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1. Introduction

The 1998 symposium on nuclear data was held at Tokai Research Establishment, Japan
Atomic Energy Research Institute (JAERI), on 19th and 20th of November 1998, with about
170 participants. Japanese Nuclear Data Committee and Nuclear Data Center, JAERI
organized the symposium.

The program of the symposium is listed below. In the oral sessions, total 15 papers
were presented on accelerator facilities, astrophysics and nuclear data, international
collaboration, radiation damage study and nuclear data, and integral tests of nuclear data. In
the poster session, presented were 36 papers concerning nuclear data experiments, evaluations,
benchmark tests, on-line database on nuclear data, etc. Those papers are compiled in this

proceedings.

Program
Oral Presentation [Talk + Discussion (min.)]

Nov. 19 (Thu.)

9:50-10:00

Session 1: Opening Address M. Nakagawa (JAERI)
10:00-12:00

Session 2:  Accelerator Facilities Chairman: M. Igashira (TIT)

- Accelerator Applications and Nuclear Data -
2.1 Accelerator for Atomic Energy Research [25+5]
T. Shibata (KEK)
2.2 Progress of Neutron Science Project [25+5] Y. Oyama (JAERI)

2.3 The Present Status of Medical Application of Particle Accelerator
—Started Construction of a New Medically Dedicated Proton Accelerator

Facility in Tsukuba — [25+5] T. Sakae (Tsukuba Univ.)

2.4 Accelerator Conceptual Design and Needs of Nuclear Data for
Boron Neutron Capture Therapy [25+5] M. Sasaki (MHI)

12:00-14:00
Poster Session 1 (Odd Number) + Lunch
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14:00-15:30
Session 3:  Astrophysics and Nuclear Data Chairman: K. Oyamatsu (Nagoya Univ.)
3.1 Recent Development in Nuclear Astrophysics and the Nuclear Data [35+10]
S. Kubono (CNS)
3.2 Neutron Capture Cross Sections in keV-energy Region [35+10]
M. Igashira (TIT)

15:30-16:00 Coffee Break

16:00-17:50
Session 4: International Session Chairman: A. Hasegawa (JAERI)
4.1 Nuclear Data Needs in Thailand [25+5] S. Chongkum (OAEP)

4.2 Nuclear Power Development and Nuclear Data Activities in Malaysia [25+5]
G.A. Auu (MINT)

4.3 The Status Report on the Nuclear Data Project in Korea [25+5]
G.Kim (PAL)

18:00-20:00 RECEPTION at Akogi-ga-ura Club

Nov. 20 (Fri.)

9:30-10:50
Session 5:  Radiation Damage Study and Nuclear Data
Chairman: M. Kawai(KEK)
5.1 Nuclear Data for Analyses of Radiation Damage Process [30+10]
T. Aruga (JAERI)
5.2 Nuclear Heating in Fusion Reactors [30+10] K. Maki (Hitachi)

10:50-11:10 Coffee Break
11:10-11:50
5.3 Problems in Damage Estimation Caused by High Energy Particles [30+10]

N. Watanabe (JAERI)

12:00-14:00
Poster Session 2 (Even Number) + Lunch
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14:00-16:00
Session 6: Integral Test of Nuclear Data Chairman: A. Zukeran (Hitachi)

6.1 The MOX Core Critical Experiments for LWR’s and the Analysis
Based on JENDL-3.2 [30+10] T. Umano (Toshiba)
6.2 Measurement and Analysis of Decay Heat of Fast Reactor Spent Fuel [30+10]
T. Aoyama (JNC)
6.3 Status and Future Program of Reactor Physics Experiments in JAERI
Critical Facilities, FCA and TCA [30+10] S. Okajima (JAERI)

16:00-16:20
Session 7. Summary Talk N. Yamano (SAE)

Poster Session
Nov. 19 (Thu.) 12:00-14:00 (Odd Number), and Nov. 20 (Fri.) 12:00-14:00 (Even Number)

<Lobby of Auditorium>
P.1 Measurements of Double-Differential Neutron Emission Cross Sections of U-238,
Th-232 for 2.6 and 3.5 MeV Neutrons T. Miura (Tohoku Univ.)
P.2  Measurement of Capture Cross Sections for Dy and Hf in the Energy Region
from 0.003 to 10 eV Hyun-Je Cho (Kyoto Univ.)
P.3 Measurement of Fission Cross Section of Pa-231
using Lead Slowing-down Spectrometer K. Kobayashi (KUR)
P.4 Key Precursor Data in Aggregate Delayed-neutron Calculations
T. Sanami (Nagoya Univ.)
P.5 Decay Heat Calculation for Minor Actinides in the Hybrid Method
H. Takeuchi (Nagoya Univ.)
P.6  Application of Multimodal Fission Model to Nuclear Data Evaluation
T. Ohsawa (Kinki Univ.)
P.7 Systematics of Average Radiative Width of Heavy Nuclide
T. Murata (Aitel)
P.9 Comparison of BFS-73-1 Benchmark Test using JENDL-3.2, JEF-2.2
and ENDF/B-VL.3
Jung-Do Kim (KAERI)
P.12 Measurements of Secondary Particles Producted from Thick Targets

Bombarded by Heavy Ions T. Kurosawa (Tohoku Univ.)
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P.13 Measurements of Elastic Scattering Cross Sections of Carbon, Iron and
Lead for 75 MeV Neutrons M. Ibaraki (Tohoku Univ.)
P.14 Benchmark Test of JENDL High Energy File with MCNP
M. Wada (JAERI)
P.15 DORT Analysis of Iron and Concrete Shielding Experiments at JAERI/TIARA
C. Konno (JAERI)
P.16 Measurement of Residual Radioactivity in Copper Exposed
to High Energy Heavy Ion Beam Eunjoo Kim (Tohoku Univ.)
P.17 Measurements of Thermal Neutron Capture Cross Sections for some FP Nuclides
S. Nakamura (JNC)
P.18 Construction of a y-yand B - y Coincidence Measurement System for Precise
Determination of Nuclear Data K. Furutaka (JNC)
P.19 Preparation of 3-7 MeV Neutron Sources and Preliminary Results of Activation
Cross Section Measurement T. Furuta (Nagoya Univ.)
P.20 Measurements of *Be-d Nuclear Reaction Cross Sections at Low Energy
K. Ochiai(Osaka Univ.)
P.21 Measurement of Secondary Gamma-ray Production Cross Sections of
Vanadium Induced by D-T Neutrons T. Kondo (Osaka Univ.)
P.22 Measurement of Double Differential Cross Sections of Charged Particle
Emission Reactions for "2Zr, 2’ Al and " Ti by Incident DT Neutrons
H. Takagi (Osaka Univ.)
P.23 Measurement of Cross Sections in the Region of Sub-mbarn by 14 MeV
Neutron with Well-type HPGe Detector H. Sakane (Nagoya Univ.)
P.24 Measurement of Discrete Gamma-ray Production Cross Sections for Interactions of
14 MeV Neutron with Mg, Al, Si, Ti, Fe, Ni, Cu, Nb, Mo, Ta
H. Sakane (Nagoya Univ.)

<Meeting Room No.5>
P.26 Development of Utility System of Charged Particle Nuclear Reaction Data

on Unified Interface S. Aoyama (Kitami Univ.)
P.27 Development of Charged Particle Nuclear Reaction Data Retrieval System

on IntelligentPad Y. Ohbayasi(Hokkaido Univ.)
P.28 Easy-to-use Application Programs to Calculate Aggregate Fission-product

Properties on Personal Computers K. Oyamatsu (Nagoya Univ.)
P.29 Fission Cross Section Measurement for Am-242m with TOF Method

in Low Energy Region T. Kai (JAERI)



P.30

P.31

P.32

P.33

P.34

P.35

P.36

P.37

P.38

P.39

P.40
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Evaluation of Neutron and Proton Cross Sections of Al-27 up to 2 GeV

Youngouk Lee (KAERI)
Optical Potential Parameterization in High Energy Region

N. Shigyo (Kyushu Univ.)
Calculations of Neutron Production Double Differential Cross Section
up to 3 GeV in Terms of Moving Source Model H. Kitsuki (Kyushu Univ.)
Analysis of (p,p’x) Reactions by Semi-classical Distorted-wave (SCDW) Model
with Single Particle Wave Functions for Woods-Saxon Potential

Sun Weili (Kyushu Univ.)
Study of Secondary Charged-particle Production by Proton-induced Reactions
at Several Tens of MeV A.Yamamoto(Kyushu Univ.)
Measurements of Secondary Emission Spectra of Hydrogen and Helium Isotopes
Induced by Ten’s MeV Neutrons Y. Nauchi (Tohoku Univ.)
Calculation of Photonuclear Process in the Region of Several Tens MeV
- Formulation of Exact Transition Rate for High Energy y Ray -

H. Wada (JNC)
Photoneutron Production with the Laser-Compton Backscattered Photons

H. Toyokawa (ETL)
Direct Reaction Model Analysis of Continuum Region
in One Particle Transfer Reaction S. Aoki (Kyushu Univ.)
Ceramic Tritium Breeder Material with Catalytic Function

K. Munakata (Kyushu Univ.)
Retrieval on Nuclear Reaction of Unstable Nuclides and Decay of Formed
Nuclides Using Nuclear Reaction Database M. Fyjita (NRIM)



This is a blank page.




JAERI-Conf 99-002

2. Papers Presented at Oral Sessions



This is a blank page.




ORI

JAERL-Conf 99-002 JP9950304

2.1 Accelerators for Atomic Energy Research

Tokushi Shibata
Radiation Science Center
High Energy Accelerator Research Organization
1-1 Oho, Tsukuba, Ibaraki 305-0801
e-mail: tokushi.shibata@kek.jp

The research and educational activities accomplished using accelerators
for atomic energy research were studied. The studied items are research subjects,
facility operation, the number of master theses and doctor theses on atomic
energy research using accelerators and the future role of accelerators in atomic
energy research. The strategy for promotion of the accelerator facility for atomic
energy research is discussed.

1. Introduction

Many research groups for atomic energy research in universities and
institutes have used various accelerators. The research and educational activities
accomplished using accelerators in the atomic energy research field were studied.
The studied items are research subjects, facility operation, the number of master
theses and doctor theses on atomic energy research using accelerators, and the
future role of accelerators in atomic energy research.

The studies were carried out in cooperation with following facilities:
(1) Faculty of Engineering, Hokkaido University: 45 MeV electron LINAC,
(2) School of Engineering, Tohoku University: 4.5 MeV Dynamitron,
(3) JNC, O-arai Engineering Center: high power electron LINAC
(4) JAERI, Takasaki: 90 MeV Cyclotron
(5) Nuclear Engineering Research Laboratory, Univ. of Tokyo: 35 MeV LINAC,
(6) Research Lab. for Nuclear Reactors, Tokyo Institute of Technology: Pelletron,
(7) Research Reactor Institute, Kyoto University: 46 MeV electron LINAC and CW
(8) Faculty of Engineering, Osaka University: OCTAVIAN.

2. Subjects studied using accelerators
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The main subjects at each facility are given in the following.

(1) Faculty of Engineering, Hokkaido University: 45 MeV electron LINAC:
Development of cold neutron sources, Pulse radiolysis, Generation and
application of radiation, and Accelerator engineering.

(2) School of Engineering, Tohoku University, 4.5 MeV Dynamitron:

Nuclear data related to fast reactor, fusion reactor and new type reactor,
Hydrogen behavior in material, Impact by ion beam, PIXE, Application of ion
beam for medical, biological and environment research, and Educational
activity for citizen and young students.

8) JNC, O-arai Engineering Center, high power electron LINAC:

Feasibility study of a high-current electron LINAC for transmutation of
nuclear waste.

(4) JAERI, Takasaki, 90 MeV Cyclotron:

Study of radiation resistance of material and apparatuses, Nuclear data for
accelerator shielding, Production of radioisotope, Radiation effects, and Basic
technology of accelerator and beam handling.

(5) Nuclear Engineering Research Laboratory, Univ. of Tokyo, 35 MeV LINAC:
Generation and measurements of ultra short electron beam pulse, Pulse
radiolysis, Generation and application of positron beam, Free electron laser,
and Acceleration using wake field generated by laser.

(6) Research Lab. for Nuclear Reactors, Tokyo Institute of Technology, Pelletron:
Data of neutron induced reactions, Nuclear reaction model and observable for
evaluation of neutron data, and Study of collision between ion beam and atoms
or molecules.

(7) Research Reactor Institute, Kyoto University, 46 MeV electron LINAC and
CW.:

Reactor physics through neutron production and transportation, Compilation
of neutron cross section, Application of electron beam for irradiation,
Production of positron, Generation of synchrotron radiation, Production of
radioisotope, Parametric X-ray, Criticality of the sub-critical reactor, and
Neutron transportation in a thorium system.

(8) Faculty of Engineering, Osaka University, OCTAVIAN:

Double differential cross section of neutron reactions, Integral experiment of
neutron engineering for a D-T reactor, Radiation damage of material,
Radiation transportation, Neutron effects in space, and Application of ion
beam.
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3. Operation of accelerator

The operation status, the number of subjects, and the number of
collaborative subjects with outside groups at each facility are shown in table 1.
The operation of accelerators is mostly more than 100 days per year.

Table 1 Operation status of accelerator

Facility Operation No. of subjects No. of subjects in
collaboration with
outside group
Hokkaido Univ. 240 d 13 3
FNL Tohoku Univ. 150 d 11 7
Univ. of Tokyo 191 d 8 2
Tokyo Tech. Insti. 115d 10 1~2
LINAC of KUR 1800 h 12 All
C.W. of KUR 30d 1~2 All
OCTAVIAN 240 d 23 4

4. Research by graduate students

The number of graduate students who got Master thesis and Doctor thesis
are shown in table 2.

Table 2 Number of Master and Doctor thesis

Facility Master degree Doctor degree

Hokkaido Univ. 143 7
FNL Tohoku Univ. 89 11
Univ. of Tokyo 33 13
Tokyo Tech. Insti. 80 6
LINAC of KUR 67 18
C.W. of KUR 3 0
OCTAVIAN 150 9

5. Future plan at each facility
The future plan for each facility is as follows:
(1) JAERI, Takasaki, 90 MeV Cyclotron:
High intensity positron beam facility, a few GeV super-conducting cyclotron,
and a X-ray irradiation facility using electron accelerator are now discussed.
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(2) Nuclear Engineering Research Laboratory, Univ. of Tokyo:
Femto second electron beam facility using radio-frequency acceleration and
wake field acceleration generated by a high-power laser is planned.
(3) Research Reactor Institute, Kyoto University:
Replacement of a Cockcroft-Walton accelerator with a medium size accelerator
for development of an accelerator driven sub-critical reactor is discussing.
(4) Faculty of Engineering, Osaka University, OCTAVIAN:
Ten times more intense neutron flux facility or multi-function quantum-beam
center is now under discussion.

6. The expected role of the accelerator facility for atomic energy research
Various accelerators have been used by many scientists for atomic energy

research. Accelerators are expected to play an important role in atomic energy

research. Each facility is expecting that accelerators will be used in the following

subjects.

(1) Faculty of Engineering, Hokkaido University:
Electron accelerators below 100 MeV will be useful for atomic energy research
in universities for usage of neutron beam, application of variable energy X-ray
field, and material research in extreme conditions.

(2) School of Engineering, Tohoku University:
Accelerators will be used as an analyzing device for research in environmental,
material, medical, and biological fields. Fine beam control in space and time
will be important in future use. The advanced measuring method of radiation
and research facility for graduate students is also important.

(3) Nuclear Engineering Research Laboratory, Univ. of Tokyo:
Small or medium size accelerators are important for advanced research in
atomic energy field at university while the large size accelerators will be used
for atomic energy research at national laboratories for transmutation of long-
lived nuclear waste and nuclear fuel.

(4) Research Lab. for Nuclear Reactors, Tokyo Institute of Technology:
Nuclear data will be crucial for development of transmutation of nuclear waste
using accelerators. Neutron reaction cross sections for neutron rich nuclides
are also interesting.

(5) Research Reactor Institute, Kyoto University:
Development of a new neutron source and energy production using accelerator
driven sub-critical reactor will be critical issue for atomic energy research.

(6) Faculty of Engineering, Osaka University:
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Accelerators will be important as a standard neutron source. Study of
interaction of intense pulsed ion beam with various substances is interesting.
Low-energy nuclear physics and nuclear data using neutron beam will be
important.

7. Future accelerators for atomic energy research

Although large size accelerators will play an important role in national
laboratories, various small seize accelerators are useful for atomic energy
research in universities. Large size accelerators will be used for transmutation of
nuclear waste, energy production by combining accelerators with sub-critical
reactors, transmutation of thorium, and neutron sources. The development of
high stability and high efficiency accelerators are crucial for these applications.

Various small size accelerators could be used as a specific device for
nuclear research and application by various research groups of university. The
machine in university should have unique feature such as high resolution of time
and space, ultra-short pulse generation and so on.

The most accelerator facilities in universities were built when research
groups for atomic energy were founded in universities. Since then these facilities
have not had modification for improvement or replacement to an advanced facility.
Thus systematic effort to improve the present situation is argent, The future plan
of research activity using accelerators should be discussed at organizations
related to atomic energy research, such as Liaison Committee for Atomic
Engineering, Science Council of Japan, and Atomic Energy Society of Japan. The
plan to promote research activity using accelerators for atomic energy obtained
through deliberative discussions should be presented at the Atomic Energy
Commission.
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2.2 PROGRESS OF JAERI NEUTRON SCIENCE PROJECT

Yukio Oyama
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken Japan
oyama@fbshp.tokai.jaeri.go.jp

Neutron Science Project was started at Japan Atomic Energy Research Institute
since 1996 for promoting futuristic basic science and nuclear technology utilizing
neutrons. For this purpose, research and developments of intense proton accelerator
and spallation neutron target were initiated. The present paper describes the current
status of such research and developments.

I INTRODUCTION

At the middle of 1970’s, JAERI has initiated preliminary study for the partitioning and
transmutation of long-lived radio-nuclides which are produced in nuclear power generation. In 1988,
the Atomic Energy Commission set the long term partitioning and transmutation R&D program
“OMEGA”, i.e., Options Making Extra Gain from Actinide and fission products. In the course of
discussion on proton accelerator development for the OMEGA project, it was recognized that neutron
scattering community desires to have very high neutron source strength, two order of magnitude
stronger than that of existing ones. This future source is also discussed in conjunction with
continuation of JAERI role as a neutron supplier in future, because JAERI has been one of major
neutron suppliers for basic science community in Japan with its research reactor JRR-3M.

Combining requirements of basic and nuclear sciences, JAERI had started the Neutron
Science Project in 1996. The Neutron Science Project at JAERI is now preparing a conceptual design
for a research complex utilizing spallation neutrons, including a high intensity pulsed and cw
spallation neutron source. After completion of accelerator and facility constructions, the project will
involve researches, utilizing neutrons, for basic science and technology development of accelerator
transmutation of long-lived nuclides associated with nuclear power generation.

IL SCOPE OF NEUTRON SCIENCE PROJECT'

The Neutron Science Project aims at pushing researches, utilizing neutrons, for basic science
and technology development of accelerator transmutation. The projects includes R&D and
construction of an 8 MW (1.5 GeV, 5.3 mA) super-conducting proton linac, a S MW target station
with compression storage rings to allow short neutron pulses for neutron scattering research, and
research facilities for transmutation engineering, neutron physics, material irradiation, medical
isotopes production, spallation RI beam production for exotic nuclei investigation.

Basic science in the Neutron Science Project covers neutron scattering researches such as
structural biology for investigating the structure and dynamics of biological molecules, advanced
material science (e.g., under extreme conditions), high-energy neutron science (e.g., spallation
phenomena), nuclear cross-section measurements for transmutation study, heavy-ion science for
creating unstable heavy nuclei through spallation, and synthesis of super heavy extremely-neutron-rich
nuclei. Muon facility is also possible but has not been investigated yet in detail.

For nuclear energy research, a reduction of environmental impact of disposal in a deep
geologic formation of high level long-lived radio-wastes from reprocessed fuels is the key question for
nuclear transmutation technology. These long- lived activities are actinides such as Np-237, Am-241,
Am-243 and Cm-244 and fission products such as Tc-99 and 1-129. The nuclear transmutation is
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carried out mainly by fast neutron fission for minor actinides. The system consists of sub-critical core
with minor actinides fuels centered by spallation neutron target. For development of the system,
research and developments will be made by this facility complex.

With rather high power beam for nuclear transmutation study, material irradiation facility is
also considered which aims at material development for fusion reactor and nuclear transmutation
system. Possibility of radio-isotope production facility utilizing lower energy proton beam from the
low energy part of accelerator is also investigated.

III. ACCELERATOR AND RESEARCH FACILITY COMPLEX

Figure 1 shows preliminary layout of facilities planned in Neutron Science Project . A 5 MW
of total beam power of 8 MW is led to neutron scattering facility and the rest is to the facilities for
thermo-hydraulics and material developments. For neutron scattering facility, two proton compressor
rings are considered for full beam power at the final stage. In addition, a small amount of beam is
shared to neutron physics and spallation RI beam facilities. The schematic diagram of the accelerator
complex is shown in Fig.2 and its specifications are summarized in Table 1.7 The R&D items of the
accelerator complex is accelerator components, RF power, cryogenic refrigerator and so on. The R&D
of the low energy part up to RFQ has already been continued for several years and the 80 mA peak
current with 10% duty has been achieved. The two compression rings are considered for SMW beam
current with specification in Table 2.

Neutron scattering facility is considered with higher priority in the project, because many
attractive research areas are expected for basic science. The concept of facility layout is shown in
Fig.3. As the facility is considered to be open for asia-oceanea region as well as domestic researchers,
neutron beam lines is designed as many as possible. The present case can take 32 beam lines for three
kinds of neutron energies which are equally shared. One of the beam lines is dedicated to hot
(irradiated) samples for researching radiation effect. The building is designed as a large open space to
handle shielding/moderator assembly. Because the target station is surrounded by 5.5-6 m-thick iron
and Im-thick concrete shield, the radiation control of the experimental hole is accessible for rad-
worker.

A plan of research and development for accelerator-driven transmutation system is divided
into four phases, i.e., basic research, engineering development, technology demonstration and
commercial plant. In the current JAERI program, only basic and engineering phases are included. The
basic phase is focusing to build up the data base for designing experimental and demonstration plants.
The experimental plant is planned to be 30 MW thermal power in the second phase in which a small
amount of minor actinide fuel is burned. For the first phase, thermo-hydraulic test with 1-2 MW beam
power and reactor physics experiment with zero beam power around 1 W are considered. A
concept of the thermo-hydraulic test facility is shown in Fig. 4. The proton beam is bent by 90 degree
to the target core assembly which is simulating the target assembly for transmutation systems, e.g.,
typically tungsten rods cooled by Na. The facility includes thick shielding iron comparable to the
neutron scattering facility and Na coolant loop. The reactor physics facility is similar to critical
assembly which was used for fast reactor studies, because transmutation system is also considered to
use a fast neutron spectrum. Only a difference from a fast reactor is sub-critical system. The time
transient and response of sub-critical system will be studied by techniques of reactor physics
experiment.

Neutron physics study including nuclear data for high energy region is also interested for
transmutation physics. For this study, pulsed high energy neutron facility can be accompanied with a
TOF facility. This study requires 10 mA beam with a few ns pulse width. With the thermo-hydraulic
test facility, the proton and neutron irradiation facility can also be combined because both utilize 1-
2MW beam. These integration will make the common utility effective, i.e., cooling system, shielding,
waste management and so on.

Besides the facilities mentioned above, by utilizing the existing Tandem Van de Graff
accelerator, spallation products can be accelerated up to a few ten MeV/u together with the super-
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conducting cavity booster. A 10 mA of beam is used for production of trans-actinide isotopes from
depleted Uranium Carbide target. This facility can be constructed only by adding target and on-line
mass separator. A necessary modification of the existing facility was investigated for this facility.

By extracting a proton beam about 200 MeV at the low energy stage of the accelerator, many
kinds of radio-isotopes (RI) can be produced for medical use. This energy range is suitable for creating
a variety of Rls and eliminating undesirable Rls by spallation reaction. The facility should include
chemical lab for separation of RI.

Muon utilization is one of the attractive application of high energy proton beam. The
establishment of this facility is strongly requested from the muon science community in Japan,
however, a practical design work has not been involved yet. This might be considered in the further
design work.

IV. PROGRESS OF RESEARCH AND DEVELOPMENT

For the low energy part, the negative ion extraction from the volume type source is tested
and 10 mA was obtained. The fabrication design of cw-RFQ test machine with 5.3 mA as well as 30
mA for pulse mode was started. For cw operation mode, the design parameters of DTL and SDTL
were also investigated. To reduce RF power consumption and heat, low accelerator gradient is
considered as 1.5 MeV/m. From the viewpoint of mechanics and beam dynamics, the end point energy
was determined to 100 MeV.

The development of super-conducting cavity linac for 100 MeV to 1.5 GeV was started in
1996. The cavity fabrication is one of the key issues development, in which the mechanical strength
and surface conditioning are concerned. The single test cavity was fabricated by cold rolling and press
of pure Niobium metallic sheet with electron beam welding. In 1997, the vertical cavity test for b=0.5
(145 MeV) was successfully conducted with the maximum field strength of 24 MV/m at 4.2K and 44
MV/m at 2.1K. The multi-cavity with five cavities is being fabricated in this year for the next step.

The injection scheme is specially critical to compress the beam to shorter pulse less than 1
ms, because the conventional technology using charge stripping foil has a limit by heating up to accept
the high current beam. In JAERI project, two ring scheme is considered for the reference design for 5
MW operation. However, the two ring increase the cost and makes another problem for fast beam
switching and merging. To solve the problem of charge exchange foil, new charge exchange system,
the LUCE method, the Laser Undurator Charge Exchange has been proposed.’ In this scheme, an
undulator is used for a foil as a stripping magnet but a charge exchange is made by two steps from H-
to H® and H° to H'. The first step stripping is made by the undulator for Lorenz stripping and in the
second step, a resonance excitation by laser is used together with Lorenz stripping by the second
undulator.

A conceptual design study of target/moderator/reflector system has been extensively
performed by neutronic calculations.’ The study includes optimization of material, shape, size and
relative positions for neutronic performance. The present configuration of target/moderator is shown
in Fig5. The result showed clearly that mercury target is superior to Pb-Bi target. For the cryogenic
moderators, reduction of nuclear heating is one of the key issues. For this purpose, a pre-moderator
concept was extensively studied as well as neutron flux intensity and pulse width.

Thermo-hydraulic studies for solid and liquid targets have been performed.” The 1.SMW
solid target of tungsten was studied for capability of heat removal so that operating temperature below
180 C was confirmed. For the mercury target, two concept of cross and return flows are investigated
so that the maximum flow rate of 1.5 m/s and temperature rise of 171 C were obtained for SMW
beam.

For the cryogenic moderator, super-critical hydrogen (1.5 MPa and 20 K) was adopted so
that temperature rise must be kept less than 3 degree even for peaking position in nuclear heating.
These flow analysis and experimental confirmation study was started.

For material development, a test program of thermal shock, radiation damage and
corrosion/erosion was being prepared.® The 1 J/pulse laser injection system is considered for studying
stress wave phenomena. For radiation damage, triple ion beam irradiation is planned to simulate gas
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production dominant condition. The mercury loop test is prepared for corrosion/erosion test in off
beam condition. Experimental study of neutronics and thermodynamics of mercury target is performed
at AGS facility in Brookhaven National Laboratory of USA under the ASTE collboration.” By this
experiment, design codes are checked in comparison.

V. SAFETY AND NUCLEAR DATA ISSUES

Radiation safety is the important issue for operation of the accelerators and target systems.
The detailed design of shielding structure has not been performed. At the present stage, a guide line
concept is being developed, e.g., the accelerator components should be maintained without remote
handling. The criteria of radiation protection should be based on the regulation law, but there exist
new cases compared to the previous radiation facilities, especially on the transmutation facility. These
new problems should be discussed in Japanese community including the government authority.

As for nuclear data required for the project, there are two kinds of areas, i.e., nuclear design
of the target and radiation shielding design. The calculation tools are commonly high energy transport
codes, such as, NMTC/JAERI and HETC. Those codes include elastic cross section for a collision
probability as well as a simplized shielding code. Most frequently used data is a nuclide production
cross section library which is required to estimate induced radio-activities and nuclear transmutations.
For a shielding purpose, high energy proton induced reactions, e.g., (p,xn), is necessary to estimate
neutron production from beam line components.

VL CONCLUDING REMARKS

The JAERI Neutron Science Project is progressed more than expected, regardless of short
period after starting the project. Especially the development of accelerators has been considerably
progressed in the super-conducting cavity. The target development is under preparation for thermo-
hydraulic and mechanical test devices, while a neutronics study has been progressed for optimizing
target/moderator shape and configuration. As for international collaborations, the ASTE collaboration
on the mercury target has started at BNL.

The total design of accelerator complex and the target system will be completed soon as the
first round concept. On the other hand, a radiation safety assessment has just started at this April. The
research and development phase will be continued for the next three years and then a check and
review of the project is obligated by the government before moving to the construction phase.
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Table 1 Specification of Linac
Energy 1. 5GeV
Ion source negative and positive hydrogen
Current 1st stage: pulse:  1mA(Ave.),
16.7mA (peak)
2nd stage: cw&pulse:5.3mA(Ave),
30mA(peak)
Accelerator type
low energy RFQ,DTL/SDTL
(norm., 200MHz)
high energy Super-conducting linac
(600MHz)
Table 2 Compression Ring
Maximum Power 2.5 MW
Repetition 50Hz
Harmonic number 1
Chopping factor 0.6
Circumference 1854 m
Number of proton 2.08x10" protons
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Cutaway view of the neutron scattering facility building

Figure 3 Concept of Neutron Scattering Facility

Figure 4 Concept of Transmutation Research Facility for Thermo-Hydraulics Test
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2.3 The present status of medical application of particle accelerator
- Staried construction of a new medically dedicated proton accelerator facility in Tsukuba -

Takeji SAKAE and Akira MARUHASHI
Proton Medical Research Center (PMRC), University of Tsukuba
Ten-nodai 1-1-1, Tsukuba 305-8575, Japan
e-mail: sakae@medaxp.kek.jp

A new facility of PMRC starts the construction in the neighborhood of Tsukuba university hospital, in
order to establish technical skill for practical use in the cancer treatment and to grope for new skill. The
facility has a linac injection system, a compact synchrotron, two rotating gantry rooms and two fixed
horizontal beam lines. The outline of the design arranged for the facility is reviewed. As one of the
important technique for the treatment, investigation into target adjusting accuracy in respiration-gated

proton irradiation is presented.

1. Introduction
Medical application of particle accelerators is in progress recently owing to the rapid advance of
accelerator technology and computer performance. Cancer treatment by heavy charged particles (proton,
heavy ion) has advantage in its sharply controllable dose distribution without surrounding irradiation. As
the next step following the proton radiotherapy (about 600 patients) at PMRC which has begun at 1983 in
KEX , a new facility for proton
therapy starts the construction in
the neighborhood of Tsukuba
university hospital. The purpose
of the facility is to establish
technical skill for practical use
in the treatment and to grope for
new skill such as scanning beam
irradiation. In this report, the
outline of the design for the LEBT ,@t’”
facility is reviewed. The ¢ @
respiration-gated irradiation
system was developed for the
treatment of moving organ
{1,2,3,4] with relation to the

respiration. The technique is one

of the importance for the cancer

treatment in the new facility.

Fig. 1 Layout of the new facility in PMRC, Tsukuba.



Accuracy of the target adjustment in the

irradiation synchronized with the

respiration is investigated.

2. Outline of the facility.

The facility has a linac injection
system (7MeV), a compact synchrotron
(70-270 MeV) with separated functional
lattice, two rotating gantry rooms and two
fixed horizontal beam lines. The layout of
Table 1
is the list of principal parameters of the

the facility is shown in figure 1.

accelerator proposed for the facility. In the
accelerator, a broad band RF cavity using
FINEMET is adopted because of its

JAERI-Conf 99-002

Table 1 Principal parameters of the accelerator proposed

for the new facility.

Injector (Duo-plasmatron+RFQ+ Alvarez -DTL)

Beam energy

Peak current
Pulse

Momentum spread
Emittance(90%)
RF

7 MeV

15 mA

5 - 100 micro sec
+-0.3%

<| pi mmmrad
425MHz

Synchrotron (Multiturn injection, Separated functional lattice)

Extraction energy

Size

Circumference

Extracted Particle Number

Typical operation cycle
RF Cavity (8 FINEMET cores)

Operation frequency

Gap voltage

Accelerating gap

70-270 MeV
7.6x6.7m
23m
1.8x10" ppp
2 sec

1.6-8.2 MHz
1.3kV
40 mm

compactness and simple operation. The accelerated beam is extracted through the diffusion resonant

extraction scheme developed by Hiramoto et al [5,6]. The diffusion is achieved by RF perturbation with

nominal cycle time of 2 sec. This extraction scheme can make the current stable in the spill of beam

emission and useful flexibility for the respiration-gated irradiation. Radiation dose rate of 2 Gy/min on the

average can be obtained by the < Sm
system even though intermittent Scatterer Ridge fikter
irradiation for the respiration N =

N . —— T
synchronized treatment. By using '
the rotating gantry, optimized [ Single scattering method |
irradiation angles are selectable in

Variabke degrader

order to avoid damaging critical
organs. In the nozzle of the gantry,
scattering method is adopted to
make beam spreading. To get
sufficient beam spreading by the
distance (3.2m) from the scatterer to
the target position, new methods are
developed for the facility. Dual-ring
double scattering method [7] and
hybrid filtering method are shown
schematically in figure 2 with
filtering apparatus in comparison

with single scattering method.

[ Duakring doubke scattering method |

3.2m

-

[ Hybrid filering method |

Fig. 2 Scattering methods for beam spreading.

3. Accuracy of target adjustment in the proton irradiation.

Precise measurement of target position on proton radiotherapy are performed in present facility of
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PMRC to estimate the accuracy of the target adjustment in the irradiation synchronized with respiration. In

order to estimate the target position in X-ray

(3o

projected images, pattern matching of the moving

o

L

region of interest is calculated for a frame of pictures
one by one. The organ motion calculated by the
pattern matching is shown in figure 3(b). The

respiration signal given by measuring tension of body

surface and the gate for irradiation are shown in

=
Pulse height (V)
SO N A N

L

figure 3(a). The correspondence between the

respiration signal given by the tension measurement

and the motion of the target organ is investigated [8]. RSN IS PR U U FUUT T PR A

By using the data, position deviation of the target 1

during the irradiation period can be estimated as a Alz
function of discrimination level making the EIO
irradiation gate. On condition of usual treatment in g

which fraction of the irradiation gate is 0.2-0.3, the d
position deviation is clarified to be about 1mm in g
mean value and about 3-4mm in maximum value [8]. §

1 T 1T 71 1 1 7117

4. Summary

2 s s e b b b by o b g

-5 0 5 10 1520 25 30 35 40
Time (sec)

Outline of the design proposed for  the
medically dedicated proton accelerator facility in
Tsukuba is presented. By the new facility, not only
reliable technique for practical cancer treatment but Fig. 3 Respiration signal with gate for
. . . irradiation(a), and organ motion (b).
also challenging technique such as beam scanning

can be investigated.
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2.4  Accelerator Conceptual Design and Needs of Nuclear Data
for Boron Neutron Capture Therapy
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Hitoshi YOKOBORI
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0067

An optimization study has been made on an accelerator-based facility for the boron
neutron capture therapy. The energy of the incident proton and the arrangement of the
moderator assemblies are optimized. The beam current and the accelerating voltage are
determined so that the accelerator power becomes minimum. The proposed facility is
equipped with a 2.5 MeV proton accelerator of 10-25 mA, a lithium target, and a heavy water
moderator contained in an aluminum tank. Each of these equipments is feasible, if proper
R&D works have been done. Qur new design requires the beam power of less than a
hundred kW for the accelerator, although that of our previous design was 1 MW. The
reduction of the beam power makes the cooling system for the target much simpler. The
essential issues for realization of this concept are long-life lithium targets under high heat
flux and high current proton accelerators with average currents of more than 10 mA

It is necessary for the reasonable design of a small-sized and low cost facility to get good
accuracy nuclear reaction data. Especially, the latest Li/Be(p,n) neutron yield data in a
range of threshold energy - few MeV are required for exact evaluation of neutron energy
spectrum used therapy. And damage data by low energy proton beam are also important to
evaluate integrity of target material

1. Introduction

We have been studying nuclear reactor concepts suitable for the boron neutron capture
therapy at a hospital since July, 1988. One concept was proposed at the 3rd Asian
Symposium on Research Reactors in 1991 [1] and an advanced concept was proposed at the
5th Symposium on Advanced Nuclear Energy Research in 1993 [2]. Since construction of a
nuclear reactor at a hospital is considered to have difficulty in obtaining public acceptance,
we have proposed a deuteron accelerator of 1 MW beam power as an alternative neutron
source. The accelerator is based on the concept of ESNIT [3] design which uses the Li (d, n)
reaction by a 20mA-50MeV accelerator. A numerical study of optimizing the moderator
assemblies was presented in the 1st International Workshop on Accelerator-Based Neutron
Sources for Boron Neutron Capture Therapy, Jackson, in 1994 [4]. But an accelerator with
1 MW beam power is too massive and also too expensive for a hospital use. We have
challenged to reduce the accelerator beam power thoroughly using the Li (p, n) reaction
instead of the Li (d, n) reaction. We have been working to reduce the beam power of the
accelerator required for medical treatment. In this paper the measures to reduce the beam
power are described with several numerical results.

2. Optimization of Facility
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2.1 Design objectives

We have studied to reduce the beam power of the accelerator based on the following
design objectives: The time interval for clinical treatment will be less than 1-2 hours. The
therapeutic neutron fluence (time integrated flux) at the irradiation field should be more
than 6 x 102 n/cm?® for the epi-thermal neutron(leV-1lkeV). The contaminant at the
irradiation field should be less than 2Gy for the fast neutron (> 1keV) dose and less than
1Gy for the gamma-ray dose.

2.2 Procedure

It is necessary to slow the neutrons produced by the nuclear reaction of the charged
particle with the target down to the epi-thermal neutron energy, which is the most suitable
for the treatment. It is also required to decrease the number of high-energy neutrons, which
are harmful for the treatment, and to increase the number of epi-thermal neutrons
sufficiently for the treatment. At the irradiation field of a patient, the ratio of the fast
neutron dose to the epi-thermal neutron fluence must be less than 2Gy/ (6 x 10'*n/cm?) = 3.3
x 10®Gy * cm? in order to make the amount of the fast neutron dose less than 2Gy, and to
make the amount of the epi-thermal neutron fluence more than 6 x 10'2 n/em?.

A neutron source of unit strength is fixed on the target, then the neutron flux
distribution in the moderator has been calculated by the neutron transport analysis method
with the acceleration energy and the composition of the moderator material as parameters.
The distribution of the ratio of the fast neutron dose to the epi-thermal neutron fluence has
been derived from these analyses, and the minimum thickness of the moderator, which
satisfies the above condition, is determined. The required neutron source strength at the
target has been estimated so as to make the epi-thermal neutron fluence in the irradiation
field exceed 6 x 10'?n/cm?.

For each incident energy the beam current, which produces a sufficient neutron source
strength, has been evaluated from the neutron yield data, and the one, which makes the
accelerator beam power minimum has been selected.

2.3 Planning an accelerator concept for BNCT facility

The acceleration energy is limited up to 20MeV to make the accelerator compact.
Because of the easiness of making the ion source and the high efficiency of the neutron
production in low energy proton has been selected as an acceleration particle and lithium as
a target material. From our neutron irradiation system design experience of the nuclear
reactor for BNCT aluminum is chosen as moderator material for the removal of the fast
neutron. To increase the epi-thermal neutron flux heavy water is used. The ratio of the
mixture of aluminum and heavy water is changed as a parameter of the analysis.

Analytical models are as follows: a 2-dimensional cylindrical model described in Fig.1 is
used by the 2-dimensional discrete ordinates neutron and gamma ray coupled transport code,
DORT [5]. The number of energy groups for neutron is 21 and the number of gamma-ray
energy groups is 9. The nuclear group constants have been processed from the JENDL-3
(SSTDL-100/40) nuclear cross section library [6].

We have studied sixteen cases of combination of the moderator composition and the
incident proton energy. The moderator is composed of homogeneous mixture of heavy water
and aluminum. The contents of heavy water are 100,70,40 and10 percent. The incident
proton energies are 2.5, 5, 10 and 20 MeV.

3. Specifications of Accelerator Facility

The fast neutron dose and the epi-thermal neutron fluence distributions in the
assemblies are described in Fig.2 and Fig.3 where the incident proton energies are 2.5MeV
and 10MeV, respectively. From these analytical results, the minimum moderator thickness
have been derived and are shown in Table 1. The required beam current (mA) and the
beam power (kW) vs. the incident proton energy are shown in Fig.4.

Through the analyses the following results have been derived: the lower the
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acceleration energy, the less beam power is required but more beam current is required. The
beam power required for the treatment in an hour is 63 kW. ("Li (p, n) "Be: 25 mA in 2.5MeV)

For the high current proton accelerator of the BNCT facility the specifications of the
accelerator equipments are determined and described in Table 2. Because more than
several milliampere currents and a few to several million electron volt acceleration voltages
are challenges, our basic design of the accelerator is based on the JAERI's R&D work. [7].
Each of these equipments is feasible, if proper R&D works have been done.

4. Target and Moderator Assenbly

A light water coolant should remove the heat of the proton beam power dissipated in
the thin lithium target. To improve the heat removal capability, corrugated panels are
attached onto the opposite surface of the aluminum base metal on which lithium is deposited
by evaporation. The numerical result in Fig. 5 shows that the peak heat flux of the incident
proton beam should be reduced to less than 160 W/cm? since the melting of the target should
be avoided. A cylindrical tank filled with heavy water, which has a 30cm diameter and a
25cm height is used as a moderator of the neutron energy. The concept of the cooling
structure in the target assembly is shown in Fig. 6.

5. Requirements on Nuclear Data

First, we require the latest energy and angular distribution data of neutron and y
production by the reaction in a range of threshold energy to a few MeV Another engineers
and we make a design of an accelerator facility for BNCT use the same nuclear data as
shown in Fig. 7 and Fig. 8 [8]. For example, existence and height of Li(p,n)resonant
reaction at about 2.3MeV is needed to evaluate efficiency of neutron production. The precise
cross section curve of Li/Be(p,n) reaction near the threshold energy is so sensitive to decide
incident proton energy in order to obtain lower energy neutron. y Production data is
needed to shielding calculations of a target and an accelerator. Because this data was
published in 1975, we think more precise data can be measured with new methodology and
new instruments. It is necessary for the reasonable design of a small-sized and low cost
facility to get good accuracy nuclear reaction data.

Next, we have no damage data by low energy and high intensity proton beam. He
atoms are accumulated inside of a target surface by irradiation of proton beam. It is also
important to evaluate integrity of target materials.

6. Conclusion

Based on these concepts, a typical arrangement of the facility is proposed in Fig. 9. A
high current proton accelerator of 10 mA, Li (p, n) type target with a high heat flux condition,
and an aluminum tank moderator assembly containing heavy water (D,0). Development of
a high current accelerator, which has more than the several mA capacity is the essential
issue for the facility. It is also necessary to continue the effort to reduce the beam power
requirement.
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2.5 Development in Nuclear Astrophysics
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Abstract: A brief review is given on recent developments in nuclear
astrophysics, specifically investigations of explosive phenomena in the
universe, including recent works on the rapid-proton capture process and
the rapid-process. The scope of nuclear astrophysics and the nuclear data
compilation for nuclear astrophysics are also discussed.

I. Explosive Phenomena and Radioactive Nuclei

Nuclear reactions are one of the key elements for the evolution of the universe.
There are many nuclear effects observable in the universe. These nuclear effects give
us rich information about the nuclear processes that have taken place, and thus they are
very critical clues for understanding the stellar events. We may discuss in this paper
how we can approach the astrophysical problems from a nuclear physics point of view.
Astrophysical models together with the nuclear physics information should explain the
stellar event of interest. These critical tests will eventually give the real picture for the
stellar phenomena. Nucleosynthesis involving stable nuclei has been studied for many
years, but there are still many important nuclear reactions that have not been well
examined yet mostly at low temperatures.

On the other hand, nuclear reactions that involve radioactive nuclei were much
less investigated in the past [1]. Explosive phenomena such as supernovae and the
very early universe just after the big bang inevitably involve radioactive nuclei of very
short half-lives due to fast successive nuclear reactions before cooling through nuclear
decays. A typical example of evidence of radioactive nuclei among the stellar events
would be seen in supernova. For instance, the light curve of the supernova SN1987A
is well explained by the nuclear decay of **Co, and the gamma rays of *Fe following the
beta decay of *Co were also observed [2)].

Since explosive phenomena, which take place in high-temperature and high-
density sites, include successive nuclear reactions, the nucleosynthesis-flow goes away
from the line of stability on the nuclear chart [1]. Figure 1 shows schematically
various nucleosynthesis scenarios on the nuclear chart. The pp-chain and some cycles
are effective more or less around the line of stability, as they take place in relatively
low-density regions at low temperatures. By contrast, rapid processes such as the
rapid-proton capture (rp) process [3] that is an explosive hydrogen burning process, go
through the proton-rich or neutron-rich unstable nuclear region. The development of
physics and technology of radioactive nuclei in nuclear physics stimulated these
investigations in the last decade. This provides not only an opportunity for
investigations of nuclear astrophysical problems but also new facets for
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Fig. 1 A schematic view of pathways of explosive nucleosynthesis in the universe,
depicted on the nuclear chart.

understanding scenarios of nucleosynthesis in the universe. For instance,
neutron halo structures will dramatically alter the reaction rates of (n,Yy)
cross-sections, which are related to the s-process nucleosynthesis. The
magic numbers of shell closure known near the line of stability would not
hold necessarily for the nuclei far from the line of stability, which may
change the r-process route.

In this short report, we will review briefly recent development specifically on
the experimental works on the rp-process and the r-process.

I. Rapid-Proton Capture Process

Hydrogen burning is one of the basic scenarios of stellar nuclear burning.
Specifically, the hydrogen burning under a condition of high temperature and high
density, which is called the rp-process, has attracted many investigators in the last
decade since they could be related to the explosive phenomena, such as novae and X-ray
burst. Here, one can discuss the observations with the stellar models quantitatively in
terms of the energy, the elemental abundances and the evolution.

The rp-process was proposed in 1981 by Wallace and Woosley [3].  Because
of lack of nuclear physics information for the nuclei relevant, the pathway of breakout
from the Hot-CNO cycle, which leads to the onset of the rp-process, was not identified
clearly in the original paper. The suggested pathway of the onset and early stage of the
rp-process is,

*0(0,y) "Ne(p,y)"Na(p,y)" Mg ()" Na(p,y)"Mg(B)*Na(p,y)"Mg(p,y)*Al(p,y)"*Si . . . .
Along this pathway suggested for the rp-process, a series of experiments were
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performed to clarify the onset mechanism at the cyclotron of the Center for Nuclear
Study (CNS), University of Tokyo [1]. Many new resonances were discovered above
the proton thresholds in the nuclei relevant. The summary of the works is presented in
Fig. 2, which shows ignition temperature of each process along the pathway mentioned
above. Here, the estimated temperature of the first process, "O(c,y)"*Ne, is taken from
refs. [4,5]. As to the reaction of “Na(p,y)*Mg, the S-factor was taken from ref. [6].
A new resonance was first identified at 7.643 MeV in the present experiment of
“Mg(p,d)"Mg just around T, = 5 for the Gamow window [7], where there was no
estimate made before for the reaction rate.

Figure 2 suggests that the "O(0.,y)"Ne reaction is limiting the onset of the rp-
process. However, note that none of the values in the figure is definitive because the
decay properties of the critical levels for the nucleosynthesis are not known yet. These
are one of the hottest subjects being or to be investigated with radioactive nuclear beams.
So far, the ignition temperature of the "O(c,y)"’Ne reaction seems too high to give a
condition that leads to a major flow-out of CNO material to heavier mass elements
under ordinary nova conditions [8]. Therefore, this reaction should be of great
importance to study nucleosynthesis in novae. Of course, the nova models also need to
be developed to conclude the speculation above. For instance, a measurement of the o
decay widths of the crucial resonant states in "Ne is underway at CNS using the reaction
of "F(CHe,t) "Ne(4.033)(w) 0.

The second possible reaction sequence for the breakout off the HCNO cycle,
which leads to an onset of the rp-process [3], more likely at stellar sites under higher
temperatures and higher densities, is “O(a,p) "F(p,y)"Ne(o,p)’'Na... .  Here, a new
type reaction (o.,p) sets in at the explosive burning. The reaction rate of “O(c,p)’’F
was investigated theoretically before [9,10]. However, there still is a large uncertainty
in the rate, although many experimental efforts were also made [11,12]. The second

Tg L Ignition Temperatures
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Fig.2 The estimated ignition temperatures of the nuclear reactions along the possible
rp-process under nova conditions.
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and the third reactions of the sequence also are not known yet.

Recently, proton and alpha resonances in "“Ne were investigated at CNS,
revealing properties of some crucial resonances for the problem [13]. There is a long-
standing question about the presence of a 3 state around the proton threshold in “Ne.
However, there was no evidence observed here even with a high precision measurement,
but some assignments of spin parity and excitation energies as well as the natural widths
were made successfully for some critical resonant states. These values give better
estimates for the reaction rates of “O(c.,p) 'F and "F(p,y)""Ne. For the present problem,
the resonance strength of the “O(c,p) reaction is needed to be determined eventually by
the direct simulation method.

