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Preface

The annual research activities of the Department of Reactor Engineering, Japan Atomic
Energy Rescarch Institute, during the fiscal year 1993 (April 1993 ~ March 1994) are
presented in this report. The research activities of the Department had covered the broad area
including fission reactor physics, fusion reactor neutronics, shielding, reactor instrumentation
and control, thermohydraulics, nuclear encrgy systems analysis and intense accelerator

technology. _
The total number of people working in the department during the year had been 177.

The Department was funded from JAERI expenditures amounted to about 2305 million yen
for the fiscal year 1993, excluding nuclear fuel costs and personnel expenses. About 738
million yen had been also provided by research contracts with external organizations; Science
and Technology Agency (STA) for non-destructive measurement technology of transuranic
elements (TRU) and for large scale reflood test program and thermal hydraulic demonstration
test for HCLWR, Power Reactor and Nuclear Fuel Development Corporation (PNC) for fast
reactor physics and Mitsubishi Atomic Power Industries, Inc. (MAPI) for development of
PWR reactor noise diagnostic system.

The research activities were conducted in the following laboratories and supporting

divisions:

ucle ata

This center has two rescarch themes; nuclear data and atomic & molecular data. As
to nuclear data, the research activities consist of nuclear data evaluation, high energy nuclear
data and nuclear data measurements. As to 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 users, contacts the foreign and international centers and
coordinates the international collaboration. This center also serves as a secretariat of Japanese

Nuclear Data Committee and of Atomic and Molecular Data Committee.
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Reactor System Taboratory

This laboratory has two major research themes. One is feasibility study and
preconceptional design of new type reactors. Effort is concentrated in design study of
innovative FBRs of safety and economic features. Recently once-through type plutonium
burner LWRs became one of the subjects. Another item is development and modifications of
software (data/code) in reactor physics to serve for reactor design and analysis. It aims at high
accuracy as achieved by Monte Carlo method and high speed as done by nodal method. Effort
is now concentrated to develop comprehensive code system such as reactor core design
including thermal hydraulics, core management and time depending problems.

Fast Reactor Physics aboratory

This laboratory has three research themes; study on reactor physics of advanced fuel
fast reactors, study on reactivity characteristics of fast reactors, high temperature Doppler
effect and sodium void effect and study on fast reactor for transmutation of minor actinides.
In the first theme, data and method were evaluated for design of advanced fast reactors with
metallic and nitride fuels using the mock—up experiments at the Fast Critical Facility (FCA).
In the second theme, participation was made in the B measurements at MASURCA of
France under the framework of OECD/NEA. In the third theme, the nuclear data base was
prepared for an actinide burner reactor under the collaborative effort with ORNL as a part of

OMEGA program.
[hermal Reactor Physics Laboratory

This laboratory has three research themes; experimental research of HTGR neutronics,
study of compact rteactors and experimental research of actinide transmutation using
accelerator. In the first theme, works have been mainly conducted on reactor physics
experiments at a critical assembly (Very High Temperature Reactor Critical Assembly:
VHTRC) for the verification of the neutronics design of the High Temperature Engincering
Test Reactor (HTTR). The second theme includes conceptual designs of space reactors and
HTGR-MHD combination plants. In the third theme, spallation experiments have been
conducted on a lead assembly bombarded by 500 MeV protons. A high energy particle
transport code NMTC/JAERI is being verified and modified using the experimental data.
Sensing Technology Laboratory

This laboratory camries out R&D works in the field of instrumentation and
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measurement under two research themes. One covers general subjects of the nuclear and
reactor instrumentation widely, where being performed are R&D of a new type of neutron
detectors, nondestructive measuring technologies to assess the material degradation of reactor
components, a beam current profile monitor, a fuel failure detection system for HTGRs, ctc.
The other is specified to the nondestructive measurement of TRU waste drums, where both
the active and passive neutron assays are applied.

Control and Al Laboratory

This laboratory considers the contribution to safe operation of the nuclear power
plaﬁts. For this purpose, the laboratory .pays attention especially to the improvement of the
reactor stability and early fault diagnosis based on reactor noise. The other concem is robotics
for the hazardous environment; it involves, for example, manipulator technologies with
redundant degrees of freedom and advanced sensing by ultrasonic sensor.

Shielding Laboratory

This laboratory has mainly focused their activity on high energy neutron and photon
shielding for accelerators. As for experimental works, benchmark experiments have been done
using quasi-monoenergetic neutrons in the AVF cyclotron facility TIARA, and energy
responses of neutron detectors have been measured for neutrons above 20 MeV. While, a
comprehensive data set of neutron attenuation up to 400 MeV was prepared with an
intermediate energy group constant HILO86R for water, concrete and iron, and a point kernel
integration code PKN-H was developed as a conventional shielding design method with the
data set.

Besides, a couple of peripheral works around the accelerator shielding have been made
concerning fluence to dose conversion factors of neutrons and photons up to 10 GeV and
stopping power data for charged particles.

a i w Laborat

This laboratory has three major research themes for upgrading of thermal hydraulic
analyses of light water reactors. One is the development and verification of the best-estimate
thermal hydraulic analysis codes for light water reactors. Another is the fundamental studies
such as those for improving the mechanistic models of critical heat flux in the sub channels
of fuel assembly and two-phase flow structure in the horizontal or vertical flow channels. The

neutron radiography in the JRR-3M has been utilized for this purpose. The other is the
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transient thermal hydraulic test program aiming at the verification of the core integrity during
the design basis events of LWRs,
Fusion Neutronics Laboratory

Since the JAERI/USDOE Collaborative Program was being terminated in Oct. 1993,
a big effort paid to summarize the achievements for ten years and to prepare joint reports and
papers. At the same time, two workshops were held in both Japan and US in order to
introduce the results to the fusion neutronics community world—widely. Under the ITER/EDA
R&D program, a series of bulk shield experiments has been started based on the '93 & '94
Tasks along with benchmark experiments on functional materials have also been started or
planned under the ITER program. Data tests of JENDL-3.2 for fusion neutronics application
have been started. For this purpose, two cross section libraries, JSSTDDL-J3.2 and FSXLIB-
J3.2 were prepared based on JENDL-3.2.

sive Safet ctor_Svste Orat

This laboratory .dcveloped new concept of JAERI passive safety reactor (JPSR) for a
next generation light water reactor. In order to develop and evaluate the concept, analytical
studies such as nuclear calculations, safety analyses and probabilistic safety asscssment (PSA)
have been performed. Experimental studies are under way to investigate the important
thermal-hydraulic phenomena including natural circulation, steady—state and transicnt DNB,
gravity driven coolant injection, steam condensation and multi-dimensional flow in pressure
vessel. A conceptual design of integral-typc passive safety test reactor is in progress. A
feasibility of active storage PWR which uses MOX fucl was confirmed and demonstration
tests will be performed using a large scale hydraulic mock-up test facility.

utatio ste ato

This laboratory has two main research themes; the transmutation system using a
reactor and the accelerator-based transmutation system. The first is the design study on the
burner reactor and the fuel cycle facility taking into account the partitioning and transmutation
cycle as described in the paragraphs 10.3 and 10.4. The international and internal
collaboration work based on the OMEGA plan is also included here. The second consists of
the conceptual design studies on three types of the accelerator-based transmutation system
and the development of codes used for the design studies, including the cascade codes, as

described in the paragraphs 10.1, 10.2 and 10.5.
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This laboratory has been engaged in the R&D work for the design and construction
of a high intensity proton accelerator. The Engincering Test Accelerator (ETA) with an energy
of 1.5 GeV and average current of 10 mA has been proposed for accelerator-based nuclear
waste transmutation and various basic researches with secondary beams of neutron, muon and
pion. In the course of the development, the Basic Technology Accelerator (BTA, 10 MeV and
10 mA) are being studied becausc the maximum current and beam quality are mainly
determined by the low energy portion. Major accelerator components such as ion source, radio
frequency quadruple (RFQ), drift tube linac (DTL) and RF source have been developed as a
first step R&D work.

Free Electron Laser Laboratory

This laboratory has undertaken a developmental program of the JAERI Free Electron
Laser (FEL) system for a far—infrared region from the wavelength of 20 pm to 80 um. The
purpose of the present JAERI FEL program lies in constructing a very long pulse or quasi-
continuous wave(cw) superconducting radio frequency (rf) linac electron accelerator and
demonstrating a high-average power FEL in the far—infrared wavelength region.

cacto ineeri ility tion Divisi

This division operated four large—scale experiment facilities in accordance with each
cxperiment program and’ mended carefully in the monthly or the annual inspection.
Consequently safety operations of these facilitics were achieved and contributed sufficiently
to the execution of cach experimental study.

ccelerato tion Divisi

This division operates a 20 MV tandem accelerator since 1982, which designed for
jons with masses from 1 to 240 amu. The accelerator is used for a wide range of basic
research in JAERI and outside users. As a special feature, the division has developed a
superconducting tandem booster to increase the energy of the heavy jons from the tandem

accelerator by approximately four times.

The Department has managed the Japanese Nuclear Data Committee, the Rescarch
Committee on Reactor Physics, the Atomic and Molecular Data Committee, the Research

Committee on Advanced Reactors and the Research Committee on Partitioning and
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transmutation.

The project-related research program by the Department has been:

(1) Design study of advanced reactors,

(2) Development of technology for partitioning and transmutation of nuclear wastes
including R&D of the high intensity proton linear accelerator,

(3) Development of Very High Temperature Gas—cooled Reactors (VHTR),

(4) Engineering research for fusion reactors.

Activities by the Development in fiscal year 1993 have contributed to the essential

progress in the field of reactor engineering.

(4. [rstscl o

Hiroyuki Yoshida, Director
Department of Reactor Engineering

September 1, 1994
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1. Nuclear Data, and Atomic and Molecular Data

In nuclear data evaluation, much efforts have been devoted to providing JENDL-3
Revision 2 (JENDL-3.2) for which the data of 160 nuclides in JENDL-3.1 were revised and
the data of 16 nuclides were newly added. The preliminary benchmark tests of JENDL-3.2
showed more satisfactory results than JENDL-3.1. The evaluation of JENDL Special Purpose
Files has been continued for Actinoid Files and Covariance Files. Theoretical model was
developed on the level density parameters.

The theoretical work and evaluation have been made for high energy data. The
Quantum Molecular Dynamics (QMD) was applied to nucleon induced reactions. The
evaluated data of H, 2C and “Al in the high energy range were adopted in JENDL High
Energy File.

Mass chain evaluation has been continued within international framework for ENSDF-.
The evaluations of mass chains of 123, 125 and 126 were completed and published in Nuclear
Data Sheets. '

As to the experimental activities of nuclear data, the activation cross sections of
®Cu(n,2n), ®Cu(n,2n), *"Re(n,2n) and Ir(n,2n) reactions and many reactions producing
short-lived nuclei were measured near 14 McV at JAERIFNS. Activation cross sections
were also measured at 18 — 30 MeV by using the "Li{p,n) quasi-monoenergetic neutron
source at JAERI-TANDEM.

With respect to atomic and molecular data, data cvaluation has been continued for
JEAMDL-4. The cross sections were evaluated for excitation and for spectral line ¢mission
in collisions of H, H,, He and Li atoms and ions with atoms and molecules. The spectral data
for highly ionized Mn ions were also evaluated. Calculations based on new theoretical
approaches were made for dipole moment function of diatomic molecules and cross sections
for radiative electron capture in relativistic atomic collisions.

In this chapter, the research activities, 1.1-1.10 and 1.16-1.19, were conducted at the
Nuclear Data Center, and the benchmark test, 1.15, was done at the Reactor System
Laboratory. The measurements, 1.11-1.14, were carried out at the Fusion Neutronics

Laboratory.
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1.1 Second Revision of JENDL-3 (JENDL-3.2)
Nuclear Data Center and Japanese Nuclear Data Committee

The third version of Japanesc Evaluated Nuclear Data Library (IENDL-S)I’Z) has been
updated to JENDL-3.2. This revision work started in 1992 to improve drawbacks of JENDL-
3.1 which was released in 1990, and was done by the Nuclear Data Center and working
groups of Japanese Nuclear Data Committee (JNDC). JENDL-3.2 provides the neutron
induced reaction data for 340 nuclei in the energy range from 107 eV to 20 MeV. Among
those nuclides, the data of 16 nuclei are newly added to JENDL-3, and those of more than 180
nuclei were revised from previous evaluation. Main aspects of the present revision are
summarized below:

Resonance Parameters of Important Actinides

The resolved resonance parameters of B3y, By, 28U, PPy and 241py were updated

with new evaluation based on the Reich-Moore formula. The energy range of the resolved
resonance region was expanded to higher energies than JENDL-3.1. For example, the
parameters of “**Pu were evaluated by Derrien® by means of SAMMY code® and recent
measurements of fission and total cross sections. Its resonance region was extended from 1
keV of JENDL-3.1 to 2.5 keV. The unresolved resonance parameters were modified for Lt ¥
and 2%U, The fission and capture cross sections of 233U were re-evaluated in the unresolved
resonance region and the unresolved resonance parameters were determined to reproduce the
new cross-section data. For U, the upper boundary of the unresolved resonance region was

changed from 50 keV of JENDL-3.1 to 150 keV.

Inelastic Scattering Cross Sections of 0 and U

After careful recalculation with sophisticated theoretical calculation method, these cross
sections were slightly modified from JENDL-3.1.

Fission spectra of 32U, #°U, #8U and #°Pu

These data were newly calculated with non-equitemperature Madland-Nix model
proposed by Ohsawa’’, which takes account of different temperatures for two fission fragments

and multi-chance fission process. Their spectra became softer than those in JENDL-3.1,
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Total Cross Sections of Structural Material

The total cross sections of N, ?*Na and Fe were reevaluated. Their drawbacks were

revealed by benchmark calculation® to Broomstick experiments. In the case of natural Fe,
TENDL-3.1 was evaluated from fine resolution experimental data. However, the experimental
data are broadened with a finite experimental resolution even in the very fine resolution
experiments. The total cross section of Fe given in JENDL-3.1 was unfolded by considering
the experimental tesolution. Those of Cr and Ni were also modified with the same method.
The total cross sections of “*N and »*Na were reevaluated by taking more reasonable data.
Revised data are in very good agreement with the benchmark experiments.

Double Differential Cross Sections

The double differential cross sections (DDX) are important for fusion neutronics. To
improve the DDX, JENDL Fusion File” is being provided, in which the DDX data are
represented in MF6 of ENDF-6 format. The modified data for JENDL Fusion File were
adopted in JENDL-3.2 by approximately transforming the MF6 representation to the
conventional MF4-MF5 format. By the adoption of JENDL Fusion File, the data of the
inclastic scattering, (n,2n), and other neutron emission cross sections and the angular and
energy distributions of secondary neutrons were remarkably improved. Even in the
conventional representation, JENDL-3.2 reproduces quit well the experimental DDX data
measured at Osaka and Tohoku universities for many nuclides.

Fission Product Nuclei

The resonance parameters and capture cross sections of many nuclei in the fission
product region (from As to Tb) werc modified. New experimental data reported after the
previous evaluation were taken into consideration. The inelastic scattering cross sections of
even mass isotopes of Sm were updated by adding the contributions from the direct process.
The data of As, Zr, Mo and Sb were taken from JENDL Fusion File.

Gamma-ray Production Data

New evaluation was made for seven nuclei. JENDL-3.2 contains, therefore, the y-ray
production data for 66 nuclei. The y-ray spectra in the low energy region were calculated with
CASTHY®, and energy balance was carefully checked. The discrete y-rays from the inelastic

scattering of natural clements were separated from continuum spectra.



JAERI-Review 84-009

Preliminary benchmark calculations for JENDL-3.2 were made by working groups of

INDC for LWR, FBR and shielding of JNDC. It has been confirmed that JENDL-3.2
improves the drawbacks found in JENDL-3.1, and JENDL-3.2 provides the reliable neutron

nuclear data for wide region of applications.
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12  Evaluation of Neutron Nuclear Data of 27U, ZNp and “*Np

T. Nakagawa and Y. Kikuchi

The evaluation of neutron nuclear data of 27U, ®SNp and “**Np was made in the
neutron energy range from 107 eV to 20 MeV. Quantities evaluated are the total, elastic and
inelastic scattering, capture, fission, (n,2n) and (n,3n) reaction cross sections, the angular and
energy distributions of secondary neutrons, and number of neutrons emitted per fission. For
2370, the cross sections in the energy range below 200 eV were represented with the resolved
resonance parameters. Results were compiled in the ENDF format and adopted in JENDL-
3.2. Figures 1.2.1 to 1.2.3 show the evaluated cross section data. In the case of 27U, the
cross sections in the resolved resonance region are averaged in the suitable energy intervals.
A report on this subject was published as JAERI-M 94-009 (1994). This work was
performed under the contracts between the Power Reactor and Nuclear Fuel Development

Corporation and Japan Atomic Energy Research Institute.
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1.3  Evaluation of Neutron Nuclear Data of ***Pu and %*"Pu

T. Nakagawa and V. Konshin'

The evaluation of neutron nuclear data of ***Pu and **’Pu was made in the neutron
energy range from 10”° ¢V to 20 MeV. Quantities evaluated are the total, elastic and inelastic
scattering, capture, fission, (n,2n) and (n,3n) reaction cross sections, the angular and energy

distributions of secondary neutrons, and number of neutrons emitted per fission.

Z44py

The resolved resonance parameters were given in the energy range up to 290 ¢V on
the basis of experimental data by Auchampaugh et al.) The thermal fission and capture cross
sections are 0.0017 b and 1.68 barns. Their resonance integrals are 5.07 barns and 50 barms,
respectively. Above the resonance region, theoretical calculation was made with ECIS?,
STAPRE® and CASTHY?. The ECIS calculation was adopted for the total, shape elastic and
direct inelastic scattering cross sections, and their angular distributions. The (n,2n), (n,3n) and
fission cross sections, and energy distributions of neutrons due to the continuum inelastic
scattering, (n,2n) and (n,3n) reactions were calculated with STAPRE. The fission cross
sections below 8 MeV were determined from existing experimental data?) which are in
agreement with the STAPRE calculation. The CASTHY was used to calculate the capture and
compound scattering cross sections to discrete levels. The continuum inelastic scattering cross
section was determined by subtracting a sum of the other partial cross sections from the total
cross section. The number of prompt neutrons per fission (v,,) was estimated as:

vp = 2,79 + 0.163xE(MeV).

The number of delayed neutrons is 0.03 in the thermal energy region and 0.019 in the MeV

region,

237Pu

No resonance parameters were given. The thermal fission cross section was taken from

! Research fellow
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Mughabghab’s recommendation® (2455£295 barns). The capture cross section was assumed
to be 500 b at 0.0253 eV, which is about 1/5 of the fission cross section. The ratio was
obtained in the keV region. The resonance integral is 816 barns for the fission and 142 barns
for the capture.

No experimental data are available for the cross sections of Z37py, The fission cross
section was assumed to be 0px0.85 where oy is the total reaction cross section calculated with
CASTHY and the factor of 0.85 was estimated at 100 keV by assuming the cross section is
almost the same as 2°Pu. Other quantities were evaluated with ECIS, STAPRE and CASTHY
in the same manner as ***Pu, The number of prompt neutrons per fission was estimated as:

v, = 2.863 + 0.123xE(MeV).

The number of delayed neutrons is 0.002 in the thermal energy region and 0.0014 in the MeV

regiomn.

The present results will be adopted in JENDL Actinoid File. Figures 1.3.1 and 1.3.2
show the evaluated cross section data, This work was performed under the contracts between
the Power Reactor and Nuclear Fuel Development Corporation and Japan Atomic Energy

Research Institute.
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14 Evaluation of Covariance Matrices for Several Nuclear Data
T. Nakagawa, K. Shibata, S. Chiba and Y. Nakajima

Covariance matrices of evaluated nuclear data are important to estimate uncertainties
of reactor performance parameters calculated from the evaluated data. Since the Japanese
nuclear data library, JENDL-3, has no such information, Japanese Nuclear D_ata Committee
has organized a working group to investigate evaluation method of the covariance matrices.
On the other hand, the Power Reactor and Nuclear Fuel Development Corporation required
us to estimate roughly the covariance matrices for several cross section data in JENDL-3.
This work was made to meet the urgent requirement.

In the present work, the covariance matrices were given to the YN elastic scattering
cross section, “N(n,p) reaction cross section, N elastic scattering cross section, ZNa
inelastic scattering cross section, Fe inelastic scattering cross section and 240py fission cross
section. Their covariance matrices were determined by comparing JENDL~3 data with
experimental data, and by taking into consideration of their evaluation method. The
covariance matrices were given in the 18 energy group structure up to 20 MeV. In Fig. 1.4.1,
the standard deviation given to the *°Pu fission cross section is compared with experimental
data, which was determined by calculating deviations of experimental data from JENDL-3.

This work was performed under the contracts between the Power Reactor and Nuclear

Fuel Development Corporation and Japan Atomic Energy Research Institute.
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1.5  Update of Gamma-ray Production Data for JENDL-3.2

S. Igarasi”!, T. Asami?, K. Shibata, M. Mizumoto, K. Hida™, M. Igashira™ and

H. Kitazawa™*

The third version of Japanese Evaluated Nuclear Data Library (JENDL-3)" contained
gamma-ray production data for 59 nuclides. It was the first experience for the members of
Japanese Nuclear Data Committee (JNDC) to evaluate gamma-ray emission data although
they had enough expertise regarding neutron emission data. Since the release of JENDL-3
in 1989, the gamma-ray production data have been compared with integral and differential
measurements and some problems were found in the evaluated data. We were therefore
requested to solve the problems and polish the gamma-ray production data for the second
revision of JENDL-3 (JENDL-3.2).

Energy balance was the biggest problem of capture gamma-ray spectra at thermal
energy. In the original JENDL-3 (JENDL~3.1), thermal spectra were evaluated on the basis
of experimental data, but energy conservation was not fulfilled for many nuclides. We
employed statistical-model calculations in order to solve this problem. In the calculation,
branching ratios for primary transitions were taken into account and the energy was
automatically conserved. Moreover, the Q-values of capture reactions on natural elements
were recalculated by considering the isotopic abundance and cross section of each isotope.
Figure 1.5.1 shows gamma-ray spectra from "Ni at thermal energy.

As for natural clements composed of more than two isotopes in JENDL-3.1, line
spectra originating from the inelastic scattering to discrete levels had been put into continuum
spectra with a bin width of 500 keV. This treatment however caused a serious problem in
the analysis? of the gamma-ray spectra from an iron sphere measured at KFK. In JENDL-
3.2, the line spectra were explicitly provided up to several MeV for natural elements. The
revised data were found® to reproduce the KFK experiments very well.

As a result, we revised gamma-ray production data of 49 nuclides. These data were
used” to analyze the integral experiments at FNS and OKTAVIAN, and it should be noted

that the agreement between the measurements and calculations is quite good.

*1 Nuclear Energy Data Center *2 Data Engineering
*3 Toshiba *4 Tokyo Institute of Technology
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1.6 Evaluation of Neutron Cross Sections of 'H and “C in the Intermediate-Energy

Region
S. Chiba, T. Fukahori, S. Morioka', Y. Watanabe?, Y. Koyama® and M. Harada®

Neutron cross sections of 'H and C have been evaluated in the encrgy region from 20
MeV to 1 GeV for 'H and 20 MeV to 50 MeV for 2C as a part of JENDL High-Energy Data
File project?.

Evaluation of the "H data were performed mostly based on available experimental data.
The total, elastic scattering, inelastic scattering (pion production) and radiative capture cross
sections were evaluated. The total cross section was obtained by combining a result of the
generalized least-squares analysis (GMA)?and the prediction given from the phase-shift data
of Arndt et al®*¥. The result is shown in Fig. 1.6.1. Fig. 1.6.2 shows the error—correlation
matrix, obtained from the GMA analysis, of the presently evaluated total cross section of H.
The inelastic scattering (np—>d®, npz®, nns*, ppar”) cross section was obtained entirely from
the phase-shift data. The capture cross section, on the other hand, was calculated from the
D(y,n)p cross section with the aid of the principle of detailed balance. Below 140 MeV, the
deuteron photo-disintegration cross section was taken from the work of Murata®. Above this
energy, the theoretical value of Feshbach and Schwinger® was adopted.

The following quantities have been ecvaluated for 2C: the total, elastic scattering,
inelastic scattering to the first 2* state, reaction cross section, radiative capture cross section
and double—differential particle production cross sections. The experimental information was
taken into consideration as much as possible. The total cross section, for example, was
obtained by the GMA analysis. The angular distribution of elastically and inelastically (2*)
scattered neutrons above 26 MeV were calculated by using a microscopic optical model
potential, where the nucleon density distribution was obtained from the Skyrme—Hartree~Fock
calculation” and the density-dependent effective interaction was taken from the G-matrix
calculation of Jeukenne, Lejeune and Mahaux®, The presently evaluated elastic angular
distribution is compared with experimental data in Fig. 1.6.3. The double—differential cross

section was calculated by the SCINFUL/DDX program™'®.

ICRC Research Institute, Chiba

2 Kyushu University, Fukuoka
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1.7 Applicability of the Quantum Molecular Dynamics to Nucleon-Nucleus Collisions

S . Chiba, H. Takada, T. Fukahori, T. Maruyama, K. Niita' and A. Iwamoto

The Quantum Molecular Dynamics (QMD) theory has been developed in the heavy—ion
physics and was proved to be quite successful in predicting various phenomena occuring in
the reactions between heavy-ions”. The applicability of QMD to nucleon-induced reactions,
however, is still uncertain. In this work, the "QMD + statistical decay model®" calculations
have been carried out for (N,xN") reactions on C, Al and Fe in the energy region of 25 MeV
to 3 GeV. In Figs 1.7.1 to 1.7.4 shown are the typical results of (p,xn) reactions for Fe and
C with experimental data*® and predictions of cascade+evaporation code (Nucleus™). At 113
MeV, the cascade model gives lower values compared with the experimental data at the most
backward angle. The present results, on the contrary, reproduce the measured data
satisfactorily over the whole angular region. Morcover, the agreement of the present
calculation with the low energy neutron data confirms that the QMD gives a proper excitation
spectra of residues from which the statistical neutron emission takes place. Thercfore, it is
clear that the present calculation based on QMD + statistical decay includes the following
reaction mechanisms, i.e., the cascade (spallation), pre-equilibrium processes and formation
of compound nucleus, in a unified framework. At 800 MeV to 3 GeV, the agreement of the
present calculation with the measured data is also remarkable. This work was carried out in
cooperation with the Research Group for Hadron Transport, Advanced Science Research
Center, JAERI.
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1.8  Evaluation of Nuclear Data for Neutron~ and Proton-Induced Reactions on 7Al

T. Fukahori

Nuclear data in the intermediate energy range up to several GeV are necessary to
many applications, such as accelerator—driven radioactive waste transmutation systems which
need the neutron— and proton—induced reaction data as fundamental data for the calculation
of shielding designs, spallation target characteristics, a transmutation rate, etc. However,
evaluations in the intermediate energy region were reported only for **Fe” and for **Pb and
2°Bi?, while neutron nuclear data below 20 MeV are well established for wide range of nuclei
as the evaluated nuclear data libraries. On the other hand, the nucleus #Al is one of the
important nuclides as a candidate material for accelerator tubes and many equipments.

The present evaluation has been performed mainly by using the code system including
the ALICE-F code. The code ALICE** was produced by Blann using statistical model with
Weisskopf-Ewing evaporation model® and the preequilibrium process correction of the hybrid
and geometry dependent hybrid model®. The ALICE-F code is one of the improved version
of ALICE. The improved points were the change of optical model parameters, the use of
systematics>’ ™ of total, elastic scattering, total reaction and high—energy fission cross sections
and double differential particle emission cross sections, the calculation of inverse cross
sections, the inclusion of cluster partiélc emission in the preequilibrium process based on the
Iwamoto-Harada model™®!V, the teplace of mass table of the Wapstra's in 1988'%, and the
addition of mass formula given by Tachibana et al.”

The total (only for neutron), clastic and total reaction cross sections were calculated
with Pearlstein's systematics. The elastic scattering angular distributions were based on a
diffraction model'® amended for relativistic effects and empirical fits to high energy data.

The particle and isotope production cross sections were mainly obtained by the
ALICE-F code. A few of the calculated results were normalized to rteproduce the
experimental data. The *Na production cross section of proton—induced reaction on Al is
shown in Fig.1.8.1. The experimental data above 50 MeV are separated into two groups, and
the evaluated result agrees with the lower group, which includes more data.

The calculations of double differential cross sections (DDXs) were performed by the
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semi-empirical formula of Kalbach for neutron and charged particles. Figures 1.8.2 shows

the neutron DDXs calculated at 100 MeV. The experimental data were measured by Kalend

et al."¥ at the proton energy of 90 MeV and by Meier et al.'® at 113 MeV. The evaluated

results are in good agreement with the experimental data.

The nuclear data for Al for proton— and neutron-incident reactions at the energy

region 20 MeV to 1 GeV were evaluated by using the ALICE-F code and systematics. The

evaluated results were compiled in the ENDF-6 format, and will be stored in the JENDL

High Energy File after a careful evaluation review.
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1.9  Fermi-Gas Model Parametrization of Nuclear Level Density
A. Mengoni' and Y. Nakajima

Reliable calculation of nuclear cross sections for basic and applied purposes, for
instance in nuclear technology development and astrophysical applications to stellar
nucleosynthesis, requires an accurate description of level densities for a broad range of
excitation energies and a large number of nuclei.

We furnished a new parametrization of the Fermi~Gas model description of nuclear
level densities at excitation energies coﬁesponding to the neutron binding energy.” The model
adopted is the standard Fermi-Gas model, which is one of the simplest independent particle
models and describes the level density of a set of non-interacting nucleons arranged on a
single particle spectrum with equal spacing. In the Fermi-gas model the density of nuclear

levels with total angular momentum J and parity I is expressed by the following formula?:

_ JI+1)

po (UL = __\/E_ g2Vl - e 20

124U 20%y 2na? 2

where U is the excitation energy, ¢ the spin cutoff parameter and a the level density
parameter. The level density parameters a of the model were deduced from reliable s-wave
level spacings obtained from neutron resonance spectrosocpy. The level density parameters
a thus deduced fluctuate drastically as shown in Fig. 1.9.1. Pairing and shell corrections were
applied to the level density parameters to smooth out the nuclear structure effects. The
procedure for the evaluation of the corrected level density parameters a(*) has been applied
to a data~base® of 217 nuclei covering a mass range 41 < A4 < 253 and the results are shown
in Fig. 1.9.2. The systematic behavior of the level density parameters a(*) is more moderate
than @. The systematics of the a(*) parameter shown in Fig. 1.9.2 can be well described by

a smooth function of the mass number A

1

a(x) = o Al - B A %),

'ENEA, v.le G. B. Ercolani, 8 [-40138 Bologna, Italy
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where the two parameters @ and § can be determined from the least-squares fit to the a(*)

values. From the values plotted in Fig. 1.9.2 we have obtained
a=0.058 MeV™'  and g =-591

with root mean square deviation, rms = 0.938 MeV™. The function allows for a derivation
of the level density parameters for nuclei where experimental information is not available.

We also developed a computer program, HERMES, that could provide the quantities
usually needed in nuclear level density calculations, level density parameters and the global
level density systematics.”” HERMES can be obtained upon request to the authors. It contains
the program and all the databases necessary to the calculations.

By using the derived systematics we investigated the nuclear properties at the
excitation of the neutron binding energy.” The systematics of the level density parameters
shows the deformation effects of the nuclei as in the same way as the residual energy in

nuclear ground states.
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1.10 Evaluation and Compilation of Nuclear Structure and Decay Data for
A=123, 125 and 126 '

1. Katakura, M. Oshima, K. Kitao , H. limura, S. Ohya“, T. Tamura . and
K. Miyano“

The international nuclear structure and decay data network aims at a complete and
continuous nuclear structure data evaluation of all mass chains. As the new measurements of
nuclear structure and decay data is accumulated continuously, the data are intended to be re-
evaluated every 5 to 6 years. The newest evaluated data comprising the currently recommended
"best values" of all nuclear structure and decay data are compiled as a data file of Evaluated
Nuclear Structure Data File (ENSDF) and published in the Nuclear Data Sheets. The ENSDF
file and its bibliographic file Nuclear Structure References (NSR) are the internationally
recognized data base for nuclear level schemes, half-lives, decay gamma ray spectra, and so
on, of all the known nuclear isotopes.

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 year of 1993, the evaluations of A=123, 125 and 126 mass
chains were published in Nuclear Data Sheets.

A=1231
All data available before January 1, 1993, have been considered for inclusion in this

evaluation. The data included in the evaluation are tabulated below.

Nuclide Data Type Nuclide Data Type
123A0 | Adopted Levels 123gp 1228n(n,Y)
123¢d Adopted Levels, Gammas 1228n(d,p}
123Ag B-Decay 1228n(d,py)
1231p Adopted Levels, Gammas 122gn(a, 3He)
123Cd B- Decay (2.10 ) 1248n(p,d)
123Cd B- Decay (1.82 s) 1248n(p,d) IAR
1248n(d,>He) 1248n(d,1)
124Sn(t,(1) : 124Sn(SOSe,SOSenY)
1238 Adopted Levels, Gammas 123G, Adopted Levels, Gammas
12311 B- Decay (5.98 s) 123Sn B- Decay (129.2 d)
1231n B- Decay (47.8 8) 1238 B- Decay(40.06 min)

“ Data Engineering Inc.
* Niigata University
* ¥ ¥
Institute of Radiation Measurements
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Nuclide Data Type Nuclide Data Type

123gp 123Te & Decay 123Te 124T6@HC,(1)
1208n(a, p) 125Te(p.t)
1228 n(pol p,p) IAR 1231 Adopted Levels, Gammas
1228n(He,d) 123X e € Decay
122§n(7Li,a2nY) 121gp(a,2nY ), 1*0Sn(®Li,3ny
1238b(y,Y") 122Te(p,p") IAR
123Gb(n,n" ) 122Te(3He,d)
1238h(d,d" 123Xe | Adopted Levels, Gammas
Coulomb Excitation 123Cs € Decay
124T¢(t,a) Te(PHe,xny ), 11°Cd(1°0,3ny

123Te Adopted Levels, Gammas. 123Cg Adopted Levels, Gammas
123Te IT Decay 123Cs IT Decay
1231 ¢ Decay 123Ba £ Decay
122Te(n,y ) E=th (HIxny)
122Te(d p) 12334 Adopted Levels, Gammas
123Sb(p,m’ ) 1231 a¢ Decay
Coulomb Excitation (HL,xny)
124Sn(3He, 4ny ), 12°Sb(d,2ny) | 1%3La Adopted Levels, Gammas
124Te(p,d) (HLxnY)
124Te(d,t) 123Ce Adopted Levels

A=125%)

All data available before March 31, 1992, have been considered for inclusion in this

evaluation. The data included in the evaluétion are tabulated below.

Nuclide Data Type Nuclide Data Type
125Cd Adopted Levels, Gammas 125Te Adopted Levels, Gammas
1251 Adopted Levels, Gammas Coulomb Excitation
125Cd B- Decay (0.65 s) 124gp(a,3nY)
125Cd B- Decay (0.57 s) 124Te(d,p)
125gn Adopted Levels, Gammas 124Te(t,d)
124gn(ax, 3He) 1251 ¢ Decay
1248n(d,p) 1258b B- Decay
1248n(d,py ) 125Te IT Decay
1248n(n,y) 125Te(d,d")
1251p B- Decay (12.2 s) 126Te(d,t)
1251n B- Decay (2.36 ) 126Te(*He,at)
1258h Adopted Levels, Gammas 1251 Adopted Levels, Gammas
124Sn(pol p,p) IAR (HLxnY)
1245n(3He,d) 124Te(aLt)
1255n B- Decay (9.52 min) 124Te(p,p),(p,p) JAR
1258 B- Decay (9.64 d) 124Te(3He,d)
126T¢(d 3He) 125X e € Decay
126Te(t,00) 125Xe | Adopted Levels, Gammas
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Nuclide Data Type Nuclide Data Type
125Xe  [(HLxnYy) 125Ba | (HIL,xnY)
125 Cs ﬁ+ Decay 1251_‘a B+ Decay
125X e IT Decay 12512 | Adopted Levels, Gammas
125Cs Adopted Levels, Gammas 11281(160,2npY )
(HI,xny) 125Ce B+ Decay
125Ba B+ Decay (3.5 min) 125Ce Adopted Levels
125Bg Adopted Levels, Gammas
A=126>

All data available before March-31, 1992, have been considered for inclusion in this
evaluation. This evaluation,however, does not include the data which has not changed from the
previous evaluation performed in 1982. The data included in the evaluation are tabulated

below.
Nuclide Data Type Nuclide Data Type
126 Adopted Levels 126Xe | 126] B- Decay
1261 Adopted Levels, Gammas 126Cg B* Decay
125¢g ﬁ Decay 116Cd(13C,3nY)
1268 Adopted Levels, Gammas 123Te(at,ny )
12611 B- Decay (1.64 s) 126Te(3He,3nY ), 129Te(t,4nY )
126]p B- Decay {(1.60 s) 127](p 2nY)
1248n(t,p) 1265 Adopted Levels, Gammas
: 1245n(14C,120) 126, | Adopted Levels, Gammas
1268 Adopted Levels, Gammas 1261 4 B+ Decay
i26Te Adopted Levels, Gammas (HLxnY)
126Qh B- Decay (12.46 d) 1261 5 Adopted Levels, Gammas
126Te(n,n'Y ) 126Ce g Decay
Coulomb Excitation (HLxny)
1261 Adopted Levels, Gammas 126Ce Adopted Levels, Gammas
126Te(p,ny) 126pr B+ Decay
127Te(y ,n) 92Mo(*'Ca,2pary)
1271(n,2ny) 126py Adopted Levels
1263 e Adopted Levels, Gammas
References
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1.11 Measurements of Activation Cross Sections at 18-30 MeV by Using the "Li(p,n)
Quasi-monoenergetic Neutron Source at JAERI-TANDEM

Y. Uno, S. Meigo, S. Chiba, T. Fukahori, Y. Kasugai® and Y. Tkeda

The demands for neutron cross section data above 20 MeV have been increased
recently. The experiment of neutron activation cross section measurement by using the Li(p,n)
quasi-monoenergetic neutron source with 18-30 MeV has been started at the TANDEM
accelerator facility of JAERI.

Protons of 20 and 25 MeV were injected into a thin 'Li target of 1.4-1.8 mm in
thickness cooled by water. The cooling water layer was separated by a 0.1-mm-thick aluminum
plate and the protons passing through the "Li target are fully stopped in this water layer. The
neutron energy spectrum in the forward direction was measured by a TOF method by using
an NE213 liquid scintillation detector. The measured neutron energy spectra are shown in
Figs. 1.11.1 and 1.11.2. A quasi-monoenergetic peak produced by the "Li(p,n) reaction to the
ground state and the first excited (0.429 MeV) state of "Be was observed. There was a low
energy neutron tail corresponding to the breakup of higher excitation states of "Be, and to the
interaction of protons with the cooling water and the structural materials of the target. The
absolute flux of peak neutrons was measured by the proton recoil counter telescope detector.
The characteristics of the p-Li neutron source are summarized in the Table 1.11.1. The
angular distributions of the peak neutron yield were also measured via the NE213 detector.’

The samples of Co, Nb, Cu, Y, Tm, Ti, Ni, Fe, Zr, W, Au and Al were irradiated at
the distance of 10 ¢m from the Li target in the forward direction. After irradiation, gamma-Tays
of each samples were measured by the HP-Ge detectors and the reaction rates were derived
from the measured induced activities. The obtained reaction rates include the contribution
from the low energy neutrons. Therefore, the correction for this low energy neutrons is

necessary, and the cross section values for the effective peak energy, o, is calculated as

follows:

N ;o) 9(E)aE

o= . , (1.11.1)
[£= Oo(E)-$(E) dE Fpen

‘Department of engineering, Nagoya University.
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where R is the reaction rate, ¢,{E ) the cross section taken from a literature, o (E ) the

measured neutron spectra, E, _, and E, . the highest and the lowest energy of the peak

neutrons respectively, E,, the threshold energy of the reaction, and ¢,,,, the absolute yield of

peak neutrons. The measured cross sections of *’Au(n,2n)'**Au and 7Al(n,0)**Na reactions

are shown in Figs. 1.11.3 and 1.11.4. The cross section data evaluated by M.Wagner et al.V

were used as 0, (E) in the eq. (1.11.1). The present results showed good agreements with the

evaluated data.

Reference
1) Wagner M., etal. : PHYSICS DATA No. 13-5 (1990)

Table 1.11.1 The characteristics of the p-Li neutron source

Proton energy Thickness of Li Mean energy Peak neutron yield
of peak neutrons
[MeV] [mm) [MeV] [#/Sr/uC]
20 1.8 17.6 6.05x10°
25 1.45 22.7 9.49x10°
[ x 10%]
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Fig. 1.11.2 Neutron spectrum by 20 MeV protons
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1.12 New Measurements of Activation Cross Section for the 63Cu(n,2n)82Cu
and 65Cu(n,2n)64Cu Reactions at Energy Range of 13.3~14.9 MeV

Y. Ikeda, D.L. Smith*, Y. Uno, Y. Kasugai**, C. Konno and H. Maekawa

Cross sections for 3Cu(n,2n)62Cu and $5Cu(n,2n)®Cu reactions have been extensively
evaluated based on a large body of available experimental data, and used in many dosimetry
applications. In particular, the 63Cu(n,2n)52Cu reaction is employed not only in an ordinary foil
activation study, but also, as a major detector, in the triton burn-up measurements in D-D
plasma diagnostics in fusion devices, e.g., JT-60, TFTR and JET, utilizing its short-lived
nature of activity and a high activity yieldD. A lot of mutually consistent experimental data for
the 65Cu(n,2n)64Cu reaction cross section enabled evaluations appreciably accurate. However,
we found that the number of experimental data for the 83Cu(n,2n)%2Cu reaction are not
sufficient, exhibiting largely scattered nature in comparison with data for the 65Cu(n,2n)8*Cu
reaction. _

In several preliminary experiments on this particular reaction cross sections under the
program?2,3) at the fusion neutronics source FNS, always we obtained appreciably lower value
than those evaluations. The present measurement was conducted to provide new experimental
data for these cross sections at energy range of 13.3 ~ 14.9 MeV and to investigate the possible
source of discrepancies in the previous data for the 63Cu(n,2n)82Cu reaction Cross section.

The D-T neutrons were generated by bombarding a T target with a d¥ beam of 2 mA and
350 keV at FNS. Two irradiation methods were applied for the short-lived $2Cu measurements.
In the first scheme, natural copper samples of 10 mm in dia. and 0.2 mm thick were deployed
at 100 mm from the D-T neutron source at angles of 0° to 165° to the incident d¥ beam.
Immediately after 3 min. irradiation, annihilation y-rays from the Cu sample encapsuled in a 0.8
mm thick lead capsule were counted by a Ge detector. The irradiation was separated into four,
and, in each, two samples at different angels were measured successeively. Each sample was
measured at least three times at different cooling times in order to reduce the contribution
annihilation y-rays from 64Cu deacy and to subtract natural background component. Thus, the
cross section for the 65Cu(n,2n)64Cu was simultaneousely obtained. The second scheme
employed a pneumatic sample trandfer sysetm in order to minimize a counting loss due to the
decay of 62Cu. The ends of the eight tubes were fixed around the D-T source ranging from 0° to
1650. Irradiation and cooling time were 1 min., and 2 to 3 min,, respectively. The irradiated Cu

samples were exncapsuled with 0.8 mm-thick lead. The counting procedure was the same as in

* Engineering Physics Division, Argonne National Laboratory
** Faculty of Engineering, Nagoya University
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the first scheme. In both schemes, for 62Cu decay, the lead capsule served to stop all energetic
Bt (Qp+=3.9 MeV) rays in a restricted region to avoid annihilation events far from the sample
location. In this sample configuration, self-absorption of y-ray plays major correction to derive
the reaction rate. The component of annihilation y-rays due to the decay of 64Cu as well as
natural background contribution were subtracted using the decay curves of annihilation y-rays
measured. The neutron flux at the sample was monitored with the Al foils using 27Al(n,p)?’Mg
reactions whose cross section values were calibrated by the 93Nb(n,2n)?2mNb reaction cross
section of 459 + 15 mb%). In Table 1.12.1, the decay data used in this work are presented.
Figure 1.12.1 gives the presently measured data along with data in IRDF-90 and the
JENDL Dosimetry File. The presently measured data for the $3Cu(n,2n)82Cu reaction showed
systematically lower than values in the comprehensive evaluations. From experimental
consideration, we found that detector efficiency for annihilation y-rays associated with a high
energetic B+ emission tends to be highér than that of ideal point source, resulting in giving
systematically larger cross sections. In conclusion, we recommended to re-evaluate this
particular cross section for 63Cu(n,2n)62Cu reaction. Apparently, the measured data show
lower value in the energy range from 14 to 15 MeV. The value exhibits the lower limit in the
expanded region encompassed by the previously reported experimental data. From the present
extensive investigation for the source of uncertainty, we concluded that the data could not be
larger than the present measured value. The measured cross sections for the 65Cu(n,2n)%4Cu
reaction were in good agreement within experimental errors with the data previously measured
~at FNS2) as well as other data in the literature. The comparison of the present data with data in
IRDF-90 and the JENDL Dosimetry File is given in Fig. 1.12.2. This demonstrated that the
experimental procedure was consisted with the previous work, and it assured the validity of
the data for the §3Cu(n,2n)62Cu reaction, because there should be less uncertainty in the y-ray

self-absorption treatment for the lead capsule.
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Table 1.12.1 Decay data used in the present experiment

Item Reaction
63Cu(n,2n)52Cu 65Cu(n,2n)%4Cu
Half-life 974 m 12.7 h
¥-ray energy (keV) 511. 511.
v-branching 1.948 0.358
Abundance 0.691 0.309
Atomic mass 63.546 "
Qg-value (MeV) 3.949 1.675
Data were taken from Ref-5)
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1.13 Measurements of Activation Cross Sections for the 187Re(n,2n)186mRe
and 193Ir(n,2n)192m2Ir Reactions at 14 MeV Energy Region

Y. Ikeda, Y. Kasugai*, Y. Uno, C. Konno and H. Maekawa

Long-lived radionuclides production by D-T neutrons is the most concern for the
radioactive waste consideration of fusion reactors. Not only the major structural materials, but
miner or rare impurity level elements create serious problems due to those long-lived
characteristics. Thus all possible reaction channels have to be investigated. In order to meet the
strong Tequest from fusion reactor development, IAEA-CRP on "Cross Sections for the
Generation of Long-Lived Radionuclides of Importance in Fusion Reactor Technology" has
been conducted and the significant improvement in data accuracy has been achieved.l) There
are, however, still lack of substantial data in some reactions, for which it is difficult to be
measured due to inherent reasons of low activation yields, low emission probability, and low
neutron source strength.

As a framework of the program for activation cross section measurements around 14
MeV at FNS2.3), activation cross sections for the reactions of 187Re(n,2n)186mRe [T1=2.0 x
105 y] and 193Ir(n,2n)!192m2r [T;p=241 y] at 14.9 MeV were measured. The measurements
provided the experimental data to meet the initial purpose of the fusion reactor requirement.

As teported previously in the IAEA-CRP meetingl), these cross sections are of
significant difficult to be measured due to inherent low decay rates of low energy y-rays, and
due to existence of large interference activities. As regard to the importance of data for the
fusion applications, efforts have been placed on reduction of the background to emerge weak
v-ray lines by using a Compton suppression y-ray spectrometer.

The samples of Re with natural abundance and %*Ir with 98 % enrichment were
irradiated with 14 MeV neutrons at FNS facility for 32 h and 40 h, respectively. The samples
were placed at 2 cm distance from the D-T neutron source in the direction of incident d* beam
of ENS. The D-T neutron fluxes at these samples were derived from the activation rate of the
monitor reaction, 93Nb(n,2n)*2mNb.

The Compton suppression spectrometer consisting of two Nal(Tl) suppresscrs of 27.6
mm in dia. x 13.8 mm in thickness and a Ge detector. This detector configuration enabled
significant reduction of background in the low energy region of interest. The system
arrangement is shown in Fig. 1.13.1. The ordinary first-slow coincidence technique was
adopted. The effective suppression ratio in the Compton scattering component was around 6.
Tt was found that for the y-ray sources with higher energy, the suppression ratio increased very

* School of Nuclear Engineering, Faculty of Engineering, Nagoya University,
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much. This was due to the detector arrangement with suppresser covering backward of the
main Ge detector. As an example, a y-ray spectrum for the activated Re sample is shown in
Fig. 1.13.2. There was, as a result, remarkable suppression of background for the low
energy region. Since each radioactivity of interest emits low energetic single y-rays, there was
no need to correct the summing counting loss. However, the detector efficiency calibration was
essential. For this purpose, several radioactivities, 47Sc, 57Co and %?Mo, which emit low
energy y-rays associating with no cascade y-rays, were prepared by irradiating samples of Ti,
Co, Mo. By using these 'Y-ray sources, the detector efficiency in the y-ray energy range of 120
~ 160 keV was determined. After 3.7 year and 1.5 year cooling times for Re and Ir samples,
respectively, activities were measured with the Compton suppression spectrometer. The cross
sections were derived by using the measured decay y-ray counts, neutron flux and the other
necessary correction factors. In Table 1.13.1, all data needed for the cross section reduction
are listed with corresponding errors. |

The cross section for !37Re(n,2n)186mRe reaction at 14.9 MeV was obtained for the
first time by the direct measurement in this work. The measured cross section of 445 £ 156 mb
were compared with a recent calculation by YamamuroS) with SINCROS-II as well as the IRK
evaluationl). The measured cross section value was agreed with the calculation and the
evaluation within rather large experimental error. As a whole, there was no serious
inconsistency among the data. Still more accurate experimental data are strongly requested to
give better evaluation.

The half-live of 241 y seems not so long to be measured. However, the spin state of the
second isomeric state of 192Ir is hindering the deexcitement with isomeric transition, resulting
in very low y-ray emission probability. Only one experimental data was reported from China,
JAED for this reaction. Surprisingly, the presently measured data of 147 £ 52 mb was in good
agreement with the data of IAE. Although experimental error was reduced significantly by the
present experiment, still more accurate data are needed.
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Table 1.13.1 Sample irradiation, measurement conditions and decay properties

Items

Reactions

187Re(n,2n)186mRe

193Ir(n,2n)192mzh‘

Decay constant (/s)

Decay Mode
Sample weight (g}
Abundance
Neutron flux
Trradiation time (s)
Cooling time (s)
Collection time (s)
g-ray energy (keV)
Detector efficiency
g-ray branching
counts

Atomic mass

1.0990e-13

IT + B-
(0.54287
0.6293
2.87e+9 (3.5%)
2.8446¢e+5
1.29429e+8
4.16524e+5
137.16
0.211+ 0.010
0.100 ( 1.0 %)
382. £ 130
186.207

9.1201e-11

IT (100 %)
0.09806*
0.9870*
9.81e+9 (3.5+%)
2.853e+5
5.337%e+7
4.9528e+5

155.16
0.188 = (0.009
0.00097 (4.0%)
1020. + 352
192.9629*

* Enriched 193Ir isotope was used.
Decay data were taken from Ref. 4)
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1.14 Activation Cross Section Measurement of Reactions Producing Short-
lived Nuclei at Neutron Energy between 13.4 MeV and 14.9 MeV

Y. Kasugai*, Y. Ikeda, Y. Uno, H. Yamamoto*, K. Kawade* and H. Mackawa

Although many data of activation cross section around 14 MeV neutrons for various
isotopes have been reported, there are still a lot of reactions whose cross sections have not been
measured yet nor in a reasonable accuracy. In particular, the cross section data for the reactions
producing short-lived nuclei are insufficient.

