make the linac shorter.
(3) The design feedback with experimental data to make the design realistic.

(4) The reliable design concept to make the linac robust.
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11.17 Structural Analysis of Superconducting Cavities for High Intensity Proton
Linac in JAERI

K. Mukugi’, N. Ouchi, J. Kusano and M. Mizumoto
(E-mail: mukugi@linac.tokai jaeri.go.jp)

The Neutron Science Project (NSP) in JAERI proposes a superconducting (SC) linac as
a main option for a high B part (8= velocity of particle / velocity of light). The SC linac
undertakes the acceleration of the proton from the energy of 100 MeV to 1.5 GeV ( =0.43~
0.92) at 600 MHz. The shape of an accelerating cavity is elliptical. Static and dynamic structural
analyses of SC cavities were carried out using commercially available ABAQUS and NASTRAN
computer codes. Characteristics of the cavity strength against the vacuum load were studied.
And, the three-dimensional structural analysis was carried out on multi-cell cavities concerning
mechanical natural frequency and gravity deformation. The main structural analysis was carried

out on the 8=0.5 cavity with the stiffening ring of Los Alamos type. "

- . 8 ; ngth (BA/4)
Fundamental Characteristics of Cavity Strength g e e M
L2 t‘ Waist b : Waist radi.us
On the structural strength of the cavity against x N e wis of ellipse
. . R2: Half major axis of ellipse
the vacuum load, the structural analysis was carried | AL: Wall slope angle
| L1 Strm_ght section at ins
: v . . L2: Straight section at watst
out using the ABAQUS code. The cavity parameter. | Cen )
H AL o ca
variously changed (Iris radius, wall slope angle, : i
R b = 22.58
ellipse shape, 8=0.5, 0.7, 1.0, Iris fixed or Iris free), ! Rz 3o
I s  R2= 3.00
and the characteristics of the cavity strength against i iy %
. . ' 2= 020
the vacuum load were studied. Figure 11.17.1 shows :
the cross section of the 8=0.5 half-cell cavity shape. |
_.JL.!._.._. s
| e— L] Zaxis )
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k—t

Fig. 11.17.1 B=0.5 half cell shape

* Mitsubishi Electric Corporation
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Figure 11.17.2 shows the 200
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MISES stresses for seven kinds of iris fixed cavities. But, in the region where B is smaller than

0.6~0.7, an additional stiffening of the cavity is still necessary.

Stiffening of B8=0.5 cavity against vacuum load

The two dimensional axi-symmetric structure analysis of the 8=0.5 cavity with the

stiffening ring was carried out using the ABAQUS code. It was found that by adding the

stiffening ring, the maximum displacement could be reduced from 0.28 mm to 0.04 mm, and the

maximum von MISES stress could be reduced from 44.7 MPa to 20.7 MPa. This stiffening

structure seems to be a very effective way from the viewpoint of easing large deformation and

stress due to the vacuum load.
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Three-dimensional Natural Mode and Gravity Deformation Analysis

Table 11.17.1 shows the summary of the results calculated using the NASTRAN code.
On the gravity deformation and stress, it seems to be out of the problem. However, on the
mechanical natural frequencies of the present 4- and 5-cell cavity structures, several modes are
close to 50 Hz of the commercial frequency and the beam repetition rate which can drive the
cavity mechanically. The main structural analysis was carried out on the 8=0.5 cavity with the
stiffening ring of Los Alamos type. Figure 11.17.4 shows the model of the 5-cell cavity with the
stiffener. An addition of the stiffening ring drastically raises the natural frequency. Figure 11.17.5
shows the mode of the lowest axial vibration (80 Hz). The lowest natural frequency nearly
doubles from 38 Hz to 80 Hz by the stiffening. The sufficient study of the stiffened cavity

structure including the control characteristics of the tuner is necessary in future.

"l “‘ " sl
A A

il O
A e
il \

Fig. 11.17.4 Model of 5-cell cavity with stiffener Fig. 11.17.5 Lowest axial vibration mode

Table 11.17.1 Natural frequency énd displacement from gravitational load

Frequency (Hz) max. Disp. |max. MISES

] Cell Stiffener [Mode 1 |Mode 2 |Mode 3 [Mode 4 [Mode 5 | by g. (mm}| by g. (MPa;
05 4 none 55.05 55.05 63.01 90.26 9025 0.078 3.05
0.5 5 none 3845 3845 49.64 71.92 7192 0.181 6.01
05 4 Cylindricall 70022} 11256 | 11256 | 195.19 | 195.19 0.020 123
05 5 Cylindrical 79.82 81.06 81.06 | 155.76 | 155.76 0.042 240
0.7 4 none 76.44 76.44 | 14147 | 14147 ) 14372 0.047 321
0.7 5 none 54.18 5418 | 11093 | 11093 774.77 0.093 462
092 4 none 6121 6121 12042 ) 12440 | 12440 0.075 2.87
092 5 none 4219 4219 9424 9424 | 96.79 0.159 4.1

E > Axial mode :j : Transverse mode
References

1) D. Schrage, et al., Proc. of the 7" Workshop on RF superconductivity, (1995) 629.
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11.18 Fabrication and Test of a Superconducting Single Cell Cavity of 8=0.5 for
the High Intensity Proton Linac in JAERI

N. Ouchi, J. Kusano, N. Akaoka®", M. Mizumoto, K. Saito™, S. Noguchi**

(E-mail: iton@linac.tokai.jaeri.go.jp)

Design and development work of superconducting (SC) cavities of 0.43< 8 (ratio
of proton velocity to light velocity) <0.92 have been continued for the high intensity
proton linac since FY-1995 in collaboration with KEK. Preliminary cavity design has
been made according to an RF eigenmode calculation and a structural analysis in
half-cell geometry as well as considerations of fabrication and surface treatment?. A
test stand for vertical tests has been installed to demonstrate cavity performance?. In
FY-1996, a SC single cell cavity of 8=0.5 has been fabricated and the RF performance
has been examined at the test stand.

Figure 11.18.1 illustrates the cross cut view of the SC cavity of 8=0.5; the
shape has been determined from the preliminary cavity design?. The ratios of electric
and magnetic peak field on the surface to the accelerating gradient are estimated to
be 4.80 and 86.5 Oe/(MV/m), respectively. The resonant frequency has been calculated
to be 586.5 MHz in the geometry with
beam tube, while 600 MHz by the =-

mode calculation without beam tube.

The fabrication has been made at

the workshop in KEK. The thickness 1 451.6

and RRR of niobium sheets were 3mm

and ~250, respectively. The fabrication

consists of three steps; deep drawing of 20

half-cell parts, triming of half-cell parts

and beam tubes and electron beam

welding at equator and iris. Niobium Fig. 11.18.1 Cross cut view of a SC single-

cell cavity of §=0.5

* Nippon Advanced Technology, Co. Ltd.
" KEK: High Energy Accelerator Organization
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flanges were also welded at the both ends of the beam tube.

Surface treatments of barrel polishing (BP)? and electropolishing (EP)# have
been applied to the cavity, where the devices developed in KEK have been utilized.
Figure 11.18.2 shows the distribution of removal thickness by both BP and EP.
Average removal thicknesses by BP and EP have been 51 and 23 i m, respectively,
while the distribution depends on the position strongly as shown in Fig.11.18.2. After
the surface treatment, heat treatment of 750" C has been applied for 3 hours to
remove hydrogen absorbed during EP. High pressure rinsing has been carried out at
JAERI? as a final rinsing for 1.5 hours with ultra pure water of 8~9 MPa.

Figure 11.18.3 shows a photograph of the cavity. The vertical test has been
carried out at both 4.2 K and 2.1 K. Figure 11.18.4 shows the measured Q-values as a
function of electric peak field on the surface (Ep). However, these measurements have
been made in the condition that the liquid helium vessel was filled insufficiently
because of the problem during the cooling down process. Although the cooling
condition of the cavity was not good, the peak field up to 16 and 18.6 MV/m has been
achieved at 4.2 K and 2.1 K, respectively, that exceed the specification of the cavities®.
The Q-values, ~7X 108 at 4.2 K and ~101° at 2.1 K, agreed well to the expectations
based on the BCS theory. Residual resistance has been also estimated to be about 10n
Q. We are planning to make re-measurement under a better cooling condition.

The second cavity of 8=0.5 is in fabrication and will be tested soon. And we are
planning to fabricate a single-cell cavity of 8=0.7~0.8 that will be tested in FY-1997.

In addition, fabrication of a multi-cell cavity of 8=0.5 is scheduled.

References
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11.19 A Preliminary Study of SMW Storage Ring for the Neutron Science
Project in JAERI

M. Kinsho, F. Noda", J. Kusano and M. Mizumoto
(E-mail : kinsho@linac.tokai.jaeri.go.jp)

In the beam storage ring, the pulsed beam from the linac is accumulated, and high
intensity pulsed beam is produced for the neutron scattering experiment. The preliminary
study of the ring which satisfies specification of the neutron science project is described in
this report.

The pulse structure of the beam from the linac and preliminary parameters of the
storage ring are shown in Fig. 11.19.1 and Table 11.19.1, respectively. The linac beam is
chopped to 670ns bunch width with 60% duty cycle at 50Hz. The 1.5GeV H' linac beam is
compressed by means of a multi-turn charge exchange injection. When a harmonic number
of the ring is 1, a circumference and a revolution frequency are 185m and 1.49MHz,
respectively. The single bunch in the ring is contained by rf resonant cavity. To achieve a
beam power of SMW with this beam structure, it is necessary to accumulate 5553 bunches.
This corresponds to 4.17x10™ protons. When the beam injection is completed, accumulated
protons are extracted from the ring during 1 turn. The average current circulating in the ring
with 1.49MHz revolution frequency becomes 99.5A. At such a high average current, a
beam loss of a very small fraction makes a very high radioactivity around the ring. It is
necessary to examine reduction and localization of the beam loss with sufficient
consideration of the divergence of the beam by the space charge force, the resonance
phenomena by the tune shift, longitudinal instability and so on.