The second process, "F(p,y)'*Ne, is now being investigated with a radioactive
nuclear beam of 'F at Oak Ridge National Laboratory. The third process is also under
investigation at Louvain-la-Neuve with a "Ne beam. Specifically, the (a,p) process
should be investigated systematically to clarify the role of the process under high
temperature conditions. So far, most estimates were made with statistical model
calculations.

There are some other critical problems to be investigated for the rp-process.
They include waiting points, bottlenecks, and the termination of the rp-process. The
waiting points determine the time duration of the explosion, and the bottlenecks restrict
the pathway of the rp-process. The termination defines the total energy release of the
process as well as the elemental production.

III. Rapid-Process

Although nucleosynthesis of heavy elements is not so important for the
evolution of the universe and energy generation, they are very useful for understanding
the mechanism of stellar events and also for cosmochronology. Figure 1 suggests two
different mechanisms for heavy element synthesis, the slow (s)- and rapid (r)- processes.

The r-process should take place in a very high neutron-density region (n, ~ 10"
cm”) at high temperature (T, ~ 2 - 3) with a very short time scale, suggesting a
nucleosynthesis flow-path far away from the line of stability. The path may be around
the nuclear region that have a neutron separation-energy of 2 - 3 MeV, where the half-
lives of the beta decays and the neutron capture rates balance. The peaks in the r-
process nuclei suggest magic numbers of neutron shell in the very neutron rich region.
The most plausible site for the r-process is considered to be in the hot bubble region in
Type II supernovae [14], although it is not confirmed yet.

The nucleosynthesis of the r-process is least known experimentally among the
nucleosynthesis scenarios since the nuclei on its possible path are quite difficult to
produce in the laboratories. Only some nuclei around the possible waiting points at N
= 50 and 126 were observed so far. The nucleus "*Cd,, was produced and first
investigated [15] at CERN-ISOLDE by a high-energy spallation reaction; the half life
was determined to be 203 ms, whereas the nucleus 80Zn50 was produced as a fission
product of **U, and studied at the high-flux reactor at Brookhaven National Laboratory,
giving T ,= 550 ms [16]. Therefore, the r-process time scale should be not less than
550 ms, since “Zn is considered to be one of the waiting points of the r-process.
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Further experiments on very neutron rich nuclei are really needed for the study of the r-
process.

Recently, a new production method of very neutron-rich nuclei was developed,
which uses Coulomb fission of an accelerated U beam at very high energy at GSI. The
long-standing desire of nuclear physicists was realized by this method, i.e., a very
neutron-rich "doubly closed shell" nucleus, ™, Ni, was produced [17]. Further
experimental information such as the half-lives, beta-decay Q values, and masses are
needed for the neighboring nuclei around "Ni.

New developments in experimental technology open a new research field that
was not accessible before. Such new achievement was attained for bound-state beta
decay measurements. Some nuclei become unstable against weak decay when all the
electrons are removed if the Q-value is very small. Such condition of fully ionization
and storage of the ions was realized using the high-energy heavy ion accelerator and the
storage/cooler ring ESR at GSI. The bound state beta decay of '“Re’™ was beautifully
measured [18], resulting in a half-life of about 12 years that is many orders of
magnitude shorter than those under normal condition of "Re, T,, = 4.23 x 10" yr.
This will influence on the s-process scenario. This method is very powerful for
investigating such beta-decay relevant to the p-process and cosmochronology. The
ring is also being used to determine the masses of short-lived radioactive nuclei as well

as their half-lives. These are also very important inputs for the study of the r-process.

IV. Prospects

There are many other interesting developments for the problems of
nucleosynthesis, which were not discussed here, although experimental study in general
is still in a quite early stage in many subjects in nuclear astrophysics.

For the solar model problem, the ‘Be(p,y) *B reaction is still a crucial reaction to
be investigated. Especially, an experiment with a '‘Be beam should be of great interest.
There are also some other reactions relevant to the pp-chain such as the *He(‘He,y) ‘Be
reaction. As for stellar models, the reaction rate of “C(a,y) O still remains a critical
subject to be further studied. The “C and 'O burning processes are also of great
importance.

There are several important reactions for the HCNO cycle and the early stage
of the rp-process that require radioactive beams. They include “O(a.y) "Ne(p,y)
*Na(p,y) Mg, “O(a,p) "F(p, y) "Ne(a,p) “Ne, etc. The real pathway from the HCNO
to the rp-process is important for learning the transmutation of CNO material to the
heavier elements, and also the energy generation in novae and x-ray bursts. The
reactions around Si are also needed for investigating the mechanism of recent novae that
showed a presence of considerable amounts of Si and S. The reactions around *Ca and
*Ni could be a bottleneck for the rp-process, and need to be investigated. The
mapping of the proton-drip line, and the study of the reaction and the structure of the
related nuclei near the proton drip line at A > 60 are crucial for learning the termination
of the rp-process and possible production of the p-process nuclei.

The most challenging subject is the investigation of the r-process. Coulomb
fission processes at high energy, as demonstrated at GSI, could be a possibility for the
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production of very neutron-rich nuclei along the postulated r-process pathway. The
technical development of a highly efficient production method at the ISOL-based
facilities is really awaited here.

Although we did not discuss on the nucleosynthesis of long-lived nuclei such
as “Na, “Al and “Ti, they are of great interest as their amounts will be quantitatively
determined from line-gamma observations [1]. The nuclear reactions associated to
these nuclei should be carefully investigated.

These nuclear reactions will be investigated experimentally at the
RIKEN facility and the radioactive beam facility of KEK. Further
opportunity will be provided in the RIB project at RIKEN in a few years.
Although I emphasized in this report the importance of reaction studies with radioactive
nuclear beams, it should be mentioned that the indirect method is also indispensably
important for nuclear astrophysics. Since the cross sections become extremely small at
low temperature, the indirect method is often the only possible way that gives
information relevant to astrophysical problems.

Nuclear data work is also quite important, but the current situation is very
serious. There is no organization that takes care of it systematically after the Fowler’s
effort. This requires worldwide effort by the nuclear physicists and astrophysicists
working for the astrophysical problems. This should be one of the urgent subjects to
be solved.
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2.6 Neutron Capture Cross Sections in the keV Region
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Neutron capture cross sections in the keV region are reviewed on the basis of our measurements for about
40 nuclides from 'H to ZNp. It is shown that the p-wave neutron plays a very important role in the non-resonant
capture reaction by some light nuclides at stellar energy and that careful measurements for medium and heavy

nuclides agree with each other at least within uncertainties of about 10 %.

1. Introduction
Neutron capture reaction plays an important role in the nucleosynthesis in the primordial univers 10 to
1,000 s after the big bang and in stars. A thermonuclear reaction rate is given by a Maxwellian average as a

function of temperature T as follows:

g —E/AT
AT IOU(E)Ee dE W

2

N <ov>=N, = |Z22 “0

’ AN [ Ee**dE
[}

where v and E are the velocity and energy of neutron in the center of mass system, respectively, N, is the
Avogadro's number, o the capture cross section, £ the Boltzmann's constant, and « the reduced mass. In case of

non-resonant neutron capture, the reaction rate is usually expanded as follows:
N, <ov>= A+ BT} +CT,+-, (T,=T/10°°K), #))

where the first and third terms in the right-hand side mean the s- and p-wave neutron capture contributions,
respectively. In case of general capture, more complicated expansions are used. Then, the expansion coefficients
are evaluated from nuclear databases such as JENDL-3.2 for studies on nucleosynthesis. Since the value of &7 is
around 30 keV, accurate capture cross sections in the keV region are necessary for the determination of
coefficients.

This paper reviews the present status of keV-neutron capture cross sections on the basis of our

measurements for about 40 nuclides from 'H to *"Np.
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2. General view of 30-keV Maxwellian averaged cross sections

Maxwellian (kT=30 keV) averaged capture cross sections are shown in Fig. 1 which are calculated from
the data of JENDL-3.2[1]. The cross sections range from 10~ to 10* mb except for the extremely small value of
'*N. The general characteristics are the increase with mass number(A) and the saturation around A = 100.
Moreover, the dips around A = 90, 140, and 210 are clearly observed which correspond to the neutron magic
numbers of 50, 82, and 126. The cross section of '*N should be two or three orders as large as the extremely

small value by reason of p-wave neutron capture contribution described below.

3. Cross sections of light nuclides

As seen from Fig. 1, the capture cross sections of light nuclides(A<18) are very small(< 1 mb), so the
measurement has been difficult without an activation method. For example, the cross section of '>C, to which an
activation method is inapplicable, was measured as 0.2 £0.4 mb{2] at 30 keV, but the cross sections of 'Li were
measured with errors of about 20 % in the keV region with an activation method[3].

On the other hand, thermal neutron capture cross sections have been measured for almost all stable
nuclides, and the 1/v law is well-known for the s-wave neutron capture cross section. Therefore, the cross
sections in the keV region of light nuclides such as '*C and '*O have been ordinarily evaluated using the 1/v law
and the thermal neutron capture cross sections. The evaluated values of 2C and '®O are 3.2 and 0.17 u b at 30
keV, respectively.

Our group has measured the capture cross sections of 'Li, ?C, and 'O in the keV region[4-9], and the
measured values at 30 keV are 39.3£6.0, 15.4£1.0, and 344 u b, respectively. The value of 'Li is in good
agreement with the previous measurement[3] and the evaluation, 41 1 b, from the 1/v law and the thermal
neutron capture cross section. However, our results of '’C and '®O are 5 and 200 times as large as the evaluations,
respectively.

We have adopted a prompt vy -ray detection method with an anti-Compton Nal(Tl) spectrometer, and
observed the branching ratios of neutron capture states. The observed ratios for the C and 'O target nuclei are
shown in Figs. 2 and 3, respectively, together with the ratios of the thermal neutron capture states. The striking
feature of 30- or 40-keV neutron capture is the strong transitions to the s- and d-states, which implies the
predominance of p-wave neutron capture because the electric dipole(El) transition is predominant in the non-
resonant neutron capture. In case of thermal neutron capture, the strong El transitions to the p-states are
observed. As for 'Li, the ratios of 30-keV neutron capture states are the same as those of thermal neutron capture
states[4,10].

We have also obtained the partial capture cross sections of ?C[5-7] corresponding to the branching ratios,
and those to the ground and first excited states of C are shown in Fig. 4. The solid line shows the 1/v law
normalized to the partial capture cross section at thermal energy. Our results for the ground state below 100 keV
are well explained by the 1/v law, but our results at 200 and 550 keV exceed the 1/v law. This excess should be
ascribed to the d-wave neutron capture contribution. The dotted line shows a fitting of the v law, which is

expected for the p-wave neutron capture, to our results for the first excited state. Our results strongly support the
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v law, i.e, the p-wave neutron capture.

Figure 5 shows the bound states of relevant compound nuclei. The states are categorized into three groups
by the spin and parity selection rule: Those with a solid line could be populated by the E1 transition from the
states formed by the p-wave neutron capture, those with a dashed line could be populated by the E1 transition
from the states formed by the s-wave neutron capture, and the others are indicated by dotted lines. The p-wave
neutron capture would become important in the keV region for the target nuclei whose compound nuclei have
solid line states, while the s-wave neutron capture would be still predominant for the target nuclei whose
compound nuclei have no solid-line states. As for "N, its compound nucleus has only solid line states, so a large
contribution of p-wave neutron capture would be expected for the keV-neutron capture. In fact, its capture cross
section calculated on the basis of a direct neutron capture model is about 10 1 b at 30 keV[11], which is about

500 times as large as that evaluated from the 1/v law and the thermal neutron capture cross section.

4. Cross sections of medium and heavy nuclides ‘

The capture cross sections of medium and heavy nuclides are considerably large compared with those of
light nuclides, as shown in Fig. 1, except for some nuclides near the neutron magic numbers. Therefore, if an
enough amount of chemically and isotopically purified sample is prepared, the capture cross sections of those
nuclides could be measured with a prompt v -ray detection method which is applicable to all target nuclides.

The capture cross sections of ’Sm, '®Dy, and ®»"Np are shown in Figs. 6 - 8. The large values of Kononov
et al.[12] and Mizumoto[13] in Fig. 6 could be ascribed to the influence of the water in their oxide powder
samples[14]. Our results of '’Sm are in good agreement with the measurements by Macklin[15] and Wisshak et
al.[16] and the evaluations of ENDF/B-VI[17]. As for '®Dy, all the measurements[18-20] well agree with each
other. The evaluation of '®Dy for ENDF/B was done many years ago{21], and does not reproduce the
measurements. There has existed a large discrepancy between the measurements for ?’Np by Hoffman et al.[22]
and Weston and Todd[23], as shown in Fig. 8. Our results completely support those of Weston and Todd.
Individual laboratories have adopted their own experimental technique. Therefore, the good agreement seen in
Figs. 6- 8 implies the reliability of their data, although there still exists detailed discussion about accuracy within

5-10%.

5. Conclusion

The 30-keV Maxwellian averaged capture cross sections range from 10~ to 10° mb. The cross sections
increase with mass number(A), and are saturated around A = 100. There exist the dips around A = 90, 140, and
210 which correspond to the neutron magic numbers of 50, 82, and 126.

The p-wave neutron plays a very important role in the non-resonant capture reaction by some light
nuclides at stellar energy. Careful measurements for medium and heavy nuclides agree with each other at least

within uncertainties of about 10 %.
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Fig.1. Maxwellian (kT=30keV) averaged neutron capture cross sections calculated from the data of JENDL-3.2.
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2.7 Nuclear Data Needs in Thailand
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The major nuclear facilities in Thailand are composed of nuclear research
reactor , neutron generators, electron linear accelerators and 1 GeV Synchrotron
facility, which is under construction. The other small facilities are radioisotope
sources and X ray tubes for X ray diffraction and fluorescence studies. Nuclear data
activities in each institutions are mainly for application purposes, e.g., utilization of
2 nanosecond pulsed neutron time-of-flight facility at Chiangmai University, research
reactor utilization at Office of Atomic Energy for Peace, and nuclear data for
industrial applications.

Office of Atomic Energy for Peace (OAEP) is the function arm for nuclear
institutions in Thailand. Its major roles are nuclear regulatory, coordinating for nuclear
affairs and foreign relations, R&D for nuclear science and technology and giving
nuclear services. Nuclear data activities concerning Thai Research Reactor
(TRR-1/M1) are for examples : neutronics and thermalhydraulics for reactor
operation, neutron energy spectrum and neutron flux measurement for neutron
activation analysis and isotope production, neutron and gamma doses, shielding and
material testing for radiation safety, and neutron beam experiments.

OAEP is taking part in the areas of regional cooperation on utilization of
nuclear research reactors, education and training, sharing of research reactor
experimental facilities, establishment of nuclear data program and information
exchange. The nuclear data reports have been shared among institutions in Thailand
through OAEP, which is served as a central nuclear data depository including e.g., the
data bank of International Nuclear Information Services (INIS) IAEA, IAEA-NDS,
Joint Research Centre Commission of the European Communities and Japanese
Nuclear Data Committee (JNDC). '

This report shows the nuclear facilities in Thailand, the roles of the Office of
Atomic Energy for Peace on nuclear data depository and nuclear power development
program. The main activities at the Thai Research Reactor TRR-1/M1 concerning
nuclear data needs for specific uses in both theoretical and experimental aspects are
also described.
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1. Introduction

In order to support the research and utilization in nuclear technology, many
institutions have exploited nuclear facilities and man power to perform this task. The
major facilities in Thailand are composed of these followings :

1) Thai Research Reactor (TRR-1/M1) - 2 MW TRIGA Mark III type at the

Office of Atomic Energy for Peace (OAEP) which has been utilized for the
production of radioisotopes mainly for medical use, neutron activation
analysis, reactor physics research, and radiation technology application [1].

2) Neutron generators at Chulalongkorn and Chiangmai Universities, e.g.,

utilization of 2 nanosecond pulsed neutron time-of-flight facility [2].

3) Electron beam accelerators, using for medical therapy, sterilization of

medical supplied products and for gems coloration.
4) 1 GeV Synchrotron facility of Ministry of Science Technology and
Environment (MOSTE), which is under construction [3].

5) The other small facilities which using radioisotopes, in more than 100
industries, 30 medical institutes, 30 R&D institutes and 10 agriculture
institutes.

Nuclear Data activities in each institutions are manly aiming for basic nuclear
studies and application purpose. The Office of Atomic Energy for Peace (OAEP) is
taking part in the areas of regional cooperation on utilization of nuclear research
reactors, education and training, sharing of research reactor experimental facilities,
establishment of nuclear data program and information exchange. The nuclear data
reports have been shared among institutions in Thailand through OAEP, which is
served as a central nuclear data depository including e.g., the data bank of
International Nuclear Information Services (INIS) IAEA, IAEA-NDS, Joint Research
Centre Commission of the European Communities and Japanese Nuclear Data
Committee (JNDC).

2. Organization of OAEP

The execution of the country atomic energy program has been centered by the
Office of Atomic Energy for Peace (OAEP), which was established since 1961. Its
duties were given in compliance with the resolution of the Thai Atomic Energy
Commission (Thai A.E.C.), the policy making organ of the government of Thailand.
In accordance with its statutory function, OAEP responsibilities comprise three main
aspects of activities, mamely :

1) regulatory role persuant to the Atomic Energy for Peace Act.

2) co-ordinating role for nuclear affairs and foreign relations.

3) research and development in nuclear technology.

At present, OAEP consists of 11 divisions, as shown in the chart.
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Sub Committees

1. Reactor Safety

2. Medical Application

3. Agricultural Application

4. Industrial Application

5. Irradiated Food Testing

6. Nuclear Material Safeguard
7. Nuclear Law

8. Licensing of Radioisotopes
9. Nuclear Power Plant Program

10. Cooperation in Nuclear Science with
Science Technology Agency, Japan
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3.  Nuclear Power Development Program

The electricity demand in Thailand is rapidly increasing roughly 1,000 MW
every years since last two decades. Thailand was first introduced the nuclear power as
an electricity generation option in 1967, but the nuclear industry in the country was
slowly developed due to various problems, e.g., public opposition, economic
repercussion and the uncovering of the indigenous petroleum resources. Nonetheless,
the Electricity Generating Authority of Thailand (EGAT), the main power producer,
still continued to follow-up the nuclear power program, implementation and nuclear
technology studies [4].

In 1984, the International Atomic Energy Agency (IAEA) assisted Thailand in
undertaking of an energy and nuclear power planning study. The result showed that
the proper time of introducing nuclear power around the year 2004 with units capacity
of 900 MW and this provided the basis for the long range power planning.

Faced with dwindling indigenous fossil resources and restrictions on the use of
further hydro as an energy source, EGAT has essentially reconsidered introducing
nuclear power plants to provide a significant fraction of the long-term future
electricity demand. The first nuclear power station of 2,000 MW was originally
planned for commissioning by 2006. Study on the viability of such plan was
conducted in 1992 on the preliminary basis of comparing the nuclear option with the
equivalent thermal generating alternatives. In conjunction with this, the justification to
conduct the studies on feasibility, siting and environmental impacts was perused. The
study revealed that the nuclear option is economically viable and that the respective
studies are justified.

Led by a team of expert from IAEA, a workshop seminar on launching a
nuclear power program in Thailand was organized for the decision makers in August
1993. Conclusion was drawn that top priority must be given to the implementation of
the following three activities :

1) Legislation of nuclear power laws and establishment of independent and

competent nuclear regulatory body

2) Extensive public acceptance campaign

3) Proceeding of manpower development, siting and feasibility study.

In July 1996, the National Committee comprising various concerned
government and private agencies has been set up and chaired by the Ministry of
Science, Technology and Environment. Under the steering of this committee would be
four sub-committees namely : Sub-committee on economic viability & infrastructure;
sub-committee on technology & safety; sub-committee on environmental impact and
sub-committee on public information. The committee is responsible for all the work
and activities related to the development of nuclear power including all studies and
recommendations for government decision.
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4. Nuclear Data Needs in Thailand

The main nuclear facilities in Thailand which are under construction are the
nuclear research reactor and the synchrotron facility. The nuclear data needs for both
facilities will be described accordingly.

4.1 Research Reactor

Office of Atomic Energy for Peace is in the process of establishing a new
Nuclear Research Center, the major project will be the construction of a 10 MW
Research Reactor, on Isotope Production Facility and a Centralized Waste Processing
and Storage Facility. The objectives of the reactor are as follows :

¢ Beam experiment : Neutron Scattering (NS), Neutron Radiography (NR),

and Prompt Gamma Neutron Activation Analysis (PGNAA)

e Medical therapy of patients through the Boron Neutron Capture Therapy

(BNCT) technique.

¢ Radioisotope production for medical, industrial and agricultural

e Applied research and technology development in the nuclear field

e Training in reactor physics (neutron physics, thermal hydraulics, reactor

experiments, etc.).

The existing 2 MW TRIGA Mark I research reactor is still in operation and
will be decommissioned soon after the completion of the new reactor commissioning
approximately in the year 2001. The nuclear data needs will be mainly on the specific
purposes, e€.g., reactor operation, spent fuel transportation and radioactive waste
management.

a. Reactor Operation

Besides the nuclear data needs for the design and development of reactor core,
reactor dosimetry is the topic much relating to nuclear data. Reactor dosimetry studies
are critical examination of evaluated neutron fluence and neutron spectrum.

Non-destructive measurement and calcuation of fuel burnup are interesred for
the point of view of control and management of reactor fuels by using correlation
between activity ratio of fission products from post irradiation examination.

b. Spent Fuel Transportation

The cast to contain the spent fuels should have enough shielding ability against
the intense radiation of the fission product contained. Fission yield data the product
nuclides and nuclear decay data of those are used to calculate the fission product

inventory in the spent fuel.

For the purposes of shielding analysis, the intensity of radiation source in the
spent fuel, that is of neutron and gamma rays, has to be evaluated with confidence.
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c. Waste Management

In order to establish adequate management system of the radioactive waste, it
is necessary to evaluate various factors of the waste, e.g., generation and inventory,
heat generation, shield calculation, criticality both in the treatment process and in the
disposal, and long term safety analysis. The nuclear data requirements involve basic
decay data of the actinide nuclides as will as the daughter nuclides in the radioactive
decay chains and those of the fission products.

4.2 Synchrotron Facility

The Siam Photon Project promoted by the National Synchrotron Research
Center of Thailand which composes of a) 40 MeV electron Linac b) 1 GeV Booster
Synchrotron and ¢) 1 GeV electron storage ring will be built. The major facilities are
transferred from the shut down SORTEC Laboratory in Tsukuba, Japan. The building
construction and facility commissioning will be finished around begin of the year
2001. The project aims at promoting the scientific researches based on spectroscopic
methods in the vacuum ultraviolet and soft X-ray regions.

Radiation safety is the main task of the Project as followings : Radiation
Shielding Analysis, Radiation Safety Control, Radiation Measurement, Analysis and
Control, Research on Radiation Production, Transport and Shielding. The verification
of shielding calculation for Linac tunnel shielding, Booster Synchrotron and Storage
Ring will be done for design analysis. Thus the specific nuclear data is needed for
high energy electron and Bremsstrahlung shielding design.

5. Conclusion

This report shows the nuclear facilities in Thailand, the roles of the Office of
Atomic Energy for Peace on nuclear data depository and nuclear power development
program. The main activities at the Thai Research Reactor TRR-1/M1 and 1 GeV
Synchrotron facility concerning nuclear data needs for specific uses in both theoretical
and experimental aspects are also described.

In addition to elaborate the base data file for the calculation codes, it might be
much helpful to provide such a code system involving necessary data library and
indicating confidence limit to the results obtained by the code in connection with its
applicability range.
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Abstract

In this paper, research activities on nuclear power requirement carried out jointly by MINT and
other organizations are described. Also discussed are activities on neutronics such as TRIGA
reactor fuel management, storage pool criticality, and reactor fuel transfer cask calculations. In
addition, recent work on radiation transport activities in MINT such as skyshine and photon
phantom dose calculations using the MCNP and MRIPP computer codes are presented. Finally,
nuclear data measurement works by researchers in Malaysian universities are described.

1. Introduction

A new nuclear era began in Malaysia with the establishment of the Tun Dr. Ismail Atomic
Research Center (PUSPATTI) in 1972. It was renamed the Nuclear Energy Unit (UTN) in June
1983 and then, the Malaysian Institute for Nuclear Technology Research (MINT) in August
1994. Initially, research activities in MINT centered around our 1 MW(t) TRIGA Mark II
reactor. The scope of research has widened considerably with the addition of more facilities such
as the Gamma Irradiation Facility (SINAGAMA), Electron-Beam Machine (EBM) Facility,
Radiation Vulcanization of Natural Rubber Latex (RVNRL) Facility, and Thermal Oxidation
Plant (TOP).

In anticipation of increasing manpower requirement in the nuclear technology and nuclear power
sectors, the Department of Nuclear Science was set up at the National University of Malaysia

(UKM) in 1979. Nuclear related researches also intensified in other local universities.

This paper presents activities on nuclear power, neutronics, shielding, and radiation transport that
are carried out in MINT. Nuclear data related works done at local universities are also discussed.

2. Nuclear Power Development
Concerned about over dependence on oil as the energy source for Malaysia, a feasibility study of

generating electricity using nuclear power plant was carried out by NEB, the National Electricity
Board (predecessor of Tenaga Nasional Berhad, TNB). The results indicated that commissioning
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of a medium-sized nuclear power plant was economically feasible around 1986/87'. However,
with the discovery of more oil and natural gas, the nuclear power option was reassessed in late
1979%. The study that was carried out by NEB under an IAEA technical assistant project,
recommended that the nuclear option should be kept as the last option and priority was to be
given to the development of natural gas, coal, and hydro as the energy source.

In 1984-1985, another review on the nuclear power option, covering the period from 1985-2010
was conducted jointly by NEB and MINT (known as the Nuclear Energy Unit then) under an
IAEA technical assistance project. The most optimistic'scenario of the study expected that
Malaysia would use electricity from nuclear power plant in the year 2005.°

Subsequently, several studies*” related to nuclear power planning were carried from 1985 until
1989. These include the studies on the demand of energy and electricity, financial implication,
manpower assessment, industrial capability assessment, uranium resources assessment, and
nuclear power plant site selection survey. However, due to the low priority accorded to the
nuclear power option, the se studies were discontinued since 1989.

3. Neutronics

The objectives of reactor fuel management program at MINT is to ensure save and economic
utilization of TRIGA reactor fuel. To this end, computer codes are used to simulate various core
configurations before choosing the “best” fuel pattern for the core. The criteria for the fuel
configuration are:- (1) the effective multiplication factor (kesr) should be 1.03 < kg < 1.05 and (2)
the maximum power fraction of fuel element < 1.6.

Initially, the SRAM?® code developed at the Pennsylvania State University was modified for fuel
management calculations. However, from 1990 onwards, TRIGAM7, a modification of the
TRIGAC code developed at Institute Josef Stefan, [jubjana, was used for TRIGA reactor fuel
management. The fuel data was obtained from the results of WIMS® calculations. At present,
MINT TRIGA reactor is operating with core number 10 that will be replaced by core number 11
next year.

In the unlikely event that all of the fuel elements in the reactor core have to be transferred out of
the core, a temporary fuel storage pool (1.5 m L.D. cylinder filled with water) is to be constructed
to safely store all these fuel. The MCNP Monte Carlo code’ is used to perform criticality
calculations in the design of the fuel storage pool. Based on the limited space available in the
reactor hall and the requirement that ke < 0.8, it is decided that the fuel should be stored in a
square array with a lattice spacing of 7 cm. The 13 by 13 array can accommodate a total 127 fuel
elements while satisfying the above constrains. The fuel storage pool is one of the facilities to be
constructed in the project to upgrade our reactor supporting facilities.
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4. Radiation Transport

In order to use the fuel storage pool, a fuel element transfer cask is needed to transfer the fuel
elements from the reactor tank to the fuel storage lpool. The transfer cask design is done using
computer codes such as ANISN'®, and ORIGEN'". The preliminary design is an annular cylinder
with 4”-thick lead shield.

Skyshine radiation refers to radiation emanating from a source close to the ground into the
atmosphere that get scattered by the air and arrive at a detector near the ground. Since the
skyshine dose is normally very low, computational intensive calculations are needed in the
analysis of skyshine problems. Hence, simplified methods such as the line-beam and conical-
beam methods'? have been developed for routine skyshine analysis and preliminary design of
nuclear facilities.

Critical to the use of the line-beam and the conical-beam methods is the availability of the
corresponding response functions. Line-beam and conical-beam response functions (LBRFs and
CBRFs) for neutron and associated secondary photons have been evaluated by the author'” using
the MCNP code. These modern response functions are expressed in dose equivalent units based
on ICRP recommendations'*"” for three irradiation geometries:- effective dose equivalent for an
anthropomorphic phantom [AP irradiation geometry], dose equivalent on the principal axis at a
depth of 10 mm for radiation incident in the plane parallel beam [PAR] and isotropic irradiation
geometries on the ICRU sphere [ISO]. These response functions are fitted with empirical
formulas to facilitate their use in the line-beam and conical-beam methods. Correction for the
effect of ground on the skyshine dose is effected through ground correction factors. These
correction factors defined as the ratio of skyshine dose with air-ground interface to that of
infinite-ailg medium, are evaluated from MCNP results. Empirical equations for these factors are
tabulated .

Details of the evaluation of these response functions are described elsewhere'>. The skyshine
response functions are available from Radiation Shielding Information Center (RSIC), Oak Ridge
National Laboratory (DLC-188/SKYDATA).

Figure 1 illustrates the result of applying the beam response functions to an open silo skyshine
problem. In this problem, a point, isotropic, and mono-energetic source emitting neutrons of
energy E (14 or 3.25 MeV) is placed 1 m below the top and on the axis of a cylindrical silo of 2
m inner radius.
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Figure 1: Integral line-beam and conical-beam method results for the open silo skyshine problem. Also shown are
results calculated directly using the MCNP code. '

The above response functions are for neutron source and detector both located at the same
elevation. As an extension of the above work, the response functions for the source and detector
located at different heights will be evaluated at MINT. Besides, the improvement of the response
functions for low energy neutron source is also considered at MINT.

MINT is participating in a regional project coordinated by the International Atomic Energy
Agency (IAEA)'®. In this project the MRIPP computer code that is based on the MCNP code and
the 3-D MRI geometry, is used to calculate the photon dose due to radioactive sources in the lung
of the Asian Reference Man. The calculated results together with the measured results for the
phantom that was on loan from the IAEA, will give the necessary calibration factors for internal
dose assessments.

In another local institution of higher learning, a simple Monte Carlo code has been used to
calculate the self-absorption correction for gamma ray counting of samples under different
sample-detector geometries'”,

5. Nuclear Data Measurement

Nuclear and atomic data measurements are mainly performed in the universities. For example,

the '°B(n,t)2a and 8Li(n,t)ot reaction cross sections for neutron spectra in various TRIGA reactor
irradiation facilities have been measured by researchers at UKM. The targets were irradiated in



JAERI-Conf 99-002

the Thermal Column, Rotary Rack, PAUS Delayed Neutron Analysis System, and the Central
Thimble facilities of MINT TRIGA reactor.

Other activities carried out at UKM, in collaboration with Julich Research Center (KFA), include
measurements of tritium atom production rates via ternary fission of UO, and ThO; and
determination of the excited functions of 9Be(n,xt), 10B(n,t)20c, and '4N(n,t)12C reactions. The
'°B(n,t)20t cross section for neutrons with energy range from 0.025 eV to 10.6 MeV and the
"N(n,t)!*C cross section for neutron energy range of 5.0 to 10.6 MeV were also determined'®.

Experiments to measure the 241Am-gamma photon scattered by low- to high-Z elements have
been performed by the physics group at the University of Science Malaysia (USM). However,
recent activities concentrate on measuring the gamma photon spectra back scattered by medium-
Z elements such as Zn (Z=30), Mo (Z=42), and W (Z=74). Both the coherent and incoherent
scattering of gamma photon are being investigated. Details of the measurements are given by
Chong et al.'

6. Conclusions

Activities on nuclear power, neutronics, radiation transport, and nuclear data measurements
carried out in Malaysia are presented. Unfortunately, the momentum to continue these activities
have decreased greatly due to the low priority given to the nuclear power option and the difficulty
of obtaining support for these works.
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The nuclear data project as one of the nation-wide nuclear R&D programs was launched by the Korea
Atomic Energy Research Institute (KAERI) in 1996. Its main goals are to establish a nuclear data system, to
construct the infrastructure for the nuclear data productions and evaluations, and to develop a highly reliable
nuclear data system. In order to build the infrastructure for the nuclear data production, KAERI wants to build
an intense pulsed neutron source by utilizing accelerator facilities, technologies, and manpower at the Pohang
Accelerator Laboratory (PAL). The PAL proposed the Pohang Neutron Facility (PNF), which consists of a 100-
MeV electron linac, a water-cooled Ta target, and at least three different time-of-flight (TOF) paths. The 100-
MeV electron linac was designed and constructed based on experiences obtained from construction and
operation of the 2-GeV linac at PAL. We report a status report on the nuclear data production and evaluation in

Korea.

1. Introduction

As the nuclear power program in Korea expanded since 1980, lots of projects on the nuclear power
development and the nuclear R&D applications have been growing rapidly. Accordingly the intensive neutron
source is needed to support nuclear R&D activities, medical and industrial applications of radioisotopes, and
nuclear data productions. The Korea Atomic Energy Research Institute (KAERI) constructed a 30-MW Korea
Multi-purpose Research Reactor (KMRR) called HANARO (Hi-Flux Advanced Neutron Application Reactor)
and operated it since 1995[1].

The nuclear data project as one of the nation-wide nuclear R&D programs was launched by the KAERI in
1996[2]. Its main goals are to establish a nuclear data system, to construct the infrastructure for the nuclear data
productions and evaluations, and to develop a highly reliable nuclear data system. In order to build the

infrastructure for the nuclear data production, KAERI wants to build an intense pulsed neutron source by
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utilizing accelerator facilities, technologies, and manpower at the Pohang Accelerator Laboratory (PAL). The
PAL proposed the Pohang Neutron Facility (PNF), which consists of a 100-MeV electron linac, a water-cooled
Ta target, and at least three different time-of-flight (TOF) paths[3]. The 100-MeV electron linac was designed
and constructed based on experiences obtained from construction and operation of the 2-GeV linac at PAL.

We present the status of the PNF and activities on the nuclear data production and evaluations in Korea.
2. The Status of Pohang Neutron Facility
2.1. Design of 100-MeV Electron Linac
We assumed that the klystron is operated at 85% of its maximum capacity and 10% of the power is
dissipated in the wave-guide system. The design of the 100-MeV electron linac is based on experiences obtained
from the construction and the operation of the 2-GeV linac at PAL [4]. The energy gains attainable with one

SLAC-5045 klystron for various beam modes are given in Table 1.

Table 1. Electron beam modes and parameters.

Pulse Width | Beam Current Beam Energy Beam Power, kW
Mode [ns] [A]) [MeV] (RF pulse rep. Rate)
(180pps) (300pps)
2 5 97 0.17 03
Short 10 5 88 0.8 1.3
Pulse 100 1 79 1.4 2.4
Long Pulse 1000 0.3 77 4.1 6.9

* The klystron is operated with the pulse repetition rate of 300 pps and with the RF pulse width of 2-us.

Assuming a negligible beam loading, we can obtain 100-MeV with one SLAC-5045 klystron in the 2-ns
operation mode. Table 1 shows that we can obtain a maximum beam power of 6.9-kW by operating the klystron
in the pulse repetition rate of 300 pps. In the case of the high-power operation the energy gain is reduced by a
large amount due to the multi-bunch beam loading.

The 100-MeV electron linac consists of an e-gun, an S-band prebuncher and buncher, two accelerating
sections, and various components, as shown in Figure 1. The electron beam is generated either by an RF-gun or
by a triode thermionic gun for which a Cockcroft-Waiton-type DC voltage generator supplies the accelerating
voltage of 120 kV. Electron beams from the e-gun then enter to the bunching system, which consists of a
prebuncher and a buncher. The prebuncher is a re-entrant type standing-wave cavity made of stainless steel with
a resonant frequency of 2,856 MHz. The buncher is a traveling-wave structure with 14 cavities including the
input and the output coupler cavities. The bunched beams are then accelerated to 100 MeV by passing them

through two SLAC-type accelerating sections fed by one SLAC 5045 klystron.
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Fig. 1. Schematic diagram of the 100-MeV electron linac

To compensate for the multi-bunch beam loading in the accelerating section, we installed a chicane system
consisting of three magnets between the two accelerating sections. In the first accelerating section, the posterior
bunches in a beam pulse gradually decrease energies compare to the prior bunches due to the multi-bunch beam
loading. While the beam traverses the chicane, bunches with lower energies make a longer detour than those
with higher energies do. After traversing the chicane, the space between bunches changed and then the bunch
with higher energy accelerated with a less accelerating phase in the second accelerating section. Therefore, the
beam energies are averaged out to the value of the steady state beam loading. This can lower the multi-bunch
beam loading to +1.3 %. However, when we compensate by using a chicane system we pay a price in return
because an additional energy spread is generated within one bunch due to the acceleration on the off-crest phases
in the second accelerating section. To minimize the latter effect, it is important to produce short bunch lengths in
the bunching system. With these two effects considered together, the total energy spread at the end of the linac is
about 2% for a beam with a bunch length of 4 ps and about 24 % for 8 ps. We expect a total beam-energy

spread of lower than 15 % when using this energy-compensation system.

2.2. Construction of Test-Linac

We have constructed a test-linac for the various R&D activities of the neutron facility by utilizing the
existing components and infrastructures at PAL. The test-linac consists of a thermionic RF-gun, an alpha magnet,
four quadrupole magnets, two SLAC-type accelerating sections, a quadrupole triplet, and a beam-analyzing
magnet. We have used a thermionic RF-gun instead of a triode gun, which is different from the 100-MeV linac
for the neutron facility. The RF-gun is a one-cell cavity with a 6-mm-diameter tungsten dispenser cathode. The
RF-gun produces electron beams with average current of 300 mA, a pulse length of 6-Us, and about 1-MeV
energy [5]. The alpha magnet is used to match the longitudinal acceptance from the gun to the first accelerating
section. An electron moves along an ‘0Ol’-shaped trajectory in the alpha magnet, and the bend angle is 278.6°. A
high-energy electron has a longer path length than a low-energy electron; thus, the length of the electron beam is
neither lengthened nor shortened in the beam transport line from the gun to the first accelerating section. Four

quadrupole magnets are used to focus the electron beams in the beam transport line from the gun to the first
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accelerating section. The quadrupole triplet installed in between the first and the second accelerating sections is
used to focus the electron beams during the transport to the experimental beam line at the end of the linac. Three
beam-current transformers (BCT) and three beam-profile monitors are installed to monitor the beam quality
during the beam operation. The beam-analyzing magnet at the end of the linac has a bending angle of 30 degree
and a zero pole-face rotation.

The test-linac is located inside a tunnel beside the PLS 2-GeV linac. The building has three levels: the
tunnel in 6 m below ground level, the klystron gallery is on the ground floor, and utilities, including the air-
condition and the air handling units, are on the second floor. There is 3-m-thick concrete shield between the
tunnel ceiling and the klystron gallery.

After the RF-conditioning of the accelerating structures and the wave-guide network, we performed the
beam acceleration test. The maximum RF power from a SLAC 5045 klystron was reached to 45 MW. The RF
power fed to the RF-gun was 3 MW. The beam acceleration experiment was performed after any breakdown had
disappeared through the RF structures. The bunched electron beam at the alpha magnet was accelerated in the
accelerating sections and transported to the end of the test-linac. The maximum energy is 75 MeV up to now
which is still lower than the target value. The measured beam currents at the entrance of the first accelerating
structure and at the end of linac are 100 mA and 40 mA, respectively. The length of electron beam pulse is 1.8
us and the pulse repetition rate is 12 Hz. The measured energy spread is £ 1% at minimum. The energy spread

was reduced when optimizing the RF phase of the RF-gun and the magnetic field strength of the alpha magnet.

2.3. TOF Facility

The design of the target system is done using the MC simulation codes, EGS4 and MCNP4. The target
system, 4,0-cm in diameter and 5.1-cm in length, is composed of ten sheets of Ta plate, and there is 0.1-cm water
gap between them, in order to cool the target effectively [6]. The estimated flow rate of the cooling water is
about 5 liters per minute in order to maintain below 45 °C. The housing of the target is made of titanium. The
conversion ratio obtained from MCNP4 code from a 100-MeV electron to neutrons is 0.032. The neutron yield
per kW beam power at the target is 2.0x10' n/sec, which is about 2.5% lower than the calculated value based on
the Swanson’s formula [7].

The pulsed neutron facility based on the electron linac is a useful tool for high-resolution measurements of
microscopic neutron cross sections with the TOF method. In the TOF method, the energy resolution of neutrons
depends on the TOF path length. Since we have to utilize the space and the infrastructures in the laboratory,
TOF paths and experimental halls are placed in the same level as the electron linac. Two or three different TOF
paths range between 10-m and 100-m are arranged for experiments with various energy ranges.

In order to get experiences for the TOF method, we constructed a 15-m long TOF path perpendicular to the
test-linac. With this, the test of the Ta-target system and a data acquisition system will be performed. There is
another TOF facility at the end of the PLS 2-GeV linac. The 2-GeV electron beams are bent to 10 degrees

relative to the linac and injected to the target inside the beam dump area. Bremsstrahlung induced by high-energy
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electrons has been used to study the systematics of photospallation reactions, since mono-energetic photons that

have enough intensity to produce isotopes are not available.

3. Activities on Nuclear Data Production and Evaluation

For activities on the nuclear data production, we have joined two facilities: one is the TOF facility using a
46-MeV electron linac of the Research Reactor Institute in Kyoto University (KURRI)[8) and the other is the
IBR-30 pulsed neutron booster of the Joint Institute for Nuclear Research (JINR)[9] in Dubna. We have
measured capture cross sections for Hf and Dy samples at KURRI[10], and capture cross sections for **?Th at
JINR[11] in this year. We have planned to measure transmission cross sections for Hf and Dy natural samples
and capture cross sections for "Dy and '*Dy isotope samples at KURRI.

For activities on the nuclear data evaluation, KAERI has been served a nuclear data web server since 1994
[12]. The web server has a “Table of Nuclides” with graphic interface which contains the mass of nuclides, the
decay and half life, the decay scheme, the neutron capture cross section, the fission yield and the neutron cross
section. An interactive cross section plotter is provided to compare the cross sections between each evaluated
files. The average users of the web server are about 1700 per month and continually increase every year. The
calculator to calculate the attenuation factor for an electron and X-ray is also provided for medical users. The
KAERI maintained various libraries for Monte-Carlo simulations and soft-wares for data evaluations in order to
provide those to domestic users. There is an activity for data evaluation of photo-nuclear reactions in
cooperation with a group in JAERL

There was a workshop for nuclear data production and evaluation at PAL on August 7 and 8, 1998. The aim
of the workshop was to review recent progress, exchange ideas and search future directions in the nuclear data
production and evaluation. There are three subjects covered in this workshop: (1) Neutron Facility, (2) Neutron
Cross Section Measurements and Detectors, and (3) Data Evaluation and MC. The attendees in this workshop
are 52 peoples included 6 persons from Japan. There were 18 papers presented in this workshop. During this
workshop, we have discussed various subject related to the nuclear data production and evaluation from the
basic subject to the applications. Therefore, we have understood the importance of nuclear data and the necessity
of the pulsed neutron facility, the PNF and the nuclear data center in Korea. We also discussed with attendees

from JAPAN about the possibility for collaboration between both countries in the future.

4. Summary and Discussion

The nuclear data project was launched by KAERI from 1996 in order to support nuclear R&D activities,
medical and industrial applications. We have constructed and tested a test-linac for the pulsed neutron facility by
utilizing the existing components and infrastructures at PAL. The characteristics of accelerated electron beams
are about 75 MeV of energy, 12 Hz of repetition rate, 1.8 ps of pulse width and about 40 mA of peak current. We

made a 15-m TOF path perpendicular to the test-linac in order to test a Ta-target system and a data acquisition
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system,

We have joined two facilities to get experiences for cross section measurements at KURRI in Japan and at
JINR in Russia. In these facilities, we have measured capture and transmission cross sections for various samples.
There are also several activities for data evaluations at KAERI with international collaborators.

The workshop for nuclear data production and evaluation was held on August 7 and 8, 1998 at PAL. The
aim of the workshop was to review recent progress, exchange ideas and search future directions in the nuclear
data production and evaluation. During this workshop, we have discussed various subjects on the nuclear data

production and evaluation.
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Parameters needed to analyze radiation damages for neutron irradiations are presented,
taking iron samples irradiated with JMTR neutrons for an example. Special interests have been
put on a comparison between results obtained by irradiations for one case with a full neutron
spectrum and the other with a Cd-shielded neutron spectrum. A possibility is described that
although atomic displacement rates for the two case differ only less than 2 %, production rates

of freely migrating defects can differ appreciably, due to recoiled atoms by (n, y) reactions.
More over, it is also suggested that although the median energy of PKA, defined as a PKA
energy above (or below ) which one half of the total atomic displacements are to be produced,
may differ only slightly between the two cases, final radiation effects can be significantly
different.

The effects of charged particles emitted with high energies due to nucleon irradiations are
stressed in relation to the significance of defects produced by PKAs with lower energies than
several keV, especially for the case of irradiations with highly energetic nucleons as anticipated
in GeV proton irradiations.

1. Introduction

Nuclear data has been playing important roles in predicting radiation damages of materials to
be used in nuclear energy facilities, through giving the atomic density of atoms displaced from
normal lattice sites or displacements per atom (dpa) and concentrations of foreign atoms
produced by nuclear reactions, mainly gas atoms like helium and hydrogen atoms. The method
for calculating the dpa due to collisions in cascades originating from a single knock-on atom
produced by reactions with irradiation neutrons have been established and have been written in
ASTM standard[1]. That is, once energy spectra of PKA are given, the dpa is calculated based
on LSS theory[2] on the partition of PKA energies between electronic excitation energies and
kinetic energies of nuclear motion of atoms. In the calculations, an energy partition function
called a damage efficiency expressed by Robinson[3] in a fitted equation of reduced PKA
energy has been used widely in common. So, the method for calculating dpa is called the NRT
model[4].

Present study has been motivated by the possibility that under a certain condition neutron
irradiations could bring about quite different consequences upon irradiation effects, even if
displacement rates did differ less than a few per cent. The possibility is originating from the fact
informed[5] concerning in-reactor irradiation creep experiments performed in Japan Material
Testing Reactor (JMTR), in which the irradiation creep rate for the specimen irradiated with the
full neutron spectrum has been considerably enhanced by over one order, as compared with that
observed for the specimen irradiated with the spectrum, the thermal region of which was cut by
appropriate cadmium shieldings with the displacement rates, dpa/s, for the both cases being
almost comparable and other conditions pertinent to this kind of experiments being the same,
such as the irradiation temperatures and the levels of the applied stress. Although details of the
experimental procedures and the results are to be soon published, the significances of the PKA
spectra which have recently been recognized and demonstrated experimentally in the context of
production rates of freely migrating point defects surviving displacement cascades, therefore
closely related with nuclear data, should be examined beforehand, in the present study.
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2. Damage parameters and PKA energy spectra

Neutron spectra used to obtain damage parameters for the both cases are given in Ref.[6]
and the respective damage parameters are given in Table 1. Although the sample material used
actually in the in-reactor irradiation creep experiment is Type 304 stainless steel with the
standard composition of chromium(18.5 in mass %), nickel(9.1) and iron(the rest balanced
approximately) as major elements, an elemental iron (Fe) is used as an irradiated sample for the
present calculations. This simplification will not introduce significant errors on the final
consequences, so long as the irradiation time is as short as a few hundreds of hours like the
present case.

Note that an apparent large difference in displacement(dpa) cross sections between the two
spectra is entirely due to the difference in the total neutron fluxes used in averaging the cross
sections, the values of dpa/s differ merely 2 %, where dpa/s for the full spectrum case is larger

by the contribution of (n,y) reactions with the thermal neutrons below 1 eV.

Also given in Table 1 are indexes for PKA spectra, T,,(dpa) and average T in keV. The
former is called a median PKA energy, defined as a PKA energy above ( or below ) which one
half of the total atomic displacements are to be produced, while the latter is an energy averaged
over the distribution of PKA populations. The median PKA energies T, ,(dpa) differing by 10
% between the cases are depicted in Fig. 1 (a) and (b) for the full spectrum case and the thermal
neutron shielded case, respectively, in each curve representing cumulative fractions of
displacement below a PKA energy of T keV. In the figures, the values of median of PKA
distributions are also shown to be 480 and 580 eV for the respective cases, which are far
smaller than both values of T,,(dpa) and average T. These cumulative fractions are obtained
using PKA energy dependencies of PKA populations and displacements per atom, which are
given in Fig. 2(a) and (b) for the respective cases. A remarkable difference in the PKA energy
dependencies of dpa between the two cases is the contribution of displacements due to PKAs

below 1 keV for the full spectrum case, which are all resulting from (n,y) reactions with the
thermal neutrons below 1 eV. This is demonstrated in Fig. 3(a) and (b) which show
contributions of each reaction to the PKA energy spectra as a function of PKA energy, for the
respective cases. The results given above have been obtained using an evaluated nuclear data
file of JENDL-3.2[7] and the displacement threshold energy Ed of 40 eV according to
calculational procedures already described in the previous proceeding(8].