To meet the data needs from fusion application, the cross sections for twelve reactions
producing the nuclei with half-lives between 18 s and 29 min. were measured in the energy range
between 13.4 to 14.9 MeV by means of the activation method. The reactions investigated are
listed in Table 1.14.1 along with associated decay data and reaction Q-values. The neutrons
were generated via the T(d,n)*He reaction by bormbarding a T target with dt beam of 2 mA and
350 keV by using FNS. Eight pneumatic tubes were used to transport the samples. Separated
isotopic samples were irradiated at angles of 00, 459, 70°, 950, 120°, and 155° in order to cover
the neutron energies ranging from 14.9 MeV to 13.4 MeV. The distance between the neutron
source and the irradiation positions are 10 cm. The neutron flux at irradiation positions were
around 2x108 n/cm?/s. The effective energy of incident neutrons at each irradiation position was
determined by the Nb/Zr method. The y-rays emitted from the irradiated samples were measured
with high-pure germanium detectors.

All cross section values were obtained relative to the cross section of the 27Al(n,p)?’Mg
reaction which was determined by referring to the cross section of the 27Al(n,00)?4Na reaction.
Numerical data of the cross sections obtained are given in Table 1.14.2. The cross sections of
57Fe(n,p)S’Mn and %6Zr(n,np)?5Y reactions are shown in Figs 1.14.1 and 1.14.2 along
with the available experimental data and the evaluated library data. The cross sections of
96Zr(n,np)5Y, 120Sn(n,np)119mIn and 180Hf(n,p)!80Lu reactions were measured for the first
time in the present study. For the other reactions, all previous data were obtained at only one
energy point except for the reaction of 8Zn(n,p)s$mCu reaction. The present data cover the wider
energy range in comparison with the othiers. Some of the previous experimental and evaluated
data are largely discrepant with the presently measured data as shown in Figs. 1.14.1 and
1.14.2.

In order to assure the data reliability of the particular (n,p) reaction cross sections with
weak data base, the values were compared with the estimations from the empirical formula

* School of Nuclear Engineering, Faculty of Engineering, Nagoya University,
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which was derived based on the comprehensive experimental data taken at the FNS and
OKTAVIAN faciliies!-3. The formula is given by,

o p,(mb) =4, exp(—32-N—:—Zi),
A (1.14.1)

logo, =1.53+1.16log A — 0.124(log AY’,

where N, Z and A are the neutron, proton and mass numbers of target nuclei, respectively. The
ratios between measured values and estimations are plotted in Fig. 1.14.2. The estimated
values agree within + 30% with the presently measured cross sections. This agreement
demonstrates the validity of the present measurement as well as the feasibility of the formula

proposed.
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Table 1.14.1  Reactions and associated decay data

Reaction Ty Ey Iy QMeV)
46Tj(n, p)46mSc 18.70(5) s 142.5 62.0(32) -1.73
46Ti(n, np)4mSc 18.70(5) s 142.5 62.0(32) -10.60
57Fe(n, p)>’Mn 145(3)m 122.1 10.8(9) -1.91
68Zn(n, p)s8mCu 3.75(5) m 525.7 75.(15) -4.39
74Ge(n, p)74m+eGa 8.1(1)m 595.9 01.88(14) -4.58
76Ge(n, p)75Ga 32.6(6) s 562.9 66.(3) -5.99

(n, 2n)"mGe  47.7(7) s 1395 38.8(12) -9.56
93Nb(n, ne)¥¥mY 16.06(4) s 909.2 09.14(<10) -2.81
96Zr(n, np)»Y 10.3(2)m 954.1 19.0(21) -11.52
100Ru(n, p)1®0Tc 158(1)s 539.5 7.0(7) -2.42
1208n(n, np)!198In 24(1)m 763.1 99.08(15) -10.66
180Hf(n, p)!80Lu 57(1)m 408.0 50.0(20) -2.32
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Table 1.14.2 Measured cross sections (mb)

Reactions Neutron Energy (MeV)
14.95 14.66 14.36 14.03 13.70 13.38
46Ti(n, p)4mSc 51(3) 51(3) 51(3) 54(4) 58(4) 59(4)
47Ti(n, n'p)*émSc  10.6(9) 7.6(7) 5.0(6) 2.8(6) 1.8(4) 6.9(3)
57Fe(n, p)*’Mn 53(4) 55(4) 59(4) 59(4) 60(4) 63(7)
68Zn(n, p)68mCu 5.5(13) - 4.0(12) _——-- 3.0(8) 4.9(6)
74Ge(n, p)’4meGa  12.1(6) 11.8(6) 12.1(6) 10.7(5) 9.1(5) e
76Ge(n, p)"6Ga 5.4(8) 3.7(6) -e—- 2.5(6) 2.1(D 1.7(5)
76Ge(n, 2n)mGe  958(47) 014(45) 832(41) 794(39) 797(39)
93Nb(n, n'a)39mY 2.4(5) 2.1(4) 1.4(3) 1.2(3) 0.8(3) 0.9(3)
967r(n, n'p)?3Y 0.5221) --- -—-- —— R—
100Ru(n, p)1%Tc 35(8) 33(8) 26(T) 18(6) 22(8)
1208n(n, n'p)!11%In 0.121(19) --- - —--- — -
180Hf(n, p)!80Lu 3.2(6) 2.5(5) 2.1(4) 2.0(4) 1.4(3) 0.9(2)
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Fig. 1.14.2 The ratios of the experimental to calculated cross sections.
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1.15 Benchmark Tests of JENDL-3.2 for Thermal and Fast Reactors
H. Takano, H. Akic , T. Mori and K. Kaneko'

JENDL-3.1Y was revised on the basis of much feedback information by various
benchmark tests?, and the benchmark calculations for the revised version JENDL-3.27
have been performed®.

Thermal Reactor Benchmark

As thermal critical experiments sclected were the uranium fuel cores TRX” and
TCA-UQ,? with water moderated lattice of slightly enriched uranium metal and oxide
rods, respectively, as plutonium fuel cores TCA-MOX with 3.0 wt% Pu rods. The
benchmark calculations were performed with the continuous energy Monte Carlo code
MVP and the integral transport code SRAC. Figure 1.15.1 shows the ke values and lattice
parameters calculated for the TRX-2 core. The k value of JENDL-3.2 is increased by
0.5 % compared with that of JENDL~-3.1, because the capture resonance integral of =y
is decreased in JENDL-3.2. The lattice parameters of ©-28, &-25 and 6 -28 are better
predicted with JENDL-3.2. The k values calculated for the TCA with U0, rods were
slightly overestimated. The k. values of the TCA cores with MOX rods are shown in
Fig.1.15.2, and JENDL-3.2 predicts very well the experimental results.

Fast Reactor Benchmark

Fast reactor benchmark cores consist of various critical assemblics such as the
MONJU mock-up core FCA-VI-2, the large LMFBR mock-up core ZPPR-9, the FCA~
IX cores with a wide variety of neutron spectrum shapes and very small cores of
GODIVA, JEZEBEL and FLATTOP with very hard spectra. The k. values calculated for
ZPPR-9 and FCA-VI-2 are 0.9967 and 0.9992, respectively. The results for small cores
were as follows: The calculated k. values are slightly underestimated for Pu fucled cores.
They are in good agreement with the experiments for **U fueled cores and overestimated
for U fucled cores. As shown in Fig.1.15.3, the k. values for FCA-IX assemblics
which consist of 2*U fueled cores with intermediate spectrum moderated by graphite are

improved with JENDL-3.2. Figure 1.15.4 shows the C/E values of sodium void reactivities

“The Japan Research Institute, Ltd., Tokyo
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with the increase of voided regions, and they are satisfactory for both of JENDL-3.1 and
3.2. The C/E values of control rod worth were well predicted. As for the C/E values of
%Py fission rate radial distribution, and JENDL-3.2 overestimates slightly the experiments

in the outer core region. .
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1.16 Mean-field for the Vibron Model: Dipole Moment Function of Diatomic Molecules

A. Mengoni and T. Shirai

Recently, a model based on the Lie algebras has received considerable attention.
The model, called the Vibron Model (VM), has been originally proposed for the
treatment of rotational and vibrational degrees of freedom of diatomic molecules.b?) As
has been the case for an analogous model developed for the treatment of collective
excitation of nuclei, the Interacting Boson Model,® the mean-field approximation (MFA)
has been applied to the VM in order to give a geometrical picture of an otherwise
completely abstract approach.

In this work we have shown the relations necessary to go from the VM
Hamiltonian to the potential energy surface as well as from the VM dipole operator to
the dipole moment function of single molecular bonds (diatomic molecules). For the
dipole moment function, the comparison is made with the up-to-date dipole moment
function derived from a combination of ab initio and empirical models.

The result of this calculation is shown in Fig. 1.16.1. In this case a comparison is
shown with the dipole moment function p(r) of the HF molecule,”) where 1 is the
internuclear distance. The data are a combination of experimentally derived quantities
(full dots in the figure) and extrapolations based on Padé approximants (Crosses). We
can see that the maximum of the dipole moment function coincides approximately with
the experimentally derived value. At very large internuclear distances, however, the two
models give a noticeable discrepancy. This is due to the fact that the calculations based
on phenomenological models, including those shown in Fig. 1.16.1, assume a 1/r
dependence of p(r) at large r. The operator introduced here, instead, gives a dipole
moment function proportional to m for large r with a positive constant a. Even
though not immediately apparent, we can expect that an algebraic operator which gives
the same large r behavior can be derived.

The accuracy of the present MFA calculation is comparable with that in an earlier
work based on Pad¢ approxirnants.s) To improve the agreement with the data of Ref.

4, additional terms in the dipole operator can be added.
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Our. analysis of the VM mean-field approximation showed that the relation derived
here allows for a link between the real parameter p defining the VM boson condensate
and the geometrical variable r. As far as the dipole moment function is concerned, even
though the results of the mean-field approximation can be improved by adding more
terms in the dipole operator, we can conclude that the VM dipole moment operator has
the proper physical contents and that the general trend of the calculations is reliable.

In the simplest case analyzed here, namely that of a diatomic molecule, the only
geometrical variable which has a physical contents is the internuclear distance r. It is,
however, possible to extend the method-to the interpretation of the multiple geometrical

variables appearing in the description of polyatomic molecules.
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1.17 Spectral Data and Grotrian Diagrams for Highly Ionized Manganese,
Mn VII - Mn XXV

T. Shirai, T. Nakagaki, K. Okazaki', J. Sugar” and W. L. Wiese

We have undertaken publication of a series of compilations of spectra of highly
ionized atoms of particular interest to the fusion energy community. These selected
clements occur as impurities in wall materials of fusion machines or are specifically
injected into the hot plasmas for diagnostics. Much work on these spectra has appeared
in recent years. We have critically compiled these data into single monographs for each
element, including wavelengths, classifications, intensities, oscillator strengths, radiative
transition probabilities, Grotrian diagrams, and a short review of the literature for each
ion. Monographsl'g) are already published for Ti, V, Cr, Fe, Co, Ni, Cu and Mo. The
present compilation contains data for Mn VII to Mn XXV,

All relevant papers on wavelengths and energy levels published through December
1992 were collected and surveyed, and the best measurements, in our judgement, were
included in the tables. We consulted the following comprehensive compilations: for
wavelengths, the tables by Kellyg) , for forbidden lines arising within ground
configurations of the type nsznpk (n=2 and 3, k=1 to 5), the paper by Kaufman and
Sugarlo) and a review article by Fawcett.1)

Sugar and Corliss'?) have published a comprehensive critical compilation of energy
levels for the iron-group elements K to Ni in all stages of ionization. Their values are
adopted for this compilation, except where superseded by more recent data. For the He-
and H-sequences, only theoretical results are given since they are considered to be more
accurate than the experimental values.

For atomic transition probabilities, calculations based on various
multi-configurational approximations, including relativistic multi-configuration Dirac-Fock
calculations, have been carried out for allowed and forbidden transitions. Brief reviews

of such theoretical data are given in the critical data compilation of allowed and
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** National Institute of Standards and Technology, Gaithersburg

—_ 51_



JAERI-Review 94-009

forbidden lines by Martin et al,13 from which the oscillator strength (f) and transition
probability (A) data are taken.

In cases where no experimental wavelength data are available but for which
f.values exist, the quoted wavelengths are calculated from the known energy levels using
the Ritz combination principle. The wavelengths are then used to calculate A-values
from the f-values.

We tabulate A-values and gf-values in order to provide a measure of the strengths
of the lines. When these data are not available, we list the rough line intensity estimates

provided in the literature.
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1.18 Analytic Cross Sections for Collisions of H, H,, He and Li Atoms and Ions with

Atoms and Molecules. II
R. Ito", T. Tabata', T. Shirai and R.A. Phaneuf™

For diagnostics and modeling of plasmas in thermonuclear-fusion research,data on cross
sections for inelastic collisions between atoms, molecules and ions, especially of the lightest
elements, are important. Bamett" published recommended data on such cross sections for the
clements of hydrogen, helium and lithium. To facilitate interpolation, Barnett gave also least~
squares Chebyshev polynomial fits to the recommended cross sections as a function of
projectile energy. The polynomial fits, however, cannot be used for extrapolation, because they
often show physically unreasonable behavior just outside the energy range of the data used.
This inconvenience can be removed by using analytic expressions that approximate low—
energy and high—energy asymptotic trends.

Green and McNeal® proposed semiempirical expressions for inelastic collision cross
sections of hydrogen atoms and ions with gaseous atoms and molecules. By using the same
functional forms as the Green—-McNeal expressions and some modified forms, Nakai ef al.®
published a number of analytic cross sections for charge transfer of hydrogen atoms ions
colliding with gaseous atoms and molecules. Analytic cross sections are also available for the
following reactions:charge transfer of hydrogen atoms and ions colliding with metal vapors,”
single—electron capture of hydrogen ions leading to specified excited states of hydrogen,”
charge transfer of helium atoms and ions colliding with gascous atoms and molecules,”
single-electron capture by multiply—charged ions colliding with H, H,, and He,” and
jonization of H, H,, and He by multiply-charged ions.”

Presently a project of formulating analytic expressions fitted to Bamett's recommended
data is in progress. In a previous report,” analytic expressions for the cross sections of the
following reactions were given:

(1) electron capture by H, H*, H,", He*, and He™" colliding with atoms, molecules, and jons

(H, He, Li; Hy; H™, He").

* University of Osaka Prefecture
** (Oak Ridge National Laboratory
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(2) electron capture into excited states by H*, He*, and He*, colliding with atoms and
molecules (H, He, Li; Hy).
The present report is a sequel to the previous report, and treats the cross sections of
excitation and spectral line emission by H, H*, He*, He*, and He* colliding with atoms and
molecules(H, He, Li; H,). The possible error of analytic expressions when they are used for

the extrapolation of the recommended data was discussed in the previous report.
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1.19 Radiative Electron Capture In Relativistic Atomic Cellisions

A. Ichihara, T. Shirai and J. Eichler’

Radiative electron capture (REC) is one of the basic processes occurring in relativistic
atomic collisions. Differential cross sections for REC from light target atoms to fully stripped
heavy ions have been calculated in the impulse approximation. Charge and energy
dependence of the cross sections for radiative recombination (RR) with capture into the
projectile K shell and the L subshells are presented in order to provide an estimate for the
total REC cross sections.

The REC cross sections are estimated as follows: A loosely bound target electron may
be regarded as approximately free in a high energy collision. In this limit, REC is identical
with RR in which an electron initially moving with the momentum —p, in the projectile frame
is captured into a bound state with the simultaneous emission of a photon. The RR is the
inverse of the photoelectric effect and can be calculated by detailed balancing. The effect of
clectron in the target just gives rise to a momentum spread around —p,, which is usually taken
into account by the Compton profile.

A computer code has been developed to calculate the differential cross sections for the
photoelectric effect and for the radiative recombination using exact Coulomb wave functions
for the bound and continuum projectile states. The differential REC cross section is obtained
by taking an average of the RR cross sections over the Hartree-Fock momentum distributions
of electrons in their initial target states.

Figure 1.19.1 shows the angle—differential cross section for K-shell REC in 197 MeV/u
Xe** + Be collision in comparison with the experimental results by Anholt et al.”. The
values of calculated cross section are reduced by a factor of 0.8 for normalization at 90°. This
excess of about 20% of the theoretical results over the experimental data is less than the
systematic deviation in a recent observation by Stdhlker et al.? Aside from the overall
normalization, the experimental angular dependence is well reproduced in our calculation.

Figure 1.19.2 gives the K-REC differential cross section for 295 MeV/u U + N

collision. The contributions from spin—flip and non-spin-flip transitions are indicated

* Hahn—Meitner—Institut Berlin, Germany
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scparately. In the nonrelativistic theory, the photon emission at forward and backward
directions with respect to the electron momentum is forbidden, and the photon angular
distribution shows a simple sin’ dependence. The present calculation shows pronounced
deviations from the sin’ dependence owing to the relativistic spin—flip transition.

From the present study we have found that the laboratory angular distribution of K-REC
cross section for medium Z—-projectiles like Xe*** has the simple sin’f dependence with respect
to the beam axis as described in the nonrelativistic theory, while that for high-Z projectiles
deviates markedly from sin’g at forward angles. The importance of the spin—flip transitions,

which can not be described nonrelativistically, is also demonstrated.

References
1) Anholt R, et al.: Phys. Rev. Lett.,, 53, 234 (1984).
2) Stohiker Th., et al.: Z. Phys. D, 23, 121 (1992).
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2.  Theoretical Method and Code Development

Development of vectorized Monte Carlo codes: GMVP working with group cross
sections, and MVP working with continuous energy ones has been continued. Effort was
concentrated to develop a new module to generate bremsstrahiung photons so that accuracy
of a photon reaction model was increased in MVP. A photon transport problem in an iron
cylinder was solved. The performance was satisfactory.

For specdup of the above two codes, three types of parallelism were investigated. They
are vector parallel by MONTE 4, massive parallel by AP1000, and workstation cluster linked
through a network. The speedup efficiency by parallelism is high as far as the number of
neutrons per batch per processor is enough large.

The latest version of SRAC: the JAERI thermal reactor standard neutronics design code
system was fully released. It included source programs and several versions of cross section
libraries. Major modifications done since the publication of the version 1986 are (1)
permission of arbitrary temperature of composite materials, (2) several functions in cell
burnup, (3) a new geometry for a hexagonal assembly in the CPM package.

A study was performed on the effect of (n,2n) reaction of minor actinide production
above the upper encrgy limit 10 MeV of the SRAC. Reference calculations by MVP showed
the reaction was undercstimated by 10 — 15 % under the current group structure.

Successive effort has been devoted to develop the Intelligent Reactor Design System
(IRDS). To extend the reactor type studied, several thermal hydraulics modules were newly
installed. The window search function became available for neutronics parameters as well as
for thermal hydraulics ones. A flow of design process of a lead-cooled fast breeder reactor
was demonstrated on a SUN workstation .

A new bumup design code system has been developed. In this frame, a three
dimensional (X-Y-Z) nodal diffusion module was developed based on a fourth—order
polynomial nodal expansion method with a quadratic transverse leakage approximation. The
performance examined in an IAEA benchmark problem was satisfactory. Another module was
developed to feed cross section corresponding to arbitrary values of parameters. It will be
used in core burnup and 3D kinetics codes. Another effort has been devoted to a nodal
diffusion method based on an analytical expression.

The activities described in this chapter are contributed by Reactor System Laboratory.
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2.1  Bremsstrahlung Photon Emission Model in the MVP Vectorized Continuous
Energy Monte Carlo Code

T. Morj, M. Nakagawa and K. Kosako’

Development of a vectorized continuous energy Monte Carlo code MVP" has been
continued. This code achicved a higher computation speed by a factor of 10~20 for coupled
neutron—photon transport problems compared with conventional scalar codes.” In the present
work, a new module to generate bremsstrahlung photons, which are created by recoil electrons
from incoherent Compton scattering, photo—electrons and so on, has been developed to
increase accuracy of a photon reaction model in the MVP co.de.

The bremsstrahlung photon emission model of MVP consists of the following two
steps: (1) generation of electrons/positrons by photon interactions with materials, and (2)
bremsstrahlung photon emission by each electron or positron. At the first step, each photon
creates one of an electron-positron pair, a Compton recoil electron and a photo-electron
sometimes together with an auger electron. The generated electron and positron have the same
weight as that of a parent photon and are emitted with an energy and a flight direction
probabilitically selected on the basis of the physics model used in the ITS code”. At the
second step, the MVP code produces bremsstrahlung photons by applying the thick target
approximation used in ITS? to each electron or positron. The child photons are emitted with
the same weight and flight direction with a parent clectron (or positron). The number of
emitted photons is determined by using bremsstrahlung cross sections.

Computation tasks for these two steps to gencrate bremsstrahlung photons have been
fully vectorized and implemented as child-tasks which are started by the main task of
collision analysis of photons. For the first task of electron/positron emission, the MVP code
makes four temporary substacks for photons creating: (1) an electron—positron pair, (2) a
Compton recoil electron, (3) a photo-electron and (4) an auger electron. Photons in each
substack are independently processed to generate electrons or positrons. On the other hand,

the generation of bremsstrahlung photons is simultancously carried out for all electrons and

"NEDAC, Nuclear Energy Data Center
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positrons created by the first task.

To evaluate performance of the present module, we solved a photon transport problem
in an iron cylinder of 20 cm radius and 20 cm thickness into which 825 MeV mono-
directional photons enter. The result and the performance of MVP are compared with those
of MCNP 4* in Table 2.1.1. The computation speed of the MVP code strongly depends on
the batch size which corresponds to the number of particles simultaneousty tracked and
proportional to the vector length of operations. With the batch size of 20,000, the computation
speed of the MVP code is higher by a factor of about 36 compared with the MCNP 4 code.

References

1) Mori T., Nakagawa M. and Sasaki M.: J. Nucl. Sci. Technol. 29, 325 (1992).
2) Mori T., Nakagawa M. and Sasaki M.: JAERI-M 93-181, p.24, (1993).
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Table 2.1.1 Comparison of performance between MVP and MCNP

MVP MCNP
Batch size 2,000 20,000 ---

Generated bremsstrahlung photons/source—photon 3.7 3.6
CPU time /total generated photon” (ps) 16.5 827 296.
Ratio of computation speed 17.9 358 1.0

1) Generated photons = Source photons + Bremsstrahlung photons +

Fluorescence photons + Annihilation photons
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2.2 Parallel Computation by Monte Carlo Codes GMVP and MVP
M. Nakagawa, T. Mori, M. Sasaki’ and K. Suzuki’’

In order to speedup computations of neutron and photon transport, we have developed
two codes, GMVPY and MVP? based on the multigroup and continuous energy models,
respectively. They realized the specedup by a factor of about 15 compared with the
conventional Monte Carlo codes. As an another method for speedup, the parallel computation
has high possibility as well known. We have investigated threc types of parallclism by
modifying them and evaluated their performance. Those are vector parallel, massive scalar
parallel and workstation cluster linked on a network. Since both codes are programmed on

the basis of the event based algorithm, it is rather simple to convert the programs for parallel

machines.

Paralle] Computers_Used
Vector parallel: MONTE4 at JAERI ( equivalent to NEC SX3 ) was uscd. This has

4 parallel vector processors and a shared core memory. Some additional pipelines are installed
in MONTE4 but not used at the preset work. OS is UNIX.

Massive parallel: The AP1000 parallel computer developed by Fujitsu was used. This
consists of 1 ~ 512 RISC processofs which are connected by a torus type network. Each

processor has 16MB distributed memories.
Workstation cluster: Several workstations ( HP9000/720, HPS000/732, DECAXP3000)

connected to Ethernet were used. The PVM softwarc package was instalicd for parallel

computations.

Performance Evaluation
The performance of MVP on MONTE4 is shown in Table 2.2.1 for eigenvalue problems.

The problem 1 is a whole core calculation of a PWR™ and 2 is a fast reactor fuel subassembly

" The Japan Research Institute, Ltd, Tokyo

" Fujitsu Ltd., Chiba
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calculation. The speedup by FACOM VP2600 is achieved by vectorization and that on
MONTE4 is through vectorization and parallelism and so the products of two factors give a
total speedup factor for MONTE4. Since VP2600 has 4 pipeline scts, the vectorization
efficiency is high. The speedup efficiency by parallel computation of MONTE4 is about 90%.
The total speedup of MONTE4 is larger for the problem 1 and comparable for the problem
2 compared with VP2600. In the case of a fixed source problem, the speedup factor depends
strongly on a problem type. Selection of a batch size is an important parameter because the
vectorization efficiency is proportional to it but the parallel efficiency is not necessarily
proportional due to the present algorithm, especially for a problem with a large number of
Zones.

Parallel efficiency of GMVP by AP1000 is shown in Fig.2.2.1 where an eigenvalue
problem is solved. The total number of neutrons is 520 000 and a batch size is 16 000 which
is equally divided to each processor and so the number of neutrons per batch per processor
decreases with increase of the number of processors. If the number of particles decreases per
batch, the fraction of overhead time increases and it reduces the efficiency as observed in the
figure. If the total number of neutrons increases by 10 times, the parallel efficiency becomes
about 100% which is an ideal value. A similar trend was observed for the MVP calculations
for a fast reactor subassembly problem.

Parallel computations were pcrforméd using three workstations described above. A job
(fast reactor subassembly calculation) is divided into 4 tasks and two tasks were carried out
by HP9000/732 because its computation speed is highest among them. PVM is flexible in
dividing tasks to parallel virtual machines. The estimated speedup factor of HP9000/720 1s
about a factor of four, so it is almost an ideal value. From this result, we can say that
workstation cluster shows high performance when the number of machines is several.
However, some traffic problems may happen on a network when the number of machines
increase. The present investigation shows that both parallel versions of GMVP and MVP
have high parallel efficiency about 70 ~ 100%. Further speedup could be expected by

changing algorithm of a learning process on neighboring zones at the initial particle tracking.
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Table 2.2.1 Speedup of MVP by vector parallel computations on MONTE4

F cpu/10* particles _Speedup by vector Péraliel Total?
VP2600 MONTE4 | VP2600 MONTE4 | MONTE4 | MONTE4

Prob.1¥ 7.36 5.7 12 5.0 3.6 18.2

Prob.2” 18.8 21. 18 4.9 3.8 18.7

whole core calculation of a PWR (56 000 fuel pins)

b fast reactor fuel subassembly calculation (91 fuel pins)

¢ speedup factor by vector parallel computations using 4 cpus
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2.3  Improvement of SRAC Code
— A Version to Allow Arbitrary Temperature Treatment and Rclease of the Latest
Version SRAC93 -

T. Kugo, K. Tsuchihashi, H. Akie , H. Takano and K. Kaneko*

A new version of the SRAC code has been developed to allow arbitrary temperature
of composite materials for thermal scattering matrices and resonance absorption. Formerly
calculations for thermal scattering were restricted to use any of the tabulated temperatures.
Now the information of material spccifiéations described in the section II.8 of the SRAC
manual? is used to specify the temperature. Interpolation is done by using the Lagrangian

three point interpolation formula®,

a(T) =(T-T,UT-T) o (T [ (T, -T)(T,-Ty)
+ (T_TI)(T_Tg)U(Tz)I(Tg_Tl)(Tz-'T;)
+ (T-T)(T-T))o () [ (T,-T)(T,-T,),

where
T : the specified temperature ,
T, : the nearest temperature to T in the tabulated temperatures ,

T,, T, : the neibouring temperatures of T, among the tabulated temperatures .

Formation of resonance cross section of the specified temperature is executed. The algorithm
to prepare cross sections for hyper—fine energy structure in resonance energy range is
changed in the PEACO routine. The hyper-fine group cross sections of the fixed temperature
of 300K are stored on MCROSS file. Doppler broadened cross sections are calculated on the
specified temperature by using the SIGMAL1 routine” called from the PEACO routine and
written on scratch UMCROS (user's MCROSS) file. This modification has reduced a large
amount of data storage for the libraries and permitted the storage of various nuclides of minor
acitinides (MAs) and fission products (FPs) into the librarics. Consequently the accuracy has
been improved in the burnup calculation where MAs and FPs are significant to burnup

characteristics such as high conversion light water reactors.

*The Japan Research Institute, Limited, Tokyo
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In addition to this modification, a number of additions and modifications have been
made and consequently we released the latest version SRAC93. Major points of the
modifications are as follows:

(1) Several new functions related to cell burmup are installed.

— A kind of sensitivity calculation along a series of cell bumup calculations is available
without repeating the input by burnup step. It is achicved by a combination of the modified
input data of the standard case and the fixed nuclide densities obtained at each burnup step
of the standard case.

— Additional edit such as changes of metallic weight by heavy nuclide and instantancous
conversion ratio is prepared.

— Burnup under fixed flux level.

~ Inclusion of trans—plutonium isotopes in several new burnup chains.

(2) Dancoff cormrection factor by Tone's method” is available. This method is expected to be
effective for plate type fuel cell such as FCA, KUCA and so on, where a resonant nuclide
exists in several composite materials with different number densities. However, it is not
effective for normal pin type fuel cell. |

(3) A new geometry of a hexagonal assembly is added to the collision probability package.
The geometry is divided by triangular mesh and trapezoidal mesh ncar the outer boundary.
Pin rods can be positioned.at any grid point of triangular mesh. Size and composition of every
pin do not have to be identical. This geometry can be used for assemblics of the hexagonal

shape and of triangular pin rod arrangement such as those of HCLWR, LMFBR and pin-in-

block type HTGR.

Fig.2.3.1 Hexagonal as.scmbly with triangular pin rod arrangement
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(4) One point reactor calculation after an eigenvalue cell calculation is available.

(5) Specification of neutron spectrum used for average of fission spectrum in a mixture is
available. Formerly it was done using the asymptotic spectrum.

(6) Use of large scale core memory for temporary storage of data was intended to reduce the
I/O of the member repeatedly used from/into the Partitioned Data Set (PDS) files.

(7) An enginecring workstation (EWS) version SRAC-EWS has been developed. A main
effort for SRAC-EWS has been paid for a PDS file management so as to reduce elapsed time
by I/O from/into disk device. Use of a direct access file organization for PDS files required
intolerable elapsed I/O time. Then, we have applied a sequential access file organization for
the PDS file in addition to a large scale corc memory for a temporary storage of data. In the
sequential file organization, we use a tree structure of directories which was permitted by the

UNIX OS, and can manage the data storage like PO file as follows:

[FACOM MSP-0S)] [EWS UNIX-0S]

File Member Directory File
PDSFNAME / CNTL

PDSFNAME.DATA (MEMBERO01) = PDSFNAME / MEMBERU1

PDSFNAME.DATA (MEMBERO02) PDSFNAME / MEMBERO2

PDSFNAME.DATA (MEMBERO3) PDSFNAME / MEMBERO3 .

The application of the sequential file organization reduced the I/O time by a factor of five in
comparison with the direct access file organization. The routines for the PDS file management
were described in the Fortran language, and therefore, the compatibility was increased by this

change.
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2.4 Effect of (n,2n) Cross Section on Minor Actinide Production in the SRAC System
H. Akie and H. Takano

For the estimation of minor actinides (MAs) production and transmutation
characteristics in a new type reactor, whose neutron spectrum is unknown, it is necessary to
use a spectrum calculation code such as the SRAC system. In the SRAC system, however,
all the reactions are calculated with the upper energy limit of 10MeV, while a part of (n,2n)
reaction is included in the energy region above 10MeV. It means that the SRAC system
underestimates the (n,2n) reactions and the production rate of MAs such as Np-237, which
is mainly produced through the (n,2n) reaction of U-238. For this reason, it was studied that
the effect of the (n,2n) reactions above 10MeV on the production rate of MAs.

Unit pin cell calculations were carried out for the cell model of MOX fueled PWR and
also of UQ, fueled conventional PWR. The cell model of MOX fueled PWR is that of
NEANSC benchmark calculation for plutonium recyclingl} with "dirty” Pu composition. The
conventional PWR data used are the results of isotope composition analysis of the spent fuels
of the plants Genkai-1 and Mihama-32). The cell calculations were first carried out by using
the continuous energy Monte Carlo code MVP with the upper energy limit of 20MeV. Two
kinds of (n,2n) cross sections of the upper energy limit of 10 and 20MeV were evaluated
from the result. Cell burnup calculations were next executed by SRAC with and without
considering the contribution from the energy range between 10 and 20MeV.

Table 2.4.1 shows the (n,2n) cross sections of U-238 evaluated for the "dirty Pu” cell
by using the JENDL-3.1 nuclear data library. In this table, the (n,2n) cross sections at
50GWd/t was calculated with the simulated fuel composition of 32 isotopes, which are
included in the MVP cross section library. In the high temperature calculations, the MVP
library of 900K are available only for U-235 and U-238. From this table, it is observed that
about 15% of the U-238 (n,2n) reaction takes place in the energy range from 10 to 20MeV
in this cell. The percentage does not depend on either the fuel burnup rate or temperature.

Taking into account the effect of (n,2n) reaction above 10MeV by multiplying the
(n.2n) cross section by the factor evaluated above, a cell burnup calculation was performed
by using SRAC. The result was compared with the original SRAC result of 10MeV upper

energy limit. The Np-237 number densities of the two cases are compared in Fig. 2.4.1. There
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can be seen about 9% difference in the density of Np-237 at SOGWd/t. In the same manner
as the "dirty Pu" cell, cell calculations were made for the conventional PWR cell. The effect
on the (n,2n) cross sections of both U-238 and Pu-239 was examined and it is about 12%.
The calculation/experiment (C/E) ratios of Np-237 and Pu-238 amounts in the PWR cell are
shown in Fig.2.4.2 and 2.4.3. The difference is about 2~3% of Np-237 amount between the
two cases of (n,2n) cross sections with energy limits of 10 and 20MeV. There is also the
effect on the amount of Pu-238 by about 2--5%. As a result, when the (n,2n) cross section 1s
considered up to 20MeV, it improves the calculation accuracy of Np-237 and Pu-238 amount.
From these results, it can be concluded for the accurate estimation of MA production that the
SRAC system is necessary to calculate the (n,2n) reactions with the upper energy limit of

higher than 10MeV.
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Table 2.4.1 U-238 (n,2n) cross sections in the "dirty Pu" cell of NEANSC benchmark

Fuel Code Energy o(n,2n)(x10bam)
Temp. Range 0GwWdn 50Gwdn"
300K MVP <20MeV 5.89+2 4% 5.85+2.5%
<10MeV 5.02+2 5% 4.98+2.4%
(0.852)% (0.851)
SRAC - <10MeV 475 4.76
g00K?! MVP <20MeV 5.71+2.5% 5.62+2.1%
<10MeV 4.87+2.6% 4.75+2.2%
{0.853) (0.845)
SRAC <10MeV 480 4.80

1} : Simulated fuel composition with 32 isotopes was used.

2) : Data of 800K are available only for U-235 and U-238 in MVP library.
3) : In parentheses is shown the ratio of the cases <10MeV / <20MeV.
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2.5  Development of Intelligent Reactor Design System IRDS (5)
- A Demonstration of a Prototype IRDS -

T. Kugo, K. Tsuchihashi, M. Nakagawa and T. Mori

We have developed a prototype of Intelligent Reactor Design System (IRDS)Y to
support reactor core design in the fields of neutronics and thermal hydraulics. A main purpose
of the system is to search a feasible region of design parameters and to decide an optimal sct
of them according to design criteria and goals. To achicve this purpose, functions of
parametric survey calculation and design window search have been installed together with
automatic generation of input data. The design process in the system is shown in Fig. 2.5.1.
The design steps shown in this figure proceed interactively according to window menus. The
system has been constructed on a SUN Workstation using the Open Windows system based
on X-Windows adopted as a standard platform for UNIX system.

To cover overall reactor core analysis for various types of reactors, we added the
following analysis modules into the system in FY 1993,

COOLOD-N : A thermal hydraulic analysis for research reactor corc with plate type
fuel assemblies,

CITATION : A recovery of core burnup analysis function included in CITATION,

COBRA/HCLWR : Sub-channel analysis for LWR.

We extended frame structures of data base of reactor configuration to include thermal
hydraulic information. Automatic input generation and output visualization become available
for the above analysis modules.

We have developed a procedure to search a design window in two dimensional space
with use of Al techniqucz).. This procedure is easy to cxtend to various technological fields
because of its feature, that is, its casiness of addition of design parameters and design criteria
in itself. We have applied this procedure to ncutronics design. Design windows can be
obtained from either viewpoint of neutronics or thermal hydraulics design. For the neutronics
design, sclected design parameters are pin diameter, pin pitch and fuel enrichment. As design
criteria, we considered (i) the initial excess reactivity or discharged fuel burnup, (ii) coolant
void reactivity and (iii) conversion or breeding ratio. They arc specified by user's requests.

We applied the prototype system to fuel pin design of a lead cooled fast reactor. We
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intended to find an optimal parameter set of pin diameter and pin pitch to realize high linear
heat rate and low fuel enrichment as goals. In this problem, we considered the following
conditions as thermal hydraulic design criteria; maximum cladding temperature < 720 °C and
pressure drop in a core < 2kg/cm?, in addition to the other typical design criteria. As for
neutronics; the conditions considered were initial excess reactivity > 0.0, coolant void worth
< 0.0 and breeding ratio > 1.0. We obtained several design windows for pin diameter and pin
pitch by changing linear heat rate and fuel enrichment. Figures 2.5.2 (a) and (b) are the
windows to realize the lowest fuel enrichment and the highest linear heat rate, respectively.
The intersection of the two windows is a feasible region from the viewpoint of both of
neutronics and thermal hydraulics design as shown in Fig. 2.5.2 (c). Thus, a reactor designer
could easily find and refine the feasible region of design parameters with the present system.

The goals were linear heat rate = 40kW/m and Pu enrichment = 11wt%.

References
1) Kugo T., et al.: M&C+SNA'93, Vol.2, p.199-209 (1993).
2) Nakagawa M., et al.: "Design Window Scarch Based on AI Technique”, J. Nucl. Sci.

Technol., 29, 1116 (1992).
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Fig. 2.5.1 Design process in prototype system of IRDS
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2.6 Development of Nuclear Design Code System for Advanced Reactors

K. Okumura

In research institutes or universities, the burnup management system well-coordinated
for a restricted reactor is not necessary but the system applicable to unusual and various
types of reactors is required. In order to reply to this requirement, a nuclear design code
system for various types of advanced reactors is under development. The system consists of
common frames to control overall calculational procedures, and several modules to solve
neutronics equations or thermohydraulics equations. The modules are exchangeable depending
on reactor types. It is favorable that several frames like a burnup management code or a
space dependent kinetics code use common modules and common data files.

Nodal Diffusion Calculation Module for Vector Processor

As a first work, a three-dimensional (X-Y-Z) nodal diffusion module was developed.
It is based on a fourth-order polynomial nodal expansion method (NEM) with a quadratic
transverse leakage approximation”. The spatial coupling between the nodes is expressed by
partial currents. The odd-even current sweep suitable for vector processors is adopted. In
addition, the nodes adjacent to the boundaries are treated apart from other nodes, because
many exceptional treatments for the nodes adjacent to the boundaries disturb efficient
vector calculations.

In this module, various boundary conditions are available. They are extrapolated,
reflective, periodic and rotational ones. One or two-dimensional calculations are available
with the reflective boundary condition. Furthermore, internal blackness is also available.
The internal blackness is treated as a usual material for fast groups but treated as an
extrapolated boundary for some of thermal groups. The extrapolated constants of the blackness
can be variable by blackness type and by group. This option is necessary especially for the
research reactor which uses a lump of strong neutron absorber as a control rod. Other main
features are an option to use discontinuity factor”, finite difference calculational mode, and
option to calculate kinetics parameters.

The performance of this module was examined in the well-known IAEA three-
dimensional benchmark prob]cm”. Two cases of calculation were done; the case with 20cm
of nodal width (A =20cm) and the case of A=10cm in every direction. Fig.2.6.1 shows the
results on k_, and axially averaged sub-assembly power. They are compared with a reference

solution® ( A=0.0cm), which is obtained by extrapolating the results of finite difference
solutions with several mesh-widthes by VENTURE code. Both of the present results show
very good agreement with the reference solution. The accuracy of the results corresponds to
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the solution of finite difference method with the mesh-width of tcm. The computational
times (CPU) are 2sec (A=20cm) and 13sec (A=10cm) with FACOM VP-2600 machine.
Vectorization ratio is more than 99%, and speedup factor of 17~40 is achieved by the
vectorization.
Feedback XS Preparing Module

In order to apply this system to various types of reactors, the module to produce
macroscopic cross sections (XSs) must be general for the reactor types. By extending the
XS feedback model of BWR, a general XS preparing module was developed. In this module,
XSs are expressed as a function of 10 parameters as shown in the following equation.

¥=%(F,R.E,UU,f4,Tm.T5,C:Nxe) -
F . fueltype
R : control rod type
E : burnup degree
p : relative historical coolant density (any coolant is acceptable)
P relative instantaneous coolant density
f4 control rod fraction
T, : average coolant temperature
T¢ : average fuel temperature
Cg : concentration of poison in coolant (any poison is acceptable)
Nx. : number density of Xe-135

The XSs are produced by the combination of a table interpolation scheme and a polynomial
fitting scheme with the XS-tables obtained by other sub-assembly burnup codes. The accuracy
of the produced XSs depends on the table-length and the order of polynomial expression
employed. They are optional depending on reactor types.

In this module, any system of units for the input parameters is acceptable. It is
internally converted consistently with an external file. Therefore, this module can be easily
connected to other neutronics or thermohydraulics modules. With the space dependent
parameters obtained by neutronics and thermohydraulic modules, this module prepares

space dependent XSs for any kind of reactors.

References

1) Finnemann F., Bennewitz F. and Wagner M.R. : "Interface Current Techniques for
Multi-Dimensional Reactor Calculations”, Atomkernenergie, 30, pp123-128 (1977)

2) Smith K.S. : "Assembly Homogenization Techniques for Light Water Reactor Analysis”,
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2.7 Development of New Analytical Nodal Method for Multi-Group Neutron Diffusion
Equation

Y. Asahi and T. Fujimura

Usually, the multi-dimensional, multi-group neutron diffusion equation is solved
iteratively. In the so—called "inner iterations” in these iterative methods, we numerically

solve for each group

DV -~0¢ = -8, | (1)

where D , o and s are the diffusion constant, the macroscopic removal cross section and the
neutron source, respectively. D and ¢ are assumed constant within a node. In the following,
we consider a rectangular node (2a x 2b x 2c) in the Cartesian coordinate system.

In an analytical nodal method, it is Tequired to give an analytical expression for the

solution to Eq. (1). In our present method, it will be given such that

. _ [cosh{ax) cosh (By) cosh (yz)
? (sinh(ax))x(sinh([}y))x(sinh(yz))"'H(X.Y,z) (2)

where

' (3)

“2+ﬁ2+72=%

and

Hix,y,2) = [Td&[an [Tdl clay.zi8n, O @m0 (8

In Egs. (2) and (3), among a, B and y, at most, two of them can be purely imaginary, while,
in Eq. (4), G is the Green's function associated with Eq. (1), which is normalized such that

(5)

al~

f:.def_id“ f_"cdc G(x,y,z:;§,M,0) =

First of all, we define the node-averaged flux ¢  such that

¢ = %abcf_idxf:dyf_‘;dz ¢ (x,y,2) . (6)
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For the time being, we restrict ourselves to the x—direction. We define the x-averaged flux

¢, (x) such that

_ 1 b c
Pulx) = = f_bdyf_cdz ¢ (x,y,2) . (7)

Let the surface—evaluated ( or interfacial ) quantities for flux ¢ and current J be defined

such that
¢, = P lza) (8)
and
- _p(Qe
th D( dx)x=ia * (9)

Similarly, for H(x,y,z), we define its surface—evaluated and node-averaged quantities.

After algebraic manipulations, we obtain the following relationships among these quantities

such that
— (T, . +J (J,., - J.
(Px* _ _ P ( x-:-z x—) — q ( X+2 X-) + ex (10)
and
— *(J *{J,, -
tp,p—fp-p (oo 7 Ty) | e ~ Ty + T, (11)
2 2
where
x o L, 1 1
q Da ( tanh (aa) aa ) s (12)
px = .._ta'rll.l..__._._.(_a_a) R (13)
Do
= D dH D dH
X =5 -H =~ X _ X X i X x X
T e +2(p q)(dx)++2(p +q)(—dx)_ (14)

and
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dH,
dx)_ . (15)

dH,
dx

X = _g_PD X 44X _D X _ X
6 H Hz(p g*) ( )+2(p a*) «

Node-averaged flux @ defined by Eq. (6) is related to H and J such that

_ — 1 dH, dH 1
=H+ — [(=2)_ - (=2),] - ———(Jp. —J,)
¢ 2aa? [ dx ) dx : 2aa2D( wox
1 dH, dH 1
=H+ —— [(=S) .- (=),) - —— (J,, - J,.) (16)
2bB? 4y dy 2bp2p T
- 1 dH, dH, 1
= K —_— —_— — —_— — -
* 2cy? a dz)' ( dz)"] ZCYZD(JZ* Jz-)

Suppose that neutron source s is constant within the node. Then, both 0% and t* as well as
the second term of RHS's of Eq. (16) vanish, since, with the help of Eg. (5), Eq. (4) vields

Hix,y,2z) = —ii (a constant) . (17)

If we substitute Eqgs. (10) and (11) into the continuity condition for ¢ at each node

interface

(@xs) from-node = (®Px-) to-node (18)
we obtain the tri-diagonal system of equations for interface neutron currents J,., which can
be solved by means of the well known Thomas method. It should be noted that the
preceding discussion for the x-direction is also applied to the y— and z~direction. Before
entering the inner iteration, neutron source s will be calculated by using neutron flux given
by Eq. (2).

The present analytical nodal methcd is characterized by the fact that the analytical
expression for the solution to Eq. (1}, namely, Eq. (2') is exact. In 1993, development of a

computer code based on the formulation stated above was started.

Reference

1) Kirk B. L., et al.: "An Iterative Algorithm for Solving the Multi-dimensional Neutron
Diffusion Nodal Method Equations on Parallel Computers”, Nucl. Sci. Eng., 11, 57
(1992).
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3. Reactor Physics Experiment and Analysis

The MOX fueled LMFBR mock-up experiments were conducted on the assembly
FCA XVII-1 at the Fast Critical Facility (FCA). The measurements and analysis were performed
on the following items;
- Doppler effect measurements of *U up to 800C: the measurements were performed using
metal, oxide and oxide with BeO admixture samples. The calculation of the ulira-fine group
collision probability code "PEACO-X" agrees quite well with the experiments expect for the
samples with BeO admixture.
- Doppler effect measurements up to 1500°C: the Doppler sample is contained in the tungsten
capsule. To evaluate the flux perturbation due to tungsten, the Doppler effect was measured
using two kinds of samples, one with thick tungsten capsule and the other with thin stainless
steel capsule. It was concluded that the: flux perturbation is well treated by the PEACO-X
calculation of the effective cross sections of capsules.
_ Measurements of the reaction rate ratio of *U capture to **Pu: measurements were carried
out in this assembly and the metallic-fuel LMFBR mock-up assemblies. The collision probability
calculation using JFS-3-I2 group constants agrees with the experiments within 1% for both
MOX and metallic fuel cores.
- Analysis of the sodium void effects: measurements were performed in this assembly and in
the metallic fuel mock-up assemblies. The analysis were carried out using JENDL-2 and
JENDL.-3.1 data library. The non-leakage term of the sodium void effect was well predicted
by JENDL-3.1 calculation except for that of **U core. The leakage term of the sodium void
effect was well calculated when the detailed cell heterogeneity is taken into account.
- B,C and Pu sample worth distribution were measured in this assembly. For the analysis, the
collision probability method and 70 group cross section set JFS-3-13 were used for the cell
calculation and the diffusion calculation was performed to obtain forward and adjoint fluxes.
The calculated worth distributions agree well with the experimental ones.

As a part of the examination of the neutronics calculation code for the design of
HTTR(High Temperature Test Reactor under construction), the reactivity worth of an HTTR
mock-up control rod was measured by the pulsed neutron method in VHTRC-4 core. The
experimental control rod worth was obtained by the Sjostrand method and Kosaly-Fisher
method. Calculation was carried out using two methods, namely, 2-D Sn cell calculation/ 3-D
diffusion core calculation and Monte Carlo method. The calculations agrees with the experiments
within 10%.

The analysis of Russian critical experiments on *U fueled Lead cooled Fast Reactor
was carried out. The analysis was performed for the experiments in the assemblies of ROMB
CA-1 to 6. In the analysis, the continuous energy Monte Carlo code MVP and JENDL-3.1
nuclear data library were used. The calculated results were compared with those of ENDF/B-1V,
-V and JENDL-3.2 calculations. '
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3.1 Mockup Experiments of MOX-fueled LMFBR in FCA Assembly XVII-1
S. lijima, H. Oigawa, T. Sakurai and A. Ohno

A critical experiment on oxide-fueled liquid metal fast breeder reactors was performed
using the fast critical assembly (FCA) facility following to the experiments of metallic-fueled
LMFBRs” 2%, Core physics parameters differ between an oxide-fueled core and a metallic-
fueled core, particularly in spectrum-sensitive parameters such as Doppler reactivity and
sodium void worth and in composition-dependent parameters such as breeding ratio. The
purpose of the experiment was to examine the reliability of the current data and method by
comparing the accuracy of physics parameter predictions in the oxide-fueled and the metallic-
fueled mockup core.

FCA assembly XVII-1 was built as the reference core of oxide-fueled LMFBRs. The
following physics properties were measured in assemblyXVII-1;

1) sodium void, Doppler reactivity and B,C control rod worths
2) axial fuel expansion reactivity worth

3) small sample worths for fuel and structure materials

4) reaction rate distributions and reaction rate ratios.

Assembly XVII-1 (shown in Fig.3.1.1 in holizontal cross-section, and in Fig.3.1.2 in
1-z model) is a zone-type partial mockup core and has a cylindrical test region (~ 69 cm in
diameter and ~ 152 cm high) in the inner part of the assembly. The test region is surrounded
radially by the driver rigion, which serves to maintain criticality, and further enveloped by
the radial blanket. The T2 drawers, which consists of the core cells and the axial blanket
cells, are loaded in the test region. The plate arrangement of the drawer is shown in
Fig.3.1.3. Plutonium enrichment of the core cell is 11wt%. The fissile material density of
the driver region is about twice that of the test region.

The physics parameters are analyzed using the cross-section library JENDL-2 © and
JAERI's standard calculation system for fast reactor neutronics 9. The JFS-3-12 group
constant set © with a 70 energy group structure (0.25 lethergy width) is generated from
JENDL-2. Infinite-medium cell calculations are made by using the JFS-3-J2 set. These
basically involve two steps; resonance shielding for heavy isotopes by the “table lookup”
method and calculation of the flux fine structure by the collision probability method. Cell
averaged group constants are prepared by flux-volume weighting to preserve the reaction
rates of the heterogeneous cell. Anisotropic diffusion coefficients are also prepared by
Benoist's formula.”’ The core calculation was made using the diffusion theory in r-z geometry
and 70 energy groups. The reactivity worths such as sodium void and Doppler reactivity
were calculated by perturbation method based on diffusion theory. The cell-averaged group
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constants and the neutron flux from the core calculation were used. The reaction rates were
also calculated by using the same group constants and the nentron flux. Another core
calculation was made to analyze the criticality by using the diffusion theory in x-y-z geometry
and 25 energy groups. Data used in the calculation were collaped to 25 energy groups by the

region-averaged spectra in the r-z calculation,

Assembly XVII-1 had features that facilitated comparison between oxide and metal

cores. The results of assembly XVII-1 were compared to those of the prior metallic-fueled
cores. The experiments and their analyses will be published in JAERI-M report.
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3.2  Doppler Effect Experiment in MOX-LMFBR Mockup Core FCA Assembly XVII-1
M. Andoh, S. Okajima, H. Oigawa and T. Mukaiyama

In the analysis of Doppler effect experiment, an ultra-fine group collision probability
code PEACO-X" was developed to consider the resonance interaction effect between the
Doppler sample and the adjacent core. We carried out Doppler effect experiments for six
Doppler samples of different compositions. The accuracy of effective cross sections calculated
by PEACO-X was evaluated using measured data.

Doppler effect of *U was measured in temperature range up to 800 C at FCA
assembly XVII-12 which is a mockup core of MOX-LMFBR. Doppler effect is obtained as a
reactivity difference between the reactivity when a heated sample is placed at the core center
and that of an unheated sample at the core center. Table 3.2.1 shows the size and weight of
each sample used in the experiment and the experimental results at 800 T.