Linac Pulse Structure

Magnet Lattice 20ms | | 2.72 ms 5553 micropulses
A large transverse beam emittance is I I if 30mA
required in the ring to restrict both the 1l

. [ 80 RF-bunches |
transverse space charge tune shift and to 270 0t

«—>
reduce the H or H* beam intersection with a NI' I Hm‘ lmmm I Imm

— —_— —_—m
»<—5ns I
BV

'

stripping foil. The chosen values for an un-

normalized 90% transverse emittance, a ring

acceptance and a collimator acceptance are

Last

2n mm.mrad, 450n mm.mrad and 200x :31;cﬂan

First

injection
turn

mm.mrad, respectively. This transverse

Fig. 11.19.1 A pulse structure of the linac beam

* Hitachi, Ltd.
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emittance restricts the space charge tune shift to less than 0.1. The magnet lattice is
temporarily selected to be normal 12 cell FBDO lattice. This lattice ensures the distance
between defocusing quadruple magnet and focusing quadruple magnet at 7.5m. The
operation tune is in the range where a phase advance per 1 cell becomes 80~110 degrees
= (3.85,3.75). The beta function and energy
dispersion function have been evaluated by using the lattice analysis program “MAD”
developed at CERN.

and provisionally selected to be (v,,v,

Table 11.19.1 Preliminary parameters of the storage ring

L Kinetic energy 1.5 GeV
Beam injection Repetition frequency 50 Hz
section is th : Harmonic number 1
Injection is the main Revolution frequency 1.49 MHz
source of beam loss and Circumference 185 m
h th itical it Magnetic rigidity 7.51 Tm
enice the .most critical ftem Circulating current 995 A
for the ring because the Number of circulating protons 4.17x10" protons
Lattice 12 Cell FBDO

main loss is due to H or H*

beam intersection with a

Ring acceptance
Collimator acceptance

4507 mm.mrad
200 mm.mrad

D : : Betatron tune (v,,V,) (3.85,3.75)
stipping foil during and Betatron tune shift - <-0.1
after injection. There are rf cavity
R frequency 1.49 MHz
two types of injection voltage 42 kV
method for char ge Kicker magnet
: : reflection angle 10 mrad
exchange. One is the dlre.ct magnetic field strength 0.02T
H™ injection method in length 3.8m

which H™ beam is converted
to H*
stripping foil located in the

beam with the

injection magnet. The other
method is the H° injection
method in which H beam

Lifetime ( sec)

sl IS EIE

is firstly converted to H° 3
beam in a stripping magnet a
outside of the ring and then
H° beam is injected to the ]
stripping foil inside the ring. 1

In both method, it is very
important to  minimize

delayed stripping of H°

atoms in the ring. The lifetime of H® atoms depends on the Stark state in the magnet. The

Magneuc Fneld (Tesla)
Fig. 11.19.2 Stark state lifetime in laboratory frame
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life time of 1.5GeV H° atoms in laboratory frame shows in Fig. 11.19.2. When the
magnetic field strength is 0.15T, atoms with n=4 remain as H® and may be removed from
the ring, and atoms with n>5 rapidly become H" and are accepted in the ring. At present it is
under consideration which method should be adopted to reduce the beam loss in the ring.

The phase-space painting is also considered to obtain large transverse emittance.

Radio frequency cavity

Though the acceleration of the beam is not carried out in the rf cavity, the rf cavity is
required for maintaining the bunch structure in the storage ring. The injection beam is
chopped at the bunch revolution frequency of 1.49MHz. The necessary cavity voltage is the
sum of voltage Vp which is proportional to the momentum spread of the injection beam and
voltage Vsc which supplements the decreasing voltage by the space charge effect. The Vp
voltage is about 27kV by assuming that the momentum spread is to be +0.58%. The
necessary Vsc voltage changes according to the accumulated number of beam bunches.
When all beam bunches are accumulated, the Vsc voltage becomes about 15kV under the
condition that the longitudinal distribution is parabolic. The rf voltage is raised from 27kV
to 42kV to maintain the beam bunches during injection with one rf cavity of Sm long.

The f cavity consists of capacities, resistors, and ferrite. Because the circulating
current is about 99.5A, it is likely that the cavity characteristics should be changed due to
the high frequency magnetic field induced by circulating current. Therefore, the rf cavity is

important issue to be developed.

Beam extraction

The fast extraction method is used from the request of the neutron scattering experiment. In
this extraction method, when injection of all bunches is completéd, accumulated beam is
extracted from the ring during 1 turn. An interval between bunches is 270ns from the
injection beam pulse structure which is chopped 670ns bunch width with 60% duty cycle. It
is necessary that the magnetic field of a kicker magnet is enough to extract the beam from
the ring to less than 270ns and is kept the strength to more than 400ns. In fact, the required
field rise time of kicker magnet is less than 150ns considering the increase of the beam
bunch due to synchrotron oscillation and divergence by the space charge effect during
multi-turn ring injection. When the un-normalized 100% extraction emittance, beta function,
dispersion function, and momentum spread are 2007 mm.mrad, 15m, 3m, and 0.58%,
respectively, the reflection angle becomes about 10 mrad. A kicker magnet of 0.02T and

3.8m is required in order to realize this extraction process.
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12. Energy System Analysis and Assessment

The objective of this research is to identify the role of nuclear energy and its relevant
technologics in futurc cnergy systems of Japan, and thereby to contribute to the
establishment of long—term stratcgy of nuclear energy utilization by the government and to
the promotion of rescarch and development in JAERI. The analytical models and their
databases have been developed for this purpose, and applied for the a variety of studies.
Among those carricd out in the yecar 1996, three major topics arc presented here.

First, the role of high temperature nuclear hcat was analyzed from the view point of
reducing future CO2 cmissions in Japan. The MARKAL model was used for the analysis in
order to find optimum sets of cnergy and technology options that will contribute to the
cmission reduction. Three analytical cases were compared ; the case without no nuclear
investment after the year 2000, the case with expanding nuclear power generation, and the
casc with high temperature nuclear heat in addition to nuclear power. According to the
results, although the emissions increased with time in the case without nuclear energy, they
were reduced much by expanding nuclear power generation. When high temperature nuclear
heat was used in addition, they were reduced well below the 1990 emission level.

Sccond, long—term plutonium balances were analyzed considering the recent change
in the development plan of MOX fueled reactors from advanced thermal reactors to fully
MOX fucled advanced boiling water reactors (ABWRs). The analytical cases werc
cstablished with different assumptions on the total nuclear capacity and the combination of
rcactor types. It was found from the results that, under the assumed capacity of spent fuel
reprocessing, fully MOX fucled ABWRs could hardly be introduced from the view point of
plutonium balances, and the current plan of using plutonium in LWRs would not contribute
much to the reduction of natural uranium consumption in the long—term.

Finally, a preliminary study was made on the life cycle characteristics of nuclear
power generation. For this purpose amounts of material utilized in the facilitics of power
generation and fuel cycle processes were investigated. By using these data, the cnergy
consumption and the CO2 cmission per kilo watt of clectricity gencrated were estimated. In
comparison with rencwable energy technologies, it was found that nuclear energy is the best

in the emission, and the sccond in the energy consumption after hydropower.
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12.1 High Temperature Nuclear Heat Application — Potential Contribution to CO:

Emission Reduction

0. Sato, K. Tatcmatsu and M. Shimoda

(£-mail: sato@kako32.tokai.jaeri.go.jp)

Nuclear cnergy is onc of the most effective options to realize the substantial
reduction of futurc CO2 emissions. It has been utilized so far mainly for electric power
generation, however it can also be applied for producing synthetic fuels by using nuclear
heat from high temperature gas—cooled reactors (HTGRs). In this study, the role of high
temperature nuclear heat was analyzed from the view point of potential contribution to the
CO2 cmission reduction in Japan.

The MARKAL model was used in order to optimize encrgy systems over the time
period from 1990 to 2050. The analytical procedure is as follows. First, future demand for
cnergy services was cstimated by assuming cconomic growths as shown in Table 12.1.1.
Second, the reference energy system was designed by incorporating all energy carriers and
technologics that might be used during the time period. The technologies were characterized
with the data on its performances, costs, and so on. In addition, cxternal constraints on their
capacity were given as listed in Table 12.1.2.

Analytical cases arc as follows. Case A : Without nuclear investment after 2000.
Casc B : With nuclear power generation. Case C : With nuclecar power generation and heat
application. In all cases, energy systems werc optimized by minimizing the sum of the total
system cost and the high penalty to the emissions of COo.

The structure of primary cnergy supply optimized as above is shown in Fig. 12.1.1.
In the case A, the utilization of natural gas substantially increased with time. However, due
to the constraints on its availability, large amount of coal was also utilized. When nuclear
energy was used as in the case C, however, most of coal was replaced by it.

The CO:z emissions increased much with time in the case A. But they were
drastically reduced by expanding nuclear power gencration as shown in Fig. 12.1.2. If, in
addition, high temperature nuclear heat was used for producing synthetic fuels, the
emissions were reduced well below the 1990 level. The amount of reduction in 2050 was

about 200 million ton (CO2) by using HTGRs of the total capacity 100 MWt.
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Table 12.1.1 Social and economic indicators assumed for the analysis

1990 2000 2010 2020 2030 2050

Population  (Million) 123.6 127.4 130.4 128.3 123.0 111.5

Households (Million) 40.7 44.7 48.3 49.4 49.2 48.5

GDP (198S Trillion Yen) 402 500 640 781 906 1150
Growth Rates (%/Year) 2.21 2.50 2.0 1.5 1.2

Table 12.1.2 External constraints on the capacity of nuclear reactors

2000 2010 2020 2030 2040 2050

LWRs (GWe) 46. 70. 84. 95. 98. 100
FBRs (GWe) 1. s. 15. 25.
HTGRs (GW1) 3. 25. 60.  100.
EJ
35

Renewables

Steam Coal

‘ Nuclear

(%990 2000 2010 2020 2030 2040 2050 2000 2010 2020 2030 2040 2050 Year
(a) Case A (Without Nuclear Energy) (b) Case C (With Nuclear Energy)

Fig. 12.1.1 Primary energy supply in the case A and C

Billion Ton (CO2)
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1.5+ Elec. Power
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3 Conversion
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Fig. 12.1.2 Sectoral emissions of CO2 in the case A, B and C
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12.2 A Study on Plutonium Balances in Japan’s Long-term Nuclear Power

Development

O. Sato and T. Hasegawa
(E-mail: sato@kako32.tokai.jaeri.go.jp)

It has been planned to use uranium-plutonium mixed oxide (MOX) fuel in some of
existing or new LWRs (in one third or half of their reactor core), and also in advanced
thermal reactors (ATRs). However, since the development of ATRs was stopped because of
little prospect to improve their poor cconomy, it is now planned to introduce advanced
boiling water reactors (ABWRs) which install MOX fuel in their entire reactor core.

Accordingly, long-term balances of plutonium production and consumption in the
new reactor development plan were analyzed with the nuclear fuel cycle systems model
JALTES. Main assumptions for the analysis arc summarized in Table 12.2.1. Two cases,
low and high cases, were assumed for future nuclear power capacity. It was also assumed
that FBRs would be introduced from the year 2030 cither with a low or high capacity
buildup rate. Cooling time of FBR spent fuel was assumed as 2 yecars or 4 ycars. By
combining these cascs, analytical cases were determined as listed in Table 12.2.1.