3. What is meant by damage parameters and PKA energy spectra

It has been recognized that defects survival rates are enhanced with an decrease in the
median PKA energy. This understanding has been obtained by experimental observations
mainly through electrical resistivity measurements for samples irradiated at liquid helium
temperatures near 4K, where the nascent defects are maintained as surviving the displacement
cascades, and also through large scaled computer simulations of displacement cascades by
molecular dynamics calculations starting with a given PKA energy. The result shown in Fig.
4[9] from the literature will best describe the significances of PKA spectra which have on the
displacement damage processes: in the figure, fractions of defects that survive cascade quench
are given as a function of the median recoil(PKA) energy, as normalized to the dpa calculated
by the NRT model. This result indicates that with an increase in PKA energy, although cascade
volumes and a number of atoms displaced will increase, fewer defects can be transported
beyond a highly agitated cascade core to survive the cascade region, after the kinetic energy is
imparted to the lattice atoms and the lattice is cooled ( or quench in 10" s after the initiation of
the cascade), and most of the defects, i.e. interstitials and vacancies annihilate by
recombinations during this thermal spike. Note that it is the point defects, which survive the
cascades and become mobile under temperatures high enough, that bring about radiation effects
such as microstructural developments and mechanical properties degradations of the irradiated
materials.

The importance of the lower energy PKAs in radiation damages is further demonstrated in
Fig. 5[10], in which relative efficiencies of various ions for producing long-range, freely
migrating defects are plotted as a function of the median PKA energy. The result has been
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obtained by measuring quantitatively radiation induced segregation in two concentrated alloys
under irradiations with various ions of various energies to alter the median PKA energy but at
approximately the same dpa/s, at temperatures ranging 600-900 K. The radiation induced
segregation of particular atoms is possible only under the existence of long-range, freely
migrating defects. The relative efficiencies here are normalized to that of 1MeV protons. It is
noted that the general shape of the curve in Fig. 6 is qualitatively very similar, indicating the
lower the PKA energies, the higher the efficiencies of production of freely migrating defects.
It is not so simple for the creep rate enhancement by over one order mentioned above to be
understood merely on the analogy of the significance of the lower median PKA energy. In
fact, the difference of 10 % between the two T, , values i.e. 55 keV and 60 keV (Table 1) is
insignificant, refermng to the T,, dependencies of the defect survival rates and production
efficiencies of freely migrating defects, in Fig. 4 and Fig. 5. However, the occurrence of a
large number of population of PKAs peaked below 1 keV, as shown in Fig. 2 for the full

spectrum neutron irradiation due to (n,y ) reactions, is considered to play a substantial role in
enhancing the creep rate through by itself a relatively high rate of providing freely migrating
defects to lattices under the stress.

Furthermore, another result obtained by the sophisticated experiment of measuring the
radiation induced segregation in Cu-Au alloy, given in Fig. 6[11], indicates that the effect of
lower energy PKAs on enhancing radiation damages is strongly affected by a coexistence of
displacement cascades by high energy PKAs. Therefore, the observed creep rate enhancement
could be possible under a detailed balance among factors like the existence of peaked PKA
distribution below 1keV, a favorable extent of both spatial and temporal distributions of

displacement cascades due to high energy PKAs mainly due to (n, n), (n, n’) and (n,a)
reactions; note that those distributions due to high energy PKAs being common to the both

neutron spectra and only difference being the peaked PKA distribution below 1 keV due to (n,y
) reactions in which are emitted high energy photons peaked around 7.5 MeV from Fe. Any
way, the accumulation of experimental data is further required to establish the profound
understanding conceming these phenomena.

It is known that light ion irradiations produce lower energy PKAs because of long-range
Coulomb interactions, which results in higher survival rates of freely migrating defects, as
shown in Fig. 5, for the case of H and He irradiation. Taking niobium for example, cumulative
fractions of damage energy below T keV of PKA are given as a function of PKA energy T, in
Fig. 7[12], for irradiations with light ions of proton, deuteron and alpha, comparing with
fission neutron irradiation, where damage energy multiplied with 0.8/(2Ed) gives number of
displacements in the NRT model. Note that these light ion irradiation results in the median PKA
energies lower than a few keV.

In view of the importance of the light ion irradiation, light mass charged particles, such as
proton, alpha as emitted from nuclear reactions are also considered to produce PKA spectra
distributed largely in a lower energy region than a few keV and are considered to contribute
more to a formation of freely migrating defects than PKAs produced in fission neutron
irradiations. Therefore, importance of nuclear data about charged particles production reaction
cross sections and energy spectra of emitted charged particles should be stressed, especially for
the case where copious reaction channels become open or nuclear spallations take place and so
called internal light ion irradiation can not be neglected.

According to the theoretical prediction, energy distributions of emitted light particles at
nuclear spallations are shown to be distributed to be peaked around a few MeV and to be
distributed up to several hundreds of MeV[13]. Such a broad energy distribution of light
particles is considered to produce both lower energy PKAs and higher energy ones. Moreover,
if the cross sections of these light particle emission reactions increase with increasing incident
energies of nucleon like neutrons, as is shown in Fig. 8[14], the effect of the interal
bombarding by these light particles can be considered to be more important to the radiation
damages than currently assumed. So far a number of studies have been done to estimate
radiation damages for materials to be used as components of spallation neutron facilities,
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however, damage parameters like dpa cross sections and gas atom production rates have only
been described. However, it seems impractical to evaluate data of both energy spectra and cross
sections for a dreadfully large number of reaction channels: instead, realistic and effective
representations for these quantities based on sound systematics seem highly desirable for
radiation damage analysis.

In summary, the damage parameters for analyzing radiation damage processes were
mentioned, referring to significance of lower energy PKAs. Following points are stressed:
1. Taking iron irradiated with JMTR neutrons as an example, a possibility is described that
displacement damages produced by PKAs with energies lower than a keV order due to recoiled
atoms from (n, gamma) reactions can contribute significantly to radiation damages.
2. From the point of view that highly energetic charged light particles also produce PKAs
distributed dominantly in energy regions lower than a keV order, evaluations of nuclear data
such as cross sections, and energy spectra of charged particles emitted from the nuclear
reactions will be urgently required, for damage analyses of materials to be irradiated with GeV
order nucleons .

Acknowledgments
The author would like to thank Dr. Yuji Kurata for kindly informing him of the results on
the in-reactor creep experiment.

References

[1] Annual Book of ASTM standards, Volume 12.02, E521-96, p.156 and E693-94, p. 254
(199¢6).

[2] Lindhard J.,. Scharff M. and Schiott H. E., Kgl. Dan. Vidensk. Scjsk. ,Mat.-fys. Medd.
33(14) (1963).

[3] Robinson M. T, Proc. B. N. E. S. Nucl. Fusion Reactor Conf., p.364 (1969).

[4] Norgett M. J., Robinson M. T. andTorrens I. M., J. Nucl. Eng. and Des. 33, 50. (1975).

[5]Y. Kurata, private communication.

[6] Shimakawa S., Komori Y., Nagao Y. and Sakurai F., JAERI-Tech 95-023 (1995).

[7] Nakagawa T. et al., J. Nucl. Sci. Technol,, 32 , 1259 (1995).

[8] Aruga T. and Shiraishi K., JAERI-M 89-026, p. 342 (1989).

[9] Jinkle S. J. and Singh B. N, J. Nucl. Mater., 199, 173 (1993).

[10] Hashimoto T., Rehn L. E. and Okamoto P. R, Phys. Rev., B38, 12868 (1988).

[11] Iwase A, Rehn L. E,, Baldo P. M. and Funk L., J. Nucl. Mater., 238,224 (1996).

[12] Kirk M. A. and Greenwood L. R., J. Nucl. Mater., 80, 159 (1979).

[13] Daemen L. L. et al., LA-UR 95-1792, p. 487 (1994).

[14] Wechsler M. S, et al., ASTM STP 870, p. 1189 (1985).

Table 1. Comparison of Damage Parameters
Full Neutron Spectrum Thermal Neutron Shielded Spectrum

Total Flux (/cm?/s) 3.5x10™ 2.2x10'
Displacement

Cross section o,(b) 150 230

rate (dpa/s) 5.2x10°® 5.1x10°®
Ti2(dpa)  (keV) 55 60
Average T (keV) 8.5 11.7
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Abstract

Nuclear heating rates are estimated with multiplying neutron and gamma-ray fluxes by nuclear
heating constants of KERMA factors. The gamma-ray KERMA factors can be given exactly by the value of
gamma-ray energy deposition of (incident gamma-ray energy) — (outgoing gamma-ray energy). On the other
hand there are two methods to calculating the neutron KERMA factors.  One is a direct method and the other an
energy balance method. In the direct method the neutron KERMA factors are given by kinematics. The
uncertainties in KERMA factors by this method are considered the same as those in nuclear data of 20-30%.
The KERMA factors by the energy balance method have several ten per cent uncertainties. because of deduction
between large values each other. In fact since all nuclear data are not always consistent with each other and
have uncertainties, we had better apply the direct method. In considering decay lheat of short half life nuclides
into KERMA factors, there are some problems such as application to shorter pulse operation than the half life of
the nuclides. It is emphasized that nuclear heat and decay heat should be separately treated.

1. Introduction

In fusion reactors neutrons produced by DT or DD reaction interact and make various types
of reactions such as (n, v), (n, n), etc. with materials constructing the first wall, blankets and divertors,
etc. In these reactions secondary neutrons,.gamma-rays and/or charged particles are created and
target nuclides are knocked on. The charged particles and the knocked nuclides move in the
materials in short range and lose their kinetic energy by exchanging into thermal energy. The
neutrons and gamma-rays travel in the materials in farther longer range than the charged particles and
also exchange their energy into thermal energy. The thermal energies exchanged from kinetic
energies are so called nuclear heat. Nuclear heating rates are estimated with multiplying nuclear
heating constants in neutron and gamma-ray, respectively, so called neutron KERMA (kinetic energy
released in materials) and gamma KERMA factors by neutron and gamma-ray fluxes calculated by the
codes of ANISN, DOT, DORT, TORT. etc.

In the present paper, firstly, subjects of nuclear heat in fusion reactors are described, that is,
positions where maximum nuclear heating rates and their uncertainties should be considered in nuclear
and structural design are described.  Secondly, calculation method for nuclear heat is illustrated and
the KERMA factors are defined. Further more the KERMA factors by an energy balance method
and a direct method. Thirdly, it is described that nuclear heating rates calculated by using the direct
method and the energy balance method KERMA factors are compared with experimental nuclear
heating rates. Lastly, an example is presented that decay heat was treated of being included in
nuclear heat and problems in this treatment are discussed.

2. Subjects of nuclear heat in fusion reactors

In tokamak type fusion reactors the nuclear heating rates at the first wall, blanket. divertor
and superconductive magnets, etc. are restricted in a certain
range since their temperatures must be controlled. An _Table 1 Principal values of the [TER

example of maximum nuclear heating rates are presented items design values
about the ITER [1]. The principal values of the ITER are | Total fusion power 13 GW
presented in Table 1. The bird eye view of the ITER is | Burn time 1000 s
illustrated in Fig.l. The first wall, one of the severest | Plasma current 21 MA
positions in nuclear and thermal design mentioned above, is | Maximum toroidal 57T

located in nearest position from the plasma and is combined magnetic ficld
Neutron first wall

blanket vessels. Maximum temperature is restricted by | [oading
material application allowable temperature and temperature | Neutron first wall
gradient is restricted by allowable thermal stress. The | _fluence

IMW/m?

IMWa/m?
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Poioidal Field Coll

Central Solenold Coll
Intarcoll Structure
Vacuum Vesasel
r Blankat Module

Suppression Tank |

L__‘?m___l Fig.1 The bird eve view of the ITER
divertors are located at the bottom of the plasma chamber. The reason for severeness with nuclear
heating rates is the same as that for the first wall.

The blankets surround the first wall. Temperature in the blanket should be controlfled into
the design windows. Lower limit is restricted due to release tritium produced by reaction of
neutron with lithium and upper limit is restricted by material application allowable temperature.  In
superconductive magnets nuclear heating rate is also restricted in order to prevent the magnets from
quenching. Since estimated nuclear heating rates have uncertainties, we must allow for design
margin in thermal and nuclear design. The design margin should be restricted as small as possible
from the view point of reactor cost.

. : Table 2 Nuclear heating rates and their required accuracy
Nuclear data used in calculating C 2

at various position for neutron wall loading of |MW/m-

nuclear heating rates are required for in tvpical experimental fusion reactor.

high accuracy as wall as that in positions maximum nuclear required

neutron and  gamma-ray  flux heating ratc accuracy
calculation codes. Maximum | the first wall ~135 W/em?® ~20 %,

nuclgar heating rates and t'h.eir inside blankct ~ 10 W/en?® 10~20 %
required accuracy at various position | ¢ e o o divertor ~35 W/em'® ~20 %

for neutron wall loading of IMW/m" . s <oy

in the typical experimental fusion vacuum ve§scl ~0.1 Wem ~30%

reactor of ITER are shown in Table 2. | toroidal coil ~0.001 W/em' ~30 %

3. Calculation method for nuclear heat
3.1 Nuclear heat

Nuclear heating rates arc estimated with multiplving nuclear heating constants in neutron
and gamma-ray, respectively, so called “neutron KERMA and gamma KERMA factors,” by neutron
and gamma-ray fluxes calculated by the codes of ANISN, DOT, DORT, TORT, etc. The nuclear
heating rates arc estimated as following equation,

H{r= {3‘ #(rE) ZZ N, (r)o.(E) & (E)dE (i :nuclide, x : reaction), H

i X

where, ¢ (r.E) is flux of energv [ at spatial point » and N, (r) 1s number density of nuchde /. and
c,(E) and €, (E) are respectively microscopic cross sections of rcaction x and energy deposited per
reaction x for nuclide 7 at encrgy £, In the cquation (1), 2 o, (E) &, (E) is defined as the KERMA
— 68 —
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factor, that is,

Kl =2 O-LT(E) Eix (E)J (2)
X

Using the KERMA factors, we presented the nuclear heating rates as,
H(r) =2 N, (S/Kn(E) S(rE.) dE.+ SKAEY S(rEy) dEY), (3)
i
where K; (E,) and K, (E y) are respectively neutron and gamma reaction KERMA factors.

3.2 Calculation of KERMA factor
There are two methods to calculating the neutron KERMA factors. One is an energy

balance method and the other a direct method. In the energy balance method the neutron KERMA
factors are calculated by following equation.

K(En)=2 (En + Qu) * 0(En)— (£, * Gppr(EN) + &, * Gy proa(EN)) (4)
reaction

Where Q,, is Q-value of reaction x, Opprod aNd G, o are secondary neutron production cross section
and gamma-ray production cross section, respectively, and €, and €, are outgoing neutron and gamma-
ray energies in the center of mass system. In MCNP code, nuclear heat is given by- the value of
(incident neutron energy + Q-values in all reactions) - (outgoing neutron and gamma-ray energies).
In MCNP code nuclear heating rates can be estimated easily without the KERMA factor set.

In the direct method the neutron KERMA factors are given by following equation.

K(En)=3 (Ec + Ep) * o(Ex) 5)
reaction

where En, Ec and Ep are incident neutron energy, charged particle energy and knocked on energy
in the laboratory system, respectively, o, is a cross section of reaction x and E, is relative kinetic
energy. The values of Ec and Ep are estimated by kinematics and energy conservation in collision.
These values can be estimated in accordance with the method described in reference [2].

The gamma-ray KERMA factors can be given exactly by the value of gamma-tay energy
deposition of (incident gamma-ray energy) — (outgoing gamma-ray cnergy) as following equation,

Ki(EY)=Cpeby+ o'ypEy—1.02)+ iy, (6)

where o', o', and o'y are photo-electric, Compton absorption and pair creation microscopic cross
sections for nuclide 7, respectively. And 1.02MeV means energy of two electron masses.

4. Comparison with experimental 1.8 p : Y ' & ' ]
data. 14| 9 Mo :
In the energy balance f | @ FenDL2 ¢ ]
method and method in MCNP code, 12 | § _ ]
if ‘nuclear data of the secondary SRR . 4$ ‘ '
neutron and the outgoing gamma- [ G Tungsten ]
ray energies, and the Q-values in 0.8 | G Ze ﬁ E
all reactions are consistent with 0.6 ! o j
each other, the nuclear heating S $S-316 Assembly Be ;
rates can be given as exact values. 02 L B
But if not so, KERMA factor by F 3
energy balance method or nuclear 02 ¢ 3
heating rates in MCNP cannot be 0.0tk ! 1 L L 4— .
estimated as exact values, because Fig.2 C/E of external probe materials at the first position
of deduction of large values each in the SS316 assembly [3].
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other.
The nuclear heating rates by the energy balance method and the direct method are compared
with the experimental data observed by tNe FNS facility [3]. The values of E/C for nuclear heating
rates of copper, graphite, tungsten, zirconium and beryllium in SS316 assembly are illustrated in Fig.2.
In this figure the KERMA factors symbolized as FENDL-2 are estimated by the energy balance
method, and JENDL-3.2 by the direct method. These two data are compared each other in the
present paper. The discrepancies of C/E for nuclear heating rates in zirconium and tungsten by the
energy balance method are approximately 50% and 30%, respectively. On the other hand the
discrepancies of C/E for nuclear heating rates by the direct method are 25% at the maximum. In
Fig.3 values of C/E for nuclear heating rates of copper, graphite, SS316, tungsten, zirconium,
beryllium and chromium in copper assembly are shown.  In also copper assembly the discrepancies
of C/E for nuclear heating rates in zirconium and tungsten by the energy balance method are
approximately 60% and 40%, respectively. In Fig.4 values of C/E for nuclear heating rates of
graphite, chromium, copper, iron, nickel, SS316, aluminum, molybdenum, niobium, vanadium,
tungsten, zirconium, beryllium, silicon and titanium in graphite assembly are presented.  From this
figure, the maximum discrepancy of C/E for nuclear heating rates by the energy balance method is
approximately 35% and the maximum discrepancy of C/E for nuclear heating rates by the direct
method symbolized as JENDL-
3.2 is at most 20%. T Y .

From these observed [ ® JENDL-3.2
.. . 1.6 'W Assem “ =
data, it is summarized that the L bly @ ; émngt; ]
uncertainties in KERMA ; .

factors calculated by the direct w2 |
method are considered the same S

as those in nuclear data of 20- [
30% and uncertainties in 08 b
KERMA factors by the energy
balance method or in nuclear

e

&

-

T
Copper w4
Graphite LED'
§S§-316 eye&r

Tungsten  w@@vEH
Zirconlum @
Beryllium '@ 6

heating rates in MCNP are at 04 |

most 60%. If we restrict the ]
uncertainties in  KERMA 3 1
factors estimated by the energy 0.0 4 * -+ - - ! t
balance method or in nuclear

. Fig.3 C/E of external probe materials at the first position
heating rates to the same as in the copper assembly [3].

those by the direct method,

nuclear data must be required 2 [T LTI EREEENNRERE
to highly accurate of several % ; O JENDL-FF | Graphite assembly
in addition to consistency in 1 1 #

nuclear data of the secondary 15

neutron and the outgoing
gamma-ray energies, and the
Q-values in all reactions. In 31_0
fact since all nuclear data are
not always consistent with each
other and have uncertainties, it
is emphasized that we had
better apply a direct method
avoiding deduction of large
values each other.
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Fig.4 C/E of external probe matenials at the first position
in the graphite assembly [3].
5. Treatment of decay heat

The KERMA factors in KAOS/LIB-V [4] based on ENDI/B-V include decay heat of
short half life (<1 day) nuclides. The nuclear heating rate is given as,
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H(= IN(1) [ [{KAED+ Ki*(E)+ KiJ(EDY #(rENE] + TKSEY S(rENTEY ], (7

1

where, charged particle decay RECCU}NHTFH gf%cRUWIETNr?Ec% PRPURI'%PTTI é(%Rn[% é‘ﬂﬂyCTH%RﬁT( s(oLLd Line)

fe ol ch__ . K. . L doshed Line)
KERMA is given as K™= 2 | FEC- K. FACTOR PLUS TOTAL DECAY HERT (choin dotted Line)
Oy (E) Eiy ™ (E) and gamma X
decay KERMA as K,/= 2o, 10°
(E) E./ (B). Typical ]

. ] c 10+
example of the case including ¢ 3
decay KERMA into nuclear © 10
heat KERMA in copper is > 3
illustrated in  Fig.5. In = 'O
considering decay heat into 1o‘i
KERMA factors, there are 3
10. LS I ERRALL TUTT T 1Ty T T HmW LALLL LALAAL RERALLLL AL IR ALY

some ‘problems such as 107 et e ot e e e 1o
application to shorter pulse INCIDENT NEUTRON ENERGY eV

operation than lday, etc.
The nuclear heating rate and
decay heat should be

separately treated. CU-NAT RECOMMENDED PROMPT KERMA FACTOR (solid tine}
P y REC. K. FACTOR WITH CH. PARTICLE ODECAY HEAT (doshed Line)

=} REC. K. FACTOR PLUS TOTAL DECAY HEAT (chaoin dotted Lina)

6. Conclusion. x &0

From these s.04
discussions, following
remarks are obtained. c 409
(1) The KERMA factors by 2 __|
energy  balance  method
including MCNP method have ® 2.0-
several ten per cent
uncertainties, because  of 0
deduction  between large 0.0 7 . . T r v r -+ T
values cachother. 0 B0 T me e e 0 e 2%
gl)ERMTXCfac:onrze:aithll:tse d t;; Fig.3 _KERMA factors of prompt and decay heat
the direct method are in copper [4]
considered the same as those in nuclear data of 20-30%.
(3) In fact since all nuclear data are not always consistent with each other and have uncertainties.

we had better apply a direct method avoiding deduction between large values each other.

(4) If the uncertainties in KERMA factors by the energy balance method including MCNP method are
improved the same as those by the direct. method, nuclear data must be required to highly accurate of
several % in addition to consistency among nuclear data.

(3) In considering decay heat into KERMA factors, there are some problems such as application to
shorter pulse operation than 1day, etc. The nuclear heating rate and decay heat should be separately
treated.
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2.12 Material Issues for Spallation Target by GeV Proton Irradiation

Noboru Watanabe
Center for Neutron Science, Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195 Japan

The importance of material issues in intence pulsed spalltion sources is described in connection
with R&D of the JAERI 5 MW source.

1. Introduction

Materials used for a neutron target and its surroundings in intense spallation neutron sources suffer
from serious radiation damage due to GeV proton and associated neutron irradiation. Material issues are most
important which determine not only the life of important components such as a neutron target but also take an
important role in radiation safety. The proton beam power in the JAERI pulsed spallation source is about 5
MW (1.5 GeV, 3.33 mA) and the peak beam current density at the incident proton beam window of the target
is estimated to be in a range of 50-80 uA/cmz, assuming a parabolic or Moffet beam distributions in the
horizontal and the vertical directions with an elliptic beam footprint of approximately 70 cm?. Since a heavy
liquid metal target is the only realistic one which can accept such a high beam power, we chose mercury as the
first candidate of the target material. The target container will have lateral dimensions lager than the beam
footprint, at least, by about 4 cm in the horizontal direction and 3 cm in the vertical direction and an active
length of about 70 cm with a dome window (see the illustration in Fig. 1). The proton beam power per pulse
(repetition rate: 50 Hz, pulse length: about 1 pis) reaches at 100 kJ which brings about an energy deposition of
about 60 kJ per pulse in mercury . In such conditions a beam window is considered to receive a static stress
of approximately 100 MPa and a dynamic stress larger than 200 MPa, due to the pressure wave caused by
such an energy input in a very short time duration (about 1 us), and a radiation damage of several tens dpa per
year. An important feature of the radiation damage due to the proton irradiation is much higher hydrogen and
helium production rates per dpa than the case of 14 MeV neutron irradiation. The available data for such
radiation damage are very scarce and the accumulation of the data base is highly desired.

In the present paper the importance of material problems in R&D of an intense pulsed spallation
neutron source is given with recent R&D activities of the JAERI spallation source and some of recent activi-
ties on material irradiation and testing in the world community are shortly reviewed.

2. Operational experience of spallation targets

Many uranium (U, depleted or enriched) targets have so far been used in various spallation neutron
facilities of small and medium proton beam powers (KENS: 3-5 kW; INNS: 6-8 kW; ISIS: 160 kW), due to
their higher neutron yield per proton compared to other non-actinide heavy metal targets such as tantalum
(Ta), tungsten (W), etc.; about 1.7 times higher yield than a latter in case of a depleted U-target, about 4 times
or more in case of a highly enriched one. However, the service life of those U-targets were much shorter than
expected. For example, in the worst case at ISIS the shortest life was approximately only one month. Table 1
summarizes important operational records of various U-targets so far been used (total number of thermal
cycles due to frequent proton-beam trips from the accelerator, total number of protons incident upon the target
etc. by the end of their lives) together with some data on Ta- targets used at ISIS, based on the reported data [1-
3]. In case of U-targets, it used to be considered as the end of the service life, when an appreciable, sometimes
a detectable, amount of fission products appeared in the primary cooling water or in its cover gas. In case of
a Ta target, it is still not clear when we shall stop the operation.

All the U-targets in the table were water (H20 or D20) cooled solid targets, consisting of numbers
of target discs of appropriate thicknesses to ensure the necessary heat removal. Each target disc was clad by
Zircaloy-2 (diffusion bonding by HIP). In spite of various efforts so far been devoted to improve the service
life, for example, adopting a much lower operating temperature than 400 °C, above which the swelling
becomes serious, a proper alloying, making fine grains in metal U, etc., it was not successful to overcome the
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situation up to now.

Table 1 Some important records of neutron targets so far been used at various spallation neutron facilities

Target Proton Thermal | Total Protons, Peak Time-average| Relative Total
Energy, MeV| Cycles mA hrs Temperature,| beam current, | Number of Fissions
°C A to U #5
ISIS U #1 780 — 92.4 — 30 0.31
ISISU#2 800 40000 53.1 120 40 0.18
ISIS U #3 800 10389 174.9 130 65 0.59
| ISIS U #4 800 4147 138.8 150 75 0.47
ISIS U #5 800 5074 295.6 165 90 1.00
| ISIS U #6 800 2628 126.1 180 110 0.43
ISIS U #7 800 1805 107.2 215 125 0.36
ISIS U #8 Not Used — —
ISIS U #9 800 815 113.2 150 0.381
IPNS Depleted #1 450, 89600 240.0 225 10- 14 0.39
IPNS Enriched #1 450 28000 128.8 175 14- 16 1.07
KENS U #1 500 ~ 40000 ~ 50 ~ 120 ~5 ~0.1
ISIS Ta #1 800 73378 1751.6 170 3.80**
ISIS Taq #2* 800 21138 618.1 170 1.34**
* Still in use

** Relative value of total number of neutrons to ISIS U #5

Therefore, It is being commonly recognized that the use of an U-target beyond the proton beam
power at present ISIS, 160 kW, would be very difficult and impractical. Thus, the use of a non-actinide target
becomes unique solution at a higher power level. The ISIS Ta#1 target had been used up to about 1750 mA-hr
in the integrated proton current, almost 6 times as high as the highest value of the U-target (ISIS U#5). This
target retired, not due to a failure but just for destructive inspections. Although we have to wait the results of
the tests on the Ta#1 discs (non-clad) for detailed information on radiation damage, it has been reported that
the discs seemed to have an enough ductility yet, suggesting that such a solid target could be used up to a
proton-beam power level of about 1 MW. However at 5 MW the above time-integrated current can be reached
only by 3 weeks and when we consider other factors than radiation damage, the use of a liquid metal target
would be more practical than a solid target.

3. Liquid metal target
Among the candidates of liquid metal targets (Mercury (Hg), lead bismuth eutectic (Pb-Bi), molten
lead (Pb)), Hg has various advantage over other candidate due to various reasons; (1) no radiation damage in
target material itself, (2) liquid state even at room tem-
perature (no need of preheating), (3) higher atomic
number density than other two candidates, resulting
in a higher neutron luminosity from target, etc.
Figure1 shows the calculated axial distribu-
tions of leakage fast neutrons from Hg targets towards
moderator, determined at 2 cm from the target sur-
face, for a cylindrical and a flat (rectangular cross sec-
tion) targets, compared with those of Pb-Bi ones. It
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will be clear from this figure that an Hg target is al- 0 0 10 20 30 40 50
ways superior to Pb-Bi one and a flat target, accord- Distance from incident sureface (cm)
ingly with a flat proton-beam footprint, is much better Fig. 1 Spatial (axial) distribution of leakage neutron
than a cylindrical one. intensities form various targets

4. JAERI 5 MW pulsed spallation neutron source

The JAERI 5 MW pulsed spallation source aims at realizing the highest slow neutron intensity
worldwide, mainly for neutron scattering experiments for condensed matter research [4,5]. For this purpose
R&D of a high-efficiency target-moderator-reflector system becomes indispensable. We have proposed an
advanced concept for this as shown in Fig. 2 [6,7]. Important advantages of the present configuration are (1)
the use of optimized flat target with flat proton beam, (2) a new target-moderator configuration which enables
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all the moderator to sit at the highest fast- neutron luminosity region on the target, (3) the use of coupled liquid
(supercritical) hydrogen moderator with premoderator [8-11] for high-intensity and high-resolution cold neu-
tron experiments, (4) a proposed new concept of Cold mod.
target-moderator coupling “extended (high intensity & higy resolution)

3 . L-Hp mod. + Premod,
premoderator” for above mentioned moderators
[12], etc. With extensive optimization studies
based on the above concept of target-moderator-
reflector system, following neutronic perfor-
mances can be predicted;
(1) time averaged cold neutron intensity per MW
of proton beam is approximately comparable to
the one forth value of that from the second cold
neutron source in the high-flux reactor at ILL,
Grenoble, as sbown in Fig. 3. This means that at Thermal mod.(high resolution)
5 MW the projected source could provide 1.25 Epithermal mod.(high resolution)
times higher time-averaged cold neutron inten-
sity than the ILL. From the predicted pulse char-
acteristics it turns out that the peak cold neutron

Target ( Hg)

Forward

intensity at 50 Hz is approximately 100 times
higher than the ILL, with which many break-
throughs in various fields of research can be ex-
pected;.
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Fig. 3 Neutron spectral intensities from the moderator
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(ii) It was confirmed that all moderators could be )
Fig. 2 Layout of target-moderator-reflector system

positioned approximately at the highesr luminos-
ity region witout any cross talk between adjacenet

48 uA/cmz, whatever the beam profile is. Note
that the maximum power density in the target 10_ 20 _30_ 40 >0 60
reaches at 1.75 kW/ecm3 (1.75 GW/m3), which Distance from incident surface (cm)

is much higher than a corresponding value in a Fig. 4 - E_nergy deposition .in target as a function of distance
power reactor and that this is the time-average from incident surface (cylindrical Hg target of 12.86 cm ¢)
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power densities, not at the pulse peak. The

Table 2 Main parameters of JAERI 5 MW Hg target
proton beam power of S MW corresponds

to 100 k)/pulse at 50 Hz which is given in Parameter JAERISNS ) <o Tects

a very short time of about 1 ys. Various (expected values)

important parameters and typical values for Froton beam energy (GeV) 1.5 23

an Hg target, operated at a proton beam  FTotons per pulse 4.2x10M 3x 1012

power of S MW with a repetition rate of Pulse duration (usec) ~1 ~03

50 Hz. are summarized in Table 2. Beam energy per pulse (kJ) 100 12
Such a sudden power deposition  Energy deposited in Hg per pulse (kJ) ~ 60

in the incident window of the target con-  Expected peak energy density in Hg (MJ/m3) 47 3

tainer and the target material produces pres-  Peak local temperature rise in Hg (K) 26 16

sure waves which attack the target con-  peak pressure increase in Hg (MPa) 105 7.1

tainer, especially the incident window. As
a simple case, if we assume a cylindrical Hg target of 20 cm in diameter with a semi-spherical dome window
as shown in Fig. 5, calculated values of maximum stress levels at the center of the incident window and at a
typical point on the cylindrical surface reach at the values listed in Table 3 [15] and the time behaviors at the
window center become as shown in Fig. 6 [15]. A rectangular (uniform) beam density distribution gives the
highest stress level than other distributions.

In order to validate the calculations, measurements of pressure waves in an Hg target and resulting
stress in an target container are being in progress under an international collaboration using the AGS proton
synchrotron at Brookhaven National Laboratory. Figure 7 shows measured deformation velocity at a point of
the cylindrical surface of the container {16], due to the stress caused by pressure wave. The data is still very
preliminary, but the JAERI team was successful to detect such data using a Doppler Laser instrument devel-
oped at JAERI and it was confirmed that the calculated result was very close to the measurement, although
there exist small discrepancies between them Since in the container used in the experiment, there were many
small flanges, etc. around the cylindrical surface, the measured condition was somewhat different from the
ideal calculational model. Nevertheless, it can be said that the stress level and timing of the first peak is well
reproduced by the calculation. Thus, the use of the present calculation codes, model, assumptions, etc. seems
to be acceptable, at least in the first order estimation.

) Stress wawes Table 3 Approximate level of stress in-target container win-
Tergen contmnes in solid dow and vessel for different beam-density distribustions

s W’s { v\—l”" Proton baam i :
Pressure wavein mercur) o 4 ® Beam profile Max stress on window Max stress on cylinder

i )‘_\ (MPa) (z=12 cm)*

7o Unif 170 (110 136
S ¢ ¢ / Tasgal o 19
window Gaussian 100 (80) 110
Fig. 5 Concept of pressure wave propagation in Parabolic 100 (90) 120
target container Moffett 0(90) 120 - 140

*12 cm from incident surface
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Fig. 7 Measured and calculated deformation velocity
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The calculated values of the stress levels in the target container are to be compared to those of the
allowable design stress of a typical candidate material for the target container: For instance, for SUS316, 137-
110 MPa (at 423-673 K) for membrane + bending and 200-160 MPa (at 423-673 K) for membrane. In case of
an uniform beam distribution the maximum stress level exceeds the allowable design stress, while in case of
round distributions as Parabolic one, the level is below the allowable design stress. However, in more realistic
case, a flat target, higher stress levels will be brought about. It reaches even at about 480 MPa, which is much
higher than the allowable design stress, at a flat surface, if we assume a cavitation effect of the pressure wave.
Therefore, an effective way to mitigate such pressure wave must be established. Skala, et al. have proposed to
inject small helium gas babbles into Hg [17]. In addition to the dynamic stress mentioned above, there is a
static stress, due to a static temperature difference in the window, which is 90-100 MPa under the beam
current density of 48 uA/cmz.

The effect of radiation damage on the mechanical properties of candidate materials must be
considered under such stress and coolant (target material) flow conditions at the service temperature. The
frequency of the dynamic stress is at least 50 Hz, the repetition rate of the pulsed proton beam, but if we
take into account successive reflected waves as shown in Fig. 7, it becomes to an order of 20 kHz, Charac-
teristics of materials for such very high frequency fatigue have not been well known.

6. Radiation damage

In an intense pulsed spallation source a proton beam window is subject to the most serious radiation
damage, in which we must consider the effects not only of fast neutrons below 20 MeV, but also of those
above 20 MeV and incident protons. For the projected JAERI source (1.5 GeV protons, 3.33 mA (5 MW), 48
}LA/cm2 in current density), dpa (displacement per atom) values for a typical candidate material (stainless
steal) have been calculated [18], which are summarized in Table 4 compared with corresponding values esti-
mated for SNS [19] and [20] ESS. Values estimated for the first wall of a fusion reactor (CTR with 1 MW/m?)
are also shown for reference.

Table 4 Comparison of important radiatopm damage parameters in the incident
proton beam window in intense spallation sources

d
paly Helium Hydrogen
Neutrons Neutrons ’ Protons ' total appm Hefy | - appm Hly
(E<20MeV) ! (E>20MeV) |
|
JAERI (S MW) 39.45 6.89 1 21.16 | 67.5 2,270
SNS (1 MW) ~12.5 ~1.4 ~89 22.8 1,014 10,840
ESS (5 MW) l . ~60 4,500 70,000
CRT (1 MW/m2) ’ E 18 250 800

Although there are some differences in the dpa values per MW (dpa/MW) between the three spalla-
tion sources, due to different proton energies, accordingly different proton currents, different calculation codes
and different assumed maximum current densities, those values are more than three times as large as a corre-
sponding value in the first wall of a fusion reactor. As far as radiation damage in terms of dpa is concerned, the
contribution from protons is only about one third of the total in the spallation sources. However, the material
property change is very much different from those in a fusion reactor and a fast reactor, even for the same dpa.
For example, the production rates of helium (He) and hydrogen (H) per dpa in the beam window of a spalla-
tion source are one order of magnitude and about 30 times larger than those in the first wall of a CTR,
respectively. Note that the corresponding values for a fast fission reactor are negligibly small compared to the
above mentioned values. Such large He and H production rates cause serious material hardening and He/H
embrittlement. It is still not clear whether all hydrogenous produced can be retained in the material. Some
experiments by triple beam bombardment indicated that a large amount of H diffused out from the surface at
elevated temperatures. It must be confirmed by experiments whether such a H diffusion can be expected, even
in a much deeper H distribution in an actual beam window, . In the ESS project a higher operating temperature
of a Hg target is tentatively assumed expecting such effects.

In order to accumulate data base for radiation damage of some important materials by proton beam
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irradiation, extensive irradiation experiments are under progress by using 800 MeV protons from LAMPF
proton linac and 560 MeV protons at PSI (installed in the Zircaloy target of SINQ) and some preliminary data
are being available. Some irradiated samples are available from used (spent) components; for example, Inconel
718 from a beam window used at LAMPF [21], Ta from ISIS target, etc. Most of those samples were irradi-
ated at natural temperature, and so on. Experiments under more realistic environments (in a service tempera-
ture, under stress, in flowing Hg, etc.) are most important and such experiments using 72 MeV protons from
the Injector-I cyclotron at PSI and 600 MeV protons from the proton linac at Moscow Meson Factory are
under planning. JAERI is partly participating in the present irradiation program at PSI but more active partici-
pation is highly required in very near future.
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2.13 The MOX core critical experiments for LWRs and the analysis based on
JENDL-3.2

Takuya UMANO
Nuclear Engineering laboratory, Toshiba corporation
4-1 Ukishima-cho, Kawasakiku, Kawasaki-shi, 210-0862 Japan

E-mail: raum@rcg.nel.rdc.toshiba.co.jp

Hiromi MARUYAMA (Hitachi), Makoto SASAKI (MHI), Masahiro TATSUMI (NFI),
Toru YAMAMOTO, Hirofumi MATSU-URA*(NUPEC)

* Current address: Hitachi engineering corporation

NUPEC and CEA have launched an extensive experimental program called MISTRAL
to study highly moderated MOX cores for the advanced LWRs. The analyses with using
SRAC system and MVP with JENDL-3.2 library are progressing on the experiments of
the MISTRAL and the former EPICURE programs. Various comparisons have been

made between calculation results and measurement values.

1. Introduction

Nuclear Power Engineering Corporation (NUPEC), French Atomic Commission (CEA)
and CEA’s industrial partners have launched an extensive experimental program
called MISTRAL (MOX: Investigation of Systems Technically Relevant of Advanced
Light water reactors) [1,2,3] in order to obtain the core physics parameters of high
moderation MOX cores that will be used to improve the core analysis methods. NUPEC
is conducting this study on behalf of the Japanese Ministry of International Trade and
Industry (MITI). This experimental program is progressing in the EOLE facility at
CEA Cadarache center. This program started in 1996 and scheduled to be finished by
2000. Among four cores of the program, the experiments of Core 1 and Core 2 have
already been finished by the end of April in 1998. Within a part of collaboration of
NUPEC and CEA, NUPEC also obtained the experimental data of the EPICURE
program that CEA has conducted for 30% MOX loading in PWRs. Figure 1 shows

UH1.2 core configuration that was devoted to study on a UQ2 reference core in the
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EPICURE program. Figure 2 shows MH1.2 core configuration that was devoted to
study on basic characteristics of a MOX core in the EPICURE program.

2. EOLE critical facility

Experiments have been performed in the EOLE facility that is a tank type critical
assembly. A cylindrical Aluminum vessel (diameter = 2.3 m, height = 3m) is installed
with stainless steel over structures. Fuel pins of the facility are standard PWR types
and the active length of the pin is about 80 cm. Four types of enrichment are prepared
for MOX pins and one type for UOz pin. Grid plates are fixed in an inner tank and they
provide flexibility of the core configurations. The reactivity of a core is controlled
mainly with boron (boric acid) concentration in water and core size. At the critical
states and the various measurements, the water level of the tank is always kept at the
height that is about 20 ¢cm higher from the top of active length of fuel pins. Small
reactivity is compensated with the use of a pilot rod. Core excess reactivity without the
pilot rod is determined through the inhour equation with measuring the doubling time
after withdrawal of the pilot rod. Four pairs of cluster-type safety rods are utilized for

the shutdown.

3. Core configurations and measurements in the MISTRAL program

Figure 3 shows the core configuration of MISTRAL Core 1. It consisted of about 750
regular enriched UO2 (3.7% in 235U) fuel pins in a lattice pitch of 1.32 cm and was
designed as a reference for the high moderation MOX cores. Figure 4 shows the core
configuration of Core 2. This is a high moderation full-MOX core consisting of about
1600 MOX (7% enrichment) fuel pins in the same lattice pitch of Core 1. Core 3 is
devoted to the physical study of a 100% MOX lattice with higher moderation than Core
2. This configuration consists of about 1350 MOX 7% fuel pins in the lattice pitch of
1.39 cm. Core 4 is a PWR mock-up configuration. The measurement items are selected
for each core configuration from following items:
(1) Critical mass and boron concentration
(2)Buckling measurement with using reaction rate distribution measurements
(3) Boron worth
(4) Spectrum indices measurement
(5) Modified conversion factor, 238U capture/total fission
(6) Isothermal temperature coefficients
() Reactivity worth and associated reaction rate distribution of a single absorber

(Natural B4C, enriched B4sC, Ag-In-Cd alloy, and UOz-Gd203) at the center of
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the core

(8) Reactivity worth and associated reaction rate distribution of the substitution of 9
central fuel pins by water holes

(9) Reactivity worth and associated reaction rate distribution of a cluster absorber

(10) Void coefficient
(11) peff

4, Experimental methods

Various kinds of experimental methods are applied to obtain physical parameters of
the cores in the MISTRAL program. The number of fuel pins, core, temperature, the
boron concentration and doubling time are measured to determine the core critical
mass. A neutron source multiplication method (a sub-critical method) is utilized for the
reactivity measurement. An integral gamma scanning method is applied to determine
the fission densities of the fuel pins. Miniature fission chambers of several kinds of
isotopes are adopted for the determination of energy dependent neutron flux and also

for spectral index measurements. The effective delayed neutron fraction of a core (/2

eff ) is measured with use of the core noise method which has been utilized in the
international benchmark of 3 eff's at the MASURCA and the FCA fast critical facilities.

5. Calculation methods

The analysis has been performed using SRAC system and MVP with JENDL-3.2
which were developed at JAERI. SRAC system is a deterministic type code. In SRAC,
the processed 107-energy group’s nuclear data library is prepared and the combination
of a cell calculation and a core calculation is performed. The MVP is a continuous
energy Monte Carlo code that is utilized to obtain reference calculation results for the
SRAC system such as core eigen-values. In the SRAC system, the conventional collision
probability method is applied for generating the 16-group collapsed and homogenized
unit cell cross sections. The neutron energy spectrum affected by the neutron leakage is
calculated with the B1 approximation taking the measured geometrical buckling into
account. The resonance absorption reaction of Pu isotopes should be precisely
evaluated at epi-thermal and thermal ranges for MOX fuels. Therefore, an ultra fine
group resonance reaction calculation module, PEACO, is fully utilized for the analysis.
The thermal cut-off energy was carefully studied and determined to be 1.855eV. After
generating 16-group cell cross sections (fast range - 8 groups and thermal range - 8
groups) , core calculations in 1/4 symmetry configuration are performed with the use of
CITATION and TWOTRAN module of the SRAC system. In two-dimensional
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calculations, the axial leakage 1is calculated with using the measured axial buckling of a
core. For a single absorber calculation, a 3X3 cell model is adopted in the collision
probability calculation of the absorber cell at the core center. Also detailed cell models

in the collision probability calculation is adopted for the spectral indices analysis.

6. Calculation results

Varieties of comparisons between calculations and measurements are progressing for
UH1.2, MH1.2, MISTRAL Corel and 2. Table 1 shows the differences of Keffs for 4
configurations. The calculated Keffs agree well with the experimental values. Table 2
shows the root-mean-square (R.M.S) differences of radial power distribution. The
differences are as much as the uncertainty of measurement. Table 3 shows the C/E
values of spectral indexes and conversion factor. Two typical spectral indices and
modified conversion factors show the agreement within two times of the uncertainty of

measurement error.
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Table.1 The differences of Keff between calculation and measurement
for each experimental core
PROGRAM EPICURE MISTRAL EPICURE MISTRAL
CORE NAME UH1.2 CORE1 MH1.2 CORE2
FEATURE Uranium CORE Uranium CORE Partial MOX Full MOX
FUEL PIN 3.7% V02 3.7% UO2 3.7%002 + 7% MOX 7% MOX (Mainly)
H/HM 37 5.1 37 5.1
CORE DIAMETER ~ 50 cm ~ 40 cm ~ 70 cm ~ 60 cm
MVP + 051 %Ak + 039%Ak + 043%Ak + 065%Ak
+0.02 % (10) +003%(10) +002%(10) +002 % (10)
SRAC ( Pij + TWOTRAN) [ + 007 %Ak — 0.19 %Ak + 029 %Ak + 0.37%Ak
Table. 2 The R.M.S differences of radial power distribution between
calculation and measurement for each experimental core
PROGRAM EPICURE MISTRAL EPICURE MISTRAL
CORE NAME UH1.2 CORET1 MH1.2 CORE2
FEATURE Uranium CORE Uranium CORE Partial MOX Full MOX
MVP 10 % 1.7% 12% 16 %
SRAC (Pjj + CITATION ) 08 % 20% 09% 13%
Measurement uncertainty UO2rod ~1.0% MOXrod ~ 15% (10)
Table. 3 The C/E values of spectral Indexes and modifies conversion factor
for each experimental core

PROGRAM EPICURE MISTRAL MISTRAL
CORE NAME MH1.2 CORE1 CORE2
FEATURE Partial MOX Uranium CORE Full MOX
FUEL PIN 3.7%U02 + 7% MOX 3.7% UO2 7% MOX (Mainly)
H/HM 3.7 5.1 5.1
POSITION U02 REGION MOX REGION CENTER CENTER
SPECTRAL INDICES 239Pu/235U 1.02(20) 1.05(2.1) 1.01(24) 104(15)

241Pu/235U 096(29) 097(29) 1.00(3.6) 1.02(23)
CONVERSION FACTOR — - 1.02(3.0) 1.01(2.7)

Modified conversion factor =

( 238U capture ).~ ( Total Fission )

( ) Measurement uncertainty

%(10)
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2.14 Measurement and Analysis of Decay Heat of
Fast Reactor Spent Fuel
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Decay heat of the JOYO Mk-II spent fuel subassemblies was measured using the
calorimetric method as a non-destructive examination. The measurement of the subassembly
was taken in the spent fuel storage pond at JOYO. Its burn-up was approximately 60 GWd/t
and the cooling time was between 24 and 258 days. The measured decay heat was compared
with the calculated values by "ORIGEN2" code using the cross section library of JENDL-3.2,
and the decay data and the fission yield data library of INDC-V2. Calculated to Experimental
(C/E) values for the measured subassembly were 0.96 - 0.90. The decay heat generated by

238py and 24! Am, which amount to 1 % of initial composition of the fresh fuel, reached 6 % -
17 % of decay heat during 24 - 258 days of cooling time. These results indicate that the initial
composition and the burn-up calculation of actinides are important to accurately evaluate the
decay heat of spent fuel.

1. Introduction

Decay heat of the spent fuel is important not only from the standpoint of reactor safety
concerning decay heat removal at reactor shut down, but also for the thermal design of the
spent fuel storage and handling facility. The accuracy of the decay heat calculation depends on
the individual heat generation rate from the decay nuclides of fission products and actinides,
and the burn-up calculation for its production and transmutation. Due to the lack of data,
obtaining an evaluation of decay heat accuracy has not been achieved yet.

In order to obtain the experimental data and to improve the calculation accuracy, the decay
heat of spent fuel subassemblies of the JOYO Mk-II core was measured using the calorimetric
method as a non-destructive examination. The measured decay heat was compared with the
calculated values by the "ORIGEN2" code using the cross section library of JENDL-3.2, and
the decay data and the fission yield data library of INDC-V2.

2. Measurement
2.1 Decay Heat Measurement System (1]

The decay heat measurement was taken in the spent fuel storage pond at JOYO. The
system diagram is described in Fig. 1. The spent fuel subassembly contained in a stainless
steel can was set inside the container which has an adiabatic double tube. The coolant water
flowed at a constant rate between the canned spent fuel subassembly and the inner tube of the
container. The generated heat from the spent fuel subassembly was obtained by means of the
calorimetric method as shown in Eq.1 by measuring the coolant temperature difference between
inlet and outlet of the container, and the coolant flow rate.



JAERI-Conf 99-002

QD =FXCpX ATXVXAsXA~r €y

where
Qp : Decay heat (W)
F : Energy conversion factor (4.187X103 W - s/kcal)
Cp : Specific heat of water (kcal/kg/C)

AT: Coolant temperature difference between Inlet and Outlet (C)
V : Coolant flow rate (kg/s)

As : Heat loss correction factor

A7y : Gamma heat loss correction factor

The accuracy of measuring the decay heat using this system was determined by the
measurement error of coolant temperature and flow rate namely the sensor error, and heat loss
which influences the heat balance in the system. Two types of heat losses were considered with
the correction factors of As and Ay, which are explained in the next section.

2.2 Calibration for Measured Heat and Accuracy

In order to verify the heat loss from the decay heat measurement system, a dummy fuel
subassembly in which an electric heater was inserted was used to calibrate the system. The
calibration tests were performed under similar conditions to those of real spent fuel
subassemblies. The heat generated was between 0.40 kW and 1.25 kW and at a coolant flow
rate of 0.5 - 1.0 € /min. The calibration curve for the case of 0.5 € /min as shown in Fig. 2
indicates good linearity over the range of this experiment.