In the analysis, Doppler reactivity worths were calculated by the first order perturbation
theory using JENDL-3.1 library”. Two calculation codes were used to obtain 3G of the
Doppler samples (i.e., the effective cross section change caused by the temperature change of
the sample). One is a conventional cell code, SLAROM?, which calculates effective cross
sections with a 70 group structure using shielding factor tables, and the other is PEACO-X.
The reat and adjoint fluxes with a 70 group structure were obtained from the two-dimensional
diffusion calculation for the R-Z model using CITATION®.

For the UQ,(2.5cm®) sample, PEACO-X and SLAROM calculations are compared in
Fig. 3.2.1 for 8¢ in 28J capture cross section and energy breakdown of Doppler reactivity
worth at 800°C. As shown in the figure, considering the resonance interaction effect, dc
obtained from PEACO-X is larger than that from SLAROM above 300eV, which enlarges
the Doppler reactivity worth by PEACO-X. A comparison between the calculated and
measured Doppler reactivity worths at 800 C is also shown in Table 3.2.1. By comparing
the C/E values between SLAROM and PEACO-X calculations, it can be concluded that the
PEACO-X calculations for all samples are better than the SLAROM calculations. For
U(metal) and UQ, samples, PEACO-X calculations agree with experimental results quite
well and there is no large discrepancy among these C/E values by PEACO-X. These results
show that the 8 is improved by PEACO-X and that composition dependency of C/E values
disappears for these samples.

For UO,+BeO(1:1) and UQ,+BeO(1:5) samples, the PEACO-X calculation, however,
underestimates the experimental values considerably. We assume that diffusion theory is not
appropriate to calculate neutron flux distribution in the region which contains large amount
of scattering materials such as BeO. Therefore a transport code TWOTRAN® was used to

- 83 ——
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calculate real and adjoint fluxes for two samples which contains BeO. A comparison of C/E
values between CITATION and TWOTRAN calculations is shown in Table 3.2.2. From the
table, the C/E values of the UQO,+BeO(1:1) sample and of the UO,+BeQ(1:5) sample are
improved about 8% and 18%, respectively. As for the UO,+BeO(1:5) sample, the TWOTRAN
calculation still underestimates the experimental value by more than 10%. Further investigation

about TWOTRAN calculation (e.g., mesh points, Sy order) is under way.
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Table 3.2.1 Comparison between the calculated and measured Doppler reactivity worths at

800 C for each sample

Sample Diameter™™" Mass of 2*U Expt. C/E value

composition’ (cm) () (10 Ak/k) SLAROM PEACO-X
U(metal) 2.5 1337 -16,78 £1.4% 0.908 0.946

- U(metal) 2.0 863 -10.97 £2.3% 0.909 0.953
uQ, 2.5 601 -8.291+2.2% 0.884 0.952
UQo, 2.0 374 -5.26 +4.0% 0.875 0.952
UO,+Be0(1:1)” 2.5 292 -4.89 +3.5% 0.796 0.880
UO,+BeO(1:5) 2.5 97 -1.9519.2% 0.623 0.733

* . Uranium of all samples is natural Uranium.

*% : Values in parenthesises are the volume ratio of UO, to BeO.

*%% . Length of all samples is 15 cm.
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Table 3.2.2 Comparison of C/E values between CITATION and
TWOTRAN calculations combined with PEACO-X’

Sample - C/E value
CITATION TWOTRAN
UO,+BeO(1:1) 0.880 0.938
UO,+BeO(1:5) 0.733 0.871

* - It means that PEACO-X is used for the & calculation.
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Fig.3.2.1  Comparison of 8¢ in **U capture cross section and energy breakdown of
Doppler reactivity worths for UO,(2.5cm®) at 800 C between SLARCM and
PEACO-X calculations
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3.3  Analysis of High Temperature Doppler Effect Measured at FCA
(Evaluation of Flux Perturbation Effect Caused by Structural Material in
Experimental Device)

$. Okajima, H. Oigawa, M. Andoh, T. Mukaiyama and K. Fushiki'

The high temperature Doppler effect measurements for **U have been carried out
using new experimental devices at FCA™?, In the analysis of Doppler reactivity worth for
temperature change up to 1500°C, the calculation still underestimated the experimental values
about 10% after considering the following effects: the resonance interaction effects between
the hot sample and the adjacent cold core ¥ and the resonance overlapping effect between
the sample and the structural material in the experimental devices. The discrepancy between
the calculation and the experiment may be caused by the poor calculation of real and adjoint
fluxes near the sample. In this area fluxes are perturbed considerably by the experimental
device made of tungsten and stiinless steel. In order to evaluate this flux perturbation effect,
the Doppler reactivity worth was measured for the Doppler sample enclosed in a thick
tungsten capsule (DUO2-20W). The measured data was compared with that for the Doppler
sample enclosed in a thin stainless steel capsule (NU0O2-20). The analyses were made for
these measurements using the collision probability code with an ultra-fine group structure,
PEACO-X*.

Table 3.3.1 shows the composition of both Doppler samples. The measurement was
carried out at the core center of FCA assembly XVII-1 which is a mockup core for the
prototype MOX-fueled fast reactor . The experimental resulis are also shown in the table.
The Doppler reactivity worth per unit mass of **U for the DUO2-20W sample is smaller than
that for the NUO2-20 sample since the tungsten capsule causes stronger flux depression.

The Doppler reactivity worth was calculated by the first order perturbation theory.
The unperturbed real and adjoint fluxes with a 70-group structure were obtained from two-
dimensional diffusion calculation for the R-Z geometry. This geometry contains the Doppler
sample and the homogenized experimental device region. The conventional cell code,
SLAROM ®, was used to calculate the effective cross sections of core and blanket regions.
The PEACO-X code was used to calculate the effective cross section of the Doppler sample.
The effective cross sections of the homogenized experimental device, EZf’;Pt, were calculated
using both cell codes and were compared. In this analysis, the JENDL-3.1 data™ was used.

The TS are compared in Fig. 3.3.1 between SLAROM and PEACO-X calculations.
The PEACO-X gives smaller value than the SLAROM below 10 keV since the PEACO-X

1 Summer student from Nagoya university
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calculation considers the self-shielding effect for the structural material of the experimental
device. The C/E value for DUO2-20(W) increased by about 20%, as shown in Table 3.3.1.
This effect for NUO2-20, however, was quite small because tungsten was not used. There is
no large discrepancy between C/E values for both Doppler samples when the ngpt of PEACO-X
calculation was used in the flux calculation.

The flux perturbation effect was considered in analyzing the high temperature Doppler
effect experiment. The C/E values are shown in Table 3.3.2 together with the previous
calculations. The calculated Doppler reactivity worths increase by 8 % from the previous
calculations. The discrepancy between the calculation and the experiment using the new
experimental device is quite similar to earlier experiences below 800°C ? when the flux

perturbation effect is taken into account.

References _

1) Okajima S., Oigawa H., Mukaiyama T., et al. : Trans. Am. Nucl. Soc., 66, 523 (1992).

2) Okajima S., Oigawa H., Andoh M. and Mukaiyama T. : “Doppler Effect Measurement
up to 2000 °C at FCA”, Proc. Int. Conf. on Nuclear Data for Science and Technology,
(Gatlinburg, USA) (1994).

3) Okajima S., Oigawa H. and Mukaiyama T. : J. Nucl. Sci. and Technol., 31, ( 1994) (to be

published).

4) Okajima, S., Oigawa, H. and Mukaiyama, T. : “Measurement of Doppler Effect up to
2000 °C at FCA (3) -Development of a Cell Code, PEACO-X, with Ultra-fine Group
Structure-", JAERI-M 92-185, (in Japanese), (1992).

5) lijima S., et al. : “Mock-up Experiment in Mox-fueled LMFBR in FCA Assembly XVII-
17, Section 3.1 in this report.

6) Nakagawa M. and Tsuchihashi, K. : “SLAROM: A code for cell Homogenization
Calculation of Fast Reactor”, JAERI 1294, (1984).

7) Shibata, K., et al. : “Japan Evaluated Nuclear Data Library, Version -3 -JENDL-3-7,
JAERI 1319, (1990).



JAERI-Review 94-009

X-0DVHd PUe NOYVIS U=amiaq

MOZ-ZONA 10} 221a3p [euswiradxa paziudadowoy a2yl jo

uONI9S §50ID ANV ddossordeus jo uosuedwo) [°¢¢ 814
(A®) ABisua uonneN

0L ,01 Ot Ok

- xlooqml - - - aem
WOHY S mmm— Buueneog

(W0} uonoes ssor0 8Ald8LS 2100280498\

-JUROJE OJUT UANE] $1 1000 uoneqenuad X[y s11 ,

£96'0 £68°0 2.0081 - 0.0
1£6°0 £98°0 20011 -3.0C
¥E6'0 9980 2008 -2.0¢

£ O[ED JUISALJ  OJeD SNOLAAL]

30

adueyd amjeroduza ],

1010va1 15e) adA10101d
Pa1on)-X OIA U0 2100 dnyoow € Je paInseau sylom AJIAnIeal
Torddoq samieradwa) Y3y Joj sanfea 9/ 7'C°E QIqeL

"IBEU [°Q7 ST JSISURIP IAINO SUJ, SSSUMNDHY} UnUg
JO Teyowr u2is3un] Aq paraaod st apdwres ay],  yizom Ananowax sopddo(g
uo 159y)2 voneqiniad xnjy jo uonen[eAa 10] paredsad st ojdures sy

£66°0 0L60 X-00vid
7560 2080 WOAVIS
dxg/ oD
S0 0FIY 1~ 90°0F8T1- 2.008 -2.0T
(N, 30 AV, O1%) Wowadxy
- OLY'9 udsdungy,
0Ty 0S¢0 1IN
voL'1 28Rl uoay
co6r 0 610 wnnuory)
uu_>®U 1dX9 "OUIOH
SOy OTy uadhxo
800°C 9T1'e Nger
¥10°0 2000 Nz
Eﬂaﬁm .—OMQQOQ
(wof#_ 01) ANsusp woly
L'9LE T'68¢ (@ neoL
0S1x0°07 0S1xg'6]  (ww) (Ip3ua] X'BIP) UOISUDUII(
0Z-ZONN  +(M)0Z-TONd ordures 1opddo(q

1019131 158} ad£10)01d paton]-XOJA U0 2100 dnyoow € ur §1[nsax
rawuadxs pue apduwres sopddo(g Jo suomsodwio)y 1°€'€ S[QeL



JAERI-Review 94-008

3.4 Measurement and Analysis of B4C and Pu Sample Worth Distribution in

FCA Assembly XVII-1
Y. Nagaya, A. Ohno and T. Osugi

In order to investigate the spatial dependence of B,C and Pu samples on the reactivity

worth, the experiment was carried out in FCA Assembly XVII-1 1 which was a typical MOX-

fueled core. In this experiment central DUO,, plates in the central drawer of the fixed core were
replaced with Al plates. Each Al plate was substituted for the sample of B4C or Pu in turn. The

sample worth was estimated from the reactivity difference between with the sample and without
the sample.

The analysis was also carried out using several models for calculation. Use was made of
the collision probability code SLAROM? with the 70 group cross section set JFS3-J3 3) based

on the evaluated data library JENDL-3.1% to perform the cell calculation. Forward and adjoint

fluxes were calculated by using the diffusion calculation code CITATION -FBR? with the cross
section data obtained by the cell calculation. The sample worth was then calculated by using the
perturbation code CIPER® based on the diffusion theory.

Figure 3.4.1 shows the comparison of B,C sample worth between the experiment and

the calculation. The calculated values in this figure were evaluated on the basis of the exact
perturbation theory and taking mesh effect into consideration. The calculated values are in fairly
good agreement with the experimental ones. Figure 3.4.2 shows the comparison of Pu samplé
worth between the experiment and the calculation. Pu sample worth was calculated in the same
model as B,C sample worth. Mesh effect was found to be negligibly small for Pu sample
worth. Most of the calculated values are in fairly good agreement with the experimental ones.
However, there is a large discrepancy between the calculated value and the experimental one at

1Z. The calculated values at 67, 87, 117 and 15Z underestimate the experimental ones. The

discrepancy at 1Z may be caused by the existence of stainless steel between the movable core

and the fixed one.
Good results were obtained in the case of B 4C. However, further investigation is

necessary to improve the results for Pu worth.
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3.5 Benchmark Experiment of Metallic-fueled LMFBR at FCA - Reaction Rate Ratio

T. Sakurai, T. Nemoto and S. lijima

Measurements of 2*U capture to **Pu fission rate ratio(C8/F9), which is important as an
index of a breeding ratio, were made in metallic-fueled LMFBR mock-up cores(FCA assemblies
XVI-1Y and XVI-2?). The purpose of the present measurements was to evaluate the reliability
of calculation for breeding behavior of a metallic-fueled LMFBR which has a harder neutron

spectrum than a Mox-fueled one as shown in Fig.1. The measurement was made also in a

Mox-fueled LMFBR mock-up core(FCA assembly XVII-1%).

0.1 P—r=r=rrror—r-rrrrmr—r-rrrrmrrTr T

0.08 - Metallic - =
Mox-fueled <% fueled
0.06 F LMFBR LMFBR -

0.04

Flux/Lethargy
{arbit. unit)

0.02

10° 10* 10° 10° 10/
Energy (eV)

Fig.1 Comparison of calculated neutron spectra between
metallic-fueled and Mox-fueled mock-up cores

Cell averaged values of the reaction rate ratios were measured by a foil activation
technique” at the core center where a spectrum of metallic-fueled core is well established. A
comparison of the measured results of C8/F9 between the cores is shown in Fig.2. More than
20% smaller values of C8/F9 were observed in the metallic-fueled cores than in the Mox-fueled
one. These large reductions are caused by a harder neutron spectrum of the metallic-fueled
core than that of the Mox-fueled one.

Analyses of the reaction rates were made by using JFS-3-J2 group constants set”.
Effective cross sections were calculated by a collision probability method with SLAROM
code® in one dimensional infinite slab geometry. Neutron flux was calculated by 70-group
anisotropic diffusion theory. Calculation to experiment ratios(C/E) of the C8/F9 are

summarized in Fig.3. The calculated value agrees well with the experimental one within 1%
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in all of the present mock-up cores where the value of C8/F9 varies considerably.
It was concluded that the accuracy of the calculation based on JFS-3-J2 group constants

set on the central C8/F9 in the metallic-fueled core is the same as that in the Mox-fueled one.
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3.6 Evaluation of Calculation Accuracy for Sodium Void Worth Based on FCA
Measurement

H. Oigawa, S. lijima and M. Andoh

Sodium void worth is one of the most important parameters that affect the safety of
fast reactors. The accurate calculation is, however, very difficult since it consists of two
contrary terms, namely, the positive non-leakage term and the negative leakage term. In this
study, calculation accuracy of these two terms is separately evaluated using the measurements
at FCA.

Experiment

Measured data at assemblies XVI-1, XVI-2 and XVII-1 were used for the evaluation.
The former two assemblies are mock-up cores of metallic fueled fast reactors and the last one
is that of MOX fueled fast reactor. Enriched uranium and plutonium were used as. the fuel in
XVI-1, while only plutonium was used in XVI-2 and XVII-1. These composition differences
result in the differences of neutron spectra and adjoint neutron spectra, which largely affect
the non-leakage term. Hence, the wide range of the calculation accuracy of the sodium void
worth can be obtained based upon the measurements at these assemblies.

The axial distribution and the void volume dependence were measured. In these
measurements, the sodium void was simulated in the central nine (3 %3} drawers in the fixed
half of the tube matrix of FCA by replacing sodium containing cans by void cans. For the
axial distribution measurement, the area of the voided region was 17 ¢cm x 17 cm, and the
depth of it was 5 cm which corresponds to the cell size. For the volume dependence
measurement, the area of the voided region was same as above, but the depth of it was varied
from 10 c¢m to 46 cm, which correspond to the volume change from 2.8 ¢ 10 12.5 ¢.

The reactivity worth was obtained from the difference of excess reactivities caused by
the replacement of the plates.

Calculation

Two sets of 70-group effective cross sections based on JENDL-2 and JENDL-3.1
were prepared using cell calculation code, SLAROM. The core calculation was performed
by Benoist's anisotropic diffusion theory with rz-mode. The reactivity worth was then
calculated by the first order perturbation theory for the axial distribution measurement and by
the exact perturbation theory for the volume depehdence measurement. The transport correction
was applied to both calculations.

In the preparation of the anisotropic diffusion coefficients, detailed heterogeneity of
sodium containing cans and void cans was considered to calculate the neutron streaming

effect propetly.
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Results

The ratios of the calculated sodium void worth to the measured one (C/E values) at
the core center are shown in Table 3.6.1. Since the leakage term at the core center is
negligible, C/E values in this table directly indicate the calculation accuracy of the non-leakage
term. The calculation by JENDL-2 generally overestimates the measured sodium void worth
by 10 to 20 %, while that by JENDL-3.1 agrees well with the measurements except for that at
XVI-1 which contains U-235 in the inner core.

Energy breakdowns of the worths are also shown in Table 3.6.1. The smaller worth
by JENDL-3.1 is mostly resulted by the smaller component in the energy range from 19 to
640 keV. In JENDL-3.1, the neutron capture cross section of U-238 is 10 % smaller than
that in JENDL-2 around 100 keV. This éhange makes the adjoint neutron spectrum flat, and
as a result, it reduces the positive reactivity worth caused by the neutron spectrum hardening.

To examine the calculation accuracy of the leakage term, the measured and the calculated
axial distributions of sodium void worth are compared in Fig.3.6.1. In this figure, the
non-leakage term of the calculation is multiplied by the inverse of the C/E values in Table
3.6.1, which are not affected by the leakage term, so as to exclude the error of the non-leakage
term. Since the difference of the leakage term between JENDL-2 and JENDL-3.1 is small,
the results calculated only by JENDL-3.1 are shown in the figure. The calculation agrees
very well with the measurements even at the core edge where the magnitude of the leakage
term is significant. If the detailed heterogeneity of the plates is not considered in the cell

calculation, the absolute value of the leakage term generally decreases by 5 ~ 10 % because

of the underestimation of the neutron streaming effect.

The results of the void volume dependence are shown in Table 3.6.2 for assembly
XVII-1. Good C/E values after the correction of the non-leakage term suggest that the most
part of the discrepancy between the measurement and the calculation comes from the non-
leakage term and that the calculation accuracy of both terms are independent of the void
volume.

The results of the accuracy evaluation are summarized as follows;

1) As to the non-leakage term, the calculation error by JENDL-3.1 is within 5 % for both
metallic fueled fast reactors and MOX fueled ones, when their fuel does not contain
U-235.

2) As to the leakage term, both JENDL-2 and JENDL-3.1 give fairly accurate values, when
the detailed cell heterogeneity is taken into account.

3) These conclusions are independent of the void volume within the range of the present

measurement.
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Table 3.6.1 C/E values of sodium void worth at core center

Fuel type Energy breakdown (10™Ak/k)
Assembly Data file C/E
(Fissile) Total ~10keV  19~640keV 640keV ~
XVI-1 Metal JENDL-2 122(28%)® 093 -0.10 0.45 0.58
(Pu+EU) JENDL-3.1 1.11 0.85 -0.10 0.37 0.58
XVI-2 Metal JENDL-2 1.08 (2.5%) 1.08 -0.08 0.76 0.40
(Pu) JENDL-3.1 0.96 0.96 -0.09 0.67 0.38
XVII-1 MOX JENDL-2 1.15(4.5%) 0.62 -0.14 046 0.30
(Pu) JENDL-3.1 0.95 0.51 -0.15 0.37 0.29
(a) Experimental error
Table 3.6.2 Sodium void worth for large region (XVII-1)
Void volume Experiment Component @ (10" Ak/K) C/E C/E after correction™
(£) (10'4Ak/k) Non-leakage Leakage JENDL-2 JENDL-3.1 JENDL-2 JENDIL-3.1
28 1.01£0.02 1.02 -0.04 1.20 0.98 1.01 1.02
8.4 1.88 +0.02 2.62 -0.84 1.24 0.95 0.99 1.00
12.5 0.9710.02 3.24 -2.36 1.61 0.90 1.01 1.04
{a) Calculated by JENDL-3.1
(b) Non-leakage term is divided by the C/E values in Table 3.6.1.
1 O '-""'B, T _1- .Al- -I T T T ] 1t 1 | T 1 ¢t 1t | 171
< L RN XVI-1 4
X - .. Core edge A
=2 0.5 . Y —
'g_> - XV . T 7
Z - .
- - .
o)
£ - 4
©
5 0.0 :
g L a Y.
5 BN
i O AV  Experiment w B
- ST=oC  Cale. (JENDL-3.1) v
-0.5 —
L 1 L L I L 1 1 1 I 1 1 1 i I 1 L 1 1l ‘ 1 1
0 10 20 30 40

Distance from core center {cm)

Fig.3.6.1 Comparison between calculated and measured axial distribution
of sodium void worth
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3.7 Measurement of Control Rod Reactivity Worth in Axially Heterogeneous
Fuel Core by PNS Method

F. Akino, M., Takeuchi and T. Ono

In the design of the HTTR, the control rod worth and the reactor shutdown margin must
be determined accurately. To examine the accuracy of neutronics calculation code, we
measured the reactivity worth of an HTTR mockup control rod in the VHTRC-4 core by the
pulsed neutron source (PNS) method.

The VHTRC-4 core is loaded with 2, 4 and 6wt% enriched fuel in an axially zoning
pattern. This core reaches a critical point by 284 fuel rods. The HTTR mockup control rod
consists of a stack of neutron absorbing pellets (outer diameter : 89.6mm, inner diameter :
60.0mm, height : 25.2mm, boron content : 38.3wt%, stack length : 1150mm) inserted into a
stainless steel tube.

In the PNS experiments, the core loaded with 276 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 are shown in Fig.3.7.1. The subcritical reactivity of the core
without the HTTR mockup control rod was 0.43% which was determined from the fuel rod
worth measured in a critical core. The HTTR mockup control rod was inserted in a hole of
the central column indicated in Fig.3.7.1. The BF, counters were placed at 48 points in 12
fuel blocks. To get the most probable measured value, the experimental data were analyzed
by two method, i e., 1) integral version, 2) revised King-Simmons methods. The raw data
were analyzed by the Sjdstrand method using the ALPHA-D code’. Area ratios of the
prompt to delayed modes by the Sjdstrand method were obtained at the 48 measuring points.
The arca ratios, i. e., the reactivity values are shown in Fig.3.7.2. The minimum and the
maximum values were 13.5% and 52.38$, respectively. Analyzing these results by the integral
version of Kosaly and Fisher's method?, we obtained the reactivity worth of the HTTR
mockup control rod as 20.7+0.3$ (0 ). The reactivity worth (0 g ) obtained by the
revised King- Simmon's pulsed neutron method” is listed in the Table 3.7.1.

Calculations were carried out of the HTTR mockup control rod worth using the two
methods, i. e., 1) two dimensional Sn method cell calculation/three dimensional diffusion
core calculation, 2) Monte Carlo methods. Two calculational methods were adopted for
comparison between homogeneous one region group constants model and heterogeneous two
region group constants model for taking account of precise geometry of central block with the
HTTR mockup control rod in the core calculation. The cell calculation was carried out by the
SRAC code? with ENDF/B-IV nuclear data library. The double heterogeneities of fuel rods

r97__
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in a graphite block and coated particles in a fuel compact was taken into account in the
calculation of group constants of fuel block. The group constants of central block with the
HTTR mockup control rod were prepared by the Sn method using the TWOTRAN code (X-Y
geometry, S, approximation). Thermal neutrons in the energy range from 0.0eV 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 sections of 61 groups were condensed into 24 groups for the core calculation. The
group constants for reflector were condensed by means of asymptotic spectrum. The calculation
of reactivity worth was carried out using these group constants by threc dimensional diffusion
approximation in the core calculation. For the Monte Carlo method, the group constants of
fuel rod were calculated by pin rod cell model in the cell calculation and the group constants
of central biock with the HTTR mockup control rod were prepared by the collision probability
method. The GMVP code® was adopted for the Monte Carlo calculation to take account of
the precise geometry of central block with the HTTR mockup control rod. The calculated
values are shown in Table 3.7.1. The calculations by both methods predicted the experimental

results with 10% accuracy.
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Table 3.7.1 Measured and calculated values of HTTR mockup
control rod worth in the VHTRC-4 core

Measured value($) Calculated value($)
Og O ris Sn/Diffusion Monte Carlo
207203 194*03 18.60 19.0x0.3

_98i_
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3.8  Analysis of U-235 fueled Lead Cooled Fast Reactor Critical Experiments
H. Akie, H. Takano and K. Kaneko®

On developing lead cooled fast reactors, some critical experiments have been
performed in Russia to validate the reactor physical data and methods used for the design
calculations. These critical experiments have been also analysed in JAERIY, and the results
for the Pu fueled assembly BES-61 were already reported last year in this annual reportz).
Here, the results of the analysis of assemblies ROMB CA-1~6 are shown. These assemblies
are the U-235 fueled cores of R-Z geometry surrounded by lead reflector, except that CA-1
has not reflector.

Analysis of these assemblies was carried out by using the continuous energy Monte
Carlo code MVP. The evaluated nuclear data library JENDL-3.1 was mainly used, and
intercomparison was also made between the results obtained with the different evaluated
nuclear data libraries such as ENDF/B-1V, ENDF/B-V, and the latest evaluated data JENDL-
3.2. From the results, the reliability of the nuclear data was also studied.

The multiplication factors calculated with MVP for the assemblies are summarized in
Table 3.8.1. Tt is noticeable, first of all, that the results obtained by using the lead cross
sections in JENDL-3.2 and ENDE/B-IV are overestimated about 0.5~3%. Figure 3.8.1 shows
the elastic scattering cross section data of lead from ENDEF/B-IV, JENDL-3.1 and JENDL-3.2.
The large discrepancies are found in the 100keV energy range. The large elastic cross section

leads to the small neutron leakage from the core, and causes the large multiplication factor.

Table 3.8.1 Effective multiplication factors of ROMB assemblies calculated by MVP code

JENDL-3.1 J3.1+J3.2(Pb)  J3.1+B4(Pb) J3.1+J3.2(U5)  J3.1+B5(U5)
CA-1  1.0013+0.05% . - 1.000820.07%  0.9957+0.08%
CA-2  1.0030£0.08%  1.0064+0.07%  1.010120.08%  1.0010+0.08%  0.9939+0.09%
CA-3  1.0015:0.09%  1.0049+0.05%  1.0112+0.09%  1.0000+0.08%  0.996110.10%
CA-4  1.0061+0.08%  1.0175+0.08%  1.0275+0.09%  1.003420.05%  0.998120.09%
CA-5 1.0061+0.08%  1.0214:0.09%  1.0333£0.10%  1.0047:0.10%  0.9950+0.10%
CA-6  1.0056+0.09%  1.0203+0.10%  1.0306+0.08%  1.0021+0.09%  0.9967:0.09%

J3.1 : JENDL-3.1, J3.2 : JENDL-3.2, B4 :

ENDF/B-1V, BS

- ENDF/B-V and U5 : U-235

* The Japan Research Institute, Ltd., Tokyo
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In Table 3.8.1, it is 14 - ——r T
also seen that the results o o JENDL-3.1
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Fig. 3.8.1 Elastic scattering cross sections of Pb natural

because CA-1 1is almost

uranium. In the table, the
U-235 data of ENDF/B-V underestimate slightly the multiplication factors and in better
agreement with the experiment. The new data, JENDL-3.2, improves the overestimation of
JENDL-3.1.

The one group effective cross sections of U-235 in the ROMB CA-1 assembly are
compared in Table 3.8.2, to consider the differences between evaluated data files. It can be
seen that the difference in fission cross section is small between JENDL-3.1 and JENDL.-3.2,
while the production cross sections (voy) differ each other. This indicates the discrepancies
in v values. Both the fission and production cross sections of ENDF/B-V data are smaller
than the JENDL-3.1 data. The v values evaluated as the ratio of voy/Gy, from the results of
MVP calculation, are compared in Fig. 3.8.2. By comparing the JENDL-3.1 and -3.2 data, the
discrepancies are found in the energy ranges E>1MeV and E=200~300keV. In the MeV
energy region, v value in JENDL-3.1 is larger than that in JENDL-3.2. The energy dependent
structure of v observed between 200 and 300keV in JENDL-3.1 data disappeared in JENDL-
3.2 data. For these reasons, the overestimated multiplication factors obtained by JENDL-3.1

data for U fueled cores are improved in the calculations with JENDL-3.2 data.

References _

1) Akie H., et al. : "Analysis of Critical Experiment BFS-61 by Using the Continuous
Energy Monte Carlo Code MVP and the JENDL-3.1 Nuclear Data", Proc. Int. Topical
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Table 3.8.2 One group effective cross sections of U-235 in ROMB CA-1 (barns)
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4 Advanced Reactor System Design Studies

Innovative concepts of advanced reactor systems have been developed to meet vartous
needs for nuclear energy in next century.

A new concept of loop-type JAERI Passive Safety Reactor (JPSR) is being
developed to reduce the manpower in operation and maintenance and influence of human
error on reactor safety. The JPSR has the following features: an inherent matching nature
of core heat generation and heat removal, in-vessel control rod drive mechanism units, low
power density core, once—through steam generators, climination of chemical shim, a large
volume pressurizer, passive residual heat removal systems, passive engineered safety
systems and elimination of emergency diesel generator. In order to develop and improve
the reactor design, analytical and experimental studies have been performed.

The system-integrated pressurized water reactor (SPWR) is being continuously
designed since 1986. The major features of SPWR are; an integral reactor in which all
primary coolant system components are located in a reactor vessel, a passive shutdown
system using poison tanks filled with high concentration borated water, passive emergency
feed water system and heat removal system, and a water—filled containment vessel.

A feasibility study of lead-cooled fast reactor (LCFR) with nitride fuel assemblies
has been performed from the view point of scismicity and plant cost. The results
indicated that the reactor structure has the integrity against 2G seismic acceleration
condition and the total cost can be reduced more 10 % than that of Na-cooled plant.

A concept of PWR with once—through weapons plutonium bumning fuels were studied.
In order to estimate the discharge burnup and plutonium transmutation characteristics, core
burnup and reactivity coefficients calculations were performed.

A combination of pebble-bed type high temperature gas cooled reactor (HTGR) and
magneto—hydrodynamic (MHD) generator has been proposed for high efficiency (57.3 %)
clectric power generation.

A conceptual studies of lithium cooled pebble bed reactor with a potassium Rankine
cycle turbine generator has been performed for use in a moon base. The design efforts
were made to increase safety during a launch phase and minimize the specific mass.

In this chapter, followings are in charge of sections in parenthesis: passive safety
reactor systems laboratory (4.1 through 4.6), special researcher Dr. Sako (4.7), reactor
system laboratory (4.8 and 4.9), and thermal reactor physics laboratory (4.10 and 4.11).
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4.1 Concept of JAERI Passive Safety Reactor JPSR
Y. Murao, F. Araya, T. Iwamura and K. Okumura

The conceptual design of JAERI Passive Safety Reactor (JPSR) and flow diagram of
primary system with passive safety system are shown in Figs.4.1.1 and 4.1.2, respectively.
Major parameters of JPSR are listed in Table 4.1.1. The features of J PSR are describe. More
detailed information on the JPSR design is explained in reference 1).

In the design of the inherent matching of core heat generation and heat removal in the
nuclear steam supply system (NSSS), large reactivity coefficient on moderator density and
small negative reactivity coefficient on fuel temperature (Doppler effect) and small dependency
of steam temperature on heat removal rate were found to be essential for a closed primary
coolant system from aprc—analysisT). And the elimination of chemical shim is also found to be
essential to increase reactivity coefficient on moderator density. In order to eliminate chemical
shim in-vessel control rod drive mechanisms (CRDMSs) which are being developed for a
concept of a new marine reactor being designed at JAERI2) are adopted. The reasons are that
the elimination of chemical shim requires increase of control rod drive mechanism units to
compensate decrease in reactivity due to burnup of nuclear fuel and reactivity margin in cold
state in the coolant. For reducing Doppler effect low power density core is adopted. And for
obtaining independence of steam temperature on heat removal rate once-through type steam
gencrators (SGs) are adopted. The low power density core is also effective to reduce thermal
load on the fuel in emergency. _

The chemical and volume control system (CVCS) can be dramatically simplified by
adopting a large pressurizer, since volume control system of the primary coolant in operation
and boron concentration contro! system are unnecessary and only chemical control system
operated under high pressure condition is necessary. And by adoption of non-seal pumps as the
primary coolant circulation pump, seal-water supply system is unnecessary. The charging and
letdown systems are used for adjusting water level and system pressure in the pressurizer
before nuclear heating in startup period and the charging system is also used for enough small
leak events. Additionally actuation of pressure relief valves and even the pressure regulation in
emergency are unnecessary. Thus the CVCS ‘can be simplified and primary coolant is isolated
in the containment. The control system in the NSSS can also be simple.

The passive Tesidual heat removal and containment cooling system which does not
require any auxiliary systems or compornents of the safety class are adopted in the JPSR. And a
result, emergency diesel generators and active components such as valves and pumps can be
eliminated. Two units of residual heat exchanger are installed outside the pressure vessel and

cach unit has a natural circulation loop connected to a gravity coolant injection pool cooled by
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air cooler units outside the containment. The core residual heat is removed by the residual heat
exchangers through single-phase natural circulation lines under high or low pressure and then
transferred to the gravity coolant injection pool by single-phase or two-phase natural circulation
under containment pressure. The pool is cooled by natural circulation of water under
atmospheric pressure and the heat is transferred to the air coolers as final heat sink. Details of
these systems are presented in section4.4.

The passive engineering safety system consists of core makeup tanks (2 units),
accumulators (2 units) and gravity coolant injection systems (2 units). The high pressure core
makeup tanks with a pressure equalizing line are actuated by actively-operated valves and by
passively-operated valves. When the system pressure decreases to a certain level, the
accurnulators are actuated by opening check valves and water is provided by nitrogen gas
pressure. A large volume of gravity coolant injection pool is placed outside of the inner

containment in the containment. This pool is used for reservoir for back-up water injection.

Details of these systems is presented in Section 4.5.

References

1) Murao Y., Araya F. and Iwamura T.: presented at ARS'94, Pittsburgh, April 17-21,

(1994).

2) Ishizaka Y., et al.: Proceedings of ANP'92, Vol.I, P4.6, Tokyo, Oct. 25-29, (1992).

Table 4.1.1 Major parameters for JPSR design

Reactor type

S5Gtype

Contro rod drive mcchanism(CRDM)
Primary coolant pump

Thermal reactor power

Two-loop PWR
0TSG

In-vessel CRDM
Canncd-motor pump
1853 MWt

Operating pressure 15.6 MPa
Total primary coolant flow rate 32 x 106 kg/h
Corc inlet temperature 558 K

Core outlet temperature 598 K
Pressure loss through the core 0.157 MPa
Primary coolant volume 319 m3
Pressurizer volume (total/stcam 48 7 30 m3
region)

Average linear heat generation rate 13.2 kW/m
Number of fue! bundle 145
Number of fuel red per bundle 264

Outer diameter of fuel rod 9.5 mm
Thickness of clading 0.57 mm

Fecal rod arrangement

Active fuel length

Axial peaking factor (BOEC)

Radial pcaking factor (BOEC)

Coolant density reactivity coefficient
(BOEC)

Coolant temperature reactivity
cocfficient (BOEC)

Doppler reactivity coefficient (BOEC)
Scram reactivity (BOEQ)

Square latice of 17x17
3.66m

1.2393

1.6159

57.96 $/g/em3

-2.44x10-4 §/K

-4.02x10-3 $/K
-42,18 §
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4.2 Nuclear Design Study for JPSR
K. Okumura and Y. Murao

Table 4.2.1 shows the main parameters of the JPSR core. The nuclear characteristics
in this Table were evaluated by a three-dimensional core burn-up analysis with the SRAC
code system”. The gross electric and thermal outputs are fixed 660MWe and 1941MW¢,
respectively. The configuration of a fuel assembly is identical to that of a 17x17-type fuel
assembly of typical PWRs. The core size is the same as the Takahama-3 PWR with three
cooling loops. Thus the average power density is about 75% in comparison with current
PWRs. As shown in Fig.4.2.1, four-batches refueling strategy is adopted to obtain high
burn-up more than 45GWd/t without increase of excess reactivity. The disadvantage of
shortening a cycle length is mitigated by the low power density.

From the preliminary transient analysis, it was found that relatively large reactivity
coefficient on moderator density would be necessary to realize inherent load following
capability.? In current PWRs, the upper concentration of soluble boron in hot full power
condition is limited so as to maintain negative feedback by moderator density decrease. In
other words, the reactivity coefficient on moderator density is too small to realize the
expecting inherent load following capability, especially at the beginning of a cycle.

In JPSR , all excess reactivitics are compensated with control rod movements. The
reactivity coefficients of JPSR in Table 4.2.1 were evaluated in the critical condition with
control tods instead of the soluble boron. The suitable reactivity characteristics expected
from the transient analysis was obtained through burn-up periods.

Table 4.2.2 shows the preliminary results on excess reactivity and control rod
worth in cold condition at the beginning of cycle. Here, several types of cluster control rods
are considered and they are assumed to be inserted in all fuel assemblies in the core with the
in-vessel control rod drive mechanisms. From this Table, the conventional Ag-In-Cd control

rods do not have enough worth to hold the sufficient subcriticality (~5%£4k/k) in fuel
exchanges. The B,C control rod seems to be feasible, but such the strong neutron absorber
has disadvantage to distort the power distribution in operating condition. Consequently, the
use of two different types of control rods is preferable. They are a gray rod aiming to
control burn-up excess reactivity and power distribution, and a strong absorber rod for
emergency shutdown and for holding subcriticality. The detail of the control rods design is

under optimizing.
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Table 4.2.1 Major parameters for JPSR concept

Parameters Value
Thermal output (MW1) 1853
Number of loops ' 2
Primary system pressure (Mpa) 15.73
Core inlet coolant temperature (K) 558
Core exit coolant temperature (K) 598
Core average coolant temperature (K) 578
Fuel assembly type 17 X 17 type
Number of fuel assemblies 145
Number of fuel rods per assembly 264
Fuel assembly pitch (mm) 215
Fuel rod pitch (mm) 12.6
Cladding outer diameter (mm) 9.5
Pellet outer diameter (mm) 8.19
J-235 enrichment (w/0) [4.0] ~ 5.0
Effective core height (mm) 3660
Equivalent core diameter (mm) 2020
Average liner heat rate (KW/m) 13.2
Number of refueling batch 4
Discharge burn-up (GWd/t) [47] ~ 58
Fuel cycle length (EFPM) [14] ~ 18
Moderator density reactivity coefficient

BOC/EOC (% Ak/k/g/cm3) 36 / 34 (35.2)
Dopplor reactivity coefficient
BOC /EOC (% Ak/K/C) 22.5%X103/ -27X10% (-3.4%X103)

[ 1: case of 4.0w/o U-235
( ) : reference value expected from transient analysis®
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Table 4.2.2 Preliminary results on excess reactivity and control rod worth
in cold condition at the beginning of cycle

Excess reactivity (% Ak/k)
Burnup 10.9
Xe effect 1.85
Power defect (HFP->CZP) 7.07
Total 19.82
Control rod worth (% A k/k)
Ag-In-Cd : -23.58
B,C powder (natural B) -30.99
B,C pellet (60% enriched B-10) | 4207

Fuel Assemblies
Core Barrel

—p— Reactor
essel

’(/ : 7

/1///

7
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AR
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Fuel Shuffling

Fig.4.2.1 Horizontal cross section of JPSR core
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4.3 Transient Thermal-Hydraulic Analyses for Design of JPSR
F. Araya, Y. Murao and T. Iwamura

A concept of JAERI Passive safety reactor (JPSR) has been studied confirming its
safety by performing transient thermal-hydraulic analyses. The possibility of a pressurized
water reactor concept with highly inherent matching nature of the core power to the heat
removal rate has been confirmedl). After the study, two transient analyses of the complete loss
of flow accident and the loss of coolant accident were performed to determine the moment of
inertia of canned-motor pumps as the main coolant pumps and to confirm effects of the core
makeup tank on core cooling which were designed to be adopted in JPSR. The calculated

results are presented in the following.

Complete loss of primary coolant flow accident
JPSR is designed to adopt canned-motor pumps as the main coolant pumps due to its

high reliability2) and contribution to simplification of the chemical and volume control system
(CVCS). Since the pump has low moment of inertia, flow coastdown transients following trip
of primary coolant pumps becomes scvere in view of occurrence of the departure from nucleate
boiling (DNB). Therefore the rotor of the pump should be designed to have high inertia so as to
inhibit the DNB occurrence. Since the complete loss of primary coolant flow accident following
trip of all pumps is severest as described in the reference 2), the transient calculations have been
performed to determine the inertia.

RETRAN-02/MOD3 code was used for the analysis. Since the interesting time period is
short, the secondary system was neglected in the noding model and the heat removal rate from
the primary coolant loop was set to be constant during the calculation. The pump behavior was
modeled with the built-in pump model by assuming loss of electric power supply. The rated
head was determined so as to supply the pressure loss of the primary coolant loop at the rated
condition. Other characteristic parameters were determined so as to satisfy the homologous law.
The core power was calculated by the point reactor kinetics model. The reactor scram was
assumed to be actuated by the trip signal on the low coolant flow of 80 %. The sensitivity
calculations were carried out on the moment of inertia and the density reactivity coefficient
which had effect on reduction of the core power during the transient.

The calculated results are shown in Fig 4.3.1. This figure shows that, for higher inertja
than 8% of the ordinary PWK's, 3110kg-m?2, the occurrence of DNB can be inhibited in the
present design of JPSR with regardless of the actuation of the reactor scram. This is because
the core power is reduced by the cffect of the density reactivity coefficient.
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Loss of coolant accident
In order to confirm the effect of the core makeup tank (CMT) on the corc cooling, a

large break loss-of-coolant accident (LBLOCA) was calculated. Two CMTs are designed to be
adopted in JPSR as a passive coolant injection system under LOCAs and to make the reactor
core subcritical by injecting borated water into the reactor core.

The noding model used in the calculation includes the primary coolant system and the
secondary side of the steam generators (SGs). The double ended break of a cold leg and 200%
break area were assumed. The volume of CMT was determined so that a subcritical condition in
the reactor core could be achieved by mixing the primary coolant and the borated water
contained in a CMT with an assumption of 21000 ppm concentration of Boron in CMT. The
reactor scram, the reactor coolant pump trip and the isolation of the SG secondary side were
assumed.

The calculated results are shown in Fig. 4.3.2. As shown here, the pressure decrease is
slow because JPSR has a large pressure vessel and two cold legs per one primary coolant loop.
The actuation of the accumulator is about 53 seconds. The reverse flow is calculated in the core
in most of the calculated time period. Since CMTs are designed to supply coolant into the upper
plenum, the supplied coolant from CMTs flow down in the core region and contribute to cool
the core. The maximum cladding temperature is calculated to be 823 K and to be low enough
than the safety limit of peak cladding temperature. This is resulted from the CMT effect and the
design feature that the linear heat generation rate is lower than that of the ordinary PWRs.

References
1) Araya F. and Murao Y.: JAERI-M 93-181 ( 1993).
2) Tower S.N., et al.: Nuclear Engineering and Design, Vol. 109, pp147-154 (1988).
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4.4 Preliminary Design of Passive Residual Heat Removal and Containment Cooling

System for JPSR
T. Iwamura and Y. Murao

In order to reduce manpower in operation and maintenance and influence of human
errors on reactor safety, passive residual heat removal and containment cooling system
which does not require any auxiliary systems or components of safety class are adopted
in JAERI Passive Safety Reactor (JPSR). As a result, emergency diesel generators and
active components such as valves and pumps can be eliminated.

Figure 4.4.1 shows the concept of passive residual heat removal and containment
cooling system. The horizontal arrangement of major components is shown in Fig.4.4.2.
As shown in these figures, two units of residual heat exchanger are installed outside the
pressure vessel and each unit has a natural circulation loop connected to a gravity coolant
injection pool cooled by air cooler units outside the containment. Each residual heat
exchanger is connected to the upper plenum and the downcomer with normally—closed
active and passive valves including a check valve. The check valve is opened by gravity
force when the discharge pressure of circulation pump is decreased. Other type of passive
valve is also equipped in parallel. The valves of air cooler lines are always open and
therefore the pool cooling system is always functional. In order to cool the air and/or
discharged steam in the containment, air cooling pipes are installed inside the containment
wall and connected to the air cooler natural circulation lines as shown in Fig.4.4.1. The
core residual heat is removed by the residual heat exchangers though single—-phase natural
circulation lines under high or low pressure and then transferred to the gravity coolant
injection pool by single—phase or two—phase natural circulation under containment pressure.
The pool is cooled by natural circulation of water under atmospheric pressure and the heat
is transferred to the air coolers as final heat sink.

Heat removal capacity of the passive system has been evaluated by assuming one-
dimensional flow under steady-state condition. It was found that one unit of residual heat
exchanger has a heat removal capacity of 6% of full power when the primary system is
in the hot conditions and 0.3% in the cold conditions.

Figure 4.4.3 shows the heat removal capacity of containment cooling system under

various number of air cooler units and air temperatures. The heat removal capability
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increases with the pool water temperature. When the available number of air cooler units
is four and air temperature is as high as 30 °C, the containment cooling system can
remove 1% of full power at the pool temperature of 75 °C. When six air cooler units
are available, the heat removal capacity becomes 1.8 % at 80 °C of pool temperature.
When the air temperature is as low as 0 °C, the heat removal capacity increases up to 2.1
% at 80 °C of pool temperature. The heat imbalance between heat from the residual heat
exchanger and heat to the air coolers is stored in the pool in a certain time. Therefore the
gravity coolant injection pool works as a heat reservoir.

Figure 4.4.4 shows the calculated responses of the pool water temperature and the
heat removal capacity comparing with tﬁc decay heat transient under a large break LOCA
condition. In the calculation, following assumptions are made. 1)All of the energy stored
in the primary coolant system is discharged to and stored in the gravity coolant injection
pool at initiation of LOCA event. 2)The steam discharged from the break of primary
coolant piping is completely condensed in the pool. 3)The steady natural circulation in the
containment cooling system is established at 1000 seconds after the initiation of LOCA.
As shown in Fig. 4.4.4, the pool temperature increases to 51.4 °C just after initiation of
LOCA and then increases gradually to the maximum of 69 °C at 15,000 seconds.

After reaching the maximum value, the pool
temperature continuously decreases, indicating
that long term cooling condition is

established. %
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Fig.4.4.1 Passive residual heat removal and containment cooling system
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4.5  Outline of Emergency Coolant Injection Systems and Preliminary Test
for Core Makeup Tank for JPSR

Y. Murao, H. Watanabe, F. Araya, T. Iwamura and K. Kunii

This section describes outline of passive emergency coolant injection systems adopted
in JPSR which is under development at JAERI and results derived from the preliminary
experiment for the core makeup tank.

Qutline of passive emergency coolant injection systems

JPSR is designed to adopt three kind of passive emergency coolant injection system:
core makeup tanks (CMTs), accumulator tanks and gravity coolant injection pools.

Two CMTs are adopted with the objective to keep the core coolable under high pressure
conditions like the high pressure injection system in the ordinary PWRs. Each of CMTs has a
pressure equalizing line connected with the upper plenum and an injection line connected with
the upper plenum, and is actuated by opening of an actively-operated valve or a passively-
operated valve which are mechanically opened by sensing lower water level than a given level.
The water contained in the CMTs is injected by a driving force of a natural circulation. The
CMT contains the borated water. Therefore CMT actuated by the actively-operated valve can be
also used as a backup shutdown system.

JPSR has two accumulators just like those of the ordinary PWRs. When the system
pressure decreases to a certain level, the accumulators are driven for supplying coolant to the
primary system by pressurized nitrogen and actuated by opening check valves. The
accumulators also contains the borated water.

The primary coolant system is covered with an inner containment. A large volume of
gravity coolant injection pool is placed outside of the inner containment in the containment. This
pool is used for heat sink of decay heat and for absorber of heat and iodine from the inner
containment in loss-of-coolant accidents (LLOCAs). Accordingly the additional containment
spray is unnecessary. This pool is also used for reservoir for backup water injection. Therefore
the pool is connected with the cold legs of the primary loops through check valves to inject
water to the primary system by gravity force when the primary system pressure is equal to the
containment pressure. In certain conditions actively operated depressurization valves arc opened
by logical signal as a backup system. And passive devices and active valves for injecting water
in the pool by steam quencher to absorb the energy of the fluid. The volume of water in the
pool is large enough to flood the primary system up to the level of the pressure vessel nozzles
for main coolant piping to ensure natural circulation between the primary system and the pool.
The pool is filled with the borated water not to dilute the borated water injected into the primary
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system in emergency. The pool is also used for heat sink of normal operating system and

cooled by the in-containment air coolers.

Preliminary test for core makeup tank
As described above, the CMTs are designed to be actuated by sensing low water level

and to supply the subcooled borated water to the upper plenum. The CMTs are simply actuated
by opening the passive valve which is activated by decrease in coolant density in the vertical
pipe of the pressure equalizing line due to decrease in water level in the upper plenum. Figure
4.5.1 shows the atmospheric test apparatus which consists of a simulated CMT, a simulator of
the pressure vessel (PV simulator) with a boiler. The steam generation in the reactor core is
simulated by injection of steam from the boiler to the PV simulator through a steam injection
line. Decrease in coolant in the pressure vessel is modeled by discharging the water from the
PV simulator through a discharge line. The experiment is initiated by discharging the water
form the PV simulator by opening the valve. The valves in the steam injection line and pressure
equalizing line are also coincidentally opened. The CMT is filled with subcooled water before
initiation of the experiment. The steam flow rate in the pressure equalizing line and the fluid
temperatures in the CMT are measured.

Figure 4.5.2 shows the results derived by an experiment under the conditions of the PV
pressure and temperature of 0.15MPa and 383K and the CMT temperature of 298K. As shown
in this figure, large steam flow is observed at early period of the experiment. This is because
the steam is condensed on the water surface in the CMT. The temperature transients show that
the steam condensation continuously occur. These data implies that the condensation and the
pressure drop in the pressure equalizing line affect the injection characteristics of the CMT. In

order to detailedly investigate the phenomena, a large scale experiment is planned to be carried

out.
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4.6 Analysis for Making Distributions of Temperature and Velocity in Downcomer
Uniform for JPSR Design

K. Kunii and Y.Murao

On the preliminary design of passive residual heat removal system for JAERI Passive
Safety Reactor (JPSR)", the driving—force of natural circulation enough to remove the residual
heat has been estimated by means of a steady state one-dimensional analysis for thermal fluid
flow. In that estimation, the temperature distribution of coolant in downcomer shaping a
three—dimensional annulus has been assumed to be uniform required to obtain an enough
driving—force. In the present analysis, by applying a three~dimensional numerical analysis
code for thermal fluid flow instead of one—dimensional one, first, the temperature distribution
in downcomer in case of the natural circulation was analyzed. Second, based on that result,
in case that the temperature distribution had the deviation possible to cause lack of driving—
force of the natural circulation in comparison with the required one enough to remove the
residual heat, a method to make the temperature distribution uniform was investigated.

The following analytical model was adopted: analyzed region of vertical thin-
rectangular flow pass transformed from the real vertical annulus one, meshes of 28 X4 X 54(in
circumference, radius and height directions in downcomer, respectively), STREAM as a
single—phase three—dimensional thermal fluid flow analysis code(adopting k- € turbulence
model).