The combinations of nuclear reactor types are as follows. Case A : Enriched
uranium LWRs (EU-LWRs) and FBRs. Case B : Casc A + Partially MOX fucled LWRs of
a total capacity 12.1GWe. Case C : Case B + Fully MOX fuecled LWRs. Spent fuel of
EU-LWRs would be reprocessed, as shown in Fig. 12.2.1, by the Rokkasho plant, and by
the second plant in the private sector starting its operation cither in 2020 with a maximum
scale of 2100 ton/ycar or in 2025 with that of 1800 ton/ycar.

The analytical results are as follows. When only EU-LWRs were used to meet the
assumed demand for the nuclear power capacity, the amount of excess plutonium would be
as large as more than 100 ton Pu (fissile) in 2020, and 150 ton Pu (fissile) in 2030 as
shown in Fig. 12.2.2 (a). When the conventional plan of using a certain capacity (12.1GWe)
of partially MOX fueled LWRs was carried out, the excess amount of plutonium was
lowered to less than 20 ton Pu (fissile) until 2020. See Fig. 12.2.2 (b).

Under the assumed capacity of spent fuel reprocessing, fully MOX fueled LWRs

could hardly be introduced from the view point of plutonium balances as shown in Fig.
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12.2.2 (c). If all spent fuel of EU~LWRs could be reprocessed by continuing reprocessing
abroad, it would be possible to introduce two units of them with 1350 MWe each.
However, in order to introduce further units, it would be necessary also to reprocess spent
fuel of MOX fucled LWRs.

The current plan of using plutonium in LWRs will not contribute much to the
reduction of natural uranium consumption in the long-term. See Table 12.2.2. Therefore, it
is necessary to discuss how to combine the plan of using plutonium in LWRs with the

long-term strategy of developing FBRs in order to save natural uranium.

Table 12.2.1 Main assumptions for the analysis

1. Total Nuclear Power Capacity (GWe)
Case - 1999 2000 2010 2030 2050 2100
L Actual 45.36 60. 80. 96. 116.
H and Planned 45.36 72. 102, 126. 166.
2. Constraints on Installed Capcity of FBRs
Case 2030 2035 2040 2044
1 1 0 1 0 1 0 1 0 1 0 1 1 1 1 1
2 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2
Note : Befare 2030 ; 0.28 GWe (1995), 0.6 GWe (2005), 1 GWe (2020), 1 GWe (2027).

After 2044 ;, No constraints were given externally.

3. Analytical Cases

Symbol Nuclez%r Power Constraints on Cooling Time
Capacity FBR Capacity of FBR Fuel
L1 Case L Case 1 Case 1 (2 Years)
L2 Case L Case 2 Case 2 (4 Years)
H1 Case H Case 1 Case 1 (2 Years)
H2 Case H Case 2 Case2 (4 Years)

Table 12.2.2 Consumption of natural uranium (cumulative up to the year 2100)

(1000 ton U)

A B C
Case E;)c]:lnu;?‘:;;r: I&s(t):;f}%acrltézlly Use ol" P;Sifil{dgl;m;{l:e%ﬁ}&lg:d LWRs ‘
LWRs 2 Units 4 Units 6 Units
L1 757 743 (A 14) 728 (A 29) 762 (5) 800 (43)
L2 758 785 (27) 812 ( 54) 838 ( 80) 866 (108)
H1 940 926 (A 14) 948 ( 8) 935 (45) 1024 ( 84)
H2 1002 1030 ( 28) 1057 ( 56) 1084 ( 82) 1111 (110)

Note : ( ) indicates the change from the case without MOX fuel use in LWRs

A indicates the value is negative
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Reprocessing Capacity (ton HM/year)
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Fig. 12.2.1 Annual reprocessing capacity of enriched uranium spent fuel
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Fig. 12.2.2 Stock of fissile plutonium after balancing recovery and consumption
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12.3 Preliminary Analysis on CO: Emissions from Nuclear Power Generation

Y. Tadokoro and O. Sato
(£-mail:  tadokoro@kako32.tokai.jaeri.go.jp)

Direct emissions of CO: from nuclear power gencration is really low, however,
nuclear power has also a chance of releasing CO: if indirect process is taken into account.
Indirect CO: cmissions by nuclcar power gencration have been calculated based on the
amount of materials used and the costs of nuclear power plants and fuel cycle facilities.

The amount of materials used in a typical large scale PWR power plant is listed
in Table 12.3.1. The percentage share of each cost component in the total construction
cost of this plant is listed in Table 12.3.2. The corresponding database have been also
developed for fuel cycle facilities. In addition, industrial production induced by
investments on nuclear plants and fuel cycle facilitics have been derived from the [/O
table.

Based on the above database, direct and indirecct CO: emission by nuclear power
generation has been calculated. Figure 12.3.1 gives the emission divided into the nuclear
power plants, the front- end process and back- end process of nuclear fuel cycle. The life
cycle CO: emission cocfficient, a sum of a direct and an indircct component of the
cmission, is about 25.7 gCO: /kWh when gas diffusion process is utilized for uranium
enrichment, and the indirect component shares about 89% of the total. The emission
cocfficient is also decomposed into the part of material production and the rest part. The
former takes 8% of the emissions. Large part of CO: emissions comes from nuclear fuel
cycle processes, in particular, from an enrichment process. This process takes 72% of the
total emission.

When centrifuge process is utilized instead of gas diffusion process, the life
cycle CO: emission coefficient reduces to 7.9 g CO: /kWh and the share of enrichment
process becomes only 6.7%. In comparison with rencwable energy technologics, the CO:
emission coefficient of nuclear power is 40%, 10% and 4% of that of hydropower,
windpower and photovoltaic power, respectively. In addition, the cnergy consuxﬁption per
kilo watt of nuclear electricity generated becomes about twice as much as hydropower,

however, it is about 1/2 of windpower and 1/4 of photovoltaic power. It is found that
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nuclear power is one of the most promising energy for reducing CO: emissions.

Table 12.3.1 Materials used for a 1100MWe PWR power plant

Naterial kg/k¥e
Stainless Steel 2.34
Ordinary Steel 52. 59
Special Steel 0.62
Aluninium 0.08
Composite Material 0. 64
Copper 0.71
Titan 0.29
Cement 70. 27
Insulation Materials 0. 43
Total 1217. 97

Table 12.3.2 Construction cost of a 1100MWe

PWR power plant

CO2 g/kWh
.25
Cosponent Construction tost | |

1. Land and Land Rights 10 % 20
2. Structures & Site Facilities 15 i

2.1 Site Facilities 3

2.2 Reactor Containment Structures 2> 15

2.3 Other Buildings (10
3. Reactor Plant Equipeent 28 10

3.1 Reactor Equipeent C2)

3.2 Accessory Equipaent (109

3.3 Yaste Treatment & Disposal 1) s

3.4 Fuel Handling & Storage 1)

3.5 Other Plant Equipment ¢ 9

3.6 Contorl & Safety Systems ¢ 5) m
4. Turbine Plant Equipeent 15 Direct Indirect Direct Indirect Direct Indirect
5. Electric Plant Equipment 3 Frontend Process  Construction & Backend Process
6. Engineering and Services 14 Operation
7. Interest during Construction 15 Flg 12.3.1 CO; emission from nuclear

fotal o power generation
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13. Facility Operation and Techniques Development

There are three reactor engineering facilitiecs and three accelerator engincering
facilities such as Heat Transfer Fluid Flow Test Facility, Fast Critical Assembly (FCA), Very
High Temperature Reactor Critical Assembly (VHTRC), Fusion Neutronics Source (FNS),
Tandem Accclerator and Super conducting Booster. Operations of them were carried out as

scheduled. Major activities of each facility of this fiscal year are summarized briefly below.

(1) The Heat Transfer Fluid Flow Test Facility was operated for various experiments such as
core thermal-hydraulic transient test for PWR, etc. The designs and constructions of three
test facilities were carried out.

(2) The FCA was operated according to various purposes of experiments and recorded the
operation time of 657.48 hours. As for maintenance activitics, the air compressor was

rencwed. The PIV of nuclear fuel materials were carried out.

(3) The VHTRC was opcrated as scheduled and recorded the opcration time of 364 hours.
The VHTRC cores were asscmbled and operated to obtain experimental data for establishment
of the measurcment methods of reactor physic characteristics at initial criticality of HTTR.
The experimental opcration of VHTRC was closcd by the achicvement of final purpose of
verification the calculation accuracy related to the nuclear design of HTTR at September of
1996.

(4) The FNS was operated as scheduled according to various requircments of experiments and
recorded the operation time of 683 hours. The rotating target cooling system was installed

for a new type rotating target disk with microchanncls.

(5) FNS has developed a high current ion source for increasc of the neutron yicld performance
of FNS. A multicusp ion source was designed and developed for FNS incorporating with
NBI Hcating Laboratory. The ion source performance test carried out by using hydrogen.
Deuteron ion beam of 30mA is obtained at present.

(6) The tandem accelerator was operated for 5260.4 hours and used for research experiments
for 231 days. There was an unexpected tank opening duc to a trouble of a power gencrator in
the tank, which caused to cancel 9 days of scheduled beam time. Its associated booster was
opcrated as scheduled and ran stably during the beam time of 35 days for research cxperiments.
A satellite control console was built for the operation of the booster in the rf control room. In
the booster target room, a heavy ion irradiation chamber was installed on the beam linc for an
investigation of metal-oxide superconducting matcrials. As development works on the
tandem and its booster, carried out are several improvements for the booster, a development of
an in-terminal highly charged heavy ion injector using a compact ECR ion source and an

improvement of the concurrent processing control system of the tandem accelcrator.
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13.1 Operation Report of Heat Transfer Fluid Flow Test Facility

H. Watanabe, K. Nakajima, T. Satoh, M. Shibata, Y. Watanabe,
M. Kimura and H. Watanabe

In FY-1996, operation and maintenance of Heat Transfer and Fluid Flow Test
Facilities werc carried out as scheduled.

As for the maintenance of test facilities, annual official inspections of the
pressure vessels and the steam generator located at both of Large Scale Reflood Test
Building and Chemical/Mechanical Engineering Building were carried out and passed.

Core Thermal-Hydraulic Transient Tests for demonstration of core safety
during abnormal transient in PWR have started in 1996 after construction for three
years.

As for the operation of test facilities, the following cight tests were performed.

1) Core Thermal-Hydraulic Transient Test for PWR

2) Test with Multi-Dimensional Fluid Flow Mock-up Loop (IV)

3) Test with Two-Phase Flow Test Loop

4) Natural Circulation Flow Test

5) Flow Visualization Test in Lower Plenum

6) Ultra High Heat Flux Test

7) Two-Phasec Flow Visualization Test by the NRG

8) Thermo Fluid Safety Test for Fusion Reactor

As for the design and construction of test facilities, the following test facilitics
were newly constructed.
1) Multi-Dimensional Fluid Flow Mock-up Loop (V)
2) Two-Phase Flow Test Section installed at Corc Thermal-Hydraulic
Transient Test Facility.
3) Residual Heat Removal Test Facility for LWRS

As for the representative R&D, Electric Power for Rod Bundle of Core
Thermal-Hydraulic Transient Test Facility was calibrated with carorie metric method
to be clarified it’s characteristics as well as Flow Rate of recirculation water.