The other calibration relates to radiation heating. The decay heat was generated by alpha,
beta and gamma-rays which were released from the radioactive nuclides as fission products,
activated products and actinide nuclides. Neutrons moderated in the water may induce fission
reactions with the fissile material in the spent fuel, however, the ORIGEN2 (21 3] calculation
showed that the heat induced by fission was approximately 5X 10> W per subassembly, and
can be negligible for this measurement system. As alpha and beta-rays have short track lengths,
most of the radiation energy was deposited within the inner tube of the container, which is
eventually used to heat the coolant water. On the other hand, part of the gamma-rays penetrated
outside the container, where gamma-ray energy was used only to heat the water in the pond.

Therefore, the gamma-ray energy penetration was evaluated and measured heat was
corrected to account for the gamma heat loss. The gamma-ray penetration was calculated by the
point kernel shielding code "QAD-CG" [4]. The correction factor Ay was then obtained by
subtracting the gamma heat that is dissipated at the outer surface of the inner tube of the iron
container, from the total heat of radiation produced in the spent fuel. The Ay shown in Fig. 3
decreases with cooling time because the short lived nuclides, which have higher energy gamma-
rays that can penetrate more than lower energy gamma-rays, decay down during a longer
cooling period.

As aresult of the calibration test mentioned above, the error in measuring the decay heat
of spent fuel subassembly by this system which is shown in Fig. 4, was evaluated with regards
to the coolant temperature difference between inlet and outlet of the container, and the coolant
flow rate. Considering the experimental conditions (shown in Fig. 4) that were determined
with the predicted decay heat, the margin of error in this experiment was estimated between 2 %
and 7 %.
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2.3 Measured Spent Fuel Subassembly

The fuel specification and irradiation condition of the measured spent fuel subassemblies
are shown in Table 1. Two subassemblies of the JOYO MKk-II spent fuel (PFD549 and
PFD244) were used for this experiment. These subassemblies were irradiated for 456 EFPDs
(Effective Full Power Days) and for 525 EFPDs in the core. They reached the subassembly
averaged burn-up of 58,200 and 57,900 MWd/t, respectively. The decay heat was measured
during a certain interval of time between 24 and 258 days.

3. Calculation

The measured decay heat was compared with the calculated values by the "ORIGEN2"
code using the cross section library of JENDL-3.2[3), and the decay data and fission yield data
library of INDC-V2 [61 (7] 81 ], The neutron flux used as an input to the "ORIGEN2" was
calculated by the JOYO Mk-II core management code system "MAGI" {101,

The details of the calculation method of "MAGI" and "ORIGEN2" are shown in Table 2.
The neutron flux distribution was calculated by "MAGI" on the basis of a three dimensional
diffusion theory with seven neutron energy groups. The neutron cross sections were collapsed
from the 70 group JFS-3-J3.2 cross section set which was processed from the JENDL-3.2
library, assuming the neutron spectrum of the relevant core region. The reactor power history
and the core configuration in each operational cycle of the JOYO Mk-II core were simulated
exactly to the "MAGI" calculation. The irradiation history including reactor shutdown period
due to refueling and annual inspection were also considered in the "ORIGEN2" calculation.

The error rate of the neutron flux calculation was evaluated to be less than 5 % in the fuel
region according to the comparison between "MAGI" and reactor dosimetry test results based
on the foil activation method. The axial distribution of neutron flux based on the calculation
from "MAGI" was confirmed by comparing the relative distribution of measured (14*Pr) and
calculated burn-up.

4 Results and Discussion
4.1 Measured Decay Heat and Comparison with Calculation

Comparison of measured and calculated decay heat is shown in Fig. 5. The measured
decay heat for PFD549 subassembly at 24, 66, 103, 140, 200 and 258 days of cooling after
irradiation were 1.23+0.03, 0.686+0.024, 0.518+0.022, 0.422+0.021, 0.305+0.020 and
0.261£0.019 kW, respectively. The ratios of calculated to measured values (C/E) ranged from
0.96 to 0.90, which indicates a slight decrease over a longer cooling period. The C/E values for
PFD244 subassembly were, however about 0.1 smaller than those of PFD549 subassembly.

4.2 Effect of Initial Composition of Actinides

Table 3 shows the weight (grams) of fissile materials contained in both subassemblies,
where the weight of 228Pu and 4! Am are not included in the PFD244 subassembly. 238Pu was
added to >°Pu, and ?*! Am was not included in the fabrication record (mill sheet) due to the
relatively lower importance of fissile materials. However, this was not the case for PFD549.

In order to investigate the effect of the initial composition of actinides on the decay heat
calculation, sensitivity analysis was conducted based on the fuel composition of the PFD549
subassembly. Calculation cases are described in Table 4, where fabricated data was used as a
reference. In other cases, either the weight of 2*1Am was excluded, or the weight of 238Pu
was added into 2*°Pu in the same manner as it was treated for the PFD244 subassembly.
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The calculated decay heat from each actinide was compared and shown in Fig. 6. The
largest difference was observed for the decay heat from 242Cm, followed by 238Pu. As seen
from the burn-up chain in Fig. 6, 24°Cm was mainly produced from 2! Am (n, 7 ) reaction,
which gives a difference of decay heat to as much as 41W at 24 cooling days.

Considering the absence of actinides as a initial composition, Fig. 7(a) indicates a change

of C/E values. The ratio between the decay heat reference and calculated case without 238Pu
and 2*1Am was shown in Fig. 7(b). This resulted in the decay heat generated by 23¥Pu and
241 Am reached 6 % - 17 % of the total heat during 24 - 258 days of cooling after irradiation.

4.3 Effect of Burn-up Calculation

Because of their longer life times, the decay heat from minor actinides becomes dominant
after a certain cooling time period after irradiation. In order to investigate the effect of the decay
heat from minor actinides, the production and transmutation of minor actinides were calculated
by the "MAGI", which uses the same burn-up chain as "ORIGEN2". The decay heat was then
calculated by multiplying the number of actinide nuclides with "MAGI" by the decay heat
generation rate from individual nuclide, which are incorporated in the "ORIGEN2".

In this case, the fission products were treated as a lumped nuclide in "MAGI", the
number of individual nuclide was obtained based on the calculation results from "ORIGEN2"
so as to conserve the total weight of fission products calculated by "MAGI".

Comparison between "MAGI" and "ORIGEN2" calculations are shown in Table 5. Some
discrepancies exist in the number of individual minor actinide, namely radioactivity due to the
difference of neutron spectrum which affects the cross section used for the burn-up calculation.
However, only 4 % change to the total decay heat was observed. The decay heat generated by
fission products were within 2 % between "MAGI" and "ORIGEN2" calculations.

5. Conclusion

Decay heat of the JOYO Mk-II spent fuel subassemblies with burnup of 58,200 MWd/t
and 57,900 MWd/t was measured and compared with the calculation. The measured decay heat
of the subassembly at 24 days of cooling after irradiation was approximately 1.23 +0.03 kW.
The C/E values were approximately between 0.96 and 0.90, which showed slight dependency
on cooling time. The decay heat generated by 238Pu and 24! Am, which amount to 1 % of initial
composition of fresh fuel, reached 6 % - 17 % of decay heat during 24 - 258 days of cooling
after irradiation. Some discrepancies exist in the number of individual minor actinide that were
calculated by the JOYO core management code system "MAGI" and "ORIGEN2", which
demonstrates a little change of the total decay heat. These indicate that the burn-up calculation
and initial composition of actinides are important to accurately evaluate the decay heat.

As a result of this study, experimental data were obtained from the decay heat of fast
reactor spent fuel subassemblies which have a shorter cooling time of less than 100 days. This
data will be used to validate the analytical method and nuclear data.
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Table 2 Decay Heat Calculation Method
tem MAGI ORIGEN2
Cross Section JFS-3-J3.2"1
Geometry 3D Hex-Z |One Point Approx.
Energy Group 7 12
Flux Calculation Diffusion | -

Burn-up Calculation

Matrix Exponential

Fission Yield,
Decay Data

Lumped FP*!

JNDC-V2

Note *': JAERI Fast Set Version 3 (based on JENDL-3.2)

t2. Collapsed using 6

00MWe size FBR core center spectrum
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Fig. 5 Measured and Calculated Decay Heat of the JOYO Mk-II Spent Fuel Subassemblies

Table 4 Calculation Case Parameters

JOYO MEk-II Spent Fuel Subassemblies for PFD549 Subassembly
Unit :
( 9) (Unit : g)
Nuclide | PFD549 | PFD244 .
Calculation Case for PFD549
235y 1418 1019 .
o Nuclide Ret without|without without
U 6307 6582 eIerence| zaspy, | 241am 238py and 247Am
238py | m5 | aala.
mF’“ 35 238py | 35 o] 35 0
m"“ 1975 2130 200py | 727 | 762 727 762
241Pu 727 671 241py | 249 249 | 249 249
Pu 249 213 240Am | 25 25| o 0
242py 113 99
247Am 25 | -
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Fig. 7 Decay Heat Calculation Result

Table 5 Comparison of Radioactivity and Decay Heat Calculation
between MAGI and ORIGEN?2 (at 24 Cooling Days)

Nuclide Radioactivity (Bq) Decay Heat (W)
MAGI ORIGEN2 MAGI |ORIGEN2 |MAG!/ ORIGEN2
242Cm [ 1.42x10' | 1.73x1074 | 142 174 0.82
23spy, 2.00x10" | 2.07x10'3| 17.9 18.5 0.97
247Am 1.12%x10"3 | 1.12%10" | 10.1 10.1 1.00
240py 6.11x10'2 | 6,.35%x10'2 5.14 5.35 0.96
239py 3.99%10'2 | 3.97%x1012 3.32 3.30 1.01
244Cm 6.17%x10' | 1.15x1012 0.58 1.09 0.53
241py 5.86x10"' | 5.96 X104 0.49 0.50 0.98
Actinide | 7.79X%10' [ 8.41x10'*| 180 213 0.85
FP 8.71%10'5 | 8.85%X10'5 | 932 950 0.98
Total |9.49x10' | 9.76x10'5 | 1122 1172 0.96
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2.15 Status and Future Program of Reactor Physics Experiments in JAERI Critical
Facilities, FCA and TCA

Shigeaki OKAJIMA®, Toshitaka OSUGI’, Ken NAKAJIMA" Takenori SUZAKI',
and Yoshinori MIYOSHI"
* Reactor Physics Laboratory, Department of Nuclear Energy System
1 Criticality Safety Laboratory, Department of Fuel Cycle Safety Research
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195
e-mail: okajima @fca001.tokai.jaeri.go.jp

The critical facilities in JAERI, FCA (Fast Critical Assembly) and TCA (Tank-type
Critical Assembly), have been used to provide integral data for evaluation of nuclear
data as well as for development of various types of reactor since they went critical
in 1960's.

In this paper a review is presented on the experimental programs in both facilities.
And the experimental programs in next 5 years are also shown.

1. Introduction

There are three critical facilities in JAERI-Tokai: FCA (Fast Critical Assembly)”, TCA
(Tank-type Critical Assembly)(z) and VHTRC (Very High Temperature Reactor Critical Assembly).
The FCA went critical in 1967, the TCA in 1962 and the VHTRC in 1985. At present the former two
facilities are operated, while the VHTRC are kept the stand-by state. These facilities have been used
to provide integral data for evaluation of nuclear data as well as for development of various types of
reactor.

In this paper a review, focused on the nuclear data validation, is presented on the recent
experimental programs in the facilities in operation, FCA and TCA.

2. Review of Reactor Physics Experiments in FCA

In early 1980’s, IX series of assemblies, which consisted of seven different version of cores
IX-1 to IX-7, were built to cover wide range of neutron spectra. These assemblies IX-1 to IX-6 were
composed with 93% enriched uranium and diluent material of graphite or stainless steel for adjusting
neutron spectrum in lower energy region or in higher energy region respectively. The assembly IX-7
was composed with 20% enriched metal uranium. At each assembly, criticality (keff), fission rates
and sample reactivity worths of conventional materials were measured to check the reliability of
neutron fields calculation prior to the measurement of integral data for minor actinides.”® The
measured keff values were analyzed by the MVP code with the JENDL-3.2 library. The comparison
between calculation and experiment is shown in Fig. 1. The calculation overestimates the measurements
in IX-1, -2 and -3 cores. This overestimation is caused by the smaller capture cross section of U in
the JENDL-3.2 library.

The Doppler effect measurements have been carried out since 1968 in various mock-up cores.
The accumulated data of the Doppler effect measurements for >°U cover a wide range of the neutron
energy spectra of cores from a small experimental fast reactor to a large commercial fast reactor. To
evaluate the calculation accuracy of the U Doppler effect, the measured data in the FCA were
analyzed.” Figure 2 shows the comparison between calculated and measured values. In MOX fuel
mock-up cores, the JENDL-3.2 calculation agrees well with the experimental values within 5 %. In
Pw/*U cores, the calculation overestimates the measurement. When the calculated results were
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compared between JENDL-3.1 and JENDL-3.2 libraries, the JENDL-3.2 calculation gives 3 - 5 %
larger Doppler reactivity worths in MOX fuel mock-up cores than the JENDL-3.1 calculation because
of the extension of the unresolved resonance region of >*U.  In Pu/**U cores, the JENDL-3.2
calculation gives 3 - 15 % larger values than the JENDL-3.1 calculation. The calculation in the
Pu/**U cores shows larger increase than that in MOX fuel mock-up cores. This larger increase is
caused by the softer neutron spectrum below 10 keV in addition to the extension of the unresolved
resonance region of 2*U. The former effect is given by the smaller capture cross section of 2*U in
the JENDL-3.2 library.

To improve the prediction accuracy of the Beff, which allows the conversion between calculated
and measured reactivity values, the international benchmark experiments were carried out.” Three
different core configurations were selected from view points of systematic change of the nuclide
contribution from *°U, **U and *Pu to the Beff as shown in Fig. 3 : XIX-1 (U-core), XIX-2 (Pu/NU
core) and XIX-3 (Pu core). The six organizations from five countries participated in these experiments.
The Peff measurement was carried out by each participant with their own measurement technique, and
the measured results were compared with each other. From this comparison, the Beff value in each
core was finalized within 3% of uncertainty. The analysis is under going to evaluate the delayed
neutron data in JENDL-3.2. These experiments have been conducted under the NEA/NSC Working
Party on International Evaluation Cooperation (WPEC), Subgroup 6 on Delayed Neutron Data Validation.

3. Review of Reactor Physics Experiments in TCA

In 1980’s, a mock-up experiment for High-Conversion LWRSs was carried out. Low enriched
uranium fuel rods were used to simulate the high-conversion LWR cores (tight lattice cores), in which
the ratio of moderator to fuel was ranged in 0.5 to 1.5. This ratio was smaller than in the conventional
LWR core. In this experiment the following parameters were measured® ? : criticality (keff), power
distribution, reactivity worth for absorber materials and reaction rate ratios. Figure 4 shows the
comparison between calculated and measured keff values for the cores including standard lattices of
TCA. The calculation with JENDL-3.2 overestimates the experimental results. When the calculation
is compared between JENDL-3.2 and JENDL-3.1, the calculation with JENDL-3.2 gives about 1%
larger than those with JENDL-3.1. This increment of calculated keff values from JENDL-3.1 to
JENDL-3.2 is due to the smaller capture cross section of 25U in JENDL-3.2.

In the benchmark experiment concerning to the criticality safety, the following experiments
were mainly performed: the measurements of reactivity effects for various materials, which would be
used in fuel reprocessing plants, and the development of subcriticality monitoring technology.
Furthermore, from view points of nuclear data validation of delayed neutron, the effective delayed
neutron fraction (Beff) was measured by a couple of measurement techniques. The first technique is
the substitution method. In this technique the value of Beff was determined from the reactivity worth
for Sb-Cd-Pb rod which had the same dimension to the fuel rod and adjusted the contents to simulate
the same absorption cross-section as the fuel rod."”  Another technique was based on the measurement
of the buckling coefficient of reactivity.’” The measured Peff values are compared in Table 1. The
good agreement is found in these values. These data can be used to evaluate the delayed neutron data
in JENDL-3.2.

An integral experiment for FP nuclides was carried out to validate the FP cross-section data
since the accurate estimation of FP nuclides reactivity effects are needed in burn-up credit calculation,*?
In the experiment, the reactivity worth of solution containing FP nuclides was measured. The
calculation was carried out using the SRAC code for the cell calculation and the TWOTRAN code for
the flux calculation."® In this calculation, the JENDL-3.2 library was used except for Er. The
ENDF/B-V library was used for Er. Figure 5 shows the comparison of the reactivity worth between
calculation and measurement. The calculated reactivity worths for FP nuclides with JENDL-3.2
agree well with experiments except for Er. In the Er sample, the calculation overestimates the
measured values.



JAERI-Conf 99-002

4. Future Experimental Program in FCA and TCA
The experimental programs in next 5 years in both facilities are planed. In FCA,
- Mock-up experiments of GEM (Gas Expansion Module) for the prototype fast reactor
- Basic experimental study for ADS (Accelerator Driven Subcritical System)
- Mock-up experiment for the nitride fueled fast reactor
- Integral experiment for the minor actinides (2nd phase)
- Doppler effect measurements of Th, W and Er.
And in TCA,
- Kinetics experiment focused on the spatial dependency
Critical experiment for the advanced LWR
- Critical experiment for the MOX fueled high-conversion LWR
- Experiment on criticality safety for storage and transportation of nuclear fuels
- Integral experiment for FP nuclides.
The main reactor physics parameters, such as criticality, reaction rate ratio, etc., are measured
to know the core characteristics. A set of these data and their analysis will be useful to validate the
nuclear data.

5. Conclusion

Both critical facilities in JAERI, FCA and TCA, have been operated for more than 30 years to
provide integral data for evaluation of nuclear data as well as for development of various types of
reactor. A variety of integral data has been measured in these facilities and contributed to the
evaluation of nuclear data through their analyses. From the recent analysis, it was pointed out that
the capture cross section of U in resonance energy range is small in the JENDL-3.2 library. These
data are to be used for the reevaluation work of JENDL-3.3 library.

Future experimental programs in both facilities were also shown. In these programs the main
reactor physics parameters, such as criticality, reaction rate ratio, etc., will be measured. These
measured data can fill up the data base of the integral data for the evaluation of nuclear data.

References

(1) Hirotal.: JAERI 1289 (1984).

(2) Tsuruta H. : JAERI 1254 (1977).

(3) Mukaiyama T., Obu M., Nakano M., et al.: Proc. Int. Conf. Nuclear Data for Basic and Applied
Science, vol. 1, p.483-488, (Santa Fe, 1985).

(4) Okajima S., Mukaiyama M., et al.: Proc. Int. Conf. Nuclear Data for Science and Technology,
p-983-986, (Mito, 1988).

(5) Okajima S.: Proc. of Int. Conf. on the Physics of Reactors PHYSOR 96, E-247 - E-254, (Mito,
1996).

(6) Okajima S., Sakurai T., Mukaiyama T.: Proceedings of the 1996 Symposium on Nuclear Data,
JAERI-Conf 97-005, p.71-76, (1997).

(7) Sakurai T., Okajima S., et al.: Proc. of Int. Conf. on the Physics of Nuclear Science and
Technology, 182-189, (Long Island,1998).

(8) Nakajima K., Akai M., et al.: J. Nucl. Sci. and Technol., 31, 1160, (1994)

(9) Nakajima K.: Proceedings of the 1994 Symposium on Nuclear Data, JAERI-Conf 95-008, p.137,
(1995).

(10) Nakajima K.: Private communication (1998).

(11) Suzaki T.: Proc. of 1996 Fall Meeting of AESJ, A29, (1996).

(12) Komuro Y., Suzaki T, et al.;: JAERI-Research 97-088 (1997).

(13) Sakurai K., Yamamoto T.: J. Nucl. Sci. and Technol., 34, 202, (1997).



JAERI-Conf 99-002

Table 1 Comparison of Beff values measured in TCA standard core, 1.83U

Beff values
Method A* : 0.00767 £0.00017 (C/E=1.02)
Method B : 0.00754 £ 0.00012 (C/E=1.03)

Calculation** : 0.00780

Method A : Substitution method
Method B : Method based on buckling coefficient of reactivity

*  Preliminary results
**  SRAC (CITATION, 17Gr, X-Y) + JENDL-3.2

1.020 — T
—e— JENDL-32
1.015 - ; — o -Modified JENDL-3.2* |
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Core name

Fig. 1 C/E values of criticality (keff value) in FCA IX cores
( Calculation was carried out by MVP code)
* Cross section data of U-235 was replaced from JENDL-3.2 to JENDL-3.1
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3.1 Measurements of Double-Differential Neutron Emission Cross Sections
of ¥3®U and #?Th for 2.6 and 3.6 MeV Neutrons

Takako MIURA, Mamoru BABA, Masanobu IBARAKI, Toshiya SANAMI,
Than Win, Yoshitaka HIRASAWA, and Naohiro HIRAKAWA
Department of Quantum Science and Energy Engineering, Tohoku University
Aramaki-Aza-Aoba 01 , Aoba-ku, Sendai, 980-8579, Japan

Double-differential neutron emission cross sections (DDXs) of 238U and ***Th were
measured using the time-of-flight (TOF) method for 2.6 and 3.6 MeV neutrons. The data for
~3 MeV incident neutrons are required because of a large change of the spectra from
discrete to continuum between 2 MeV and 4 MeV. The present data show that discrete
structures consisting of Ex~0.7 and ~1.0 MeV groups of excited states are dominant in 2.6
MeV, while a continuum is major in 3.6 MeV.

1. Introduction

2381J and %3?Th are one of the main constituent elements in breeder reactors. The
energy spectra of scattered neutrons from ***U and #**Th, therefore, are of great importance
to evaluate the slowing down of neutrons in the reactors and to neutronics-design of the
reactors. However, experimental data of secondary neutron spectra of ?*®U and **Th are
very scarcely. Hence large differences exist among the evaluated data.

In our previous works, the double differential neutron emission cross sections
(DDXs) of 23U and #?Th were measured for 1.2, 2, 4, 6, 14 and 18 MeV neutrons /1//2/. In
the present work, the DDXs were measured for 2.6 and 3.6 MeV neutrons using the time-
of-flight (TOF) method following our previous works. The data around 3 MeV incident
energies are required because a large change of the spectra was found between 2 and 4
MeV.

2. Experiment

Main Detector
5”-diamx2”-thick NE213

Paraffin

CITITINTS,

Paraffin/ Water/”  Lead\

{
Shadow-Bar “~\;‘§:47
Monitor Detector Water

2”-diamx2"-thick NE213

Fig.1 Experimental geometry
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DDXs of 28U and 2%2Th for 2.6 and 3.6 MeV neutrons were measured using the
TOF method at Tohoku University 4.5 MV Dynamitron facility. The experimental
arrangement is shown in fig.1. Primary neutrons of 2.6 and 3.6 MeV were produced by the
T(p,n) and D(d,n) reaction using a Ti-T and D, gas cell (lcm-diam X 1.5cm-long, latm)
target, respectively. In the 2.6 MeV source neutron spectrum, contaminant neutrons lower
than 1.2MeV were found with an intensity of ~17 % fraction to the primary neutrons. The
effect of the contaminant neutrons was corrected for based on a Monte-Carlo calculation /3/.
Scattering samples were metallic cylinders of elemental uranium and thorium, 2-cm-diam
X 5-cm-long, and encased in 0.5-mm-thick aluminum cans. An empty aluminum-can was
used for the background measurement. The neutron detector was a massively shielded
NE213 scintillator, 12.7-cm-diam X 5.1-cm-thick, and the flight path was ~4 m. Neutron
spectra were measured at 6 angles between 30° and 145°. A monitor detector of a NE213
scintillator, 5.08-cm-diam X 5.08-cm-thick, measured the spectrum and intensity of source
neutrons at ~40° relative to the incident beam. This detector was shadowed from the
samples to avoid radiations from the uranium and thorium samples. Three-parameter data
for TOF, pulse-shape (n-y ) and pulse-height were collected in a list mode. Absolute cross
sections were determined relative to the H(n,n) cross section by measuring a polyethylene
sample. A curve of relative efficiency was determined by measurement of the fission
neutron spectrum from 22Cf and calculation of SCINFUL-code /4/.

3. Data Reduction

The TOF spectra for 2.6 and 3.6 MeV incident neutrons are shown in fig.2 and fig.3,
respectively. Foreground spectra and a background spectrum were normalized using counts
of the monitor detector. The TOF spectra were converted into energy spectra considering
the relative efficiency. The energy spectra were corrected further for the effects of sample-
dependent backgrounds and finite-sample-size by a Monte-Carlo calculation /3/.

T T T T T T ]0.! T T T T T T T
En=2.6MeV Angle=60deg. 3 %é’ En=3.55MeV Angle=60deg. 3
238 pe a
—2% (foreground) o £ ¥ (foreground -
| <e=ees 2 32Th(f0reg0und) 2 ¢ g .\3] 0 L----s 2 32Th( (forggroun&) v
~-- A l-can (background) E’ E ; ‘ § -------- Empty Al-can (background)
a7 = Q
3 ¢— : g
i
g
5
| 3
‘ =10
. =
Lyt c
: >~
.| s " L . L ]0"
300

500 600 700
TOF [ channel ]

Fig.2 TOF spectra for En=2.6 MeV at 60°
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Fig.3 TOF spectra for En=3.6 MeV at 60°
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3. Result

Figure 4 and Fig.5 show the present DDX results for 2.6 and 3.6 MeV incident
neutrons in comparison with the evaluated nuclear data, respectively. 28U and #?Th are
even-even nuclei with close atomic numbers. For this reason, they show similar structures
of excited states around Ex~0.7 and ~1 MeV due to vibration levels. In the spectra for 2.6
MeV, the discrete structures of Ex~0.7 and ~1 MeV groups are distinct, while in the case of
3.6 MeV, the spectra change to continuous. For 238U, the data of JENDL-3.2 are fairly close
to the present data, but for 23?Th, the data of both JENDL-3.2 and ENDF/B-VI
overestimate the excitation of Ex~0.8 and ~1.2 MeV groups in both incident energies.

Figure 6 and fig.7 show angular distributions of the elastic group (0%, 2%, 4*, 6*) for
2.6 and 3.6 MeV incident neutrons, respectively. For 233U, both the evaluated data are in
agreement with the present data. For 2*2Th, the data of JENDL-3.2 is slightly different

from the present data in the distribution.

(1] M. Baba et al, J. Nucl. Sci.and Technol., 27 (1990) 601-616.

[2] S. Matsuyama et al,, JAERI-M 91-032.

[3] M. Baba et al.,, Nucl. Instrum. and Methods A372 (1995) 354-365.
[4] V. V. Verbinski et al., Nucl. Instrum. and Methods A65 (1968) 8.
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3.2 Measurement of Capture Cross Section of Dy and Hf
in the Energy Region from 0.003 eV to 10 eV

°Hyun-Je Cho!, Katsuhei Kobayashi', Shuji Yamamoto®, Yoshiaki Fujita’,
Guinyun Kim?, Jonghwa Changs, Seung Kook Ko*

1. Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka, 590-0494, Japan
2. Pohang Accelerator Laboratory, POSTECH
San 31, Hyojadong Namgu, Pohang, 790-784, Korea
3. Korea Atomic Energy Research Institute, KAERI
P.0.Box 105, Taejeon, 305-600, Korea
4, Department of Physics, University of Ulsan
San 1, Moogedong, Namgu, Ulsan, 680-749, Korea

Applying a detector assembly of BijGesO12 (BGO) scintillators (each size: 5X5
cm®, 7.5 cm thick) to prompt capture gamma-rays measurement as a total
energy absorption detector, the absolute measurement of capture cross sections
of nat-Hf and nat-Dy has been made in the energy region from 0.003 eV to 10
eV by the linac time-of-flight (TOF) method using a 12.7 m station. Incident
thermal neutron flux was absolutely determined by using the BGO detection
system with a Sm sample. To extend the neutron flux measurement from the
thermal neutron region to higher neutron energies, the 1OB(n, @7) reaction was
applied. Absolute capture yield for the sample was obtained by the saturated
capture yield at a large resonance of the sample. The inside of the through-hole
in the BGO detection system is covered with SLiF tiles of 3 mm in thickness,
which are useful to shield neutrons scattered by the sample below 100 eV. The
effects by the scattered neutrons at higher energies have been investigated
using a graphite sample.

The measured capture cross section of Dy shows good agreement with the
existing experimental data and the evaluated data in ENDF/ B-VI. The present
values of Hf are also in good agreement with those of the previous data and
the JENDL-3.2 and ENDF/B-VI data.
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[ . Introduction

Dysprosium (Dy) and hafnium (Hf) are promising absorbing materials for

-3} and are often used as activation foils for

control rods of thermal reactors
neutron dosimetrym. The neutron capture cross sections of these samples are of
great importance for design and development of nuclear reactors. In the past,
many capture cross sections have been investigated experimentally and

(5~ Below thermal neutron energy region, Knorr and Schmatz™

theoretically
derived the capture cross section of Dy using the neutron transmission data.
Widder'” measured the data between 0.1 eV and 2 eV by using a Moxon-Rae
detector. For Hf, Blair obtained the capture cross section between 0.01 and 0.8
eV, These evaluated data are given in JENDL- 3.2"% and ENDF/B-VI™®,
Much effort has been spent to overcome the various difficulties in the
measurement, especially in the resonance energy region. According to the
Nuclear Data Request List!

the thermal and resonance energy regions. Therefore, it is still necessary for us

, accuracy of 5 % is requested for both reactions in

to measure and improve these capture cross sections using the recent
experimental techniques.

This paper describes the absolute measurement of neutron capture cross
sections of Dy and Hf using the BGO detection system as a total energy

50 In order to determine the neutron flux

absorption detector as we did before
impinging on the sample, the neutron detection efficiency was calibrated by a
Sm sample and/or a °p sample at thermal neutron energy. The p sample was
employed to measure the energy dependent neutron flux. The detection
efficiency of the capture events for the BGO detectors was obtained by the

d[15]

saturated yield metho . Finally, the measured results are compared with the

existing experimental data and the evaluated cross section values in
JENDL-3.2" and ENDF/B-VI'¥,

1. Experimental Method

1. Samples

The Dy and the Hf samples were a metallic plate 1.8X1.8 cm® (purity was
99.9 %) and the thickness was 0.025 mm, respectively. The sample was set at
the center of the through-hole of the BGO detection system. To measure the
absolute thermal neutron flux, we used a metallic plate of Sm (99.8 %), 1.8X1.8
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cm® and 0.5 mm thick. Boron-10 sample (powder in a thin Al case of 1.8X1.8
em® and 0.5 mm in thickness) was also employed to measure the energy

dependent neutron flux as we used before' ™.

2. Experimental Arrangement

The experimental arrangement is almost same as before™™. The flight path
used in the experiment was in the direction of 135° to the linac electron beam.
Photoneutrons from the water—cooled Ta target hit a capture sample placed at
the distance of 12.7 m from the target. The neutron collimation system was
mainly composed of B4C, CHi, LizCOs and Pb materials, and tapered from about
12 ¢cm in diameter at the entrance of the flight tube to 1.5 ¢m at the detector.
The neutron intensity during the time-of-flight (TOF) experiment was
monitored by a BF3; counter placed in the neutron beam.

3. Pulsed Neutron Source

Fast neutrons, which were produced by the 46 MeV linac at the Research
Reactor Institute, Kyoto University (KURRI), were moderated by an octagonal
water tank, 30 cm in diameter and 10 cm thick. The operating conditions of the
linac were as follows; the repetition rate of 40 Hz the pulse width of 3 us, the
electron energy of 30 MeV and peak current of 0.4 A.

4. Data Acquisition

Output signals from the BGO detectors were led to the coincidence circuit,
by which the signal-to-noise ratio could be improved. In case of the °B
sample, the conventional TOF measurement (anti-coincidence method) was
made, because the 10B(n, @ r) reaction had no cascade gamma and emitted a
single gamma-ray of 478 keV. The detailed description of the TOF
measurement and the data taking is seen in the previous paper[15].

In case of the background measurement, a thick °B plug (1.11 g/cmz) was

placed before the BGO detection system to black out the neutron beam.

. Results and Discussion
Absolute measurement of the capture cross section was performed through the

flux determination with thermal neutrons, calibration of the BGO detection
efficiency for capture gamma-rays, derivation of the capture yield, and the
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correction for capture yield. The measured neutron capture cross sections of Dy
and Hf are shown in Figs. 1 and 2. The experimental uncertainties are in the
range of 2.5 to 6.2 %, which are mainly due to the statistical ones and the
systematic errors in the background subtraction, the standard cross section of
the °B(n,a r) reaction, the correction for multiple scattering, neutron self-
shielding, gamma-ray self-absorption, variation of the incident neutron energy
spectra and deviation of the detector efficiency from linearity.

Figure 1 shows the measured result of Dy. The capture cross sections
measured by Widder™ is in good agreement with the present values. Theoretical
results by Knorr and Schmatz® at lower energy region seem to be a little
higher than the measurement. The ENDF/B-VI data are close to the present
value not only at the off-resonance but also at the resonance energy region.

The data obtaibed by Blair™®” is in good agreement with the present
measurement, as shown Fig. 2. The evaluated data in JENDL-3.2 and ENDF/B-
VI show good agreement with the measurement.

In the resonance energy region, the resonance parameters have to be
investigated by analyzing the measured data with a computer code, in future.

V. Conclusion

The capture cross sections of Dy measured by Widder is in good agreement
within the uncertainties with the present measurement. However, Knorr and
Schmatz gave a little higher values below 0.005 eV. The ENDF/B-VI data show
general agreement with the present result. In case of Hf, the data by Blair is in
good agreement with the present measurement. The evaluated data in JENDL-
3.2 and ENDF/B-VI are in general agreement with the present.

The data measured in the resonance energy region should be analyzed to get
the resonance parameters in future.
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Fig. 1. The capture cross section of Dy between 0.003 and 10 eV.
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Making use of a back-to-back type double fission chamber and Kyoto
University Lead slowing-down Spectrometer (KULS) driven by a 46 MeV electron
linear accelerator (linac) at the Research Reactor Institute, Kyoto University (KURRID),
the neutron- induced fission cross section of Pa-231 has been measured from 0.1 eV up
to 10 keV with energy resolution (FWHM) of about 40 %. The cross section of the
25U(n,f) reaction in ENDF/B-VI was used as a reference one for the measurement of
the fission cross section. The measured result has been compared with the evaluated
data in ENDF/B-VI, JENDL-3.2 and JEF-2.2, whose data were broadened by the
energy resolution of the KULS.

1. Introduction

Protactinium(Pa)-231 is one of the most interesting nuclei which are related
to the production of U-232 in the 22Th-2**U fuel cycle"®. The fission phenomena,
fission energy and mass distributions for the neutron-induced fission of Pa-231 have
been investigated®®.  Although several measurements of the #*'Pa(n, f) cross section
have been reported at higher energies, the fission cross section has rarely been
measured in the lower/resonance energy region®.  One of the reasons may be due to
sub-barrier fission which results in a low fission cross section. In addition, Pa-231 is
a radioactive actinide element. Then, the pure sample and an intense neutron
source are required to overcome the severe experimental conditions for the fission cross
section measurement.

Wagemans et al. measured the thermal neutron-induced fission cross section
of Pa-23167,  Leonard et al. made the cross section measurement at 20 energy points
between 0.37 eV and 0.52 eV®. No experimental data has been obtained in the
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energy range of thermal neutron to 100 keV except for those measured by Leonard et
al. The evaluated fission cross section data are stored in ENDF/B-VI®, JENDL-
3.249 and JEF-2.209 The ENDF/B-VI and the JEF-2.2 data are markedly
discrepant from the JENDL-3.2, especially above about 10 eV.

In the present study, we measure the neutron-induced fission cross section of
Pa-231 in the range of 0.1 eV to 10 keV relative to that of the 2**U(n, f) reaction by
making use of a back-to-back (BTB) type double fission chamber"? and a lead slowing-
down spectrometer™® coupled to the 46 MeV electron linear accelerator (linac) of the
Research Reactor Institute, Kyoto University (KURRI). Below 1 keV, the relative
measurement to the °B(n, o) reaction has been done with a BF; counter, as before!!4!®.
The result obtained is compared with the data evaluated in ENDF/B-VI, JENDL-3.2
and JEF-2.2,

2. Samples and Fission Chamber

2.1. Chemical Purification of Pa-231

We have purified the Pa-231 sample by an anion-exchange method from the
daughter nuclides, before we proceed to make the electrodeposited layer. The stock
solution of Pa-231 in 9M HCI was loaded to a column packed with anion-exchange
resin (DOWEX-1 X 8 of 400 mesh), and the column was rinsed with about 10 columns
of volume of 9M hydrochloric acid to wash out the daughter nuclides. Then, Pa-231
was quantitatively eluted with 9M hydrochloric acid containing 0.1 M hydrofluoric acid.
We have repeated twice the procedures dissolving the Pa-231 sample with nitric acid
and making it dry by evaporation. The dried-up sample was dissolved in a few m¢ of
2-methyl-propanol. By using this solution for non-aqueous electrolysis, Pa-231 was
electrodeposited onto an aluminum plate of cathode under 400 V bias for 20 minutes.

2.2. Number of Pa-231 and U-235 Atoms

The amount of Pa-231 deposited was determined by analyzing the «
spectrum having energies in the range of 4.74 to 503 MeV. Considering the
detection efficiency, the « intensities and the half-life, the number of the Pa-231
atoms was found to be (3.32+0.09)x10', The uncertainties were estimated by
taking account of (a) counting statistics of the a measurement, (b) geometrical
detection efficiency, and (c) uncertainty in the decay data used.

For highly enriched uranium sample (U-235: 99.91%), we also employed the
electrodeposited layer which we used in the previous measurement"®. The number
of the U-235 atoms was determined to be (2.81*0.03)x10® by analyzing the «
spectrum at energies of 4.152 to 4.597 MeV.

2.3. Double Fission Chamber
An ionization chamber with two parallel plate electrodes has been employed

for the current measurement. Since the back-sides of the Pa-231 and the U-235
deposits face each other, it is called a back-to-back (BTB) type double fission
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chamber?. The chamber is made of aluminum and is 40 mm in diameter, 39 mm in
length, and the wall thickness of the chamber is ~2 mm®*!®,  The fission chamber
is filled with a mixed gas of 97 % Ar and 3 % N, at a pressure of 1 atm. The fission
chamber collects most of the energy of the fission fragments but not those of the «
particles, in order to get good discrimination between pulses of o particle and fission
fragment.

3. Lead Slowing-down Spectrometer

A lead slowing-down spectrometer has been installed in coupling to the 46
MeV linac at KURRI. This Kyoto University Lead Slowing-down Spectrometer
KULS)"? is composed of 1600 lead blocks (each size : 10 x 10 x 20 cm?, purity : 99.9 %)
and the blocks are piled up to make a cube of 1.5 x 1.5 x 1.5 m? (about 40 tons in
weight) without any structural materials. The KULS is covered with Cd sheets of
0.5 mm in thickness to shield it against low energy neutrons scattered from the
surroundings. At the center of the KULS, an air-cooled photoneutron target of Ta is
set to generate pulsed fast neutrons.  One of the experimental holes in the KULS is
covered by Bilayers of 10 to 15 cm in thickness to shield from high energy capture v -
rays (6 to 7 MeV) produced by the Pb(n, v) reaction in the spectrometer.

Characteristics of behavior of neutrons in the KULS have been studied by
experiments using the resonance filter method"®. The slowing-down constant K in
the relation of E=K/t?> was determined to be 190+2 (keV - 1 §?) for the bismuth hole in
the KULS"® by the least squares method using the measured relation between the
neutron slowing-down time t in u s and the average neutron energy E in keV.,  The
energy resolution for the experimental holes was also deduced from the measured data
to be about 40 % at energies between a few electron-volts and about 500 eV and was
worse than that below a few electron-volts and above about 500 eV"®.  The relation
between the neutron slowing-down time and the energy, and its energy resolution were
also verified by Monte Carlo calculations®?.

4. Measurement and Analysis
4.1. Fission Ratio Measurement

The energy-dependant cross section of the **'Pa(n, f) reaction is given by the
following relation :

Cra(E) Ny
CU(E) NPa

g Pa(E) =

g U(E) ’ (1)

where, Cp,(E); fission counts of Pa-231 at energy E,
Cy(E) ; fission counts of U-235 at energy E,
Ny ; number of U-235 atoms in the U-235 deposit,
Np, ; number of Pa-231 atoms in the Pa-231 deposit,
0 y(E) : energy-dependent reference cross section of the 2*U(n,f) reaction.
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The fission cross section of U-235 is a well-known reference cross section and has been
used to determine the neutron flux in the current measurement. The cross section
values of ¢ y(E), whose data were broadened by the resolution function of the KULS,
were taken from ENDF/B-VI®. The typical operating conditions that the KULS was
driven were as follows ; the pulse repetition rate was 240 Hz, the pulse width 22 ns, the
electron peak current ~1 A, and the electron energy ~31 MeV. After the
measurement for more than ~30 hours, the deposited layers of Pa-231 and U-235 in
the BTB chamber were interchanged, and another measurement was made for ~45
hours. A background run was carried out without the sample deposits. It was
found that the effect of the background-counts was ~0.2 % at most in the cross section
values as those in the previous experiments®4!®.

4.2. BF, Counter

Below 200 eV, there exist strong neutron resonance peaks in the fission cross
sections of Pa-231 and U-235. Therefore, we have employed the °B(n, o) cross
section that shows a smooth and a good 1/v energy dependence in the relevant energy
region. The '"B(n, o) reaction is a well-known standard cross section and is often
applied to cross section measurements as a reference®. In order to measure the
energy-dependent neutron flux in the resonance energy region, a BF; counter was
placed in the bismuth hole of the KULS instead of the BTB chamber, as we did
before419),

4.3. Electronics and Data Taking

Two identical electronic circuits were employed for the fission-count
measurements by the Pa-231 and the U-235 layers in the BTB chamber, as we did
before"*'®.  Through the amplifiers and the discriminators, signals from the
chamber were fed into a time digitizer, which was initiated by the linac electron burst.
Two sets of 4096 channels with a channel width of 0.5 us were allotted to the
slowing-down time measurements for the BTB chamber. Pulse height distributions
of the fission events were measured together with the slowing-down time
measurements.

For the relative measurement to the '°B(n, @) cross section, output signals
from the BF; counter were also fed to the time digitizer through the amplifiers and the
discriminators, and were stored in almost the same way as for the measurement with
the BTB chamber.

5. Results and Discussion

Making use of the BTB chamber and the KULS, the cross section of the
231Pa(n, f) reaction was measured relative to that of the 2**U(n, f) reaction at energies
from 0.1 eV to 10 keV. In the resonance energy region below 1 keV, the fission cross
section was also measured relative to the °B(n, @) cross section to avoid the resonance
interference between Pa-231 and U-235, and the result was normalized to the absolute
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value of the Pa-231 fission cross section determined relative to the 2*U(n, f) cross
section between 200 eV and 1 keV.  The cross section data were obtained by summing
up the slowing-down time data in intervals of ~0.12 lethargy width.

Since the Pa-231 sample was chemically purified and was almost free from
impurities, no correction was made for the impurity effect. = The experimental
uncertainties are in the range from 4 % to 40 %, and the major uncertainties are due to
the statistical error(2~40%), the error in the reference cross section(~2%) and the
number of the Pa-231 and U-235 atoms(2.9%).

The cross sections measured by Leonard et al. are in the range from 30 to 200
mb at 20 energy points between 0.37 eV and 0.52 eV, while the current data show 52 to
64 mb with the uncertainties from 4.7 to 54 %. Figure 1 shows the current
measurement and the evaluated data in ENDF/B-VI, JENDL-3.2 and JEF-2.2, whose
data are broadened by the resolution function of the KULS. The ENDF/B-VI and the
JEF-2.2 data almost overlap above 0.1 eV and the later is slightly lower than the
former below 0.1 eV.  Although the ENDF/B-VI values are in good agreement with
the measurement below 4 eV, they are higher near the bump of 5 eV and above about
20 eV obviously.  To the contrary, the JENDL-3.2 data are lower than the measured
result above about 100 eV as the neutron energy increases.
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Fig. 1 Comparison of the measured result and the evaluated data
in ENDF/B-VI, JENDL-3.2 and JEF-2.2, whose values are
broadened by the resolution function of the KULS.

6. Conclusion
The cross section of the 2*'Pa(n, f) reaction has been measured from 0.1 eV to

10 keV relative to that of the 2°U(n, f) reaction, making use of the BTB-type double
fission chamber and the lead slowing-down spectrometer KULS at KURRI. No
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experimental data has been measured before in the energy region from thermal
neutron energy to 100 keV except for those by Leonard et al. at energies between 0.37
eV and 0.52 eV. The evaluated data in ENDF/B-VI and JEF-2.2 are in general
agreement with the current measurement below 4 eV and are much higher above 20
eV. The JENDL-3.2 data are much lower than the measurement above 100 eV.
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Key precursor data in aggregate delayed-neutron calculations
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The reactivity calculations with the delayed neutron (DN) six-group parameter sets in
ENDF/B-VI were reported to give significant underestimates for long period (tens of seconds).
The parameter sets were obtained form the summation calculations with ENDF/B-VI fission
yields and decay data files. In this paper, we try to identify the precursor data that cause the
significant underestimates. Because of the relatively long time scale, we examine the DN
activity after infinite irradiation, and find that the summation calculation gives significantly
smaller DN activity at about 30 s than the currently used six-group parameter set by Tuttle,
although this feature does not looks important for the DN activity after a fission burst. From
the time dependence of the DN activity, we find that the fission yields of 8Br, *°Te, and '*"1
are the most probable sources for the underestimate. Furthermore, in order to achieve the
required precision (5 %) for the DN activity, it is also necessary to perform precise
measurements of their Pn values.

1. Introduction

The delayed-neutron six-group parameter sets in ENDF/B-VI were derived from
delayed-neutron (DN) summation calculations for the first time. However, reactivity
calculations with these parameter sets were found to give appreciable underestimates for long
period (tens of seconds) compared with the sets obtained from macroscopic measurements [1].
In this paper, we examine the summation calculations and identify precursor data responsible
for the underestimate.

First, we examine the DN activity after infinite irradiation, N (f), because the
irradiation time in a operating reactor is essentially infinite compared with half lives of DN
precursors. Second, we examine the difference between the summation calculation and
Tuttle’s evaluation obtained from macroscopic measurements. From this analysis, we identify
precursor data ( fission yields and decay data ) relevant to the underestimates.

2. Analyses

The summation calculation with ENDF/B-VI fission yield and decay data is
compared with Tuttle’s evaluation [2][3] obtained from macroscopic measurements. As
shown in Fig.1 , the difference between the two evaluations are evident for N(f) at about 30 s,
although the deviation is not so clear in the activity after a fission burst (Fig.2). Here, the
definitions of the irradiation conditions are shown in Fig.3. This behavior of N(f) must be
responsible for the underestimate for long periods (tens of seconds) in reactivity calculations.
We define AN () as the difference of the DN activity between the summation calculation and
Tuttle’s evaluation, and examine it in detail.
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The difference A N (f) stems most probably from DN precursors whose half lives
are about 30 s with large DN yields. The DN yield of precursor i after infinite irradiation, N,
is given by

ni * si ¢

where P, is the delayed-neutron emission probability of nuclide i. The quantity Y, can be
regarded as the “cumulative fission yield” of precursor i for infinite irradiation. It is defined,
with the usual cumulative fission yield Y, and the decay constant A ;, as

Y=Y,/ +ij—>ich//1j
i

Here, b;_; is the branching ratio decaying from nuclide j to i. Figure 4 shows the DN yields

from individual precursors after infinite irradiation. From this figure, we see that
7, Br,®*Br,**1 and *°Te are possible sources of the difference AN (¢).

We assume that the sources of AN (f) are erroneous independent fission yields and/or
Pn values since the decay constants of the five precursors are precisely known as shown in
Fig. 5. As for AN(#), we neglect buildup of the precursors decaying from parent nuclides
because the fission yields of the parents are sufficiently small. To identify the erroneous data,

we fit AN (¢) to the following function
X7 -At
AN, (6)=D ae™.
i

Here, A,’s are the decay constants of the five precursors, and g;’s are fitting parameters. As
shown in Fig. 6 , this fitting works well especially for 2%y, for which AN (1) takes large
values. Then, the deficit of the total DN yield in the summation calculation can be written as

[ AN dr =32
0 i A’i
Hence, the deficit of the DN yield from precursor i is given by a;/ 4 ;.

Figure 7 shows the DN yields (A) and the obtained deficits (B) of the five precursors.
For ®¥Br and *®Te , the sum of their DN yields are also shown because their half lives are too
close to obtain g; values separately in the fitting. From this figure, we see that the DN yields
from **Br, *®Te, and "*'I are substantially different between the summation calculation and
Tuttle’s evaluation. Unfortunately, the AN (¢) value is found too large to be explained by
uncertainties of precursor data given in ENDF/B-VI] [4]. However, the most probable sources
of the underestimate must be their fission yields because of their large uncertainties (23 % for
88Br and 136Te, 8 % for 137I) as shown in Fig. 8. We also note that the uncertainties of their Pn
values are also relatively large (6-9 %, see Fig.9) compared with the required precision (5 %)
for N(#). Actually, the latest evaluation in Table of Isotopes (8th ed.) gives slightly different
Pn values with larger uncertainties than ENDF/B-VI.
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3. Conclusion

The underestimate in the reactivity calculation with ENDF/B-VI must be attributed to
behavior of N(t) at about 30 s. The fission yields of 88Br, 136Te, and '*"I are the most probable
sources for the underestimate so that much higher precision is required for these values.
Furthermore, in order to achieve the required precision (5 %) for N(1), it is also necessary to
perform precise measurements of their Pn values. Therefore it is highly desirable to improve
the fission yields and Pn values of 88Br, l36Te, and "L
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3.5 Decay Heat Calculation for Minor Actinides in the Hybrid Method

H. Takeuchi, K. Oyamatsu, Y. Kukita
Department of Energy Engineering and Science, Nagoya University

For evaluation of decay heat from the fission of minor actinides (MAs) we are currently
forced to rely only on summation calculations since there has been no direct measurement for these
nuclides. In this paper, we use an alternative approach (named “hybrid” method) to evaluate the MA
decay heat power using the measured decay heat powers for major actinides at YAYOI. Results for the
fast fissions of Z"Np, *'Am, **Am, **Cm and **Cm are in support of the summation calculations for
B decay heat, but suggest notable uncertainties in y decay-heat summation calculations.