Under the basic conditions of downcomer, such as outline and inlet flow rate etc., being
set in the preliminary design of the passive residual heat removal system, three-dimensional
numerical analyses for the flow pattern and temperature distribution in downcomer were
performed. Fig. 4.6.1 shows a temperature distribution in downcomer. A deviation on
temperature distribution exists in the lower part in downcomer. Because of that deviation,
it was possible to arise the lack of driving—force of the natural circulation in comparison with
the required one. Taking account of these result and estimate, a method in order to make the
temperature distribution uniform was investigated by means of installing some small baffles
and/or vertical plates (shown in Fig. 4.6.2) at the inlet part in downcomer. The baffles and/or
vertical plates were installed in order to make the flow patterns uniform, which contribute to

form the temperature distribution dominantly, in both circumference and radius directions in

—119—



JAERI-Review 94-009

downcomer.  Figs. 4.6.3a,b show temperature distributions in downcomer in cases of
installing the baffles (g) and (d) shown in Fig. 4.6.2, respectively. The temperature
distribution with the baffle (g) has less deviation than that without baffle(Fig. 4.6.1).
However, that with the baffle (d) has more deviation than that without baffle. The
temperature distributions with other baffles and/or vertical plates shown in Fig. 4.6.2 had
almost same deviation as that with the baffle (d) shown in Fig. 4.6.3b. Therefore, the baffle
(g) is the most effective to make the temperature distribution uniform in all the baffles and/or
vertical plates shown in Fig.4.6.2.
The following conclusions were obtained:

(1) By performing the three-dimensional numerical analyses for thermal fluid flow in
downcomer, it was found that the deviation of temperaturé distribution from the uniform one
arose in the case without baffle. The result was not consistent with the assumption in the
one-dimensional analysis. According to such a result, it was possible to arise the lack of
driving—force of natural circulation in the passive residual heat removal system in comparison
with the required one.

(2) An effective method to make the temperature distribution uniform by installing the baffle
(2) at the inlet part in downcomer was proposed analytically. 1t could be expected to obtain

an enough driving—force of the natural circulation by adopting this method.

Reference
1) Iwamura T. and Murao Y.: Study on JAERI Passive Safety Reactor (JPSR) 4) -

Preliminary Design of Passive Residual Heat Removal System -, Autumn Meeting of the
Atomic Energy Society of Japan, D47, 1993(in Japanese). |
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4.7 Concept of Passive Safe Reactor SPWR
K. Sako, T. Oikawa and J. Oda”

SPWR (System-integrated PWR) is a passive safe reactor proposed by JAERI. This
reactor is being designed since 1986 as a next generation power plant.

SPWR cmploys a new concept which can provide highly passive safety, easy operation/
maintenance and economic competitiveness using experience and technology already obtained
in the course of the existing LWR development. '

The basic feature of SPWR is an integrated PWR with poison tanks filled with highly
borated water (boric acid water) in place of control rods for reactor shutdown.

Figure 4.7.1 shows the concept of SPWR and Fig. 4.7.2 shows the concept of safety
systems which are selected as the most rational ones as the result of design study for few years.

The reactor consists of reactor pressure vessel, reactor core, integrated steam generator,
main coolant pump and pressurizer. The reactor pressure vessel covered with the water-tight
shell is installed in the water-filled containment vessel. |

The SPWR employs passive systems, as basic safety functions such as reactor
shutdown, short-term decay heat removal (or safety injection), and long-term decay heat
removal. The accident mitigation can be achieved by using the passive safety systems such as
Passive Reactor Shutdown System, Pressure Balanced Injection System, Containment Water

Cooling System, and active Automatic Depressurization System.

References

1) "SPWR Reactor System Description and Development”, IAEA TECDOC "Status report
on small and medium power reactors”, to be published.

2) Sako K..et al.: "Passive Safe Reactor SPWR", Proc. ANP'92, Int. Conf. on Design
and Safety of Advanced Nuclear Power Plants, Tokyo (1992).

3) Araya F., et al.: "Safety Analysis of Highly Passive Safe Reactor SPWR", ibid.

4) Oikawa T., et al.; "Design Review of SPWR with PSA Methodology", Proc. 2nd
ASME/ISME Int. Conf. on Nuclear Engineering, San Francisco (1993).

5) Oda J. et al.: "Conceptual Design of Fue] Exchange System for SPWR", Proc. SMIRT
Conf., Tokyo (1991).

Ishikawajima-Harima Heavy Industries Co. LTD.
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48  Seismicity and Economy for Inherent Safety Lead-Cooled Fast Reactor
H. Takano, H. Akie, K. Hirota" and Y. Kamishima’

A design study of lead-cooled fast reactor (LCFR) with nitride fuel assemblies has
been performed to improve the safety, fuel cycle cost and transmutafion of minor actinide
in comparison with sodium-cooled MOX fuel FBR."? Figurc 4.8.1 shows the concept of
the lead—cooled reactor. The core, core support structure and primary heat transport system
components are installed in a reactor vessel. The primary heat cxchanger is the stcam
generator and its helical coil tubes encircle the center part of the reactor which includes
the core and hot coolant plenum. The primary pumps are located at the cold region of
the primary coolant flow path. The coolant flows along the arrows in the figure. Here,
the feasibility for the plant construction of LCFR is studied in the view point of

seismicity and plant cost.

Seismic Design Condition and Analysis

The heavy weight of lead coolant increases a seismic loading of the reactor vessel
significantly. Therefore, the following countermeasures are adopted in the plant design to
meet severe seismic condition:

a) The plant is settled on soft soil (the Quaternary period's soil) for reducing response
accelcration. ‘

b) Horizontal seismic support at a bottom of the reactor vessel.

¢) Minimized diameter of the reactor vessel for reducing its weight and results in
reducing seismic shear stress.

In seismic load condition, the value 2G is used as the horizontal response
acceleration of S2 carthquake at the vessel support level, considering that the plant should
be settled on soft soil (the Quaternary period's soil).

Design conditions of the reactor are as follows: diameter: D=9000 mm, height:
H=17000 mm, wall thickness: t=100 mm, material: Modified 316SS, vessel wall temp.:
480° C, support system: hung by flange/bottom support.

* Mitsubishi Atomic Power Industries, Inc., Tokyo
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For the seismic analysis, an axisymmetric analysis model of the reactor system is
established as Fig. 4.8.2. The fluid-structure interaction effect is considered in the
vibration analysis.

The result of seismic study is as follows: The required minimum wall thickness
is approximately 80 mm, and the reactor vessel with 100 mm thickness will have the
integrity against the seismic loading. And this 100 mm thickness also satisfies the
requirement on manufacture ability, which is to be smaller than 130 mm. As a result, the

reactor structure has the integrity against 2G seismic acceleration condition.

Economics

It is very difficult to estimate the cconomics of the lead—cooled reactor at this
study level, therefore, the possibility of reducing commedities is discussed. By utilizing
the temarkable features, such as thinner radiation shields due to high shiclding capability
and chemically inert coolant use, the total cost of the lead~cooled plant will be reduced
more 10% than that of Na-cooled plant, because the commodities of the plant facilitics,
such as the containmenf, the heat transfer system, and the reactor facilities and building
will be reduced so much. As shown in Fig.4.8.3, the hatched arca of Na-cooled plant will

be climinated in case of the lead—cooled plant.

References
1) Takano H., et al.: " A Concept of Self-Completed Fuel Cycle Based on Lead-Cooled

Nitride—Fuel Fast Reactors,” Seventh International Conference on Emerging Nuclear
Energy Systems, ICENES'93, Sept. 20 ~ 24, Makubhari, 1993, World Scientific, p.308
(1994).

2) Takano H., et al.: " A Design Study for Inherent Safety Core, Seismicity and Heat
Transport System in Lead-Cooled Nitride Fuel Fast Reactor,” Proc. Inter. Topical
Meeting on Advanced Reactor Safety, ARS'94, April 17-21, 1994, Pittsburgh, Vol. 1,
p.549 (1994).
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4.9  Burnup and Reactivity Coefficient Calculation of PWR Core Loaded with
Weapons Pu Once-through Burning Fuel of PuQ,-Zr0,(Y,Gd)-Al,O; Type

H. Akie, H. Takano and Y. Sugo®

A new idea of once-through weapons plutonium burning fuels, based on thoria ThO,
and zirconia ZrQO,, was proposed and discussed'?). The fuels are expected to have a
different plutonium transmutation characteristics from the usual MOX fuel, because of the
different fuel compositions of véry high content of Pu-239, and particularly of difference in
fertile material. The plutonium transmutation charactcriétics of the fuels in LWR, FBR and
HTGR have been investigated by performing simple cell burnup calculationsb>Y. It was
shown that the conventional LWRs are considered to be suitable for the once-through weapon
grade plutonium burning. It was estimated that such LWRs can transmute about 99% of Pu-
239 and 85% of total Pu in initial loaded plutonium from nuclear warheads. In the discharged
fuels, about 2/3 of plutonium was Pu-240 and Pu-242, and the plutonium quality becomes
completely poor.

In the zirconia based fuel, Pqu-ZrOz(Y,Gd)—A1203, there is not fertile nuclide such
as thorium, and fissile nuclide such as U-233 is not produced. In the pin cell burnup
calculation in the previous work!"23) there was a difficulty in the accurate estimation of
discharge burnup. In order to accurately estimate the discharge burnup and plutonium
transmutation characteristics, two-dimensional core burnup calcﬁlation was performed for the
Pqu-ZrOz(Y,Gd)-Ale3 fueled PWR. The results are shown in Table 4.9.1. The discharge
burnup is estimated to be about 1400 days. Nearly the same plutoniuin transmutation
characteristics is obtained as the pin cell calculation, namely 83% of total plutonium and 98%
of Pu-239 can be transmuted. The transmutation rate is 0.90 tonne/GWe/300days for total
plutonium and 0.99 tonne/GWe/ 300days for Pu-239.

As it was pointed out in the previous work, the void reactivity of the PuQ,-
ZrO,(Y,Gd)-Al,O54 fueled LWR is close to zero. The Doppler reactivity and the delayed
neutron fraction P, are also small. The more accurate calculation of void reactivity, Doppler

reactivity and B.g; was done on the basis of the core burnup calculation. As shown in Table

* Information Technologies Japan Inc., Tokyo
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4.9.2, the void and Doppler reactivities are negative both at the beginning and at the end of
burnup cycle. The B is small to be 0.29% Ak/k at the beginning of cycle and increases to
0.35%Ak/k because of the increase of Pu-241 amount. As the reactivity coefficients are very
small, it seems necessary to perform reactor kinetics analyses to confirm the effects of the

reactivities and the B g

References

1) Akie H., Muromura T. and Takano H. : "A New Concept of Once-through Type
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March 31, 1993), JAERI-M 93-181, Japan Atomic Energy Research Institute, pp.77-79
(1993).
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pp-298-302 (1994).
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Table 4.9.1 Amount of plutonium isotopes normalized to 1 GW electric power estimated for
PuO,-Zr0O,(Y,Gd)-Al, 04 fueled PWR by two-dimensional core burnup
calculation (per 1 GW electric power, per 300 days)

Amount of Pu isotopes and minor actinides {tonnhe/GWe)
BOL(0 day) BO2C(450 days) BO3C(800 days) . EQOL(1360 days)
PuU-238 - 0.004 0.010 0.013
Pu-239 457 1.48 0.487 0.089
Pu-240 0.295 0.651 0.534 0.292
Pu-241 0.025 0.388 0.358 0.219
Pu-242 - 0.081 0.165 0.204
total Pu 489 2.58 1.55 0.817
total Am - 0.031 0.055 0.065
total Cm - 0.008 0.027 0.046
BOL : Beginning of Life, BO2C : Beginning of 2nd Cycle,

BO3C : Beginning of 3rd Cycle, EOL : End of Life.

Table 4.9.2 Void and Doppler reactivities and the effective delayed neutron
fraction (Bcﬂ') estimated for PuO,-ZrO,(Y,Gd)-Al,O4 fueled
PWR based on two-dimensional core burnup calculation

BOEC EQEC
Void reactivily(%oak/k)
moderator density 100% C.0 0.0
60% -0.322 -9.74
30% -3.42 -28.6
5% -17.7 -82.6
Doppler reactivity(YeAk/k)
fuel temperature 1200K -0.0982 -0.201
300K 0.0 0.0
600K 0.107 0.209
300K 0.253 0.467
Boi 2.87x1072 3.50x107

BOEC : Beginning of the Equilibrium Cycie, EQEC : End of the Equilibrium Cycle.
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4.10  An HTGR - MHD Combination for High Efficiency Power Generation
T. Takizuka, H. Yasuda, T. Ogawa and T. Hiraoka

A conceptual study has been conducted on a high efficiency power plant which is a
combination of a high temperature gas cooled reactor (HTGR) and a magneto-hydrodynamic
(MHD) generator. The proposed HTGR-MHD plant has four identical helium loops, each
loop having components as depicted in Fig. 1. The plant generates an electric power of 860
MWe at 57.3% efficiency.

The main feature of the HTGR core design is to supply outlet coolant of a very high
temperature at a low operating pressure. and a reasonably low pressure drop across the core.
This is needed for the reactor exit gas to drive directly the MHD generator. The reactor has a
pebble-bed type core.  Fuel pebbles are continuously fed from the top of the core and
gradually move downward as the burnup proceeds, and are eventually taken out from the
bottom of the core.  Design parameters of the fuel pebble and the reactor core were
determined from neutronic and thermal - hydraulic analyses. A concept of the fuel element is
presented in Fig. 2. A number of tiny fuel particles coated with multiple layers of pyrolitic
carbon and ZrC are embedded in the graphite matrix of the pebble. Inner region of the pebble
is unfueled to reduce the temperature peaking in the pebble. Vertical cross-section of the
HTGR is schematically shown in Fig. 3. The flat core, 5 m in diameter by 2 m in height, leads
to a moderate core pressure drop. Helium gas at 919 K and 0.79 MPa enters the reactor,
flows downward through the core, and is heated up to 2300 K. A small amount of helium gas
flow at 403 K is extracted from helium compressors which are supplied with 303 K gas, and
used to cool the reactor vessel and internal metallic components. Reactivity controf is made
by vertical movement of control blades inserted into the graphite radial reflector.  Control
rods are inserted into the core for cold shutdown.  The core design parameters are
summarized in Table 1.

The plant employs an MHD generator with linear channel geometry. The MHD
generator is composed of a nozzle, a generator section, a diffuser, a super-conducting magnet,
a cryostat, and associated support structures. Electrodes are made of copper and are cooled
by water. The magnetic flux density is 5 T at the center of the channel. Superconductor is
made of NbTi, immersed in a pool of liquid helium.

The length of the generator section is 6.5 m, and the channel cross sections are 0.7 x
0.7 m? at the inlet and 1.2 x 1.2 m? at the outlet. For an electrical conductivity of working
gas of 5 S/m, the generator produces electricity of 214.8 MWe per unit at a flow rate of 51.2
kg/s. The gas 1s seeded with cesium to enhance the ionization.
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The turbine is driven by the high pressure gas at 1443 K from the regenerative heat
exchanger (RHX). The compressor is four-stage inter-cooled to reduce the compression
work. The motor-generator is provided for uses on startup and in certain emergency cases.
Both the capacity and the operating temperature of the turbomachine are within the range of
current state of open-cycle gas turbine power plant. The auxiliary cooling system is provided
to remove the core decay heat in the remote event of total loss of forced circulation.

The heat balance of the HTGR - MHD plant is analyzed for a given HTGR exit gas
temperature of 2300 K. In this analysis, MHD energy conversion characteristics were derived
from the design of a fossilfired closed cycle MHD power plant[4]. The plant efficiency of
57.3% can be obtained with the HTGR exit gas at 2300 K and 0.5 MPa. The electrical power
of 860 MWe is generated for the HTGR thermal power of 1500 MWt. The entire primary
system is arranged within a space of 50 x 50 m2, and contained in a reactor building.

Thermodynamic cycle employed for the HTGR-MHD system is the direct Brayton
cycle. Absence of intermediate loops and steam turbines makes the plant configuration very
simple and improves the economy. An analysis was also made on an HTGR-GT cycle with
the same turbine inlet temperature and compressor outlet pressure as those for the HTGR-
MHD cycle. The calculated HTGR-GT efficiency is 57.2%, almost equal to that of the
HTGR-MHD. An option of combining with bottoming steam cycle would improve the
efficiency of the HTGR-GT plant at the expense of complicating the plant configuration and
arrangement.

The proposed system is a somewhat straightforward extrapolation of current HTGR
and MHD technology. The major R&D issues identified in this study are:

(1) High-temperature and long lifetime coated fuel particle (up to ~2600 K)

(2) Non-equilibrium plasma physics

(3) MHD generator design high pressure ratio

(4) High pressure ratio He compressor and high-temperature (~1500 K) He turbine
(5) Large capacity (~270 MW) RHX.
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Table 1 HTGR Parameters Pebbla Control
Fuel Rod/Blade

Drive

Machanism

Ratad Reactor Power 1500 MWt Vassa|
Fuel Typa Spherical Pebbie Cosling
Pabble Diameter 50 mm Hsiium

Core Diamster x Height 50mx20m 7 Sheud
Core Power Density 38.2 MW/m?
Core Inlet Pressure 0.79 MPa
Cora Pressure Drop 0.15 MPa Helium
Core Coolant Velocity 19.5mvs Inigt ™
Coolant Flow Rate 204.8 kg/s
Coolant Temperature  infout 919/2300 K
Maximum Fusel Temperature 2600 K Controf | Control
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4,11 A Liquid Metal Cooled Pebble-Bed Reactor for a Moon Base
H. Yasuda, T. Takizuka and T. Ogawa

A concept of small power generating system with a liquid metal cooled pebble-bed
reactor has been studied for use in a moon base at the consolidation and utilization phases.
1),2).3) In the present study, the design was put emphasis on the safety during a launch from
the earth and efforts were made to minimize the specific mass. The reactor thermal power
was fixed at 10 MWt. A Rankine cycle was chosen as the plant thermo-dynamic structure.

A pebble bed reactor was adopted considering that this system can be launched
without fuel and loaded in bulk on the moon base. This feature has the advantage that the
criticality accident would not occur even if the system should fall down on the earth by any
failure.

Pebble fuel which consists of coated particles and graphite matrix is adopted because
of its refractory characteristics and FP retention capability. A reactor with this type of fuel can
be operated at high temperature which can realize a low mass system.  The core is cooled by
liquid lithium which has a very low vapor pressure at the operating temperature. Therefore the
system can be operated at a relatively low pressure and will be a low mass system. Electric
power is generated by a potassium steam turbine which has a high conversion efficiency. The
potassium turbine is operated at a low pressure compared with that of a gas turbine system.
From the above consideration, a lithium cooled pebble bed reactor with a potassium Rankine
cycle turbine generator is chosen as the power plant. A system diagram is shown in Fig. 1.
Cross section of the pebble bed reactor is shown in Fig. 2. The fuel pebbles are dropped nto
the core before an initial start-up through a part of lithium flow path at the top of core. The
pebbles are directly cooled by liquid lithium which is highly-enriched in lithium-7 having a
small neutron absorption cross section.  The pebble-bed core has a fast spectrum and it's
reactivity is controlled by neutron absorber drums. The axial reflectors in a form of BeO
pebbles, have a large effect on reducing core height and axial power peaking.

The concept of fuel element is shown in Fig. 3. It is similar to that of HTGR except
that the pebble has a smaller diameter and has a Nb-NbC coating prepared for lithum cooling.
Specifications of the reactor system are presented in Table 1. It can be pointed out that a
core of 1.1 m diameter and 1.1 m height will be practical. Neutronic calculation gave the
performance data shown in Table 2. Ten years operation is feasible from the viewpoint of
reactivity balance.

The secondary coolant is potassium which is vaporized in a tubeless steam generator
(potassium boiler). The heat of the lithium coolant is directly transferred to the potassium

— 134 —



JAERI-Review 94-009

coolant in the potassium boiler. In this system, the lithium coolant is circulated upward by jet
pumps which are driven by the potassium coolant. This direct mixing idea is introduced by
the fact that lithium and potassium do not make any chemical compound. Although the
potassium vapor can be separated from the lithium flow at the free surface of lithium coolant.
A small amount of potassium which has not been evaporated in the boiler may be carried down
by the lithium flow. The effect of this carry-down on the core nuclear performance was
evaluated. Any notable influence was not observed by the potassium liquid content in lithium
of about 5%. A reactor vessel contains potassium boiler for reducing the total mass. The
reactor vessel is cooled by the fed-back potassiums coolant. This cooling path is effective in
reducing the radiant heat loss from the reactor vessel wall to environment or to the control
drums and at the same time, effective in pre-heating the potassium itself. As the reactor
structure material, a niobium-zirconium alloy is used considering the material strength at high
temperature. A nickel base alloy was selected as the turbine structural material considering
the characteristics of it's erosion endurance and strength at high temperature. The adiabatic
turbine efficiency of 0.9 was obtained.

As a heat dissipation component, was adopted a panel type radiator which works as a
condenser in the potassium loop. Titanium was used as the material of the condenser radiator
to reduce the mass. The necessary dimensions of the condenser radiator are 8m in height and
14m in width. The condenser radiator is placed along or parallel to the equator of the moon to
realize a stable performance by receiving weak sunshine.

A rough mass estimation resulted in 17 Mg for the whole system. A thermal-
hydraulic calculation gave the operating conditions as written in Fig. 1. The thermal efficiency
of 20% was obtained from the calculation.

References

1) Yasuda H., et al.: "Small Reactor Power System for Lunar Base (I)" 11th ISAS Space
Energy Symposium, February (1992).

2) Yasuda H., et al.: "Conceptual Study of Small Reactors for Space Use" Proc. of SR-TIT,
349 (1992)

3) Nei H., et al.: "A Liquid Metal Cooled Pebble Bed Reactor for a Moon Base" Proc. of
ICENES '93 359 (1994)

— 135 —



JAERI-Review 24-009

TABLE 1 Specification of Reactor System

Thermal power 10 MW
Reactor core Diameter 110 cm
Height 110 cm
Uranium mass 503 kg
C/U atom rato  35.8
Strucrural material Nb-Zr alloy
Reflector
Axial
Material BeQ pebble (3cm dia.)
Thickness 25cm
Lateral
Material Be
Thickness 28 cm
Control drum Diameter 24 cm
Number of drums 18
Positon In lateral reflector -
Material B4C(80% 1UB) and Be
Primary coolant Material Lithium-7
Inlet tamp. 1123K
Outlet temp. 1203K
Flow rate 3.5 m3/min

TABLE 2 Core Neutronic Performance Data

Criticality
Initial hot shurdown Keff 0.973
Burnup reactivity for 10 years 6.75 % AK
Conmol drum reactivity .16 % AK
Feedback reactivity
Whole core void reactvity (EOL) -3.9 % AK
Doppler coefficient (BOL) -1.9x 10-3 TdK/4dT
Power density
Maximum power density / peaking
BOL 21.0 W/ cm3 /2.20
EQOL 7.6 W/ cm3/ 1.84
Burnup (after 10 y full operation}
Average 7.5a.%
Maximum 1.6 at%

Maximurn fast fluence ( > 80 KeV) 2.5x 1022 /cm?
235U inventory

BOL 432 kg

EOL 380 kg

Fuel charger 1159K

Bypass
valve Turbine
203K,
generator
ge
Lithium 859K
Panel radiator .
condenser
1123K
Reactor Potassium = J 833K
823K D
Surface EM pump
cooler Cold trap
1123K Flow cantrol vaive
= [
=]
EM pump DCoId trap

Fig. 1 System .Diagrarn of Lithrum-Cooled
Pebble Bed Reactor for Moon Base
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5. Fusion Neutronics

Since the JAERI/USDOE Collaborative Program was being terminated in Oct. 1993, a
big effort paid to summarize the achievements for ten years, and to prepare joint reports and
papers. At the same time, two workshops were held in both Japan and US in order to
introduce the results to the fusion neutronics community world-widely. One of the major
results is the development of a methodology to give a "safety factor” to the fusion nuclear
designers. Since 1988, additional activities started under this collaboration. They were the
induced radioactivity and nuclear heating experiments and their analyses . Both give us very
nice benchmark data for the validation of induced radioactivity calculation code systems and
Kerma data, respectively.

Under the ITTER/EDA R&D program, a series of bulk shield experiments, shown in
Chapter 6, has been started based on the 93 & 94 Tasks. A new series of benchmark
experiments on induced radioactivity and nuclear heating are being performed also as the 93
& 94 Tasks. There are two additional activities under the ITER program. One is the D-T
neutron irradiation effect on ALO, insulator. The other is D-T neutron irradiation effect on
functional materials for components used in diagnostics.

In order to obtain the information of neutron spectrum below 100 keV, a new technique
has been developed using the relation between slowing down time and energy. The technique
was applied successfully to the measurement of low energy neutron spectrum in a iron
assembly. By way of experiment, fiber scintillation detectors were tested for fusion
neutronics application. Further study should be expected to improve the performance.

Two cross section libraries based on JENDL-3.2, One is JSSTDDL-J3.2 (neutron :
295, y-ray : 40) for ANISN/DOT, and the other is FSXILIB-J3.2 for MCNP. Data tests of
JENDL-3.2 for fusion neutronics application are being performed under the activity of the
Subcommittee on Fusion Reactor. This data test activity will be continued by the end of next
fiscal year.

The IEA Cooperative Programmer on Nuclear Technology of Fusion Reactors has been
ready for initiation. One of Subtasks under this Programmer, "Neutronics”, is leaded by
FNS/JAERI as the international activity followed to the JAERI/USDOE Collaborative
Program. The action plan is being discussed among the participating countries.

This Chapter is contributed by Fusion Neutronics Laboratory.
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51  Completion of the JAERI/USDOE Collaborative Program on Fusion Blanket
Neutronics - Blanket Integral Experiment -

Y. Oyama, C. Konno, Y. Ikeda, F. Maekawa, H. Mackawa and
the joint reserach group'

The JAERI/USDOE Collaborative Program on Fusion Blanket Neutronics has been
completed in October of 1993. One of the main subjects of the program was to study a
tritium breeding ratio (TBR) issue in a fusion blanket by blanket integral experiments. The
program started in 1994 officially, but the preparatory work preceded before. The blanket
integral experiments were performed in three phases that corresponded to the levels simulating
three kinds of geometrical aspects for fusion reactor blankets. The experiments directed
rather to engineering view points. The goal was settled in obtaining a guide line of the reactor
design for neutronics parameters, e.g., tritium breeding ratio.

In the phase I,V the plane geometry using a cylindrical test blanket was examined for
various configurations of the test blankets. At the same time, this phase was very important
10 develop the measurement techniques and to accumulate the experience of the collaboration
itself. Most of the basic measurement techniques, e.g., small sphere NE213 spectrometer and
Li-glass scintillator for tritium production, were developed in this phase. The experiments
used the rotating neutron target and the small target cell (2nd target room) at the FNS
Facility. This arrangement suggested us that the room return background was not negligible
for_neutmnics information from the test blanket, i.e., the room was one of the key elements in
the experiment. This was really not desireble in the program purpose. Then the next phase
experiments were planned carefully to eliminate that effect and to get more direct information
about the reactor blankets.

The phase II experiment® was conducted by a closed geometry in which the rotating
target and the test blanket were surrounded by a container made of lithium carbonate. This
container acts as shielding material of the test blanket against the room returned neutrons,
and at the same time, reduces source neutrons incident to the room wall. In addition, reflected
neutrons from the container cavity to the test blanket well simulated those of the reactor. This
arrangement provided very reliable experimental data, so that this phase played a main role
of the program for testing material configurations. The experiments with various beryllium
configurations and with heterogeneous configurations were conducted. Measurements

techniques were also established in this phase. Especially, zonal tritium production rate

! M. Nakagawa, T. Mori, T, Nakamura, et al. from JAERI and M. A. Abdou, M..Z. Youssef, et al. from the US.
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measurement technique and small proton recoil gas proportional counter were developed.

In the phase IIP?, the line source scherme was developed and used for annular blanket
geometry experiment which simulated a part of toroidal blanket. In this arrangenment, the
blanket geometry relevant to the plasma source was more focused on, e.g., the blanket
configuration with graphite armor and a large opening port were simulated. Table 5.1.1
summarizes the items of the experimental arrangements for all phases.

All calculations and experiments through the collboartion program were compared
between them by the US and the Japan teams. The ratios of the calculated to experimental
values (C/E) of the volume integrated tritium production, corresponding to local TBR, were
compared for all experiments and plotted as probability distribution function as shown in Fig.
5.1.1.% The distribution shown in the figure includes the prediction uncertainties (C/E-1 in
percentage) of local TBR for all techniques and calculation codes, taking account of both
experimental and calculational errors, and that is very similar to a Gauss distribution. From
this graph, confidence levels are determined for the design safety factor chosen for the
design. The hatched area denotes the probability that one would underestimate the TBR for
the selected safety factor (risk level).

Consequently all the experimental and calculated results were summarized on the
probability distributions. These distributions give good guidance how the design calculations
are reliable. A series of the comprehensive papers will be appeared in a special issues of

Fusion Technology.
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Table 5.1.1  Configurations of the JAERV/USDOE Collaborative Experiments

Phase-] Phase-I1 Phase-1I1
Neutron Source Point Point Line
3x10%n/s 3x10"n/s 1.5x10° n/cm/s
Configuration Open / Slab Closed / Sphere-like  Cylinder
Test Blanket Test Blanket enclosed Annular Blanket
in the wall by LithiumCarbonate
Distance between 250 cm 78 cm 21.3¢cm
Source & Test Blanket '
Test Blanket Li,O Li,0 Li,0Li,CO,
60 ¢m-thick 60 cm-thick 40 cm-radial thickness
Cylinder Rectangular
Material Be-Multiplier Be-Multiplier Armor-Layer
First Wall Be-Coverage Port Openings
Heterogeneity
Number of Experiments 9 8 3
Normalized Pobabilify Distribution Function, f(t),
of the Prediction Uncertainty of T-6
(US & JAERI Codes and Data -Li-Glass Measrements-All Phases}
0.07 T T T T T T T
{ ! Calc. & Expt, Errors
0.06 f_ g:]uc.f;sf::o{C&E Errors) M
i == -----Gaussian (C Errors)
E 0.05 ‘.:"';
: ;
2 g T4
0.03 -
b i
g 0.02 T"
£ o001 ‘
0 :
: : k\Saf:r:rg.- Facklsr
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Fig. 5.1.1 Probability distributions for prediction uncertainty in local tritum

breeding ratio estimations
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5.2 Completion of JAERI/USDOE Collaborative Program on Fusion

Neutronics
--- Induced Radioactivity and Nuclear Heating Experiments ---

Y. Ikeda, A.Kumar*, C. Konno, K. Kosako**, Y. Oyama, F. Mackawa,
M. Z. Youssef*, M. A. Abdou* and H. Mackawa

In view of the importance in data validation for induced radioactivity calculations along
with the KERMA data, the induced radioactivity and nuclear heating experiments have been
conducted as the new technical items proposed in the framework of the JAERI/USDOE
Collaborative Program on Fusion Blanket Neutronics since 1988.14) These experiments have
been carried out as the stand-alone experiments in parallel to the major topics of blanket integral
experiments. As the program has been completed in 1993, the relevant efforts and the most

significant outcome obtained throughout the experimental endeavor are summarized .

Induced radioactivity experiments
The first experiment was conducted utilizing the simulated fusion neutron field in the

Phase [IC experimental assembly. Additional experiments were performed through Phase-IIIA,
B and C in the experimental series of the collaboration program. Extensive measurements were
carried out on materials of importance of the fusion structural materials. The measured values
have been finalized as the benchmark data for the induced radioactivity calculation code as well
as the cross section libraries. The present status of the prediction accuracy in the calculations
with THIDA-2, REAC*2&3, RACC, DKR-ICF has been clearly shown by the C/E
representation for all calculations. The summary of the C/E values for radioactivity levels on
materials investigated is given in Fig. 5.2.1. The experimental data have been summarized in
numerical form and distributed to the potential users through IAEA. The series of endeavor
has demonstrated the significant importance of the benchmark experiment for the validation of

activation cross section libraries.

Nuclear heating experiments
Extensive efforts have been devoted to the technical development and the demonstration

for direct nuclear heating measurement with a micro-calorimeter in D-T neutron fields. The

calorimetric system consists of thermal sensors of thermistor and Pt-RTD (Resistance

*  University of California, Los Angeles
** Sumitomo Atomic Energy Ind., Ltd.
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Thermo Detector), material probes of interest, thermal insulators with vacuum chamber and
polystyrene foam and high sensitive voltmeters. A temperature rise due to the nuclear heating,
which was as low as 10-5 °K/sec, was successfully detected by the system. The materials
investigated included Li;COs, graphite, Al, Ti, Fe, SS304, §8316, Ni, Zn, Zr, Nb, Mo, Sn,
W and Pb. The overall uncertainty in the experimental data ranged from £ 5 % to 15 %. The
measurements were compared with calculations with various KERMA library data. The C/E
values are plotted in Fig. 5.2.2. Tt was found that the calculation based on JENDL-3 gave
reasonable agreements with experimental data. In conclusion, it was demonstrated that
experimental data for the KERMA data validation has been provided for the first time in this
collaborative program.
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Table 5.2.1 Summary document of the experimental progress

Items 1988 1989 1990 1991 1992 1993

Induced Radioactivity
Phase-1IC ———2
Long-lived activation ->
Phase-IITA -->
phase-fiIB - >
Phase-;tic =~~~ == >
Summary report e >

Nuclear Heating
Single probe test -1 >
Single probe -
Single probe ——e>
58304 assembly N
Summary report e >
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5.3 Measurement of Low Energy Neutron Spectrum in Iron Assembly
for Verification of Evaluated Nudear Data

F. Mackawa, C. Konno, Y. Oyama and A. Iwai

Iron is the most essential structural material for fusion and fission applications. For
verifying nuclear data of iron, benchmark experiments '* were carried out for an iron cylindrical
assembly utilizing the Fusion Neutronics Source (FNS) facility. Neutron spectra above 3
keV and activation reaction rates were measured so far in the assembly by the proton recoil
detectors and the foil activation technique, respectively. In this kind of benchmark experiments,
however, neutron spectrum below 3 keV has not been measured yet. Hence neutron spectra
below 3 keV has been measured in the iron experimental assembly.

The neutron slowing down time method ¥ was adopted to the experiment. The
experimental assembly of 1000 mm in diameter and 950 mm in thickness made of iron was
placed at 200 mm from the tritium target of FNS. D-T neutron pulses of 0.5 us width and
200 us repetition rate were injected to the assembly. A BF3 gas proportional counter was
placed inside the assembly at positions of 110, 210, 310, 410, 610 and 810 mm from the front
surface to measure time-dependent °B(n,o) reaction rates. The time-dependent reaction rate
measured at each position was converted into energy spectrum by using a relation between
neutron slowing down time and its mean energy. The relation was determined experimentally
by applying the resonance filter technique. Finally, the neutron spectra were normalized to
those per source neutron considering the neutron yield and the detector efficiency. Total
error of the spectrum at each energy ‘was estimated as less than 10 %.

In order to examine accuracy of the evaluated nuclear data libraries and the transport
codes, benchmark calculations of the experiment were performed with MCNP-4 and DOT-3.5.
Continuous energy cross section libraries based on JENDL-3.1, -3.2 and ENDF/B-IV were
used for MCNP calculations. Two group cross section sets were adopted for DOT calculations.
Both were processed from the JSSTDL library based on JENDL-3.1 with the self-shielding
correction factors, but in different energy group structures of 125 and 175 groups.

Measured neutron spectra at 210 mm and 810 mm are shown in Fig. 5.3.1 with those
by MCNP calculations. It is clearly seen that agreements between the calculated spectra with
JENDL-3.2 and the measured ones are fairly good not only for their shapes but also their
absolute values. Figures 5.3.2 and 5.3.3 show the ratios of the MCNP calculation to the

_experiment (C/Es) for integrated neutron flux for each decade of energy between 1 eV and 1
MeV. Figure 5.3.4 shows the C/Es of '*’Au(n,y) reaction rate. The C/Es of the integrated
flux below 1 keV agree within 10 % with those of the '*’Au(n,y) reaction rate, which has
much sensitivity to neutrons at 4.9 eV. This fact suggests a consistency between the present
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spectrum measurement and the former activation rate measurement.

As for the energy range below 1 keV, the JENDL-3.2 calculation agrees with the
experiment within about 10 % at all measurement positions. On the other hand, the calculation
with JENDL-3.1 underestimates the flux by a few tens of percentage near the front surface of
the assembly, and the ENDF/B-IV calculation is smaller than the experiment by about 30 %
at all positions. In the energy range between 10 keV and 1 MeV, the C/Es by JENDL-3.2 are
closer to unity than those by JENDL-3.1. A prediction accuracy of low energy neutron flux
below 1 MeV is much improved by JENDL-3.2 within about 10 %.

Figure 5.3.5 is the ratios of the integrated flux by DOT to that by MCNP. This figure
illustrates an effect of group-wise cross section. The DOT calculation with 125 groups
differs by 40 % from the MCNP calculation in the energy range between 10 and 100 keV,
while the DOT calculation with 175 groups agrees with the MCNP within 20 % in the energy
range between 1 eV and 1 MeV,

References
1) Oishi K., et al.: Proc. 7th Int. Conf. on Radiation Shielding, Bournemouth, 9331-340
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2) Konno C,, et al.: Fusion Eng. Des., 18, 297-303 (1991).
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5.4 Verification of Secondary Gamma-ray Data in JENDL-3 through Analysis
of Benchmark Experiments at FNS and OKTAVIAN

F. Maekawa, Y. Oyama and K. Kosako*

Since the release of JENDL-3.1, the previous version of JENDL-3, in 1990,
re-evaluation work of JENDL-3 has been progressed, and the latest version of JENDL-
3, JENDL-3.2, was released in June of 1994. As an activity of Shielding Integral
Working Group of Japanese Nuclear Data Committee, secondary gamma-ray data in
JENDL-3 were tested by benchmark calculations of existing experiments. Two series
of integral experiment with D-T neutron source were adopted; i) FNS/JAERI clean
benchmark experiments " with three experimental assemblies of Cu, W and type
316 stainless steel (SS316) and i) OKTAVIAN/Osaka University pulse sphere
experiments » for LiF, CF2, AL Si, Ti, Cr, Mn, Co, Cu, Mo, W and Pb. For the first
step, the calculations based on JENDL-3.1 were compared ¥ with the experiments so
as to recognize accuracies of secondary gamma-ray data in JENDL-3.1. Problems of
the data were pointed out through the comparisons, and their results were fed back
to the evaluators to modify them. Forthe second step, validity of secondary gamma-ray
data in JENDL-3.2 were examined.

The continuous energy Monte Carlo code MCNP-4 was used to calculate
gamma-ray spectra. Some subroutines of MCNP-4 were modified to identify which
nucleus and neutron reaction were occurred, or in which cell a photon was generated.
This modification enable us to easily point out which part of secondary gamma-ray
data is inconsistent in the case of a disagreement between a calculation and an
experiment is found. For example, a calculated gamma-ray spectrum denoted as
total contribution in Fig. 5.4.1 is classified into three components; gamma-rays from
i) LiF, ii) stainless steel container of LiF powder and iii) tritium target. It is seen
that contribution of the container is not small comparing with that of LiF itself
especially in a high energy region above 5 MeV. Figure 5.4.2 shows calculated
gamma-ray spectra for Nb pile. The total spectrum is classified into each gamma-ray
production reaction. This figure illustrates that gamma-rays by inelastic scattering
and (n,2n) reactions dominate the total spectrum.

Results of the data testing with OKTAVIAN experiments are as followings.
Secondary gamma-ray data of F and Co were given in JENDL-3.2 for the first time.
Since Li nuclei emit gamma-rays of 0.478 MeV only, gamma-rays from LiF above

* Atomic Energy Data Center (Present affiliation: Sumitomo Atomic Energy Industries, Ltd.)
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0.5 MeV in Fig. 5.4.1 are emitted by F. An agreement between the calculated and
the measured spectra is good for LiF. Calculation with the first evaluation for Co
does not agree with the experiment as shown in Fig. 5.4.3. The data of Co were
re-examined and improved as shown in the figure. Measured and calculated spectra
for W by JENDL-3.1 and -3.2 are compared in Fig. 5.4.4. Spectra by both evaluations
are almost the same and slightly larger than the experiment between 1 and 2 MeV.
In the other energy ranges, both JENDL-3 seems to be consistent. Gamma-ray
spectra for Pb is presented in Fig. 5.4.5. A strange peak is seen in the spectrum by
JENDL-3.1. This peak was disappeared in JENDL-3.2 through some iteration of
evaluation and benchmark calculation, Results of the benchmark test with OKTAVIAN
experiments are summarized that the calculations with JENDL-3.2 represent the
experiments very well for LiF, CF2, Al, Si, Co, Mo-and Pb, but there are still
unreasonable data for Ti, Cr, Mn, Nb and W. _
Measured and calculated gamma-ray spectra in W for the FNS experiment are
presented in Fig. 5.4.6. An agreement between JENDL-3.2 and experiment is good
while JENDL-3.1 is about five times larger than the experiment As for W, the
differences between JENDL-3.1 and -3.2 are considerably large in the FNS experiment
while they are very small in the OKTAVIAN experiment. This factis explained by
the difference of neutron spectra between the two experiment. Since 14 MeV neutrons
are dominant in the spherical pile of OKTAVIAN experiment, most of gamma-rays
are generated by 14 MeV neutrons. On the other hand, in the FNS experiment. most
part of neutrons are in‘a low energy region below ! MeV and contribution of (n,y)
reaction to the total gamma-ray production is very large. Secondary gamma-ray data
for (n,y) reaction can be tested only by FNS experiment, and those in JENDL-3.1 are
not appropriate. Through the benchmark tests for Cu, W and SS316, secondary
gamma-ray data of the materials are validated except for some inconsistent data.
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5.5 Integral Test of Kerma Data for SS304 Stainless Steel in the D-T
Fusion Neutron Environment

Y. Ikeda, A. Kumar*, K. Kosako, C. Konno, Y. Oyama, F. Mackawa,
M. Z. Youssef*, M. A. Abdou* and H. Maekawa

An experiment of nuclear heating in a $5304 assembly was carried out at FNS under
the framework of JAERI/USDOE collaborative program on fusion neutronics. The
experimental configuration was expected to be suitable to validate calculations in the spectrum
where the D-T neutron contribution is less important on nuclear heating, and the associated y-
ray and slow neutron contributions are dominant. Figure 5.5.1 illustrate the cross sectional
view of the assembly made of $5304 core region, side LiCO; enclosure and polyethylene
insulator. Cubic blocks of $$304 with unit dimensions (51 x 51 x 51 mm?3) were contained in a
$S304 stainless steel box. The assembly was placed in close vicinity of the D-T neutron source
in order to maximize the neutron flux levels inside the S$304 core. Thermistor sensors (10 k€2)
were attached on the first three blocks. The 100 £2 RTD was attached on the side of the last
block at depth rage of 170 - 220 mm. The signals of resistance changes were measured with the
voltmeters of Keithley-181, 182, 182 and Solatron-7081. Sampling times of 50 s were applied
to increase the effective output of the temperature rise. The long pulsed D-T neutron operation
of 5 min. was applied to discriminate the background drift composed by slow components due
to radiation, heat conduction, self-joule heating in the resistance. The derivatives of temperature
changes in the SS-304 blocks are shown in Fig. 5.5.2. The data at position closest to the D-T
neutron source display the highest values with strong overshoots and undershoots at the
beginning and the end of the neutron pulse irradiation, respectively. Considering relatively low
thermal conductivity of $S-304 and steep gradient of the neutron flux over the block with 51
mm length, the variation in the derivatives during irradiation is explained by heat transfer from
the front to rear sides of the block. The effect due to the heat flow was also observed in the data
at the second block even though the neutron flux gradient at this position was expected to be
much smaller than that at the first block. The nuclear heating was derived from the first rise in
the temperature changing rate.

In order to estimate the temperature change during a sampling time of 50 s, a heat
transport code ADINATD was used. The heat source distribution was given by the result of
neutron and Y-ray flux calculated by DOT3.52) with FUSION-J33) cross section library based
on JENDL-34). Differences in the temperature changing rate during the first sampling time
were examined by changing the sampling time. The temperature rise at the end of the first

* University of California, Los Angeles
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sampling decreases as the sampling time increase. A correction factor for the data with 50 s
sampling time was derived assuming that the data with 1 s sampling time gives the ideal
temperature rise without heat flow. As the experimental data to be analyzed were obtained by
correcting measured data with the factors derived at all positions. Experimental analysis was
carried out to examine adequacy of the current data relevant to the nuclear heating. Neutron and
y-ray fluxes were calculated by the two dimensional transport code DOT3.5 with FUSION-J3.
The experimental system was modeled by a R-Z cylindrical geometry and P5-516
approximation was applied. The neutron KERMA data were created from JENDL-3 by direct
method counting all contributing reaction cross section. The KERMA for y-ray was derived
from DLC-995). .

The experimental data before and after correction for the heat flow are plotted in Fig.
5.5.3 along with the calculation. The neutron and y-ray fractional contributions are given
separately in addition to the total-heating rate. This results clearly demonstrate that the heat
transfer consideration is essential in determining the heating rate when the large size detector is
used. The agreement between the calculation and the experiment suggests that the nuclear data
of §8304, employed in this analysis, seems to be adequate. Emphasis should be placed on the
fact that the y-ray contribution to the heating rate becomes dominant as the depth of the position
increases, as seen in Fig. 5.5.3.

As regards the similarity of the neutron and y-ray spectra at 215 mm ia the present
assembly to those in the shielding structure of fusion reactors, it is worthwhile to note that the
experimental data can be used for the direct verification of the data and method to be applied in
the design calculation. The present study show the possible direction of applying the
calorimetric method on the total nuclear hearing measurement for validating the design
calculation. In the nuclear heating at the deef)er region, e.g., at the interface between the shield
structure and following insulator and super conducting magnet, the uncertainty largely depends
on the uncertainty in the neutron and y-ray flux spectrum calculation.
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5.6 Experiment and Analysis of Induced Radioactivity Characteristics in a
Large SS-316 Stainless Steel Shielding Materials Bombarded with 14

MeV Neutrons
Y. Ikeda, C. Konno, F. Maekawa, Y. Uno, Y. Oyama, K. Kosako* and H. Mackawa

Induced radioactivity in D-T fusion environment is recognized as one of the most critical
issues from the safety point of view. Validation of the relevant nuclear data and calculation
methods by experimental data is highly needed to assure objectively the reliability of the design
calculation. New integral experiments on the induced radioactivity in a large SS-316 shield
assemblies were conducted to provide integral experimental data of induced radioactivity
associated with $S-316. The differences of the cooling time, neutron spectra and Cross section
libraries were factored into the corisideration in experimental analyses. As the neutron transport
code, DOT3.5 and MCNP were employed coupled with the JSSTDL!) and FSXLIB-J 32} cross
section libraries based on the JENDL-3 nuclear data file3). ACT4 of the THIDA code system?)
with the JENDL activation library5) as well as the FENDL activation library®), and the REAC*3
code”) with the associated cross section library, were used for the activation calculations.

Figure 5.6.1 shows the SS-316 assembly for the fusion shielding experiments.
Dimensions of the assembly were 1200 mm in diameter and 1118 mm in thickens for the test
region, to which a source refiector cavity of 203 mm in thickness was attached. The
experimental holes for sample insertion were filled with same SS-316 materials. The D-T
neutron was generated via the 3H(d,n)*He reaction by using FNS. Nominal D-T neutron yield
at the source was about 2 x 1011 n/s. Samples of SS-316 placed at 406.4 and 609.6 mm from
the surface of the test region along the central axis of the assembly were rradiated with D-T
neutrons for 10 hours. After irradiation, induced radicactivities were measured with Ge
detectors at different cooling times from several hours to about 8 months. Experimental data
were derived as the decay rate of the radionuclide per unit weight of 8S-316 (Bq/g). The
experimental values were normalized by the source neutron intensity of 1.0 x 10t1/s. The
radionuclide was identified by y-ray energies and their intensity relationship. The decay rate was
derived from y-ray counts, detector efficiency, y-ray emission probability and other necessary
corrections. '

The observed y-ray lines were mostly associated with the decay of radioactivities
produced via (n,y) reactions. This is simply because the high energy neutron flux was
attenuated by $S-316 layer of least 400 mm in thickness in front of the sample location,

resulting

* Sumitomo Atomic Energy Ind., Lid.
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in relatively small reaction rates of threshold type reactions. On the other hand, a fractional
contribution of low energy neutron flux increases with the depth in the S§8-316. In Fig.
5.6.2, experimental data at the position of 406.4 mm are plotted with corresponding decay
curves calculated by the ACT4/JENDL activation library. At a short cooling time, 3Mn was
the most dominating activity in both positions, followed by 99Mo and 187W. At cooling time of
several days, the 9°Mo kept the largest contribution, followed by the 31Cr. The 36Mn
disappears quickly due to its short half-life. After 8 months cooling time, only four activities
with appreciably long half-lives, 34Mn, 38Co, 3°Fe and %0Co, were observed.

The ACT4 and REAC*3 were used as the inventory codes. The activation cross section
library based on the JENDL activation file with 125 neutron energy groups and the 175 energy
group library installed in the REAC*3 code system were used for the induced radioactivity
calculations. In addition to those libraries, the FENDL activation library was tested for
comparison, utilizing ACT4 as the inventory code. The multi-group FENDL library with 125
energy group structure was created from the point wise EFNDL file to be applied in the ACT4
calculation. The experimental analysis gave following results: (1) Uncertainty due to neutron
spectrum impacted on prediction accuracy for the (n,y) reaction products. (2) Uncertainty due
to ambiguity in number densities of miner constituents should be seriously taken into account in
the overall prediction uncertainty. (3) There were large discrepancies in the cross sections of
98Mo(n,y)%Mo and 186W(n,y)187W between JENDL and REAC175.
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5.7 Performance Test of Fiber Scintillation Detectors for Fusion Application
Y. Oyama, F. Maekawa, A. Tanaka™ and M. Takada™

For a fast neutron spectroscopy, recoiled protons are usually measured to obtain the
incident neutron spectrum. In such a method, the unfolding procedure is necessary to obtain
neutron spectrum from the recoil spectrum using response matrix. This procedure limits the
energy resolution and accuarcy of the method. For 14 MeV neutrons, the range of knock-on
proton is about 3 mm in an organic scintillator. If fiber scintillator with a diameter less than
this range is used so as to enter the edge in parallel to the longitudinal direction, only
forward recoils stop fully inside the fiber. This special situation gives two advantages for the
measurement:

1) Recoils escaping from the scintillator do not release their energy fully to the
scintillator. Thus the light emission response of neutrons incident to the edge along
fiber shows single peak structure similar to the full energy peak as shown in Fig.

5.7.1 (calculated by a Monte Carlo simulation).”

2) Angular distribution of recoil for high energetic neutrons has a strong forward
anisotropy. Thus combining the above feature of recoil escape, the angular

dependence of this detector strongly shows directivity.

To examine the above basic features of fiber scintillators, two kinds of detectors were
fabricated and tested for D-T neutrons. The scintillators tested are summarized in Table
5.7.1. In the case of liquid scintilator, glass capilaries are bundled and filled by liquid
scintillator as shown in Fig. 5.7.2. For plastic fiber scintillator, the plastic was covered by
Teflon sheet and 1 mm-thick aluminum foil to isolate each fiber so as to avoid proton
crossing two fibers. These detector responses were measured by D-T neutrons.

The measured pulse height distributions are very different from the calculaions. The
energy resolutions are worse than the calculations and there is no peak structure as Fig. 5.7.1.
In addition, for glass capillary detector, the maximum pulse of the injection at 90 degree is
larger than that at O degree. This may be explained by the two regions of the detector, the
capillaries and the reservoir of disk shape. The resevoir region has larger efficiency than
expected.

For the directivity of efficiency for neutron incident angle, only plastic fiber detector
showed such characteristics. However, as shwon in Fig. 5.7.3, the measured directivity was

*1 Summer student from Nagoya Univ.,  *2 Summer student from Tohoku Univ.
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modest than the calculation. From the measurement, FWHM is about 40 degree for 2 mm
diameter fiber and close to the calculation, but the observed one does not decrease the
efficiency at larger angles as the calculation shows no efficiency at 90 degree.

In conclusion, the present fiber scintillators show poor energy resolution and there
existed no peak structure. This may be due to characteristics of light transmission inside the
fiber. The directivity can be obtained at forward but at large angles the secondary emission
and interference among fibers should increase the background. In addition, low light yield
can not neglect theneutron induced backgroud of photomultiplier. In a further study, the
directivity can be improved by more careful detector design and then an application is
expected to a detector for neutron camera with self-collimation. However, the feasibility for a
detector with full energy peak feature was not confirmed by the present scintillators.