Continuously quick response of Electric Power control system and Frow Rate

control system were achieved for LWR’s transient tests through many adjustment.
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13.2 Operation Report of FCA
K. Hayasaka, K. Satoh, H. Sodeyama, K. Kurosawa, and H. Watanabe

Operation of Fast Critical Assembly (FCA) was carried out in accordance with the
experimental schedule on the FCA XIX-1 and XIX-2 assemblics. Operation of 124 times
was carried out in 101 days. No scram was recorded during the operation. The total operation
time was 657.48 hours and the integrated power was 1.34 kWh. A total number of 5161
criticality operation has been recorded at the end of this tiscal year since the first achievement
of criticality on the 29th of April 1967. For the safety regulation of operation, two days were
devoted to the monthly inspection and about 10 weeks from October 1996 to the annual
inspection. Routine maintenance activities were done during the inspections to provide
maximum operation days for the cxperiments.

As for maintenance activities , the air compressor , which supplies the driving torce
to safety / control rods , was renewed because of a pin hole found on a tank. A ladder of the
stack was also renewed to cope with the deterioration by corrosion.

As for fuel management , the defects of coating on natural uranium metallic fuel were
repaired for about 2000 plates by spraying the surface with colloidal solution of fluorocarbon
in oder to prevent the fuel from oxidation. Weights of the coating on the fuel plates were
obtained from the difference of the weight between betore and after coating.

As for the physical protection (P/P), the management of the entrance and exit was
done restrictively and the system was maintained properly.

In connection with sateguard, IAEA and NSB* carricd out monthly inspection under
the international treaty. The Physical Inventory Taking (PIT) of the fuels was performed
trom the 20th to the 24th of May by means of item counting, weighing and non-destructive
assay. IAEA and NSB made the Physical Inventory Verification (P1V) from the 27th to the
29th of May.

* NSB: Nuclear Safety Bureau
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13.3 Operation Report of VHTRC

S. Fujisaki, M. Takeuchi, T. Ono, K Nakajima and H. Watanabe

(E-mail : fujisaki @ fca 001. tokai. jaeri. go. jp)

The VHTRC-7(2), VHTRC-9 and VHTRC-9(2) cores were assembled to obtain
experimental data for neutron flux distribution and for establishment of the measurement
methods of reactor physic characteristics at initial criticality of HTTR.

The VHTRC-7(2) core has an HTTR mockup control rod that is partially inserted in
the central column of the movable half assembly of VHTRC.

The VHTRC-9 and VHTRC-9(2) cores were assembled to measure the reactor physic
characteristics at annular core which was simulated to the fuel loading columns of initical
critical core of HTTR with about 18 fuel columns.

The operations for this purpose were completed as scheduled without any problem
disturbing execution of the experiment.

The results of the operation were as follows ;

1) Operations of 224 times in 67 days,
2) Critical operations of 91 times,

3) Total operation time of 364 hours,
4) Integrated power of 149 WH.

No scram was recorded during the operations. The integral operation time is 4768
hours at the end of this fiscal year since the first achievement of criticality on May 13, 1985.

According to the safety regulation for operation, one day was devoted to the monthly
inspection and about 8 weeks to the annual inspection from October to November.

As for fuel management, Physical Inventory Taking (PIT) was carried out from May 8
to May 9 by means of item counting. IAEA and NSB made the Physical Inventory Verification
(PIV) under the international treaty on May 10. No anomaly was confirmed. The maintenance
activity was also taken on the physical protection (p/p) system. The sensitivity and function
of the system were examined and calibrated.

Since 1985, in order to verify the calculation accuracy related to the nuclear design of
HTTR, the critical experiments have been continued using the VHTRC. But, the experimental
operations of VHTRC for HTTR finished by the obtained the experimental data of the nuclear
design of HTTR at September 30, 1996. Then, the present status of VHTRC is doing the

preservation for safety under the reactor regulation.
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13.4 Operation Report of FNS

Y. Abe, C. Kutsukake, S. Tanaka, M. Seki, T. Ono and H. Watanabe
(E-mail: Abe @fnshp.tokai.jaeri.go.jp)

Accelerator

The operation of Fusion Neutronics Source (FNS) was carried out on schedule for the
shielding experiments for ITER, the benchmark experiments and so on, while the heavy
irradiation experiment was stopped at 40 % of the target neutron yield by trouble of the 400
kV DC power supply for beam acceleration. The total operation time was 683 hours in this
fiscal year.

As for maintenance activities, the control circuit of the accelerator was inspected
every six months. A sliding seal of the rotating target was replaced twice with a new one to
keep good vacuum condition. Overhaul of the oil free vacuum pumps (dry pump) was
carried out. The 400 kV DC power supply which had voltage failure at the heavy irradiation
experiment was repaired after inspection of its inner parts.

As for renewal activities, a high current ion source was replaced from the duoplasmatron
type to a multicusp type. The details of the new ion source are described in Sec. 13.5. A
rotating target cooling system was installed for a new type rotating target disk with micro-
channels. The oil rotary vacuum pump on the high voltage terminal was replaced with an
oil free vacuum pump to reduce tritium waste and to get the simple maintenance. The

replacement of all oil rotary vacuum pumps to oil free vacuum pumps was completed.

Tritium Handling
Five small tritium targets with 370 GBq and two tritium targets with 33 TBq were

used for experiments at the 80" beam line and for heavy irradiation experiment at the 0°

beam line, respectively. The Tritium Adsorption Processor (TAP) system processed a total

amount of 4.7 TBq tritium in exhaust gas from the vacuum system of the accelerator.

DeveloEment

A new type of high speed rotating vacuum seal assembly with mechanical ball
bearings and differential pumping was manufactured, and the rotating test has been begun to

confirm the vacuum performance under 1800 rpm.
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13.5  Development of a New High Current Ion Source for FNS

M. Seki, Y. Okumura, H. Oguri, N. Miyamoto*, C. Kutsukake, S. Tanaka,
Y. Abe, T. Ono and H. Watanabe

( E-mail: seki@fnshp.tokai.jaeri.go.jp)

FNS has been used for fusion neutron engineering experiments such as shielding
experiments of ITER/EDA and IEA international experiments. The experiment require higher
beam current and neutron production rate. To increase the neutron yield performance of FNS,
we have developed a high speed rotating target assembly, a micro channel target disk and a
high current ion source. The high current ion source was renewed to improve the ion beam
performance in this fiscal year.

A multicusp ion source was designed and developed for FNS incorporating with NBI
Heating Laboratory. The basic specifications of the ion source are listed in Table 13.5.1 and
a cross-sectional view of the ion source is shown in Fig. 13.5.1. The multicusp ion source
consist of a magnetically confined plasma chamber and three- electrodes. The plasma chamber
has a strong magnetic cusp field. Dimensions of the plasma chamber are 120 mm in inner
diameter and 100 mm in length. In the chamber, source plasma is produced by arc discharge
using two tungsten filaments . A magnetic filter is formed by samarium cobalt permanent
magnets on the plasma electrode. The ions are extracted and accelerated up to 50 keV by the
first electrode. A negative potential of 6 kV is applied to the second electrode to repel
backstream electrons from the beam plasma downstream.

The proton beam test was performed at the ion source test facility (ITS-2M) to
investigate the beam properties of the ion source. Proton ion beam of 100 mA was extracted
with a low normalized emittance of 13 mrad and high proton ratio of 80 % at an acceleration
voltage of 50kV. Fig. 13.5.2 shows the perveance characteristics of the ion source.

The ion source was installed in the FNS acceleration system after the ITS-2M test.
The ion source performance test carried out by using hydrogen. The beam was not stable by
electric discharge of the 50 kV high voltage. To stabilize the extraction beam of the ion
source, the gap length between the plasma electrode and suppressor electrode increased from
8.9mm to 11.0mm, the extraction electrode was polished and a small leak valve was installed
to control the pressure in the electrode vacuum chamber. As a result, the high voltage
breakdown rate decreased. Deuteron ion beam of 30 mA is obtained at present. With
modification of cooling water system in Faraday Cups, the adjustment of the ion source will
be continued to achieve stable 40mA deuteron beam.

* Nissin Electric Co. Ltd.
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Table 13.5.1 Specification of the ion source for FNS

Fig.13.5.1 Cross-sectional view of the
ion source for FNS

Design Achieved Achieved
(ITS-2M) (FNS)
Beam Energy 50keV 50keV 50keV
Beam Current(Total) |>95mA 130mA >60mA(H+)
Beam Current(Proton) | >65mA 100mA >30mA(D+)
Ion Species H+ H+ D+
Beam Divergence <17mrad 13mrad
Proton Ratio >65% 80%
Pulse Length DC DC DC
Arc Power SkwW 3kwW 3kW
Source Pressure SmTorr 6.5mTorr
Gas Flow Rate 4SCCM 13SCCM 7SCCM
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13.6 Tandem Accelerator and Superconducting Booster Operation

T. Yoshida

( E-mail: yoshida@tdmalph1.tokai.jacri.go.jp)

Tandem Acccelerator and Booster

The scheduled operations of the tandem accelerator for experiments were performed
through the past onc year. There were two short periods of scheduled maintenance. The
running time was 5260.4 hours. The summary of the operation from April 1, 1996 to March

31, 1997 1s as follows.

1) Time distribution by terminal voltage (Tandem accelerator)

>16 MV 26 days 113 % 11-12 19 82 %
15-16 100 43.3 10-11 22 9.5
14-15 20 8.7 9-10 ] 0.4
13-14 21 9.1 8-9 0
11-12 19 8.2 <8 6 2.6

Booster operation

338 600 MceV 2 days
58 Ni 281 7
7476 Ge 550-651 14
9N Zr 340-430 10
127 ] 510-650 2

2) Time distribution by projectile

I'H (2H,3H) 52 days 27Al 5 days
6714 28 28Si 23
Il B 4 3p 9
12,13C 2 32,338 11
16,180 5 35,37C) 11
19F 4 54,56F¢ 2
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S8,00N1 32 Q0Zr
63Cu ] 107Ag
74Ge 15 127]
79.81Br ] 197Au
3) Time distribution by activity
Opcration for rescarch
Atomic and solid state physics (39.7)
Radiation cffects in materials (13.8)
Nuclcar chemistry (35)
Nuclear physics (116)
Fast ncutron physics 22)
Radiation chemistry (0
Dctector development 2)
Nuclear fusion (0)
Accclerator test operation (2.5)

Voltage conditioning

Scheduled maintenance(2 tank openings)
Uncxpected repair with tank opening
Hohdays

Training of the operation

10

to

wn XX

231 days

(]

77
9
46

12

The tandem accelerator had the unexpected tank opening at the end of August due o a

trouble of the power gencrator in the shorted section. After 9 days cancellation of the scheduled

cxpenments, the accelerator was operated until 24th in October. The tandem booster and the

helium refrigeration system were operated 3 times during 3 scheduled machine times. There arc

some small troubles on the control computer systems, SattCon 31 tvpe computer manufactured

in Sweden, which 1s a module type small computer. The control system recovered immediately

by exchanging the control circuit board. Some control valves for liquid helium distribution to

the cryostats sometimes ran in the wrong. The trouble of the distribution valves was a httle bit

scrious, becausce it was due to lack of reliability of clectronic circuits and piczo clectric valves.