1. Introduction

There is a growing need for accurating evaluation of decay heat from the fission of minor
actinides (MA) since increasing efforts are being made for realization of MA burner. However, at
present only summation calculations are available for this purpose because no direct measurement has
been performed for these nuclides. In this paper, decay heat powers from the fast fissions of *Np,
1Am, **Am, *Cm and **Cm are calculated in an alternative approach, called hybrid method[1, 2], in
which we utilize measured decay heat powers of Th, U and Pu isotopes, to examine the reliability of
the summation calculations.

2. Hybrid method

The method used in this paper is based on the fact that the decay heat power is a linear
function of the independent fission yield. In the matrix representation of the summation method, we
can express the decay heat power , P, with a vector of independent fission yield, y, as

P=EAexp(Ab)y, 1)
exp(At)=l+At+%(At)’+---, (/: unit matrix) )

where A and A, represent matrices with decay constants,

A b A byt -4 0 - 0
P L L As 0 A4 - 0 (3)
bl—ol\l‘j'l bz-.N'Aa T ‘qw 0 0 T j’" R

respectively. In these matrices, A, and b,_., are the decay constant of nuclei &, and branching ratio from
nuclei j to nuclei £, respectively. The vector E is the average decay energy vector defined as

E=(E E - E) G}

In the hybrid method, we start with writing y for a given fissioning system as a linear
combination of yield vectors of other N fissioning systems, y,***yn,

y=aytaytrayntye, 5)

where y, is the residual vector. The values of the coefficients, a,, are chosen to minimize |yg|,
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y-y»=q |y1 |2 ta .y, y tetay v

|yR |=min o y'yz=aly|'yz+az!y2 |2 +t+a.y, -y, (6)

Y ye=ay y.ray, y,+taly, .

so that,
-1
a, Il oy o yen) (Y
a, - Yo ), lyz |2 SRR SV y-y (7)
ay ViV Yo Vy lyN lz Y Yx A

The above-mentioned linearity leads to the following expression for the decay heat power, P,
with the same coefficients, g,, as obtained from (7),

P=a,P+a,P+ - +ayPyt+Ps. ®

Here, P, denotes the decay heat power of fissioning system i. The residual term P, can be calculated in
the summation method using the yield vector y,. Note that P, is expected to be small because |y| has
been minimized. We thus can evaluate P for such nuclides as MAs, for which no reliable measurement
data exist, by using integral measurement data P; for other fissioning systems.

We summarize the nuclear properties required for decay power evaluation with the hybrid
method, the summation calculation and the integral measurement in Table 1. The accuracy of the
summation calculation fully depends on the accuracy of the decay data whilst the hybrid method uses
decay data only in the calculation of the small residual term P,

3. Results

The decay heat powers of *’Np(F), *! Am(F), ** Am(F), **Cm(F) and **Cm(F) have been
calculated in the hybrid method using the decay heat powers of **Th(F), Z*U(F), **U(F), ®*U(F),
#Py(F) measured at YAYOL. Here, the symbol “F” stands for the fast fission. We get the following
five equations from Eq. (8),

P("Np)=a,PC*Thy+a,P("Uy+a,P(**Uyta,P(**U) +a;P(*"Pu) +Py*"Np), ©

PC* Am)=b,P(**Thy+b,P(**Uy+b,P(**Uy+h P(**U) +b,P(**Pu) +P4(**' Am), (10)
P(®Am)=c,P(**Thy+c,P(PUyte,PCPU)+e P(PPU) +c,P(**Pu) +Po(** Am), an
P(*Cm)=d,P(**Thy+d,P(PUYd,P(**U)+d P(**U) +d,P(*Pu) +P,(**Cm), (12)
P(¥Cm)=e,P(**Thy+e,P( Uyte,P(**Uyte P(**U) +e,P(*"Pu) +P(*Cm). (13)

The fission yields and decay data of ENDF/B-VI have been used to calculate the values of
coefficients a,, b, ¢, d, and e; from Eq. (7) and then to obtain y, and P;. As shown in Table 2, the
coefficients are all positive for *’Np(F), but take also negative values for **' Am(F), **Am(F), **Cm(F)
and **Cm(F). We see from Table 2 that the offsets due to the negative terms are significant.

The decay heat power from *’Np(F), *'Am(F), **Am(F), **Cm(F) and **Cm(F) are shown
in Figs. 1 through 5. The linear combination of measurement data, in the right hand side of Egs. (9)
through (13), amounts to about 90% of the total estimated decay power for each fissioning system as
listed in Tables 3 through 7. Therefore the present results could be taken as almost independent of
summation calculations. The present results are compared with the summation calculations in Fig. 6.
For B decay heat, the hybrid and summation calculations agree reasonably within the uncertainties in
summation calculations (3~5 % [4]). However, for Y decay heat the hybrid calculations differ
appreciably from the summation calculations beyond their uncertainties (4~8 % [4]).
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4. Conclusion

The decay heat powers from the fast fissions of *’Np, *'Am, **Am, **Cm and **Cm have
been estimated from the measured decay heat powers from the fast fissions of Th, U and Pu isotopes.
The fact that the decay heat power is a linear function of the independent fission yield was used to
estimate the minor actinides decay heat powers, for which there exist no data, from data for other
fissioning systems. The results have been used to examine the reliability of summation calculations for
these minor actinide fissioning systems. Although the comparisons are favorable for the B decay heat
summation calculations, they suggest that further confirmation should be done for the v decay heat

summation calculations.
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Table 1. Nuclear properties required for calculation (Q:required, Acpartly required, X:not required).

Nuclear properties Summation method New method Integral
measurement
Independent fission ® ) X
yields
Decay constants ® A
Branching ratios ® A
Average decay energies ® A X
Table 2. Values of coefficients a,, b, ¢,, d; and e,.
Coefficients 1 2 3 4 5
a 0.005 0.069 0.274 0.081 0.557
b, 0.042 0.040 -0.180 -0.128 1.122
¢ -0.002 -0.129 -0.006 0.061 0.995
d, 0.107 0.314 -0.648 -0.162 1.140
e 0.079 -0.085 -0.170 -0.152 1.190

Table 3. Values of {a,P(*’Th)+a,P(***Uyta,P(*U)+a

P(3*U) +a,P(**Pu)]/ P(*"Np).

Ks) B decay heat y decay heat

90 97.6 % 97.1 %
900 99.2 % 97.8 %
9000 98.6 % 99.4 %

Table 4. Values of [6,PC2Th)+b,P(>*U)+b,PCPU)+b, P(P*U) +b,P(*Pu)]/ P Am).

K(s) B decay heat y decay heat

90 89.9 % 89.9 %
900 89.4 % 93.3 %
9000 88.1 % 90.8 %
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Table 5. Values of [¢,P(**Th)+c,P(*’U)+c,P(**’U)+c P(P*U) +¢,P(*°Pu))/ PC*Am).

1(s) ~ B decay heat y decay heat
90 86.4 % 86.8 %
900 91.0 % 98.0 %
9000 93.9 % 99.9 %
Table 6. Values of [d,P(**Th)+d,P(**U)+d,P(*°U)+d P(P*U) +d . P(**Pu)]/ P(**Cm).
1(s) B decay heat y decay heat
90 91.5% 92.1 %
900 82.6 % 88.5 %
9000 87.0 % 929 %
Table 7. Values of [e,P(**Th)+e,P(***U)te, P(P>°U)+e P(3*U) +e,P(*°Pu)})/ P(*Cm).
(s) B decay heat y decay heat
90 84.0 % 86.1 %
900 84.4 % 93.8 %
9000 89.1 % 104.7 %
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Fig. 1. The B and y decay heat powers of *"Np in the hybrid method (solid line) and in the summation
method (filled circles with error bars).
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Fig. 2. The B and v decay heat powers of **' Am in the hybrid method (solid line) and in the summation
method (filled circles with error bars).
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Fig. 3. The B and y decay heat powers of **Am in the hybrid method (solid line) and in the summation
method (filled circles with error bars).
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Fig. 4. The B and y decay heat powers of ***Cm in the hybrid method (solid line) and in the summation
method (filled circles with error bars).
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Fig. 5. The B and y decay heat powers of **Cm in the hybrid method (solid line) and in the summation
method (filled circles with error bars).
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3.6 Application of Multimodal Fission Model to Nuclear Data Evaluation

Takaaki OHSAWA, Tomoyo OYAMA and Miki MITSUHASHI
Depatment of Nuclear Engineering, Faculty of Science and Technology
Kinki University, 6-3-1 Kowakae, Higashi-osaka, Osaka 577-8502
e-mail: ohsawa@mvg.biglobe.ne jp

Recent results of application of the multimodal fission model to analyses of prompt neutron spectra
and delayed neutron yield in the resonance region are briefly described.

1. Introduction

Multimodal fission model, originally proposed by Brosa ef al. [1] combining the multichannel and
random-neck-rupture concepts, has been successfully applied to analyses of mass and total kinetic energy
(TKE) distributions of fragments for many fissioning systems. From these studies it has been confirmed
that the fission process proceeds through a few fission modes (prescission shapes), such as Standard-1
(S1), Standard-2 (S2), Standard-3 (S3), Superlong (SL), at the scission point.

From an evaluator’s point of view, this model is interesting because it brings new possibilities of
application for nuclear data evaluation. One of the applications is analysis of prompt neutron spectra,
and another 1s analysis of delayed neutron yields in the resonance region (Fig.1). In this report we briefly
described some results of our efforts toward this direction.

2. Analysis of Prompt Neutron Spectra
2.1 Multimodal Analysis of Prompt Neutron Spectra

The multimodal concept was introduced into the modified Madland-Nix model [2]. Considering that
energy partition is substantially different for each mode, as can be seen from Fig. 2, we calculated the
prompt neutron spectra (PNS) separately for each fission mode (called ‘modal’ spectra hereafter) using the
results of multimodal analysis of experimental data by Geel group.

Random Neck- Multichannel top NP237(MD E=SSMEV o otal
Rupture Model Fission Model

Modified Multimodal Summation

~ 1
® 3
M-N Model Fission Model Calculation = b
2
0.1
Mulmodal Analysis Multimodal Analysis
of Prompt Neutron of Delayed Neutron
Spectrum Yields
0.01

25 4M1§/° 39 71&0
TXE= 50.7Mav > MOYs Tmag oY
Primary fragment mass (u)

Fig.1 Application of multimodal model to prompt and delayed  Fig.2 Total excitation energies according to different modes
neutron nuclear data: a conceptual scheme. for Z"Np(n_f).
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The total spectrum was calculated by synthesizing modal spectra y{£n) according to the following
formula:

Yol En) = [ZViXAEm]/ (Zw, v) )

where w, is the branching ratio to mode i, and v is the average neutron multiplicity for mode i (i = S1, S2,
S3,SL, ..).

In the original MN model, an implicit assumption was made that an equal number of neutrons was
emitted from the two fragments. However, it has been known from experiments that this is not always
true, as can be seen from Fig.3. This is an important fact to notice because the laboratory-system (LS)
spectra of neutrons emitted from light fragment (LF) are considerably harder than those from heavy
fragment (HF) because of the larger velocity of LF (Fig.4). In calculating the modal spectra, account was
taken of different number of neutrons emitted from LF and HF. We therefore used the following formula
to calculate the modal spectra from LS-spectra y1 (Er), Xx(En) of the two fragments

XAEn) = [ve xa (En) + Vi X Em] / (viL+ Vi) @)
5¢ T T 1
) NahiossTh | Pu-239(n . ) os T
4 Fan94-Th . . Pu-238(n,.0
= Nishio95-Exp s 9,.‘ ] 0.4k
) Apalin65-Exp -~

vA)

]

Prompt Neutron Spectra (1/A
(-] o
- »

N 1 1 L L [] |l ; ; 4A ; 0‘ 7 ] 9 10
80 100 120 140 160 Neutron Energy (MeV)
Fragment mass number A

Fig3 Average prompt ncutron multiplicity as a function of fragment mass. Fig4 LS-spectra of neutrons from LF and HF.

2.2 PNS of Np-237 for Incident Energies from 0.3 to 5.5MeV

A multimodal analysis for 2"Np(n,f) for incident energies 0.3 to 5.5 MeV made by Siegler ef al. [3]
revealed that branching ratio (or weight) to S1-mode decreased, while branching to S2-mode increased
with the incident energy. Systematic variation of PNS due to this change in branching with the incident
energy was analyzed using these data [4]. The modal spectrum for S1-mode was found to be the softest,
getting harder in ascending order for S2-, S3- and SL-modes (Fig.5). This tendency can easily be
anticipated from Fig.2. This is interpreted as follows: although the total energy release ER is largest for
S1-mode, TKE is much larger due to small charge-center distance for S1-mode, so that the maximum
nuclear temperature 7m is lowest for this mode.  On the contrary, 7m 1s highest for the SL-mode due to the
largest deformation energy. The total spectra obtained by synthesizing the modal spectra with eq.(1) well
represented the experimental data.

In order to see the sensitivity of the multimodal and ‘single-modal’ (we refer to the conventional
method of the MN-model as this) spectra to different incident energies E, the calculated spectra at £= 0.3
and 5.0 MeV are compared in Fig.6. It is observed that the multimodal calculation reflected the vanation
in E more sensitively than the conventional single-mode method.  This is because not only the increase in
the excitation energy E_ of the compound nucleus, but also the growth of S2-mode (with higher Tm) with
increasing incident energy £ were considered in this approach.
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Fig.5 Modal spectra for *’Np(n,f) at E= 5.0 MeV. Fig6 Calculated total spectra for Z’Np(nf) at E= 0.3

and 5.0 MeV.

2.3 PNS of Pu-isotopes

Schillebeeckx et al. [5] performed analyses of mass and TKE distributions for Z*Pu(sf), 240Pu(st),
22py(sf) and *°Pu(nf). These data were adopted as the basis of the present analysis (For more details,
see [6]). The calculated modal and total spectra for ~*Pu(sf), **Pu(sf), **Pu(sf) are compared in Fig.7 and
those for 2°Pu(n,f) is shown in Fig 8. The energy partition for the two cases are summarized in Table 1.

The nuclear temperature distribution for 2*Pu(sf) is shown in Fig 9.

Table 1.  Branching ratios and encrgy partition in 2*Pu(sf), **Pu(sf), 2?Pu(sf) and Pu(n,f). The data of the mode

branching ratio and TKE were taken from Schilleboeckx ef al. [5].

Modes S8pu(sf) 20py(sf) #2py(sf) pu(n,f)
Branchingratio Sl 9.7% 26.2% 30.7% 24 8%
w, S2 90.3% 73.8% 693% 74.2%
S3 — —_ — 1.0%
Average fragments S1 Mo-105, Te-133  Mo-106, Te-134  Mo-107, Te-135 Mo-105, Te-135
S2 Y-98, Cs-140 Y-99, Cs-141 Zr-103, Xe-139 Y-99,Cs-141
S3 — — —_— As-83, Pm-157
Er(MeV) S1 206.11 205.56 205.44 205.40
S2 198.61 199.81 198.37 196.28
S3 —_ — — 182.12
TKE (MeV) S] 192.7 1922 191.9 190.4
S2 175.1 174.8 175.8 1742
S3 — — —_ 1642
E (MeV) Si 13.41 13.36 13.54 21.53
S2 2351 23.01 2257 28.61
S3 — — —_ 24.46
Tm (MeV) S1 0.798 0.811 0.803 1.017
S2 1.001 0.990 0.986 1.095
S3 — — —_ 1.032
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Fig.7. Modal and total spectra of prompt neutrons in 2*Pu(sf), #°Pu(sf) and **Pu(sf) and their comparison..
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Fig8 Modal and total spectra for prompt neutrons in Z*Pu(n_f). Fig.9. Nuclear temperature distribution of residual
fission fragments for Z%Pu(sf).

Comparing the three spectra in Fig.7, we see that the total spectrum is determined by combination of
the two components S1 and S2.  For Z*Pu(sf), S2-mode (with harder spectrum) accounts for 90.3% of the
total fission process, thus the resulting total spectrum 1s hardest among the three isotopes. In contrast, for
#2py(sf), the branching ratio to S2-mode decreases down to 69.3%, thus resulting in softest total spectrum

— 133 —



JAERI-Conf 99-002

among the three isotopes. The average energies of prompt neutrons are: 2.005 MeV, 1.977 MeV, 1.973
MeV for Z2Pu(sf), 20py(sf) and #2pyy(sf), respectively. This can clearly be seen in Fig.7d, where the
four spectra were compared.  This should be compared with previous results of calculation by Madland
[7] that the softest spectrum is that of *2Pu(sf) whereas the hardest spectrum is that of *Pu(sf) among the
even-mass plutonium isotopes.

3. Delayed Neutron Yields in the Resonance Region of U-23S
3.1 Fission Mode Fluctuations at Resonances

Hambsch et al. [8] observed fluctuations in the fission fragment mass distributions as a function of
resonance energy of U-235, which are correlated with fluctuations of the reaction Q-value and with the
total kinetic energy averaged over all fragments. These data were analyzed in terms of multimodal fission
model, and it was found that the mode branching ratios differ from resonance to resonance, the observed
changes of the ratios (ws1/ws2)res/(wS1/ws2)th ranging up to 20%.  This amounts to a decrease of fission
yields of the outside wings (4 = 84-96, 140-152) and an increase of the inside wings (4 = 96—108, 128~
140) of the mass distribution (see Fig.10).

On the other hand, precursors of delayed neutrons (DN) lie the region where a nucleus has a few
excessive neutrons just outside of the closed shell, because such a nucleus has higher neutron emission
probability after beta-decay due to the lower neutron binding energy of the DN-emitter nucleus. These
precursor regions are denoted in Fig.10 with bold horizontal lines. It can readily be seen that these
regions overlap with the regions where substantial changes of mass yield is observed in the resonance-
neutron fission. This implies that the yields of DN precursors fluctuate in the resonance region, resulting
in local variation of DN yield. In order to verify this reasoning, estimation of possible changes in DN
yield was made using the data of Hambsch er al. [8] as the basis.

t
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|

E €0+ 344 - 353 oV {

-4 SrrrprTrTTERTYTRRYTTTTITYRTYRYYRTTTTRYTTYTYTTYY
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70 90 10 120 150 170 70 90 W 130 150 170
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YIELD (En) - YIELD (Thermal) {%]

Fig. 10 Fragment yield differences at resonances with respect to the thermal values. (Afier F.-J Hambsch er al. [8].
The bold horizontal lines, indicating the precursor regions, were added by the present author. )
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3.2 Method
The total DN yield was calculated using the summation method:

vd=2X YiPni, 3

1
where Vi is the fission yield of a precursor /, and Pni is the neutron emission probability of precursor /.
The fission yield Yi was calculated by using the five-Gaussian representation and the data of Nishio ez al.
[9] on the prompt neutron multiplicity vp(A*) as a function of preneutron-emission mass of the fragment.
Fragment charge distribution of Gaussian shape with the standard deviation o =0.56 and the most probable

charge
Zp=Zucp10.5 4)

was used to obtain the independent fission yields, where ZUCD is the charge predicted with the UCD
(unchanged charge distribution) hypothesis. The even-odd effect of the proton number on the fission
yield, defined by

X =(Ze - Zo)(Ze + Zo), &)

was considered, using the formula proposed by the present author [10]:
X =-0.1033 + 0.6907/ (Z¥/A — 33.8486). (6)

Two sets of data for the neutron emission probability were used: the set of Mann ez al. [10],
comprising 79 precursors, and the set of Wahl [12], comprising 271 precursors.

3.3 Results
The difference of DN yield at 10.18 eV-resonance with respect to thermal values as a function of

precursor mass are shown in Fig.11, where Wahl’s Pr-data were used  In the HF region, the structure
similar to Fig.10 is observed, which means that positive and negative contribution almost cancel out. In
the LF region, however, the positive contribution 1s much less than the negative contribution, thus
resulting in negative total value in this region. Therefore the total DN yield at resonances is decreased
compared with the thermal value, except for the resonance clusters at 81.9-86.2 eV, where the opposite
tendency is observed in mode branching ratios.
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Fig.11 The difference of the DN yield at 10.18 eV-resonance with respect to thermal values as a function of precursor mass.
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The relative variation of the DN yield vd(EY vd(thermal) simulated using the resonance parameters in
[13] is shown in Fig.13. The degree of decrease differs from one resonance to another, the maximum
decrease being about 2.3% in the region less than 100 eV. The effect of these dips in vd(E) on reactor
physics will be amplified many times more than this value due to locally enhanced fission cross section at
resonances.

1.005

1.000r--

T

0.995

T

0.990

T

v{(E)/v(th)

> 0.985

T
1

0.980
Pn-data: Wahl

0975 . 1 i " 1 " I . 1 " A
0 20 40 60 80 100

Neutron Energy (eV)
Fig 13 The relative variation of the DN yield vd(EY vd(thermal) simulated using the resonance parameters in [13].

Two comments should be added here: (/) The present result is only preliminary one. The
fragment charge distribution used in this work is just a rough approximation.  Since the precursor
nuclides lie in the tail region of the charge distribution curve, a slight change in the most probable charge
Zp will change the fission yield considerably. Refinement is required also for even-odd effect on fission
yield; its dependence on the fragment mass and on the excitation energy should be further investigated.
(2) Figurel3 reminds us of the local dips at resonances observed in the average prompt neutron
multiplicity v(E) in 2°Pu.  Fort et al. (14] analyzed the these dips in terms of spin effect and (r,yf)-effect
and this evaluation was reflected in JEF-2 file. However, just because of these dips in vp , there appear
prominent local ‘spikes’ in the DN fraction  (=vd / vp ) at resonances in JEF-2 data.  If actually there
exist dips in the DN yield vd, there will be a possibility of eliminating or mitigating the local spikes in .
In addition, there is another possibility of interpreting the dips in vp as due to local changes of mode
branching ratios. It is thus highly desirable that measurements of fluctuation in the mass distributions at
resonances of >°Pu should be made with high precision. This would bring us a possibility of solving a
long-standing problem of probable decrease of B in the epithermal and resonance regions for which
physical ground was not clear thus far.

4. Concluding Remarks

Recent precise measurements of fragment mass and kinetic energy distributions and their analyses in
terms of multimodal fission model performed during the last decade revealed many interesting features of
the fission process. These results are intriguing not only from nuclear physicist’s point of view, but also
from nuclear data evaluator’s point of view, because the precise data of mass and kinetic energy partition
in the fission process make it possible to analyze in detail the physical quantities related to fission in terms
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of modal changes. However, multimodal analyses of experimental data have been made so far for only
limited number of nuclides. Now that purely theoretical prediction of modal characteristics of arbitrary
nucleus with Brosa’s method [1] involves uncertainties at the present stage of knowledge, further
systematic experimental studies over a wider range of nuclides and excitation energies would be necessary
to obtain a deeper insight into the physics of modal changes in the fission process. This, in tumn, will
serve to improve the accuracy and predictive power of evaluation models.
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3.7 Systematics of Average Radiative Width of Heavy Nuclides

Toru Murata
AITEL corporation
1-18-16 Shinbashi, Nihon-Seimei BLDG, Minatoku, Tokyo, Japan

e-mail:murata@aitel.toshiba.co.jp

Systematics of neutron capture radiative width were studied in
the target element range from Th to Cm. Reduced radiative widths
were analyzed with a simple radiative width formula based on E1
transition. Average radiative width is presented with the standard

deviation of 15 %.

The revision works of heavy nuclide nuclear data of JENDL-3.2 are now in
progress. As a part of the works, systematics of neutron capture radiative width
were studied in the target element range from Th to Cm.

Experimental average radiative widths compiled by Mughabghab/l/ were
investigated to have systematic trend or not with the mass number, neutron binding
energy and primary capture gamma-ray average energy. Capture gamma-ray energy
spectrum data were obtained from the NNDC,BNL web-site/2/ for the data available
nuclides. Simple but not so good correlation was observed between the widths and
neutron binding energy. No improvement was made in the correlation to average
energy of primary capture gamma-rays .

Radiative capture width will be expressed by gamma-ray energy integration of
transition probability multiplied by final state level density. At present, the following

simple approximation based on E1 transition was made:

Ebn

<Fy>=KElz ny3p(Ex’Ii)dEx ’
Ex0

i

where Kk is reduced radiative width, £ the photon energy of E1 transition and given

by the difference of neutron binding energy Evn and the excitation energy of the nucleus
after the transition Ex, Exo the minimum excited energy of spin Ii level which is fed by
E1 transition. The values of Exo are obtained from the ENSDF file and the Table of
Isotopes /3/.
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The level density ¢ (Ex,I) is given by
P(Ey,I)=Q2I +D)exp{-I(I +1)/c, }p,exp{(Ey)/ T},

where C:is spin cut-off parameter and T nuclear temperature.

The reduced radiative width Kgi1 was calculated for 24 nuclides from Th to Cm
using the data given in Table 1. The level density parameters were determined to
minimize the ¥ 2 of Kg1 distribution around the average value and given in Table 2.
The average value of Ks1 was obtained with the weight of inverse variance of

experimental radiative width and
Ke1=(2.5710.38) x 10°® meV/(MeV)3

Figure 1 shows the distribution of the reduced radiative width Kg:.
Other factors to describe radiative width are proposed in the reference/l/, such as
level spacing and the giant-dipole resonance parameters. Further study should be

made to reduce the standard deviation of the Kr1 average value.
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Table 1. Radiative width related data summary Table

Target N. GSJr <T rXmeV)* Comp.N.Jx n.BindE(MeV) E-1Fed min.Ex(MeV),J rc +*

Th-228 0+ 362 1/2+ 5.254 0.165, 3/2-
Th-229 5/2+ 434 3+.2+ 6.794 0.508, 1-
Th-230 o+ 262 1/2+ 5.118 0.554, 1/2-
Th-232 o+ 24+%2 1/2+ 4.786 0540, 1/2-
Pa-231 3/2- 40+2 2-1- 5553 No E-1 feed level found
Pa-233 3/2- 47+2 2-1- 5219 0.074, 3+
U-233 5/2+ 4Q0%5 3+2+ 6.843 0.786, 1—
U-234 o+ 264 1/2+ 5.298 0.638, 3/2—
U-235 1/2- 35+2 4-3- 6.544 0.744, 3-
U-236 o+ 23+1 1/2+ 5.126 0541, 1/2-
U-238 0+ 23.2+0. 3 1/2+ 4.806 0.739, 1/2-
Np—237 5/2+ 40. 81 3+,2+ 5.488 0.136, 3—
Pu-238 o+ 343 1/2+ 5.647 0.470, 1/2-
Pu-239 1/2+ 43x4 1+,0+ 6.533 0.597, 1-
Pu—-240 o+ 312 1/2+ 5241 0.833, 3/2-
Pu-241 5/2+ 42+4 3+2+ 6.309 0.780, 1~
Pu—-242 o+ 22+1 1/2+ 5.034 0.704, 3/2-
Pu—-244 0+ 20x2 1/2+ 4773 0.637, 3/2~
Ari—241  5/2- A4x1 3-.2- 5527 0.975, 3+
Am—-243 5/2- 39+1 3-2- 5.363 0.088, 1+{p)/0.420, 24{(n)
Cm—242 o+ 34+6 1/2+ 5.693 0.729, 1/2-
Cm-244 0+ 37x2 1/2+ 552 0.634, 3/2-
Cm—246 o+ 28. 1x1.8 1/2+ 5.156 0957, 1/2-
Cm—248 o+ 25.5+1. 4 172+ 4113 0470, 3/2-

*Mughabghab,S.F= “Neutron Cross Sections,vol.1.part B” ,Academic Press(1984)
#%ENSDF and Table of Isotopes (8th edition)

Table 2. Level density parameters for reduced radiative width calculation

Type of Nucleus p o{1/MeV) T(MeV)

even—-even 22 14
even—odd 6.5 1.2
odd-odd 30 1.0
Ct=80
2.8 1 |
CAPFTUBE WIDTH SYSTEMATICS
Pa AV _REDUCED WIDTH = 2.57E-@3
STD(%)= 1.48E+B1
RED. ¢ Pu | Pu
WIDTH Cm
A ] U] v *+ _________________ o]
! . A Py
1.0 i * +—1
....... R S SO P B S—
L ¢ Cm
m {1 } { | ¢
Th U U ) + Cm
U Pu
Ca
]
225 230 235 240 245 250

TARGET MASS NUMBER

Fig.1 Analyzed reduced radiative width for various target nucleus .The ordinate shows

the ratio to average value. Dashed lines show the range of the standard deviation.
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3.8 Comparison of BFS-73-1 Benchmark Test using JENDL-3.2, JEF-2.2 and ENDF/B-VL3

Jung-Do Kim, Choong-Sup Gil and Jonghwa Chang
Nuclear Data Evaluation Laboratory, Korea Atomic Energy Research Institute

150 Dukjin-dong, Yusong, Taejon, Korea
e-mail : jdkim@Kkaeri.re.kr

A comparative analysis for BFS-73-1 critical assembly, which is a benchmark of a fast reactor core
with metal uranium fuel of 18.5% enrichment, was carried out with TWODANT code and three current
evaluated data libraries of JENDL-3.2, JEF-2.2 and ENDF/B-VL3. The results for criticality, spectral

indices and reaction rate distributions are intercompared along with experimental data.

1. Introduction

As a part of critical benchmarks for developing the KALIMER(Korea Advanced LIquid MEtal Reactor),
experimental studies on metal fueled liquid metal reactor core characteristics are carried out under contract
between Korea Atomic Energy Research Institute and Institute of Physics and Power Engineering in Russia.
The BFS-73-1 critical assembly is a benchmark core with metal uranium fuel of 18.5% enrichment. K.g,
spectral indices, axial and radial fission rate distributions of U-235 and U-238, b, Doppler effects of U-238
and sample reactivity worth etc. were measured in this experiment. An analysis of the experiment{1] has been
performed using DIF-3D code and JEF-2.2-based KAFAX-F22[2} data set. In order to survey the impact of
nuclear data on the BFS-73-1 benchmark test, a comparative analysis using JENDL-3.2, JEF-2.2 and ENDF/B-

V1.3 was carried out and the results are presented in this symposium.

2. Benchamrk core of BFS-73-1

The BFS-73-1 was constructed at BFS-1 facility in 1997. The core is a homogeneous system, without
control rods in the core. Axial blankets of ~50 cm thickness are located above and below the core, which are
consisted of depleted uranium dioxide pellets. A radial blanket of ~35 cm thickness, surrounding the core, also
contains only depleted dioxide uranium pellets in steel tubes. The core is composed of fuel elements with
round stainless steel sticks between tubes, and the radial blanket is assembled with tubes of UO, pellets and
triangular stainless steel sticks between these tubes. Table 1 shows some parameters of BFS-73-1 critical core.

And layout of the core, and the fuel and blanket rods is shown in Fig. 1.
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Table 1. Parameters of BFS-73-1 critical core

No. of rods ® 379 with 36.41% uranium enriched
L ® 46 with 36.45% uranium enriched
1n core ® 760 round steel sticks
No. of rods ® 708 UOQ,
in blanket ® 1400 triangular steel sticks
Temperature(°C) |® +19°C
Position of ) ..

® Allrod
control rods rods are in the upper position
K.« ® 1.0008

Radial Banket
(167.90cm)

3 Ly

Axial View of
a Radial Blanket

b

Top Blankat
(48.73cm)

—+
1 Fuel
cell
T Nafo.9860m)
16 Fusl Cells U-238 (1.08cm)
96.3cm) I
T u-2a5 (0.56cm)
-+
Botiom Blarket
{49.73cm)
Axial View of

a Fuel Tube

Figure 1. Layout of BFS-73-1

3. Data processing

Three multigroup cross section data sets were processed with the NJOY94.105[3] system from JENDL-
3.2, JEF-2.2 and ENDF/B-VL3, respectively. The data sets have MATXS-format and LANL 80-group
structure . The MATXS-format data can be processed to ANISN-format data using TRANSX 2.15[4] pre-

processing code for neutron transport calculations.
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4. Calculation

Neutron transport calculations using each of these data sets were carried out with pre-processing code
TRANSX 2.15 for MATXS-format data library and 2-dimensional discrete ordinates code TWODANT/5]
using R-Z model of BFS-73-1 critical assembly. Figure 2 shows the R-Z model for the calculations. At first,
the 80-group data were collapsed to 25-group with the flux calculated by R-Z model, coarse-mesh and P;-Sq
approximations. And then, 2-dimensional 25-group fine-mesh(width of meshes: ~0.6cm for radial and ~0.5
cm for axial direction) calculations were performed with P;-Sg approximations. In this report, the results for
criticality, spectral indices, and axial and radial reaction rate distributions of U-235 and U-238 are

intercompared along with experimental data.

Z (cm)
A

Axial Blanket

49.15 Radial Blanket

+ R (cm)
0.0 52.13 55.2 90.13

Figure 2. Calculational R-Z model of BFS-73-1

5. Results and Discussion

Calculated values of K4 and central reaction rate ratios are compared with the measured data. The result
is presented in Table 2, as the ratio of calculation to experiment(C/E). K 4 value using JEF-2.2 shows a little
active result. Calculated central reaction rate ratios of U-238 capture to Pu-239 fission cross section using the
three data sets underestimate the experimental values. And the value of s?%s?* using ENDF/B-V1.3
overestimates the measured data. All of s;*°/s;?*° are within measurement error range. C/E values of fission rate
distribution of U-235 and U-238 in the core and blanket region are shown in Fig.3~6. Figure 3~4 and Figure
5~6 are for radial and axial distributions, respectively. Measurement uncertainties for U-235 fission rate
distributions are ~2% in the core and they increase up to 4% in the blankets. For U-238, the uncertainties are
~3% in the core and ~7% in the blankets. For the most part, C/E-values of fission reaction rate distribution

using the three data sets show reasonable tendency except U-235 fission rate in radial blanket, considering the
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measurement errors. However, the results of fission rate distributions using ENDF/B-V1.3 are slightly better
than those of JENDL-3.2 and JEF-2.2.

Table 2. C/E-values of Keff and spectral indices

E€f§£(0 JENDL-3| JEF-2.2|onn >

K., 0.9978 | 1.0064 | 1.0029
s2s2| 165 | 1011 | 1013 | 1.038
s s 1.6 0972 | 0971 | 0.954
sPs2| 1.6 0983 | 0989 | 0.992
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3.9 Measurements of secondary particles produced from thick targets bombarded by heavy ions
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We measured angular and energy distributions of neutrons, protons, deuterons and tritons produced by 100
MeV/nucleon He ions stopping in thick carbon, aluminum, copper and lead targets using the HIMAC ( Heavy
Ion Medical Accelerator in Chiba) of NIRS (National Institute of Radiological Sciences), Japan by using the
time-of-flight method coupled with the AE-E counter system. The experimental spectra were compared with the
calculation using the LCS code and the calculated spectra are generally in rather good agreement with the
measured spectra of these four secondary particles.

1. INTRODUCTION

With the increasing use of high energy (higher than 100MeV/nucleon) heavy ions (heavier than He ion) in
various fields, the energy-angle distribution of neutrons produced from a thick target which fully stops heavy
ions becomes very important as the source-term data of shielding design of the accelerator facility. Although
only one paper has ever been published on thick target neutron yield (TTY) for 177MeV/nucleon He ions [1],
Heilbronn et al. [2] and our group [3, 4] have recently performed the experiments on TTY for 155MeV/nucleon
He ions [2] and for 100, 180 MeV/nucleon He and 100, 180, 400MeV/nucleon C ions [3] , and for 100, 180,
400MeV/nucleon Ne ions [4]. In this work we present the angular - energy distributions of neutrons, protons,
deuterons and tritons produced from thick carbon, aluminum, copper and lead targets bombarded by 100
MeV/nucleon helium ion. The charged particle spectra from thick targets are not so important in physical
meaning due to the energy loss in the target depending on the target thickness, but these results will be useful as
benchmark experimental data to investigate the accuracy of the particle-transport calculation code. Here, the
measured spectra are compared with those calculated with the LAHET Code System, LCS [5] as a benchmark
test.

2. EXPERIMENTAL PROCEDURE

The energy of neutrons, protons, deuterons and tritons produced in the target was measured by the time-of-
flight (TOF) method. A thin NET02A plastic scintillator (3cm diam. by 0.05c¢m thick) was placed just behind the
end window of the beam line as a beam pick-up scintillator. The output pulses of this scintillator were used as
start signals of the TOF measurement, and also to count the absolute number of projectiles incident on the target.
A target was set on the beam line 10 cm behind the beam pick-up scintillator. The beam spot size incident on the
target was about 1.5 cm diameter and the beam height was 1.25m above the concrete floor of the experimental
area. The NE213 liquid scintillator (12.7cm diam. by 12.7cm thick), which was designed to expand the dynamic
range of output pulses for high energy neutron measurements[6], was used for neutron detector (E counter), and
the NE102A plastic scintillator (15 cm by 15cm square and 0.5¢m thick) for the AE counter was placed in front
of the E counter to discriminate charged particles from noncharged particles, neutrons and photons. Three sets of
E and AE counters were used for simultaneous angular distribution measurements at three different angles. The
detectors were located 2 m at large angles to 5 m at small angles away from the target to provide better energy
resolutions in the forward directions where there are larger yields of high energy neutrons. In order to minimize
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neutrons in scattering, no local shielding was used near the detectors. By interposing an iron shadow bar of 15cm
by 15¢m square and 60cm thickness between the target and detector, the background neutron components from
room scattering were measured particularly at large angle. Target thicknesses were selected to stop the incident
particles completely. Target materials are C (1.77g/cm’), Al (2.7g/cm’), Cu (8.93g/cm®) and Pb (11.34g/cm®) and
each target has a shape of 10cm by 10cm square. The C, Al, Cu and Pb targets are 5.0, 4.0, 1.5 and 1.5 cm thick,
respectively.

3. DATA ANALYSIS
3.1 Neutrons

As the AE counter does not scintillate by neutrons and gamma rays, the neutron and gamma ray events
could be selected from the charged particle events, by using two-dimensional AE-E graphical plots shown in Fig.
1 (a). After this discrimination, the neutron and the gamma ray events were clearly separated by using two-
dimensional graphical plots of total-slow pulse height components of the E counter as shown in Fig. 1 (b). In this
discrimination, the pulse shapes from high energy neutron events in which recoil protons escape from the E
counter are close to those from gamma-ray events, and these events were eliminated from the neutron events.
After each experimental run, each E counter was calibrated with a *°Co gamma-ray source, and the Compton
edge in the gamma-ray spectrum was used as the bias point of 1.25MeVee (electron equivalent) which
corresponded to 3 MeV neutron energy. After obtaining the TOF spectrum of neutrons, the data were converted
into the energy spectrum of neutrons. For this conversion, the detection efficiency of the NE213 E counter is
essential. The experimental data of the detection efficiency for this scintillator has been published by Nakao et
al.[6], but there is no data for neutrons of energy higher than 135MeV. Therefore, the neutron detection
efficiency was calculated with the Monte Carlo code by Cecil et al.[7] for all energy range. Corresponding to the
elimination of high energy neutron events as described above, the recoil proton events escaped from the E
counter were also excluded from these calculated efficiencies.

3.2 Charged particles

To separate proton, deuteron and triton events, three kinds of two dimensional graphical plots were used.
Two dimensional AE-E graphical plots in Fig. 1(a) were first used to identify different Z number particles, but
this plots could not identify different mass number particles. From Fig. 1(a) only Z=1 particles were selected,
and only a small fraction of Z=2 particles can be seen in Fig. 1(a) because the incident alpha particles fully
stopped in a thick target. The two dimensional plots of TOF-E pulse height distributions for Z=1 particles are
shown in Fig. 2(a). In Fig. 2(a), different mass particles of protons (m=1) deuterons (m=2) and tritons (m=3) are
clearly separated, but the pulse heights of high energy particles escaped from the E counter intersect between
those of different mass particles. This intersection was resolved in the following way. It is well known that slow
components from the NE213 scintillator increase with increasing the specific energy loss ( dE/dx ) for a given
type of charged particle. The charged particles escaped from the detector, which have the longer stopping range
than the detector size, give small dE/dx values compared with the charged particles stopped in the detector and
then slow components of the light outputs from escaped particles approach to the pulse heights of gamma rays.
These results are shown in the two dimensional total-slow pulse height plots. The proton, deuteron and alpha
particles have three separate lines in the order of dE/dx values of these three particles and the charged particles
escaped from the detector are in the uppermost line independent to the particle mass. We first selected proton
events by setting the region of interest (ROI) in Fig. 2(a) which included the events of escaped deuterons and
tritons, and then eliminated the latter events by identifying the escaped particle events, as shown in Fig. 2(b).
This procedure was repeated for deuterons and tritons in this order. We finally obtained the TOF spectra for
protons, deuterons and tritons separately. The TOF spectra were then converted to the energy spectra by
approximating 100% detection efficiency of the NE213 detector.

4. MONTE CALRO SIMULATIONS

These experimental results were compared with the calculations as a benchmark test. The secondary
particle spectra were calculated by using the LAHET Monte Carlo Code System, LCS[5]. The LCS calculations
were performed for 100MeV/nucleon He incidence on stopping-length C, Al, Cu and Pb targets to investigate the
calculational accuracy. The majority of the LAHET parameters was set to their default settings. The target
dimension was fixed to be the same size as used in the experiment. The target was set at the center of the vacuum
sphere and a total number of 200,000 He particles were injected normally to the target in the central circular
surface of 0.5 cm diameter which simulated the actual beam geometry. The angular flux of particles of neutrons,
protons, deuterons and tritons emerged from the target were stored at each angle corresponding to the
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experimental resuits.

5. RESULTS AND DISCUSSIONS
5.1 Neutron spectra

Fig. 3 shows the experimental and calculated neutron spectra. Neutron spectra measured in the forward
direction have a plateau peak at high energy end which corresponds to about 60 to 70 % of the projectile energy
per nucleon. This peak is mainly due to high energy neutron components produced in the forward direction by a
break-up process and becomes more prominent for lighter target, since the momentum transfer from projectile to
target nuclei are higher for lighter nucleus than for heavier nucleus. The high energy neutrons in the forward
direction spread up to the energy which is about the twice as much as the incident particle energy per nucleon.
The calculated spectra shown in Fig. 3 generally give rather good agreement with the experimental results in
absolute values. Precisely speaking, the following three tendencies can be seen between experiments and
calculations. In the calculation, a broad high energy peak in the forward direction appears more distinctly around
incident particle energy per nucleon, compared with more flattened high energy peak in the experiment. This
discrepancy also reveals that the LCS calculation gives the underestimation of the neutron spectra in the
intermediate energy region of 5 to 50 MeV. The calculated spectra at angles larger than 30 degree are harder
than the measured spectra, which means that the LCS calculation gives the underestimation of evaporation
neutrons and the overestimation of pre-equilibrium neutrons extended to higher energy region.

5.2 Proton spectra

The experimental proton spectra are shown in Fig 4. The lower energy limit in the measured spectra was
estimated to be 27MeV considering the proton energy absorption through the air between the target and the
detector (500cm), the AE counter (0.5cm thick plastic of CH, ;o4 and the density of 1.032g/cm® ) and the
aluminum cover (0.5mm thick) of the E counter. These energy absorption was calculated for proton, deuteron
and triton using the SPAR code [8], and the lower energy limits of proton, deuteron and triton which are
reachable to the E counter are then estimated to be 27.0, 36.6 and 43.7MeV. Although proton spectra are similar
to neutron spectra in shapes and absolute values at forward angles, proton yields rapidly decrease with increasing
angles. At large angles, low energy proton components are dominant which can easily be absorbed by the thick
target itself. Compared with measured and calculated proton spectra, the LCS calculation for proton spectra
gives rather good agreement with the experiment in the forward direction.

5.3 Deuteron spectra

The experimental deuteron spectra are shown in Fig. 5. At 90 degree, the deuterons emitted from the target
could not be detected because of its strong forwardness. Measured spectra in the forward direction have a broad
peak around 140MeV and yields decrease drastically with increasing angles. For C target, the calculated and
experimental results agree well at 0, 7.5, 15 and 60 degrees. At 30 degree, the calculated spectrum is larger than
the measured one. As a general tendency, the agreement between calculated and measured deuteron spectra is
surprisingly good.

5.4 Triton spectra

The experimental triton spectra are shown in Fig. 6. Triton could not be detected at 60 and 90 degrees
because of much stronger forwardness than deuteron. Measured spectra in the forward direction have a broad
peak around 200MeV and yields decrease drastically with increasing angles. In the triton spectra, the LCS
calculation gives good agreement with the experiment in the forward direction, especially for heavier target.

6. CONCLUSION

We measured angular and energy distributions of neutrons, protons, deuterons and tritons produced by 100
MeV/nucleon helium ions stopping in carbon, aluminum, copper and lead targets. The experimental spectra were
compared with the calculation using the LCS code and the calculated spectra are generally in rather good
agreement with the measured spectra for these four secondary particles. These experimental results were found to
be useful as the benchmark data for investigating the accuracy of high energy particle transport calculation code.
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Abstract

We have performed the measurements of elastic scattering cross sections of carbon, iron and
lead for 75 MeV neutrons using a "Li(p,n) quasi-monoenergetic neutron source. Elastically scattered
neutrons were measured with a time of flight method (TOF) using five liquid scintillation detectors.
The data were obtained at 25 laboratory angles between 2.6° and 53.0°. The experimental data were
compared with the neutron cross section libraries, systematics used in cascade/transport codes and
optical model calculations.

1.Introduction

The neutron emission cross sections for neutron incident reactions are very important for the
shielding design of the high-energy accelerator facilities. In particular, the importance of the elastic
scattering cross sections was pointed out by the analysis of shielding experiments using the 40 and 65
MeV quasi-monoenergetic neutrons at TIARA facility [1]. Experimental data is very scanty and poor
above 40 MeV. Experimental data reported in the past were restricted to only forward angles. Recently,
two measurements were reported from U.C.Davis group [2][3]. These data were measured by using
the neutron spectrometer consisting of a multi wire chamber and a recoil proton telescope, with source
neutrons produced by the ’Li(p,n) reaction (E,=65MeV) and by the spallation reaction
(E,=50~250MeV). The data by spallation source were available only for forward angle (~23°) and has
relatively large systematic errors.

In this study, we have performed measurements of elastic scattering cross sections of carbon,
iron and lead for 75 MeV neutrons. The data were obtained by using the 'Li(p,n) quasi-monoenergetic
neutron source and the time-of-flight (TOF) method for scattering angle between 2.6° and 56°.
Experimental results were compared with the cross section libraries, systematics used in
cascade/transport code and optical model calculations.

2.Experiment

Experiment was carries out at TIARA AVF cyclotron facility [4]. Source neutron were
produced via the "Li(p,n) reaction. Figure.l shows the source neutron spectrum. The peak around 75
MeV is due to the 'Li(p,n, ) process and continuum component is attributed to multi-body breakup
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process. Figure 2 shows a setup of the elastic [x10'5]2

scattering measurement. The scattering samples,
carbon (5cm¢x8cm), iron (4cmdx6cm) and lead
(3cmox6¢em), were placed at 10 m from the Li
neutron production target. Elastically scattered
neutrons were measured by a time of flight
method (TOF) using five liquid scintillation
detectors (12.7cméx12.7cm, four NE-213 and a
BC501A detectors) concurrently. We employ a
CAMAC system for data acquisition. The
detector anode signals were fed into QDC
(charge-to-digital converter) and integrated by
two types of the integration gate for n-y
discrimination, one is for total component and
the other for slow component. The TOF is
obtained by measuring the time difference
between the anode signals and the RF signal of
the cyclotron by using TDC (time-to-digital
converter). A set of three data for pulse-height
(total and slow components) and TOF is acquired
event by event for each detector.

The TOF spectra were obtained at 25 points between 2.6° and 56° in laboratory scattering
angle. In addition to sample measurements, background runs with no sample were done for removing
the sample independent background. Scattering angle were changed by rotating the detector array. The
flight paths were around 5m for forward angles and 2m for backward angles. Fission chambers (**U
and ?Th) located near by the Li target were used as neutron monitor for normalization between
foreground and background run. Thin plastic scintillator, which was set at collimator exit, monitored
source neutron TOF spectrum. The absolute elastic scattering cross sections were determined relative
to the incident neutron flux measured by the scintillation detectors, which were identical with ones for

scattering measurements.
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3.Data reduction and correction

Figure 3 shows the TOF spectra for
foreground and background in the Fe run. The peak
area subtracted with a background was converted to
cross sections. The elastic scattering cross sections
deduced were further corrected for the effects of the
inelastic scattering and the finite sample-size, i.e. the
effect of flux attenuation and multiple scattering, by
Monte Carlo calculation [5]. Corrections for the
effects of inelastic scattering were to remove
inelastically scattered neutrons included in the
"elastic" peak because of limited energy resolution,
and done by calculating the ratio of the inelastically
scattered neutrons to the total (elastic and inelastic)
ones considering experimental energy resolution. In
this calculation, we used the LANL 150 MeV library
[6] as input data for the neutron-sample nuclide
interaction. In fig.4, the cross, triangle and circle
indicate the raw data, sample size corrected data and
inelastic neutron corrected data of Fe, respectively.
Because of strong forward peaking of the elastic
scattering angular distribution, inelastically scattered
neutrons do not affect the results at forward angles,
but the correction factors vary from 20% around 30°
to 40% around 50°.
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4.Results

Figure 5 shows the present results together with LANL 150 MeV library [6] and the
experimental data at WNR/LAMPF [3]. Agreement between our experimental data and evaluation is
good except for forward angle of carbon, but WNR/LAMPF data are milder forward peaking than our
data and evaluation.
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Fig.5 Comparison of the present data with the U.C.Davis data [3] and the LANL 150 MeV library [6]

Figure 6 shows comparison with the DLCI119/HILO86 multi-group library [7] and the
systematics used in the cascade/transport code [8]. These data were normalized to the experimental
data at 0°. Both of the data show large discrepancy because DLC119 library applies PS5 Legendre
expansion and the systematics ignores scattering to backward angles.
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Fig.6 Comparison of the present data with the DLC119 Library [7] and the systematics [8]
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Figure 7 shows comparison with the optical model calculations with the global potentials
proposed by Madland [9] and JLM (Jeukene, Lejeune and Mahaux) [10]. The calculation results by
JLM potential underestimates the experimental data with 10~20% at forward angles for carbon, iron
and lead. The results by Madland potential agree with the experimental data for iron very well but
differ largely for lead at backward angles.