Reference
1) Oyama Y., et el.: Nucl. Instrum. Meth., A256, 333 (1987)

Table 5.7.1 Two types of fiber scintillators
LD. Type Size

BCF-10 Plastic scintillation fiber 2 mm dia. x 30 mm long,
Teflon coat and 1mm-thick Al cover
BC-599 Liquid scintillator 1.15mm inner dia. x 25 mm long
0.26mm thick glass capillaries
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Fig. 5.7.1 Pulse height response calculated for 0.25 mm-dimeter fiber
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6. Radiation Shielding

Experimental works at TIARA have been continued to verify the data and model
codes for neutron transport calculations in intermediate energy. The deep penetration
experiments of quasi-monoenergetic 41 and 64 MeV neutrons for iron and concrete were
analyzed with the HETC~KfA2 code, and the MORSE-CG and DOT3.5 codes with the
group constant HILO86 for indicating the serious effect of elastic scattering model in the
HETC-KfA2,

Comprehensive attenuation data were calculated for point isotropic monoenergetic
neutron sources up to 400 MeV in watér, ordinary concrete and iron using the ANISN code
and the group constant HILO86R to employ the data in a point kernel code PKN-H for
shielding calculations of high energy neutrons. Stopping power tables were calculated for
charged particles from 10 eV/amu to 10 GeV/amu using the codes: STOPPING, SPAR and
RSTAN/RSHEV, which were used for evaluating the equivalent dose and detector responses
for higher energy neutrons and various charged particles.

Development of the code system has been continued to calculate the equivalent doses
in a mathematical phantom and the fluence to effective dose conversion factors to photons
and npeutrons up to 10 GeV based on the ICRP-60 recommendation. A couple of
calculations were carried out for 100 MeV to 10 GeV neutrons for a slab phantom to
compare it with the existing data.

In the framework of ITER/EDA blanket/shielding R&D, survey calculations with
respect to the bulk shielding for the SCM were performed to design the experimental
configuration at FNS with the ANISN and the group constant FUSION-40. Besides,
benchmark shiclding experiments were continued for a SS316 assembly with annular void at
FNS to validate the MCNP and DOT3.5 codes together with the FSXLIB-J3 and JSSTDL

libraries.

The activities of 6.1 to 6.4 were conducted in Shielding Laboratory, and those of 6.5
and 6.6 in Fusion Reactor Physics Laboratory.
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6.1 Measurement and Analyses on Neutron Transmitted Through Iron and Concrete

Shields in Intermediate Energy Region

H. Nakashima and JAERI-Universities Collaboration Working Group for Accelerator
Shielding Study

It is essential to confirm the nuclear data and methods in the intermediate energy
region for accelerator shielding designs. Therefore, a serics of accelerator shielding
experiments has been carried out using the 30 MV AVF cyclotron TIARA at Takasaki
site in JAERL |

Neutron spectra transmitted through iron and concrete shields were measured using
the quasi-monoenergetic neutron source settled in the cyclotron facility as shown in Fig.
6.1.1. Neutrons generated by protons accelerated to 67 and 43 MeV at the Li target of
2 MeV loss thickness passed through the iron collimator of 10 cm in diameter and 225
cm long, and bombarded the iron and concrete shields of 120 cm wide, 120 cm high and
20 to 200 cm thick. Tbe pulse height distributions were measured by 5"¢ x 5" BC501A
liquid scintillation detector set just behind the shields. Neutron spectra were obtained by
an unfolding method using the FERDO-U code with the measured response matrix and
its error matrix. Neutron intensity monitors, a Faraday cup and fission chambers,
calibrated to the absolute value of the generated neutron using a counter telescope have
been operated during the experiments.

The transmitted neutron spectra were calculated using the two-dimensional discrete
ordinates code DOT3.5 and the Monte Carlo code MORSE-CG with the HILO86 group
constants set up to 400 MeV having P, Legendre expansioﬁs”. The source neutron
spectrum measured by the counter telescope was used in calculations as a point isotropic
source at the position of the Li target. In DOT3.5 calculations the first collision source
calculated by the GRTUNCLE code was also utilized to remove ray effects. The
calculated spectra are compared with the measured ones behind the iron and concrete
shields on the beam axis at the peak neutron emergy of 64.3 MeV in Figs. 6.1.2 and
6.1.3, respectively. The calculated results comparatively agree with the measurements,
although the calculations in the energy region lower than the peak emergy are slightly

larger than the measurements, because the breakup neutron region in the measured source

— 160 -



JAERI-Review 94-009

neutron spectrum by the counter telescope includes the inelastic scattering component from
the Si detector of the counter telescope. As a results, it is certified that the design
methods in the energy region up to 20 MeV are available to the shielding designs in
intermediate energy region less than about 70 MeV.

The HILORG6 library gives the preferable results, which was calculated by the HETC
code and the optical model for eclastic scattering cross sections and adjusted to
experiments. On the other hand, the HETC-KFA2? calculations without a built-in elastic
scattering option, which means to use only the intra-nuclear-cascade—evaporation model,
largely overestimate the measured spectra as shown in Figs 6.1.2 and 6.1.3. The HETC
calculations with the elastic scattering option utilizing the same data as the elastic cross
sections in the HILOS86 library still overestimate the measurements. Thus, it is implied
that the contribution of elastic scattering is very important in this energy region and the

handling of elastic scattering reaction in the HETC code should be modified.

References

1) Alsmiller R.G., Jr., Barnes .M. and Drischler J.D., "Neutron—Photon Multigroup Cross
Sections for Neutron Energies <400 MeV (Revision 1)," ORNL/TM-9801 (1986).

2) Cloth P., et al, "HERMES A Monte Carlo Program System for Beam-—Materials
Interaction Studies”, FA-IRE-E AN/12/88 (1988).
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6.2 Attenuation Data of Point Isotropic Neutron Sources up to 400 MeV in Water,

Ordinary Concrete and Iron
H. Kotegawa, A. Hasegawa, Y. Nakane, H. Nakashima, Y. Sakamoto and S. Tanaka

Comprehensive attenuation data of dose equivalent for point isotropic monoenergetic
neutron sources up to 400 MeV in infinite shields of water, ordinary concrete and iron has
been calculated using the ANISN-JR code and a neutron-photon multigroup macroscopic

cross section HILOS6R ', as shown in Fig.6.2.1 * .
The calculated dose equivalent H(r) in spherical geometry was fitted to an exponential

formula empirically, as following,
Hi@=exp(Gi(@®)/47a1? (6.2.1)
where j is energy index corresponding to source neutron energy. The G i (r) is expressed

with 4th order polynomial formula, as follows, making possible to use for point kernel

codes,
Gi(=Zmami *17  *G+(@+(b;ir+gDn)* 0-(n (6.2.2)

where the summation is performed about m from 1 to 5, and

O+(y= {lrei-r| =(es -} /2 l1es -1 (6.2.3)
B-n=1- 6+ (6.2.4)
g(r) =In(4 7 1?) for water and concrete (6.2.5)

= 0 for iron, (6.2.6)

and
amj :m-th fitting parameters for energy index j,
b; : a fitting parameter for energy index j,

I ¢ : conjunction radius for energy index j.

The important feature of the fitting formula is that dose equivalent H ; (1) is

represented by 1) 4th order polynomial exponent formula at inner region of conjunction
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radius r «; , 2) exponential formula with an attenuation length 1/b ; at outer region of r ¢,
3) different exponential formula between water/concrete and iron using the. function g(r) at
outer rcgioh of r¢i, and 4) without the buildup factor which shows a drastic variance
strongly depending on source neutron energy. The third term means that neutron dose
equivalent H(r) at far distance from source in water and concrete attenuates as =~ exp(-1/
Ao), and in iron attenuates as ~ exp(-1/ 4 o )/r 2 in which Ao is independent on
thickness of shield, according to an observation of the calculated dose ecquivalent
attenuation.

Additional data, so called infinite medium effect C s, to calculate a dose equivalent
in finite shiclding geometry was also caiculated in order to correct the effect due to infinite
medium, for instance, giving the maximum correction of 0.23 in the region far more 400
cm distance from neutron source of 400 MeV in iron shield. Figure 6.2.2 shows an infinite
medium effect C u of neutron dose equivalent in iron in 3-dimensional description.

This parameterized attenuation data set (a mj ,b 5 ;1 ¢3,C u ) assure, consequently, that
it is capable to calculate neutron and secondary gamma-ray dose equivalents with good
accuracy from near source to far distance region where the dose equivalent becomes
negligible small.

These parameters will be installed in point kernel code, PKN-H ) for quick and
casy calculation of neutron and secondary gamma-ray dose equivalent with good accuracy
in water, ordinary concrete and iron shields of 3-dimensional configuration for intermediate

gnergy neutron up to 400 MeV.

References

1) Kotegawa H., et al.: "Neutron~Photon Multigroup Cross Sections for Neutron Energies
up to 400 MeV: HILO86R -Revision of HILO86 Library-", JAERI-M 93-020(1993).

2) Kotegawa H., et al.: "Attenuation Data of Point Isotropic Neutron Sources up to 400
MeV in Water, Ordinary Concrete and Iron", JAERI-Data/Code 94-003(1994).

3) Kotegawa H., et al.: "PKN-H", JAERI-Data/Code 94-XXX(1994), (to be published).
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6.3  Stopping Power of Charged Particles from 10 eV/amu to 10 GeV/amu
Y. Nakane, S. Furihata", S. Iwai and S. Tanaka

It is important to calculate stopping power for a varety of particle and material
types in the wide energy ranges for the calculations of the dose conversion factors,
detector responses and accelerator shiclding designs. Therefore, electric collision stopping
power (Se), nuclear collision stopping power (Sn) and total stopping power in 15 kinds
of materials were calculated for 10 kinds of charged particles from 10 eV/amu to 10
GeV/amu with three kinds of calculation codes: STOPPINGY, SPAR? and
RSTAN/RSHEV?.

The characteristics of these codes are summarized in Table 6.3.1. The combination
of these codes makes possible to calculate stopping power of all kinds of projectiles and
materials in the wide energy region. At particle energies from 10 MeV/amu to 10
GeV/amu, stopping power was calculated with the RSTAN/RSHEV code for ten kinds of
particles: muon, pion, p, d, t, a, °Li, "Li, ®C, O in ten kinds of elements: H,, He, Be,
C, Al, Fe, Cu, W, Pb and U, and five kinds of materials: water, phantom, LiF-TLDs
(TLD-100 and TLD-700) and SSNTD (Solid State Neutron Track Detector). On the
other hand, at particle energies from 10 eV/amu to 10 MeV/amu, stopping power was
obtained with the SPAR code for muon and charged pion, and electric collision and
nuclear collision stopping power was separately calculated with the STOPPING code for
other eight kinds of particles, because nuclear collision stopping power is effective below
a few hundred keV/amu.

The calculated total stopping power for deuteron particle in water with the RSTAN
and STOPPING codes is shown in Fig. 6.3.1, which has a hump around 100 keV/amu and
decreases monotonously as a function of particle energy. Both calculations are smoothly
joined in the energy region between 1 and 100 MeV/amu including the connecting energy
(10 MeV/amu). _

The ratios of total stopping power with the STOPPING code to that with the

* Mitsubishi Research Institute, Inc.
** Mitsubishi Atomic Power Ind., Inc.

- 166 —



JAERI-Review 94-009

RSTAN/RSHEV code are shown in Fig. 6.3.2 at the connecting energy for p, &, °C, 'O
in 10 eleménts and water. The ratios are dependent upon the target materials and are
large in Fe, Cu and W especially, while the ratios become larger with increasing the
charge of incident particle. Nevertheless, the both codes are in agreement less than 10
percent except for the case of *0 particles in W. Therefore, the STOPPING calculations

were adopted in the stopping power table.

References .

1)Ziegler J.F., Biersack J.P. and Littmark U. : "The Stopping and Range of Ions in Solids,
Volume 1 of The Stopping and Ranges of Ions in Matter", Pergamon Press (1985).

2)Bichsel H. : private communication.

3)Armstrong T.W. and Chandler K.C. : "SPAR, a FORTRAN program for computing
stopping powers and ranges for muons, charged pion, protons, and heavy ions",

ORNL-4869 (1973).

Table 6.3.1 Characteristics of calculation code of stopping power for charged particles

Code RSTAN / RSHEV STOPPING SPAR
Particle T, u, p, P, d t, "He, lexcept m, | 7, 1, p,
‘He, Li, 'Li, ’Be, B, Heavy lons (A>2)
llB 12C 13C 14N ISN
160" g ’ ’ ’
Enecrgy Range |05 ~ 108 ~ 102 |0 ~ 10°
(MeV/amu)
Target L <37 /7 =357 except gases | except gases
(compounds) (possible) / (impossible) {(possible ) (possible)
S., S, Calculation | S, Calculation only S, and S, S, Calculation
Calculation | ( S, consideration at
lower energy
region )

" This code was modified by our laboratory to calculate compounds.
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6.4 Evaluation of Fluence to Dose Equivalent Conversion Factors for High Energy
Radiations (II)

*

Y. Sakamoto, S. Tanaka, N. Yoshizawa * , O. Sato *, S. Furihata *, T. Uehara *

*

and S. Iwai *

Along with increase of large scale high energy accelerator facility, from the point of
view of radiation protection, an establishment of approach to evaluation of effective dose
irradiated by high energy neutrons has come up to an important problem.

In present study, the method to' calculate effective quality factors based on ICRP
60 "’ has been developed. Effective quality factors are defined by weighed average
quality factors for charged particles from incident encrgy to zero energy by the spectral
distribution of the absorbed dose in tissue. They can be calculated for any kind of particles
from quality factor (Q) - linear energy tranfer (LET) relationships of charged particle in
water. When a human body is irradiated by high energy neutrons, various kinds of
secondary particles (heavy ions of nuclear fragments, high energy nucleons and mesons)
with wide energy distributions are produced in nuclear reactions. In evaluation of the
effective dose by high energy neutrons, the energy depositions by these secondary particles
take effect considerably. Therefore, effective quality factors have been calculated for 186
charged particles up to Z=26 with energy range from 0.2 eV to 10 GeV including charged
pion and muon ?’ . These particles were decided from nuclei of the materials used in the
MIRD-5 mathematical human body phantom > .

Fluence-to—-dose—equivalent conversion factors have been calculated for broad
parallel beams of monoenergetic neutrons of 100 MeV, 1 GeV and 10 GeV incident on a
30-cm-thick slab of ICRU four-element tissue (H: 10.1 w/o, C: 11.1 w/o, N: 2.6 w/o, O:
76.2 wjo, density: lg/cm °) using Mote Carlo code HERMES *) with effective quality
factors. Depths where absorbed doses and dose equivalents show maximum increase with
incident neutron energy. In Table 6.4.1, the fractional contributions of various kinds of
particles to the maximum dose equivalents using the Q-L relationships in ICRP 60 are

)

compared with those using the Q-L relationships in ICRP 21 > for each neutron energy.

* Mitsubishi Research Institute, Inc.

** Mitsubishi Atomic Power Indusfrics, Inc.
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Heavy ions dominate in dose equivalents for all incident neutrons. Secondary protons
contribute to dose equivalent next to heavy ions. The contributions of charged pions
increase with incident neutron emergy. For all incident neutron energies, the sum of the
contributions of photons generated from neutrons below 15 MeV, muons, electrons and
positrons is less than about one percent.

In Fig.6.4.1, calculated maximum dose equivalents are compared with those of ICRP
51 % as a function of incident neutron encrgies. The present calculations are 20% - 40%
smaller than those in ICRP 51. In ICRP 51, the quality factors for all heavy ions and any
jon energy approximated to 20 were used. In present study, effective quality factors are

used which are calculated for wide energy range and various charged particles.

References

1) ICRP Publication 60. 1990 Recommendations of the International Commission on
Radiological Protection, Pergamon Press, Oxford (1991).

2) Sato O., et al.: "Evaluation of fluence to Dosc Equivalent Conversion Factors for High
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Sources”, Pergamon Press, Oxford (1973).

6) ICRP Publication 51, "Data for Use in Protection Against External Radiation”,
Pergamon Press, Oxford (1987).
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Table 6.4.1  Fractional contribution by various kinds of particles to the maximum dose

equivalent produced by neutrons normally incident on a 30 cm-thick slab of

ICRU four—clement tissue.

Incident Neutron Energy

Particles
100 MeV 1 GeV 10 GeV
Fractional Contribution

Q-L relations ICRP60 ICRP21 ICRP60 ICRP21 ICRP60 ICRP21
secondary protons 333% 381% 38.1% 428% 332% 306.4%
charged pions 0.0% 0.0% 3.5% 3.9% 9.8% 10.5%
muons 0.0% 0.0% 0.1% 0.1% 0.1% 0.1%
heavy ions 42.0% 41.1% 452% 42.0% 482% 45.6%

electrons and positrons 1.3% 1.4% 0.6% 0.7% 0.4% 0.4%
neutrons below 15 MeV  233% 194% 125% 10.5% 8.4% 6.9%
photons * 01% 01% 01% 01% 00% 00%

maximum dose equivalent pSv/(neutron/cm 2 )
376 340 986 896 1,840 1,720

*photons generated from neutrons below 15 MeV
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Figure 6.4.1  Calculation results of maximum dose equivalent for normally incident

neutrons on a 30 cm-thick slab of ICRU four-element tissue compared

with ICRP51.
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6.5 Survey Calculation for Bulk Shielding Experiments (2)
Mock-up Experiment

C. Konno, F. Maekawa, A. Iwai and H. Maekawa

In the framework of the ITER/EDA blanket/shielding R&D, the Joint Central Team
(JCT) proposed to carry out the mock-up shielding experiment. As the part of the ‘94 R&D
Task, the pre-analysis was performed on the mock-up experiment which was expected to be
executed at FNS.

The objective of the survey calculation was to determine how to simulate the shielding
structure of the ITER. The model of the survey calculation was based on the latest design®’ of
the shielding blanket in ITER/EDA. Figure 6.5.1 shows the models used in the survey
calculation. The model (a) is the model of the latest design of the shielding blanket in
ITER/EDA and the model (b) is the simplified one of the model (a). In the model (c), the
thickness of SS316/water zone is shortened by 400 mm, since the thickness of the $8316/water
zone is too thick to measure neutron and gamma-ray data at the super conducting magnet
(SCM) region by using FNS. The one-dimensional Sn transport code ANISN and group
constant FUSION-40? (42 groups for neutron and 21 groups for gamma-ray) were adopted.
Figures 6.5.2 and 6.5.3 show the calculated neutron spectra at the surface of the first wall and
at the depth of 50 mm inside the SCM region, respectively. The neutron spectra at the surface
of the first wall are different between the model (a) and model (b)/(c) since the ratio of S5316
to water is different among them at the front part of $S316/water region, while the neutron
spectra at the depth of 50 mm inside the SCM region are quite similar, It is concluded that
the model (¢) is a better model for the latest design of the shielding blanket in ITER/EDA
regarding the neutron environment at the SCM region. Figure 6.5.4 shows the experimental
assembly for the mock-up experiment actually executed at FNS. The SCM region is made of
the layer structure simulating the latest design” of the TF coil in ITER as shown Fig. 6.5.4.
The calculation of the two dimensional Sn code DOT3.5 using FUSION-J3 suggests that a
void can be substituted for liquid helium in the troidal field (TF) conductor from the Neutronics

point of view.

References
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6.6 Bulk Shielding Experiments on a Large 85316 Assembly with Voids
C. Konno, F. Mackawa, Y. Ikeda, Y. Oyama, Y. Uno and H. Maekawa

In next fusion reactors such as ITER, there will be some voids at joints of the
shielding modules. Although these voids influence shielding performance, very few experiments
have been performed so far. The shielding benchmark experiment was planned in order to
examine experimentally the void effects on shielding performance and validate neutron transport
codes.

The experiment was executed at the Fusion Neutronics Source (FNS) facility. The
* basic experimental assembly was a cylindrical assembly (test region) of $S316 (1.2 m in
diameter and 1.12 m in thickness) with a source reflector of 0.2 m-thick $58316, which was
the same as one of the $S316 bulk shielding experiments”. Two different kinds of voids were
made at the depth of 254 mm from the front surface of the test region of the basic experimental
assembly. One was a cylindrical void (150 mm ¢ x 102 mm), and another was an annular
void (300 mm in outer diameter, 160 mm in inner diameter, 102 mm in thickness). The void
size and position were determined based on the calculational survey”. Figure 1 shows the
experimental assembly with the annular void. Neutron fluxes over 10 MeV and from 10 keV
to 1 MeV were measured using a 14 mm-diam. NE213 spectrometer and a small proton recoil
gas proportional counters (19 mm in diameter and 127 mm in effective length), respectively.
Gamma-ray heating rate was measured by thermoluminescent dosimeters (TLD). As neutron
spectrum indices, 2*U fission and activation reaction rates (¥ Al(n,0)*Na, Nb(n,2n)*Nb,
5In(n,n")""*1n, *"Au(n,y)**Au) are measured by a fission chamber and foils of Al, Nb, In and
Au, respectively. The measurements were performed along the center line and along two
radial lines at distances of 50 and 254 mm from the void as shown in Fig. 6.6.1. The
measurements were also executed using the assembly without voids. The void effects were
presented by the ratio of the data with void to without void.

The analysis on the experiment was performed using the Sn code DOT3.5 (P, expansion)
and the Monte Carlo code MCNP. The cross section libraries were JSSTDL? (reduced to
neutron 125 groups and gamma 40 groups, with self-shielding correction) and FSXLIB-J3,
which were based on JENDL-3.1. S8 and S16 angular quadratures were used in the DOT3.5
calculation.

Figures 6.6.2 and 6.6.3 show the ratios of the measured and calculated neutron fluxes
over 10 MeV in the cylindrical and annular void assemblies to those without void, respectively.

The effects due to the void is very large (two to four times). The peaking due to the void in
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the annular void assembly shifts backward, compared to the cylindrical void.. There is 10 %
difference between the DOT3.5 calculations using the $16 and S8 angular quadratures. The
experimental data agree with the DOT3.5 calculation using S16 better than that using S8. The
MCNP calculation also give a good agreement with the measured data. Figures 6.6.4 and
6.6.5 show the ratios of the measured and calculated U fission rate in the cylindrical and
annular void assemblies to the data without void, respectively. The 10 % decrease appears in
front of the voids. This is due to smaller reflected neutrons. The increase behind the void is

only 20 %. All the calculations represent the measured data within 10 % accuracy.

References

1) Konno C., et al : "Bulk Shielding Experiments on Large $S316 Assemblies”, Fusion
Technol. Vol. 21 [3] Part B, 2169 (1992).

2) Konno C., et al. : "Survey Calculation for Bulk Shielding Experiments --Effects of Void
and Special Material--", JAERI-M 93-181 (1993) pp. 123-125.

3) Hasegawa A. : "JSSTDL 295n-104y, a Common Nuclear Group Cross-Section Library
Based on JENDL-3 Nuclear Data File", Proceedings of the second Specialists' Meeting on
Nuclear Data for Fusion Reactors, JAERI-M 91-062 (1991) pp. 15-25.

4) Kosako K., Oyama Y. and Maekawa H. : "FSXLIB-J3 : MCNP Continuous Energy Cross
Section Library Based on JENDL-3", JAERI-M 91-072 (1991) (in Japanese).
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Fig. 6.6.1 Experimental Assembly with Annular Void
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7. Reactor and Nuclear Instrumentation

In reactor instrumentation, works were carried out in relation to the construction of
HTTR (high-temperature engineering test reactor). Nicrosil-nisil thermocouples with various
sheath materials were tested in high-temperature He atmospheres in an outpile electric furnace
and an incore irradiation capsule to investigate the stability of their electromotive forces.
Absorption characteristics of a charcoal filter for noble-gaseous fission products were
investigated in the course of performance tests of fuel failure detection system.

As concerns advanced reactor instrumentation, a new-type position-sensitive fission
counter was proposed. The counter has an anode of signal-transmission delay-line structure;
and theoretical analyses were tried out to reveal the relation between pulse-signal propagation
time and electrode structure. Also proposed was a new method of nondestructive
measurement for assessment of material degradation of reactor pressure vessels (RPVs). This
method deals with changes of magnetic coercivity of RPV steel due to neutron irradiation. A
new device utilizing a cylindrical hybrid system of superconductor and ferromagnetic
substance was developed for selective detection of magnetic-flux sources appeared around
defects in metallic components and structures.

In nuclear instrumentation, works were devoted to R & D of nondestructive measuring
methods for assessment of & -radioactivity of TRU waste drums. The method requires precise
estimation of spontaneous fission rate and ( @ ,n) neutron emission rate for a given waste
composition-matrix, and thus an analytical method was proposed and evaluated as compared

“with experiments. The work pointed out the importance of study of ( & ,n) neutron emission
rate for waste control and disposal. Also, the statistical analysis of long term background
neutron counting was tried out and interesting features were revealed.

As to the fundamental research in the field of instrumentation and measurement, light
emission characteristics of various scintillator were investigated in terms of the emission light
spectra and decay times to make clear the light emission characteristics in the region of
relatively long wavelength. Also, an uninvasive means was explored to measure the beam
current profile; and a new method was proposed for the inverse estimation of current
distribution from the magnetic fields The method utilizes ingenious combination of neural
network and genetic algorithm, and its effectiveness was proved by computer simulation

All the above were performed in Sensing Technology Laboratory.
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7.1  Analysis of Background Count Rates in a Neutron Detection System
H. Gotoh, M. Haruyama, M. Takase and Y. Sugimoto

The authors have been using a passive neutron detection system for the development of
measuring systems of transuranic elements in radioactive wastes for more than six years.
Although the system has been working well for waste drums containing more than about 10mg
plutonium, it is necessary to lessen the background counts if we want to realize a more
sensitive detection system. The authors have started to analyze all background data taken
already during more than six years. Present results are preliminary and only phenomenological.

The system was completed in February 1988 and was tuned up in the most favorable
condition. Figure 7.1.1 shows one of the background data taken in multichannel scaling(MCS)
mode at that time. The dwell time of the MCS was 10 s/channel and each channel stored total
counts registered in every 10 seconds. The time behavior of background in 40,950 s
(=11.4 hours) after the start of measurement was recorded in the figure. The average count
was 16.48 and the average counting rate of background was estimated to be 1.648. Spikes are
seen here and there. Those are attributed to cosmic rays or electrical noises.

_ 1,000
[*]
E
= 100 -
3
210
]
1 . .
0 1,000 2,000 3,000 4,000
Time {channel)
Fig.7.1.1 Multichannel scaling data of background counts. The first channel stores total counts during the
first 10 s, the second chanmel does those during the next i0s, and so on.
1,600
)
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S
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Time Interval (channel)

Fig.7.1.2 A distribution of time intervals between pulses. The measurement was performed by using a
pulse interval analyzer (PIA).
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The time intervals between ali pulses were recorded parallel with the data of Fig.7.1.1 for
36,000s. The distribution of time intervals is shown in Fig.7.1.2. The time scale is 300
us/channel. A sum of two exponential functions with two different time constants is fitted to
the distribution. The smaller time constant was 1.397 ms and the larger one was 684 ms. The
total counts of the smaller time constant was 2,467 counts and that of the larger one was
52,981 counts. The sum of both components was 55,449 counts yielding total counting rate of
1.540 cps. This value is smaller than the value of 1.648 cps obtained with the MCS
measurement. This means some of counts in spikes are lost at the PIA measurement.

The system was set at an underground room with a ceiling with 50cm thick ordinary
concrete in the beginning and moved to the first floor with a ceiling of concrete slate. Figure
7.1.3 shows a time behavior of background counting rates after the system movement. The
curve BGCPS corresponds to the counting rate of MCS measurement, the curve FASTCPS to
that of smaller time constant, the curve SLOWCPS to that of the larger time constant and the
curve TOTALCPS to the sum of FASTCPS and SLOWCPS. The background counting rate

increased to about four times of that in the underground case.

2
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Fig.7.1.3 A time behavior of background counting rates.

Many experiments were performed after the system movement. Figure 7.1.4 shows a
distribution of numbers of background counts in 15s measurements after the system movement.
The total number of events amounts to 363,668. We see that the distribution is composed of
two components. One is a Gaussian type distribution and the other an inverse power function
type tail. The curve drawn in the figure is the Poisson distribution with an average 90 which is
the count in 15s counting expected from the average counting rate of 6.0cps. The width of the
Gaussian type distribution is wider than that of the Poisson distribution. This wiil be caused by
the long term fluctuation of neutron background. The tail will be caused by cosmic rays and
electrical noises in wide sense. The latter will come from noises in commercial power supply,
noises from electric apparatus for the system, noises from electric tools in the neighborhood
and pulse breakdown in high voltage circuits for *He counters.

Although the system was carefully designed and constructed against electrical noises, the
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system was moved to a less favorable situation. And six year passage has a possibility of
changing the condition of high voltage insulation. The removal of electric noises will be an

important task for the authors.
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Fig.7.1.4 A time beéhavior of background counting rates.
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7.2 Simultaneous Estimation of Spontaneous Fission Rate and (a,n) Neutron Emission

Rate
H. Gotoh, M. Haruyama, M. Takase and Y. Sugimoto*

In passive neutron method, the measuring process is mathematically interpreted as a
mapping f from the direct product space of the time rate of (c,n) reactions and spontaneous
fission rate to the direct product space of a time-uncorrelated count rate and a time-correlated

count rate :
Cc=/(R), . (1
where R = ((a,n)R} C :[”“m‘”‘e‘i C), (anyX 1 the time rate of (a,n) reactions and ¢R is the
SF correlated C ’
spontaneous fission rate. The analyzing process is interpreted as the inverse mapping S of the
mapping f. Although the mapping and the inverse mapping are curved in large scope, both are
expected to be linear in a proper local scope.
If we have three standards R, (i=0,1,2) in a neiborhood of an unknown sample R, then we

have the following three relations:

uncorrelated Ci—uncorrelated Go — gf_
‘R

.((am}Rl_(a,ﬂ)RO], 2)
R=R,

seRi—sefy

.((a,n)Rz_(an)ROJ, (3)
R=R,

correlated Cl—oorre!ated CO

uncorrelated C2 " uncorrelated CO] _ éf;
correlatedt C2_correlated CO R

stRo—spfy

uncorrelated C'_unoom:]aled ('OJ — ﬂ . ((a,n)R_(a,n)Roj (4)
Ripr, \ seR=sefo -

Equation (4) can be rewritten for the estimate of the unknown R:
-1
(((z,n)R) = ﬁ_f [unconelaiedcunom'elamd CO] + [(a,n)R()]. (5)

correlated C_’correlated CO SF RO
From (2) and (3) we obtain an expression for the inverse of a

and

correlated & “correlated CO

R=R,
a B - [(a,n)Rl_( aaf (en)fr a,n)R()] ( uncorrelated 1 uncorrelatedC0  uncorrelatedC 2 uncorrelated (0 J_l_ (6)
R R=R, SFRI_SFR(J SFRZ—SF&) cormlatedc l—correialcdcﬂ corre}aledcz_ccmlaledc()
And we finally obtain
{ (a,n)RJ _ ((a,n)Rr( P a,n)Ro] . [ uncorrelatedCl ~uncorrelatedC0  uncorretatedC 2~ uncorrelatedCo T .
sl correlatedC1 corretated o correlated 2 correlatedC0

sif—sefo srR2sRp
’ ( uncorrefated C_Lmoorrelawd COJ + ( {a,n)R()}- (7)
correlated C—correlated Co srRo
The authors' passive neutron system measures the distributions of all time intervals between
pulses detected as shown in Fig.7.2.1. The distribution is separated into two exponential

* Present address: Miyama Co. Ltd,, Ooarai-machi, Ibaraki-ken
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components. The total count of the slower component 4 C corresponds to the time-
uncorrelated count and the total count of the faster component ,,C corresponds to the time-
correlated count. The measurement shown in Fig.7.2.1 was performed on a sample made of

T

plutonium with an isotopic composition  10° T
of 20.37% 24Py in a counting time of | Nl TEDEs 15519 comis
10 E’ Mo.? 4.117 ms 430,6%) counta
1,800s. The total count of the slower g totet 456,154 counts
component with time constant 0.680ms 1
was 25,523 and that of the faster ,
component with time constant 4.117 ms .
was 430,631, R

The time interval distribution can . [

vl woed vl

Y |

be calculated wusing the neutron

. - 1]
detection efﬁCIency £, the System 16, 500 ) 1000 1500 2000
Time Interval {chanmel}

dieaway time 7, the spontaneous fission ) o ) _
Fig.7.2.1 A distribution of time interval taken for a plutonium

rate ¢pR and the (o,n) reaction rate sample. The timecorrelated count is by the count of the faster
component and the time-uncorrelated count is given by the

. - - 1)
(OLJI)R with a mathematical expression’”. count of the slower component. The dwell time is 20ps/channel.

Three pairs (880, 220), (890, 220) and _
(880, 230) was selected for three standards ((a YR SFRi) (= 0,1,2), and three pairs (418,712,
27,778), (421,974, 27,814) and (424,482, 29,108) were obtained for ( ueorreiaredCis correlatedCi) (7

=0,1,2) after computation with the mathematical expression and curve fitting. The pair (951.1
+16.6, 204.9+7.7) was finally obtained for ((a e SFR) of the unknown using (7).

From the specification of the sample, spontaneous fission rate was calculated and the
result was 205 s-! which should be compared with 204 9+7.7 5! described above. The (a,n)
reaction rate was also calculated from the specification with a computer program for (o,n)
reaction rate?) regarding the sample as pure PuO, and considering 247Am accumulation after
the analysis of isotopic compositions. The result was 911 st which should be compared with
951.1+16.6 51 described above.

Although detailed analysis is now continuing, it is interesting that the time interval
measurement with the mathematical aid on time interval distribution saves physical standards of

transuranic material.

References
1) Gotoh H., et al.: JAERI-M 91-138 pp.130-132 (1991)
2) Gotoh H., et al.: JAERI-M 93-181 pp.127-128 (1993)
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7.3 A New Method of Nondestructive Measurement for Assessment of Material
Degradation of Aged Reactor Pressure Vessels

K. Ara, N. Nakajima* and N. Ebine*

As about forty years have rolled on since the commencement of electric power genera-
tion by light water reactors, great concern about how one should assess the residual life of
nuclear power plant is aroused today. Concurrently hopes of plant life extension are being en-
couraged with support of today's highly developed technologies in manufacturing of reactor
components and management of reactor operations, though these originated from difficulties in
finding new sites for plant construction.

As concerns the plant life, the reactor pressure vessel (RPV, hereafter) is the most im-
portant reactor component because it is one of the components that cannot be replaced when
degraded and hence its failure is not considered in plant safety assessments. A serious problem
of radiation embrittlement ,however, exists in RPVs, and this brings about an important subject
of how one should assess properly the degradation of RPVs in aging. Generally the degradation
has been assessed by means of impact testing of Charpy coupons, i.e., surveillance test speci-
mens made of the same material as RPV, setteld and irradiated in the reactor between the core
and the RPV inner wall. In this way of assessment, the following problems are becoming serious
today. Acceleration feature of Charpy coupons tests, uncertainty of stress-induced effects, and
lack of Charpy coupons.

Under these circumstances, a nondestructive measuring method to assess directly the
degradation of RPVs is required to be explored and developed: The authors propose a new
nondestructive method MIM (Magnetic Interrogation Method) by which changes of magnetic
coercivity of RPV steel due to neutron irradiation are measured in relation to changes of mate-
rial properties of and other aging phemomena in RPV.

The schematic representation of a measuring system in MIM is shown in Fig. 7.3.1. A
part of RPV is magnetized from the side of its inner wall through its overlay clad by a magnetic
yoke. Then one measures a magnetic field distribution pattern on the surface of RPV through a
magnetization process as shown in Fig. 7.3.2. From the measured pattern one estimate inversely
the coersivity distribution in the direction of thickness of RPV steel with an aid of magnetostatic
field analysis.

This type of problems is generally called as the ill-posed inverse problem and cannot be
solved uniquely. We therefore introduce very effective and realistic strong constraint; that is,

*Reactor Component Reliability Laboratory,
Department of Reactor Safety Research
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we fix the form of coersivity distribution function, fc(t,[p1-p;}), and hence inversely estimate
parameters [p1-pj] from the measured magnetic field distribution patterns. Here, t is a position in
the RPV steel, and [p1-pj] state parameters related to the degree of radiation-induced hardning.

In the implementation of above process, the following two conditions must be satisfied:
i) a mathematical model of the hysteresis magnetization characteristics of RPV steel can be
provided, and ii) the thickness of overlay clad can be measured nondestructively with some
other means.

The authors have just started works to confirm experimentally the feasibility of MIM.
The first subject being made clear is the possibility of nondestructive measurement of overlay
clad thickness with a MIM hardware system, and the second the possibility of obtaining mea-
surement patterns that reflect uniquely cbcrcivity distributions in RPV steel.

Excitation Coil
{Ampere-turns:NI) Magnetic Yoke

[ ———— | / Magnetic-flux
/ Path (Length:a)

( QOverlay Clad

o /(Nonmagnetic)

z \
Magnetic-flux Path

(Length:b}

/

Pressure Vessel Steel
(Ferromagnetic)

Fig. 7.3.1 Schematic representation of a measuring system
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FLUX DENSITY, B

0 FIELD STRENGTH, H

Fig. 7.3.2 A magnetization process by which
RPV steel is first magnetized from
zero to saturation and then demagne-
tized until the magnetization becomes
zero again
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7.4 High Temperature Tests of Nicrosil-Nisil Thermocouples
M Yamada and K. Ara

Nicrosil-nisil thermocouples (N-TCs), as shown in Fig. 7.4.1, were fabricated with
metal-sheaths of five different alloys; 1 e., inconel 600, incoloy 800, incoloy 825, hasteloy X and
nicrosil. The N-TCs were then tested at high temperature environments in an out-pile electric
furnace and an incore irradiation capsule, to examine their applicability to incore gas
temperature measurement in HTTR.

The out-pile high temperature tests were lasted for 20,000 hours at 1200 °C in He
atmosphere. During the tests, the furnace temperature was monitored with a reference R-type
TC, that was occasionally calibrated at Ag point (961.93°C), and the temperature indications
by N-TC test samples (27 samples in total) were recorded and compared with the indication by
the reference R-TC. Typical test results are shown in Fig. 7.4.2. The N-TCs with the nicrosil
sheaths showed the most stable characteristics as that their emf drifts were about -2%. The ones
with the inconel 600 and incoloy 825 sheaths showed the drifts of about -3.5%, and those with
the incoloy 800 sheaths the worst of -6%. The N-TCs with the hasteloy X sheaths showed two
different trends: 2 of 8 samples showed drifts less than -1% but the others about -6%. The
cause of this strange phenomenon 1s not clear.

After the tests, some of the samples were dismantled, and analyses of TC element wires
were carried out by means of the energy dispersive X-ray spectroscopy (EDX) One found that
the samples which showed large emf drifts contained chemical elements such as Cr, Mn and Fe
of sheath materials in their element wires. This proved that the causes of emf drifts were the
diffusion of chemical elements from the sheath to the element wires. Hence one can understand
the test result that the N-TC having nicrosil sheath showed the most stable long-term emf
characteristic.

The incore irradiation tests were performed for the N-TC samples having nicrosil
sheaths at about 1000°C in JMTR. The total irradiation time was 2127 hours that resulted in the
fast neutron fluence of 1.2x10%!n/cm? and the thermal neutron fluence of 9.8x10%'n/em® The
temperature indications of sample TCs were calibrated during each reactor shutdown by heéting
up the irradiation capsule and inserting a nonirradiated reference K-TC into the capsule. The
test results are shown in Fig.7.4.3. The emf drifts of about +2% were observed. After the
irradiation tests, the capsule was dismantled and the post irradiation efm calibration tests were
performed at 1000°C . The results are shown in Fig.7.4 4 where small emf drifts of +0 4% in
average are presented.

In conclusion one can say that the N-TC with the nicrosil sheath seems to meet the

specifications that are required to the incore gas temperature measurement in HTTR.
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+ element:Nicrosil (Ni-14.2%Cr-1.45%Si), OD 1.2mm
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Fig.7.4.2 Typical results of out-pile high-temperature test
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7.5 Measurement of Scintillation Emission Spectra
H. Yagi, H Ttoh and M. Yamada

The experimental investigations have been performed for the scintillation response that
include the relation between the emission spectra and the decay time. As the first stage, the
emission spectra of the typical inorganic scintillators have been measured. These results
support the development of X-ray image sensor that is integrated scintillator on the
semiconductor photo detector for the synchrotron radiation. It is necessary to know the
relation between the emission spectra and the decay time, for the development of the advanced
phoswich detector that is applied to measure the @ emit nuclide.

The scintillators were excited by X-ray and the scintillation emission light was analyzed
by the photo spectrometer with a line sensor. The general configuration of the apparatus s
shown in Figure 7.5.1. The X-ray generator has an iron target and was operated on the
acceleration voltage of 35kV and the beam current of 15mA The emission light by X-ray
excitation was focused on the inlet slit (3mm x 200mm). The passed light was dispersed by the
diffraction grating and projected on the Image Intensifier (LI) coupled with line sensor. The
electrons emitted by photo cathode of the 11 were amplified by the Micro Channel Plate
(M.C.P). The multiplied electrons excite the phosphor and its luminescence induces the photo
current in the line sensor. The 1.1 has the multi-alkali photo cathode response that is sensitive
from 195 to 850nm. The total spectral sensitivity response using for the spectral correction 1s
shown in figure 7.5.2 compared to the S11 and the $20(bi-alkali) as well known photo
cathode response. The specified sensitivity of the LI is 150mA/lm, the electron multiplication
factor of the M.C.P is the maximum 700 times. The data processor executes the dark current
subtraction, the sensitivity correction and the indication. Because of the lower sensitivity of
this photo cathode on the long wave length region, the dark current of the region over the
700nm is evaluated about 10 times large to the region of 400nm. As the results of sensitive
correction, the spectral dependency of photo cathode was excepted from the spectral data
Therefore, the wave length (energy) distribution of the emitted photon counts was obtained.

The typical test results of the emission spectra for the scintillators of Nal(Tl), CsiTI)
and CsI(Na) excited by X-ray are shown in Figure 7.5.3. The comparisons of normalized
emission spectra profile of BaF2, CaF2(Eu), BGO, CdWO4 and Nal(Tl) are shown in Figure
7.5.4. The integral value (total photon counts) of the photon counting distribution gives a
quantum efficiency of the scintillation emission. The relative emission efficiency (%)
compared with NaI(T1) was evaluated with the typical photo cathode response and compared
to the Scintillation Phosphors Catalog of the Harshaw Research Laboratory. These results are

summarized 1in Table 7.5.1.
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Figure 7.5.2  Total spectral sensitivity response of the photo spectrometer
upgraded by the Image Intensifier i3 compared to the S11
and the S20(multi-alkali) response.
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Figure 7.5.4 Comparison of the normalized emission spectra profile
of BaF», CaFp(Eu), BGO, CdWO4 and Nal(Tl)

Table 7.5.1  The relative efficiency referred to the Nal(T1) are evaluated
with the S11 and $20 photo cathode response.
Relative Emission Efficiency (%)*1
Scintillator | Wavelength of | Ratio of |Evaluated | Evaluated| Evaluated
Max. Emission "2 |total photon{ with S20 | with S11 | with S11 by
(nm) counts ' Harshow
Nal(Tl) 413 (410) 100 100 100 100
CsI(TD) 351 (365) 114 55 48 45
CsI(Na) 409 (420) 74 70 71 83

*] : Compared with Nal(TI)
*2 - () referred to Harshaw Scintillation Phosphors Third Edition, (1975)
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7.6 Absorption Characteristics of an Activated Charcoal Filter for Noble-Gas FPs
Having Short Half-Life

M. Katagiri, M. Kishimoto, H. Yoshida, H. Ito, K. Ilimura and T. Saruta

In an in-pile irradiation experiment for nuclear fuels, a charcoal filter is installed into a
sampling gas line in order to remove iodides contained in the sampling gas. Therefore, it is
necessary to correct radioactivity concentrations measured at down stream of the filter by using
the passing rate for the charcoal filter. However, since an activated charcoal is used at the
temperature below 0 °C to remove not only activated iodides but also noble-gas FPs, the
absorption coefficients of activated charcoals have been measured in the temperature range
from 50 °C to -70 °C D2,

Therefore, we measured the

Charcoal filter for
sampling line

-4+——— FGS sampling llne

Bypass line

absorption coefficients of an (")} =—Valve for changing flow rate

Charcoal filter for measuring

activated charcoal in the
characteristics

Coated fuel

temperature range from 26 °C to
priticle samp_la I

140 °C at which the charcoal filter
is used in practice. For these

Temperature
control unit

Coated fuel
particle sampile Il

measurements, we used the noble- Ge detector

Gas sweep

gas FPs having short half-life. capsule(FGS)
The measurements of

absorption coefficient were
Gas reservoir

carried out by using noble-gas FPs c

e gammasy
produced at the irradiation test in spectrometer
the JMTR. A schematic diagram
of an experimental apparatus is
shown in Fig. 7.6.1, The structure
of a charcoal filter used for the measurements is shown in Fig. 7.6.2. The activated charcoal is a
cylinder of 10 mm diameter and 40 mm length. The weight is 2.2 grams. The temperature of the

charcoal filter was changed by a sheath

Fig.7.6.1 A schematic diagram of an experimental appa-
ratus for measurements of absorption coefficient of an

activated charcoal

58 mm

10mmo

heater and a temperature controller.

6.5mmy

Passing rates as function of the le——— 40 mm——

L wny

i

carrier-gas flow rate and the

fresnanan

temperature were measured by the

A,

experimental apparatus. Sampling gas
Activated charcoal

flow rates are 15 cm3/min, 25 cm3/min,
Fig. 7.6.2 Structure of a charcoal filter
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50 cm3/min and 100 cm3/min. The temperature of the charcoal filter was changed in the range
from 26 °C(room temperature) to 140 °C with the interval of about 20 °C.

First, base radioactivity concentrations of noble-gas FPs were measured with each
carrier-gas flow rate by bypassing a charcoal filter. Next, the radioactivity concentrations of
noble-gas FPs passing through the charcoal filter were measured in the condition of various
temperatures. The passing rates were obtained by dividing the measured concentration by the

base ¢concentration .

By analyzing measurement T T T T T
results, the dependencies of the passing 1.0 : ?ﬁ :
rates on carrier-gas flow rates were ::: s . b
obtained with each temperature. 0.4 ‘ Temperature: 140 °C *'
Analyzed noble-gas FPs are 88Kr, 89K, gi ::::}:::{:{:::H{:::{:::}:f ;

135mXe and 138Xe. The analysis results 10 | = #—%—o—-———"—73 1
at 26°C, 60°C, 100 °Cand 140°C are 08 [ &> :

o 06 | ]
shownin Fig.7.6.3. Theseresults shows 2 ¢4 [ ]
the following; a 02 | Temperature: 100 °C >

) . E 00 [t

1) the passing rate for xenon is smaller & ;4 [ J

g @ r -— " B

than that for krypton in same condition; ® 08 |- ]

. 0.6 S

2) the dependence of the passing rate for os [ 1
nuclide having short-life on the carrier- 02 | Temperature: 60 °C

. 0.0 b e e e b et e

gas flow rate is large; AR SAEAELEE B B B B ]

1.0 + -—— . . ———u &8s

3) noble-gas FPs are not absorbed at the 08 L — ki8]

o ~—@—Xe-135m -

temperature more than 140°C by an 06 I —o—Xe138

. 0.4 [ 3

activated charcoal. 02 [ Temporsture: 26°C -

The absorption coefficients 0.0 L e L

0 20 40 60 80 100 120 140
obtained by the push model and the Flow rate, cm® /min

mixed model were compared with the ) i .
Fig.7.6.3 The dependencies of the passing rates

. . I -
results obtained by D.A. Collins etal 1. on carrier-gas flow rates at 26 °C, 60 °, 100 °C
They measured the absorption and 140 °C

characteristics of the activated charcoal
in the temperature range from 50 °C to -70 °C by using stable krypton gas and xenon gas. The
adsorption coefficients for 89Kr and 135MXe measured at the sampling gas flow rate of 100
cm3/min were compared with the referenced data in the almost same condition. The comparison
results are shown in Fig. 7.6.4.

The absorption coefficients of the referenced data are between the absorption
coefficients obtained by both methods. The gradient of the referenced coefficients and the
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measured coefficients is almost same below 100 °C. Therefore, it is estimated that the practical
absorption coefficient are between absorption coefficients calculated by both absorption
models.

Consequently, it is concluded that it is necessary to correct amounts absorbed by a
charcoal filter in order to obtain the precise radioactivities of noble-gas FPs in a sampling line.

1 0‘ 1] I ¥ I T T I l | | | l 1 I T I 1 11 ] I 1§ 1 1] I | ] i ] :
D - —e— Xenon Ref. (157cmYmin)  Charcoal filter: 1.0cm¢x4.0cml ]
”E - — 5 Kripton Ref. { 87cm/min) ;
0“ : —@— X8-135m Push (100cm’/min) :
= —m— Kr-89 Push (100cm®/min)
% 10° | —e— Xe-135m Mix. (100cm¥/min) -
= L & Kr-89 Mix. (100cm’/min) \ ]
Y - ) o
8 - Xenon
&)
c
2 10 -
] -
0. .
| . -
8 ,
Q [ N '
L. B Krypton .

1 01 1 | I 1 | 1 1 1 | S L | [t ¥ ] 1 2 1 | 1 15

2.4 2.6 2.8 3 3.2 3.4 3.6 3.8
Temperature,10*/T

Fig.7.6.4 The comparison results with measured adsorption coefficients and the
referenced data” for 89Kr and 135mXe

References
1) Collins D.A. et al.: TRG Report 1578(W), 1967.
2) Sakai E., et al.; IEEE, Trans. Nucl. Sci. Vol. N§-31, No.1, 757, 1984.
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7.7 A selective detection method of magnetic-flux sources using a system of
superconductors, ferromagnetic substance and a magnetic sensor

K. Sakasai, M. Kishimoto and K. Ara

When cracks exist in metallic substance, they can be considered as magnetic dipoles by
magnetizing the substance or letting currents flow in it. Therefore many attempts have been
made to detect the cracks using the results of the magnetic field measurement of the dipoles.
However, localization of the magnetic sources, so called the inverse problem in magnetic field
measurement, is known as a problem which has no unique solution. On the other hand, the
authors have introduced a new method for selective detection of magnetic dipoles by utilizing
superconductors and ferromagnetic substance”.

The proposed method to detect magnetic dlpoles

in a limited area is shown in Fig.7.7.1. The superconduct- slectric
insulated =]
ing cylinder has an axial electric insulated line (ie., an line

open slit) to block the flow of circumferential shielding supercondiieting
cylinder + | magnetometer

currents. The detectable region with the system is that

. . magentic dipole
being cut out by the cylinder. The sensor can detect se- o 4

lectively magnetic fields produced by magnetic dipoles in
the region. The effectiveness of the system have been
confirmed and already reported®.

For improvement of the effectiveness of the sys- undelectable detectable

regien region

tem, a ferromagnetic cylinder will be useful when it is . .
em Bnete ¢ Wit bed when 11 Fig.7.7.1 Detection of mag-

installed outside the superconducting cylinder in netic dipoles in a limited area
Fig.7.7.1, since the magnetic fields through the electric

insulated line of the superconducting cylinder will be

shielded by the ferromagnetic cylinder. This modified fux-gats type —

. . s magnatomatar (s —
system of superconducting and ferromagnetic cylinders

have been studied using a magnetic field analysis code

based on the integral element method. The calculation

model is shown in Fig.7.7.2. In the analysis z-component Le

of the magnetic fields detected by the sensor were calcu- forromagnatic

7 gylinder {uc)
lated as a function of the position of the magnetic dipole. | 4 ||
The magnetic sensor is a flux-gate type magnetometer so  apge - 5[,}00,“““,,9
H InGer

that weak magnetic field can be measured. We assumed A< i

that the thickness of both superconducting and ferromag- ) o K
Fig.7.7.2 Calculation model

netic cylinders can be neglected and the ferromagnetic
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Fig.7.7.3 Results of the
calculaation of single dipole

Table 7.7.1 parameters used for calculation

Parameters value | Parameters value
R 4.0 mm a 0.3 mm
r 3.0 mm d 10.0 mm
Le 50.0 mm t 0.2 mm
H 20.0 mm he 1.3x 105
Ls 20.0 mm Hs 1.3x105

cylinder is magnetized only in its surface. In the
figure, 4 and p_are the permeability of the sensor
core and ferromagnetic cylinder, respectively.
Several cases were analyzed changing the pa-
rameters in Fig.7.7.2. As an example of the calcu-
lations, the results of the case with the parameters
listed in table 7.7.1 are shown in Fig.7.7.3 as com-
pared with those of the case without any cylinders,
where the fields are normalized with the peak

value. For comparison, in the figure, are also shown
the results of the cases with single superconducting
cylinder, double superconducting cylinders and
double ferromagnetic cylinders without changing
the size of the cylinders. One can easily see that the
curve of the case with superconducting and ferro-
magnetic cylinders has a more sharp peak than that
of any other case. When spatial resolution of the
sensor is defined as a full width of half maximum of
the peak, the spatial resolutions of the cases with su-
perconducting and ferromagnetic cylinders and
without any cylinders are 2.09cm and 3.85¢m, re-
spectively. It means that the spatial resolution of the
sensor is improved by introducing superconducting
and ferromagnetic cylinders.
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—e— with cylinders
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Fig.7.7.4 Resulis of the
calculaation of two dipoles

Figure 7.7.4 shows the result of another case that two magnetic dipoles are fixed at
x=15mm and x=-15mm. In this case, the two dipoles have the same intensity and the magnetic
fields detected by the sensor are calculated as a function of the position of the sensor. It is easily
confirmed that the two dipoles can be clearly recognized with the considered system, though

they cannot without any cylinders.