Before resuming refrigerator operation, we always checked up all the valves of the cold boxes
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and the liquid helium distribution lines.

The helium refrigeration systems were in operation for 22 days from May 23 in 1996, 31
days from August 13 and for 76 days from January 14 in 1997. During these times, the super-
conducting booster was uttlized for 35 days for 12 experimental subjects. The booster ran
stecadily in cvery operation. The accelerating ficld gradients of the super-conducting resonators

were between 2.9MV/m and 4.2MV/m.
An trradiation chamber for solid-state physics was installed on the middle of this fiscal
year, and irradiation experiments for the super-conducting materials were carried out with high

cnergy heavy 1on from the tandem booster.

2MV Van de Graall accelerator; The 2MV Van de Graatl accelerator was operated for 285.3

hours from Apnl 1,1996 to March 31,1997, The main rescarch subjects are solid state physics,

atomic and molccular physics, and material physics.
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13.7 Improvements for the JAERI Tandem Superconducting Booster

S. Takeuchi and M. Matsuda
(E-mail : takcuchi@tdmalphO.tokai.jacri.go.)p)

The superconducting booster for the JAERI tandem accelerator has been running
well without scrious troubles since its completion in 1994. There are, however, some
points which we want to improve.

(1) Some resonators arc suffering from Q-disease(rcsonator Q degradation duc to an
increase of rf surfacc resistance with niobium hydride precipitation)

(2) Beam transmission was frequently much lower than the cxpected valuc of 6(0%(thc
bunching efficicncy).

(3) A low-f} resonator scction is necessary to accept and boost cfficiently very heavy ions
from the tandem accclerator.

The point 3) is a big improvement project we want to do for the booster, which is to instal
low-f(v/c=0.06) supcrconducting resonators into the cntrance part of the booster linac.
The low-beta section allows to accelerate very heavy ions like Pb without muitiple steps of
elcctron stripping in the tandem accclerator.  There arc strong demands for such very
hcavy ions, such as from a group of gamma-ray spcctroscopy. We, however, postponcd a
fabrication plan of a prototype resonator in FY 1996 for somc rcasons. We rather decided
to concentrate oursclves to the intallation project of a compact ECR(clectron cycrotron
resonance) ion source into the high voltage terminal of the tandem accelerator. This project
is reportcd clsewhere in this annual report. scveral kinds of very hcavy ions can be
boosted without the low-beta scction. several kinds of very heavy ions can be boosted
without the low-beta scction. Scveral kinds of very heavy ions can be boosted without the
low-B scction, if their charge states are higher than thosc after an clectron stripper at the

high voltage terminal in the usual tandem acceleration mode.

Following are thc improvements we did in the fiscal ycar of 1996:

Q-diseasc problem : The Q degradation is duc to hydrogen absorption in their chemical

surface trcatment and niobium-hydride precipitation which occurs approximately between
130 K and 90 K in the precooling process. Two of the 40 resonators in the booster linac
were scverely damaged in their on-line performance with this problem. We were forced to
operatc them at a ficld gradient of 2.0-2.5 MV/m. About 14 resonators could be operated at
3.5-5.0 MV/m. Thosc arc installcd in the first four cryo-modules. The rest 24 resonators
arc not affected by the Q-degradation, fortunately. There are two mecthods of recovering

high Q; (a) One is to prccool the resonators as fast as possible over the tempcerature range
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of 130K to 90K. The fast cooling is cffective in preventing absorbed hydrogen from
precipitating as a form of niobium-hydride on the niobium resonator surface; that is, in
preventing a large increasc of rf surface resistance. (b) The other onc is to extract hydrogen
out of the niobium.

(a) The cryogenic system of the booster is composcd of two identical refrigerators.
Coolcd helium gas parallcly flows into six or scven cryo-modules, in cach of which four
resonators arc housed and cooled in scrics. Cooling rate can be improved if all the cooled
helium gas flow is limited to a group of fewer number of cryo-modules. All the resonators
can be cooled fast over the temperature region of 130 K to 90 K by switching the flow
group aftcr group. Such a scquential cooling method was carricd out for the first five cryo-
modules of the booster linac. The cooling ratc (in average) was, as a result, improved to
-20 K/h for 3 cryo-modules and to -28.5 K/h for 2 cryo-modules, from -12K/h for the
normal cooling. Averaged resonator Q valucs cxcept the scverely damaged two resonators
were, respectively, recovered to 64% and 74% of thosc obtained at a rapid cooling ratc as
fast as or faster than - 40 K/h in off-linc testing. With respect to the ficld gradients, a clear
result was not obtaincd because clectron ficld cmission at high ficld gradients has been
increasing with increasing particles on the resonator surfaces as time clapscd.

(b) Various trials except heat treatments were made to extract hydrogen from hydrogen
polluted niobium using a spare rcsonator and niobium samples, but resulted in no cffect.
A heat treatment above 600 C is not applicable for our resonators because their outer cans
arc made of niobium and copper composite matcrials. The next or the last trial would be to

partially heat the center conductor part in vacuum without hcating the outer can.

Becam transmission : Misalignment was most likely to worsen the beam transmission

from our cxperimental result that bcams were stcered away from the axis by quadrupole
lenses and resonators. After improving the alignment sct of laser bcams and position
detectors, the positions of the quadrupole lenses and cryo-modules(resonators) were
carcfully mcasured and many of them were found to be misplaced as much as 2 mm. After
correcting them, the beam transmission was improved to morc than 80% of the

theoretically cxpected value.

RF power increase : A hundred watts rf power amplifires which have been placed by the

resonator control stations in the rf control room are not powerfull cnough to control the
resonators stable in casc of loosing helium pressure stability. Their output power were
increased to morc than150W by tuning them up. The amplifires were also made remote
controllable in order to change their position to the sides of the cryo-modules. Thesc
changes can increase allowable forwarding rf power at input couplers from 80W to 135 to

widen a phase control band width. There is an additional advantage that a loud noise from

thc amplifire's cooling fans vanishes from the rf control room.
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Bcam/Resonator phasc prediction : Beam and resonator phascs  for different heavy ions

can bc predicted from calculation, if field gradicents, resonator positions, r1f signal
propagation times and respective linearity of amplitudes and phascs to their sctting valuces
of the controllers have been accurately measured. It is not so casy to keep accurate valucs
for all the parameters. We, however, dared start trying such a prediction, becausc from
the work we could extract some uscful knowlcdge about thc bcam dynamics and the rf
system of the booster. For example, we lcarned that velocity changes in the resonators
and becam spread in the longitudinal phase space have to be taken into account in thc bcam
phasc calculation at an incident velocity much smaller than the optimum beam velocity of
().1c for the booster resonators. The work is developping as a theorctical and experimental

program.

Others : Problems in the cryogenic system and rf control stations were routinely cared for
by S. Kanazawa ct al, and . Ohuchi ct al, respectively. The systems were improving and
running well. There were no scrious troubles to report. A satcllitc control station of the
tandem accclerator was developed by S. Hanashima, which was to be placed next to the
resonator control stations. Resonator operation including conditioning was donc mainly
by N. Ishizaki and H. Tayama.
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13.8 ECR Ion Source for the JAERI TANDEM Accelerator
M. Matsuda, S. Takeuchi and C. Kobayashi’

We have pushed forward a plan of an electron cyclotron resonance(ECR) ion source
in the terminal of the JAERI tandem accelerator in order to increase beam intensity, beam
energy and beam species. A compact ECR ion source, so called “NANOGAN” source ",
with a permanent magnet structure has been developed at GANIL, France, for accelerating
the radio active ions. Its size and reliability are quite fitted to our plan. A way for stable
acceleration of high intensity beams is expected to be opened by the use of the ECR ion
source, since the beams from the source are in high charge states and with high intensity,
and the operation without foil-strippers bring us no influence of a change of the terminal
voltage on the charge state of the beams. In addition, it is possible to accelerate noble gas
ions, which are impossible for conventional negative ion sources.

However, many difficulties have to be solved to install the source in the tandem
terminal, such as the problems of the limited space, power supply, cooling system, RF
source, vacuum system, control system, beam optics and so on. Some measures should be
taken into consideration against electronic discharges and high pressure, because the source
environment is on a high voltage of 16 MV and at the high pressure gas of 4.5 kgiem™ G,
In spite of these difficulties, we could find some steps for solving above problems  The
problems with the space, power supply and control system will be solved by the
replacement of the Duo-plasmatron type ion source, which has been used, so far to the ECR
ion source with some modifications. A TWT-type amplifier made for airplane is applied
for the 10GHz RF source, and is set in the airtight vessel at the atmospheric pressure, for
the vacuum system an ion pump encloses a gas flow.  With an ion pump, ion extractions
from the source were successfully examined for noble gases in accord with a small gas flow.

Several experiments with the ion source until now have proved the performance as
expected. The optimum condition and the simplification of the operational parameters were
searched on the assumption of installing the ion source in the tandem accelerator. The
results of this experiment enabled us to reduce the six operational parameters to the three,
which were the gas flow, bias voltage and the RF power. In this experiment, the gases
used was previously mixed in the optimum and the RF tuner was fixed. This experimental
procedure was brought from the experimental purpose, which was not to obtain maximum
performance of the ion source, but to obtain stable intensity of ion beams against a change
in the operational parameters. The gas flow, or, the vacuum of the system was the critical
parameter for the stable operation. The results of the experiment for three gases, Ar, Kr
and Xe, mixed with N; or O,, are shown in Fig.1.  The emittance for Ar ions from the
above experiment was about 10mm-mrad-MeV'? (80%) and its form profile was very
complicate.

The arrangement of the ion source is planned as is shown in Fig.2  The ion beams

* Nihon Advanced Technology. Co.
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extracted by 30kV from the ion source are focused by an einzel lens, and then the mass and
charge of them are roughly selected by the 45" pre-analyzing magnet. The pre-analyzing
magnet is used to reduce the load of the pre-acceleration, since the beams from the ion
source amount to 2mA. The beams are accelerated again by a 80 kV pre-acceleration tube,
and are finally led to the tandem accelerator tube after the desired beams are selected by the
45° analyzing magnet. Only a small part of beams are injected into the tandem after
reducing the large emittance by several apertures.