105; LI L B B i L T LA LA LA BELE S - B T T T T 73
2 C(nn) En=75MeV 1 [ Fe(nn) En=75MeV 3 EX Pb(n,n) En=75MeV 3
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s L 1t 1t ]
=10’ 4 F | F =
= E El3 31 E 3
2 F 1¢E 1EF 3
5oL 1t 1t :
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210 1F 1F 3
g F 1E E 3
10" 4 F JF 3
7Y I R B SNy vy v Iy s g N
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Fig.7 Comparison of the present data with the optical model calculations [9][10]
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3.11 Benchmark Test of JENDL High Energy File with MCNP
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Benchmark tests of the preliminary version of JENDL High Energy File with the MCNP code
have been continued. A problem in JENDL High Energy File is pointed out that the angular distribution
of elastically scattered neutrons by iron-56 is too emphasized toward 0 degree. Good results are obtained
in the analyses of concrete shield experiments and iron secondary gamma-ray experiments.

1. Introduction

Evaluation of JENDL High Energy (JENDL-HE) File is now in progress, and expected to be
completed by the end of 1998 for the phase-I data up to 50 MeV. We have started benchmark tests of the
preliminary version of JENDL-HE File for neutron transport cross section data up to 50 MeV by analyzing
available shielding benchmark experiments [1-5] summarized in Table 1. The first results of the tests

Table 1 Benchmark experiments employed for the tests.

Facility / Institute

INS / Univ. Tokyo

RCNP/ Osaka Univ.

TIARA /JAERI

Neutron Source 52-MeV Proton 65-MeV Proton 43- & 68-MeV Proton
on Graphite on Copper, Collimated | on Lithium, Collimated
Source Spectrum White White Quasi-Mono-Energetic
Material C, Fe, Concrete, C, Fe, Pb, Fe, Concrete,
Water Concrete Polyethylene
Measured Neutron & Photon Neutron & Photon Neutron Spectrum,
Quantity Spectrum Spectrum Fission Rate
References [1] 2] [3-5]
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have been reported elsewhere [6]. After that, we have obtained some new findings about cross section
data in JENDL-HE through the benchmark tests. In this report, results of the benchmark tests are described
featuring the new findings.

2. Benchmark Calculation

The Monte Carlo transport calculation code MCNP-4B [7] was used for the benchmark calculations.
Cross section data of the preliminary version of JENDL-HE were processed into an ACE format cross
section data library for MCNP by the NJOY-94.66 code. The LA-150 cross section library up to 150
MeV [8], which is now being developed at Los Alamos National Laboratory, U. S., was also processed.
Since JENDL-HE was under evaluation, some cross section data needed for the calculations were not
available. Benchmark calculations were performed for the iron and concrete experiments in Table 1.
Calculations for iron could be performed by using the JENDL-HE data while those for concrete were
performed with cross section data of Al, Si,Ca and Fe in JENDL-HE File by supplying cross section data
of H and O from ENDF/B-VI and 100XS [9], respectively.

Source neutron conditions provided by each benchmark experiment [1-5] were used as source
terms for the neutron transport calculations. Neutron events were scored by track length estimators of
which sizes were the same as the neutron detectors used in the experiments.

In the INS and RCNP experiments, gamma-ray spectra measured behind the shields were given.
To test secondary gamma-ray production cross sections in the libraries, neutron-gamma-ray coupled
transport calculations were also performed. Since the high energy proton bombardment on the targets
generates source gamma-rays as well as source neutrons, gamma-ray transport calculations were performed
with using source gamma-ray conditions obtained in the experiment [1, 2]. Gamma-ray spectra obtained
in the source neutron and gamma-ray calculations were summed to compare with the experimental data.

Calculated results with JENDL-HE and LA-150 were compared with the experimental data and
some previous calculations with the 100XS library.

3. Summary of the Previous Benchmark Test

Brief summary of the previous benchmark results [6] is as follows.

(1) In the analysis of the TIARA iron shield experiment, JENDL-HE underestimates neutron fluxes
above 10 MeV with increase of shield thickness. This underestimation can be explained by the too small
-elastic and too large non-elastic scattering cross sections in the energy range from 20 to 50 MeV.

(2) Calculations with JENDL-HE give good results for concrete shields. In the analysis of the TTARA
concrete shield experiment, calculated to experimental ratios (C/Es) for the peak neutron flux (35 ~ 45
MeV) and tail neutron flux (10 ~ 35 MeV) range from 0.9 to 1.5 for the shield thicknesses up to 150 cm.

(3) In the analysis of the FNS iron benchmark experiment [10, 11] for fusion, the calculation with
JENDL-HE does not reproduce the experimental neutron spectrum in a low energy range from 1 eV to 1
MeV although calculated spectra with both JENDL Fusion File and JENDL-3.2 agree fairly well with the
experimental data. The reason is that JENDL-HE does not adopt the validated elemental iron data in
JENDL Fusion File nor JENDL-3.2 as the cross section data below 20 MeV but merges the isotopic iron
data in JENDL Fusion File that have not been validated.
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Detector
Neutron

Beam
On Beam Axis
20cm Offset

40cm Offset

Fig. 1 Detectors located on the neutron beam
axis and the two offset positions in the
TIARA iron shield experiment. Detectors
located with large offset distances are
likely to observe neutrons scattered with
large angles.
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Fig. 2 Neutron spectra measured in the TIARA iron
shield experiment in comparison with calculations
with JENDL-HE, LA-150 and 100XS. Spectra are
measured on the beam axis and with offset distances
of 20 cm and 40 cm behind the iron shield of 40 cm
thickness.
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4. New Findings through the Benchmark Test

In addition to the previous results, the following new findings were obtained.

(1) The TIARA shielding experiment has a unique feature that neutron spectra are measured at several
detector positions not only on an extension of the incident neutron beam axis but also with offset distances
of 20 cm and 40 cm as illustrated in Fig. 1. This feature is very useful to test angular distribution of
scattered neutrons because neutron spectra measured with large offset distances likely to observe neutrons
scattered with large angles. Figure 2 compares measured and calculated neutron spectra for the TIARA
iron shield experiment. A trend is found in Fig. 2 that the calculation with JENDL-HE underestimates
neutron fluxes with increase of the offset distance. The trend is exhibited clearly in Fig. 3 which shows
C/E values for peak neutron fluxes for the neutron spectra in Fig. 2 as a function of the offset distance.
The C/E curves by LA-150 and 100XS are almost flat while C/E values by JENDL-HE decrease with
increase of the offset distance. A possible reason of the trend is found in the angular distribution of
elastically scattered neutrons by iron-56 shown in Fig. 4. Anisotropy of the angular distribution toward
0 degree for JENDL-HE is too emphasized, and less neutrons are scattered with large scattering angles.
When the angular distribution is emphasized toward 0 degree, the peak neutron flux measured on the
beam axis (0 cm offset) will increase. However, the C/E value without the offset distance (0 cm) by
JENDL-HE is still less than 1.0. This contradiction can be explained by the too small elastic scattering
cross sections in JENDL-HE, as mentioned earlier.

The flat C/E curves by LA-150 and 100XS suggests that the angular distribution of secondary
neutrons for the iron data in these libraries
are adequate. Those C/E curves are,
however, systematically larger than 1.0.
A possible reason of this is that the elastic
scattering cross section is somewhat

o 43MeV p-'Li neutrons on Concrete
- ° Expt.
100XS

larger contrary to JENDL-HE. 10° ________ - ﬂ%ﬂ%h‘HE

o ©
L |IIlIlL[

(2) Neutron spectra measured in the
TIARA concrete shield experiment are
compared with calculated results by
JENDL-HE, LA-150 and 100XS in Fig.
5. The LA-150 result is newly obtained.
All the three calculations predict the
measured neutron spectra transmitted
through the thick concrete shields up to
150 c¢m fairly good. Especially, the
JENDL-HE calculation shows the best
results among the three.
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Fig.5 Neutron spectra measured in the TTARA
. ; concrete shield experiment compared with
good agreements with the experimental calculations by JENDL-HE, LA-150 and 100XS.
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Fig. 6 Gamma-ray spectrum measured behind the iron shield of 20 cm in the RCNP experiment compared
with the calculations by (a) JENDL-HE and (b) LA-150.

10° ———— o Expt 10" e
E "o ¥ . F 7o o Expt.
= S B ¥ -Igays Produced by Neutrons = | by -F'laays Produced by Neutrons
2 s ¥ -Rays Produced at the Target ] : —— y-Rays Produced at the Target
& 3 < 3 oo otal
S 107} T & 4107 °
2 : 1 3
2 - 1 = ]
E - 1 N i ]
E "
§ ol 1 Eeo
= F E — 3 E
& i ] 3 [ ]
- L w I 4
S qo9L INS / Tokyo Univ. _ T 10°L INS / Tokyo Univ. a
- E C(p,n) by 52-MeV Proton \ . E '-E E C(p.n) by 52-MeV Proton . E
E i Iron_19¢cm kY ] £ - Iron_19¢m toe ]
] | MCNP4B+JENDL-HE [ E g 3 MCNP4B+LA-150 g
Oqoob e L Gyogobo o o0 v 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
(a) Gamma-Ray Energy [MeV] (b) Gamma-Ray Energy [MeV]

Fig. 7 Gamma-ray spectrum measured behind the iron shield of 19 cm in the INS experiment compared
with the calculations by (a) JENDL-HE and (b) LA-150.

data. Gamma-rays observed have two origins: gamma-rays produced by neutron interactions in the iron
shield, and gamma-rays produced at the target by high energy proton bombardment on the targets. The
former component is obtained by the neutron-gamma-ray coupled calculations with source neutrons
while the latter component is obtained by just gamma-ray transport calculations with source gamma-
rays. Since what we should test here is secondary gamma-ray production cross section data, we are
interested in only the former component. Those experiments, the RCNP experiment especially, are not
very suitable for our purpose because the latter component is strong. Nevertheless, the general agreements
between the measured and calculated gamma-ray spectra suggests that there is no serious problem in the
gamma-ray production cross section data of iron in JENDL-HE and LA-150.

5. Concluding Remarks

Benchmark tests of the preliminary version of JENDL-HE with the MCNP code have been
continued. A problem in JENDL-HE is pointed out that the angular distribution of elastically scattered
neutrons by iron-56 is too emphasized toward O degree. Good results are obtained in the analyses of
concrete shield experiments and iron secondary gamma-ray experiments. Problems found through the
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tests are expected to be considered in revision of JENDL-HE.
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The accuracy of DORT calculations with HILO86R and multigroup libraries processed
from LA-150 (P, Legendre expansion) was investigated through the analysis of the shielding
experiments on iron and concrete for 40 and 65 MeV neutrons at JAERI/TIARA.

1. Introduction

Legendre expansion order for scattering matrix in Legendre-expanded multigroup li-
braries is usually at most 5 because of calculation constraint. The accuracy of Sn calculations
with multigroup libraries of P, Legendre expansion may become poor with increase of neutron
energy since P, Legendre expansion can not present forward-peaked angular distribution of
secondary neutrons precisely. Reference 1 showed that the two-dimensional Sn code DORT 3.1
[2] calculations with multigroup libraries of P, Legendre expansion represent the shielding
experiments for D-T neutrons as accurately as the continuous energy Monte Carlo code MCNP
[3] calculations with libraries (no Legendre expansion) . P, Legendre expansion is considered
to be adequate up to 14 MeV neutrons. Recently Sn calculations with HILO86 [4] or HILO86R
[5], which is a multigroup library of P, Legendre expansion up to 400 MeV, are carried out for
shielding calculation of ion accelerators of more than a few hundreds MeV. Therefore we ana-
lyzed the shielding experiments [6,7] on iron and concrete for p-"Li quasi-monoenergetic source
neutrons (40 MeV and 65 MeV) performed at JAERI/TIARA with DORT3.1 in order to exam-
ine accuracy of Sn calculations with multigroup libraries of P, Legendre expansion for neutrons
above a few tens MeV.

2. Overview of Shielding Experiments on Iron and Concrete at JAERI/TIARA
The shielding experiments were performed with collimated p-’Li neutron source of 40
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and 65 MeV at Takasaki Ion Accelerator for Advanced Radiation Application (TIARA), at JAERI.
Figure 1 shows the experimental arrangement. The test shield of iron and concrete from 10 cm
up to 200 cm in thickness was located at the end of the collimator with or without an additional
iron shield. Neutron spectra were measured with a BC501A scintillator and Bonner Ball detec-
tors on the beam axis and at 20 and 40 cm off the beam axis behind the test shield.

3. Calculation Procedure
The Sn code DORT3.1 was used in the analysis. Only the collimated source neutrons

and experimental assembly, which was modeled as a cylinder instead of a rectangular parallel-
epiped, were adopted in the analysis according to Ref. 5. The first collision source was calcu-
lated from collimated source neutrons with the GRTUNCL code. The following multigroup
libraries (P, Legendre expansion) were used.

1) HILO86R, 2) LA-150 52g without ETA, 3) LA-150 100g without ETA,

4) LA-150 52g with ETA, 5) LA-150 100g with ETA
The multigroup libraries of 2) - 5) below 100 MeV were generated with NJOY94.105 [8] patched
for LA-150 and TRANSX2.15 [9] codes from the nuclear data library LA-150 [10] up to 150
MeV which LANL released recently. The 52g and 100g mean the group structure; 52g is the
same structure (52 groups) as that of HILO86R and 100g is the structure (100 groups) of 1 MeV
interval from 0.5 MeV to 100.5 MeV. The ETA is an abbreviation of extended transport ap-
proximation [9], which was devised mainly for fast breeding reactors in order to mitigate the
effects of truncating the Legendre expansion at finite order. The multigroup libraries of 4) and
5) were used to examine the effect of ETA on high energy neutrons. Moreover MCNP-4 A
calculations {11] were also carried out with the continuous energy library processed from LA-
150 with NJOY94.105 for accuracy check of LA-150 itself.

4. Results and Discussion

The comparison between the calculations and measurements for neutron spectra above
10 MeV on the beam axis is carried out in this paper. Figure 2 shows the measured and calcu-
lated neutron spectra of the iron experiment for 43 MeV neutrons. The calculations overesti-
mate neutron flux more with the thickness of the assembly. In order to compare the calculations
with the measurements precisely, the ratios of the calculated values to the experimental ones (C/
E) of integrated neutron flux at the peak and continuum regions are plotted in Figs. 3 - 10. The
C/Es of all the calculations tend to increase with the thickness of assembly, though the increase
rates of C/Es are different each other. The main reason of the overestimation of the calculations
with LA-150 is attributed to LA-150 itself, since the increase tendency of C/Es also appears in
the MCNP calculation. Although the DORT calculations with 100g are larger than those with
52g, the effect of the group structure is not so large since the largest difference is 20 %.

The DORT calculations without ETA are smaller than the MCNP calculation. This
reason is that neutrons elastically scattered to forward direction are smaller since the multigroup
libraries of P, Legendre expansion produce less forward-peaked angular distribution for elastic
scattering than the original LA-150, which is strongly forward-peaked. It is noted that the DORT
calculations without ETA underestimate the measurements even for thinner assemblies. This
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reason is not clear yet, but this is also one of influences due to P, Legendre expansion. The C/
Es of the DORT calculations without ETA are 0.5 - 2.1 for the assembly of more than 1 m in
thickness. The DORT calculation with HILO86R shows the similar tendency with those with-
out ETA. Probably the ETA is not considered in HILOS6R.

The correction of the influences due to P, Legendre expansion by ETA seems to be
well in the iron experiment for 43 MeV neutrons; the DORT calculations with ETA are similar
with the reference MCNP calculations. However, the ETA overcorrects much in the other ex-
periments; DORT calculations with ETA are larger by 2.5 times at maximum than the reference
MCNP calculations. It is found that the ETA is not always appropriate for neutrons above a few
tens MeV. The C/Es of the DORT calculations with ETA are 1.5 - 3.5 for the assembly of more
than 1 m in thickness.

5. Concluding Remarks
The accuracy of DORT calculations with HILO86R and multigroup libraries processed
from LA-150 (P, Legendre expansion) was investigated through the analysis of the shielding
experiments on iron and concrete for 40 and 65 MeV neutrons at JAERIUTIARA. The following
remarks were found through the comparison of measurements and calculations of neutron flux
above 10 MeV. ‘
1) All the calculations tend to overestimate the measurements with the thickness of assembly.
2) DORT (LA-150 without ETA) and DORT (HILO86R) is smaller by 50 % at maximum than
MCNP (LA-150). Their C/Es are 0.5 - 2.1 for the assembly of more than 1 m in thickness.
They also underestimate the measurements for thinner assemblies.
3) The ETA overcorrects the influences due to P, Legendre expansion too much. DORT (LA-
150 with ETA) is larger by 2.5 times at maximum than MCNP (LA-150). Their C/Es are 1.5
- 3.5 for the assembly of more than 1 m in thickness.
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exposed to high energy heavy ion beam

Eunjoo Kim, Takashi Nakamura
Cyclotron and Radioisotope Center, Tohoku University
Aoba, Aramaki, Aoba-ku, Sendai 980, Japan
eunju @risunl cyric.tohoku.ac.jp, nakamura@ cyric.tohoku.ac.jp

Yoshitomo Uwamino, Sachiko Ito
Institute of Physical and Chemical Research
Hirosawa, Wakooui, Saitama, 351-01, Japan
uwamino @postman.riken.go.jp, ito @postman.riken.go.jp

Akifumi Fukumura
National Institute of Radiological Sciences
9-1, Anagawa-4-chome, Inage-ku, Chiba 263, Japan
fukumura@nirs.go.jp

The residual radioactivities produced by high energy heavy ions have been measured using
the heavy ion beams of the Heavy Ion Medical Accelerator (HIMAC) at National Institute of
Radiological Sciences. The spatial distribution of residual radioactivities in 3.5cm, 5.5cm and
10cm thick copper targets of 10cmX 10cm size bombarded by 290MeV/u, 400MeV/u-"C ion

beams and 400MeV/u-“Ne ion beam, respectively, were obtained by measuring the gamma-
ray activities of 0.5mm thick copper foil inserted in the target with a high purity Ge detector
after about lhour to 6 hours irradiation.

1. Introduction

In radiation safety design of high energy and high intensity accelerator, the evaluation of
residual radioactivities of accelerator and shielding materials is very important for protection
of radiation workers, especially during maintenance work. The radioactivities of air, coolant
water and soil are also important for protection of natural environment and nearly inhabitants.
The residual radioactivities are produced by accelerating charged particles and secondary
neutrons. Those by charged particles are a main source in accelerator materials exposed to a
beam. Nevertheless, there exist very few experimental data of residual radioactivities
produced by high energy heavy ions and the accurate estimation method has not been
established yet. Several experimental studies on the reaction between carbon ion beam and
copper target have been reported at projectile energies of 15 to 90MeV/u [1-3]. In this study,
we performed irradiation experiments of copper target using the 290MeV/u and 400MeV/u
"C ions and 400MeV/u *Ne ion beams of the Heavy Ion Medical Accelerator in Chiba
(HIMAC) at National Institute of Radiological Sciences.
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2. Materials and Methods

Irradiation was performed with 290 and 400MeV/u-"C ion beams , and 400MeV/u-*Ne ion
beam delivered from HIMAC. Figure 1 shows an assembly of the natural copper target of

10cm X 10cm size and 0.5cm thickness which has total thickness of copper target of 3.5cm,
5.5cm and 10cm to stop the projectile heavy ion beams, 290 and 400MeV/u-"C ion beam and
400MeV/u-“Ne ion beam, respectively. Additional copper activation foils of 10cmX10cm

and 0.5mm thickness were inserted at every Smm to 20mm interval in the copper target to
measure the spatial distribution of residual radioactivities in the copper target.

m

0.5cm 0950‘“
The size of copper target The size of copper activation foil

0.05cm thick cu foil

projectite ion beam
(12-C,20-Ne)

0.5cm thick Cu plate

The composition of copper target in irradiation experiment

Fig.l : Schematic view of copper target assembly used for irradiation experiment

The size of projectile beam is about lcm in diameter and the beam perpendicularly
bombarded the target. The irradiation condition and the activation foils used in the experiment

are listed in Tablel. During irradiation experiment, the beam intensities were measured with
an transmission-type ionization chamber .

Tablel Projectile beam and activation foil used for irradiation experiment

Projectile heavy ion beam Integrated beam intensity Irradiation time Activation foil
290MeV/u *C 1.949X107C 1 hour "Cu
400MeV/u C 2.006X107 C 1 hour “Cu
400MeV/u *Ne 2.666X107 C 1 hour “Cu
400MeV/u *C 8.186X10°C 6 hour 7Al, ™Fe, ™Cu, SUS

The gamma rays from residual radioactivities in copper foil inserted in the copper target were
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measured by the high purity Ge detector by coupling with the 4096 multi-channel analyzer.
The measuring time of copper foils was between 60min and Shours, and the cooling time was
between 6min and Sdays from beam off, considering the half lives of residual radioactive
nuclides.

From the measured gamma-ray spectra , we identified a number of radionuclides and the
reaction rate of residual nuclei were obtained from the peak counts after corrected with the
peak efficiency of Ge detector

3. Results and Discussion

From the irradiation experiments, we identified the residual nuclei of these activation foils
and obtained the spatial distribution of their reaction rates in the copper target. Table2 gives
the measured residual nuclides in copper activation foil. The number of identified
radionuclides is 14, 17 , 20 and 38, the mass number of residual nuclides is between 27(27Mg)
and 61(°'Cu) for 290MeV/u “C ion bombardment during 1hour irradiation time, 24(**Na) and
61(°Cu) for 400MeV/u “C ion bombardment during lhour irradiation time, 27( “Al) and
63(*Zn) for 400MeV/u *Ne ion bombardment during lhour irradiation time, 7('Be) and
63(*Zn) and for 400MeV/u “C ion bombardment during 6 hours irradiation time,
respectively.

Table 2 Residual nuclides measured in the copper activation foil

Projectile heavy ion beam Residual nuclides in copper activation foil

29OMeV/u '2C ion- "“‘Cu 27Mg, 29Al’ 34mCl, 38Cl, 39Cl, “Ar, MSC, 49CI‘, 5°Mn, saFe, GICO, azmco,
“Cu, “'Cu (14)

400MeV/u 'ZC ion- "‘“Cu 24Na, 29A1, 34mCl, JSCl, 39Cl, AOCI’AlAr’ MSC, MSC, AQCI‘, szmMn, 56Mn,
*Fe, “'Co, “"Co, “Cu, *'Cu (17)

24Na, ZgAl, 38Cl, 40Cl,4lAr, 43SC, 44SC’ 44mSC, 49Cr, 52Mn, 52mMn, SﬁMn,
400MeV/u “Ne ion-"Cu “Fe, “Co, "Co, “Cu, 'Cu, *Ni, “Ni, “Zn (20)

7Be 24Na 28Mg 29Al 34mCl 38Cl 39Cl AIAI' 42K 43K 44K 43SC

400MeV/u *C ion- "Cu | “"Sc, “Sc, “Sc, “Sc, “Sc, *V, “Cr, *'Cr, "Mn, *Mn, *Mn, “Fe,

*Fe, *Co, *Co, "Co, *Co, *'Co, *"Co, “Cu, *'Cu, *Ni, "'Ni, *Ni,
“Zn, *Zn (38)

Figures 2 to 5 show the spatial distributions of “'Cu, *Mn, “Sc and *Cl in the copper target for
290 and 400MeV/u "’C ion and 400MeV/u “Ne ion bombardments.

Figures 2 and 3 show the spatial distributions of “Cu and *Mn in the copper target for 290
and 400MeV/u C ion and 400MeV/u “Ne ion bombardments. These figures indicate that the
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spatial distributions of activation rates of “Cu and *Mn which are close to the target nucleus
of natural Cu (*Cu and *Cu) increase with penetrating the copper target, while on the other
hand, the spatial distributions of “Sc and *Cl which have much smaller atomic number and
mass number than natural Cu have a constant distribution in the copper target and steeply
decrease at the point of energy range of the incident beam ( 2.5cm for 290MeV/nucleon “C ,
4.0cm for 400MeV/u- "°C and 2.5cm for 400MeV/u-"Ne). It is also clear from Figs.2 to 5 that
the spatial distributions of “Cu, *Mn, “Sc and *Cl which were produced by the 290 and
400MeV/u-"C ions give similar activation rate curves with depth each other and steeply
decrease at the stopping range of an incident beam, especially for “Sc and *Cl activation rates.
We can find that the “'Cu and *Mn spatial distributions extend in the copper target beyond the
energy range of an incident beam, especially for 400MeV/u-"°C and *Ne ion incidences. This
may be explained from the phenomenological fact that the “‘Cu and *Mn isotopes were
mainly produced through ™Cu (n,xn) and (p,px) reactions by the secondary fragment particles,
such as protons and neutrons, produced by “C interaction with copper, in addition to that by
the direct reactions of an incident beam. On the other hand, “‘Sc and *C1 isotope productions

have rather high threshold energy and were mainly produced by the direct reactions of "*C and
*Ne ion beams with copper target.
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Fig.2 Spatial distribution of °'Cu activation rate in the copper target
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The thermal neutron capture cross sections (0,) and the resonance integrals (I,) of some FP

elements, such as *'Se, **Zr, 124Sn, 1271 and 'Cs, were measured by the activation and y-ray
spectroscopic method.

1. Introduction
The thermal neutron capture cross sections (0,) and the resonance integrals (1) of long-lived

fission products (FP) is required for the transmutation study by reactor neutrons in the nuclear
waste management.  The nuclear waste, sometimes, contains a large amount of stable nuclei
having the same atomic number as that of long-lived FP. ~ These stable nuclei absorb thermal
neutrons during the neutron irradiation of the nuclear waste and disturb the neutron filed near the
objective target nuclei; the reaction rate of the target nuclei will be reduced.  Also, more
radioactive nuclei may be produced by the neutron capture process of the stable nuclei.
;I;glerefore, the cross section data are needed for the stable nuclei, such as 80Se, 94Zr, 124Sn, 1271 and
Cs.

2. Experiment

The cross section measurements for those nuclei were performed by the activation and y-ray
spectroscopic method.  The high purity(99.99%) natural SeO,, ZrO,, SnO, and CsCl powders
were used as targets.  The '>'I elements were also used for the target, which were involved in the
121 standardized solution as the contamination, since the measurements were performed together
with those for 'ZI. The adequate amount of each sample was poured into each quartz case.
The wires of 0.112wt% Aw/Al alloy (0.510mm in diameter) and 0.46wt% Co/Al alloy (0.381mm
in diameter) were used as activation detectors to monitor the neutron flux. The method of
measuring the neutron flux was the same for the cross section measurements, and will be explained
later in Seec. 3.

The irradiations were performed in the rotary specimen rack (RSR) of the Research Reactor

TRIGA MK-II at Rikkyo University, whose thermal neutron flux was 5.0 X 10" n/cm®sec and the

epithermal index of Westcott’s convention” 0.039. Each target was irradiated without and
within a Cd capsule (Imm in thickness, 22mm in outer diameter and 63mm in outer length).
The Cd capsule was used to reduce the flux of thermal neutrons at the target.

The yields of y-rays emitted from the irradiated targets were measured by a high purity Ge
detector with a 90% relative efficiency and an energy resolution of 2.1keV FWHM at 1.33MeV of
%Co.  The details of the data taking system were described elsewhere®.

- 176 —



JAERI-Conf 99-002

3. Analysis
The following equations obtained by modifying Westcott’s convention” were used for analysis
to deduce neutron fluxes at the irradiation position and cross sections. Equations based on

Westcott’s convention are rewritten by using simplified flux notation as follows;
R/co =, + 0,50 (D

for irradiation without the Cd shield capsule,
R’/ c6= 0]+ ;s 2

for irradiation with the Cd shield capsule.  Here, the R (or R’) is the reaction rate, 6, the thermal
neutron (2,200m/s neutron) capture cross section, and sy is defined by

o=l )

where Iy’ is the reduced resonance integral after subtracting the 1/v components.  The resonance
integral I, is calculated as follows;

I=ly’ + 0.450, | “)

where 0.450) is the 1/v contribution given by assuming the Cd cut-off energy to be 0.5¢V.

Using the known data of the cross sections G, and the parameter s, for cobalt and gold, the
values of the flux terms ¢; 2 and ¢’ 2, were determined by solving the simultaneous equations for
cobalt and gold from Egs. (1) and (2).  Table 1 summarized the experimental results of the R
and R’ values of the flux monitors, and also the neutron flux.

Afier the deletion of 6, Eqs.(1) and (2) give the relation,

_ -4, (R/R)
Yo R/R) ®

so that the s, value for each target nuclide is obtained from R/R’ value of each irradiated target.
The value of oy is obtained by substituting the s into Eq.(1), and then the values of Iy’ and I, are
calculated from Egs.(3) and (4).

4. Results and Discussion
The results of the cross sections were shown in Tables 2-6 together with the previously
reported data.

Selenium-80

The cross sections for the formations of the isomeric state *'™Se and the ground state *'8Se were
measured respectively by following the y-ray counting rate after the irradiation. The present
results are listed in Table 2 together with the values reported previously‘3H6). The present data of
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Gom+g and Iom+g in the reaction 80Se(n,y)’“""gSe support the evaluated ones. The oy for the
formation of the *'™Se was 43% smaller than the value (0.08 b) reported by Holden et al®®.  This

reason is owed to the revision of the y-ray emission probability data from 9.7%7 to 12.7%.

Zirconium-94

The present results are listed in Table 3 together with the data reported previously‘g)’(w)’(”).
The o value for **Zr supports the evaluated one.  The present result of I was 14% smaller than
the evaluated one, but close to the value given by Santry et al’®.  The ratio of I/, was found to
be 5.78 which agreed with the measured value by Moens et al®. The present values for 7r
have the consistency in point of the results of the 6, value and the Iy/cp ratio.  This fact supports
the reliability of the present values.

Tin-124

The present results for “"Sn are listed in Table 4.  There have been no previously reported
values for the reaction '*Sn(n,})'*®Sn.  The measurements of the 6y, and I, for the formation
of '°8Sn were performed in the present work.  However, the y-ray emission probability data for
12%2Gn had 30% error.  After now, the accurate measurement of the y-ray emission probability
should be performed by means of B-y coincidence counting technique?.

124

Iodine-127
The present results for '*’I are listed in Table 5 with the data reported>'¥.  The value of the

thermal neutron capture cross section was 6.40+0.29 b and in agreement with the evaluated and

previously reported data within the limit of the error, but not in agreement with the data, 4.7+0.2 b
by Friedmann et al'".  The difference between the present result and the result by Friedmann et
al. may be caused by the difference of the y-ray emission probability used for the deduction of
reaction rate from the y-ray peak counts.  Friedmann et al. used a value of 0.16 for the emission
probability of the 443keV +y-ray from the reaction product 2] The emission probability of this
Y-ray was measured recently by Miyahara et al.%® by using a two dimensional 4np—y coincidence
method, and was determined as 0.1261 3-0.0008.  If the new value of 0.1261 for the emission

probability of the 443keV +y-ray is used in the analysis of the data by Friedmann et al., their result of
the oy will change to 5.96 b and becomes close to the value obtained in the present analysis.

Cesium-133

The cross sections for the formations of the isomeric state **"Cs and the ground state **¢Cs
were measured respectively by following the y-ray counting rate after the irradiation.  The
present results for '**Cs are listed in Table 6 together with the reported data'®”.  As shown in
Table 6, many authors have ever measured the thermal neutron capture cross sections and the
resonance integrals for the formations of the **™Cs and **™8Cs.  With respect to the thermal
cross section, the present result agrees with data in references within the limits of the error. ~ The
thermal cross section leading to the 134m*eCg agreed with the evaluated value in JENDL-3.2 (29.00

b*), and one leading to 13¥mCs was in good agreement with the data reported previously, e.g. 2.82

+0.07 b by Baerg et al'?.

On the other hand, the resonance integral for **™®Cs was 25% smaller than the evaluated
value in JENDL-3.2 (396.2 b®).
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5. Conclusion
(DFor the 80Se(n,y), 94Zr(n,y), ‘24Sn(n,y), 127I(n,y) and 133Cs(n,y) reactions, the thermal neutron

capture cross sections and the resonance integrals were measured to obtain fundamental data for
research on the transmutation of nuclear wastes.

@The o, of ¥Se, '*'I and 'Cs agreed with JENDL-3.2 and previous data.  However, the Iy of
#7r, "' and '*Cs were different from JENDL-3.2 and any other data.

(3 The cross sections for the formations of the isomeric and ground states, such as *'™&Se and
134meCs, were measured separately.

(@The 6, and I, for the formation of '2°Sn was obtained for the first time.
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Table 1 Summary of the neutron flux measurements in RSR of Rikkyo Reactor

Irradiation Iradiation  _Reaction rates of the flux monitors o, or oy’ O or ¢’
Type period ®Co Au (107 /s) (10" n/em’sec)

bare 10min 1.76 £0.04  7.31x0.15 442 +0.09 0.173£0.004
with Cd 25min 0.155%£0.003 3.20%0.06 0.099%+0.004  0.183%0.004
Cadmium ratio 11.3 +0.3 2.28+0.07

Table 2 Results of Cross Sections for the *Se(n,y)*'™ *'¥Se Reactions

Author (Year) Go.m Go ¢ Comig lo.m log lomig
Presentresults  0.0460.002 0.54230.042 0.5883-0.042 0.147+0.005 0.84730.071 0.994+0.071
JENDL-3.2% 0.610 0.9739
Holden®(68) 0.08 +001° 0.53 +0.04 061 +0.05® 20 06

Table 3 Results of Cross Section for the 94Zr(n,y)%Zr reaction

Go (b) I (b) Q=ly/co
Present Result 0.0479%0.0010 0.27730.007 5.78+0.19
JENDL-3.2% 0.04981 0.3207
Moens? (°79) ——— 5.78+0.12
Santry'” ('73) 0.0475+0.0024 0.218+0.010 4.6
Fulmer™’ (71)  0.052 +0.003 0.30 +0.03 5771067

Table 4 Results of Cross Section for the '**Sn(n.y)'*#Sn Reaction

0o (b) L, (b)

Present Results 0.0042+0.0013 0.0831+0.025
Reference (no data)

Table 5 Results of Cross Section for the 127l(n,y)mgl Reaction

Go (b) L (b) Q=ly/cy
Present Results 6.401+0.29 16218 253%+1.7
JENDL-3.2® 6.200 148.2
Friedman'’(’83) 4.7 02 10945
Moens®(*79) 24.6
Ryves "¥(70) 6.12+0.12 14519

Table 6 Results of Cross Sections for the Cs(n,y)"**™ **8Cs Reactions

Author (Year) Com Cog Comee lom log lomig
Present results 2.701+0.14 263*1.1 29.0+1.1 232+18 275x16 298116
JENDL-3.2%97) 29.00 396.2
Takiue et al."9('78) 28.740.7

Steines '"(*72) 437426
Sims et al."¥(68) 292423 495+ 17
Keishetal'’¢61)  244+0.15

Baerg et al®(60)  2.8240.07 304108  344+19 461125
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315 Construction of a y—y and #—y Coincidence
Measurement System for Precise Determination of
Nuclear Data

Kazuyoshi FURUTAKA, Shoji NAKAMURA, Hideo HARADA and Toshio KATOH

Japan Nuclear Cycle Development Institute, Tokai works,
Tokai-mura, Naka—gun, Ibaraki-ken 319-1194
email : furutaka@tokai.pnc.go.jp

A y—y and —y coincidence measurement system was constructed for the pre-
cise determination of nuclear data, such as thermal neutron capture cross sec-
tions and v-ray emission probabilities. The validity of the system was tested
by a y—y coincidence mecasurement with a %°Co standard source.

1 Introduction

It is of fundamental importance for the nuclear transmutation study of radioactive
waste to obtain precise value of nuclear data, such as thermal nentron capture cross
sections, g,,. From this point of view, we have performed a series of experiments to
determine precisely thermal neutron capture cross sections of the FP nuclides by the
activation method. |

To determine o, precisely in the conventional activation method, in which v rays
emitted from an activated sample are measured using only one detector, accurate
data for vy-ray emission probabilities I, are required. For some nuclides, ,, can be
determined more precisely if the I, of their capture products are obtained with better
accuracy.

For the precise determination of o, and I,, a y—y and B-y coincidence measure-
ment system was constructed. In this system, the data is accumulated in list format
with singles trigger condition, i.e. singles as well as coincidence data are taken simulta-
neously. This feature makes dead times of singles and coincidence measurements being
canceled out in deducing the activity, so cross sections can be obtained precisely.

In the next section, the feature of the system is described. Section 3 describes an
experiment in which y—y coincidence measurement was done using standard source, Lo
test the validily of the system. Details of the analysis are also presented in this section,
including corrections for sum coincidence and angular correlation. Finally, section 4
summarizes the present work.

2 Feature of the system

A schemnatic diagram of the system is shown in Figure 1. Tt consists of two detectors
and a fast data acquisition system. Gamma rays are measured by a large Ge detector
(relative efficiency 90% of 37 x3” Nal). In S—y measurements, a thin (0.5-2mm?) plastic
scintillator is used for 3 detection.
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Figure 1: Schematic diagram of the system

The data acquisition system consists of two series of amplifier(Canberra2025)-
Fast ADC(Canberra 8715) and a timing circuitry (TAC(ORTEC 566)-ADC(Canberra
8715)) connected to a multi-parameter interface(TOYO 623A). The list data gathered
by the interface are temporarily accumulated in one of the two cascade-connected large
capacity (64k words) CAMAC memory modules. The data in a memory module are
transferred to a PC (NEC PC-9821 Xal6) when the module is not in use, and stored
in hard disk of the PC, so the data is accumulated fast and efficiently. The data are
accumulated when there’s at least one ADC with valid datum. Coincidence events are
extracted from the list data in off-line analysis. In y-ray measurement in singles mode,
photo-peak counts N;,. of a v ray ~; in a detector : can be expressed as the following:

Nimy = Ax Iy €, Ri x T, (1)

where A is activity, I,; emission probability of v;, ¢, peak efficiency of v; in the
detector 7, T' the measurement time, and R; the ratio of live-time to elapsed time
for the measurement. In y—y coincidence measurement, the yield is described by the
[ollowing equation:

N2, = A X Iy @19 X Iy, €24, X Re X T, (2)

where K¢ is live-time ratio for coincidence measurement. According to the above
relations, the activity A reads

A= _l— Nl,’yl NZ,’yg Rl R2.

= 3
T Nl 171‘21’72 RC ( )

In this system, R¢ = R Ry, and

_ l Nli’Yl N21’72

A - b
T Nerl 2,72

(4)

i.e. the dead times in singles and coincidence measurements are canceled out.

3 Validity test of the system

To test the validity of the system, a y—y coincidence measurement was performed
using a ®Co standard source with known activity. Gamma rays emitted from the
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source were measured with the two Ge detectors. The detectors were placed face—to—
face, and the distance between the source and the front surfaces of the detectors were
20cm. Counting rate for a detector was ~ 2k cps. A total of 1.6 x 107 events were
accumulated within about an hour.

Shown in Figure 2 are projection spectra of the energy of the two detectors and TAC
data. The two 7 rays (1173 and 1333 keV) from the source are clearly seen. Also seen
in the figures is 1461 keV peak, which is originated from *°K in the room background.
From these projection spectra, yields of the 1173(1333)keV « ray in Ge-1(Ge-0) was

Projection spectra

1000 ———————— - , )
: <——— TRUE ——* <————— CHANCE ———
800 F TAC s

10° F Ge 1

Counts/Channel

1173 keV

102 F Ge 0

i

101 i " N " " 1 . N " ] N N N " L N
0 1000 2000 3000 4000

Channel Number

Figure 2: Projection spectra.

obtained.

To extract y—y coincidence events, gates were applied to TAC peak (‘TRUE’ in
Figure 2) and Ge-1 1173 keV peak (‘Gp’ in Figure 3). Spectrum thus obtained is
shown in Figure 4.

One of the advantages of list—form data acquisition is that it enables various cor-
rections such as chance coincidence and background contributions, without relying on
empirical formula. To estimate contributions from chance coincidence and background
componenti in the coincidence events, separate gates were applied, and the resultant
yields were subtracted from the number of coincidence events. Chance coincidence
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Figure 4: Spectrum obtained by gating Ge-1 1173 keV peak and TAC peak.
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contribution was estimated by gating ‘Gp’ and ofl-peak portion of TAC data. For
background estimation, {wo gates with the same width were applied on both sides
of the peak (‘Gy’ and ‘Gy,’ in Figure 3), and an average of the resultant counts was
regarded as the background.

In addition to the corrections described above, corrections for angular correlation
and sum coincidences were made. The correction of coincidence counts, N ., 2.,, for
the angular correlation was done using the following well-known angular correlation
function of the two v rays,

W(6) =1+ 0.102 x Py(cos@) + 0.0091 x Py(cos ), (5)

where # is the opening angle between the two v rays. The correction factor amounted
to 1.112. In sum coincidence events, the two cascade v rays are detected in the same
detector, and therefore singles photo-peak counts are reduced. The correction factors,
Fsc, of the sum coincidence were calculated for the two cascading v rays to be

Fscara = (1.0 — erqaaz X fw)™" (6)
and
L1173 B
Fsciass = (] 0— == x €T,1173 X fW) 5 (7)
~,1333

where er,1173(€r,1333) is the total detection efliciency of 1173(1333) keV ~ ray, I, 1173(75,1333)
emission probability of the 1173(1333) keV « ray, and fw is the average value of angular
correlation function over the detector solid angle weighted by the y-ray attenuation
probabilily in the Ge crystal. fw was calculated using the relation (5) above. The
factors for the present setup are Fsc 1173 = 1.00517 and Fse,1333 = 1.00531.

Taking into account all of the above corrections, the activity of the source was
obtained as 135.4 £ 5.8 kBq, which agreed to the catalog value with decay correction,
132.5 £+ 2.5 kBq. Thus, validity of the system was confirmed in the y—y coincidence
experiment. The error of the obtained value was mainly (99.6%) originated from the
statistical error of the number of coincidence events, and can be reduced with long—time
measurements.

4 Conclusion

For precise determination of source activities and <-ray emission probabilities, a
v~y and 3—y coincidence measurement systermn was constructed. Using this system, in
which the data are accumulated in essentially singles mode, the dead times for singles
and coincidence measurements are canceled out, and the activity can be determined
accurately.

. To check the validity of the system, the activity of the Co standard source was
measured with the system using y—y coincidence method. The obtained value was
agreed to the catalog value within the error, and the validity of the system was con-
firmed.
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3.16 Preparation of 3-7 MeV Neutron Source and
Preliminary Results of Activation Cross Section
Measurement

T. Furuta, H. Sakane*, T. Masuda, Y. Tsurita, A. Hashimoto, N. Miyajima,
M. Shibata*, H. Yamamoto* and K. Kawade*
Department of Nuclear Engineering, Nagoya University
* Department of Energy Engineering and Science, Nagoya University
e-mail:h982422m@sunspot.eds.ecip.nagoya-u.ac.jp

A d-D gas target producing monoenergetic neutrons has been constructed for mea-
surement of activation cross sections in the energy region of 3 to 7 MeV at Van de Graaff
accelerator of Nagoya university. Neutron spectra and neutron fluxes were measured as a
function of the incident deuteron energy. Preliminary results of activation cross sections
were obtained for reactions 2’ Al(n,p)*'Mg, 2"Al(n,a)?*Na, 4"Ti(n,p)*"Sc, *Fe(n,p)**Mn,
¥Ni(n,p)%®Co and %Zn(n,p)®Cu. The results are compared with the evaluated values
of JENDL-3.2. A well-type HPGe detector was used for highly efficient detection.

1 Introduction

A knowledge of activation cross section data for neutron energies up to 15 MeV are
indispensable for fusion technology, especially for calculations on activation of materials,
radiation damage, nuclear heating and so on. Considerable amounts of data exist around
14 MeV. However, in an energy range between 3 and 13MeV, the experimental data are
rather scarce owning to the lack of available monoenergetic neutron sources. In the energy
range of 5 to 10 MeV, Qaim et al.(l) also reported on the characteristics of a deuteron gas
target and cross sections of nickel isotopes using it. In this work, we measured the (n,p)
and (n,q) reaction cross sections. A d-D gas target was constructed for production of the
monoenergetic neutrons of 3 to 7 MeV energy region, and investigated the characteristics
of the neutron sources: neutron spectra and flux.

2 Experimental

2.1 Gas target

An exploded view of a gas target assembly is shown in Fig.1. The target consists
of a small Al cell (30-mm-innerlong. 8-mm-innerdiam. 1-mm-thick) which is filled with
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D, gas at 1.6 kg/cm?. The cell is separated the vacuum and the gas area with a 2.2-
pm-thick Havar foil. The deuteron beam from the Van de graaff accelerator produces
neutrons in the cell via the D(d,n)*He reaction. Incident d* beam energy and intensity
were 1.5 ~ 3.5 MeV and about 1.5 uA, respectively. The cell is cooled by a jet of air.
The degradation of the deuteron energy in the Havar foil and the D, gas was calculated
using the range-energy data® as shown in Fig.2.

Target holder
Vll Al Ring {thickness:1mm} Gas target
Movartol ] [ e & r s
! n! _ .
Ges Target (Al} - 2 ] H
- e 20mn - n
= jekness:1m 1
t o o 1
_.-‘«-mu.n..—unim R R a:;’ " P
e | 2
g o ¢ ol gﬂsn Havar + d; gas _
O 2 & N
_ § . e,
e 53 17 Tetavar toit it ]
O ring iy 22um s
deuteron gas T PP TP Ty
#Havar foil : 2.2 gm ‘ O k] 2 ] 4
Co, Mi, Cr, Mo, C, Be, Mn, W, Fe Deuteron Energy  [MeV]

gas press : 1.6kg/lcny’
Fig. 2: Energy loss of d* beam in Havar foil

Fig. 1: Exploded view of gas target assembly and D, gas

2.2 Neutron Spectra and Flux

Neutron spectra at 1m and zero degree with respect to the d* beam and at deuteron
energy of 1.5 up to 3.5MeV were measured using the organic liquid scintillator NE213
encapsulated by an aluminum cell (50-mm-high. 50-mm-diam.), by mean of the pulse
shape discrimination technique.

The neutron flux was measured with use of the standard reaction **In(n,n’)!*>"In
(T2 = 4.486h), whose cross section is the evaluated in JENDL-3.2. For a deuteron
energy of 2.5 MeV, a typical value of 2.3 x 10° [n/cm? s/uA] was obtained at 1.2 cm
from the surface of the cell.

The obtained neutron spectra are shown in Fig.3. Quasi-monoenergetic neutrons are
clearly seen. However some contributions of low-energy neutrons are also seen. As the
produced neutron energy increased, the component of low-energy neutrons increased.
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Fig. 3: Measured Neutron spectra Fig. 4: Measured neutron flux as a function

of the distance between the surface of the
gas target and a sample.

The ratio of scattered neutrons to total is about 35%. It is necessary for the reliable
measurement of cross sections to correct the contribution of low-energy neutrons.

As shown in Fig.4, neutron flux is dependent on the distance between the surface of
the cell and sample. Since the neutron flux was obtained about 107 unit, sub-mb cross
sections can be measured.

3 Cross Section Measurement

We measured activation cross sections of six reactions, ’Al(n,p)*’Mg, *’Al(n, « )**Na,
“Ti(n,p)"Sc, **Fe(n,p)*Mn, *Ni(n,p)*Co and *Zn(n,p)*Cu by the activation method.
Samples were irradiated at 0 degree to d” beam and 1.2cm from the end of the D, cell by using
a pneumatic sample transport system (Fig. 5). The samples of 10mmX10mm and 1mm'
were sandwiched between two In foils of 10mm X 10mm and 0.5mm in thickness. To
monitor the fluctuation of neutron flux, a multi-channel scaling measurement was carriedd out
at an interval of every 10s with a plastic scintillation detector. The induced activities were
measured with a well-type an 22% HPGe detectors. The efficiency of both detectors is
determined by the calicration method”. Decay parameters of the radioactivity are listed on

Table 1.
The following principle corrections were made: (1) contribution of low energy neu-
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trons, (2) time fluctuation of neutron flux, (3) deviation of vy-ray detection efficiency due
to sample thickness, (4) self-absorption of «y-rays, (5) counting loss due to coincidence
sum effect. Details of the corrections are described elsewhere(®.

The total errors (d;) were described by combining the experimental errors (d.) and
the errors of nuclear data (4,) in quadratic : 62 = 82 + 62.

The results for six reactions are shown in Fig.6. They are compared with the eval-
uated value of JENDL-3.2 and previous works'¥. The experimental cross sections of
2 Al(n,p)*"Mg, 4" Ti(n,p)*"Sc, 38Ni(n,p)3¥Co, and 54Zn(n,p)®*Cu are well agreement with
the evaluated value of JENDL-3.2. On the other hand the results of 2”Al(n,a)?*Na and
56Fe(n,p)®*Mn in the low energy region (points indicated by arrows), are 10 ~ 100 times
larger than the JENDL-3.2.