As a result of the above calculations, it is concluded that the sensor with superconduct-

— 197 —



JAERI-Review 94-009

ing and ferromagnetic cylinder can measure magnetic dipoles selectively. Since the degree of
the effectiveness of the system greatly depends on the system configuration, it is necessary to
optimize the configuration. So extensive calculations are under planning together with actual

experiments.
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7.8 Inverse Estimation of Current Distribution from Magnetic Field Using a
Combination Method of Neural-Network and Genetic Algerithm

M. Kishimoto

Inverse Problem in Electromagnetism
The author ha been the studying the feasibility of non-destructive measurement of the

beam profile for intense ion accelerators using the inverse estimation method of the current
distribution from the magnetic fields by means of the Genetic Algoritm.1)

This paper proposes the new inverse estimation method of current distribution from mea-
sured magnetic fields by a combination method of genetic algorithm (GA) and Neural Net-

work.

Inverse Estimation of Current Distribution from Magnetic Fields
We consider the estimation problem of the current distribution as the optimum alloca-

tion problem of the currenets in the cross-section of the current distribution area. 1)2)

In Fig.7.8.1, when the magnetic field that measured at measuring point is Bm, we define

the following error evaluation fuction to evaluate the fitness.
. 2
Fitness = ‘Bm ~ Bl

To solve the inverse estimation problem of the current distribution from the magnetic
fields is regarded as to find the current distribu- o
Magnetic Field

tion that make this fitness equal ton zero. ® ® ® 7 Py
M

To verify the effectiveness of the estimation . Acasuring Point
Current Distribution

method of current distribution by GA and Neural \ /

Network, Computer simulations were carried out. ® o

Fig.7.8.2 shows the example of the simulation re-

sults.

Referances
1) M.Kishimoto.: JAERI-M 93-181,135,(1994) Currert Diswibation Avea
2) Maki Kishimoto. et al. : Simulation and

Design of Applied Electromagnetic

Systems,Elsevior Science B.V.,209-212,1994 Fig.7.8.1 System of Measurement.
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Real Current Distribution

Estimatied Reslut

Fig.7.8.2 Computer Simulation Result
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7.9  Study of Position Sensitive Fission Counter with Transmission Delay Line

Structure
H. Yamagishi

A position Sensitive Fission Counter (PSFC) with transmission delay line (DL)
structure was investigated for development of neutron sensors to measure neutron flux
distribution in test reactors and critical assemblies. Also, this technology using the DL structure
is useful to develop new type neutron sensors installed outside vessel for wide range power
monitoring systems in advanced reactors such as the Passive Safe Reactor. The neutron sensor
of fission counter type has some merits that it operates in high gamma-ray background, at high
temperature condition and in a wide range of neutron flux more than 10 decades. The PSFC,
designed using the technology of .pulse interval measurement, provides high signal-to-noise
ratio because it makes smaller attenuation for signal pulses compared with position sensitive
proportional counter with an anode wire of very high electric resistance.

The schematic structure of PSFC is illustrated in Fig. 1. The electrodes of PSFC are
constructed with a solenoidal anode and a cylindrical cathode to make DL structure. The PSFC
provides two kinds of signals by each fission event in the counter. The signals are a fast
propagation pulse from the cathode and a delayed pulse from the solenoidal anode. Since
propagation delay of signal pulse is proportional to propagation length of the solenoidal anode,
the position of each detected neutron is encoded as interval between the fast pulse and delayed
pulse. Equation-1 gives the propagation constant, ¥, on a general transmission line. Where R and
L are series resistance and inductance per unit length of conductor. C and G are capacitance and
leakage conductance per unit length of insulator on the transmission line. If R=G=0 are given
such as a lossless line, pulse propagation velocity, z, and propagation delay time per unit length,
T4 are given by equation-2 and 3. In case of the PSFC, R and G are quite smaller than wL or 1/
oC. Thus T on the PSFC is given to equation-3. On the PSFC constructed with triaxial

structure as shown in Fig. 1, L and C are given by equation-3 and 4.

1= (R +jOLYG + joC)  --mmmmmememee 0
1, =+LC [s/m] - — 2)
o (a32 - alz}(azz - a;z) n tn(as/a )en(ay ay)
Lo ay? + @t - 207 "2x tnfasay [or?) ] oo ©
2ne
C= Trlaasa) [Fim] —-mmesmmmmmemooeee (4)

Where [t and n are permeability and turns of solenoid. € is dielectric constant. The T sis
calculated as a function of electrode gap from 0.5mm to 5Smm. In the calculation, characteristic
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impedance was fixed 50Q2. The calculation results for cathode diameters of 10, 20 and 30mm are
shown in Fig. 2. The 14 was 37.6ns/m at 0.7mm of the electrode gap. In case of characteristic
impedances of 75 and 93€2, each t 4 at 0.7mm of electrode gap width was 56.4 and 69.9ns/m. If
difference time resolution of electronics for measurement of pulse interval is about (.5ns, PSFC
provides position detecting resolution of about 10mm.

After this study, it was found that the PSFC with electrodes of the DL structure provides
a high position resolution for measurement of neutron flux distribution. Also the counter with
the transmission line structure provides flux signals with broad bandwidth without reflection

pulses because it was made impedance matching to signal cables and the electronics.
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Fig. 2 Calculation Results of Pulse Propagation Time
as a Function of Electrode Gap Width
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8. Reactor Control, Diagnosis and Robotics

A new methodology to estimate the time-varying net reactivity has been proposed; it
applies an optimal filtering technique based on Heo estimation theory. The methodology has been
tested by using computer simulated reactor model and has been compared to other techniques,
such as Kalman filtering techniques. '

The performance of the automatic control system of NSRR is investigated experimentally
and theoretically in connection with the power oscillation. Although the detailed mechanism of
the oscillation cannot be identified, the measured signals imply that the origin of the oscillation is
a sort of backlash. A simplified reactor dynamic model with backlash simulates the dynamics of
the NSRR power oscillation. -

A real-time nuclear power plant monitoring applying artificial neural network has been
developed for Borssele Nuclear Power Plant. The adopted artificial neural network has a three-
layered feedforward structure and the real-time adaptive learning function as well as its inherent
learning function. It proved to give an alarm when the operational condition comes to newly
experienced stage for the network, i.e., the monitoring function has been verified.

The analysis of the reactor noise data of the nuclear-powered ship Mutsu obtained in the
experiments of the dynamics identification using pseudo-random input signals conducted during
her experimental navigation is being continued. This year, the results from the first experiment
has been summarized analyzing their signal forms and spectral pattern in order to make a data
base.

The benchmark analysis of acoustic noise signals for detection of sodium/water reaction
due to sodium leak was continued. This year, the test data was synthesized in JAERI and
distributed to the participants.

For the recognition in hazardous environment, the ultrasonic imaging is being studied.
One of the most important concerns on the technique is the resolution of the image, which is
largely influenced by compensation of the transducer signal's distortion. The three types of the
compensation methods have been compared carefully.

The increasing requirements of the manipulators with sophisticated motion motivates the
design of the redundant manipulator with more than necessary degrees of freedom. The nominal
synthesis problem for a redundant manipulator has been considered; it utilizes an additional task
variable called the arm angle which is independant of the end-effector motion and parameterizes
the manipulator redundancy.

Control and A.I Laboratory is in charge of this chapter.
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8.1 Filtering of Net Reactivity Based on H, Estimation Theory
K. Suzuki, J. Shimazaki and K. Watanabe

This article presents an optimal filtering technique in an H,, setting and gives some

results from the computer simulated time-varying net reactivity by the H, optimal filtering

technique.

The filtering problem involves state estimation of system using the past measurements.
The celebrated Kalman filtering approach offers the optimal filtering algorithm for estimating
all the states of a linear system when the power spectral density of the noise is known and
it has been deeply entrenched in the control literature. Here, we consider the estimation
problem with an H, performance criterion formulated in a minimax problem where the
maximum "energy” in the error over all noise trajectories is minimized. Let us consider the

H, optimal filtering problem of the following linear time—invariant system:

g;x(r) - Ax() + Bw(d) ®.1.1)

(8.1.2)
y() = Cx(t) + Dw(®) ,

where x(t) is the state, y(t) is the observation and w(t) denotes the noise. It is assumed that

the matrices A, B, C and D have appropriate dimensions. Let the quantities to be estimated
be given such as :

1.3
z(t) = Lx(?). (8.1.3)

The problem then becomes obtaining an estimate  £(f) of z(t) using the measurement

signal y(t). We adopt the following worst-case performance measure:
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Z
J:= sup , with x(0)=0. (8.1.4)

Thereupon the following problem will be addressed : given y>0, does there exist a filter with
the initial condition given by x(0)=0, J<y* ? If it does, find a realization of the filter. This
problem is solved as follows: If there exists a positive semi-definite and symmetric matrix

P,, that satisfies the following Riccati type equation:

AP, + PAT - P_(C7C -~ ZLT) P_+ BBT - 0, (8.1.5)
Y
A-P (CTC - LLL) is stable, (8.1.6)
¥
one filter for which J<y* is given as follows:
%f(t) =A%) + PCT[ y()-%() ], £(0)=0, (8.1.7)
(8.1.8)

20 = Lx(r) .

Adopting the state equation of net reactivity driven by fictitious noise described above,

we can represent the dynamics of a reactor system by the following state equations:

in(r) = -En(t) + Zﬁj Ac(D + -Ep(t) (8.1.9)
dt A i AT
oy Pin i 8.1.10
~C0 = =) = Ae() 1,2,..6 , ( )
d
Epm =w,, (8.1.11)

where n(t):= neutron density, ¢(t):= density of the i-th group precursor, p(t):= net reactivity,

B,:= portion of neutrons generated by the i-th group of precursors, B:= portion of delayed
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neutrons, A;= decay constant for the i-th precursor, A:= life time, w,:= disturbance term.
Figure 8.1.1 presents a comparison between the reactivity estimate obtained by the H,

optimal filtering method and those obtained by the Kalman filtering technique when 10 cents

of reactivity disturbance in the form of step function was inserted and when 6% of

measurement noise was assumed.

Reference
1) Suzuki K., Shimazaki J. and Shinohara Y. : Estimation of Net Reactivity Based on H,
Estimation Theory, J. Atom. Ener. Soci. Japan, 36, 79(1994).
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8.2  Modeling of Nonlinear Power Oscillation in NSRR

T. Suzudo and Y. Shinohara™

The NSRR is a TRIGA-type pulsed reactor installed in 1975 at JAERI for fuel
research. The power was observed to oscillate at ~0.2 Hz when regulated by the automatic
control system at a high power level. Various experimental analyses suggested that the poor
characteristics of the automatic control system caused this instability, but the mathematical
explanation was not known.

It is known that negative feedback never cause oscillatory motion without phase lag.
Therefore, the element which causes phase lag in the feedback loop is presumably the origin of
the power oscillation. The automatic control system of the reactor power is shown in Fig.
8.2.1; it is composed a two-stag servo system: the Master Servo system and six parallel Slave
Servo systems. With a data set of signals measured at several points of the automatic control
system (Fig. 8.2.1) and we can compare the phase angles of the signals, which leads to the
rough location of the phase lag. By this method, we have found that the phase of the neutron- .
flux signal is almost reverse that of the Master Servo output signal. The Master Servo system
is composed of an amplifier and a motor with feedback by a tacho generator, thus as long as it
works properly there is never a large enough phase lag to cause oscillation at the frequency of
~0.2. This suggests that the malfunction of the servo system caused the phase lag. We,
unfortunately, do not have a means for a more detailed investgation of the malfunction from
the experimental data because the interior signals of the Master Servo system are lacking and
the whole automatic control system has already been dismounted. Therefore, we have been
restricted to finding a simple mathematical expression which gives similar characteristics.

Further investigation shows that the Master Servo system possesses a nonlinear dynamics

*Nuclear Power Engineering Corp., Tokyo
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qualitatively similar to backlash, although this does not quantitatively embody the
experimental data.!)

We anticipated that the origin of the phase lag would be a backlash and established a
phenomenological model for the NSRR dynamics. For the neutronic dynamics we use a point
kinetic equation, because there is no spatial dependance in the power osculation. The dynamics
of the Master Servo system are supposed to be represented by a simple second-order
differential equation, but we added the backlash element to the designed dynamics. The Slave
Servo system is also represented by a second-order system according to the design feature. The
total reactivity is assumed to vary in proportion to the Slave Servo output signal's deviation
from its steady state value. See Ref. 1) for more detail of the modeling.

The model has an infinitive number of equilibrium points, including the steady state,
forming a line of finite length. Therefore the reactor power can'easily be changed by a small
perturbation, which seems to correspond to the large fluctuation in the actual reactor. When the
amplifier's gain of the Master Servo system increased, the NSRR power proved to cause a
persistent oscillation called a limit cycle?. The model also causes a limit cycle motion for a
large value of the gain. Finally we compare the temporal evolution from the actual plant and
the model induced by white noise in Fig. 8.2.2. Both signals’ oscillatory motions seem
intermittent, and their frequencies vary a lot. In addition, there exists a rough relationship
between the amplitude and the frequency in both signals; that is, when amplitude is large the
frequency is also large. Consequently the results from the numerical analyses using the model
agreed qualitatively with the measured signals, and the nonlinearity, which caused the reactor

power to become unstable, has been embodied analogically.

References
1) Suzudo T. and Shinohara Y.: Ann. Nucl. Energy, 21, 5, 291(1994).
2) Suzudo T., Hayashi K. and Shinohara Y.: J. Nucl. Sci. Technol., 30, 8, 727(1993).
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83  Real-time Nuclear Power Plant Monitoring with Neural Network

K. Nabeshima, E. Tiirkcan" and O. Ciftcioglu™

The major advantages provided by artificial neural network (ANN) are that systems
can be modelled by means of measurement information obtained from a multi-output process
system, that explicit modelling is not required and that the modelling is not restricted to
linear systems. In addition, ANN can respond quickly to anomalous operational conditions.
ANN with real-time adaptive learning has been developed for the plant wide monitoring of
Borssele Nuclear Power Plant (NPP) so that robust and sensitive on-line monitoring is achieved
in real-time environment.

A schematic representation of the reactor with measured signals is shown in Fig.8.3.1.
Our ANN adopts a three-layered feedforward structure with 12 inputs, 8 nodes in the hidden
Jayer and 12 outputs. Figure 8.3.2 shows the ANN structure. Standard backpropagation
algorithm with sigmoidal nonlinearity is used for learning and adaptive learning. The auto-
associative ANN structure Tequires as many output nodes as it is used at the input nodes so
that during the learning each pair of input/output nodes fulfills the supervised learning
requirements. A set of sensory signals at a certain time is applied to the learning pattern.

For initial learning 1823 patterns covering start-up, steady-state and shut-down are
used. During the learning, the patterns are introduced to the network randomly and the
number of iterations is 2000 where each iteration includes all the patterns. After the initial
learning, real-time monitoring and adaptive learning starts progressing. The real-time process
signals are introduced to the network as input, and plant condition is monitored through the
network response at the output. At the same time the learning of the network is performed in
adaptive form so that the sensitivity of the network's failure detection is enhanced in the
course of the operation.

To illustrate real-time monitoring system's performance, the results obtained from
two process signals are given in Figs. 8.3.3 and 8.3.4. At the time point of ~550x30s, a
periodic maintenance, called Tinsing' procedure is performed. Because this maintenance
condition is not learned by the network, it cannot identify this operation and the difference
between the measured (input) and estimated (output) value exceeds the tolerant level as seen
in Fig. 8.3.3. This is not observed at the generated electric power, see in Fig. 8.3.4. This is
because this operation causes the same oscillation in SG1 and SG2 but in reverse phase, so

+ Netherlands Energy Research Foundation ECN, The Netherlands
*+ Istanbul Technical University, Turkey
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that these two effects to the power are canceled each other.
The study demonstrates that complex and dynamic system like NPP can be modelled

by ANN with the help of the measurement information only. As mentioned above, such a
computational model can be used for monitoring of the system and has several important

advantages compared to conventional applied monitoring.

References . :
1) K. Nabeshima, E. Tiirkcan and O. Ciftcioglu: ECN-RX--93-066,The Netherlands,1993.

2) K. Nabeshima, E. Tiirkcan and O. Ciftcioglu: AIR'94, May 30-June 1, 1994, Tokai.
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8.4  Noise Analysis for Plant Dynamics Identification of Nuclear Ship Mutsu (IT)
K. Hayashi, J. Shimazaki, K. Nabeshima and Y. Shinohara*

To identify the plant dynamics of the nuclear ship Mutsu, dynamics experiments using
pseudo random binary sequence (PRBS) have been conducted at her experimental navigation.
The experiments using reactivity or load disturbance by manual operation of the control rod
or the main steam valve were performed under three operational conditions of the plant; (1) at
70 % of nominal reactor power and quiet sea, (2) 50 % and quiet sea, and (3) 70 % and
normal sea. The reactor plant signals and ship motion signals measured under the above
mentioned conditions have been analyzed by using statistical methods.

In this year, we summarized the results of the first experiment in view points of the
experimental procedures and conditions for PRBS experiment and analyzed the signal wave
forms and the spectral patterns for all measured signals in order to make a fundamental data
base as the reference data set for dynamics analysis of Mutsu plant.

We found from the above analysis that the manipulation signal following the PRBS
has distortions in its wave forms when the time delay in the manipulator is a relatively large,
but this effect to the dynamics analysis is very small and could be ignored because the
distortion is only related to high frequency components and the manipulation signal still
keeps low frequency components that characterize the PRBS as shown in Fig. 84.1. For the
reactivity PRBS experiment under a single rod driven mode, each rod signal does not follow
the PRBS but the group total of rod signals follows it as shown in Fig. 8.4.2.

From the results of the first experiments, we confirmed that the procedures and
experimental conditions determined prior to the experiment were suitable for performing the
PRBS experiment, that the plant state remained quite stable even if the PRBS disturbances
were applied, and that the quality of the measured data is adequate for the purpose of
dynamics analysis.

In addition, the graphical data base of the wave forms and the spectral patterns
obtained from the first experiment are useful in the comparative analyses among the first, the

second and the third experiments.

Reference
1) Hayashi K., et al. : "Reactor Dynamics Experiment of N. S. Mutsu Using Pseudo Random
Signal (I) The First Experiment, " JAERI-M 93-194, (1993) (In Japanese)

* NUPEC, Tokyo
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8.5  Data Synthesis for 1993 Benchmark Test on Detection of Sodium/Water Reaction
K. Hayashi, K. Watanabe, Y. Fujii and Y. Shinohara*

In the IAEA extended coordinated research program on acoustic signal processing for
the detection of sodium boiling or sodium/water reaction in LMFBR, the working group has
been performing benchmark tests on the detection methods since 1989. The main objective
of the benchmark tests concerns how to detect an onset of sodium/water reaction from
acoustic signals with high sensitivity and accuracy. The performances and detection margins
of various detection methods have been evaluated through cross comparisons among the test
results. The 1993 benchmark test was performed using the test data synthesized by JAERL

For the 1993 benchmark test, we synthesized the test data in the similar manner to the
previous benchmark test as follows; the leak signal of about 5 seconds was superimposed
somewhere upon the background signal of 30 seconds. The amplitude of the leak is adjusted
$0 as to obtain the selected signal-to-noise ratio.

Two analog magnetic tapes were supplied from AEA Technology in UK and CEA
Cadarache in France for the data synthesis. Each tape contains both acoustic signals; six leak
noise signals from ASB loop in Germany and six background noise signals from PFR Steam
Generator Units in UK. The mean leak rates of the leak noise signals were 1.8 g/s in the first
tape and 3.8 g/s in the second tape.

To choose a leak signal and a background signal for the data synthesis, we checked
wave forms and spectral ‘patterns of all leak and background noise signals recorded on each
experimental data tape, then we selected a candidate sensor signal for each leak and
background noise signals. Next, we checked stationarity of these signals to choose the
recording time spans to be used for the synthesis. The stationarity of the selected signals was
checked using the real time Root Mean Squares method with & hybrid computer calculating
the rms value for each short time span of every 5 seconds for whole signal record of about
300 seconds. From the results, we chose two stationary time-spans in each experimental data.

Finally, the test data for both mean leak rates were synthesized by using an analog
computer from the selected leak and background noise signals with four different signal-to-
noise ratios ranging from -12dB down to -24dB. The different start times and durations were
set for each case. The first data set synthesized for the case of 1.8 g/s were recorded on File
No. 3, 4, 5, 6 together with two reference data on No. 1, 2 in the tape to participants. The
second data set for 3.8 g/s were recorded on File No. 9, 10, 11, 12 together with two reference
data on File No. 7, 8.

* NUPEC, Tokyo.
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We set the tasks for the benchmark test as follows;

1) Determine the start time and duration of the leak signal in File No. 3, 4, 5, 6,9, 10, 11
and 12. The time should be counted relative to each start point of the background noise.

2) Estimate the detection margin above the background noise and the signal-to-noise ratio
in each test data, if possible.

After we distributed the test data tape to the participants, we ourselves tried the task
by using Twice-Squaring method; it is a relatively simple nonlinear signal processing in time
domain, and consists in band-pass filtering and squaring of signal in two folds.

The signal wave form and the spectral pattern were examined for the background
noise signals in File No. 1 and 7 and the leak signals in File No. 2 and 8, at first, in order to
tune the parameters of Twice-Squaring method for these reference file data. On the basis of
these results, the pass-bands for the first and second band-pass filters in Twice-Squaring
process were set [2.0,3.6kHz] and [4.0,8 0kHz], respectively. The threshold value L for
deciding the signal states were determined as L=6.5 for the first data set and L=5.9 for the
second data set.

The results of the Twice Squaring analysis for the eight test data files are given in
Table 8.5.1. It is concluded that Twice Squaring method can detect reliably the leak signals
with signal-to-noise ratio down to -16 dB, unless the background noise s gnal contains high

pulsive components.

Table 8.5.1 The start time and duration of the leak noise signal

File Test Start Duration Detection S/IN
No. No. Time(s) Time(s) Margin
[max]dB dB

3 1 - - <0 -
4 2 15.0s 4.0s 6 -12
5 3 - - <0 -
6 4 - ‘ - <0 -

9 5 i35s 35s -6 -12
10 6 - - <Q -
11 7 1655 0.5s 0 -20
12 8 160s 1.0s 0 -16

Reference

1) Hayashi K., et al. - "The Results of 1993 Benchmark Test on Detection of Sedium/Water
Reaction," Presented for Research Coordination Meeting on Acoustic Signal Processing
for the Detection of Sodium Boiling or Sodium/Water Reaction in LMFBR, Vienna, 9-10
December 1993.
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8.6 Compensation of Ultrasonic Signal Distortion with Various Deconvolution
Methods

N. Ishikawa

Deconvolution signal processing is utilized to improve the resolution of ultrasonic
imaging. The improvement is attained by compensating the signal distortion caused by
transducer. This processing is useful especially when the ordinary ultrasonic transducer,
which has narrow band characteristics of transduction, is used. In this report, the
characteristics of three types of deconvolution methods (the prefilter + direct inverse method,
the Wiener filter method and the FIR filter method) are compared to see the compensation
capability of narrow band characteristics of transducer.

Signal Distortion Process _

The transmitter is driven by the electric signal u(t). The ultrasonics is received by
receiver and transformed into electric signal g(t). The relation between g(t) and u(t) is
represented by g(t)=x(t)*u(t), where x(t) denotes the electro-acoustic conversion
characteristics of transducer, and symbol * denotes the convolution with respect to time.
Frequency domain representation of this relation is G(w)=X(w)U(w). The conversion
characteristics x(t) is the cause of signal distortion. Reccived signal g(t) is expressed by the
convolution of x(t) and u(t). Note that the measurement using received signal g(t) is
influenced by the characteristics of x(t) and u(t).

Deconvolution Methods

For deconvolution processing, it is necessary to realize the inverse characteristics of
X{w)U(w) so as to climinate the effect of X() and U(w). Since this inverse emphasizes the
high frequency component, this processing is very sensitive to noise contained in the signal.
In general, some bandwidth limitation is incorporated to prevent the effect of noise. In the

following the three methods used are explained.
Prefilter+direct inverse method (Method I) : Deconvolution of g(t) is calculated as
g dcc(t)=F‘1[?}’((n)/G(uJ)], where F! denotes the inverse Fourier transform, and
al(u))=W(m)G(u)); W(w) is bandpass filter for prefiltering g(t) to reduce the effect of
noise. - :
Wiener filter method (Method IT) : Deconvolution of g(t) is calculated as
8. D=F[H(w)G(w)], where H(w) is Wiener filter  provided by
H(w)=G'(w)/{G'(w)G(w)+y}; the parameter y plays a role of reducing the noise
sensitivity and symbol ' represents complex conjugate.
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FIR filter method (Method III): Above two methods apply calculation in frequency
domain to the deconvolution. On the other hand, this method apples calculation in
time—domain. Deconvolution is obtained by g, (t)=h(z")g(t), where h(z™") is the
FIR filter. Details of this method is presented in Ref 1).

Comparison

Figure 8.6.1 shows the received signal g(t) as u(t) is 40kHz burst signal whose
duration is 8 periods. Signal is sampled at the sampling frequency 200kHz, and
deconvolution is calculated as digital manner. Figure 8.6.2 is deconvolution result of Mcthod
I. W(w) is chosen as the Butterworth type bandpass filter whose pass band is the range of
34-46kHz. Method I shows poor characteristics in both wave shape and noise property. The
reason why this method is so sensitive to noise is that this processing is based on direct
inversion. Figure 8.6.3 is the result of Method II for y=0.5; its performance is much better
than method I. Figure 8.6.4 is the result of Method III in which the filter designed is
bandlimitted to 6kHz so as to reduce the noise sensitivity. In order to compare the noise
performance of each method, the index NP=Zg (1) is introduced, and shown in each

figure.

Reference
1)Ishikawa N, et al:: "Basic Experiment on Preprocessing of Ultrasonic Signal by Inverse

Filtering Technique”, JAERI-M 92-172(1992) (in Japanese).
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8.7  One Consideration for a Class of Redundant Manipulator

S. Sasaki

In recent years, the increasing application of robotic mechanisms has been directed to
a variety of tasks requiring sophisticated motion in complex environments, such as working
in hazardous or cluttered environment, exploring unpredictable regions, carrying radioactive
materials, transporting heavy loads, executing repeated and dull work, etc. As well known,
however, a non-redundant manipulator cannot have the ability to achieve other goals while
completing the specified end-effector motion. These motivate the design of redundant
manipulators with more than necessary degrees of freedom (DOF) to improve their dexterity
and flexibility. Usually, joint velocity control depends on the choice of generalized inverse
used. The most commonly used generalized inverse is the pseudoinverse derived based on
the concept of least-squares minimum norm. However, this pseudoinverse technique cannot
provide conservative joint motions for a task of tracking a closed path in the task space. Most
of studies are focused on using homogeneous solutions of the Jacobian equation to improve
its control. Needless to say, the amount of computation in such approaches seems to be
considerable.

Herein we consider the nominal synthesis problem for a redundant manipulator using
a different scheme (from a geometrical standpoint of arm motion). When the arm is in a
kinematically nonsingular configuration, there exists one excess joint DOF for the task of the
‘manipulator having seven actuators. As a result, for a fixed end-effector frame, there is
generally a one-dimensional subset of joint space (a self-motion manifold) that maps to this
configuration. For convenience, an additional task variable ¢ (or called the arm angle)
independent of the end-effector motion is introduced to resolve the manipulator redundancy.
Using the shoulder, elbow and wrist position denoted by S, E and W, respectively, the arm
angle ¢ is defined by the angle from the reference plane containing the z-axis unit vector and
shoulder-wrist line SW to the SEW arm plane. With this angle ¢ as a parameterization of
manipulator redundancy, a self-motion is described by a rotation of the plane SEW about the
line SW. Due to establishment of the elbow position, the first three joint angles will be found
readily. This situation will be understood with ease from a natural redundancy in the elbow
motion of the human arm. Note that the arm angle ¢ is undefined when the arm is either
nearly fully outstretched or folded, where ¢ ceases to parameterize the redundancy. Together
with this parameter § ,the present joint arrangement of anthropomorphic arms with no offsets
allows to successfully derive the unique articulated solution. Also, since the parameter ¢
under consideration is expressible analytically using the two plane equations, it may be

useful in the future singularity analysis.
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9 Heat Transfer and Fluid Flow

There are three major subjects of research associated with heat transfer and fluid
flow. The first subject is the development and verification of the best—estimate codes for
thermal-hydraulic analyses of light water reactors (LWRs). The REFLA/TRAC code is a
best—estimate code with two—fluid model being developed at the JAERI to provide
advanced predictions of thermal hydraulic behaviors during.postulated accidents in LWRs,
using the TRAC-PF1 code developed by the USNRC as the framework of the code with
adopting physical models developed at the JAERL In the FY 1993, the assessments of
predictive capability of the code were intensively performed and were summarized in the
technical reports for the large break loss—of-coolant accident (I.LOCA) of pressurized water
rcactors (PWRs), the small breék LOCA of PWRs and the multidimensional in-core
thermal hydraulics during the reflood phase of PWRs. The COBRA-TF code has also been
improved as the detailed analysis code of thermal hydraulic behavior in the subchannels
of fuel assembly, especially for accurate prediction of critical heat flux with respect to the
entrainment and thermal fluid mixing models. The code is a three field best—estimate code
being developed originally by the USNRC. Besides, the analyses of density wave
instability were performed for the homogencous saturated two-phase flow in the once—
through steam gencrator as one of the flow instability problems encountered in LWRs.

The second subject is on the fundamental studies such as the mechanism of critical
heat flux (CHF) in the fuel assembly and two-phase flow structures in the vertical and
horizontal channels. For making clear the effects of spacer grids on the CHF and for
developing a mechanistic model of countercurrent flow limitation in vertical channels, flow
visualization experiments were carried out by means of the neutron radiography in the
JRR-3M rescarch reactor in the JAERL Quantitative evaluations were also carried out for
the falling water mass flux and the CHF in various kinds of vertical channels.

The last subject is the transient thermal-hydraulic demonstration test program which
is the second part of the large scale reflood test program, aiming at the verification of the
core integrity during the design basis events of LWRs. The demonstration test facility was
initiated to be built in 1993. The test is scheduled to start in 1996 and end in 2000.

This chapter was written by the staffs of Heat Transfer and Fluid Flow Laboratory.
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9.1  Large Scale Reflood Test Program

T. Iguchi, H. Akimoto, M. Okazaki, T. Okubo, A. Ohnuki, K. Nakajima, H. Watanabe,
Y. Watanabe, T. Sato and Y. Sudo

It was planned to perform "Transient thermal-hydraulic demonstration test program”
as a part of "Large scale reflood test program” sponsored by Science and Technology Agency
of Japan. Transient thermal-hydraulic test program started in April, 1993 and is scheduled
to complete in March, 2000.

The purpose of the test program is to demonstrate the core integrity during unexpected
transients and accidents, i.e. design basis events (DBEs), of light water reactors (LWRs). To
demonstrate the integrity, a test facility which can simulate the transient in-core thermal-
hydraulic behavior during DBEs is constructed and simulation tests are to be performed with
the test facility. The focused LWRs are pressurized water reactors (PWRs), boiling water
reactors, and their improved ones.

Schedule of the test program is shown in Fig.1. The construction of the test facility
will be completed in 1995. The tests will start after that.

In 1993, following activities (1) - (3) were performed.

(1) Design and construction of the test facility

The test facility was designed to have capability enough to simulate the transient in-
core thermal-hydraulic behavior during DBEs. The designed test facility is shown in Fig.2.
The test facility can supply coolant controlled at specified pressure, temperature and mass
flow rate into a test section which simulates the core of reactors.

The major dimensions of the test facility are as follows.

1) Maximum pressure 19.5MPa
2) Maximum wall temperature 647K
3) Fluid Demineralized water, Steam
4) Maximum flow rate into core 10kg/s
5) Core power oMW
6) Cooling capacity SMW
7) Range of steady condition controllable
1} Flow rate into core 5 ~ 100% of maximum flow rate
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2) Subcooling at core inlet 5 - 100K
3) Pressure 0.1 - 19.5MPa
8) Range of transient condition controllable

The range includes the transient conditions (Pressure, core power, flow

rate and coolant temperature) supposed during DBEs.

(2)  Investigation of code predictability

In order to perform simulation tests, it is necessary to know the core boundary

conditions (Pressure, core power, flow rate and coolant temperature). It is planned to obtain

the core boundary conditions through prediction with reliable analysis codes, for example J-

TRAC code. Hence, calculation with the code was performed for major selected DBEs

(Primary pump seizure accident, loss of flow accident, unexpected pressure reduction and SG

pipe rupture accident of PWRs) and predictability of the code was investigated. It was found

that the predicted result with the code agreed fairly well to that with a safety evaluation code.

(3)  Supplemental tests

In order to evaluate the predictability of J-TRAC code on basic two-phase flow

characteristics, a two-phase flow experiment was performed. The detail is described in the

following section.

Fiscal vear

1993 | 1994 1995 1996 1997 | 1998 | 1999

Demonstration test
* Test facility

Design & construction

Modification
* Test Test
Code Evaluation of predictability

Calculation of DBEs

Supplemental test

Two-phase flow tests

Fig. 1 Schedule of "Transient thermal-hydraulic demonstration test program'’
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Fig. 2 Transient thermal—hydraulic demonstration test facility
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9.2  Development of REFLA/TRAC Code for Accident Analyses of Light Water

Reactor
- Assessment of Predictive Capability for Large Break LOCA of PWR -

A. Ohnuki, H. Akimoto and Y. Murao

The REFLA/TRAC code is a best—estimate code being developed at JAERI for the
simulation of transient thermal hydraulic behaviors in light water reactors.”  The
" REFLA/TRAC code uses the TRAC-PF1 code? as the framework of the code and uses
physical models developed at JAERI based on physical understanding of phenomena®. Since
1984, several models have been implemented to the TRAC-PF1 code at JAERI including
reflood model, condensation model, interfacial and wall friction models, critical flow model
through orifice plate, etc.” These models are synthesized in a program in order to assess
predictive capability and understand the application limit of models. This report presents
assessment results of REFLAIT RAC code for the transients related to a large break loss-of-
coolant accident (LBLLOCA) in a pressurized water reactor (PWR).

The assessment calculations were performed for separate effect tests and integral tests
using relatively large scale test facilities as summarized in Table 9.2.1. The predictive
capability can be evaluated for the critical flow phenomena, the condensation phenomena in
the cold leg and the whole transient of LBLOCA through the assessment calculations.

The assessment results were summarized as follows:

Critical flow

The REFLA/TRAC code has predictive capability more than that of the TRAC-PF1

code as shown in Fig. 9.2.1.

Condensation phenomena in cold leg

(1)  The predictive accuracy is improved for the fluid temperature at cold leg outlet of
downcomer side as shown in Fig. 9.2.2.

(2) The calculation became more stable by suppression of an overestimation of pressure
oscillation in the cold leg and the calculational speed became faster.

Whole transient of LBLOCA
The REFLA/TRAC code has predictive capability equal to or more than that of the

TRAC-PF1 code. The predictive accuracy is improved for so—called ECC bypass phenomena
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and for the clad surface temperature during reflood phase as shown in Fig. 9.2.3. The
calculational speed was faster than that by the TRAC-PF1 code due to a stable calculation
during the reflood phase:

The assessment results in this report indicate that the REFLA/TRAC code can predict
the LBLOCA transicnts of PWR with good accuracy and faster calculational speed than that
of the original TRAC-PF1 code.

References

1) Akimoto H., et al.. Assessments .of REFLA/TRAC Code for Various Postulated
Accidents in PWR, Fifth International Topical Meeting on Reactor Thermal Hydraulics
(NURETH-5), Salt Lake City U.S.A. (1992).

2) Liles D.R,, et al.: TRAC~-PF1/MOD1 Correlations and Models, NUREG/CR-5069 LA-
11208-MS (1988).

3) Akimoto H. and Murao Y.: J. Nucl. Sci. Technol,, 29[7], 642-655 (1992).

4) Ericson L., et al.: NUREG/CR-2671, MXC-301 (1982).

5) Okubo T., et al.: JAERI-M 85026 (1985).

6) Mayinger F., et al.: Nucl. Eng. Design, 145, 47-61 (1993).

7) Reeder D.L.: NUREG/CR-0247 TREE-1208 (1978).

Table 9.2.1 Tests examined in this report

Critical flow test Marviken test?
Inner diameter: 0.5 m
Initial pressure: 5 MPa

Condensation test Cylindrical test facility(CCTF)”
VInncr diameter: 0.16 m

Upper plenum test facility(UPTF)®
Inner diameter: (.7 m

Integral test of LBLOCA LOFT test”
L2-5, LP-02-6
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9.3 Development of REFLA/TRAC Code for Accident Analyses of Light Water
Reactor — Analysis of Large Break LOCA in a 4-loop PWR -

H. Akimoto, A. Ohnuki and Y. Murao

The REFLA/TRAC code is a best estimate code being deveiopcd at Japan Atomic
Energy Research Institute (JAERI) to provide advanced predictions of thermal hydraulic
behaviors during postulated accidents in light water reactors. The REFLA/TRAC code
uses the TRAC-PF1/MOD1Y code as the framework of the code and uses physical models
developed at JAERIL.  Several models have been implemented at JAERI including reflood
model, condensation model, countercurrent flow model, interfacial and wall friction models,
etc. The REFLA/TRAC code- has been assessed to validate for various transients
encountered in postulated accidents in pressurized water reactors (PWRs) using data from
various simulation tests for two phase critical flow, direct contact condensation at cold leg,
countercurrent flow, core reflood, large and small break loss of coolant accident (LOCA).?
In these assessment calculations, it was confirmed that the REFLA/TRAC code can predict
major phenomena during postulated accidents in PWRs with good accuracy and reasonable
computational cost.

To evaluate the safety margin of emergency core cooling system (ECCS)
quantitatively, the REFLA/TRAC code was applied for large break LOCA in a four-loop
PWR. Table 9.3.1 summarizes major calculational conditions. A double—ended cold break
was assumed. The conservative assumptions for initial and boundary conditions as in
licensing calculations were adapted. A best-estimated prediction with conservative
conditions was intended in this analysis.

Figure 9.3.1 shows clad temperature where peak clad temperature is predicted. The
WREM code is one of typical programs used in licensing calculations. The REFLA/TRAC
code predicts peak clad temperature at 32.5 s when the reflood of the core was started.
On one hand, the WREM code predicts peak clad temperature at about 100 s during the
reflood. The REFLA/TRAC code predicted lower clad temperature than the WREM code.
The difference of clad temperature transients is caused by the differences in the physical
models during the reflood because the REFLA/TRAC code uses a best—estimate model
which was confirmed by the large—scale reflood tests performed at JAERI while the

WREM code uses a conservative model for licensing calculations. The result demonstrates
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the conservativeness of the current safety evaluation method.

The peak clad temperature is predicted to be 1205 K at 325 s by the
REFLA/TRAC code. The temperature is lower than the maximum allowable clad
temperature ( 1473 K ) by about 250 K. The assessment study showed that The
REFLA/TRAC code can predict the peak clad temperature within an error of 50 K in
large break LOCA of PWR.? Therefore, the present study suggests that the ECCS of
PWR has a safety margin of about 200 K against the large-break LOCA.

References :
1) Safety Code Development Group: TRAC-PF1/MOD1; An Advanced Best-Estimate

Computer Program for Pressurized Water Reactor Thermal-Hydraulic Analysis,
NUREG/CR-3858 LA-10157-MS R4, (1986).

2) Akimoto, H., et al.: Assessment of REFLA/TRAC Code for Various Postulated
Accidents in PWR, Proc. of the Fifth International Topical Meceting on Reactor
Thermal Hydraulics, September 21-24, Salt Lake City, UT, USA, pp.1797-1803.
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Table 9.3.1 Major calculational conditions

Item Condition

Break Double—ended break at cold leg

Initial reactor power 102 % of nominal power

Power peaking factor 2.32

Emergency core cooling system Single failure of low pressure

injection system

Delay time for start-up of diesel generator | 32 s

Primary coolant pump No power supply after break

Decay heat model Apply model in TRAC code

Critical flow model Apply model in TRAC code

1500 1 I T T
3 — -
W T
s 1100 —
©
q) —
[ON
-
£ 700 =
o
o —
O

300 | ! [ 1

0 50 100 150 200 250
Time after break (s)

Fig. 9.3.1 Comparison of clad temperature between WREM and REFLA/TRAC codes
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9.4  Assessment of Models in COBRA-TF Code for Turbulent Mixing in Single-Phase
Flow

T. Okubo

The COBRA-TF code? was developed to provide a detailed best estimate thermal
hydraulic analysis of a Light Water Reactor (LWR) core for design basis accidents and
anticipated transients. Since it provides a two—fluid three-field representation of the two-
phase flow, ie. continuous vapor, continuous liquid and entrained liquid, instcad of the
homogeneous representation used in the previous versions of the COBRA code, it can
appropriately analyze the film-mist flow behavior, which we are interested in from the point
of view of the prediction of the film dryout phenomenon expected in the reactor core.

Prior to apply the code to the analyses on the film dryout phenomenon, some
assessment calculations and subsequent improvement on the liquid entrainment and deposition
models in the COBRA-TF code have been performed®. This is because these models
significantly affect the film dryout phenomenon.

Other models important in the prediction of the film dryout phenomenon are for the
fluid mixing, i.e. the turbulent mixing and the void drift. Therefore, in order to assess the
turbulent mixing model first, some calculations has been performed against basic fluid mixing
experiments” conducted with the single-phase water flow.

Schematic of the experiment is shown in Fig. 9.4.1. This is a simple basic experiment
and test section consists of two flow channels with the equivalent geometry. Only the
difference is the fluid temperature at the inlet of the test section. The length of the node is
set 50 mm in the calculations. Fluid temperatures and velocities are given at the inlet, and
the pressures are given at the exit.

Calculated results are shown in Fig. 9.4.2 for the channel gap width of 1.5 mm and 3.0
mm. In the calculations, the turbulent mixing coefficients, i.e. B, were set 0.0118 and 0.0042
for the gap of 1.5 mm and 3.0 mm, respectively, based on the suggested values from the
experiments®. As shown in these figures, calculated results, i.e. average fluid temperatures
along the axial direction, are in good agreement with the experimental data.

However, it should be noted the key parameter of B was not given by a gencralized

method based on the geometry and so forth but was given as a input constant value. In order
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to see the sensitivity of B on the calculated results, other two calculations have been
performed with the swapped § values. The results from them are shown in Fig. 9.4.3. As
shown in the figure, the sensitivity is rather high. Therefore, it is important to establish a
generalized method to determine the value of B in the turbulent mixing calculation.
Otherwise, it would be difficult to achieve a precise prediction on the fluid mixing for a new

system, for which the § value is not given.
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9.5 Analysis of Density Wave Instability in a Boiling flow Using a Characteristic
Method.

M. Okazaki

It is known that density wave instability in a boiling flow starts when flow rate is
decreased or cxternal heating rate is increased from a certain boundary condition of stcady
state flow. In order to make analysis of the flow behavior, it is necessary to strictly
describe the essential phenomena of the propagation of density and pressure, which take
place in an unsteady boiling flow. ‘

In principle, characteristic method can solely deal with the physical aspects occurred
in the unsteady boiling flow rigorously through the derivation of characteristic equation.
However, the past works™ @ to develop the characteristic method have not succeeded in
making a practical use. The reasons can be considered as in one case™ it fails to derive
a characteristic curve as a rcalistic sonic speed, and in another case® it fails to derive a
characteristic equatijons as rigorous expressions of flow change induced by a
thermodynamical state change.

In this report, the characteristic curve expressed by a sonic speed is derived assuming
no phase change and isentropic change of each phase in the pressure propagation process
for a realistic model of somic speed in the homogeneous saturated two-phase flow.
Moreover the characteristic equation are derived so that the phase change rate in the
saturated two—phase flow and the state change occurred in the pressure propagation process
are rigorously expressed by using thermodynamical laws.

For homogeneos saturated two-phase flow, the following characteristic equations are

derived.
oP, 3
aIOIlg _45 = r&'l‘lf2 = ...L__I.q._ﬂ 7}
dt ’ Dt Dt p, 0z Oz
dz 1dP,  du_%DP Ye™Vi Dx P,
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along G AL La e oD Y D&
1 dP du a_ pp v_-v, px OP
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where Di o P

1 [apm) _ 1 va&,2 . (1 -Jc)v,2
af oP ). v:, aj af
1 dp,
= - (Suffix a = g1)
a, oP sq
2
1 L[i"‘is;] L[E] L F [QJ
ai afg dp ) sz af, dP),’ afa vf, af 0s, o,
ds (ds,
H=qx |2 +0-0|— T,
: ap | .. dp ) .
a_ : Sonic velocity for saturated two-phase flow m/s
h : specific enthalpy J/kg T : Temperature K
P : Pressure Pa u : Flow velocity nmy/s
q : Heat for entropy increase J/kg v : Specific volume m’/kg
s : Specific entropy J/kg*K  x : Flow quality m/s
t : Time sec © : Density kg/m’

Unsteady Flow calculations are made for a test pipe shown in Fig.1 with both ends
arc opened and at one end thermodynamical states and flow quality are kept constant. At
the another end pressure is gradually decreased causing start of outflow. The boundary
conditions of pressure and heating rate given for the pipe are shown in Fig.2 and Fig.3,
and the given values for the each calculation condition are shown in Table.1. First, for the
verification of validity of characteristic equation, two-phase flow changes of quality and
velocity caused by pressure decrease arc examined to check the mass and energy
conservation in a steady flow with no external heat in No.1 calculation. Calculated results
show approximately 1% decrease in mass and energy fluxes, respectively between flow
inlet and outlet. We consider the conservation of mass and energy is attained by this
degree of errors in the present calculation. In No.2 calculation, flow oscillation occurred
in the early stage decreases gradually as shown in Fig.4, because flow rate is large duc
to large pressure difference between inlet and outlet. In No.3 calculation, flow rate is made
smaller than in No.2 case by increasing the outlet ‘prcssure. Then, density wave oscillation

continues with no decrease as shown in Fig.5. In No.4 calculation, the lengh of non-
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heating region is made longer in the vicinity of inlet and made shorter in the vicinity of

outlet. Moreover, the flow rate is decreased by making outlet pressure higher, The

amplitude of density wave oscillation becomes smaller than in No.3 as shown in Fig.6.
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Table. 1. Boundary conditions for saturated two-phase flow

N = 160, t, = 20 sec, 2, = 200 m, X, = 5§ x 107, P, Py Py, (MPa)

No. | 24 | 2ga [ ta ts Py P | Pg $ | Ga | I iz [

1 - - 2.0 2.0 2.0 | 3.5 28 | 28 0.0 - | - - -

2 20 | 50 0.2 3.0 5.0 35 2.5 2.0 10° | 0.1 0.6 0.8 | 62
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Fig. 4 Velocity change at Z=0.2m in a
boiling flow No. 2 in Table 1
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9.6  Analysis of Cooling Limit of Rotating Target for DT Neutron Source at FNS

H. Akimoto, Y. Ikeda and J. Kusano

A new rotating target for DT mneutron source has been developed to increase the
neutron generation rate more than 10" n/s at FNS(Fusion Neutronics Source).”  Figure
9.6.1 illustrates the structure of the rotating target. A deuteron beam is irradiated to the
tritium, absorbed in titan, to produce the neutron due to the DT reaction. To attain the
neutron generation rate more than 10" n/s, a high intensity beam of about 40 kW should
be irradiated on the target surface. The heat flux reaches about 100 MW/m? if the beam
is focused in 4 cm® The upper limit of the neutron generation rate is determined by the
cooling performance of the target-because tritium, absorbed in titan, is lost due to diffusion
when titan temperature is higher than 300 = C.

An analysis was performed to understand the mechanism of the cooling limit of the
rotating target. In the analysis, performed were unsteady temperature response analysis
of rotating target with the TRAC-PF1/MOD2? code, derivation of analytical model for
thermal design of rotating target, and evaluation of parameter effect on cooling limit with
the analytical model.

The cooling behavior of the rotating target is determined by the heat conduction
inside the structural material and heat transfer on the cooling surface. To understand the
mutual relation between the heat conduction and the heat transfer, a calculation was
performed using the TRAC code, which can handle the unsteady heat conduction problem
combined with the heat transfer on the cooling surface. Figure 9.6.2 shows an example
of calculated results. The calculation shown in Fig. 9.6.2 was performed under conditions
listed below; Titan thickness = 10 #m, Copper thickness = 0.5 mm, Rotation speed =
1200 rpm, Radius of irradiated part = 5 cm, Width of cooling flow path = 10 mm, Flow
path height = 0.5 mm, Water velocity = 10 m/s, Water temperature = 300 K, and
Pressure = 0.1 MPa. A location on the rotating target is heated for 1.5915 ms every 50
ms under these conditions.

When the beam irradiation starts ( 1.449254 s ), wall temperature starts to increase
and a steep temperature profile is established inside the structure. A linear temperature
profile is calculated in the titan part in the irradiation period. The maximum temperature

of titan is predicted when the irradiation is terminated. The heat flux at the cooling
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surface, qc increased from 1.4 MW/m? to 4.9 MW/m? in the irradiation period. The heat
flux at the cooling surface is only about 5 % of the heating heat flux, qq ( 100 MW/m?
in Fig. 9.6.2). It is found that the temperature response in the irradiation period can be
treated assuming no cooling by the coolant.

In the period following the beam irradiation termination, the temperature profile
inside the structure is flattened and almost flat temperature profile is established in a few
milliseconds. The cooling heat flux reaches the maximum right after the nearly~flat
temperature profile is established. The temperature of the structure drops gradually
keeping the flat temperature prdfilc in the successive period.

The calculated results with the TRAC code revealed the mutual relation between
the heat conduction and the heat transfer on the cooling surface. Based on the
understanding from the calculation, an analytical model for thermal design of the target
was derived using the analytical solutions for the simplified heat conduction equation
assuming mo cooling in the irradiation period and uniform temperature in the cooling
period. As the design criteria, two conditions were adapted, that is,

(1)  the maximum temperature at titan surface is lower than 300 " C, and

(2}  the heat flux on the cooling surface is lower than the bumout heat flux.

The first condition is named maximum temperature limit and second is bumout limit,
respectively. It is found from the parametric evaluation that the cooling limit of the
rotating target can be increased when copper is used as the structure material.  The
cooling limit is increased as thinner titan, higher rotation speed, greater radius, larger
irradiation area, higher coolant pressure, and higher coolant velocity are established. It is
also found that maximum cooling limit can be reached when copper thickness is between
1 and 2 mm.