Comprehensive examinations including the beam optics and the control system will
be made in the near future prior to the installation in the high voltage terminal. The
installation and the experiments with the ECR ion source will be carried out at the end of
the next fiscal year. Acceleration of heavy metal ions is also considered as our future plan.

Reference
1) P Sortais et al , Proc. 12th Int. Work. on ECR ion sources, RIKEN, 1995, p.44.

2) D. K. Olsen et al, Proc. 10th Int. Work. on ECR ion sources, Oak Ridge, 1990, p 1.
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A control system of JAERI tandem accelerator is a concurrent processing system

using several transputers’®. In this fiscal year, we have made several improvements on the

system. They are installation of the second control console, replacement of CAMAC serial

highway drivers, improvement of valuators on the control console, replacement of processor

modules of central multi processor etc. Figure 13.9.1 shows the configuration of the

system.
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F1g.13.9.1 Configuration of control system for JAERI tandem accelerator :

' SD:Serial highway driver,
DVC : Device controller. Dashed lines denote present expansion.

T: transputer,

JAERI tandem accelerator has a post superconducting booster. The RF systems of

the booster are controlled by dedicated control equipments which are independent of the

control system of the tandem. It is the best choice to build a unified control system for both

accelerators, for smooth operation of the two accelerators in the connected mode. But in our

case, it was difficult because the control systems of the booster have been made
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independently from the control system of the tandem. As the second choice, we made a sub
console of the tandem control in the RF control room of the booster. The console has a
window display, eight assignable meter units and four assignable shaft encoders(valuators).
We can control the tandem from the console in the same way as from the main console. The
window display is controlled by an engineering workstation. The other part of the console
is controlled by a transputer. Both processors are linked to the central processor of the
control system through optical fibers. Adding to the fiber link, the workstation has
connection to an Ethernet of the control system.

The serial highway drivers¥ are located at the front ends of the control processors to
CAMAC serial highway system. We have developed a new type of driver to improve
reliability and performance. The new drivers are separated into two parts, a control
processor and one or more serial highway interfaces. The interfaces perform much of the
functions which have been done by the software in the old driver. These functions are
generation and analysis of message packets and displaying highway error status on the front
panels. The control processor controls the interfaces through a simple field bus. We can
install several interfaces on the bus. The driver can control byte serial transfer, which our
old drivers could not control. The major parts of the logic circuits are implemented in an
FPGA(field programmable gate array).

The valuators on the control console are modified to accept a change in values
crossing zero. A setting value of the valuator follows linearly to the rotation of the dial in
the new specification. This modification enables natural control of beam steerers on a beam
line of the accelerator. The old ones had an exponential control and could not allow
crossing zero.

The central multi processor is the main engine of real time processing of the control
system. Four transputer modules are connected together to construct the multi processor.
New modules were made using almost same transputers(T805) as the previous modules, but
their reliability on signal connections was greatly improved.

Controls of two bending magnets on the booster beam line have been included in the
control system. They are controlled through device controllers using transputers. We
intend to introduce local feed back control of magnetic fields using the controllers.

According to the change of the hardware configuration of the system, software of
the system was modified at several points. They are an address scheme of data points of

devices around the accelerator, protocols between the central system and the front end
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processors, programs of serial highway drivers etc. The programs were expanded to accept

two control consoles and data points directly controlled by transputers.

References

1)Hanashima S.: JAERI TANDEM & V.D.G. Annual Report 1993 pp7- 8.
2)Hanashima S. et al.: Transputer/Occam Japan 5 10S Press, 1993 pp69-81.
3)Hanashima S.: JAERI TANDEM & V.D.G. Annual Report 1995 pp7.
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14. Activities of the Research Committee

The Department of Reactor Engineering works as a secretariat of several research
committees organized by JAERI. Members of committees are invited senior experts from
domestic institutions in the related field. Name and task of each committee are as follows;

Japanese Nuclear Data Committee

The committee is organized to promote evaluation of nuclear data and production of
group constants. The committee takes a task of compiling the activities of the International
Nuclear Data Committee and the Working Party on International Evaluation Cooperation
under OECD/NEA/NSC. A symposium is held annually to discuss research activities on
nuclear data.

Research Committee on Reactor Physics

The Committee is organized to discuss research activities on reactor core analysis
method and neutronics of new reactor concepts, and supports activities of OECD/NEA/NSC.
Two subcommittees on the reactor system and the high energy nucleonics are organized under
the committee.

Atomic and Molecular Data Research Committee

The committee is organized to promote compilation and evaluation of atomic and
molecular data for controlled fusion research. Three working groups are organized under the
committee. Workshops on atomic and molecular data are held to discuss current problems
relevant to fusion research.

Research Committee on Advanced Reactors

The committee is organized to broadly review and discuss advanced reactor concepts
and related fuel cycle. At present, new reactor concepts have been studied in JAERI with
emphasis on the Pu utilization or the passive safety.

Committee on the International Conference on Physics of Reactors

The international conference on physics of reactors was held on September 16~20,
1996 in Mito city under the organization of JAERI. There are the organizing committee, the

technical program subcommittee and the planning and management subcommittee.
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14.1 Activities of Japanese Nuclear Data Committee

A. Hasegawa

The Japanese Nuclear Data Committee (JNDC) consists of three subcommittees, six
standing groups, a steering and one adhoc committees. Each subcommittee also consists of
several working groups (WG).

The Committee Meeting was held in July 1996 to discuss the nuclear data activity in
the previous fiscal year and plans for the fiscal year 1996. Furthermore, discussion was
made on several topics including the planning of the 1996 Symposium on Nuclear Data,
JAERTI’s new project for neutron science and the international activity on nuclear data.

The activities of subcommittees and standing groups are briefly summarized below.

Subcommittee on Nuclear Data

1) High Energy Nuclear Data Evaluation WG : JENDL High Energy Files are being made
by this WG. The evaluation is made in two phases. In the phase-I, the data up to 50 MeV
will be evaluated for neutron and proton induced reactions. Evaluation of the phase-I for the
neutron-induced reaction data has been finished and the results are being reviewed. That for
proton-induced reaction data of structural materials was made. The energy range will be
extended up to a few GeV in the phase-1I. For Phase-II evaluation, the data of Al, Si, Cr, Ni,
Cu, Pb and Bi have been evaluated up to 1GeV. The review of the evaluated results is in
progress.

2) Covariance Data Evaluation. WG : Methods of covariance matrix evaluation have been
investigated. Covariance matrices for O-16, Na-23, Fe, U-235, U-238 and Pu-239 have been

evaluated in ENDF/B-6 format. Evaluations were made by using a least-squares program

GMA for the case of rich experimental data available. For the data evaluated by model
calculations, covariances were obtained by using the KALMAN code system developed at
Kyushu University. Discussion was also made about how to get the covariances for
resonance parameters.

3) Evaluation and_Calculation System WG : Investigation on evaluation method for light

and medium-mass nuclides was made. Importance of the dispersion term in the OMP for the
estimation of total cross section in low energies was discussed.

4) Fission Product Nuclear Data WG :  Preparation of the evaluation report  for JENDL-3.2

has been progressed. To check the methodology taken for the evaluations of JENDL-3.2,
DWBA calculations were made for Mo-100 inelastic scattering cross sections. The value was

compared with the new experimental data measured in Geel. It was found that adjusting a
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deformation parameter (reducing about 30%) gives best fitting to the experimental data.

5) Activation-Cross-Section Data WG :  The first version of Activation Cross Section File

was completed and released in March 1996. Preparation for the evaluation report has been
progressed. Some activation cross sections for unstable nuclides(Ca-45, Ni-59) were
calculated and compared with other available evaluations.

6) PKA Spectrum WG : Development of a code system of ESPERANT for making
PKA/KERMA files was finished last year. A PKA file for 72 nuclei from F-19 to Bi-209 on
the basis of JENDL Fusion File was produced by this code. Evaluation method for light mass

nuclei at the energy range below 50 MeV was determined. By this method H and C-12
evaluation was made.
7) Charged Particle Nuclear Data WG : This WG is responsible for the JENDL (a,n)

Reaction File. The reevaluation has been progressed . Calculation scheme for the angular

distributions of secondary neutrons was discussed.
8) Photonuclear Data WG : Total number of 26 nuclei evaluation was finished in FY1995.

No meeting and no progress were made due to the group leader’s problem in this year. This

group will be merged to High Energy Nuclear Data Evaluation WG in the next year.

Subcommittee of Reactor Constants
1) Reactor Integral Test WG :  Benchmark test of JENDL.-3.2 for fast and thermal reactors
has been made. Results are compared with those of ENDF/B-VI. Pointing out the problems

in cross-section of JENDL-3.2 was made based on these data. They are inelastic cross sections
and averaged cosine of elastic-scattering angles for U-238, capture and fission cross-section of
U-235, etc. Especially large differences in Keff are observed when using inelastic cross-
sections of U-238 of ENDF/B-VI and JENDL-3.2. In the benchmarks for U-235 cores, a large
difference in capture resonance integral values between JENDL-3.1 and 3.2 gives a significant
effect on Keff for FCA-IX series rather than thermal system.
A project for refining benchmark models was progressed.
2) Shielding Integral Test WG : Benchmark tests of total cross sections for Na, N-14, O

and Stainless Steels were made using benchmark data of ORNL Broomstick experiments.

Significant improvements were obtained for N-14 compared with the result of JENDL-3.1.
For Na, some improvements were made compared with JENDL-3.1 but still overestimated
relative to the experiment. As to the intermediate nuclear data investigation, a code TTNY
which generates Thick target yields from the Evaluated Nuclear Data File is examined.

3) Dosimetry Integral Test WG : Reevaluation work has been progressed. Revision work

for covariance data is a key item in this WG. Revised library of JENDL Dosimetry file was

presented at nineth International Conference of Reactor Dosimetry held in Plague, Sept,1996.
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4) Fusion Neutronics Integral Test WG : This is a joint working group established between
JNDC and the Committee of Reactor Physics of JAERI. Integral tests of JENDL-3.2 for

fusion applications have been made thoroughly using Monte-Carlo and stochastic calculations.

Comparisons have been made especially with the results from the FENDL-1 library and
EFF(European Fusion File). A multi-group cross section library was generated for
conventional Sn codes.

5) Standard Group Constants WG :  Revision work for JSSTDL library has been progressed.