Table 1. Measured reactions and decay parameters
Reaction Half life E, I, Q-value
2"Al(n,p)*"Mg | 9.458 m | 843.7 keV 73% | -1827.9 keV
2Al(n,o)*Na | 14.959 h | 1368.6 keV | 99.994 % | -3132.9 keV
4Ti(n,p)*"Sc | 3.3492d | 159.3 keV | 683 % | 182.2 keV
Fe(n,p)®®Mn | 2.5785 h | 846.7 keV | 98.87 % | -2913.0 keV
8Ni(n,p)*®Co | 70.82d | 810.7keV | 99.45 % | 400.7 keV
%4Zn(n,p)%Cu | 12700 h | 511 keV | 174 %' | 203.4 keV

T annihilation of f*-ray

4 Discussion

The results of 2’ Al(n,a)?'Na and *Fe(n,p)®*Mn in the low energy region are 10 ~
100 times larger than the JENDL-3.2. The probable reason for the deviation of the above
mentioned two reactions is to be due to the contribution of higher side neutron tail of
each peak in Fig.3 which is caused by the energy straggling of a d* particle through the
Havar foil and D, gas.

5 Conclusion

The deuteron gas target was constructed for production of the monoenergetic neu-
trons. The neutron flux was obtained to be 2.3 x 106[n/cm? s/uA] at 1.2cm in 0 degree
with respect to the incident 2.5 MeV deuteron beam. Activation cross sections can be
measured down to 1 mb using a well-type HPGe detector. By correcting above men-
tined five factor in chapter 3 properly, experimental cross section data of 2”Al(n,p)*"Mg,
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Fig. 5: Pneumatic sample transport system

47Ti(n,p)*"Sc, %8Ni(n,p)*®Co, and %Zn(n,p)®*Cu are well agreement with the JENDL-
3.2. However the energy straggling of the incident deuteron are needed to correct for
27 Al(n,a)?*Na and Fe(n,p)**Mn because these excitation functions have a sharp slope.
We are now planning to prepare the self-loading target with Ti coated for the neutron
production of the energy range 3 to 5MeV.

The following reactions are planned to measure: 2°Si(n,p)?°Al, 3!P(n,a)*Al,
4K (n,p)* Ar, ¥Sc(n,a)*?K, 5°Co(n,p)>*Fe, **Co(n,)*Mn, " As(n,a)?Ga, ¥*Nb(n,a)*™Y
and ¥In(n,n’) ¥ n.
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3.17 Measurement of °Be-d Nuclear Reaction Cross Sections at Low Energy

Kentaro Ochiai, Kimiya Ishii, Isao Murata, Hiroyuki Miyamaru, Akito Takahashi
Department of Nuclear Engineering, Osaka University, 2-1Yamadaoka, Suita,
Osaka, 565-0871, Japan
e-mail: kochiai@nucl.eng.osaka-u.ac.jp

We obtained angular differential cross sections of *Be-d nuclear reaction at low energy and the
energy dependence of astrophysical S-factors. Angular distributions were asymmetric around 90 degree
(back- or forward-peaking) and the values of S-factors for °Be(d,p) and °Be(d,0) were about 3 MeV bamn
and 9 MeV bamn at E,, = 290 keV, respectively.

1. Introduction

Differential cross section data of charged-particle emission from light elements with incident low
energy protons and deuterons are useful for estimating basic dose-rate data (PKA and KERMA) and
material damage. Beryllium (°Be) metal and °Be compound material are prospective candidates for the first
wall materials of future fusion reactors. The use of neutral beam injector with several hundred keV and
several amperes has been reported recently for inducing high density plasma heating[1,2]. To study plasma-
particle/first-wall interaction problems on low energy nuclear reactions, we have measured charged-particle
emission cross sections of °Be (d,x) and °Be (p,x) at low energies, where x = p, d , t or q, since, the cross
section data at low energies have not been obtained sufficiently up to now. Especially, there are only few
data of differential particle emission cross sections available for charged-particles produced by °Be (d,x) at

low deuteron energy.

2. Experimental Procedure and Analysis

In this work, we have used a Cockcroft-Walton type accelerator, OKTAVIAN at Osaka
University, to measure the cross sections below 300 keV. Figure 1 shows the schematic view of
experimental system with components in the vacuum chamber and signal acquisition and analysis system
for charged-particles. This chamber (30 cm diameter, 40 cm height) was made of stainless steel. It is
equipped with flanges, metal-gaskets for vacuum seal, feedthroughs for electric measurements. The sample,
Si-SBD detectors and Faraday cup were inserted from the flanges-ducts and set up inside the chamber. The
sample was set up at the beam irradiation position by a manipulator with a stepping motor to obtain the
flesh point on the sample for the beam implantation. Charged-particles emitted by °Be (d,x) reactions have
been measured with two Si-Surface Barrier Detectors (SSBD: depletion layer; about 200 pm). One detector

(Er-detector) is movable between the angle from 30 degree to 160 degree for the measurement of angular-
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distributions of cross sections (differential cross sections). The other detector (Ef-detector) was fixed at 60
degree to make relative normalization for counts of particles detected at each angle. A Faraday-cup for
beam-current monitor was set up at the backside of the beryllium sample.

Observable charged-particles emitted by Be-d nuclear reactions at low energy are as follows:

Be(d,p)°Be g.s Q = 4.59MeV €))
’Be(d,t)’Be g.s. Q = 4.59MeV #)
9Be(d,t)2a : Q = 4.68MeV 3)
Be(d,a)’Li g.s : Q=7.51MeV 4)

For screening the scattered deuterons by D-beam injection, aluminum foils of 3-13mm thickness were
mounted in front of the SSBDs.

Figure 2 shows the energy spectra of the charged-particles emitted from the beryllium target with
implanted deuteron beam of E,,, = 300 keV. The clear energy spectra with resolved peaks were observed at
Er-detector-angle @ r = 90degree (lab) and with a 3 pm aluminum screening foil as shown in Fig.2. We
obtained some other peaks than the charged-particle spectra of lighter nuclei emitted from the above
reactions (1)-(4). The peak near 3.7MeV is the a-particle spectrum emitted from the *Be(d,a,)’Li* reaction.
The differential energy between the ay-peak and the a;-peak is about 470 keV and this energy corresponds
to the energy of the first excited state level of "Li. Also the peak spectrum near 1.1 MeV is the triton peak
emitted from the *Be(d,t,)*Be*reaction and the difference energy between ty-peak and t,-peak corresponds
to the first excited level (3.03 MeV) of *Be. Moreover, we observed another particle-peak near 0.5 MeV. It
is seemed that the spectrum near 0.5 MeV is the a-particle-spectrum produced by *Be(d,a,)’Li*. However
at present we are investigating if the reaction process is due to the second excited level (4.63 MeV) of
Li[3]. It is thought that a bumpy spectrum below 2MeV was due to a-particles by the three body brake-up
reaction by “Be(d,t)2a.

To estimate the cross sections (0, g) from the yield of the spectrum, we have used the following

formula
<0 gg> = AY sing, (dE/dx)' AE /N¢ (%)

where AE is the difference of two neighboring incident energies E, and E, and we have defined
the E as the mean energy between E, and E, (e.g. if E, = 300 keV and E, = 280 keV, we obtain AE = 20 keV
and F = 290 keV ). Also AY is the difference of two yields at the two neighboring energies. dE/dx, N, and ¢
were the stopping power calculated by SRIM code, beryllium density at room temperature and incident

beam flux, respectively.
3. Results and Discussion

We carried out the investigation for angular differential cross sections of the *Be-d reactions with

p, t and a-particle emission for 9 angles with at 10 degree interval. Figure 3-(a) and (b) show the angular
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distributions of the differential cross sections of *Be(d,p) and °Be(d,t) at E,,, = 280 keV and 180 keV. The
angular distributions of both cross sections tend to be backward-peaking. The differential cross sections of
"Be(d,p) at 6r = 160 degree for 280 keV is ten times larger than the value of the differential cross section
at 6r = 20 degree as shown in Fig.3-(a). and also the curve of the differential cross sections of *Be(d,t,) for
280 keV tend to have a broad maximum value at about 6r = 110 degree and the differential cross section of
Be(d,t,) at & =110 degree is larger by two and a half times than the differential cross section at 6r = 20
degree as shown in Fig.3-(b). As compared with the data by De. Jong et al., [4] the tendency of angular
distributions correspond to the their data relatively. However, the absolute values of our differential cross
sections tend to be larger than their data. For the reason, we assumed that it was due to the difference of the
used detectors. Jong’s group used a track detector which might not resolve '*C(d,p)"*C and D(d,p)T
reactions. Figure 4 shows the angular distributions of differential cross sections of *Be(d,a,) and *Be(d,a,)
at E,,, =280 keV. Though the differential cross sections of *Be(d,0y) tend to increase at backward angle, the
cross sections of *Be(d,q,) tend to increase at forward angles rather than at backward angles.

It was shown that the angular distributions of all differential cross sections tend to be asymmetric
around 90degree (forward- or backward- peaking). Up to now, we can not theoretically describe the
mechanism of the asymmetry of angular distributions at low energy. Also it is recently reported that the
similar asymmetries of angular distributions for *N(p,a), *C(d,p), and *C(d,p) differential cross sections
at low energy were seen around 90degree(5,6]. To clarify the phenomena theoretically, we need studies
based on the theory of Distorted Wave Born Approximation (DWBA) processes, Channel Coupling (CC)
considering a-cluster model[7], or R-Matrix theory for the stripping, a-emission, and/or pick-up,
processes.

Nuclear reaction cross sections (0() Which drops exponentially according to energies E at low

energy is given as
O = S E' exp(-2rn) (6)

where 2rn = 31.29Z,Z,(m/E)'? is the Sommerfeld parameter (Z, and Z, = charge numbers of
interacting nuclei, m = reduced mass in amu, £ = c.m. energy in keV)[8]. For a cross section which dorps
steeply at low energy, it is useful to transform the cross sections into the astrophysical S,-factor defined by
the above equation. Figure 5 shows the astrophysical S,-factors obtained from the cross sections of
*Be(d,p), *Be(d,t,), *Be(d,ap) and 9Be(d,0,) at E = 100 — 280 keV. The Sg,-factors slightly increase with
Increase of E. We made linear-fitting of the Si,-factors for (d,p) and (d,a) by the method of least squares

and shown in the figure with solid lines. From the calculation, we obtained

°Be(d,p)'"Be: S = 0.82 x 10°E + 0.94 MeV barn @)
Be(d,0) 7Li: S = 2.66 x10? E + 1.88 MeV barn ®

and it is suggested that the astrophysical S, factor of (d,a) reactions is about twice larger than the S,

factors of the stripping (d,p) and pick-up (d,t) reactions.
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4. Summary and Future works

As a result of our experiments, spectral data with several discrete peaks of (d,p), (d,t,), (d.t,),
(d,00), (d,o;) and (d,a,) reactions with °Be target could be measured clearly and the differential cross
sections of individual particle-emission channel could be obtained in the 100-300 keV region. Energy
dependencies of cross-sections for all reactions fit very closely to the Coulomb barrier transmission
coefficients for the free charged particle reaction. From the cross sections, we estimated energy

dependencies of S-values as follows.

‘Be(d,p)°Be:  S(E) = 8.2x107 E+ 0.94 MeV bam
Be(d,0)’Li : S(E) = 2.66x102E+ 1.88 MeV bam

It was shown that angular distributions of cross sections for some reactions tended to be
asymmetric around 90 degree (forward- or backward-peaking). We need the studies based on the theory of
DWBA, CC, and R-matrix theory considering a-cluster model for the stripping, a-emission and /or pick-
up reactions. Moreover, we have started the measurement of *Be-p nuclear reaction cross sections for the

comparative and comprehensive understanding of the process of nuclear reactions at low energy.
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3.18 Measurement of secondary gamma-ray production cross sections
of vanadium induced by D-T neutrons

Tetsuo Kondo, Isao Murata, and Akito Takahashi
Department of Nuclear Engineering, Osaka University
Yamada-oka, 2-1, Suita, 565-0871, Japan
e-mail:tkondo@newjapan.nucl.eng.osaka-u.acjp

The secondary gamma-ray production cross sections of vanadium induced by D-T
neutrons have been measured. The experimental values were compared with the theoretical
calculation results by SINCROS-I and the evaluation result based on experimental data
compiled by Simakov. The calculation results supported our data, while Simakov's evaluation
did not agree with the present result very well.

1. Introduction

Vanadium is a candidate element for the structural material of the fusion power
reactor, because of its low activation property. Concerning this, at JAERIY and Osaka
University®® neutronics experiments such as neutron integral experiment and measurement
of charged particle emission reaction cross section were done for vanadium, In the present
study, the secondary gamma-ray production cross sections of vanadium induced by D-T
neutrons have been measured because there exist very few measurements of secondary
gamma-ray data of vanadium. The measured raw data were corrected carefully considering
the sample size and air attenuation. The theoretical calculations for the cross sections were
done to compare with the measured data.

2. Experimental Techniques

The measurement was carried out using OKTAVIAN pulse line at Osaka University as
D-T neutron source. The pulse frequency and beam current were 2MHz and about 10 ¢ A,
respectively. An HP-Ge semiconductor detector was used to measure gamma-rays with a high
energy resolution. The absolute value of neutron flux was determined by the activation
method with Al foils, and the relative value was monitored by using NE213 scintillator.
Fig.1 shows the experimental geometry. The sample shape was a hollow cylinder(30mm-
OD,26mm-ID.70mm in length) in order to suppress neutron multiple scattering and
attenuation of produced gamma-rays in the sample. The flight path for the TOF measurement
was 184cm. Fig.2 shows the block diagram of electronic circuits. Gamma-ray scattering angle
was fixed at 125deg. so that we didn’t have to consider the angular distribution for secondary
gamma-rays to estimate the total gamma-rays production cross sections. The HP-Ge detector
was shielded heavily by lead, polyethylene, heavy concrete, cadmium, and so on.

3. Measured Pulse Height Spectra

Figs.3, 4a and 4b show the TOF spectrum, foreground spectrum and background
spectrum, respectively. As shown in Fig.3, the time interval between n-signal and 7 -signal
was about 30ns. Extracting the signals in the regions of FG and BG described in Fig.3,
foreground and background spectra were obtained as in Figs.4a and 4b. We can find discrete
gamma-rays from vanadium in Fig.4a by comparing with 4b.
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4. Data Analysis
The data analysis was done as follows:
(1) Data corrections by MCNP-4A and absorption coefficient for air
(2) Derivation of experimental values
(3) Theoretical calculation with SINCROS-1I
(4) Comparison with other experimental data

(1) Data corrections

For deriving the gamma-ray production cross sections from vanadium. some
corrections were considered. We calculated the effect of neutron multiple scattering and
gamma-ray attenuation in the sample as a function of the sample thickness by using MCNP-
4A. The result is shown in Fig.5. The correction factor is 12.7% for the present sample, the
thickness of which is 2mm. Gamma-ray attenuation by air was also corrected with the
absorption coefficient. The correction factor is 1.8% at 500keV and 1.3% at 1MeV for example.
The correction factor for air is shown in Fig.6.

(2)Derivation of experimental values
(MOGamma-ray Production Cross Sections
The cross sections were obtained using the following expression:

C -4nR*
g =
T -N.-¢.S-f

where
C: net counts of the peak in the pulse height spectrum
T: measurement time (sec)
f: intrinsic efficiency for HP-Ge detector
R: distance between sample and detector {cm)
®: neutron flux at the sample(cm?+s)
S: active area of the detector facing toward the sample(cm?)
N: number of V-51 nuclei
The neutron flux at the sample was measured by using the activation method with Al
foils. The average neutron flux was estimated to be 4.0 X 10* n/sec/cm?,

@Uncertainties
The experimental results had uncertainties based on several factors. These factors
were assumed to introduce independent random errors. Therefore the overall uncertainty
could be written as the square root of the linear summation of the individual factors squared.

(3)Theoretical Calculation

We executed a theoretical calculation for vanadium by SINCROS-T and the results
were compared with the experimental data. Input parameter ['2 which means the
normalization factor for the Kalbach pre-equilibrium model was set to be 0.45. This value was
determined by fitting experimental data of DDX for charged particle and secondary neutron
emission reaction cross sections to the calculation results as shown in Fig.7,

(4)Comparison with other experimental data

Our experimental values were also compared with the evaluation result based on other
experimental data compiled by Simakov et al.”), He collected and examined the experimental
data on discrete gamma-ray production cross sections under the support of JAEA. He
averaged several other experimental data obtained at various laboratories to give the
evaluated experimental data. The data were normalized with respect to incident neutron
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energy, angular distribution and so on. The neutron energy was selected as 14.5MeV. On the
other hand, in our measurement, the energy was 14.1MeV. We used the compiled data of
vanadium for this comparison.

5. Results

Table 1 shows the obtained gamma-ray production cross sections. The table excludes
the data in evaluated nuclear data files, because insufficient data of discrete gamma-rays
exist for vanadium. It is found from Fig.7 that SINCROS- I can well reproduce the
experimentally obtained neutron and charged particle DDXs. Thus the present calculation
results are reliable.

Fig.8 shows the ratios of SINCROS- I results and Simakov’s data to our experimental
data. The results by SINCROS- I support our data, giving the conclusion that the
consistency among neutron, charged particle and gamma-ray was confirmed in the
theoretical calculation. On the other hand, Simakov's data fairly deviated mainly because the
number of experimental data of vanadium is few, i.e,, 2 to 4. Simakov’s evaluation should be
re-examined considering the reliability of the experiments included.

6. Conclusion

The secondary gamma-ray production cross sections of vanadium have been measured.
The experimental data were compared with the theoretical calculation results and the
evaluation results based on other experimental data. From the results of comparisons, we
can conclude as follows:

(DThe calculation results by SINCROS- Il supported our data.

@The consistency among neutron, charged particle and gamma-ray was confirmed
in the calculations by SINCROS- Il

@The data evaluated by Simakov should be re-examined.
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Discrete r-ray Production Cross Sections

of vanadium

kev

energy cross section(mb)
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3.19 Measurement of Double Differential Cross Sections of Charged Particle
Emission Reactions for ™Zr, “Al and ™Ti by Incident DT Neutrons

Hiroyuki Takagi, Kokooo, Isao Murata, Akito Takahashi

Department of Nuclear Engineering, Osaka University
Yamadaoka 2-1, Suita, Osaka, 565-0871, Japan
E-mail: takagi @ newjapan.nucl.eng.osaka-u.ac.jp

The double differential cross sections of ™Zr(n,xp), ZAl(n,xp), “Al(nx ), "Ti(n,xp) and "Ti(nx a )
reactions have been measured by E-TOF two-dimensional analysis method. The measured data were compared with
other experimental data, evaluated nuclear data of JENDL fusion-file and theoretical calculation results by
SINCROS-II.

1.Introduction

Double differential cross sections (DDX(s) of charged particle emission reactions induced by incident DT
neutrons are important for the evaluation of nuclear heating and material damages in fusion reactor design. However,
until now only a few data have been measured because of experimental difficulties, such as very large background
and low counting rates. Li,ZrO,, LiAlO, and Li,TiO, can be considered to use as solid breeder material in fusion
power reactors because of their inherent advantages, e.g., chemical stability at high temperature, compatibility with
structural materials, good tritium recovery characteristics and so on [1]. Thus, the fusion neutronics benchmark
experiments have been done for various materials including these breeder materials, low-activation elements and so
on at FNS in JAERI [2]. In connecting with these experiments, DDXs of ™Zr(nxp), ?’Al(n,xp), ZAl(nx a),
™Ti(n,xp) and “Ti(n,x « } reactions induced by incident DT neutrons have been measured at OKTAVIAN in Osaka

University.

2. Experimental procedure

Experiments were carried out by using the charged particle spectrometer based on the two dimensional
analysis of energy and time-of-flight of emitted charged particle [3]. The schematic arrangement of the spectrometer
is shown in Fig. 1. The spectrometer was located in a vacuum chamber of 1m ¢ X 1m long. The chamber was
evacuated to keep a pressure of about 1.3 Pa. The shield assembly made of iron, polyethylene and lead reduced the
backgrounds. The CsI(T1) scintillator, 2mm in thickness and 50mm in diameter, was used as a charged particle
detector. The tritium target of pulsed neutron source was positioned in a through tube of the chamber and out of
vacuum. The spectrometer can be used to measure the DDX data for emission angles between 30° and 135° . The
flight path of emitted particle varies from 30.8 cm to 56.7 cm according to change of the emission angle. The sample
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spectrometer.

position for various scattering angles can be seen in Fig. 2.

The block diagram of the measuring system is shown in Fig. 3. The two dimensional data acquisition has
been done by using the pulse-height of dynode signal corresponding to energy and the time-of-flight signal made
from the anode signal as start and the beam pick-up ring signal (with delay) as stop. The logic signal created by
pulse-shape discrimination (PSD) circuit has been used as the gate signal for E-TOF two-dimensional acquisition.
The details about the E-TOF measurement are described in Ref. [3]. An NE213 scintillator is used as a relative
neutron flux monitor. In this experiment, thin foil samples of zirconium, aluminum and titanium were employed. The
details of the samples are shown in Table 1.

The reason why the CsI(T1) detector was chosen is its typical property of pulse-shape discrimination. Fig. 4

shows an example of two-dimensional distribution of energy and rise-time for « -particle, proton and y -ray, by

Fig. 3 Block diagram of the measuring system.
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using CsI(T1) detector. The proton reference source Table 1 The dimension of the samples.
was obtained by bombarding the polyethylene Measured | ¢ | Thickness Isotopes
Sampie .
sample by DT neutrons. The ! Am standard source partide | fcm] | [pm] | (abundance)[%]
was used as « reference. As shown in the figure, :Z‘rr ?}gﬁ
nat; -
the contours of each particle signals were separated Zr proion 60 20 :g 17.152
17.384
each other. Thus, we can choose either « -particle or 2p proton 50 25.0 Al 10000
proton signal by this technique. However, there still a particle 100 T
exist background counts by the charged particles proton 200 T 744
, . . “Ti 6.0 T 2
produced in the surrounding structural materials, . o 541
« -particle 100 o 2
1 .

such as through tube, vacuum chamber, shield
assembly and so on. So, an additional technique, namely the two-dimensional E-TOF analysis for charged particles,

r-F, M, )
2 E

where, T is the time-of-flight, F, the flight path length, and £ and M the energy and mass of the particle,

was applied. It is based on the following equation,

respectively. According to this equation, measurement of charged particles produced in samples was achieved

successfully.
3 ~ 120 :
€ 120 5 120 . v -
2 — S - -
@) 5 z
% o0 2 o0 P
= 907 Y Region of interest 1 !
< - = i 'I
S o g - i e
< — e - 0
S 60 S 607 g 8
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jov] -
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Rise-Time Channel [ 3.906 nsec/Channel ] TOF Channel[ 0.78 1nsec/channel ]
Fig. 4 Two-dimensional distribution of rise time Fig.5 Measured E-TOF spectrum from 27-Al(n,x a)
and pulse height spectrum. reaction at the emission angle of 60 degree.

3. Data analysis

The net raw data were obtained by subtracting the data in background run from that of foreground run. The
background run was undertaken without sample. In Fig. 5, the net raw data spectrum of « -particle from ZAl(n,x a )
reaction at the emission angle of 60° is shown as an example. The integral counts of respective charged particle, i,
proton and a -particle, for each pulse-height channel, namely the net energy spectrum, have been obtained by
properly choosing the region of interest within the corresponding contour of E-TOF spectrum.
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In this experiments, the lower-energy thresholds of proton and « -particle measurements were 2.5 MeV

and 3 MeV, respectively.

To obtain absolute DDX, o (E, ) bam/st/MeV, the net
energy spectrum was normalized by comparing the value of angular
differential cross section (ADX) of evaluated nuclear data files for
recoil proton from H(n,p) reaction with the yield of recoil proton
obtained by measurement of thin polyethylene sample [3].

The raw data must be corrected because the broadening
functions of angular resolution and the energy loss of the charged
particle in the sample are not negligible. The Monte-Carlo simulation
calculations with the JENDL-FF cross section data and Bethe-Bloch

formula were used to obtain the correction factors for every angle

point.

4. Results and discussions

The EDXSs and total cross sections were deduced by using
the measured DDXs. The measured data were compared with other
experimental results, JENDL-FF and SINCROS- I calculation. In
SINCROS- I calculations, the normalization factors were
determined by comparing the calculated EDX data for neutron
emission reaction with the measured data of Takahashi [4,5] for the
same nuclides. The experimental results and discussion are described
in the following in detail. The comparisons of the total cross sections
among the measured data, JENDL-FF and other experimental results

are summarized in Table. 2.

4.1. Zirconium

The measurements of proton emission DDXs have been
done for three emission angles, i.e., 45, 60, and 90 degrees. The
measured DDX and EDX data are shown in Fig. 6. The measured
EDX data are larger than the JENDL-FF and SINCROS- II
calculations mainly in the energy region between 2 to 4 MeV and 9
to 11 MeV. In the total cross section, the JENDL-FF is largely

underestimated.

4.2. Aluminum

The DDX data for proton emission reactions were
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~ obtained at the emission angles of 45, 60, 70, 90 and 120° . Fig. 7
shows the measured DDX and EDX data. The present EDX data
agree well with other reference data in the energy region between 3
to 5 MeV, while it gives larger data for the energies greater than 5
MeV. In the total cross section, the measured value is smaller than
Grimes’ data [8] and JENDL-FF, due to low-energy cutoff of this
experimental method.

The measured DDX data for o emission reactions at the
emission angles of 45, 60, 70,90 and 120° were provided. In Fig. 8,
the measured DDX and EDX data are shown. A fairly good
agreement between the present EDX result and JENDL-FF was
obtained in the energy region from 4.5 to 9 MeV. However,
overestimate of the JENDL-FF is shown in energies lower than 4.5
MeV. For the total cross section, the measured value is slightly
smaller than other data.

4.3. Titanium

The DDX data of proton emission reactions at emission
angles of 60, 70, 90 and 120° were measured. The measured DDX
and EDX data are shown in Fig. 9. The JENDL-FF and SINCROS-
II calculations were smaller than the measured EDX data for
energies greater than 7.5 MeV. The total cross section of JENDL-FF
is something smaller than the measured data.

The obtained DDX data of « emission reactions at
emission angles of 45, 60, 70 and 90° and EDX data are shown in
Fig. 10. The measured EDX data were not in agreement with
JENDL-FF and SINCROS- II calculation. The total cross section of
the measured data agrees well with the JENDL-FE

5. Conclusions

The DDXs of ™Zr(nxp), “Al(nxp), ZAlinx a ),
"Ti(n,xp) and ™Ti(n,x « ) reactions have been measured at the
emission angles between 45 to 120° . The measured data were
compared with other experimental data, evaluated nuclear data of
JENDL-FF and theoretical calculation results by SINCROS- II . The
JENDL-FF data for ™Zr(n,xp) reaction is largely underestimated. In
DDX and EDX data of Al(n,x « ) reaction, the disagreement of the
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measured data and JENDL-FF is shown in low energy region (<5 10’
(]
MeV). The measured DDX and EDX spectrum for ®Tilnxa) 'O

LI L L B LI
¢ JENDL-FF

reaction were not in agreement with JENDL-FF and SINCROS- II % Ei ;
calculation overall. % e
EE 10°
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Table2 The measured total cross-sections of charged particle emission
reactions compared with JENDL-FF and other experimental results.

R Present Work JENDL-FF Other experiment
Reaction o(mb) (E,=14.1 MeV) o (mb) = (mb)

87+22 (£=14MeV) Ahn [6]

nalt + n
"Zr(n,xp) 1247166 68.5 180670 (E=14 MeV) Armstrong [7]
#Al(n,xp) 2862+58 3614 399+60 (Ex15MeV)  Grimes (8]
121425 (E=15MeV)  Grimes [8]

27 + n
Allnx a) 13£15 1252 14347 (E=148MeV) Kneff[9]
"Ti(n,xp) 153.1£6.4 1054 1174 (E=15MeV)  Grimes [8]
"Tinxa) 348+1.2 39.5 36.1 (E=15MeV)  Grimes [8]
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3.20 Measurement of cross sections in the region of sub-mbarn
by 14 MeV neutron with well-type HPGe detector

H. Sakane’, M. Shibata®, H. Yamamoto®, K. Kawade’, Y. Kasugai™ and Y. Ikeda”™
*Energy Engineering and Science, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-8603
e-mail: sakane@fnshp.tokai.jaeri.go.jp
**Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken 319-11

Seven neutron activation cross sections were newly measured at energy
range between 13.4 and 14.9 MeV by a high efficiency well-type HPGe detector.
The cross sections of the **Mo(n,n’p)**™Nb, '“Mo(n,n’p)*Nb.""*Cd(n,np)"*Ag,
PTe(n,n'p)**™Sb and 'Yb(n,np)!"”Tm reactions were obtained for the first time.
The cross section of "Yb(n,o)!?Er and **°Os(n,p)'**Re reactions were obtained at
the six energy points between 13.4 and 14.9 MeV, although the previous results
had been obtained at one energy point.

1 Introduction

Neutron activation cross section data around 14 MeV are important from
the view point of the fusion reactor technology in terms of estimations of radiation
damage, nuclear transmutations, induced activity and so on. In the view point of
gas production, we need to know the (n,p), (n,0)) and (n,np) reaction cross sections,
although producing short-lived nuclei are not important for the problem of
induced activity. Qur systematics proposed on the basis of 58 cross section data of
(n,p) and 33 data of (n,o) reaction. The systematics predicts well the excitation
functions around 14 MeV within +30%. To construct the systematics for (n,np)
reaction, we needs to obtain the cross section data for (n,np) reaction. By the use
of a high efficiency well-type HPGe detector, generally weak (n,np) cross section
were mainly measured. Measured reactions and decay parameters are listed in
Table 1.
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2 Experiment

Experiments were carried out at the FNS (Fusion Neutronics Source)
facility. A pneumatic sample transport system was used for the irradiation of
samples. The angles of the irradiation position to the d* beam were 0, 45, 70, 95,
120 and 155 degree, which covered the neutron energies from 14.9 to 13.4 MeV.
The distance between the D-T neutron target and the irradiation position was 10
cm. The average neutron flux at the irradiation position was about 1 X 10°n/cm?s.
The effective incident neutron energy at the irradiation position was determined
by the ratio of the **Zr(n,2n)*Zr and *Nb(n,2n)**"Nb reaction rates. The induced
activities were measured by a well-type HPGe detector. The efficiency in the
bottom of the detector is 6-7 times larger than those at the surface position of the
detector as shown Fig. 1. Corrections were made for time fluctuation of neutron
flux, contribution of low energy neutron below 10 MeV, thickness of samples, self-
absorption of the gamma ray and sum-peak effect of the gamma ray. The details of
each correction are described elsewhere [1]. The total errors (0, were described
by combining the experimental errors (¢ .) and the errors of nuclear data (6 ) in
quadratic: 6 *= 6 j*+ 6 2

3 Experimental Results

Experimental results for the cross sections are shown in Table 2 and Figs.
2 —8. The The o ,, and the relative slope calculated by the systematics
for'*Yb(n,o))! ®Er reaction is good agreement with experimental value.

4 Conclusion
By the use of a high efficiency well-type detector, the cross sections of the
**Mo(n,n’p)**"Nb, 'Mo(n,n’p)*"Nb,*Cd(n,np)""*Ag, '*Te(n,n’p)'**"'Sb and

"Yb(n,np)'™Tm reactions were obtained for the first time. The cross section of
"Yb(n,o)!Er and **Os(n,p)**Re reactions were obtained at the six energy
points between 13.4 and 14.9 MeV, although the previous results had been
obtained at one energy point. The study of the systematics for (n,np) reaction are
now in progress.
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Table 1 Measured reactions and decay paramerers

: . Gamma-ray Intensity per decay
Reaction Half-life Energy (keV) %) <-value(MeV)
%Mo(n,n'p)**™*Mo 6.26m 871.097 0.50£0.06 -8.63
1Mo (n,n'p)*™Mo 2.6m 365.1 2.53+0.17 -11.1
15Cd(n,np)!'%Ag  20.0m 229.1 18+8 -11.1
125Te(n,n'p) #2™Sh 4.21m 61.413 53.7+6.1 -8.14
%Yb(n,np)!"*Tm 15.2m 514.867 65+7 -8.49
18Yb(n,0) *Er 1.4m 895.2 53.8+2.7 5.92

9°0s(n,p) %% Re 3.1m 186.68 48.4+2.2 -2.39
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Table 2 Activation cross sections of short-lived nuclei

Neutron *Mo(n,np)***Nd 1®Mo(n,np)""Nd
Energy(MeV) | Sigma(mb) 6 ,%) 0.%) 6.%) | Sigmamb) 6.(%) 6.%) 0.(%)
14.87 28 30 16 12 3.2 23 21 11
14.64 21 36 25 12 29 23 20 11
14.35 17 36 25 12 2.6 24 22 11
14.02 11 43 35 12 2.3 25 23 11
13.70 1.3 34 33 11
13.40 1.2 43 41 11
Neutron 116Cd(n’np)115gAg 123Te(n,np)122me
EnergyMeV) | Sigma(mb) 6§.%) 0.%) &%) | Sigma(mb) 0,%) 0.%) 0 .(%)
14 87 0.57 59 32 45 0.56 31 20 5.0
14.64 0.45 61 35 45 047 30 20 5.0
14.02 0.19 39 32 5.0
13.70 0.40 84 68 45 0.13 71 68 5.0
13.40 027 87 71 45
Neutron %Yh(n,np) “Tm 5Yh(n,a) “Er
Energy(MeV) [ Gigma(mb) 6 ,%) 0.%) o6.%) | Sigmamb) 6.%) 0.%) &%)
14.87 0.87 26 8 12 0.76 43 35 10
14.64 0.73 27 9 12 0.52 46 38 10
14.35 0.55 27 10 12 0.41 47 40 10
14.02 0.30 30 16 12 0.48 47 40 10
Neutl_'on 19005(n,p)190gRe
EnergyMeV) [ Sigma(mb) 6 (%) 6.%) 0.%)
14 .87 2.9 37 26 14
14.64 2.6 36 25 14
14.35 2.5 43 34 14
14.02 1.6 37 26 14
13.70 1.2 45 37 14
13.40 0.8 63 57 14
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3.21 Measurement of Discrete Gamma-ray Production Cross Sections for
Interactions of 14 MeV Neutron with Mg, Al, Si, Ti, Fe, Ni, Cu, Nb,
Mo and Ta

Hitoshi Sakane®, Yoshimi Kasugai™, Fujio Maekawa™,
Yujiro Ikeda™ and Kiyoshi Kawade®
*Energy Engineering and Science, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-8603
e-mail: sakane@fnshp.tokai.jaeri.go.jp
**Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195

We started to measure systematically discrete gamma-ray production cross sections
by 14 MeV DC neutron beam. Measured targets were Mg, Al, Si, Ti, Fe, Ni, Cu, Nb, Mo and Ta.
Some discrete gamma-ray production cross section data for these targets were newly obtained.
The data for Ta were obtained for the first time. The experimental efficiency attained by the
use of the method was about 50 times larger than the general experiments using pulsed

neutrons. In result, good statistic data could be obtained in a short span of time.

1 Introduction

Gamma-ray production cross sections for 14 MeV neutrons are of importance not
only for radiation shielding designs of nuclear facilities but also for evaluation of gamma-ray
heating of fusion reactors. Besides the practical importance, discrete gamma-ray spectra and
production cross sections are required to understand the nuclear structure and the neutron
reaction mechanism. However accurate experimental data have not been measured
sufficiently or there are no available data for some specific materials, because a suitable
experimental environment has been limited. Thus, we started to measure systematically
discrete gamma-ray production cross sections for 14 MeV neutrons. For the measurement, a

high performance collimator system was installed at FNS to extract 14 MeV neutron beam.

2 Experiment

The experimental arrangement is shown in Fig. 1. The main collimator was
composed of a Fe block 120 cm thick, a polyethylene block 40 cm thick, a Cd sheet 1mm thick
and a Pb block 20 ¢cm thick, and the pre-collimator was composed of a Fe block 50 cm thick.
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The diameter of collimator was 2 cm. The angle between the deuteron beam and the axis of
the collimated neutron beam was 80 degree, which resulted in a 14.2 MeV neutron energy.
The absolute neutron flux was determined by the 2’Al(n,0)?*Na and **Nb(n,2n)?*"Nb reaction
rate, and a fission chamber was used as a relative flux monitor. The average neutron flux at
the irradiation position was about 5 X 10° n/cm?/s. Samples were metals of natural abundance
with 1.5 cm in diameter and 1 cm in thickness. Purity of the samples was more than 99.9%.
Gamma-rays produced by interactions of neutrons with the samples were detected by an
anti-compton spectrometer consisting of a HPGe detector and a BGO scintillation counter,
which reduced compton continuum by high energy gamma-rays. The HPGe detector was
placed at 29.6 cm from the sample with an angle of 90 degree with respect to the axis of the
neutron beam. Detected gamma-ray peaks often contained prompt gamma-rays and decay
gamma-rays. Decay gamma-rays were measured immediately after stop of the irradiation.

They were subtracted from the total gamma-rays measured during the irradiation. Target

materials, measurement times and principal gamma-rays are shown in Table 1.

Precollimator

BGO scintillation counter
HPGe

o)

Fig. 1 The experimental arrengement (horizontal cross section).

Table 1 Target materials, measurement times and principal gamma rays detected.

Material - Measurement time(sec) « - a-ray .
Mg 36000 90. 993(Mg(n xpy)) 1368.633(Mg(n,xy)
Al 33910 472.202("Al(n,nary)), 843.7(*Al(n,n’y))
Si 36679 1778.7(%Si(n,n’y)), 2838.67(%Si(n,n’y))
T 35410 983.517(Ti(n,xy))

Fe 35278 846.8(Fe(n,xy)), 1238.282(Fe(n,xy))
Ni 36781 1332.5(Ni(n,xy)), 1454.45(°®*Ni(n,n’y))
Cu 35493 962.06(*Cu(n,n’y))

Nb 23216 357.49(%Nb(n,2ny))

Mo 31313 787.374(Mo(n,xY))

Ta 36000 482.182(*¥'Ta(n,n’y))
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3 Experimental Results and Discussion

Figure 2 and Table 2 show a gamma-ray spectrum for the Fe(n,xy) reaction and the
cross section data, respectively. The structure of Table 2 is following. Figure 3 shows ratios
of cross section data for Fe target previously reported to the present data. In the case of
intense gamma-rays, good agreements were showed among those data, but in the case of weak
gamma-rays, large discrepancies were found among those data. Discrepancies between the
present and previous data could be mainly due to the poor energy resolution of Nal(Tl)
detectors or the poor counting statistics with use of the pulsed neutron sources. The data of

Hlavac, which were systematically measured by using of the pulsed neutron, were in good

agreement with the present data.
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Table 2(1/2) Measured discrete gamma-ray production cross section(preliminary)
Column 1- producing reaction; 2 - decay scheme (initial and final levels,
their spins and parities); 3 - energy of gamma-ray in keV; 4 — experimental

cross section in mb/sr; 5- error of data.

Reaction Transition Ey(keV) do/dQ2(mb/sr) error(%)
Fe(n,p+np)**Mn 111(1+4) — 27(2+) 83.899 1.1 7
Fe(n,p+np)*Mn 215(1+,2+) — 111(1+) 104.6243 08 9
Fe(n.n'+2n)*"Fe 136(5/2-) — 14(3/2-) 122.06 15 7
Fe(n.p+np)**Mn 215(1+,2+) — 27(2+) 188.524 0.2 20
Fe(n.p+np)*Mn 212(4+) — 0(3+) 212.017 3.2 5
Fe(n,p+np)*Mn 716 — 486(3+) 229.867 0.3 19
Fe(n.n'+2n)*"Fe 367(3/2-) — 136(5/2-) 230.29 )

%Fe(n,o)Cr 1537(7/2-) — 0(3/2-) 247.08 0.2 19
Fe(n,p+np)**Mn 486(3+) — 215(1+,2+) 271.175 0.7 8
Fe(n,p+np)**Mn 341(3+) — 27(2+) 314.395 08 9
Fe(n.p+np)*Mn 336(5+) — 0(3+) 335.54 0.8 8
Fe(n,n'+2n)*’Fe 367(3/2-) — 14(3/2-) 352.36 0.5 15
Fe(n.p+np)®Mn 840 — 486(3+) 354.11 0.2 32

, 367(3/2-) — 0(1/2-) 366.75

Fo(nn+2n)"Fe 3756(6+) — 3388(69) 367 06 8
Fe(n,p+np)*Mn 716 — 341(3+) 375.18 1.0 7
%Fe(n,2n)*Fe 1317(7/2-) — 931(5/2~) 385.3 04 1
%Fe(n,n")*Fe 2949(6+) — 2538(4+) 4114 29 6
%Fe(n,2n)*Fe 411(1/2-) — 0(3/2-) 4119 '

Fe(n,ptnp)**Mn 454(3+9 — 0(2+) 4543 04 11

Fe(n,p+np)*Mn 486(3+) — 27(2+) 459.71 0.1 28
Fe(n,p+np)*Mn 1192(4+) — 716 476,08 21 6
%Fe(n,2n)*Fe 1408(7/2-) — 931(5/2-) 477.2 )

Fe(n,p+np)*Mn 1237 — 753(3+) 483.08 0.1 33
Fe(n.p+np)**Mn 840 — 341(3+H) 499.66 0.1 35

%Fe(n,o)?Cr 1537(7/2-) — 1006(5/2-) 530.18 04 12
Fe(n,p+np)**Mn 753(3+) — 212(4+) 54142 0.7 9

%Fe(n,a) Cr 564(1/2-) — 0(3/2-) 564.3 0.8 10

*Fe(n,n’)*Fe 3295(4+) — 2538(4+) 756.6 5.3 17
%Fe(n,2n)*Fe 2212(9/2-) — 1408(7/2-) 8034 1.0 14
Fe(n,n'+2n)%Fe 847(2+) — 0(0+) 846.771 494 7
Fe(n,n'+2n)*'Fe 1007(7/2~) — 136(5/2-) 870.68 0.3 24

% Fe(n,a)*Cr 2172(11/2-) — 1290(7/2-) 8828 0.6 12
%Fe(n,2n)*Fe 931(5/2-) — 0(3/2-) 931.3 79 5

*Fe(n,o)*Cr 1006(5/2~) — 0(3/2-) 1006.14 1.2 8
Fe(n.n'+2n)*Fe 3123(4+) — 2085(4+) 1037.84 55 9
Fe{n,n'+2n)*Fe 4887 — 3832(2+) 1055 0.8 23
Fe(n.n'+2n)"Fe 1198(9/2-) — 136(5/2-) 10616 0.0 27

%Fe(n,n’)**Fe 2538(4+) — 1408(2+) 11299 8.2 13

, 3832(2+) — 2658(2+) 11744

Fe(nn'+2nfFe 4298(4+) — 31234+ 1175102 09 28
Fe(n,n'+2n)*Fe 2085(4+) — 847(2+) 1238.282 21.3 5
Fe(n,p+np)**Mn 1613 — 336(5+) 1278.01 0.2 22

%Fe(n,0)®*Cr 1290(7/2-) — 0(3/2-) 1289.59 14 7
Fe(n,n’+2n)*Fe 3388(6+) — 2085(4+) 13034 5.7 5
Fe(n,n*+2n)*°Fe 4701(7+) — 3388(6+) 1312.2 10 8
%Fe(n,2n)*Fe 1317(7/2-) — 0(3/2-) 1316.4 3.1 6
Fe(n.n’+2n)%Fe 4459(4+) — 3123(4+) 1335.589 0.5 26
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Table 2(2/2) Measured discrete gamma-ray production cross section(preliminary)

Reaction Transition Er(keV) do/dQ(mb/sr) error(%)
Fe(n,n’+2n)*Fe 3445(3+) — 2085(4+) 1360.215 0.6 11
%Fe(n,2n)*Fe 2301(9/2) — 931(5/2-) 1369.7 0.3 20
Fe(n,n)*Fe 1408(2+) — 0(0+) 1408.1 28 6
%Fe(n,2n)*Fe 1408(7/2-) — 0(3/2-) 1408.4 )

Fe(n,n’+2n)%Fe 4554(2+,3+4+) — 3123(4+) 1431 0.7 11
Fe(n.n’+2n)*Fe 4540(1+,2+) — 2960(2+) 1579.5 0.2 25
%Fe(n,2n)*Fe 2052(3/2-) — 411(1/2-) 1640.4 02 30
Fe(n.n’+2n)*Fe 4298(4+) — 2658(2+) 1640.404 ’
Fe(n,n’+2n)*Fe 3756(6+) — 2085(4+) 1670.8 34 6
Fe(n,n’+2n)*Fe 3856(3+) — 2085(4+) 1771.351 0.9 9
Fe(n,n’+2n)*Fe 2658(2+) — 847(2+) 1810.772 34 7
Fe(n.n’+2n)*Fe 4510(3-) — 2658(2+) 1852.4 0.6 13
®Fe(n,2n)*Fe 1918(1/2-) — 0(3/2-) 19179 0.2 21
Fe(n,n’+2n)%Fe 4878(2+) — 2960(2+) 1918 ’
Fe(n,n’+2n)*¢Fe 4100(4+) — 2085(4+) 2015.2 04 12
Fe(n,p+np)**Mn 2016(2+) — 0(3+) 2016.5 ’
Fe(n,n’+2n)%Fe 4120(3+) — 2085(4+) 2034.755 0.5 14
Fe(n,n’+2n)%Fe 2942(0+) — 847(2+) 20949 0.5 15
Fe(n,n’+2n)*Fe 2960(2+) — 847(2+) 2113.123 1.4 10
Fe(n,n’+2n)*Fe 4298(4+) — 2085(4+) 2212933 0.5 18
Fe(n,n’+2n)*Fe 3120(1,2) — 847(2+) 2273.2 08 11
Fe(n,n’+2n)*Fe 4459(4+) — 2085(4+) 2373.7 0.6 22
Fe(n.n’+2n)*Fe 4510(3-) — 2085(4+) 2424.9 04 26
Fe(n,n’+2n)*®Fe 4554(2+ 3+ 4+) — 2085(4+) 24689 0.6 14
%Fe(n,2n)*Fe 2470(3/2-) — 0(3/2-) 2469.9 )
Fe(n,n’+2n)%Fe 3370(2+) — 847(2+) 2522.88 15 29
Fe(n,n’+2n)%Fe 4660(2+,3+4+) — 2085(4+) 2574.9 0.5 22
, 3445(3+) — 847(2+) 2598.459
Feln.n’+2n)*Fe 3449(12) — 847(2+) 26025 25 !
, 3602(2+) — 847(2+) 2755.1
Feln,n'+2n)"Fe 3607(0) — 847(29) 27602 05 12
Fe(n,n’+2n)%Fe 4878(2+) — 2085(4+) 2792.9 0.2 26
Fe(n,n’+2n)*Fe 3832(2+) — 847(2+) 2985.2 0.3 24
Fe(n,n’+2n)*Fe 5148 — 2085(4+) 3062.9 0.7 15
Fe(n.n’+2n)*®Fe 4049(3+) — 847(2+) 3201.962 3.7 10
Fe(n,n’+2n)%Fe 4100(4+) — 847(2+) 3253.416 06 17
Fe(nn’+2n)**Fe 3370(2+) — 0(0+) 3369.6 04 20
- 3449(12) — 0(0+) 34493
Felnn'+2n)"Fe 4298(4+) — 847(2+)  3451.151 08 17
Fe(n.n’+2n)*Fe 4395(3+) — 847(2+) 3547.93 0.9 11
, 44476 — 847(2+) 3600.7
Fe(n.n’+2n)%Fe 36022%) = 0(07) 26019 0.4 28
Fe(n,n’+2n)**Fe 4510(3-) — 847(2+) 3663.2 0.7 11
Fe(n,n’+2n)%Fe 3832(2+) — 0(0+) 3832 0.5 16
Fe(n,n’+2n)*Fe 4878(2+) — 847(2+) 4031.2 « 02 36
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Fig. 3 The ratio of the previous cross sections to the present
cross sections for the Fe(n,xy) reaction with respect
to gamma-ray energy.

4 Conclusion

Discrete gamma-ray production cross section data for Mg, Al, Si, Ti, Fe, Ni, Cu, Nb,
Mo and Ta were obtained. Some cross section data for these targets are newly obtained. The
data for Ta were obtained for the first time. The experimental efficiency obtained by the use of
this system were about 50 times larger than the previous experiments using pulsed neutrons.

Decay gamma-ray In result, good statistic data could bea obtained in a short span of time.
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Abstract
We have developed a utility system, WinNRDF, for a nuclear charged particle reaction data of NRDF (Nuclear
Reaction Data File) on a unified interface of Windows95, 98/NT. By using the system, we can easily search the
experimental data of a charged particle reaction in NRDF and also see the graphic data on GUI (Graphical User
Interface). Furthermore, we develop a mechanism of making a new index of keywords in order to include the time

developing character of the NRDF database.