‘Based on the parametric evaluation results, a test design of the rotating target was
performed with the parameter sclection shown in Table 9.6.1. Thicker copper, higher
coolant velocity, and larger target radius were sclected compared to the current design.
Fig. 9.3.3 shows the predicted cooling limit for the test design. The cooling limit is
calculated to be 37 kW at the inner part the target. The cooling limit corresponds to the
neutron generation rate of 2x10" n/s. These results suggest that the neutron generation

rate more than 10'® n/s is attainable by the rotating target.
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Table 9.6.1 Specification of test design

Parameter Value
Titan thickness 7 Mdm
Copper thickness 2 mm — 80
: 2
Rotating speed 2000 rpm = Burnout limit
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Radius of irradiated part 8~18 cm o M‘:};’e
4 e e
Irradiated area 3 cm? & 40 7 -”"“'\r:A ]
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Water temperature 300 K > TO . B “
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Exit pressure 0.1 MPa

Fig. 9.6.3 Cooling limit for test design
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9.7  Evaluation of Falling Water Mass Flux under Countercurrent Flow Limitation

in Vertical Circular Tubes

Y. Sudo

The countercurrent flow limitation (CCFL) or flooding in vertical channels such
as circular tubes, rectangular channels and annular channels is an important phenomenon
which govemns the capability of core cooling in the postulated loss—of-coolant accident
of light water reactors, directly determining the mass flux of emergency core cooling
water effectively supplied into the core, \;srhich is falling down against upward steam flow
in the downcomer and in the upper part of the core of the pressurized water
reactors(PWRs) or other type nuclear reactors” ? and many studies have been caricd out
so far. However, the mechanism of CCFL and the quantitative evaluation of CCFL
condition have not been made clear enough and the objective of this study is, therefore,
to make clear the mechanism of the CCFL and to evaluate quantitatively the falling
water mass flux under CCFL condition in vertical circular tubes, proposing a new
analytical model for the CCFL mechanism, which was compared with the existing
experimental results obtained for an air—water system under about atmospheric pressure.

Based on steady state momentum balances for both gas phasc and liquid phase in
the separated two-phase flow across the entire circular tube shown in Fig.9.7.1, the
following correlation of the dimensionless upward air velocity, j; vs the dimensionless
downward water velocity, j; could be introduced, including the effects of void fraction

a, tube diameter D, tube length L, densities of air and water P, and P; interfacial

friction factor f, and wall friction factor f,.

2
2 ) (P VP 2 a2, 1({D\l-a.2 1{D} 1 .o
— + —= .+ ; +—|— |— + - Z =g, =10
ds’z{Jg 1‘“(%} h}f' (l-a)lh e Z(LJ 2?8 2(L]1-ah

where j;:fg/[gD(Pt“ Pe )/ Pyg ]1?

ji=j;/ [ gD (Pi= Pg )/ P )"
and J, is the superficial average air velocity, J; the superficial average water velocity

and g the acceleration of gravity. The friction factor f; was determined based on the
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experiment of Bharathan, et al” and friction factor f, was determined corresponding to
the laminar, transition and turbulent flow regimes.

The feature of this analytical model is : (1) The interfacial friction factor f; is
defined based on the relative velocity of air and water, (2) the friction factor f, is not
constant but is corresponding to the flow regime of water flow and (3) momentum
balances are considered across the entire tube. It was assumed that the CCFL condition
was given by maximizing the falling water mass flux equivalent to j; with respect to the
void fraction. @, that is, 3, /8a =0.

Figure 9.7.2 illustrates the analytical results obtained for channels of D =0.019 and
0.14 m with tube length L= 1.54 m, diameters of upper and lower plenum Do =D =
0.33 m under atmospheric pressure, showing the corresponding flow regime of water flow.
The analytical tesults show a ciéar tendency that a larger diameter gives a larger j; for
a constant j;. Figurc 9.7.3 and 9.7.4 illustrate the comparisons of anaiytical results with
the existing experimental results” for the channels of air—water system with L = 1.52 m
and D, = D, = 0.33 m under atmospheric pressure, showing the effect of tube diameter
of 0.019 to 0.14 m. The comparisons clearly show the analytical results give a systematic
tendency that a larger diameter gives a smaller Ji for a constant j;, which is the same
tendency as the experiments and it is emphasized that the relationship between j; ' and

j; ¥ is not of a straight line for a given diameter but it rather seems that it depends on

the water flow regimes.
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9.8  Analytical Study on' Criti¢al'Heat! Flux under: Countercurrent Flow Limitation

in Vertical Chanpels® =%
Y. Sudo

The quantitative. evaluation of critical heat flux (CHF) in the vertical heated
channels such as circular tubes, rectangular channels and ann_u_lar channels, whose botto.m,
ends are closed or into which no coolant enters at the bottom, that is, under the
countercurrent flow limitation (CCFL)Y ¥, is very important from the viewpoint of making
clear the cooling capability of core un&cr the natural circulation in the postulated loss—of-
coolant accident of light water reactors.?

In this study, a néw analytical model was proposed for the evaluation of CHF
under CCFL and was compared with the existing' experimental results under- about
atmospheric pressure®?™'Y, whose major run conditions- are listed- in Table 9.8.1.

The following comelation on the dimensionless CHF dexr™ was introduced under
the assumption that the' CHF is the heat flux by which all of: water falling down against
the upward steam flow is evaporated under the CCFL condition in the channels,

.
Geyp*= 0.25(D, | L) (Dy ! }")Z(HAT;‘) (p,"pg) Jr

R |

1
where Qenr*= Gepr | hfg[k(p[-pg)pgg]%
: . S

i =i 1 (8D (o) 1 oi]Ph = [0 1 (P8

(SIS

and D, is the cquivalcnf hcartcd diameter, :V-IDE cquiQélcnt hydraulic diameter, A]‘;ﬂ
dimensionless inlet subcooling, deyr  critical heat flux, h, latent heat of cvaporation,
and P, densities of water and steam and j, superficial average watcr'\)c_iocity. The j; in
the above correlation is given by the rclationship of j; vs j, in the vertical channcls
snder the CCFL condition where  j; = Jg/ (8D, (0, = Py )/ Pg I Figurc 981
illustrates analytical results .of j;; Vs jl' in the vcrticai circular tubes under atmospheric
pressure, and the j, at the CHF is obtained as the intersection of j'g = (P /P, )mj

and the relationship of Jg vs j, as shown in Fig. 9.8.1 for each tube diarﬁctcr. Figure

9.8.1 shows a systematic tendency that a larger diameter gives a smaller Ji for the same
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f; . Figuré 9.8.2 also illustrates ‘the: ): at the' CHF for .the -vertical annular channels under
atmospheric pressure, giving the effect of channel dimensions.. Figures 9.8.3 . and 9.8.4
show the comparisons of analytical results obtained thus and the existing experimental
results W on CHF under CCFL. Figure 9.8.3 shows the comparison for the case of
circular tubes and Fig.9.8.4 for the case of rectangular and annular channels. It is
observed that the analyticél results give a rather good prediction to the experimental

results for a variety of run conditions listed in Table 9.8.1.
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Table 9.8.1. Major run conditions of CHF experiments investigated in this study

RefNe Channel - dimension : Length . . Pressure Tin " Qo
No Type . (mm) L(mm) (MPa), (T) -
111 Cicular D =25 88 01 100 0.068
210 Circular =~ 107, 284 200~1000 01  74~100  0.008~0.022
3 9 Circular 60 344 01  30~60 0.0097~0.01
4 5 Circular 6.0, B.8 720 0.1 20 ~70  0.0035~0.0047
5 7 Circular 8, 10 300~900 01~02 100~120  0.0045~0.018
6 2 Rectangular W= 50 §=2.25,28,3 375 750 00 30 ~90  0.0051~0.01
7 8 Rectangular W=40,5 =1.03 . 360 01020 0.011
8 9 Rectangular W=40,S =2.4 350 01 20 ~86 0.0064
9 6 Amular Di=127 Do=2021.825.4 500 012 43 ~74 0.018~0.039
10 9 Anmular.  Di=20.5,Do=26 860 01 36 0.0051~0.0055
11 10 Annular  Di=6.5 ~19.1 200~1000 01 32 ~100  0.0032~0.013
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10.  Transmutation System and Partitioning -Transmutation Fuel Cycle

The rescarch activities are summarized as three research subjects of (1) the
reactor-based transmutation system, (2) the accelerator-based transmutation system with the
refevent basic researches suchas code development and spallationexperiment and (3) assessment
of partitioning process for transmutation.

The first subject has the design study on the burner reactor and the fuel cycle facility
taking into account the partitioning and transmutation (P-T) fuel cycle. The design study of
the burner reactor with hard neutron spectrum and high neutron flux has been made. From
the viewpoint of reactor physics it has been apparent that the transmutation by the burner
reactor is more excellent in practicability and efficiency than the transmutation using the
power reactor such as LWR and FBR.

In the second subject the conceptual design studies on MA (minor actinide) molten
salt transmutation system and MA & LLFP (long-lived fission product) liquid metal target-
graphite blanket transmutation system driven by an intense proton accelerator have been
carried out. In the molten salt system the arrangement of the compact heat exchangers and
inner reflector in the core vessel and the installation of fuel salt supplying system, secondary
cooling system and beam duct on the core vessel cover have been designed from the viewpoint
of engineering practicability.  The preliminary calculations on neutronics and thermal
characteristics have been carried out for the liquid metal target system which has several
advantages of small inventory, on-line charging and processing and simultancous transmutation
of both MA and LLFP.  The benchmark studies on the spallation product distribution and
the double differential cross section for neutron or proton emission induced by the high
energy proton bombardment were madeto examine and upgrade the accuracy of some predictions
computed by some cascade codes. In the spallation experiment using the synchrotron
facility at KEK the energy spectra of neutrons escaped from the thick lead target irradiated by
protons with energies of 500 MeV and 1.5 GeV were measured to check and upgrade the
accuracy of predictons obtained by the cascade codes and compared with the oid experimentai
data by Cierjacks. The detecting efficiency and the response function of NE-213 scintillation

counter on~ 65 MeV mneutrons were measured at the cyclotron in the Takasaki Research

Establishment to improve the counter efficiency to neutrons with energy of tens MeV.

In the last subject concerning to the partitioning process preceding to the transmutation,
the present status about the group separation technology, in particular, the high temperature
chemical method was reported.

In this chapter Transmutation System Laboratory is in charge of the paragraphs
10.1-10.5 and Thermal Reactor Physics Laboratory in charge of the paragraphs 10.6-10.8.
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10.1 Conceptual Design Study on Minor Actinide Molten Salt Transmutation System

Driven by an Accelerator
T. Nishida, H. Takada, T. Takizuka, Y. Kato, H. Katsuta and T. Sasa

In designing the accelerator-based Minor Actinide (MA) molten salt target/core

transmutation system, it became obvious that the system can transmute MA ~250 kg/ly,
which is exhausted from ten units of 3 GWt LWR, with thermal power of 800 MW. ¥*? In
the present report™® the heat balance in the core has been reevaluated to optimize the heat

exchanger size and to keep the large temperature difference between the outlet of primary

coolant (NaCl-(Pu, TRU)CI ,: 64-36 mol%, melting point :453 °C) and the inlet of secondary
coolant (NaBF,-NaF: 92-8 mol%). The temperature at the cold leg on the primary cooling

system has gone up from 570 "C to 600 °C, while the corresponding temperature in the

secondary cooling system have been reduced from 500 °C to 480 °C since the melting point

of secondary coolant molten salt occurs between 454 °C and 458 °C. The flow rate of the fuel
salt in core and the secondary coolant are 2.42 m’/s and 2.84 m’s, respectively. The design
study has been done for the compact plate-fin type heat exchanger with fin thickness of 6 mm
and fin pitch of 1.2 mm. This heat exchanger has the heat transfer rates of 31493 W/m*°C in
the primary side and 34280 W/m?°C in the secondary side, where the heat transfer area of
420 m? and the effective height of about 540 mm are required. Taking into accounts the
opimization expected in near future, the dimensions of heat exchangers has been detcrmined
to be outer radius of 220 cm, inner radius of 140 cm and the effective height of 60 cm, which
is required to remove the total heat generated in the core. In the annular zone between inner
and outer reflectors in the core vessel, three cooling lines, each of which consists of a cold-leg
type pump and a segmented heat exchanger, have been arranged symmetrically to the vessel
axis as shown in Fig. 10.1.1. The secondary coolant flows down through the outer annlus
with width of 10 cm at velocity of 9.79 m/s.

The structures inside the core vessel are the lower plenum part and the cylinder
supporting the inner reflector and the cooling components such as heat exchangers and
primary pump. The lower plenum is the flat two-fold cylinders including the cooling pipes
from the heat excahnger & pump to the core bottom and the drain tank for fuel molten salt
dumping. The primary coolant flow goes up from inlet holes located at the lower plenum to
upper outlet holes connecting with heat exchangers, cooling the target/core and the beam
window. The thickness of cylidrical internal reflector for protecting the cooling components

from high neutron flux may be decided on the base of results of neutronics calculations but is
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desired to be Dot so thick from the viewpoint of heat removal. The bottom reflector like disc
is embeded below the lower plenum. The upper reflector above the core vessel makes also
the role of the shielding cover, on which the beam duct & beam window and the secondary
coolant pipe line are installed. For replacing the internal installations the beam duct with the
beam window is taken off to attach the machine removing the pump and heat exchanger with
remote control, after the fuel molten salt has been dumped out from the core to the drain tank
and covered by an inert gas.

This system configuration has been adjusted to have the core region with 120 cm in

height and 220 cm in radius, including the inner reflector, compact heat exchanger and

primary pump, and the top, bottom and outer reflectors in thickness of 20~40 cm with the

beam window at the center of the top reflector. Figure 10.1.2 illustrates the vertical cross

sectional view of total arrangement around the molten salt transmutation core.
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10.2 Conceptual Design of Accelerator-based Liquid TRU-alloy Target and Molten-salt

Blanket Transmutation System

T. Sasa, K. Katsuta, T. Takizuka, T. Nishida, Y. Kato and H. Takahashi’

Conceptual design of accelerator-based transmutation system with TRU-alloy target
and molten-salt blanket is performed. This system is composed of a subcritical core driven by
a high-current proton accelerator as illustrated in Fig.1. The core is composed of a liquid
TRU-alloy target, blanket region with graphite moderator, molten-salt plenum and proton
beam duct. Several tens of neutrons are produced by spallation reaction between target
material and high energy proton. TRUs and some fission products (FPs) are transmuted in the
target region by spallation reaction, fission reaction and neutron absorption reaction. In the
blanket region, liquid TRU-alloy. flows upward through the channels in graphite moderator
with molten-salt flow. Heat and FPs produced by the reactions in the TRU-alloy are transferred
to the molten-salt through the direct contact between the two liquids in the channel. The
molten-salt is separated from the TRU-alloy liquid at the upper plenum due to the difference
of density and led outside to external heat exchangers and FP separation processor as shown
in Fig.1.

In this study, Pu-Co-Ce alloy which are researched in LAMPRE program '’ at LANL
are chosen for consideration. The alloy has the melting temperature around 450°C in the
composition range of (15-45)Pu-25Co-(60-40)Ce in mol%. The chemical properties of
plutonium and neptunium are very close, so plutonium in the alloy is considered to be easily
substituted by neptunium without significant change in the melting temperature of the alloy.
The composition ratio of plutonium to neptunium.of 1 to 2.6 is adopted from the TRU fuel
composition at the steady state of burning in the Actnide Burner Reactor”. To transmute
technetium, 1% of technetium was added to the alloy by substitution of cobait, and we
adopted the following composition for the liquid TRU-alloy, (11-32.5)Np-(4-12.5)Pu-
24Co-(60-30)Ce-Tc.

Molten-salt of Li,BeF, studied in MSR program® at ORNL is selected for coolant.
Concentration of TRU in the molten-salt has to be low enough to reduce the leakage of TRU
from the system components. Solubility of Pu (PuF,) in Li,BeF, was measured to be about
0.5 atomic percent at 600°C.

An effective neutron multiplication factor k ;, from 0.90 to 0.95 is preferred from the
viewpoint of safety and transmutation effectiveness. The k ., was calculated as a function of
neptunium concentration in the TRU-alloy. The cascade simulation code NMTC/JAERI was

* Brookhaven National Laboratory
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used for the calculation in the energy range from 15 MeV to 1.5 GeV. In the energy range
below 15 MeV, the calculation was performed with two-dimensional Sn code TWOTRAN-II
with ENDF/B-IV. For a typical value of k,; around 0.93, the composition of the TRU-alloy is
represented by 12.5Np-4.8Pu-24Co-57.7Ce-Tc. For this composition, the 890 kg of TRU is
loaded to the core and 16% of TRU is transmuted annually.

Neutron spectrum in core was also calculated by NMTC/JAERI and Monte Carlo
transport code MCNP-4 with JENDL-3 as shown in Fig.2. The neutron spectrum in target
region is as hard as those in the fast reactors and molten-salt plenum region has relatively
high thermal neutron flux. In this result, transmutation of FPs is expected effectively in the
molten-salt plenum region as well as that of TRUs in the target region.

Thermal-hydraulic performance of the core was calculated. The maximum power that
can be removed from the core by forced circulation of the molten-salt coolant is 455 MWt
based on the following parameters for the molten-salt of Li,BeF, ; the density of 2000 kg/m’,
specific heat of 2300 J/kg-°K, flow velocity of 7 m/s and temperature rise of 200°K through
the blanket. The veloci'ty of the liquid TRU-alloy driven by the molten-salt flow through
blanket is calculated to be 1.9 m/s, assuming the friction factor of 0.16 at the interface of two
fluids. ,

For the thermal power of 182 MW in the target region and 273 MW in the blanket
region, the temperature rise of the liquid TRU-alloy is about 200°K through the target.
Assuming the direct contact heat transfer coefficient of 60,000 W/m-"K between the two
fluids, the liquid alloy temperatures at the blanket inlet and outlet are 1250°C and 1050°C,
respectively, for the molten-salt inlet temperature of 550°C.
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10.3 Minor Actinide Burner Reactor and Influence of Transmutation on Fuel Cycle
Facilities

T. Mukaiyama and T. Ogawa

Two concepts of minor actinide burner reactors were previously proposed by the authors, one
with metal fuel core and the other with nitride particle fuel core. These reactors have very hard
neutron spectrum and very high neutron flux which are effective and efficient for fissioning of minor
actinides.’*” In these burner reactors, however, 8, was very small and the sodium void coefficient
of a metal fuel reactor was positive and large. To improve the safety characteristics, the design of the
original ABRs was modified.

In the new design, MA alloy fuel is replaced with the MA nitride fuel and sodium is replaced
with liquid lead as a coolant.. The nitride fuel can be processed with the pyrochemical reprocessing
and hence, the fuel cycle facilities can be very compact. In the leadcooled ABR with MA nitride fuel
(L-ABR), coolant density coefficient is always negative.

To increase B, uranium is added as a part of fuel material. *U has the largest 8 value but
is not adequate as fuel material of ABR because the ABR is a system to burn MA and 2% is a source
nuclide of MA. In the modified ABR, therefore, Pu is replaced with enriched uranium.

The reactor design parameters of modified ABRs are summarized in Table 1. 8 4 values and
neutron generation time of the modified ABRs are significantly larger than those of the original ones.
Significantly hard neutron spectra are also achieved. As far as the Doppler effect is concerned, no
improvement was attained because only small amount of 8] is contained in the fuel and the neutron
spectrum is very hard.

In Table 2, the transmutation characteristics are compared between two types of ABRs
together with thermal and fast power reactors. For the MA transmutation in power reactors, the
concentration of MA is limited to 0.2% and 5% of heavy metal for U-PWR and fast reactors,
respectively so that the addition of MA will not affect major reactor design parameters such as
enrichment, coolant void coefficient etc. _

The negative value of bumup ratio of U-PWR implies the more MA generation than MA
burnup. The large discrepancy between transmutation ratio and burnup ratio in power reactors indicates
the larger conversion of Np into Pu than in ABRs. The net MA burnup per 1GWt a year of ABRs is
significantly larger than that of power reactors because in ABRs the major fuel material is MA.

For the MA transmutation using power reactors, not only reactor performance and fuel
manufacturing but also the influence of transmutation on the fuel cycle facilities should be taken into
account. To evaluate the effect of MA addition to the fuel, the analysis was carried out to calculate
the increase of decay heat, neutron emission, and ¥ -ray intensity. In Table 3, the effect of MA
addition to the fuels of power reactors, namely, U-PWR, MOX-PWR and FBR, is summarized. In this
analysis, the effect of MA addition was calculated for both fresh and spent fuel. The increase of decay
heat is caused by the generation of #(Cm and the increase of neutron emission is caused by the
generation of higher Cm isotopes and **Cf,

As a result of increase of these Cm, Cf, for all of the MA transmutation scheme in power
reactors shown in Table 3, the radiation shielding design change will be needed not only for the fresh
fuel handling (manufacturing and transportation) but also for the spent fuel handling (transportation
and reprocessing). This may cause the increase of cost of the electricity generation. In the case of
ABRs, the shielding and the decay heat removat are much severer problem than the MA transmutation
in power reactors since the concentration of MA is very high in ABRs. The fuel cycle facilities for
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ABRs, however, are very compact and the required number of these facilities is small because nitride
fuel can be reprocessed by pyrochemical process and the amount of material to be handled is smaller
compared with those of conventional fuel cycles. Therefore, the economy of MA transmutation may
be favorable for the ABRs even if the resources required to develop ABRs are larger those that for
MA transmutation in power reactors.”)
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1) T. Mukaiyama, Y. Gunji :"Characteristics of minor actinide transmutation in minor actinide burner
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Table 1 Reactor design parameters of modified Actinide Burner Reactors

L-ABR" P-ABR”
Fuel concept pin-bundle coated particle
material (64NpAmMCm-36U™), N, | (65NpAmMCm-35U), N¥
MA inidal loading kg 018 2870
MA/U 588/330 1865/1005
Reactor power, MWth 180 1200
Coolant matenial Lead Helium
Neutron flux, 10" n/em’ * sec 31 6.6
Core averaged mean neutron energy, keV 700 700
Reactivity (% 8k/k)
Coolant-void reactivity/core -1.3 -
Doppler reactivity/core (5t=300C) 0.0 -0.01
Kinetic parameters
Ba 2.6x10” 2.6x10°
L, sec 1.3x107 1.5x10"
Cycle length, full-power days 550 300
MA burnup, %/cycle 11 13

1) L-ABR:MA nitride fuel with lead cooling burner reactor
2) P-ABR :MA particle fuel with He cooling burner reactor
3) 90% enriched uranium

4) "N enriched
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Table 2 Comparison of MA transmutation in various reactors

MA Burner Reactors | Power Reactors
L-ABR  P-ABR : U-PWR MOX-FBR LMRD

Output (MW1) 180 1200 , 3410 2600 2632
Cycle length? (EFPD)| 550 300 , 850 1368 900
Core averaged : '

Fast neutron flux (X 103n/cm? - s) 3.1 591 037 4130y 61@4.1)°

Mean neutron energy keV) 720 720 thermal 480 490
MA loaded (kg) 573 1865 | 180% 14509 12009
MA transmutation ratio  (%/cycle) 16.0 18.8 | 9.0 335 298
MA burnup ratio®! (Bfeycley| - 11 13 | -238 8.8 8.3
MA transmutation  (kg/IGW - year) | 278 292 1+ L7 409 445
MA burnup (kg/IGW -year) | 191 202 , 44 107 124

1) Metal fuel FBR

2) Effective fuel irradiation time

3) Concentration of MA in fuel ; 0.2% for U-PWR, 5% for MOX-FBR and LMR

4) MA transmutation ratio={ MABOC) - MA(EOC}/ MA(BOC)

5) MA bumup ratio=( MA fissioned-MA generated ) / MA(BOC)
Values of 4) and 5) are those for the equilibrium cycle in ABRs, and average values of 1 to 10th
cycle for power reactors.

*) Values in the parentheses are for the outer core

Table 3 Effect of MA addtion to power reactor fuel handling

Reactor/Fuel Ratio of value of MA added _fuf.:l to that of ngrmal _fucl
Decay heat Neutron emission Photon mtensity

U-PWR (0.2wt%)?

fresh fuel(U235:4wt%)° 3.6x 10 8.3x 104 1.3%10°

spent fuel(45GWD/)© 1.5 4 1
MOX-PWR (0.5wt%)

fresh fuel(Pu:6.5wt%) 1.4 4.8 1.2

spent fuel(45SGWD/HA) 1.5 1.7 1
MOX-FBR (Swi%)

fresh fuel(Pu:30wt%) 2.2 1.0X10? 2.1

spent fuel(8O0GWD/t) 2.8 19

a: minor actinides(MA) fraction in fuel (HM weight %)
b: fuel enrichment
c: fuel bumup (cooling time : 10 years)

—255—



JAER[-Review 94-009

10.4 Overall Assessment of Partitioning Process (I) : Status of Partitioning Technology

Y.Kondo and T. Takizuka

In order to collect a good grounding in assessment of the partitioning process, present
and future trends on the partitioning technology were surveyed. Techinical feasibility of the
partitioning process was disucussed for some scenarios to reduce the hazard associated with
waste management.

(1) Partitioning for volume reduction of high level waste glass

If Mo (major constituent of yellow phase) and Sr and Cs (heat generated nuclides)
could be separated from high level liquid waste (HLLW) prior to vitrification, volume of the
vitrified waste would have been minimized. The present status of partitioning tecnology
may be matured enough to accomplish this scenariol).

(2) Partitioning for lightening the burden of high level waste management

Separation of long-lived nuclides such as TRU makes it possible to lighten the burden
of high level waste management, because the volume of TRU waste would be extremely
reduced. TRU can be separated from HLLW by several solvent extraction processes, such as
DIDPA process2), TRUEX process3), HDEHP process®) and CTH process>). This scenario
also appears to be feasible based on the use of currently identified partitioning technology.
(3) Partitioning and transmutation option as an alternative waste management Srategy

The permanent presence of very toxic radio nuclides for thousands of years in
geologic repositories was deemed a risk, which ought to be avoided. Alternative scenarios
comprising the separation of TRU from HLLW (partitioning) and transmutation of these
nuclides in LWR, FBR and HTGR received considerable attention. Fig.10.4.1 shows the
schematic diagram of P-T (partitioning-transmutation) fuel cycles. P-T cycle normally
requires two partitioning process, partitioning process for LWR fuel and transmutor fuel,
because the chemical and physical properties of transmutor fuel are very different from LWR
fuel.

Some solvent extraction processes, which were attached to the PUREX process
through the high level liquid waste, have been designed as the partitioning process for LWR
fuel in the U.S., Europe and Japan. DIDPA process?), TRUEX process), HDEHP process4)
and CTH process>) had been proposed as the partitioning process for LWR fuel in the 1970s
and 1980s. The chemistry of different partitioning methods for the HLLW has been
extensively tested in the laboratory. The separation of TRU appears to be feasible using
processing technology that has been experimentally verified at the laboratory level and much
of which has been verified at the hot, production-scale level. The engineering data,
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concerned about separation efficiency, amount of secondary waste, decomposition rate of
solvent and so on, have been accumulated at JAERL

Tt is desired that the partitioning process for the transmutor fuel should be designed as
the process exclusive to the individual transmutation system. An alternative partitioning
technology based on pyrometallurgical processing received considerable attention. The
pyrometallurgical process has many advantages such as simple operation, low amount of
secondary waste, compact body and high critical safety. The pyrometallurgical processing
of metallic fuels for the Integral Fast Reactor (IFR)®) and a pyrometallurgical partitioning
process for aqueous HLLW?7) have been proposed in U.S. and Japan. These processes
involve electrorefining of spent fuel by a cadmium anode, solid and liquid cathodes, and a
molten salt electrolyte (LiCl - KC1) at 500°C. It is obvious that these process are still in the
exploratory stage and cannot yet be considered as proven, even at the conceptual level. The
pyrometallurgical process has the advantage involve to no water mixture which is favorable
for critical safety but are very sensitive to oxygen and moisture ingress into the equipment.
The technical data concerned about pyrometallurgical process have been accumulated in U.S.
and Japan, These efforts will soon prove the technical feasibility of the pyrometallurgical

process.
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10.5 Benchmark Calculations for the Cascade Codes NMTC/JAERI and NUCLEUS

T. Nishida, H. Takada, N . Yoshizawa*, Y. Nakahara, K. [shibashi**,

H. Kadotani*** and E. Suetomi***

Several benchmark calculations have been carried out to examine and upgrade the
accuracy of predictions calculated by the Monte Carlo Cascade codes NMTC/JAERI® and
NUCLEUS?, which were developed for a target and a nucleus calculations respectively at
JAERI and are used for the accelerator-based transmutation rescarch.

The subrouitnes calculating the high energy fission reaction® in the spallation cascade
process using the Nakahara model has been transplanted from NMTC/JAERI into the HERMES
code system including another cascade code HETC/KFAZ with the Atchison' s fission model,
to directly intercompare both model's predictions of reaction products computed under the
same parameter conditions for nuclear reactions except fission. The mass distributions of
yield of reaction products and the intensity of emitted particles in the cascade process have
been computed for thin and thick targets of uranium and neptunium metals irradiated by
protons with the incident energies of 590, 800 and 1500 MeV. Figure 10.5.1 shows the mass
distributions of spallation and fission products calculated by using both fission models for a
thin neptunium target irradiated by a 800 MeV proton.  The Nakahara model gave the
asymmetric mass distribution of fisson products with long tail creeping under the evaporation
component above the mass number A = 150, while Atchison model predicted the symmetric
mass distribution of fission products arouud A = 100 with the higher maximum and less
evaporation components than the Nakahara model. This result implies that the Atchison
model gives higher ratio of fission width to neutron emission width than the Nakahara model
does . The discrepancy should be adjusted by comparing these calculation data with more
accurate experimental ones which may be measured in the near future. In the intensities of
emitted neutrons in the cascade process, there are no differences between both models.

The nucleon-nucleon inelastic scattering cross sections with one pion production, the
pion-proton elastic scattering cross section and the recoil nucleon Double Differential Cross
sections (DDX), which are used in the intranuciear cascade calculation, were calculated on
the basis of the recent phase shift data analyzed by the partial wave method. *
NMTC data, compiled several tens years ago by Bertini et al.® have been replaced by these

The original

*  Mitsubishi Research Institute Inc.
**  Faculty of Engineering, Kyushu University

***  Century Research Center, Inc.
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new cross sections. The benchmark calculations were made for the energy spectre of emitted
neutrons and the mass distribution of reaction products using the new data and the Bertini's
ones of inelastic scattering cross sections when a 800 McV proton is injected on the lead bulk
as scen in Fig 10.5.2. The significant differences between them have not been observed for
both mass distribution and neutron spectra. So update of these cross sections gives little
influences on the number of neutrons escaped from the heavy metal target such as a tungsten
bulk used in the transmutation system.

On the other hand the DDXs for neutron emission induced by a 80 MeV proton
incidence on a zirconium nucleus,” which were calculated by NUCLEUS and HETC/3STEP,
have been compared with experimental one® as shown in Fig. 10.5.3 (a). In the spectrum at
the forward emission angle of 25° above 20 MeV, these codes overpredict the experimental
DDX by a factor of 2. This discrepancy results from the fact that the quasi-elastic p-n
collision cross section used in the intranuclear cascade calculation is estimated to be too
large. The calculations reproduce the experimental data at 45° quite well even above 20
MecV. In the spectrum at the backward cmission angles of 95° and 145° above 20 MeV,
NUCLEUS underpredicts the experimental result by about one order of magnitude, while
the HETC/3STEP code achicves the good agreement with the experimental one. On the
contrary DDXs for proton emission in the case of the same proton incident cnergy and
nucleus are compared in Fig. 10.5.3 (b). The calculation results agree with the experimental
data at 25°. By taking the preequilibrium emission process in the 2 step intranuclear cascade
model into account, HETC/3STEP has reproduced the proton DDX at the backward emission
angles of 95° and 145° above 20 MeV better by one order than NUCLEUS. As seen from
these results, NUCLEUS gives the yield of nucleons emitted below 15 MeV much larger than
HETC/3STEP.
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10.6 Investigation of Nuclide Production Cross Sections for the Analysis of
Integral Spallation Experiment.

H. Takada, T.Fukahori, K. Hasegawa, T. Sasa and S. Meigo

An integral spallation experiment with a lead assembly has been performed at the 500
MeV booster proton synchrotron facility of National Laboratory for High Energy Physics. The
size of the assembly is 60 cm in diameter and 100 cm in length. The tungsten target of 16 cm
in diameter and 30 cm in length is installed in the assembly. Protons are injected
perpendicularly on the target through the beam incident hole of 10 c¢m in diameter and 20 cm in
length. In order to study the transport phemomenon of spallation neutrons in the assembly, the
activation method with high purity metallic samples was employed. The experimental
procedure is the same as that described in the previous report!). The spatial distribution of the
reaction rates of nuclide production in Nb and Pb samples has been obtained in FY-1993. A
detailed calculation has also been carried out to study the accuracy of Nucleon Meson Transport
Code NMTC/JAERIZ).

In the calculation, the assembly is divided into 5 regions for radial direction and 40 for
axial one. The interval of a cell was chosen to be 1.5 cm in width and 2.5 cm in length for a
position at which samples were placed. In order to estimate neutron flux at the sample
position, the Monte Carlo codes of NMTC/JAERI and MCNP-4.23) were emloyed.
NMTC/JAERI simulates the transport of nucleons and mesons with the energy higher than 20
MeV and MCNP-4.2 treats neutron transport below 20 MeV. The following energy group
structure was employed : 20 groups with the lethargy width of 0.05 from 20 to 70 MeV and 30
groups with the lethargy width of 0.075 above 70 MeV. The reaction rates of nuclide
production in the samples are given by the product of the value of the neutron flux and the
nuclide production cross section. The nuclide production cross sections were calculated values
with NUCLEUS4) which is the nuclear reaction calculation part of NMTC/JAERI in the energy
region above 20 MeV because of lack of evaluated data, whereas the cross sections in JENDL
3.1 were used for the energy region below 20 MeV. For comparison, the nuclide production
cross section was calculated with the codes of ALICE-855) and ALICE-F9).

The calculated production cross sections of 57Ni, 36Co and 54Mn from D2IN] are
shown in Figs.10.6.1 to 10.6.3, respectively. The calculated and the experimental reaction
rates at a radial position of 10 cm are compared in Figs.10.6.4 to 10.6.6 for the reactions of
natNi(n,x)57Ni, NatNi(n,x)36Co and DatNi(n,x)34Mn. For the production cross section of
57Ni, ALICE-F does not estimate the cut off energy correctly. This code gives lower reaction
rate than NUCLEUS. For the reaction rate of 56Co, ALICE-F and NUCLEUS give almost the
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same results. The calculations overestimate by about 60% for the reactions of natNi(n,x)57Ni
and DtNi(n,x)30Co in comparison with the experiment. On the other hand, the calculation
underestimates the experimental reaction rate of 54Mn. It is confirmed that the results of
ALICE-85 deviate from the experimental ones further than those of ALICE-F and NUCLEUS.
It is found from this study that the calculated results of ALICE-F and NUCLEUS agree
with the experimental ones with a factor of 2 for the reaction rates in Ni samples. Further
investigations are required because there still remains some differences between the calculated

nuclide production cross sections.
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10.7 Measurements of Neutron-Production Double-Differential Cross Sections for

Incident Protons of 0.8, 1.5 and 3.0 GeV

S. Meigo, H. Takada, S. Chiba, K. Ishibashi*, T. Nakamoto™, N. Matsufuji”,
K. Maehata®, N. Shigyo*, Y. Wakuta®, Y. Watanabe**, M. Numajiri’
and T. Nakamura}

In order to ensure and improve the nucleon-meson transport calculation codes which
are used for the neutronics calculation of the accelerator driven actinide transmutation system,
we started the measurement of neutron-production cross section for the reaction (p,xn) by the
GeV region protons which were supplied' by the 7 2 beam line at National Laboratory for High
Energy Physics (KEK). In 1992, we obtained the data for C and Pb target using 0.8, 1.5 and 3
GeV protons.l) For covering a variety of wide target materials, the measurement was carried
out with the targets of Al Fe, and In. A cross section calculation has also been made with the
HETC2) code which is a nucleon-meson transport calculation code based on the intranuclear-
cascade and evaporation (INCE) model. The calculated results are compared with the

measured ones.

The time of flight (TOF) method was used to measure energy spectra of neutrons from
the target. NE-213 scintillators with different sizes (¢5"x5" and $2"x2") were employed as
neutron detectors. The experimental arrangement is illustrated in Fig. 10.7.1. The intensity of
the incident protons was about 103 particles/pulse. Because the protons and the pions were
generated as the secondary particles at an internal target placed in the accelerator ring of the
12 GeV proton synchrotron, the incident protons were distinguished from pions using a pair of
TOF scintillators (Pilot U) located at a separation distance. Veto detectors were installed in
front of all neutron detectors in order to reject charged-particle events in the neutron detectors.

The detection efficiency of the neutron detectors was calculated using the SCINFUL?)
code for the energy region below 80 MeV. Above 80 MeV neutrons, the efficiency was
calculated by the Cecil) code of which the result was modified to smoothly connect to that of
SCINFUL at 80 MeV. This calculated efficiency agrees with the data measured at LANL)
within 10%. This efficiency was employed to determine the neutron spectrum.

The Al Fe and In targets were 15, 18 and 20 g/cm? thick respectively. The neutron
scattering effect in the target, which distorted the measured value, was evaluated with the

HETC code and was found to be several percent for the double differential cross section.

* Department of Nuclear Engineering, Kyushu University
X Department of Energy Conversion, Kyushu University
T National Laboratory for High Energy Physics (KEK)

e Cyclotron RI Center, Tohoku University
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Since the experimental error was lager than the contribution of the scattering effect, the
experimental data were not corrected for this effect.

The present data of double differential cross section (DDX) are shown with the calcu-
lated results in Figs. 10.7.2 to 10.7.7. For the incident protons energy of 0.8 GeV, the
calculated results are in good agreement with the experimental ones. The agreement is better
for the results of In than for those of Al and Fe. With increasing protons energies to 3 GeV,
the HETC code overestimates the neutron production DDX in the energy region around 10

MeV. The discrepancy is commonly observed in all directions.
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10.8 Measurements of the Absolute Detection Efficiency of NE-213 Scintillator for
20-100 MeV Neutrons

S. Meigo, H. Nakashima, S. Chiba and S. Tanaka

In the experimental determination of neutron spectrum by using an organic scintillator,
is often used the detection efficiency calculated by such codes as SCINFULY and Cecil2). In
the energy range above 20 MeV, the calculated efficiency is less accurate than in the energy
range below 20 MeV, because of the inaccurate library cross sections for the carbon and of the
uncertain light output data of the charged particles. In order to verify the calculation accuracy,
the absolute efficiency and the response function of the NE-213 scintillator are measured at a
neutron energy 65 MeV.

The measurement was carried out at TIARA (Takasaki Jon Accelerator for Advanced
Radiation Application) with 65 MeV quasi-mono-energetic neutrons produced by the
7Li(p,n)"Be reaction. The experimental arrangement is shown in Fig. 10.8.1. A time of flight
(TOF) method was applied to neutron spectrum measurements by a NE-213 scintillator of 5"
dia. and 5" thick. The bias level of the detector was set to a half-height of the Compton edge
of 60Co y-ray. In order to measure absolute flux of the mono-energetic neutron, a proton-
recoil telescope (PRT) is used, because its detection efficiency is calculated precisely relying
only on the well-known n-p scattering cross section and the geometry.

The response of the NE-213 scintillator to 65 MeV neutrons is shown in Fig. 10.8.2
where the abscissa is a light output in a unit of 1 MeV electron equivalence (MeVee). The
response calculated with SCINFUL agrees with measured results except for the deuteron peak
due to the C(n,d) reaction. The difference of deuteron peak position between the experimental
and the SCINFUL results indicates that the light output of deuterons is underestimated. In
this work, therefore, the light output of deuterons was revised. From the light output of
protons used in the SCINFUL code and the stopping power datad), the light output data of
deuterons was modified by Murray and Meyer's*) suggestion that the light output per unit
energy deposited would be described accurately by taking account of its dependence on the
stopping power. The responses calculated with SCINFUL using the revised light output of
deuterons agree with the experimental data for 5 to 65 MeV neutrons. This modification,
however, did not improve the value of the absolute efficiency of the 50Co-bias noticeably.

The experimental and calculated absolute efficiencies of °Co-bias are shown in Fig.
10.8.3. Vervinski's data® , which are well known , are also shown in Fig. 10.8.3. The
SCINFUL using the revised light output of deuterons reproduces the experimental value
within the experimental error. The SCINFUL could predict the absolute efficiency with 10%
accuracy in the region from 3 to 65 MeV. On the other hand, the Cecil code of the Kent State
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University version does not reproduce well the experimental values. This is because the Cecil
code includes the library with a small number of reaction channels and inaccurate reaction
cross sections in comparison with the SCINFUL code. Further measurements are planned for
20 MeV to 100 MeV neutrons at JAERI Tandem accelerator and TIARA.
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11. Development of Proton Linear Accelerator, FEL and Superconducting
Booster

Development of a low energy portion for high intensity proton accelerator
(BTA) has been carried out. An injector consists of a multi cusp type ion source, a low
energy beam transport and a radio frequency quadrupole (RFQ). The accelerating
current of 52mA with a duty factor of 5% was achieved in the first beam test. The
characteristics of the RFQ such as the transverse beam profile, transmission, and beam
current were measured as functions of the input beam parameters (e.g., ion source
acceleration voltage, matching, input current) and of the RF power (RFQ vane
voltage).

The hot test model of a drift tube linac (DTL) with 9 cells has been developed
to examine the cooling capability and RF characteristics. The resonance frequency and
Q value were measured to be 201.178MHz (design value, 201.25MHz) and 42,100
(83% of the calculated value), respectively. The test result indicated that the RF power
of 127kW is needed to obtain prescribed average field strength of 2MV/m. Deviation
of average field strength measured with the bead perturbation method was within 2.3%.

The design studies of a 100kW proton beam stop for the BTA were carried out.
A unidirectional carbon-fiber composite (C/C) material was considered for the target
material because it has superior characteristics in the thermal conductivity and strength.
A finite element model calculation gave the satisfactory results with the thermal
displacement and thermal strain.

A prototype FEL (Free Electron Laser) has been constructed using a
superconducting RF linac, aiming at long pulse lasing in the infrared region by a 15
MeV electron beam. The RF tests of the cavities were finished with satisfactory result;
Q value > 2x109 at E=5MV/m. A new undulator with vertical undulation plane was
constructed with Nd—-Fe-B permanent magnets. The optical resonator consists of two
Au-plated Cu mirrors confront with each other with a separation of 14.395 m.

The construction of superconducting booster for the tandem accelerator was
completed in October 1993. The booster is an independently phased linac composed of
46 superconducting resonators made of niobium and copper. Beam acceleration was
succeeded with beams of C110+ to 261MeV by using 25 resonators operated at field
gradients of 3MV/m. The spectrum showed that the beam bunch width was 0.3ns and
that 80% of the incident beams were bunched.

The chapters of 11.1-11.5, 11.6 and 11.7 were separately prepared in charge of
Accelerator Engineering Laboratory, Free Electron Laser Laboratory and Accelerator
Division, respectively.
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11.1 A Progress in the High Intensity Proton Linear Accelerator Development

M. Mizumoto, K. Hasegawa, H. Oguri, N. Ito, J. Kusano, Y. Okumura, T. Ono,
H. Murata, K. Sakogawa* and M. Kawaix

For the accelerator-based nuclear waste transmutation as a part of the OMEGA
project, the high intensity proton linear accelerator (ETA: Engineering Test
Accelerator) with an energy of 1.5 GeV and an average current of 10 mA has been
proposed. The main characteristics of this accelerator is to accelerate the high intensity
beam current. In the conceptual and detailed design of the system, much attention has
be paid in order to maintain the beam spill as small as possible. As the research and
development (R&D) work for the accelerator components, the low energy portion of
the accelerator structures are studied since 1991 because the beam quality is mainly
determined at the low energy partl’z). The block diagram of the R&D components is
shown in Fig. 11.1.1. For the high intensity accelerator, it is of particular importance
to maintain the good beam quality (low emittance; small beam size and divergence) to
avoid the damage and activation of the accelerator structures.

Electromagnetic properties and heat removal problems are also important issues
for the structural and mechanical design, because accelerator is required for high peak
power and high duty (repetition rate x pulse width) operation. The full mock-up test
structure of RFQ and hot test model of DTL, which are both operated by the full RF
power, have been fabricated. The electromagnetic characteristics were measured with
the electromagnetic field distribution and electric discharge property, and the thermal
characteristics were also measured with temperature distribution, outgas condition and
attainable vacuum range. The beam acceleration test with high brightness ion source
and RFQ was made successfully with the beam current of 52 mA (peak) and 5 % duty.
The preparatory work for high power test of the DTL hot-test model was also carried
out together with the utility (electricity and water) supplies. These progresses are
described in the separated reports.

As one of the main R&D components for the accelerator development, an RF
source has been developed. The system was designed to generate 1MW peak power
(pulse width is 1.2ms and repetition rate is 100Hz) at 201.25 MHz. The tetrode of
EIMAC 4CM2500KG, which was developed for fusion plasma heating at JT-60, is

« Mitsubishi Heavy Industries, Ltd.

*+ Toshiba Corporation
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used as a high power amplifier (HPA) with multistage amplifier configuration. The
input and output circuits are 3/4 wave length coaxial cavities. The HPA is driven by a
60 kW intermediate amplifier (IPA of RS2058CJ) which is fed by a master oscillator
and a 3 kW solid state drive amplifier. The accelerating voltage and phase control loop
are made with an accuracy of <0.1 % in amplitude and <1 © in phase. The block
diagram of the RF source system is shown in Fig. 11.1.2.

The peak powers of 1 MW at 0.6 % duty and 830 kW at 12 % duty were
obtained in a high power test using a dummy load. In the conditioning process, the
original RF coupler had to be modified by changing the geometry and windows due to
the multipactoring occurred. The sufficient power for the RFQ to generate an
accelerating voltage (363 kW) and to compensate the beam loading (100 kW) was
delivered through the modified RF coupler

The conceptual and optimization studies for the high energy accelerator ETA
have been carried out in collaboration with the Los Alamos National Laboratory. The
accelerator cavities and RF system for high 8 structures dominate the accelerator size
and construction cost for the ETA. The main issue for the conceptual and optimization
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Fig.11.1.1 The block diagram of the BTA.
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studies are the proper choice of operating frequency, energy configuration, type of
high P structure etc.. The properties of these quantities have been investigated based
on the beam dynamics and mechanical engineering considerations as well as important
factors such as cost, efficiency, beam loss and other constraints. The RF source aspects
on the trade—offs between large and small amplifiers are studied.

The design works for the Basic Technology Accelerator (BTA, 10MeV, 10mA)
has been continued as the next development step. The BTA will be used for the
purpose of the full mock-up test in the low energy portion of the ETA. Other
accelerator systems and components in addition to the present R&D items are being
studied: control system, beam diagnostics, beam stopper, radiation shielding, utility
requirement and accelerator building.
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11.2  First Beam Test of the JAERI Radio Frequency Quadrupole (RFQ)
K. Hasegawa, M. Mizumoto, N. Ito, H. Ogur, J. Kusano and H. Murata

The JAERI 2 MeV Radio Frequency Quadrupole (RFQ) is one of the main injector
components for the Basic Technology Accelerator(BTA) U, The RFQ is designed to accelerate
100 mA of protons with a duty factor of 10 %. To study the characteristics of the RFQ, the
first beam test was carried out after the low power tuning and the high power conditioning.

Low Power Tuning

After the mechanical alignment of the vanes, relative field distribution was measured
using the perturbation method. The phase shift, which is proportional to the square of the
electric field, was measured by introducing a plastic perturbator. The end tuners and the fixed

tuner positions were adjusted to minimize the field variation'along the longitudinal position
and quadrant-to—quadrant differences. Longitudinal field variations are shown in Fig. 11.2.1.
Fields at the position of 2200 mm were about 7 % higher than that at the entrance end, and
quadrant-to—quadrant differences were < 2.5 %. These field variations and differences do
not significantly affect the beam performance, which was predicted with the beam simulation
code of PARMTEQ. '

High Power Conditioning
The tank had a conditioning so as to accept an RF high power. The vacuum pressure

was kept in the middle of 107 Torr range to avoid sparking with RF power in the tank, where
it was 107 Torr without RF. The RF wave-forms from the directional coupler and the
pickup loop were used as a monitor of the multipactoring and sparking. A TV camera was
also used to observe sparks in the tank. X-ray energy end-—point was measured by a 3"¢ X
3" Nal(T1) detector, since X-rays from the RFQ tank are supposed to be bremsstrahlung of
the electrons which are emitted by the RF electric field on the vane surface. This
measurement confirmed that the input RF power of 273 kW gave the designed intervane
voltage of 113 kV.

First Beam Test

The first beam test was carried out at the test shop of Sumitomo Heavy Industries,
Ltd. in Ehime Pref. The injector for the RFQ consists of a multi—cusp type ijon source? and
a low energy beam transport (LEBT). Proton beam was injected and beam current at the
downstream of the RFQ was measured. The characteristics of the RFQ such as the transverse
beam profile, transmission and beam current were studied as functions of the input beam

parameters (¢.g., ion source acceleration voltage, beam matching, input current) and of the
RF power (RFQ vane voltage).
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Transmission rate as a function of the ion source acceleration voltage is shown in
Fig.11.2.2. This result is consistent with the PARMTEQ code predictions although measured
transmission was approximately 15 % lower at 100 keV. Two main reasons are considered
to be overestimate the RFQ input beam current; one should correct the jon source proton
fraction, and inadequate secondary electron suppression of the Faraday cup in the LEBT. To
obtain the RFQ transmission correctly, the proton fraction and more accurate beam current
measurement will be planned in the next step beam test. The beam energy spectrum from
the RFQ was measured using a magnetic encrgy analyzer. Figure 11.2.3 shows the beam
energy spectra for several intervane voltages. The peak energy is reduced and the energy
spread is broadened as the intervane voltage is reduced.

The acceleration current of 52 mA with a duty factor of 5 % was achieved in the first
beamn test. The RFQ and the RF source have been reassembled in JAERIL. The higher duty
operation will be scheduled in FY-1994.
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113 Development of a Drift Tube Linac for the Basic Technology Accelerator

Fabrication and RF Characteristics

N. Ito, K. Sakogawa  and K. Hasegawa

The hot test model of a drift tube linac (DTL) with 9 cells has been developed to
examine the cooling capability and RF characteristics”. Elements of the hot test model, i.e.,
a tank, drift tubes (DTs), two quadrupole magnets and a tuner, have been fabricated. The
elements were assembled to examine RF characteristics in the cold tests at the ¢lean room of
Mitsubishi Heavy Industries, LTD. in Hiroshima prefecture.

Figure 11.3.1 illustrates the cross sectional view of the hot test model which is 893 mm
in inner diameter and 1005.5 mm in length. The electromagnetic quadrupoles, whose
characteristics have been already reported?, were installed in the first and the second DTs
(DT#0 and #1). Each DT (DT#1 to #8) are supported by the single stem. Figure 11.3.2 shows
the displacements of the DTs from the beam axis in the transverse plane: the alignment errors
wérc within 0.1 mm as shown in Fig. 11.3.2. The alignment errors in the longitudinal
direction were also confirmed to be within (.08 mm.

After the assembling, a cold test was carried out to examine the RF characteristics, ie.,
resonant frequency, Q value and electric field distribution on the beam axis. The resonant
frequency was measured to be 201.178 MHz (designed value: 201.25 MHz) when the tuner
stroke was 100 rnm Figure 11.3.3 shows measured frequency shifts as a function of the tuner
stroke compared with the calculated values by the three dimensional electromagnetic
calculation code system of MAFIA. The measured frequency shifts are in good agreement with
those by the calculation. In Fig. 11.3.3, total frequency shift was about T200 kHz, which is
enough to compensate frequency change due to the RF heating. Measured Q value of the hot
test model was 42100, which is 83% of the calculated value by SUPERFISH code. The result
indicates that the RF power of 127 kW is needed to obtain prescribed average field strength
of 2 MV/m. Electric field distributions on the beam axis were measured by means of bead
perturbation method with an aluminum spherical bead of 7 mm in diameter. Figure 11.3.4

shows typical result of the field distribution measurement, where vertical values are

* Mitsubishi Heavy Industries, LTD.
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normalized to prescribed field strength using the stored energy calculated by SUPERFISH
code. The RF field is exited in the gap regions as shown in Fig. 11.3.4. An average ficld
strength in the total region have been deduced to be 2.03 MV/m which Is in good agreement
with the designed value of 2 MV/m; this proves our proper experimental method. Deviation
of an average field strength in each cell has been measured to be within 2.3 %.