Subcommittee on Nuclear Fuel Cycle

The subcommittee on nuclear fuel cycle consists of two WGs, Decay Heat Evaluation
WG and WG on Evaluation of Nuclide Generation and Depletion. Generation of an
ORIGEN-2/JNDC library based on JENDL-3.2 has been completed as a joint effort of the two
WGs. One-group cross-section libraries for ORIGEN code were also generated for PWR,
BWR and FBRs. The decay and fission yield data for the ORIGEN code have been

progressed.

Standing Groups
1) CINDA Group : Papers on neutron induced reaction data published in Japanese journals

and reports are surveyed. The 201 entries were sent to the NEA Data Bank in the last one

year.

2) ENSDF Group : The evaluation of nuclear structure data is the duty of this group for
nuclei with mass numbers from 118 to 129. Re-evaluated data for A= 129 has been
published. Revised data for A=120 and 124 were sent to BNL host center. Re-evaluation of
data for A=119 and 123 is in progress. The latest Chart of Nuclides 1996, which is scheduled
to be published every four years, has been published.

3) Group on_Atomic, Molecular and Nuclear Data for Medical Use : Survey work has been

made for the radiopharmaceutical data needed in the field of nuclear medicine. Especially
photo reaction data were discussed in details.

4) JENDL, Compilation Group : Discussions were made about the strategy for the revision
of JENDL-3.2 in the reorganized framework of JNDC.

5) Editorial Group of "Nuclear Data News" : Three issues of "Nuclear Data News" (No.54-

56) which is a periodic informal journal in Japanese were published in a year.
6) WRENDA Group No formal activities were made.
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14.2 Activities of the Research Committee on Reactor Physics
S. Matsuura, M. Nakagawa and Y. Tkeda

The committee reviews research activities related to reactor physics in Japan and
supports the activitics of Nuclear Science Committee (NSC) of OECD/NEA. In the fiscal
year 1996, the committee reorganized three sub-committees into two. The reactor system
sub-committee discusses topics of theory and experiments of fission reactors. The sub-
committee on high energy nucleonics involves ncutronics and diagnostics of fusion reactors,
and various issues related to high energy neutrons, protons, ctc., associated with high energy
particle accelerators.

The 66th mecting of the Research Committec on Reactor Physics (RCRP) was held in
June 1996. The following subjects relating to Excess Plutonium Disposition were discussed:
1) quantity of fissile plutonium, 2) status of world research activities for plutonium disposition
and 3) conceptual design study of plutonium disposition reactor with ROX fuel.  Documents
discussed at the 7th meeting of NEA NSC held at OECD Head quarters, Paris, May 29 - 30,
1996 were distributed. The committee summarized the activities: the working parties and
the task forces on the physics of plutonium recycling, international cvaluation cooperation of
nuclear data and the physics aspects of different transmutation concepts, and the status of the
criticality benchmark working group.

At the 44th meeting of the reactor system sub-committee in August of 1996 and at the
45th meeting in March of 1997, recent activities and future plans were introduced concerning
core analysis methods and reactor physics experiments. The following focal topics were
discussed at the 44th meeting:

- Improvements on Monte Carlo codes MVP/GMVP (by JAERI),

Processing nuclear data in ENDF/B-VI file format, Solving time dependent problems,
Calculating reaction rates with the pointwise responsc library, General description
method of external source geometry, Burnup calculation

- Recent development of in-core monitoring system in PWR (by Mitsubishi Heavy

Industries, Ltd.),

Measurement and data processing of power distribution
- Development of neutron detectors and their applications to the reactor physics
experiments in Kyoto University Critical Assembly KUCA (by Nagoya Univ.),
Position sensitive proportional counter, Scintillation detector using plastic fiber
- Design study of ABWR fully loaded with MOX fuel (by Hitachi, Ltd.).
At the 45th meeting, the following topics were highlighted:
- Experiment of core characteristics in Transient Experiment Critical Facility TRACY
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(by JAERI),
- Recent development of in-core monitoring system in BWR (by Toshiba Corp.),
Mecasurement and data processing of power distribution

- Present design of the Demonstration FBR plant (by Japan Atomic Power Company),

- Proposal for 3D radiation transport code benchmarks in simple geometrics with

void region (by Kyoto Univ.).

The first sub-committee meeting of High Energy Nuclconics was held in August,
1996. The sub-committee was newly formed, as mentioned above, by merging the two
former sub-committees of “Fusion Reactor” and *““Shielding” into “High Energy Nuclconics™
which covers broader rescarch arcas associated with high energy particles, in particular,
ncutrons and protons.  Almost all members serving in the former sub-committecs are
participating in this new committec. In the first mecting, the sub-committec summarized
activities of the former Fusion and Shielding sub-committees to deepen mutual understanding.
Three working groups, i.c. Fusion Neutronics, Accelcrator Shielding and High Energy Data
Library, were proposed to be organized under the sub-committee for continuing the activity
in cach area, and promoting the future synthesis of research coordination. Committee
members were encouraged to participate in any working groups. Besidces the discussion on
thc new organization, a report on the ANS Topical Meeting on Radiation Shielding and
Protection was presented. The meeting of the Fusion Neutronics working group was held in
December, 1996 to discuss several urgent topics and stratcgies. The status of the ITER
nuclear design was also reported. The second sub-committec mecting was held in March,
1997. Research aclivities relevant to particle accelerators in China, and the activities of high
cnergy neutron experiments in Europe were presented.  The secretariat of SARE 3 and
SATIF-3, to be held in May, 1997, reported the status of submitied papers, participants and
so on. A discussion went on concerning the preparation for the 9th International Conference

on Radiation Shielding planned for 1999 in Japan.
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14.3 Activities of Atomic and Molecular Data Research Committee

T. Shirai

The Atomic and Molecular (A&M) Data Research Committee is organized to promote
activities on A&M data for the research and development of controlled thermonuclear fusion.
The committee consists of members from JAERI, universities and other research institutions.
Three working groups concerning particle-material interaction, atomic collision and atomic
structure are organized under the Research Committee.

In collaboration with the A&M Data Research Committee, compilation and evaluation
work is continued for making the 4th edition of Japanese Evaluated Atomic and Molecular Data
Library (JEAMDL-4) as a five-year project since 1992. The activities of these three working
groups are briefly summarized below.

Particle-material interactions relevant to the hydrogen-recycling in edge plasma was
surveyed and reviewed for retention and re-emission of hydrogen in beryllium and for retention
of hydrogen isotopes in beryllium by simultaneous H™ and D~ irradiation. Data surveys were
carried out for radiation damage on silica glass induced by D" and He" irradiation and for the
differential cross sections for H(He, He)H, **O(He, He)'O and D(He, He)D elastic scattering as
basic data for elastic recoil detection analysis.

Analytical least-squares fits was made to the recommended cross sections for collision
processes between electrons and hydrocarbon molecules, such as CHs and so forth, that occur as
impurities in divertor plasma, as is presented in 1.13 of this report. A similar work is now in
progress for collision processes between electron and H.0, CO and CO; relevant to edge plasma
impurities. In parallel, data compilations have been continued of recent experimental data for
collisions of H, H,, He and Li atoms and ions with atoms and molecules, and for collisions of
metallic ions in low ionization stages with rare gases and carbon-containing molecules. Cross
sections for various collision processes between electron and Hy™ (and isotopic variants) was
calculated theoretically.

Data compilation has been made of wavelengths, energy levels, ionization energies, line

classifications, intensities and transition probabilities for argon in all stages of ionization.
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14.4  Activities of the Research Committee on Advanced Reactors

H.Takano and M.Ochiai

The Research Committee on Advanced Reactors (RCAR) reviews and discusses
broadly reactor concepts and fuel cycle with emphasis on Pu utilization and passive reactor
safety. The RCAR and its two subcommittees comprise members from Japan Atomic
Energy Research Institute (JAERI), universities, Power Reactor and Nuclear Fuel
Development Corporation (PNC) and industries including utilities and reactor manufacturers.

The RCAR meeting is scheduled to be held once a year. At the meeting in February
1997, the RCAR reviewed activities of the subcommittees during the FY1996.

Subcommittee on Pu Utilization Reactors

Two meetings were held in June and December 1996 for the discussions on emerging
(1) Pu utilization and excess Pu dispositions in LWRs and (2) Advanced reactors and fuel
recycling. In the discussion on the Pu-utilization in LWRs, the study of reprocessing for
spent MOX fuels with mixing UO- fuels in Rokkasho Reprocessing Facility was reported by
JAERL In order to reduce the spent fuel accumulation and fuel cycle cost , a concept of very
high-burnup (100GWd/t) MOX fuel PWR was introduced by JAERI, and the development
issues for fuel and cladding materials were reported.  As a current activity for the excess Pu
disposition in JAERI, two concepts for Pu-burning system of the ROX(rock-like oxide) fuel
PWR and HTGR with Pu and Th sphere fuels were reported, and core reactivity coefficients
and Pu-annihilation rate were discussed. In the discussion on Advanced reactors and fuel
recycling, Prof. Kanagawa (Chairman) reviewed that some technical problems for the
advanced fuel recycling technologies as compared new nitride / metallic fuels-pyrochemical
and metallic reprocessing methods with the present MOX fuel purex-reprocessing. A
feature of a simplified purex-reprocessing with low decontamination process to enhance
economics and proliferation resistance was reported by PNC. TEPCO introduced the dry-
reprocessing and vibration compaction fuel fabrication system developed for the oxide fuels
in Russia. For the development of the nitride fuel and its pyrochemical reprocessing , the
irradiation behavior for FP-gas release and fuel-cladding-interaction were reported, and

current status of electrolytic cell equipment installed in Oharai site was introduced by JAERI.
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Subcommiittee on Research and Development of Passive Safety Reactors

The subcommittee meeting, which was the fifth one, was held one time in October
1996 this fiscal year. The main topic for the meeting was the change or expansion of the
passive safety reactor research activities in JAERI this year to the research activities on the
future reactor aiming at more attractive reactor concept for users and local societies. That is,
in the new research objectives, more emphasis would be placed on contribution to the local
society and increase in economics.

Corresponding to the above activities, light water reactor engineering related research
activities in JAERI were presented for discussion especially to get comments from the
committee members. Presented areas were the nuclear data, the reactor physics analyses and
experiments, the thermal hydraulics, the reactor instrumentation, the reactor control and
diagnosis, the fuel research, the material research and the conceptual designing of the future
reactor. They are all what is called the basics research on the reactor engineering, and the
present status and the future plan of each research area were presented and discussed. On
the future light water reactor development, proposed necessary R&D items were pointed out
and summarized in a table form. It was noted there were many items which could not be
covered only by JAERI, and hence, future cooperation with members outside of JAERI was
indispensable and expected to complete them.

Furthermore, it was also announced that questionnaires on the JAERI's future light
water reactor research activities would be sent later to the members, and was asked to answer

them to reflect them fruitfully to the JAERTs future activity plan.
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14.5  Activities of Committee on the International Conference on Physics of Reactors

PHYSOR 96

T. Okabe
(£-mail: okabe @ clsu3a0.tokai.jaeri.go.jp)

Preparation for holding the International Conference on Physics of Reactors
(PHYSOR96), the subtitle of which had been set "Breakthrough of Nuclear Energy by Reactor
Physics", was actively continued from the previous fiscal year. PHYSOR 96, sponsored by
Atomic Energy Society of Japan (AESJ), Reactor Physics Division of AESJ and Reactor Physics
Division of American Nuclear Society, was considered most suitable to be organized by JAERI
and Power Reactor and Nuclear Fuel Development Corporation.

On May 20, 3rd Local Technical Program Committee (LTPC) was convened and key
issues such as the structure of session and selection of chair persons were discussed.

By the end of July, the final announcement was put in circulation.

On August 9, 4th LTPC was held and drafted the final program.

On August 19, 3rd organizing committee was convened and discussed the final schedule,
program and others.

With all the necessary preparations made, the conference was held from September 16
through 20 at Mito Plaza Hotel. The schedule is given in Table 14.5.1.

At the conference, 311 people from 24 countries gathered and 132 oral and 93 poster
presentations were made as shown in Table 14.5.2. The number of 155 presentations from
foreign countries marked the largest ever presented in the series of this meetings.

Due to recent situations against nuclear energy on a worldwide level, a small number of
participants had been expected at first. However, more than double the expected number of
papers was received and 225 papers were selected by strict paper review screening.

Research on core management of LWRs and others showed steady progress. Similarly,
studies on calculation method for prediction of core behavior and the development of widely
applicable software/data indicated sustained headway. Among others, uranium core study
seemed to have reached maturity.

On the other hand, except certain countries, experiments relating to MOX utilization and
improvement of data and calculation method showed progress and its inclination, gradually
translating them into reality, seemed to continue in the next century as well.

The number of papers relating to transmutation in downstream and criticality safety
increased, those studies gradually playing an important role in the application field of reactor

physics. Especially, the former seemed to be forming a large stream. Also, studies on 3-D
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these results were expected to contribute largely to reactor operation and safety.

Presentation on fast reactors were made only by France, Russia and Japan, which
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indicated the present situation of the world.

Among the advanced reactor research, studies on evolutional reactors were the main

topics and innovative ones were limited.

Above-mentioned move of research showed that many scientists in each country were

actively conducting reactor physics research as the major pillar sustaining nuclear energy

technology of the nation and international cooperation was being implemented effectively.

Table 14.5.1 Conference schedule
Monday Tuesday Wednesday Thursday Friday
Sept. 16 Sept.17 Sep.18 Sept.19 Sept.20
08:00 Registration
3 Parallel Oral
09:00 Opening E2.J1,A3/A4 | E5SHILI/L2,
Session C2/D1 -  Technical
10:00 e Tour
3 Parallel Oral (PNC&JAER))
11:00
3 Parallel E3,J2.A4/A5 | HI/H2L2/M1,
12:00 Oral Bl
- ELILLAL -
13:00 Lunch
Lunch
1400 ............. R
3 Parallel 3 Parallel
15:00 3 Parallel Oral Oral
Oral E4,J3,A5/C1 KI/K2MIM2,
1600 | e E1/F1,12,A2 A6/AT
17:00 Poster Sessions
Registration Display I Display II Closing
18:00 & Welcome
Cocktail vvvvvvvvv
19:00 [
Reception
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A New or Improved Computational Methods (Nodal, Transport, Monte Carlo)

B Advanced Software for Reactor Design and Management

C Benchmark and Validation of Codes

D Advanced Reactor Design (Fast and Thermal Reactor, Research Reactors, any Reactor

closely related with Fuel Cycle)

E  Experiment, Management and Analysis

F  Nuclear Data Utilization

H Pu Burning and Recycling

I  Fuel Management

J Kinetics Codes, Experiments and Transient Analysis

K  Reactor Operation and Control

L Criticality Safety

M  Transmutation

Table 14.5.2 Participants and papers
COUNTRY PARTICIPANTS | PAPERS COUNTRY PARTICIPANTS | PAPERS
(ORALPOSTER) (ORAL.POSTER)

ARGENTINA 2 2(0,2) | MEXICO 1 2(0,2)

BELARUS 1 1(1,0) | NETHERLANDS 5 7(4,3)

BELGIUM 7 7(6.1) | NORWAY 2 2(0,2)

BRAZIL 2 3(1,2) |P.RCHINA 2 2(1,1)

CANADA 1 0 POLAND 1 1(1,0)

FINLAND | 2(1, 1) | RUSSIA 13 21 (9.12)

FRANCE 29 36 (29.7) | SPAIN 2 2(1, 1)

GERMANY 4 5(3,0) | SWEDEN 8 6(5,1)

HUNGARY 1 1(1,0) | SWITZERLAND 4 4(4.0)

ITALY 3 3(3,0) | TAIWAN 2 1(1,0)

JAPAN 175 71 (3635) | UK 9 8(6.2)

KOREA 16 18 (6.12) | USA 20 20(11,9)
TOTAL 311 225 (132,93)
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Appendix 1 Engineering Facilities Related to the Department

FCA : Fast Critical Assembly
The FCA is a split-table type facility of horizontal matrix structure designed for studying
nuclear characteristics of fast reactor. The construction of the FCA was started in 1965 and the

first core went critical on 29th April,1967. The main features of facility are summarized as

follows:
Type: Split-table type of horizontal matrix structure
Size: 2.8mX2.8m X 1.3m (each half assembly)
Fuel: Enriched uranium and plutonium (Plate type)
Other material: Sodium, stainless steel, aluminum oxide, polystyrene etc. (Plate type)
Maximum power: 2kW
Assembly name: FCA-I~FCA-XIX

Critical experiment using enriched uranium cores were made in 1960s investing basic
characteristics of fast reactor cores. Mock-up experiments were extensively made in 1970s for
the Fast Experimental Reactor JOYO and the Prototype Fast Breeder Reactor MONJU. In 1980s,
the main subjects of experiments were the investigation of the core characteristics of an axially
heterogeneous large fast breeder reactor and the core physics study on a high conversion light
water reactor. In early 1990s, the reactor physics experiment of metallic-fueled LMFBR was
carried out. Since 1995, international benchmark experiments for 5.r have been carried out by

using FCA XIX core.

FNS : Fusion Neutronics Source
The FNS is an accelerator based D-T neutron source installed for the purpose of
investigating the neutronics on the D-T fusion reactor blanket and shielding. It provides
following three functions to meet experimental requirement:
1) high intensity DC point source
2) DC point source with wide variation of neutron yield rate

3) Pulsed neutron source
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The D-T neutrons are generated via “T(d,n)'He reaction. There are tow beam lines; one is so
called 0 ° line for high current operation, and the other is so called 80 ° line for rather low

current operation. The major specifications of the FNS accelerator are shown in the following;

a a

Items 0 80
* Beam current >20mA 3mA
* Beam size <15mm <15mm
* Pulse width -- 2ns
* Frequency -- 2MHz
* Peak current -- 40mA
* Target assembly Rotating Stationary

(Water cooled) (Water cooled, Air cooled)
* Amount of °T <37T Bq 370G Bq
* Neutron yield 4X10's 5X10"/s
The major experimental subjects are as follows:
1) Tritium production rate in the various blanket configurations
2) Nuclear heating rate in materials
3) Shielding performance for D-T neutrons in the various configurations

4) Induced effects on materials by D-T neutrons

HTTR : High Temperature Engineering Test Reactor

JAERI is constructing the HTTR to carry out the necessary R&D for establishment and
upgrading the HTGR (High Temperature Gas-cooled Reactor) technology basis, and to conduct
various innovative basic researches on high-temperature technologies. The HTTR consists of a
reactor core, a main cooling circuit, an auxiliary cooling circuit and related components. The
size of active core is 2.3m in diameter and 2.9m high. The reactor pressure vessel of 13.2m in
height and 5.5m in diameter contains the core, graphite reflectors, core support structures and

core restraint mechanism.
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Specification of HTTR

Thermal power : 30MV

Outlet coolant temperature : 850°C/950°C

Inlet coolant temperature : 395°C

Fuel: 3~10wt% enriched UO,

(coated particle fuel compact)

Fuel element type: Prismatic block (pin-in block)

Primary coolant: Helium gas, 4MPa, Downward-flow in core
Pressure vessel: Steel

Number of main cooling loop: 1

Heat removal: [HX(10MW) and PWC(30MW)
Containment type: Steel containment

VHTRC : Very High Temperature Reactor Critical Assembly
The VHTRC is a low-enriched uranium fueled and graphite moderated / reflected critical
assembly. At VHTRC, reactor physics experiments have been carried out mainly for the

verification of the neutronics design of the HTTR.

Main features of VHTRC

Type: Split table of hexagonal prism (prismatic block structure)
Size: 2.4m across the flats and 2.4m long
Fuel: 2.4 and 6wt% enriched UO,

Coated particle fuel compact, Pin-in-block type

Moderator/reflector: Graphite

Core temperature: Room temperature to 210°C by electric heaters
Maximum power: 10W

Auxiliary equipments: (D Sample heating device (Up to 800°C)

@ Pulsed neutron source
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Tandem Accelerator Facility
The tandem accelerator has been used since 1982 for the purpose of studying nuclear
physics, nuclear chemistry and solid state physics by means of heavy ions. The specification of
the tandem accelerator is as follows:
Accelerator model: NEC folded type Pelletron 20UR
Terminal voltage: 2.5-18.5MV
Ion beam species: lons of stable isotope from proton to bismuth, which can be
negatively charged at ion sources
Ion beam energy: E,+(1+q)V
where, E, is the injection energy of negative ions into the tandem
(normally 0.2 MeV), q the charge state of the ions after electron
stripping at the high voltage terminal (typically, q=12 for ions heavier
than medium mass ions), and V the terminal voltage.
The facility has S target rooms and 13 beam lines. The experimental apparatuses are a heavy ion
spectrometer(QDMDQ type), an isotope on-line separator, a neutron scattering goniometer, a 1-
meter-diameter scattering chamber, gamma-ray goniometers, irradiation chambers (at room,
high and low temperatures) and so on.

A superconducting booster has been built at the end of a beam line in order to increase
the energy performance 2 to 4 times. It consists of 46 superconducting quarter wave resonators
made of niobium and copper. The total accelerating voltage is 30 MV. The maximum beam
energy is as high as 1 GeV or exceeds Coulomb barrier energy necessary for nuclear reactions
up to ion (and target nucleus) mass number of about 200. Operations for experiments started in
1995. It has 3 beam lines, which are equipped with a recoil mass separator for studying exotic
nuclei, a multi- gamma-ray detector array for nuclear structure study and an irradiation chamber

for solid state physics.
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