In FY-1994, the hot test model will be reassembled to perform the high power test at
JAERL
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11.4  Performance of a High Brightness Hydrogen Ion Source for the BTA
H. Oguri, J. Kusano, Y. Okumura and N. Ito

A high brightness hydrogen ion source for the high intensity proton linear accelerator
BTA has been developed since 1991 at JAERI. The ion source consists of a multicusp plasma
generator and a two stage beam extraction system so as to produce high brightness ( high
current and low emittance) beam. The basic performance tests demonstrated that the ion
source satisfies the requirements for the BTA ion sourcel). In February 1994, an RFQ beam
test was performedz) . The ion source was successfully operated as the RFQ beam injector.
The performance of the ion source duﬁng the RFQ beam test is described.

For stable beam extraction at 100 kV during the beam test, the electrode gap length of
the ion source was expanded by 4 mm in length. Figure 11.4.1 shows the new perveance
characteristic together with the previous datal). Optimum beam current decreased by 33 % in
comparison with the previous value of 140 mA at 100 kV.

An arc efficiency m, defined by the ratio of acceleration current Iz to the arc
discharge power Py, was measured. Figure 11.4.2 shows the result of the arc efficiency as a
function of the neutral hydrogen gas flow rate injected into the ion source. The arc efficiency
was high when the gas flow rate was low. It reached 18 mA/kW at 5 SCCM. Lower gas flow
rate operation induced an instability of the arc discharge. We chose 4 SCCM, where the
stability was found to be good.

A beam profile was measured by a two dimensional 32 channel wire type monitor
installed in the vacuum chamber at 2.4 m downstream from the ion source. The distance
between the wires is 2 mm in the central region and 4 mm in the outer region. Figure 11.4.3
shows a typical beam profile measured at the vacuum pressure of 3 X 10-3 Torr in the beam
drift region. No beam focusing elements were used in this figure. The Gaussian fitting curve in
the Fig. 11.4.3 reproduces the data with the e-holding half width beam divergence wy/e of 8.5
mrad. It is consistent with the previous data which was measured by a multichannel
calorimeter!). Such a small beam divergence was obtained without focusing elements. This is
because the space charge force was neutralized by the electron in the beam plasma in the beam
drift region3). During the beam test, the beam size visually observed by the Balmer radiation
which was emitted from the hydrogen atoms.

The proton yield was measured by a momentum mass analyzer installed at 1.5 m
downstream from the ion source. The measured proton yield was 75 % at an acceleration
current of 75 mA. The result supported the previous data measured by the Doppler-shified
spectroscopyl), where the proton yield increases with the acceleration current and reaches
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85 % at 140 mA. In addition, one can expect further enhancement of the proton yield by using
the magnetic filter effect?).

We will start the second RFQ beam test at JAERI in October 1994, and then
investigate the detailed performance of the ion source.
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11.5 Design of 100kW Proton Beam Stopper for BTA at JAERI

M. Kawai', K. Sakogawa, M. Mizumoto, J. Kusano, K. Hasegawa, H. Oguri,
N. Ito and H. Murata™

The design study of the 10 MeV proton linear accelerator BTA (Basic Technology
Accelerator) puise-operated with a peak current of 100 mA, 100 Hz repetition rate and
1 ms duration is being made” together with the R&D study” on accelerator components,
as one of the activities of the OMEGA project. For its high ecnergy beam transport system
needed is a beam stopper which can absorb 100 kW heat in average due to proton beam.
In the present work, the conceptual design has been made by considering thermal
performance. ,

The proton beam of BTA is very collimated to about 10 mm in diameter at the
exit of DTL and there is almost no material to directly absorb such a high heat flux. In
order to teduce input heat flux to a moderate level that is taken in intense—beam stoppers
of FMIT prototype® and JT-60 NBI® or a diverter design of fusion reactor ITER?, we
adopted such stopper configuration as shown in Fig. 11.5.1: the beam size is enlarged to
30 cm and 20 cm in diameter, and the incident angle @=15 and 20 degree for 1.68
MW/m? and 5.00 MW/m?, respectively. Copper is used as a base plate of the beam
stopper. However, it has a problem to generate large amounts of secondary meutron due
to Cu(p,n) reaction with 10 MeV proton. For carbon, major constituent C does not
generate neutron because of high Q value of (p,n) reaction, although minor constituent *C
does. Thus, carbon sheathing is adopted to suppress neutron generation. Especially,
unidirectional carbon—fiber composite (C/C) material, for example MFC-1, is superior in
thermal conductivity compared to graphite. Weak point of MFC-1 is not strong to tensile
stress perpendicular to the fiber. Accordingly, as a sheath, we select a small tile with 5x5
cm? square and composed of multi-layers of 10 mm thick MFC-1, 3 mm W-30Cu and
3 mm Cu. A tile or a module made of tiles can be replaced without so much trouble
when it is broken. Tungsten alloy of W-30Cu has nearly the same thermal expansion
coefficient as MFC-1 and is mechanically strong, so that it can absorb thermal stress from
copper expansion together with inelastic deformation of copper. Coolant system is

composed of 24 channels, arrayed with a 1 cm pitch in copper plate. The water channel

* Toshiba Corporation
** Mitsubishi Heavy Industries, Lid.
*** Sumitomo Heavy Industries, Ltd.
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is of a non—circular geometry having a cross sectional area of 0.643 cm® as shown in Fig.
11.5.1. Individual channels are comnected with others on the fringe of the stopper and
make four loops. Feed water temperature is 25°C and flow velocity is 4 m/s.

Thermal performance of the beam stopper is analyzed with both the analytic approach
and the finite element model (FEM) calculations. Under the assumption of Gaussian
distribution for proton beam, we estimate temperatures of water and stopper materials at
the principal points of the stopper with a one-dimensional thermal conduction model
associated with heat removal by random flow in straight channel. Then, detailed analysis
is made by using the ABAQUS code. For the calculation, the parameters of material
properties are taken from Ref. 5. Heat-transfer coefficient of the film at the copper—water
interface of cooling channel with non-circular shape is estimated to be 24.2 kW/(m?**K)
by the equation of Dittus—Boelter. The temperatures of water at the places of beam center
are 29.1°C and 37.3°C for the input heat flux of 1.68 MW/m* and 5 MW/m?, respectively.
The ABAQUS calculation with two—dimensional model gives 437°C on the surface of
MFC-1 and 170°C in the cooling channel film for S MW/m’ They satisfy the design
criterion: the former below 1,000°C and the latter below 180°C which shows saturation
vapor pressure of 10 atm with a constrain that we admit a subcool boiling.

Figure 11.5.2 shows the thermal displacements calculated by ABAQUS with three-
dimensional model for 1.68 MW/m? heat flux. Table 11.5.1 gives the results for maximum
values of thermal displacement and thermal strain. For 5 MW/m?, tensile stress to MFC-1
is 0.008kgf/mm? and is satisfactorily smaller than the ultimate strength of 0.3 kg/mm®.
On the other hand, the MISES stress 16.2 kgf/mm® for copper exceeds the yield strength
of 0.2% inelastic deformation so that deformation of copper will be inevitable. Further
calculation by replacing W-30Cu of the second layer with copper shows that the
maximum tensile stress to MFC-1 increases to 0.133 kgf/mm® at the bottom of MFC-1
where temperature is 308°C. The stress at the brazing temperature of about 800°C to join
" layers is straightforward estimated to be 0.36kgf/mm® This value has a potential to split
the fiber composite. Accordingly, the buffer layer is desirable to absorb such a thermal
strain. Besides, for the cooling system, output water temperature becomes 48.4°C and the
pressure drop is estimated to be 1.94 atm by using the friction coefficients represented by
the Moody chart.

The present analysis confirms that the beam stopper is of no problem from view
point of thermal performance. Further studies are needed on an optimization of stopper and

cooling system, fabrication method and a behavior of C/C material under proton beam.
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Table 11.5.1 Maximum thermal displacement and strain.

1.68 MW/m? 5.00 MW/m?
Thermal Displacement Perpendicular 328 Mm 103.2 #m
Parallel 18.8 #m 59.3 u4m
Tensile Stress in MFC-1 Layer -0.025 to 0.002 kgf/mm®> -0.090 to 0.008 kgf/mm®
Mises Stress in W-30Cu Layer 4.61 kgf/mm® 13.8 kgf/mm’
Mises Stress in Copper Layer 5.42 kgf/mm? 16.2 kgf/mm*
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11.6 Status of the JAERI Free Electron Laser Facility

M. Ohkubo, M. Sugimoto, M. Sawamura, R. Nagai, M. Takao , R. Kato, E. Minehara
and Y. Suzuki

Introduction

A free electron laser (FEL) is a promising machine to produce nearly monochromatic
powerful light of variable wave length, which will be useful for the basic research and
application, such as physics and chemistry, isotope separation, waste processing, therapy,
communication and so on.

In JAERI, Tokai, a prototype FEL has been constructed using a superconducting RF
linac, aiming at long pulse lasing in the infrared rcgion by a 15 MeV electron beam. The

FEL was installed in the retired 5.5 MeV Van-de-Graaf target room and a newly added

accelerator room. Cutaway view of the JAERI FEL facility is shown in Fig. 1.

He Refrigerators

Electron Gun
~

’ Sub-Harmonic .
ek upercanductin
"\s!fﬂu Buncher \Pra-Acceleratorsg

< Sl -
2 . Superconducti
I %’m% > Main-Accelerators
He Compressors Bunc
A
o
RF Amplifier
)
Na
gee S
5” Control Room
Fig. 1 Cutaway view of the JAERI FEL facility Concrete Shield
tat i]it

An FEL produces light by a high energy electron beam which excites laser oscillation

through an undulator. The laser light is confined in optical resonator and part of it is
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extracted through a coupling window. The FEL consisted of a electron gun, subharmonic
buncher (SHB), superconducting pre— and main— accelcrators (SCA) and refrigerators, beam
transport, vacuum, RF, undulator and optical resonator, accelerator control, and radiation
shielding and safety systems.

(1) Electron Gun and Subharmonic Buncher

The clectron gun has been operated stably at 200 kV, 0.1 A with Zns micropulse with
a Tepetition rate 10 Hz. Reduction of amplitude modulation in long macropulse is under
consideration. The electron beam from the gun was velocity modulated by an RF ficld in the
subharmonic buncher (83.3MHz), and was time—focused at the pre—acceclerator. Many
solemoid coils were placed along the beam duct to focus the clectron beam. In addition,
degaussing coils were set to compensate earth magnetic field in the region from the gun to
the main accelerator.

(2) Superconducting accelerators (SCA)I)

The superconducting accelerators, (designed by JAERI, produced by Siemens
(interatom), Germany) have been installed in January 1993. They were cooled down to liquid
helium temperature with closed loop refrigerator successfully. First in the world, this type of
refrigerator were applied to the accelerator cavities. There are two pre—accelerators (SCPA)
with single cavity, and two main-accelerators (SCMA)} with five cavitics. RF tests of these
cavitics were performed with satisfactory results: Q values > 2x10° at E =5MV/m. Overhaul
of the refrigerators is made every 8000 hours of operation time.

(3) RF Control and RF amplifiers2)

For the beam acceleration, three frequencies were used; 10.4125 MHz for the electron
gun, 83.3 MHz for the SHB, and 499.8 MHz for the SCA. To reduce irregular phase
deviation among these frequencies, a frequency dividing method was adopted instead of the
frequency multiplication method. All transistorized 4 and 50 kW RF amplifiers for the SCPA
and SCMA were operated successfully. To stabilize output power of the RF amplifiers,
additional high power RF circulators are under construction to shut off reflected power from
the cavities.

(4) Beam Transport System
In order to transport electron beam from the gun to the undulator, solenoid coils,

stecring dipoles, quadrapole doublets (QD), quadrapole triplets (QT), 60 deg. bending magnets
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etc. were placed based on the beam transport calculations. A momentum filter, composed of
four dipole magnets, were placed between the SCPA and SCMA. lon pumps and turbo
molecular pumps keeped vacuum less than 1x10"® Torr in the beam duct and accelerator
cavities. Quadrapole mass filters were installed to analyze and to monitor the residual gases.
Beam profiles were monitored at sevcrél points, by inserting luminescent screen in the beam
and observing it by TV cameras through vacuum tight transparent windows. Beam current
was non—destructively picked up by amorphous core current transformers, placed at several
points along the beam ducts.
(5) Undulator and Optical Resonator

A new undulator with vertical undulation planc was constructed with Nd-Fe-B
permanent magnets. The optical resonator consisted of two Au-plated Cu mirrors confront
with each other with a separation of 14.395 m. The mirror alignment and control systems
were placed on two optical benches, between which the undulator was placed. Detectors for
the infrared light is under preparation.

(6) Accelerator Control System”

Many components of the accelerator were controlled and logged through LAN system
on the displays of the personal computers. The control program was based on Windows
Operation System, and parameters can be set by a mouse or by a key board.

(7) Radiation Shield and Safety System

During operation of the accelerator, strong gamma rays arc produced in the accelerator
room. Maximum intensity was estimated to be 20 mSv/h at 1m at the center of the room.
To keep irradiation dose for the staff below 50mSv/y, a radiation shiclding for the accelerator
room, and an interlock system for the hazardous region was made. We have gotten a license
for the operation of FEL facility from the Science and Technology Agency, Japan, in July
1993.
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11.7 Status of Superconducting Booster

S. Takeuchi

The superconducting booster for the tandem accelerator was completed in October 1993
after 4 year research and development and 6 year construction since 1984. Beam testing has

started with a successful result.

The booster is an independently phased linac composed of 46 superconducting
resonators made of niobium and copper. The booster structure is illustrated in Fig. 1. Forty of
them are used for acceleration and housed in ten cryostats, four for bunching and two for de-
bunching. Forty-four resonators are all the same. Their frequency is 129.8 MHz. Their
optimum beam velocity is 10 % of the light velocity and the acceptable lowest velocity is 5 %.
The bunching system is a double drift harmonic buncher. Two resonators for bunching have
the frequency of 259.6MHz. The booster is equipped with two 250 watts helium refrigerators
and liquid helium tranfer lines. By the end of FY 1992, all the resonators, their cryostats and

refrigerators have been set ready for use.

TANDEM

ACCELERATOR
BUNCHER 10 LINAC UNITS DEBUNCHER
260MHz QWR x2
130MH§QWR:2 130MHz QWR x4 x10 130MHz QWRx2

TCF 50

1340 Nm3/h, 310 Kw

2x30 m3
) ) REFRIGERATORS
Fig. 1 Booster structure diagram

From the end of FY 1992 to October of this fiscal year, installation work of various
components, such as beam line components, their control circuits, safety inferlocks systems,
resonator control modules, rf power amplifirs, 1f cables and control cables, was done.

In the meantime, refrigerating systems with resonators were operated three times for

learning operation, for opimizing control parameters of the systems and for resonator testing

—290—



JAERI-Review 94-009

without beams. Several difficulties were found in the test runs. We could not have enough
flow of liquid helium to the 5th unit of the linac. We had to open its flow adjusting valve much
wider than others. One (A) of the refrigerating systems had instability in cold box; one of two
expansion turbines continued a harmful oscillation of rotating frequency and was changed to a
new one. The system B was troubled for a while with noise causing a big change of rotating
frequency of turbines. In addition to the test runs, an annual inspection by ourselves, which is
oblidged by law, was done for the first time with the whole high pressure system.

Resonator Q values were measured in the test runs of the refrigerating systems. In off-
line tests, an appreciable Q-degradation occured with our niobium resonators, when the
cooldown rate was smaller than 20K/h at about 120KY . With the refrigerators that cool down
the resonators at a rate of 10 K/h, we found that the first 16 resonators had severe Q-
degradation of 30 - 70 % compared to the fast cooldown data. But, the last 24 resonators,
which were built one year later than the first 16 ones, had no severe Q-degradation. This is
believed to be improved by feeding nitrogen gas bubbles into the electro-polishing solution in
the final surface treatment of niobjum in order to prevent hydrogen from entering niobium
walls?). The accelerating fields for the Q-degraded resonators were 3 - 5 MV/m with an f input
of 4 watts. We found another problem that many of the resonators had lower frequencies than
the tunable range of 129.800-129.815MHz. The frequency adjustment we did at the room
temperature was found to be not appropriate. The part which was deformed with too much

stress recovered to some extent in thermal cycles.

On October 26, 1993, every thing had been completed for beam acceleration and the booster
facility was inspected with respect to the radiation safety and approved by the authority for the
safety law. The next day, beams of CI'%* from the tendem accelerator were injected into the
booster and passed through it, successfully. In November, beam acceleration test was carried
out with beams of CI19+ 164MeV(B = v/c= 0.1) from the tandem. The beams were bunched
well. An energy-and-time spectrum was measured by a detector composed of Au target and Si
detector located at the entrance of the linac. The spectrum showed that the beam bunch width
was 0.3 nS and that 80 % of the incident beams were bunched. In acceleration, resonator ficld
amplitudes and phases were set one by one by monitoring beam-bunch phase shifts at beam-
bunch phase detectors located after No.3, No. 6 and No.10 liniac units. The phase detectors
worked very well in the resonator phase setting. As a result of the first acceleration test, we
succeeded in accelerating the beams to 261 MeV by using 25 resonators operated at accelerating
ficld gradients of3 MV/m and at a frequency of 129.796 MHz . The energy spectrum measured
at the end of the linac is shown in Fig. 2, in which every spectrum after resonator setting is

superimposed.
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The rest 15 resonators were not used mainly because their frequencies were lower than
129.796 MHz and partly because the Sth unit was out of liquid helium. The refrigerating
system A had a big change of helium pressure on the resonator walls, when an 1f power
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Fig. 2 Superimposed beam energy spectrum

during resonator set-up
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input was increased and liquid helium
levels in the cryostats recovered to the full
after some decease. It caused a big
frequency change (nearly 100 Hz) to the
resonators and made it difficult to lock
resonator phases at high accelerating field
gradients.

Then, all the cryostats except the
259.6 MHz sub-bunching unit  were
opened. With most of the resonators,
frequencies were re-adjusted by a right
method of deforming outer conductors.
Supports were put on end-plates which
are the most pressure sensitive walls of
the resonators. They decreased the
frequency change by a factor of 5. The
work has finished by the end of FY
1993 and the cooldown for the second

beam acceleration testing started.

We repeat testing with  different
heavy ions till a recoil mass spectrometer
is installed in the target room and ready
for experiments in a year. A complete test
result for the booster performance will be

presented in the next annual report.
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12. Facility Operation and Technique Development

Operations of three reactor engineering facilities and three accelerator engineering
facilities were carried out as scheduled, such as Fast Critical Assembly (FCA), Very High
Temperature Critical Assembly (VHTRC), Heat Transfer and Liquid Flow Facility, Fusion
Neutron Source (FNS), Tandem Accelerator and Electron Linac. Main activities of each

facility of this fiscal year are summarized briefly below.

(1) FCA was operated according to various purposes of experiments, and recorded the opration
time of 445 hours. As for maintenance activities, besides annual and monthly inspections a
part of the safety system such as the lighting conductor and argon gas fire-extinguish system
were renewed or overhouled. The monthly inspection and the physical inventory verification

of nuclear fuel materials were carried out without problem by the safeguard authority.

(2) VHTRC was operated as scheduled, especially for measurements of wholecore temperature
coefficent reactivity up to 200°C, aiming at the verification of the calculation accuracy for
HTTR, and recorded the operation time of 680 hours. The data base of the operation and the

experiment data completed.

(3) Heat Transfer and Liquid Flow Facility was operated for various experiments such as
DNB tests using the high pressure water loop, two-phase fluid flow tests and spacer effect
test in two-phase flows. Besides these operations, the multi-dimensional fluid flow mock-up
Joop, the two-phase flow plenum test loop and the ultra high heat flux test loop were installed

as scheduled.

(4) FNS was operated as scheduled according to various requirements of experiments and
recorded the operation time of 608 hours. Exhaust tritium gas was processed in safe by the
tritium adsorption processor (TAP). The fiber optic cable control system was adopted newly
to the ion source voltage control. As for technique developments, a new test target disk

having highly cooling performance was manufactured and its performance will be tested next

fiscal year.

(5) Tandem Accelerator was operated as scheduled and recorded the operation time of 4138
hours. The beam performance of the tandem booster is under the test. This facility is expected
to be used widely by customers of various fields and to contribute greatly execution of their
experiments. Electron Linac was also operated and recorded the 366 hour beam time. Electron
Linac terminated the operation and was shutdown on 31 Dec. 1993. Over twenty years of

operation, this linac was operated safely and was utilized for researches of various fields.
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12.1 Operation Report of FCA

K. Satoh, K. Hayasaka, H. Sodeyama, K. Kurosawa, A. Ohno and H. Watanabe

Operation of Fast Critical Assembly (FCA) was carried out in accordance with the
experiment schedule on the FCA XVII-1 assembly. Operations of 82 times were carried out
in 72 days. During the operation, the reactor scrammed once owing to commercial power
failure. The total operation time was 445 hours and the integrated power 2.5 kWh. A total
number of 4,828 criticality operations has been recorded at the end of this fiscal year since
the first achievement of criticality on the 29th of April 1967. Following to the safety
regulation for operation, two days were devoted to the monthly inspection and about 10
weeks to the annual inspection from May 1993. Routine maintenance activities were done in
those days to provide maximum operation days for the experiments.

As for maintenance activities, the lighting conductor on the reactor dome was renewed,
which is one of safety protection systems. The control system of the crane in the reactor
room was also renewed so as to meet the lately revised wireless telegraphy act. Argon gas
fire-extinguish system as an emergency system was overhauled. The soundness of the argon
gas pressure containers was checked using an endoscope and no defect was found. The
performance of the valves was also checked under the pressure of 160 kg/cm®. After
conformation of soundness of the whole system, Argon gas was refilled up to 150 kg/cm?® at
35C. So far no leakage was observed.

As for the physical protection (P/P), the management of the entrance and exit was done
restrictively and the system was maintained properly. All P/P control systems in the local
guard booth and the battery for the case of commercial power loss were renewed in the
renewal plan.

In connection with safeguard, JAEA and NSB* carried out monthly inspection under
the international treaty. The Physical Inventory Taking (PIT) of the fuels performed from the
15th to the 18th of June by means of item counting, weighing and non-destructive assay.
JAEA and NSB made the Physical Inventory Verification (PIV) from the 21st to the 23rd of

June. No anomaly was confirmed.

* NSB: Nuclear Safety Bureau
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12.2 Operation Report of YHTRC

S. Fujisaki, M. Takeuchi, T. Ono and H. Watanabe

VHTRC-4, VHTRC-6 and VHTRC-7 cores were assembled to obtain experimental
data for the verification of the HTTR design accuracy. Core temperature coefficient
measurements were performed two times on VHTRC-4 and VHTRC-6 core. Burnable poison
rods of 18 pairs were arranged in the core region of VHTRC-6 core to measure the fuel rod
worths and control-safety rod worths. The operations for this purpose were completed as
scheduled without any problem aisturbing execution of the experiment.

The results of the operation were as follows ;

1) Operations of 286 times in 94 days,
2) Critical operations of 251 times,

3) Total operation time of 680 hours,
4) Integrated power of 163 WH.

One scram was recorded due to earthquake during the operations. The integral operation
time is 4055 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.

The major activities relating to the maintenance and document were as follows ;

1) Installation of the compact counter drive machanism for axial reaction rate distribution
measurements,

2) Continuation of the database work relating to the operation and the experiment data of
VHTRC.

As for fuel management, Physical Inventory Taking (PIT) was carried out from May 9
to May 10 by means of item counting. IAEA and NSB made the Physical Inventory
Verification (PIV) under the international treaty on May 13 and November 11. 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.
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12.3 Operation Report of FNS
S. Tanaka, C. Kutsukake, Y. Abe, M. Seki, J. Kusano and H. Watanabe

Operation of the Fusion Neutronics Source(FNS) was carried out for a series of
experiments including ones relating to ITER, as scheduled. The total operation time was 653
hours in this fiscal year. A new record on neutron generation of 9.4 x 10" was marked in
the operation of the heavy irradiation experiment using the rotating target, of which tritium
activity being nominal 29.6 TBq.

As for maintenance activities, the control circuit of the accelerator was inspected every

four month. The target assembly of the 80" beam line was replaced with a new one, owing
to the inexpedient structure. As electric discharge often happened to both the low(3mA) and
high(20mA) current ion source, damaged parts in the ion source were renewed and then
characteristic performance recovered.

As for renewal activities, the fiber optic cable control system was newly applied to the
ion source voltage control, aiming at easy and fine control. The special caution was paid on
the design and manufacture of the noise resistant circuit, and a great effort was taken to
protect it from the noise in actual operation. In addition to the activity, regulator system for
beam extraction voltage control was renewed and two turbo molecule pumps were replaced
with magnetic-float-type turbo molecule pumps (maintenance free pump) to reduce tritium

waste.

Tritium Handling
Six small tritium targets with 370 GBq and one tritium target with 24TBg were used

for experiments at the 80° beam line and for heavy irradiation experiment at the 0" beam
line, respectively. The Tritium Adscrption Processor(TAP) system processed a total amount
of 2.2 TBq trittum in exhaust gas from the vacuum system of the accelerator. Three rotating
tritium targets and 44 small targets were canned and transferred to the waste processing

facility.

Development
Development of a high-quality and long-lived target to accommodate the ENS future

plan was progressed under the commercial contract base with VALDUC center of France
Commissariat a L'Energie Atomique(CEA). In parallel with the above development, a new
test target disk having highly cooling performance was manufactured by the electroforming.

Its performance will be tested next fiscal year.
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12.4 Operation Report of Heat Transfer and Fluid Flow Test Facilities
H. Watanabe, K. Nakajima, T. Satoh, Y. Watanabe and H. Watanabe

In FY-1993, operation and maintenance as well as design & construction of Heat
Transfer and Fluid Flow Test Facilities were successfully achieved as schedules.

As for the operations of test facilities, the following five tests were performed.
1) DNB (Departure from Nucleate Boiling) test with high pressure water loop.
2) Two-phase flow test with horizontal-pipe test loop.
3) Test of spacer effect in two—phasc' flow with the neutron radio graphy loop.
4) Test of flow instability in boiling channel.
5) Test of effectiveness of mew ECCS concept (Core Make-up Tank) for the passive

safety rteactor.”

As for the maintenance of test facilities, annual inspections of the pressure vessels,
the high pressure gas production system and the steam generator located at both of the
Large Scale Reflood Test Building and Chemical / Mechanical Engineering Building were
carried out.

As a result, those pressure vesscls passed the inspection by the labor standard
office without any problems.

As for the design and conmstruction of test facilities, the following four facilities were

newly constructed.

1) Multi-dimensional fluid flow mock-up loop.

2) Two-phase flow plenum test loop.

3) Ultra high heat flux test loop.

4) A part of the CCFT-1I facility such as pressurizer tank, recircuration pumps, 2.5MW
air—coolers, etc.

Radio isotopes used in the large scale reflood test facility was disposed and legal

procedure was completed based on the regulation on prevention from radiation hazard.
Reference

1) Murao. Y., et al. : Study on Concept of JAERI Passive Safety Reactor (JPSR) (5),
Fall Meeting of the Atomic Energy Society of Japan, D48, 1993 (in Japanese).
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12.5 Operation Report of Tandem Accelerator and Electron Linac
T. Yoshida, S. Shoji and C. Kobayashi

Tandem Accelerator

The scheduled operation of the tandem accelerator for experiments was performed
through the past one year containing two short periods for the scheduled maintenance. The
accelerator ran with smoothly throughout the year. The accelerator running time was 4137.6
hours. The following are summary of the operation from April 1, 1993 to March 31, 1994.

The construction of the tandem booster has almost completed in November 1993. The

beam test is under going successfully. This item will be reported in other paragraphs.

1) Time distribution by terminal voltage

> 16 MV 75days 387 % 11-12MV 12 days 6.2 %

|
|

15-16 62 32.0 ! 10-11 3 1.5

14-15 13 6.7 ' 9-10 4 2.1

13-14 9 4.6 t 4-9 3 1.5

12-13 10 5.2 ! <8 3 1.5

2) Time distribution by projectile
'H 1ldays! O 6 days | Fe 3 days

H2 1 t P 6 O Fe 7

Li 7 S 2 LOBNiI 19
1R 2 I 31p 3 I ¥Co

e 9 IS 5 L ®Cu 9
BC11 tosc 17 4 TBr

14 1 /S 9 L 13
60 27 I %S¢ 6 LOBAYy 6

3) Time distribution by activity

Operation for research 194 days

Atomic and solid state physics (34 days)

Radiation effects in materials (19 )
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Nuclear chemistry (27 )

Nuclear physics (86 )

Fast neutron physics (8 )

Radiation chemistry (4 )

Detector development (3 )

Accelerator test (11 )

Others (2 )
Voltage conditioning 4 days
Operation training 2 days
Scheduled maintenance (2 tank openings) 85 days
Unexpected repair (1 tank opening) 10 days
Holidays and vacation 70 days

Electron Linac

The electron linac was operated for the experimental researches with the 366.4 hour

beam time from April 1, 1993 to December 31, 1993. The following are summary of the

operation.

Time distribution by activity
Positron Experiment ' 14 days

(Emission of mono-energetic Positron)

JSR injection 12 days
Neutron Radiography 17 days
Test and Development of Detectors 9 days

After over twenty years operation, it became difficult to operate and maintain due to
deteriorate of the accelerator components and the peripheral system. The electron linac was

shut—down on December 31, 1993.
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13. Activities of Research Committees

Several research committees are organized to promote research activities. Name and

task of each research committee are as follows:

apanese Nu Da

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 OECD/NEA Nuclear Science Committee. The committee
is also required to exchange information on nuclear data with the OECD/NEA Data Bank and
domestic research institutions. A symposium is held annually to discuss research activities
on nuclear data.

esearc itte act Si

The Committee is organized to discuss research activities on reactor core analysis

method and neutronics of new concept reactors.

Atomic and Molecular Data Committee

The committee is organized to promote compilation and evaluation of atomic and
molecular data for controlled fusion rescarch. Three working groups are organized under the
committee. Workshops on atomic and molecular data are held to discuss current problems

relevant to fusion research.
esear itte dva ¢ac

The committee is organized to review and discuss reactor concepts and fuel cycle with

emphasis on Pu utilization and passive reactor safety.

C ittee itioni utat]

The committee is organized to discuss research activitics on partitioning and

transmutation.

Members of the committees are consist of staff of JAERI and experts on the relating

research fields.
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13.1 Activity of Japanese Nuclear Data Committee

Y. Kikuchi

The Japanese Nuclear Data Committee, which was organized.to promote compilation
and evaluation of nuclear data, has about 150 members in Atomic Energy Society of Japan.
The committee consists of three subcommittees, six standing groups, steering and counseling
committees.

The Committee Meeting was held in July 1993 to discuss the nuclear data activity in
the previous fiscal year and plans for the fiscal year 1993. Furthermore, discussion was made
on several topics including the NEANSC Think Tank meeting, the status of JENDL-3.2 and
the international activity on nuclear data.

The activities of subcommittees and standing groups are briefly summarized below.
Subcommittee on Nuclear Data

valuation and Calculation System W

The Integrated Nuclear Data Evaluation System (INDES) is under development with
knowledge engineering technology. Discussion was made about nuclear model parameters
such as optical potentials and level density. The microscopic optical model could be applied
to data evaluation. It was required to study models of nuclear fission in the high energy
region.

—Ene u Data Evaluation W

Methods of the high-energy data evaluation were discussed. Actual work was divided
into two energy regions of up to 50 MeV and up to a few GeV. Nuclear data of several
elements were evaluated up to 50 MeV for the ESNIT project. A review was made of several
computer codes applicable to high—energy data evaluation.

onucle eact] W

Data evaluation has been made up to 140 MeV. The results are published as a

JAERI-Data report. |
valuatio Covariance Data W
Covariance matrices of the (n,p) and (n,2n) reactions on *Ti were obtained by using

the GMA code. Errors of the total and inclastic scattering cross sections of “*U were
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estimated from nuclear model calculations. The code system which estimates errors of optical
model calculations was implemented on a workstation at the Nuclear Data Center. Discussion
was made about the covariance matrices used for the JENDL-3.1 evaluation.
jvati ection W
A benchmark test has been being performed of the JENDL Activation Cross Section
File by comparing with the measurements at FNS. The resuits will be used to modify
evaluated data. The WG decided to join the coordinated research program on International
Reference Data Library of Nuclear Activation Cross Sections promoted by IAEA.
PKA Spectrum WG
Kerma factors of the neutron—induced reactions on '*C were calculated by using a
Monte Carlo code developed at Kyushu University. The WG decided to employ the same
method for evaluation of light nuclides such as “’Li, *Be, **N and *°O. Examined was the
accuracy of the PKA spectra calculated with the ESPERANT code.
jon Product Nucle WG
Revision of the FP data was performed for JENDL~-3.2, and a benchmark test has been
made.
WG on Revision of JENDL-3 Heavy-Nuclide Data
Revision work for JENDL-3.2 was performed.

WG on Revision of JENDI.-3 Gamma-ray Production Data

Revision work for JENDL-3.2 was performed.

Subcommittee on Reactor Constants
gacto est W
Benchmark tests of JENDL-3.2 were performed for thermal and fast reactors.
1eld] te est W

Various integral measurements were analyzed by using the iron data in JENDL-3.2,
and it was found that the evaluated data reproduced the measurements quite well. Benchmark
tests of gamma-ray production data contained in JENDL-3.2 were performed by using the
integral measurements at FNS and OKTAVIAN. A research has been started on group
constants and benchmark tests for high-encrgy nuclear data applicable to accelerator—driven
transmutation.

osime egra t W
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A review was made of the evaluated data contained in the JENDL Dosimetry File.
Reevaluation of the data has been performed.
Subcommittee on Nuclear Fuel Cycle
Decay Heat Evaluation WG

Calculation of beta—ray heating and delayed ncutrons was performed.
w v 1 ucli erati d i0

It was decided to make the ORIGEN-2 library based on JENDL-3.2 in cooperation
with the Decay Heat Evaluation WG. At first, the COMRAD library is created, and then it
is converted to the ORIGEN-2 library..
Standing Groups

ENSDF Group
Mass chain evaluation for A = 123, 125 and 126 has been finished.

Group o Data and Nuclear Data for Medical Use

The group was reorganized in 1993. Data needs from medical use are surveyed.
JENDL Compilation Group

Compilation of JENDL-3.2 was performed.
CINDA Group

The literature on neutron data published in Japan was surveyed. In 1993, eighty—five
entry records were created and they were sent to the NEA Data Bank.

Editorial Group of "Nuclear Data News"

"Nuclear Data News No. 45-47" were issued.
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13.2  Activities of the Research Committee on Reactor Physics
T. Hiraoka, K. Tsuchihashi, H. Mackawa and S. Tanaka

The committee reviews rescarch works related to reactor physics in Japan and supports
the activities of Nuclear Science Committec of OECD/NEA. It conducts the following three
sub—committees. The sub-committee on reactor system discusses topics both of theoretical
and experimental reactor physics of fission reactors. The activities of subcommittee on fusion
reactor involve meutronics and diagnostics of fusion reactors. The scope of subcommittee on
shielding involves mainly radiation shielding and protection of fission reactors and
accelerators.

During the FY1993, the 63th meeting of the Research Committec on Reactor Physics
(RCRP) was held in July 1993. The meeting was devoted to review the work relating the
cooperative study on thorium fuel cycle supported by Grant~-in—Aid for Scientific Research
by Ministry of Education, Science and Culture of Japanese government. In the program, the
following subjects were involved:1) nuclear data for the thorium fuel cycles, 2) design study
of Th/U=233 fuelled reactors, 3) critical experiments of these reactors and their analyses, 4}
a preliminary study of fusion-fission hybrid with thorium and 5) thorium fuel developments,
thorium fuels, irradiation tests. The summary report edited by Prof. I.Kimura was published.
As to the activities related to NEA NSC, there were the status reports of three working parties
on physics of plutonium recycling, advanced computing for nuclear applications and
international evaluation cooperation of nuclear data. Bricf summary was introduced on the 4th
meeting of NEA NSC held in June 1993 at Paris.

The 38th mecting of Sub—committec on Reactor System was held in July 1993.
Under the topic of measurement of C8/F, a review of various measurements, two
measurements performed at TCA and FCA by counting 7 ray from irradiated fuel, and a foil
measurement at FCA wefe presented. As the first issue in a series of introductions of reactor
core design and core management software for commercial reactors; the system of Hitachi
Energy Research Institute was introduced. This system consists of a group constant processing
code, a Monte Carlo and a deterministic code for assembly design, a neutronics— thermal
hydraulics coupled nodal code and a nodal kinetics code for core design and analysis, and a

sub—channel analysis code for evaluation of thermal margin. Several topics were introduced
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from M&C + SNC '93 meeting at Karlsruhe, Seminar on Monte Carlo method at Saclay and
Int. Conf. on transport theory at Bologna.

The 39th meeting was held in March 1994. As the second issue in the series of
introductions of reactor core design and fuel management software for commercial reactors,
the system of Mitsubishi Atomic Power Industry was presented.. Core management is
performed by the CBCF code to evaluate critical boron concentration at the nominal operation
from plant operation information and by the INFANT code to evaluate on-line characteristics
like power distribution from in—core instrumentation. Core design having been performed by
the conventional codes is now covered by PHOENIX for assembly analysis and ANC for 3D
nodal diffusion. Under the topic of utilization of ncutron field, planning of a variable
spectrum field at KUCA, status of neutron therapy and planning of a medical irradiation
purpose reactor were introduced. The RERTR program for JRR—4 where medical irradiation
is planned was also introduced in this topic.

The 40th meeting of the Subcommittee on Fusion Reactor was held on August 19,
1993. Following two meetings were reported; (1) International Workshop on Nuclear Data for
Fusion Reactor, and (2) IAEA-CRP on long-lived radioactivity production cross section.
After the regular meeting, one and half days spent for the Japan/US workshop on Fusion
Neutronics. The purpose of the workshop was to introduce the achievements of
JAERI/USDOE collaborative program on Fusion Blanket Neutronics for ten years to Japancsc
neutronics community. A similar mecting was held at UCLA in October 1993 as International
Workshop.

The 41st meeting was I;cld in March 28, 1994. Present status of ITER/EDA and the
IEA Cooperative Program on Fusion Reactor Technology were reported. Outline of two IAEA
meetings was also reported; one was the FENDL meeting held in November at JAERI/Tokai
and the other was the meeting on benchmark experiments for data testing held in December
at JAEA/Headquarters.

Benchmark problems based on FNS and OKTAVIAN experiments were compiled by
the Working Group and published as JAERI-M 94-014.

The 35th mecting of the Subcommittee on Shielding was held in July 1993 to
introduce the experimental facilities in TIARA. A quasi-monoencrgetic neutron experimental
facility was fixed for shielding experiments and cross section measurements t0 20 - 90 MeV

neutrons, and penetration experiments on iron and concrete were made with neutrons of 43
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and 67 MeV protons to verify the HILO86 group constant and model codes. Another three
times of working group meeting were held to prepare the issue to be presented and discussed
at the OECD/NEA specialists' meeting on Shiclding Aspects of Accelerators, Targets and
Trradiation facilities held in April 1994 at Arlingnton, USA.

— 306 —



JAERI-Review ©4-009

133 Activity of Atomic and Molecular Data Committee

T. Shirai

The Atomic and Molecular (A&M) Data Committee is organized to promote activitics
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. The
three working groups, particle—material interaction, atomic collision and atomic structure, are
organized under the research committee according to differences in these specialty fields.

In collaboration with the A&M Data 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 from 1992. The activities of these three working
groups are briefly summarized below.

Particle—material interactions relevant to the particle-recycling in the plasma edge
have been surveyed and reviewed for the carbon materials. A workshop was held on
particle~-material interactions such as plasma-facing materials, radiation damages in carbon
materials, trapping, emission and permeation of hydrogen in metals. Domestic literatures
published during the last year were surveyed to collect numerical data of particle-materiat
interaction data.

Analytical least squares fits have been made to the recommended cross sections for
excitation and spectral line emission in collisions of H, H,, He and Li atoms and ions with
atoms and molecules as is presented in 1.18 of this report. A similar work is now in progress
for the ionization and charged particle production collisions. In parallel data compilation have
been continued for recent experimental data for these collision processes in order to compare
with the recommended data and to examine the validity of the analytical formulas used for
extrapolation.

Critical evaluation of spectroscopic data of particular interest to the fusion community
has been finished for Ti through Cu and Mo and now in progress for the Kr ions. These

monographs will be put into one volume with addition of more recent data to the earlier

compilations.

— 307 —



JAERI-Review $4-009

13.4 Activities of the Research Committee on Advanced Reactors
T. Tone, K. Tsuchihashi and Y. Murao

The Research Committee on Advanced Reactors (RCAR) was founded in 1990, and
renovated in FY1993 to more broadly review and discuss reactor concepts and fuel cycle with
emphasis on Pu utilization and passive reactor safety. At its 4th meeting in January 1994,
in order to cover these new activities, the RCAR approved the establishment of two
Subcommittees on Pu Utilization Reactors and on Research and Development of Passive
Safety Reactor, following the abolition of the previous two Subcommittees on High
Conversion Light Water Reactor (LWR) and on Advanced LWR Technology Program. The
RCAR is chaired by Director General of Tokai Research Establishment (Mr. S. Matsuura).
The RCAR and its three subcommittees comprise members from Japan Atomic Energy
Research Institute (JAERI), universities, Power Reactor and_Nuclear Fue! Development

Corporation (PNC), and industries including utilities and reactor manufacturers.

1. Subcommittee on Pu Utilization Reactors

Subcommittee on Pu Utilization Reactors was established to discuss and exchange
information about utilization of Pu in advanced reactors coupled with fuel reprocessing,
Reactor type should be broad enough to include current LWRs, Pu active storage reactors, and
FBRs. The head is Professor A. Kanazawa, Nagoya University. It was recommended at the
third RCAR meeting that the discussion should cover all the activities performed in Japan.

The first meeting of the subcommittee was held in January 1994. The topic discussed
first was Pu utilization in the next generation LWR. General remarks on effective utilization
of uranium and plutonium in LWRs were introduced on the basis of the investigation program
performed by Nuclear Power Engineering Corporation with the support of MITL. It was
followed by the presentations of the research work related to the program by Toshiba
Corporation, Hitachi Ltd. and MAPL In the second topic of once-through type Pu bumer
LWRs, expected chemical property of thoria and zirconia fuels and their burnup
characteristics were presented as a proposal for the disposition of weapons grade plutonium.

The second meeting of the subcommittee was held in February 1994 where the topic
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was a self-completed fuel cycle. First, the concept characterized by nitride (may be metallic)
fuelled FBR, and high temperature pyro—chemical reprocessing was proposed as a new fuel
cycle to satisfy simultaneously the conditions of economy, safety and breeding. It was
followed by presentations on mass~flow analysis, design study of nitride fuelled FBR, PIE
result of nitride fuel and high temperature pyro—chemical reprocessing. The topic was closed
after the introduction of status and planning on the nitride—fuelled lead—cooled FBR program

in Russia.

2. Subcommittee on Research and Development of Passive Safety Reactor

The subcommittee was founded in FY1993. The objective is to review the planning
and results of research and development activities of passive safety reactor project of JAERL
The head is Professor M. Akiyama, the University of Tokyo. In this fiscal year, a meeting
was held in January 1994. Here, the reviews of an integral-type test reactor and a loop-type
passive safety reactor were identified as the major tasks.

The test reactor is a prototype of the system-—integrated PWR (SPWR) which is a
medium size passive safety reactor and the advanced marine reactor (MRX) which is a small
scale integral~type PWR with passive safety features. A conceptual design of the test reactor
is in progress and will be completed in 1996. Experimental studies are under way to
investigate the important thermal-hydraulic phenomena of the test reactor including natural
circulation, DNB characteristics, gravity driven coolant injection system, and steam
condensation. The design and related research works of the test reactor will be discussed in
next fiscal year.

A new concept of loop-type passive safety LWR (JPSR: JAERI Passive Safety
Reactor) was presented at the subcommittee meeting. The JPSR has the following features:
an inherent matching nature of core heat generation and heat removal, in—vessel control rod
drive mechanism units, low power density core, once—through steam generators, elimination
of chemical shim, a large volume pressurizer, passive residual heat removal systems, passive
engineering safety systems and elimination of emergency diescl generators. The present states
of transient analyses, design of passive heat removal system and results of nuclear calculations

were explained and discussed at the meeting.
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3. Subcommittee on Improvement of Core Thermal-Hydraulic Analysis Codes

The subcommittee was founded in FY1990. The objective is to evaluate the predictive
capability of the present thermal-hydraulic analysis codes. The head is Professor H.
Ninokata, the Tokyo Institute of Technology. In this fiscal year, a meeting was held in
January 1994.

It was agreed that the attending organizations should perform bench-mark calculations
to investigate the capability of various subchannel analysis codes. The proposed bench—-mark
problems are as follows: (1) subchannel mixing between two channels simulating the single—
phase mixing experiment by Hori, et al.” and the two-phase mixing experiment by Sato, ct
al.?, (2) subchannel mixing among many channels simulating the Ispra 4 X 4 rod bundle
experiment”, (3) critical heat flux experiment simulating the JAERI 7-rod CHF experiments®,
(4) droplet entrainment and deposition simulating the low pressure air—water experiment by
Cousin, et al.” and the high pressure steam—water experiment by Keeys, et al.?

In this fiscal year, the subchanne! analysis results of problems (1) and (4) were
presented by JAERI, Mitsubishi heavy industrics, Nuclear fuel corporation, Hitachi and
Toshiba corporation. The remaining problems will be discussed in next fiscal year. The

summary of bench-mark calculations will be issued as an internal report of JAERL
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13..5 Activities of the Research Committee on Partitioning and Transmutation
H. Yoshida, H. Katsuta, M. Kubota, T. Mukaiyama, T. Takizuka and M. Mizumoto

The first meeting of the Research Committee on Partitioning and Transmutation was
held in FY 1991 to review and discuss the R&D program and activities on partitioning and
transmutation of actinides and fission products at JAERI and the related national and
international cooperation. This Committee consists of about 30 formal members from JAERI,
other national institutes, universities and nuclear companies. Two Research Sub-Committees
on Partitioning and Transmutation are attached to discuss the technical subjects by the relevant
specialists.

In the fourth meeting of the Committec held in FY 1993, the Program Sub-Committee
and the Program Working Group were established to take over the expediting and coordinating
tasks of the OMEGA Program Team that was dissolved at the end of FY 1992 after the
expiration of its two and a half year term. In the fifth meeting, the progress of OMEGA
Program and the outline of the International Conference on Future Nuclear System( GROBAL'
93) held in Seattle, USA were reported. The progresses of R&D on partitioning and
transmutation were discussed in each Sub-Committee respectively.

Main topics addressed in the Sub-Committee on Partitioning were the followings:

1. Separation of Am and Cm from rare earth by selective back-extraction from the DIDPA
solvent with a DTPA solution.

2. Back-extraction of U form the DIDPA solvent with sodium carbonate and the recovery of
U from the sodium carbonate solution.

3. Solid formation in HLLW by its concentration and denitration and the filtration character-
istics of the precipitate.

Main topics addressed in the Sub-Committee on Transmutation were the followings:

1. High intensity proton accelerator development including a 2 MeV beam acceleration test
with ion source and RFQ, and the conceptual and optimization studies for the 1.5 GeV
Enginecring Test Accelerator.

2. Design studies on the accelerator-based transmutation systems including solid system,
molten salt system and liquid metal system, and spallation integral experiments with 500
MeV proton beam at the National Laboratory for High Energy Physics.

3. Rescarches on basic properties of TRU fuels such as metallic alloy, nitride particle, and
chioride molten salt. |

4, Analyses of irradiated actinide fuels with mass spectroscopy, gamma-ray spectrometry

and alpha spectrometry.
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Appendix II Abbreviations

CCTF

ECCS

FCA

: Cylindrical Core Test Facility

The CCTF is an ecxperimental facility to study overall primary system

_response as well as the in—core behavior during the refill and reflood phase

of a large cold leg break LOCA.

: Emergency Core Cooling System

: 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 the facility are summarized as follows:

Type : Split-table type of horizontal matrix structure

Size :2.8m x 2.8 m x 1.3 m (each half assembly)

Fuel : Enriched uranium and plutonium (Plate type)

Other material  : Sodium, stainless steel, aluminum

oxide (Al,Oy), polystyrenc etc. (Plate type)

Maximum power : 2 kW

Assembly name constructed : FCA-I ~ FCA-XVII
Critical experiments using enriched uranium cores were made in 1960s for
investigating 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. From 1989, the
reactor physics experiments of metallic-fueled LMFBR have been carried out

using the FCA-XVI and XVII cores.
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FNS
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: Fusion Experimental Reactor

A next fusion device designed and planned at JAERL

: Fusion Neutronics Source
The FNS is an accelerator based D-T ncutron 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
requirements:
1) High intensity DC point source
2) DC point source with wide variation of neutron yield rate
3) Pulsed neutron source
The D-T neutrons are generated via 3T(d,n)*He reaction. There are two
beam lines; one is so called 0° line for high current operation, and the other
is so called 80° linec for rather low current operation. The major

specifications of the FNS accelerator are shown in the following Table.

<<Table>>

Items 0° RO°
eBecamcurrent >20 mA 3 mA
eBcamsize <15 mmo <15 mmé
ePulsewidth —_ <2 ns
eFrequency -— 2 MHz
ePcakcurrent — 40 mA
eTargetassembly Rotating Stationary

eAmountof °T

eNecutronyield

(Water cooled)

<37T Bq
4x10'%/s

(Water cooled,

Air cooled)
370G Bq
5x10'/s
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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

: High Conversion Light Water Reactor

: High Temperature Gas—cooled Reactor

: High Temperature engineering Test Reactor

JAERI is constructing the HTTR to camry out the necessary R&D for
establishing 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 2.3 m in diameter and 2.9 m high. The reactor pressure
vessel of 13.2 m in height and 5.5 m in diameter contains the core, graphite

reflectors, core support structures and core restraint mechanism.

<<Table>> Specification of HTTR

Thermal power 30 MW

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 IHX(10MW) and PWC(30MW)

Containment type Steel containment
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ITER - International Thermonuclear Experimental Reactor
A next fusion device. The ITER Project is conducted by four parties, i.e.,
Japan, USA, Russia and EU under the framework of IAEA.

JEAMDL : Japanese Evaluated Atomic and Molecular Data Library

JENDL-3 : Japanese Evaluated Nuclear Data Library, version 3, released in 1989.

JENDL-3.2 : Second Revision of JENDL-3, released in 1994.

JIMTR : Japan Materials Testing Reactor
LLFP : Long-Lived Fission Product
LOCA : Loss of Coolant Accident

LWR : Light Water Reactor

MA : Minor Actinide (Np, Am, Cm)
MHD : Magneto-Hydro Dynamic
NSRR : Nuclear Safety Research Reactor
NSSS : Nuclear Steam Supply System
SCTF : Slab Core Test Facility

The SCTF is an experimental Facility to study two-dimensional effect on

thermal hydraulics in the core of full radius during reflood phase of LOCA.

TRU : Trans-Uranium element (Transuranic nuclide)
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: Very High Temperature Reactor Critical assembly

The VHTRC is a low—enriched uranium fueled and, graphite moderated and

reflected critical assembly. At VHTRC, reactor physics experiments have

been carried out mainly for the verification of the neutronics design of the

HTTR.
<<Table>> Main features of VHTRC

Type Split table type of hexagonal prism
(prismatic block structure)

Size 2.4 m across the flats and 2.4 m long

Fuel 2, 4 and 6 wt% enriched UO,
Coated particle fuel compact
Pin—in-block type

Moderator/reflector Graphite

Core temperature
Maximum power

Auxiliary equipments

Room temperature to 210°C by electric heaters
10 W
(1) Sample heating device (Up to 800°C)

2) Pulsed neutron source
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