1. Introduction

For about twenty years, NRDF (Nuclear Reaction Data File) has been accumulated by JCPRG
(Japan Charged Particle Reaction Group). NRDF contains the experimental data of the nuclear
charged particle reaction in Japan. The number of accumulated data files is several ten thousands,
which may be almost all data in Japan. However, the utility system for searching data is very poor,
which was made more than ten years ago on the main frame of the computer center in Hokkaido
University [1]. For example, we must know the grammar and the codes of NRDF and input thier
commands on CUI (Character User Interface) in order to search even a simple data (Fig. 1). The
obtained date itself can not be understood by a person who is not a specialist of JCPRG (Fig. 2).
Furthermore, it is almost impossible to modify the old system to accept new applications because of
the old architecture. On the other hand, recently, PC (Personal Compputer) has been widely spread all
over the world. The EXFOR (EXchange FORmat) database which is an international standard is
determined to support it on the PC (Windows) interface and WWW (World Wide Web). Then, it is
meaningful to develop the utility system of NRDF on the Windows interface and WWW.
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Fig. 1 Searching window of NRDF on CUI Fig. 2 Data of NRDF

On such a situation, we have three projects of the development of new data searching and utility
systems for NRDF; i) A data search and utility system with Windows interface on the local PC
(present paper). ii) A data search system on the network circumstance such as WWW (http://nucl.sci.
hokudai.ac.jp/cgi-bin/nrdffind). iii) A data search and utility system by Intelligent Pad (IP) archi-
tecture [2] (see a paper by Ohbayasi et al. in this proceeding). In this paper, first, we describe an
overview of the present system, WinNRDF¥, for the local PC with Windows interface in brief. Next,
we explain the practical uses of WinNRDF. Third, we discuss the time developing architecture of

NRDF on this system. Finally, summary and future problems are given.

2. Overview of WinNRIDF

We describe an overview of WinNRDF for a local PC with the Windows interface in brief. The
details of each window will be explained in the next section. The programming language of the
present system is C-++ one of the Borland C-++ Builder. Because we also want to apply the system to
the EXFOR database whose format on PC was already given in a Borland DBASE format, we select
the Borland's one in order to do an easy connection to it. In Fig. 3, we show the overview of the
system. The main window to input or select keywords is the upper middle part of the desktop. The
left bottom is a data file select window. The right bottom is a graphic window in order to show the
graphic data such as nuclear reaction cross-sections. These windows are programmed by the C++
language and the searching data file of NRDF is obtained by using an index file that is essentially the
same one of the WWW system (http://nucl.sci.hokudai.ac.jp/cgi-bin/nrdffind). It should be
mentioned that the replacement of the SQL language in the searching system or using a DBMS is
easy. However, we can not include all the architecture of NRDF by such systems, though it is

sufficient for the EXFOR database of a simple data structure.
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Fig. 3 Overview of WinNRDF

3. How to use WinNRD¥?

In this section, we explain how to use WinNRDF. We input some codes (keywords) to the input
boxes in the searching window (Fig. 4). If we do not know code (keywords) in NRDF, we can use a
dictionary from the popup menu of the input boxes. In Fig. 4, we show the popup menu for
references. In the case of pushing the "Search" button, we can see the list of the so called D-number
in NRDF (Fig. 5) which is an identification number of the data file basically corresponding to an
article. If we select one of the D-numbers and push the "Open File" button in the list window (Fig. 5),
then we get the data file (Fig. 6) with the D-numbers, which is corresponding to that of the old
system in Fig. 2.

Fig. 4 Searching window Fig.5 List window
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BIB.123;

ITITLE=/OPTICAL-MODEL ANALYSIS OF ELASTIC SCATTERING OF 3HE
JPARTICLES FROM
BENI AT 24.1%5, 22,64 AND 414MEV/;
punpose:/nglo DETERMINE THE OPTICAL MODEL PARAMETERS OF 3HE
ISCATTERING/;

TH=(TFUJISAWA'T KKAMITSUBO'T TWADA M IGARASHIZ),
JINST-ATH-QUAPIPC'1'2 JAPTITZ),
4REF=JPJVLP=27(1969)278;
JRCTS=CENIGHEIHEXBND;

i D3=0
1 7% <K D3-MI-6/4-WADA 20000 o/

PVEXP123;
RCT=58NIGHE,AHEYSONL
ENRSXKCHM=ELM. THK-TAT=069MG/ CNr+2 BAC=SELF;POL-TGT=NOALGN-TG

IINST-Acc=24aPIFC;
{ INC-ENGY-RANGE= (24 15MEV,27 S4MEV 34 1 AMEV),
JERC-PRU-0.2X BEAM-INTNSTY-03UAPOL-PRU=NO;

Fig. 6 Data file editor

In the old system, we can see a graph in a character pattern. However, it is not graphical at all now.
Then, we should have a graphic window in the present system. The NRDF architecture has a kind of
a tree structure. The data section in the data file of a D-number corresponds to a figure or a table in
an article. In the old system, we must know the grammar of NRDF to treat such a data structure. In
the present system, we do not need a knowledge of such a grammar. If we push the "Show Data"
button in the list window (Fig. 5), a data select window openes as Fig. 7. When we select a data
section corresponding to a figure, we can see the data itself in the lower part of the data select
window. Furthermore, if you want to see the graph and push the graph button, a graphic window is
also opened as Fig. 8. This graphic window has a scaling mechanism and a parallel moving
mechanism. If users want to other excellent graphic software, he can use the graphic data itself

which is saved as a new file.

Fig. 7 Data select window Fig. 8 Graphic window
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4. Mechanism of searching new keyword

in this section, we show how to make a new window including a new keyword which is not
contained in the original searching window. The original NRDF database has more than a hundred of
keywords (items). The number of those will increase because keywords which are meaningful for
researchers will change in the future and new concepts will be also given in some articles. The data
structure of NRDF is made in considering the time dependence and the user’s dependence of the
meaningful keywords in articles. Then, if we make a database with the original data structure of
NRDF, we have to do that we can also search new keywords of NRDF. In order to have such a
mechanism, we make a window of making a new index file (Fig. 9). This window appears when we
select "Make New Index" in the menu bar (Fig. 10). In the new window (Fig. 9), we input the
keyword and select a code of NRDF, and push the left "Make Index" button. Then, the original
window will change that of including the new keyword as seen in Fig. 11. The present example of

Fig. 9-11 is that of the accelerator.

Fig. 9 Making a new file window Fig. 10 Original searching window

Fig. 11 New searching window
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5. Sumamary and future problem

In this paper, we have described a new utility system, WinNRDF, for a nuclear charged particle
reaction data of NRDF (Nuclear Reaction Data File) on a unified interface of Windows95, 98/NT.
By using the system, we can easily search the experimental data of charged particle reactions in
NRDF and see the graphic data on GUI. Furthermore, we developed a mechanism of making a new
index of keywords by which we include the time developing character of the NRDF database. In the
near future, we will want to apply the same interface to the EXFOR database. We show a
preliminary version of WinEXFOR in Fig. 12.

Fig. 12 Overview of WinEXFOR (preliminary)
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An newly designed database retrieval system of charged particle nuclear reaction database system is developed with
IntelligentPad architecture. We designed the network-based(server-client) data retrieval system, and a client system
constructs on Windows95, 98/NT with IntelligentPad. We set the future aim of our database system toward the “effective”
use of nuclear reaction data : 1. “Re-produce, Re-edit, Re-use”, II. “Circulation, Evolution”, III. “Knowledge discovery”.

Thus, further developments are under way.

1. Introduction

The systematic information of the nuclear reaction data can’t be missed in the development of atomic
energy problems. Especially, the needs toward the charged particle nuclear reaction data will rise all the more
from now on. Therefore, the main theme of this report is the development of database system of nuclear reaction
data. In this report, we develop the retrieval system of Nuclear Reaction Data File (NRDF) compilation[1,5]
using IntelligentPad architecture.

NRDF has been constructed as a database mainly connected with nuclear physics. Typical property of the
charged particle reaction is varieties of both reaction type and observable that are evolved with the development
of the reactor and the accelerator physics. The designation of NRDF is developed with this point of view. Since
JCPRG (Japan Charged Particle Reaction data Group) maintained NRDF over 20 years, NRDF have over
20,000 of charged particle nuclear reaction data that originate from Japan[1}.In order to distribute NRDF, the
data compilation, storage and retrieval system of NRDF was constructed at a main-flame computer of Hokkaido
University[2] . Furthermore, a system which transforms the NRDF data to the EXFOR was implemented, thus
NRDF contributed as an important part of the charged particle data of EXFOR data compilation[3]. However, as
we shown in the Ref.[4], The current system of NRDF on the main-flame computer is out of date. With the
following background, Ref.[5] is one of the our recent extension of data retrieval system. In addition, to get
benefit of recent computer and network technologies, such as multimedia, object-oriented system construction,

graphical user interface, and so on, we select to use the IntelligentPad architecture.

— 228 —



JAERI-Conf 99-002

IntelligentPad is a kind of object-oriented “graphical user interface(GUI) based” system construction
environment. This architecture is proposed in 1989 by Yuzuru Tanaka at Hokkaido University[6]. In order to
develop and enlighten this architecture, over 60 domestic and foreign companies makes the IntelligentPad
Consortium(IPC){7]. Recently, we can get the IntelligentPad as some commercial softwares[8]. A “pad” can be
treated as an object of the graphical user interface on the screen of computer, like a view of “real paper pad”, and
each “pad” have functions as data control programs, input/output devices between other pads, and so on. On the

“pad” environment, programming of any tools on GUI is can be done by ‘intuitively” cut and paste action of pad.

2. Systern design of the trial system

Fig.1 shows an image of the basic design NRDF data s maanaged
. y UniSQL
of this system. The recent trend of the computer by
4 P SGL DBMS j—NRDF Network comnmunication
environment is expressed as words “Network”, G between SQL server and
} IntelligentPad client
. . 4 Serverl through CGI
“Graphical”, “Interactive”, “Reuse of resources”. \ o
The fundamental concepts of our data retrieval L\ 1 H 4H
4 L3\
system are based on them. Using an database IntelligentPad -
management system(DBMS) based on SQL, we query  results =\
Client! | Chent CTient3
construct the NRDF data management server on

[ Data control and retrieval with IntelligentPad Ci ienq

the UNIX WS. (SUN Uiltral). UniSQL[9] is
adopted at the present. Provided that common Fig.1 Network-based system.
gateway interface(CGI) on this server, The
network communications between the NRDF
server and clients are achieved.

Once the NRDF server is constructed,
data retrieval “client” is constructed with the
IntelligentPad architecture. A connection between
a server and a client based on CGI through the
network connection . Such clients was previously
constructed on IntelligentPad by SmaliTalk[10-
12]. Now, we construct the Windows95, 98/NT-
based IntelligentPad[8]. Fig.2 shows the overall

appearance of the trial product of the NRDF data

retrieval system. Let us show in detail with the

next section.

Fig.2 Overview of the system.

— 229 —



JAERI-Conf 99-002

Step 1. Set SQL scrver

Stcp 2. Set attribute /
\ Step 3. Exec. search

4| Drag in the 28U(p, X)X pad |

. Step 1. Set SQLserver
———— Step 2. Exec.

A Pad of
I 238U(p, X)X reaction |
generated.

Projectile list

— Information of
Target list (Projectile, Target)

with mouse point. List of Z5U(p, X)X data ta text browsi
po DatagroupNo:DataNo Data text browsing

Fig.3. Data navigation. Fig.4. Data retrieval

3. Reference example and functions of the trial system

Showing some reference example, let us discuss about features of this trial product. Suppose you want to
get the data of the #*U(p,X)X reaction, Fig.3-Fig.5 shows the process of data retrieval step by step.

1). Examine the existence of the 2*U(p,X) reaction data.
Fig.3. shows the Pad to search whether the #*U(p,X) data is exist or not : i) Set the network address of

SQL server. ii) Specify the two attributes of the NRDF database, e.g., Target and Projectile. iii) Execution of a
search. As a result, the grid which placed in the middle region of the Pad displays the 2-dimensional
information that displays the current

status of the NRDF database from a

point of view of target and projectile.

colored crossing point (X,Y) shows

NRDF have some reaction data about

target = X, projectile =Y. In this way,
we find NRDF have some data about
X =2, Y = p, thus we get the
“B(p,X)X reaction” Pad using click

and drag operation of the Pad. M g

2). Data retrieval,

l Interactive data visualization and comparison {ealures! 5

Once you get the Pad connected
with “®*U(p,X)X reaction”, you
retrieve the data using the Pad shows Fig.5. lnteractive data visualization and
in Figd4. We can get the list of comparison.

“BB(P,X)X reaction” data, and
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generate the specific data as a text browsing Pad. Consequently, we get the “®**U(p,X)X reaction” data.

3). Interactive data visualization and comparison.

The data pad shown in Fig.4 have features not only data browsing but visualization( Fig.5). Once you

drug in the Data pad to 2D data plot pad, you can see the graph representation of the data. Data comparison is

also achieved by just a drug and drop!

4, The aim of nuclear reaction database towards the effective use

In the previous section, we show the
features of current trial system. In particular,

major features of this system are : i) interactive

data visualization and comparison, ii) 2-

dimensional display function of the status of
database. Furthermore, we determined the aim of
the system towards support of the effective use of

nuclear reaction data with computer facilities.

I) Re-produce, Re-edit, Re-use.

Once any data and tool can be made by
resolved by fundamental pad, we can reuse the
existent pad to make new tools. As you see the
Fig.6. Synthetic feature of IntelligentPad supports
“Re-,produce, edit, use” of nuclear data and tools.
I1) Circulation and evolution.

IntelligentPad supports co-operation with web
browser software. Once we make an web page to
distribute and circulate not only tools but also data.
It is already the basis of the circulation field of
nuclear data and tools. Fig.7. shows a schematic
figure for the circulation system of data and tools
as pad media. Constructing such a sharing space
on the network, many user can retrieve many tools

and data through the pad media

Fundamental Pad Synthetic Pad

2D plot Pad
Data, Tools ! .
can be me;led \ Spline fit
as = ‘2 Theoretical Calc.
« pad Media™ )
A Function Pad Evaluation.

[An analysis environment can be realized by the synthesis of Simple Pad! ]

Fig.6. Synthetic feature of IntelligentPad.

Pad can activate at the
“‘Web browser® on

Pad market or Pad usable page IntelligentPad activated system!

Pad is usable

.....
assnvanennpd
.-“-'

."‘

‘.-"lPad
i Upload

Fig.7. Support of Circulation and Evolution.
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1iI) Knowledge discovery.

The amount of nuclear reaction data 1. Set SQL server 2.8ct attributes 3. Query Exec.

is huge, and increasing day by day. In Information Visualization

2D visualization of attributes:

addition, variety of the data will also be

. . k2 Oth order multi-dimensional visualization
complex. We will have many data, but it Z ofI;’:mbars.;atui t::m onaiv ©
. . . g
will be difficult to get essentially important 3
s\ 8 .
. . . & *Navigation to the needed data
information from huge databases. Fig.8. + Support of knowledge discovery
shows the pad same as we shown in Fig.2. —»  from the Databases
) Target list !
Development of such pad will proceed us
. 3D visualization, development of
to easier navigation to the needed data, and more dimensional data ag?ysis.

will support something new discovery of

knowledge connected with nuclear reaction

data. Fig.8. Support of knowledge discovery.
You will find the fundamental concepts

of IntelligentPad is quite matched with above three aims. Consequently, we decide that our development will

proceed to embody them through IntelligentPad. If it will be done, such as Fig.9. , we believe that quite

“effective” use of nuclear reaction data is promising.

{[Pad MarketPlacé

1
[}
v
3
[
1
13
1
H

AN Network

|
i
i
i
]
I}
‘
]
¢
1
I
J
;

An analysis code
is archived on the

Pad developers
send their useful
pads to Market

Fig.9. An ideal system of nuclear reaction database. Exp. data, evaiuated data,

theoretical solver, ...etc. ,are treated with this system as “pad media”.
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S. Summary and future extension

We developed the “NRDF” charged particle database system on IntelligentPad. In this report, the
current trial system products are shown. Major features of this system are 1) interactive data visualization and
comparison, ii) 2D database survey. From now on, we will include the EXFOR data in this system ,
distribute the system to researchers, repeat test use and blush-up of the trial system. Furthermore, we will

proceed to develop the system to embody the aim of “effective” use of nuclear reaction data, such as Fig.9.
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Fission Products (FP) are dominant sources of activities in spent nuclear fuels over tens of
years. Small Fortran programs for personal computers have been developed primarily to study
the aggregate FP decay heat and delayed-neutron activities with the latest fission yield and decay
data in Japanese, US and European Nuclear Data libraries. This paper describes how to use
these programs together with two new features of our codes; i) unified front-end ii) capability of
calculating the aggregate [ and 'y decay energy spectra.

1. Introduction

Fission products (FP) are inevitable by-products which are primary sources of activities
in spent nuclear fuels for about 30 years (=10 s). Hence, the fission-product properties are not
only key nuclear data required in designing the nuclear fuel cycle, but also of interest of the
general public who are not working in the nuclear industry

In our fission-product studies, we have developed and utilized programs on personal
computers for calculating the aggregate decay heat and the aggreagete delayed neutron emission
as functions of cooling times. The calculations in the codes are based on the summation method
and use fission yields and decay data in three major nuclear data libraries, JINDC nuclear data
library of fission products version 2 (Japan), ENDF/B-VI (USA) and JEF2.2 (Europe).

These computer codes can calculate decays of about 1000 fission product nuclides after
a fission burst or finite irradiation for a single fissile nuclide. One may calculate the following
FP properties as functions of cooling time; concentrations of radioactive FP's, aggreagate FP
decay heat, aggregate delayed neutron emission, and aggregate (§ and ) decay energy spectra.
The calculations can be performed for 51 fissioning systems when one uses ENDF/B-VI
fission yield data.

In the present release of the codes, previously developed small separate programs are
unified in a compact form in order to improve operational easiness, and the B and y decay

energy spectra can now be calculated.
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2. Features
Capable to calculate the aggregate p and y decay energy spectra
In the present release, the aggregate 3 and y decay energy spectra can be calculated, too.
The FP properties that can be calculated with the code is summerized in Table 1.
New unified front-end
A unified user-friendly control panel is provided for the six programs.
Easy data transfer
The output files are text files. Therefore, the output data can be easily transferred to
Excel (Microsoft Corporation), Transform (Fortner Research LLC) or any other
application programs for detailed analyses.

3. Quick start
In the following, we describe how to calculate the aggregate decay energy spectrum after
a finite irradiation. One can perform other calculations easily in the same way.

Note : A cooling time file should be prepared beforehand when one calculate the aggregate
decay heat powers (1. Aggregate Decay Heat Power" in the Main Control Panel). See also
Sect. 6 b).

1) Open a HyperCard stack named "panel98", and choose "2. Aggregate Decay Energy
Spectra” by pushing the button in the panel.

k& panel938

g8

Aggregate Fisslon-Product Decay Calculater

Main Control Panel
Input Nuclear Database

JNDC2, ENDFIB-YI, JEF2.2 Quit
Method

Exact Anatical (Summation) Method
Irradiation Condition Rl

A. Fisskon Burst

B. Constant Iradiation (no neutron capture)

Choose an aggregate FP property to calculate

(1. Aggregate FP Decay Heat Power )

(2. Rggregate Decay Energy Spe(‘traJ

(5. Concentrations aof Individual NUC"dESJ
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2) Choose an irradiation condition by pushing a button in the panel.
- ey T

2. Aggregate Decay Energy Spectra

Input Nuclear Database

FP Decay Data : JNDC2, ENDFIB-YI, JEF2.2
FP Decay Energy Spectra : ENDHB-YI
Fission Yiekis : JNDC2, ENDF/B-YI, JEF2.2

[Choase an irradiation condition |

A. Fission Burst

[ll. Constant Irradintlnn]

4

3. Enter irradiation time and cooling time in the boxes, and choose fission-yield, decay-data, and

spectrum files. Then, push "run spectrafinite98" button.
TR spoctrafiniteS8 frontend IEENEGEGEGEGEGEGNERRE O 5
To calculate aggregate beta or gamma energy spactrum
1. Choose a decay data file

2. Choose a fission yield file
3. Choosa a FP spactrum fils

4, Input a cooling time

4. Run spectra98 (Cutput file is "spectrafinite.dat”)

Irradiation time |I] (s)

(l:hlmse a decay dota ﬂle)
Hac intosh_HD: decay38fo | der : decaydat ab . dat
(l:hon:e a fission yield ﬁle)
tac { nt osh_HD: decay98fo der ;i el daB6: Y235 b6 . dat
( Choose FP spectrum flle ]
Macintosh_HD:decay98folder:gammaspect rati6.dat

cooling time (s)

!run speclrufmile% '

4. Input FP nuclear data
The FP nuclear data required in the codes are categorized into three;

a) fission yield data

Yi independent fission yield of FP nuclide i
b) decay data
b;,; branching ratio of FP nuclide i decaying to nuclide ]
A, decay constant of FP nuclide i
E, average decay energy per decay of nuclide i
P,;  delayed neutron emission probability of nuclide i

c) spectrum data
X(E ) decay energy spectrum of nuclide i (ENDF/B-VI only)
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The present codes can perform calculations with the above data in ENDF/B-VI, JNDC 2 and
JEF2.2. 1t is noted that the input FP data for a calculation can be taken from different libraries.
For example, one may use the fission yields in JEF2.2 and the decay data in INDC2 to calculate
the aggregate decay heat powers.

5. Numerical method

The codes solve analytically decays and buildups of FP nuclides. The definitions of the
irradiation conditions, a fission burst and constant (finite) irradiation, are shown in Fig. 1.
Specifically, the equations for the concentration of nuclide i, NV .-(f ) , is given as follows;

a) fission burst

d —
EN'(t)" ()+Zb1—>' j ()
N i(O) =Y.
b) constant (finite) irradiations
For simplicity, the codes utilize the solution for infinite irradiation. Therefore,

concentrations of the stable nuclides can not be calculated with the present codes.
The concentration of nuclide i, V.. -(f ) after infinite irradiation is obtained from

d
dtN () —}"iN“i()+ZbJ—n J (),
N.(0)=Y./A, .
Here, Y; is the cumulative fission yield of nuclide i, defined as
Yr'=yi+j§'. bj—)i Y
Finally, the concentration of radioactive nuclide i, N .-(f ) , after irradiation time T (see Fig.

1) is given by
N(t) =N(t)-N{t+T) .

6. Program and data files
a) program files
panel98 Main control panel (HyperCard stack). The following six programs are
called from this panel.
decay98, decayfinite98, distel98, distelfinite98, spectrad8, spectrafinite98
These six calculation programs are called from "panel98". Therefore,
users do not have to open directly these programs.
b) cooling time file for aggregate decay heat calculations
To use "decay98" and "decayfinite98", one should prepare a text file which contains the
arbitrary number of cooling times with an arbitrary file name. The file named "egct.dat"
is a sample cooling time file.
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c) fission yield files and folders
Fission yield files are stored in the following three folders;
yieldsB6 ENDFB/VI fission yield folder
yieldsINDC2 JNDC fission yield folder
yieldsJEF2.2 JEF2.2 fission yield folder
The nomenclature of the files is as follows;
(file name)="y"+(isotope)+(isomeric state)+(neutron energy)+(library name)+".dat".
(isomeric state) = "M" used only for a fissile in an excited state.
(neutron energy) = "t" (thermal), "f" (fast), "h" (14 MeV), s (spontaneous).
(library name) = "b6" (ENDF/B-VI), "jndc2" (JNDC2), jef22 (JEF2.2).
d) decay data files (bi-,; ,Ai LE; ,Pai)
decaydatab6.dat decay data from ENDF/B-VI
decaydatajndc2.dat  decay data from JNDC2
decaydatajef22.dat  decay data from JEF2.2
e) spectrum files
betaspectrab6.dat FP B spectra from ENDF/B-VI
gammaspectrab6.dat FP vy spectra from ENDF/B-VI

f) miscellaneous files

egct.dat sample cooling time file for decay98 and decayfinite98
nameofelements.dat element names

rtyp.dat reaction types

InputFiles work file created by "panel98"

7. Output files _
a) decayheat.dat (decay98) and decayfinite.dat (decayfinite98)
time (s), t¥*Pb (MeV), t¥*Pg (MeV), t¥Pa (MeV), t*d.n.act.
The symbols Pb, Pg and Pa stand for the aggreagte P, y and o decay heat powers,
respectively, while "d.n.act.” indicates the aggreagte delayed neutron activity. These
powers and activity are multiplied by cooling time "t" in the output file.
b) distel.dat (distel98) and distelfinite.dat (distelfinite98)
N Z A M isotope yield Pb(MeV/s) Pg(MeV/s) Pa(MeV/s) d.n.(1/s)
For each isotope identified by N, Z, A and M (ismeric state), its f3, yand o decay heat
powers are tabulated together with its delayed neutron activity.

¢) spectra.dat (spectra98) and spectrafinite.dat (spectrafinite98)
Energy range (MeV) Eav (MeV) Spectra

"Energy range" defines the energy bin with "Eav" being its median. "Spectra” indicates
the aggregate P or y spectrum. The aggregate spectrum is normalized to the aggregate

decay heat power.
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8. Remarks

The present programs described in this paper is available upon request to the author.
They can be used and freely distributed if no part of the programs or data is modified.

The author keeps the copyright of the above programs described in this paper. However,
he is not responsible to any damages due to the use of these programs.

Lastly, we welcome any suggestions and helps for the future development of the
programs. The codes have been used for the researches on the aggregate FP properties. We are
now planing to run the codes on other PC systems than Macintosh and utilize them for

educational purposes.

Table 1. List of the codes and their outputs.

code irradiation cooling time | output

decay98 fission burst multiple aggregate decay heat power and
decayfinite98 | constant (finite) multiple delayed-neutron activity

distel98 fission burst single individual FP yields, decay-energy
distelfinite98 constant (finite) single releases and delayed-neutron emission
spectra98 fission burst single aggregate f3 or y decay-energy spectra
spectrafinite98 | constant (finite) single

F(t) ﬁ
infinite irradiation (T — o) burst (3t))

finite irradiation

-

T o] t

Fig. 1. Definitions of irradiation time and cooling time. The fission rates for the three irradiation

conditions are shown as functions of time. Infinite irradiation is defined as the limitting case of
the finite irradiation with T—ce.
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Fission Cross Section Measurement for Am-242m with TOF Methods in Low Energy Region
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The neutron-induced fission cross section for Am-242m was measured with time-of-flight(TOF') method
from 0.003 eV to 30 eV. We already measured the cross section using Kyoto University lead slowing-down
spectrometer(KULS) from 0.1 eV to 10 keV and using the standard thermal neutron field (D20 facility) at
0.025 eV. The present result was compared with both of them. Although the JENDL-3.2 and ENDF/B-
VI were dightly higher in the energy region lower than ~1 eV, the present result agreed with the KULS
result and the D,O result within their experimental error.

1 Introduction

Americium(Am) isotopes are burdensome minor T i

actinides which are abundantly produced in power - KULS

10 .
reactors. The nuclear data for them are of grate im- @ D0 facility
portance for system design of spent fuel reprocessing ! - ENDF/B-VI

——JENDL-3.2

and its transmutation from the standpoint of the dis-

posal of radioactive waste [1]-[5]. The cross section
for Am-242m is also notable as well as Am-241 and

Am-243 because of its large fission cross section in
lower energy region (thermal neutron-induced fission
cross section for Am-242m is about ten times larger

than uranium-235). But there exist large discrep-

Fission Cross Scction for Am-242m (b)

ancies among the evaluated fission cross sections for
Am-242m in the JENDL-3.2 and the ENDF/B-VI o ™

data file especially at resonance energies. Recently, 10° 10" 10

. . Neutron Ener: A
the authors measured the fission cross section for ergy (eV)

Am-242m using Kyoto University lead slowing-down Fig. 1: The result measured with the KULS and
spectrometer (KULS[6]) from 0.1 eV to 10 keV([7]
and using the standard thermal neutron field (D,0
facility) at 0.025eV([8]. In fig.1, the results of them

and the evaluated data (the ENDF/B-VI and the
JENDL-3.2) were compared each other. The evaluated data were broadened with the energy resolution

of the KULS. In this figure, it was difficult to discuss whether the result using the DO facility was
consistent with that obtained using the KULS since the KULS result was broadened. We took place the
— 240 —
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cross section measurement for Am-242m with TOF method for the two purposes. One was discussion
about the consistency between the KULS result and the D20 facility one. Another was to measure the
cross section in further lower energy region.

2 Experimental Methods
2.1 The Am-242m and U-235 samples

The Am-242m deposit was purchased from Chemotrade GMBH, and the Am-242m was electrode-
posited (radioactive area of 20 mm in diameter) on the stainless steel disk (28 mm in diameter and
0.2 mm in thickness). The purity of the Am-242m was 85.25 %, and the major impurities were 14.42
% for Am-241 and 0.53 % for Am-243. The number of Am-242m atoms was determined by alpha and
gamma-ray spectroscopies. As a result of both analyses, the number of Am-242m atoms was determined
to be (2.04 £ 0.04) x 1016,

The highly enriched uranium oxide (99.91 % of U-235) was gotten from ORNL. The uranium was also
electrodeposited on the stainless steel disk. The U-235 sample was used to monitor the neutron flux in
this study as the well-known reference cross section of the 235U(n,f) reaction. As well as the Am-242m
sample, the number of U-235 atoms was determined to be (3.28 £ 0.04) x 10'7.

2.2 Back-to-back Type Double Fission Chamber

o d

The fission chamber was composed of two identi-
cal parallel plate-type ionization chambers, as shown T vam| efion support
in fig.2. The back sides of the sample deposit (Am-
242m) and the reference one (U-235) were face each ~ “°*""
other. This chamber was originally designed for in-

core fission ratio measurement [9]. This chamber was Electrode
(anode)

made of aluminum and filled with a mixed gas of 97

% Ar and 3 % of Ny at pressure of 1 atm. Fission
For evécuating

pulses were clearly discriminated from background and gas filling . Chamber
ones caused by the alpha-rays since the electrode- 2imm___, 17.5mm_ (aluminum)
posited layers of Am and U are enough thin not to

reduce the energy of fission fragments. Fig. 2: Cross Sectional view of the back-to-back

type doubele fission chamber.

2.3 The BF3 Counter

The 1°B(n,a) reaction is well known to be one of the standard cross section and is often applied
to cross section measurement as a reference. Instead of 23*U(n, f) reaction, the °B(n, ) reaction was
applied as a reference using a BF3 counter in resonance region in order to avoid resonance interference
between Am-242m and U-235 fission cross sections. The BF; counter was of a cylindrical type, 50 mm
in effective length, 12 mm in diameter, 1 atm in gas pressure and high-voltage bias was 1100 V.
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e KURRI-LINAC
~31MeV electron beam

Aluminum tank

T .
Collimator
Reentrant
hole Neutron
Cooling flight tube
water h 3
| | )’
----------- 1
/"I ! [ NS
¢ ! 1
E Tantalum 1| '
target 1
¢ get :
X L Back-to-back type
L 50 cm K double fission chamber
a ! ~5m

Fig. 3: The schematic view of the experimental arrangement for the present measurement.

2.4 Experimental Arrangement

The measurement with TOF method was made using the 46 MeV electron linac at Kyoto University
Research Reactor Institute. The schematic view of experimental arrangement is shown in fig.3. The
pulsed neutron produced at the water-cooled tantalum(Ta) target as a result of electron beam irradiation
were taken out from the reentrant hole (19 cm in diameter) in the center of the water tank (aluminum,
50x40x50 cm?®). The sample deposit(Am-242m) and the reference one (U-235) was set in the back-to-
back type double fission chamber, and the chamber was placed at approximately 5 m from the Ta target.
The typical operating conditions of the linac during this measurement were as follows: pulse repetition
of 80 Hz, pulse width of 22 ns, electron average current of ~ 75us, and the energy of ~ 31 MeV.

2.5 Energy Calibration

In general, the energy of neutron could be determined from flight time and path of the neutron. The
reason why we took place energy calibration with the resonance filters was that the neutron source region
was unnegligibly wide comparing with the flight path. The characteristics of the resonance filters are
shown in tab.1. During the energy calibration, neutrons reached the BF3 counter trough the resonance
filters. The depressions corresponding to resonance energy of the filter materials were found in the time
spectrum. The effective flight path was determined to be 5.01 £ 0.02m as a result of fitting with least
squares method for the dependency between resonance energy and the flight time (fig.4).
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Table 1: The characteristics of the resonance filters used for energy calibration.

Material | Energy (eV) Thickness (mm) Form
Samarium 0.87 0.5 Matel Plate
8.056
Silver 519 0.5 Matel Plate
16.3
Indium 1.46 0.2 Metal plate
400 T T T

St (0.87 eV) L

200 RPN K SOOI FROIPRN .

: S ]
E : / Tn (1.46 V) ]
E 250 ._.
= Ag (5.19€V) /
£ 200 -
z e /
c B 3
% 150 |---Sm (B.05 V) » E=(723*L/( T-TO ) )2 -
[} ]
Z oo L=501+-002  |]
/(\ T,=-09+ 12 ]
50 / Ag (16.3'eV)-nnens ]
o i ;
o 0.2 0.4 0.6 0.8 1 1.2
E-l/Z (ev-1/2)

Fig. 4: Dependency between neutron flight time and its energy.

2.6 Data taking and Fission Ratio Measurement

Two identical electronic circuits were employed for the Am-242m and U-235 chambers. Through the

amplifiers and discriminators, signals from the chambers were fed into the 4096-channel time-analyzer

with 2 us/channel, which was initiated by the linac electron burst, and the time-of-flight data of fission

counts were stored for each measurement of ~5-hour duration in a data acquisition system.

The fission cross section for Am-242m (oo, (E)) was obtaind by eq.1.

where

Cam(E), Cu(E)
Cs(E)

NAma NU
UU(E)vaB(E)
N,

UAm(E) =

Cam(E) N

A )—UaU(E) (0.003 ~ 0.2eV)
CU NAm
CAm(E)

B

N;oB(E) (0.2 ~ 35eV)

: fission counts of Am-242m and U-235 for neutron energy E,

: number of 1°B(n,a) reactions for neutron energy E,

: number of Am-242m and U-235 atoms in the deposits,

: the 235U(n,f) and °B(n,a) cross section cited from the ENDF/B-VI,

: normalizing factor.
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The absolute value of the fission cross section for Am-242m was measured relative to that for U-235 from
0.003 eV to 1 eV making use of the back-to-back type double fission chamber. In order to avoid the

resonance interference between Am-242m and U-235, the relative fission cross section measurement was

made using a BF3 counter as a good 1/v detector instead of the U-235 fission chamber from 0.2 eV to 10

eV. This relative cross section was normalized to the absolute value measured relative to U-235 between

0.2eV and 1 eV,
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Fig. 5: Comparison between the present result and
the value obtained with the D,O facility and the
evaluated data.
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3 Results and Discussion

The present result, the D3O result and the evaluated data of the JENDL-3.2 and the ENDF/B-VI
were compared in fig.5. Although the present result and the D3O result agree in their experimental error
at 0.025 eV, the JENDL-3.2 and the ENDF/B-VI were dlightly larger than our results. In higher energy
region (>~3 eV), the ENDF/B-VI data was much higher than the present result and the JENDL-3.2.
As shown in fig.6, the result with the TOF method and that with the KULS were compared with the
evaluated data. For the comparison, the TOF result and the evaluated data were broadened with the
energy resolution of the KULS. Although the present result was systematically differ from the KULS
result and evaluated data from 5 to 7 eV, good agreement could be seen between the TOF result and the
KULS result in the energy region lower than ~0.2 eV. The reason for the systematical difference might
be that the statistical accuracy during the present measurement was not enough.

4 Conclusion

(1) 0.003~3 eV

The thermal neutron-induced fission cross section obtained with the D;O facility is consistent with
the result measured using the KULS since both results show good agreement with the result with the
TOF method. But the JENDL-3.2 and the ENDF/B-VI data are dightly higher than our results in this
energy region.
(2) 3~ 35 eV

The KULS data and the evaluated data are systematically higher than the present result in the energy
region from 5 to 7 eV. But the ENDF/B-VI data is apparently larger than not only the present result
but also the KULS result and the JENDL-3.2 data.
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3,26 Evaluation of Neutron- and Proton-induced
Cross Sections of *’Al up to 2 GeV

Young-Ouk LEE and Jonghwa CHANG
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Tokio FUKAHORI and Satoshi CHIBA
Japan Atomic Energy Research Institute

We have evaluated neutron and proton nuclear data of %Al for energies up to 2 GeV. The
best set of optical model parameters were obtained above 20 MeV for neutron and above
reaction threshold for proton up to 250 MeV with the phenomenological potential forms
proposed by Chiba. The transmission coefficients for neutron and proton derived from the
optical models are fed into the GNASH code system to calculate angle-energy correlated
emission spectra for light ejectiles and gamma rays. For energies above 250 MeV and below
2 GeV, the total, reaction and elastic scattering cross sections were evaluated by an empirical
fit and recent systematics. Emitted nucleon and pion were estimated by use of QMD+SDM
(Quantum Molecular Dynamics + Statistical Decay Model).

1. Introduction

Nuclear data for conventional fission reactors and fusion devices mainly consist of
neutron-induced cross sections in energy below 20 MeV. However, recent new applications
such as radiation transport simulations of cancer radiotherapy and the accelerator—driven
transmutation of nuclear wastes require evaluated nuclear data on neutron- and
proton-induced reaction above 20 MeV up to a few GeV.

Currently some evaluation works are underway to make high energy libraries for neutron
and proton data above 20 MeV. Among the higher-priority materials being evaluated for such
applications, aluminum is important in structure for the accelerator-driven system, and its
cross sections are often used as a reference to determine other cross sections.

The optical model provides the basis for theoretical evaluations of nuclear cross sections. It
is a convenient means for calculations of reaction, shape elastic and (neutron) total cross
sections, and also supplies particle transmission coefficients for Hauser-Feshbach statistical
theory analyses. In order to perform nuclear data evaluation without unphysical discontinuities,
optical models should cover the whole energy range of interest continuously. For energies
above 150 MeV where pion production reaction channel opens, the microscopic nuclear
reaction calculations are often performed by using intra-nuclear cascade (INC) model together
with macroscopic transport calculations by computer codes such as LCS, LAHET and
HERMES. Therefore, separate evaluated nuclear data in ENDF-6 format above pion threshold
energy are not as abundant as those for energies below 150 MeV when consistency and
integrity of evaluated data are to be checked.

Under these circumstances, we evaluated neutron-induced nuclear data of ZAl for energies
above 20 MeV up to 2 GeV, and proton-induced nuclear data above threshold up to 2 GeV.

2. Evaluations up to 250 MeV

(1) Optical Model Analyses

Evaluation starts with determination of global optical model parameters of neutron and
proton for aluminum to describe measured total, reaction and elastic scattering cross sections.
As a reference data set, we collected measured total (or reaction for proton) cross sections
and elastic angular distributions from the EXFOR at NEA Data Bank. The potential form
factor was chosen to be of Woods-Saxon form for V., and W,, derivative Wood-Saxon for
Wa and Thomas-Fermi form for spin-orbit parts as
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Ur)= — VD) —iW, f7) t4i apu Wy jf’;’d(Tr) (L
1/ & \2 d )
(o o) s

where mx is the mass of pion and the form factors f are of the standard Woods-Saxon
shape :

— 1
D) = I e rA ™2y @

Here, the a is the diffuseness parameter, and A the target mass number.
We adopted following potential energy dependencies which are similar to that proposed by
Delaroche et al.[1]:

VAE)= Vye TAdE-Ep) Vi+V,E r(E)=rg+7,E afE)=ay+a,E
(B = Wy E—Er)" (B)=r/E) (E)=a(E)
v — Yy (E_Ef)4+ml Yuw =7y Quw =a,
_ wE-g) _ (E—Ep* _ _
Wd(E)— Wd)e (E—Ef)4+ W,ﬂ rm,(E)— r,,,ag-f-rME a,m;(E) =Aua +aw,,1E (3)
where the Fermi energy Ey for neutron is given by
E,(Z,A)=—%[Sn(Z,A)+S,,(Z,A+l)] @

with S, the neutron separation energy, and for protons by

EfZ,A)=—+(5,(Z.A)+S,Z+1,A+D)] (5)

with S, the proton separation energy.
The potential parameters of spin-orbit form parts were taken from Delaroche et al.[l] as

VAE)=6.0e " W (E)=0.2—0.011F
Vyor Wpe = 1017 dpy, @Quew = 0.60 (6)

The energy dependent parameters are determined through adjusting the coefficients defined
in eq. (3) by use of ECISPLOTI2], an interactive optical parameter searcher with simulated
annealing algorithm, developed by one of authors.

(2) Emission Cross Sections

Compound reaction calculations with preequilibrium corrections were performed by using the
GNASHI3] code based on the exciton model of Kalbach, discrete level data from nuclear data
sheets, continuum level densities using the formulation of Ignatyuk and pairing and shell
parameters from the Cook analysis. Besides neutron and proton potentials, the following global
potentials were employed in the evaluations for composite particles:

Deuterons ' Perey and Pereyl4]
Tritons : Becchetti and Greenlees[5]
Alphas : Arthur and Young(6]

The transmission coefficients for neutron and protons calculated from the optical model
analyses as well as for deuteron, triton and alpha particles are fed into the GNASH to
evaluate angle-energy correlated emission spectra for light ejectiles and gamma rays.
Gamma-ray transmission coefficients were calculated using the Kopecky-Uhl model. Direct
reaction contributions to inelastic scattering from discrete states were provided by a DWBA
calculation. So the orignal reaction cross section were reduced by the amount of direct
reaction cross sections in GNASH calculation.

3. Evaluations up to 2 GeV
(1) Total and Reaction Cross Sections
Since there are not enough measurements and reliable physics descriptions for optical model
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approach above few hundred energies where pion production becomes important, we made an
empirical fit with available measurements and applied a systematics for total and reaction
cross sections.

For neutron and proton reaction cross sections, we adopted the recent systematics
developed by NASA[7]. The NASA systematics has following form for the reaction cross
section:

or= i (A +AF+8pY1- ) (7)

om

where rp = 1.1 fm, Ap and Ar the projectile and target mass numbers and E.m the colliding
system center of mass energy in MeV. Details of parameters 8¢ (Pauli blocking factor) and B
(energy-dependent Coulomb interaction barrier) are explained in the reference[7]. We applied
this systematics first for reaction cross sections for energies from 250 MeV to 2 GeV, and
the results are merged with those obtained from optical model approach below 250 MeV.

For neutron total cross sections, we made a data fitting combined with the NASA
systematics for the reaction cross section to describe measured data as:

or(E) = ox(E) - (a+bxE), 250 MeV < E < 2000 MeV. 8

and again the results were merged with those obtained from optical model approach below
250 MeV.

(2) Emission of nucleons above Pion Threshold

To evaluate emission of nucleons for energies above pion production threshold, we tried
QMD+SDMI[89] instead of well-known INC (Intra Nuclear Cascade) model to calculate
nucleon emission spectra for incident neutron and proton of energies above 150 MeV up 2
GeV.

This model is based on quantum molecular dynamics (QMD) incorporated with a statistical
decay model (SDM) to describe various nuclear reaction in a unified way. INC and
pre~equilibrium processes are described by QMD model, and equilibrium process by SDM.
The details of the QMD+SDM calculations are given in Ref. [89].

4. Results and Comparisons

(1) Optical Model and Total, Reaction and Elastic Cross Sections up to 250 MeV

Figure 1 show the resulting potential depths of real and imaginary volume as a function of
both neutron and proton energies obtained by use of ECISPLOT. The proton depths for real
and imaginary potentials are shown to be higher than that of neutron. Table 1 lists finally
optimized coefficients giving two sets of potential depths and form functions for neutron and
proton that describe the reference experimental data with minimum variance. The total (for
neutron), reaction (for proton) cross sections and elastic angular distributions resulted from
optical model analyses are shown in Figs. 2-5, with various measurements, and compared
with JENDL and LANL evaluations up to 250 MeV. Our optical model parameters give
excellent agreements with most of experimental data over entire energy range for both
incident neutron and proton.

(2) Emission Cross Sections up to 250 MeV

Figure 6 compares the evaluated Na-23 isotope production cross sections of incident neutron
against Los Alamos data together with evaluations from LANL and JENDL. The production
cross sections consists of emission reactions of (nna), (ndt), (nnpt), (n,n2d), (n,2npd) and
(n,3n2p) to give the residual Na-23 isotope. Our evaluated cross sections sections and other
two evaluated ones give good agreements with the measured data in energies from the
threshold up to 45 MeV. Around the neutron energy of 22 MeV having peak cross sections,
our evaluations are slightly closer to the measurements than the other two. Above the
neutron energy of 45 MeV, all evaluated cross sections have similar values to have lower
cross sections than the measurements.

(3) Total and Reaction Cross Sections up to 2 GeV
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The dotted line in Fig. 7 shows the evaluated reaction cross sections of neutron up to 2
GeV consisting of the optical model calculations and NASA systematics (eq. (7)), together
with various measurements. The good agreement is shown between the evaluation and the
data except mismatches in the energies around 400 MeV where the measured data are
considered to have larger errors than reparted. Our evaluations around these energies could
be validated by the consistency with the evaluated neutron total cross sections which are
described next.

The solid line in Fig. 7 shows the evaluated total cross section of neutron up to 2 GeV
consisting of the optical model calculations and data fitting using eq. (8), together with
available measurements. The evaluated neutron total cross sections reproduced most of
measured data well except one point at 1731 MeV, which has largest errors among all data
points. Our evaluation for neutron total cross sections validates the evaluated neutron reaction
cross sections which show consistent behaviour with both measured and evaluated total
cross sections despite of the mismatches for some measured data around 400 MeV mentioned
earlier.

Solid line in Fig. 8 shows the evaluated reaction cross sections of proton up to 2 GeV
merged from the optical model calculations and NASA systematics (eq. (7)), together with
various measurements and LANL evaluations with dotted line. The evaluated reaction cross
sections agree well with all of measured data.

(4) Emission of nucleons above Pion Threshold

Figure 9 shows our evaluation by use of QMD+SDM for neutron emission spectra for the
reaction of 597 MeV proton with %Al at different laboratory angles, compared with the
measurements from Juelich. As shown in the figure, the evaluated neutron spectra at all
directions reproduce well the measured data except the higher energy emissions in 30 degree
angle. In Fig. 10, QMD+SDM evaluations are presented for the negative pion emission
spectra for the reaction of 585 MeV proton with *Al at 5 different laboratory angles together
with the measured data from Juelich. The evaluated pion spectra give an overall agreement
with the measured data for all directions.

The results presented above give us an applicability of QMD+SDM for producing separate
evaluated data, especially for nucleon emission spectra in energies above pion production
threshold as an alternative to the INC model codes combined with macroscopic transport
calculations.

5. Conclusion

We evaluated the neutron and proton cross sections of “’Al which is important in shielding
and structural material for accelerator-driven system for energies up to 2 GeV. Optimized
potential parameters describes well the experimental data of total, reaction cross section and
elastic angular distributions. The resulting transmission coefficients of neutron and proton are
fed into the GNASH code to evaluate production cross sections of residual nuclei and
angle-energy correlated emission spectra for light ejectiles with A<4 and gamma rays.
Some of cross sections from GNASH calculations were compared with experimental data,
giving good agreements. For energies above 250 MeV up to 2 GeV, the total and reaction
cross sections were evaluated by an empirical fit and recent systematics. The neutron, proton
and pion emission spectra for energies above pion production threshold energy were estimated
by use of QMD+SDM,
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Table 1. Optical potential parameters for np + 7 Al interaction up to 250 MeV.

Vo A, Vi Ve rwo ot aw avt
MeV) | (MeVH | MeV) | MeV) | (fm) {tm/MeV)| (m) |(fm/MeV)
Neutron| 1098 | 0006 | -4827 [ 0.168 1.190 | 000013 | 0.627 0.0004
Proton | 1110 | 0007 | -4487 | 0.176 1.153 | 000016 | 0552 0.0016
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3.27 Optical Potential Parameterization in High Energy Region
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The optical potentials by Maruyama are reparameterized by new parameters. These potentials are
appropriate to reproduce the total cross sections for neutron incidence with the energies in the GeV
region.

1. Introduction

Some amounts of proton incident data have been published on elastic-scattering and total reaction
cross sections up to 1 GeV of incident proton energies. Such results as well as experimental data obtained
by polarized proton beams are useful for parameterizing global optical model potentials. However, the
experimental data are poor above 1 GeV. For the neutron incidence with energies up to 1 GeV, Maruyama
et al. derived the optical potentials by converting the proton incidence potentials by the use of the
symmetry term that is dependent on (N-Z)/A [2]. However It is complicated to obtain the values of
potentials requiring since the number of parameters is as many as about 170.

Recently the nuclear data for the energies in the GeV region are required for the engineering purposes.
The High Energy Transport Code (HETC) based on the intranuclear cascade evaporation (INCE) model
is used to the engineering design. The INCE model appropriately represents the neutron production
double differential cross sections. However, the INCE models poorly reproduces total cross sections and
the elastic scattering cross sections for the nucleon-incidence in the forward direction.

The total cross sections and the elastic scattering cross section are calculated by the optical model.
To simplify the calculation of the optical potentials, the potentials by Maruyama are reparameterized by
new parameter set. These potentials are appropriate to reproduce the total cross sections for neutron
incidence with the energies in the GeV region.

2. Calculation model
In this work, 4-vector potential Uy and Lorentz scalar potential Ug are adopted as the phenomeno-
logical optical potentials.

Uv(r) = W(Bine, A)fvv(r) +iWy(Einc, A) fwv (r)

Us(r) = Vs(Einc, A)fvs(r) +iWs(Eine, A) fws(r)
1

fi(r) =

1+ exp(— =t

i=VV,WV, VS, WS
To simplify the calculation, Dirac equation is converted to Shrodinger form as follows,
[p? + 2E(Ueent + Usof - L)|®(r) = [(E — V.)? — m)®(r)

where p is momentum, m mass, F total energy, & spin, L orbital momentum, V, coulomb potential.
Central and spin orbit potentials Ugent, and U,, are represented as,

1
Ueent = ﬁ(zEUv + 2mUs — UL + U2 - 2V.Uy + 2EUDarwin)
1 6B
U = ~2EBror
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Darwin and B terms are

11,0, 8 31,0
arwin — T T/ o\lo - —B -—(—B
Ubarw 3B2a ~ 5t i)
B = E+m+Us—-Uy -V,
o E+m

Maruyama et al [2]. obtained the values of Viy, Wy, Vg and Ws by modifying the potentials
parametrized by Cooper [1]. The potentials by Cooper is made of about 170 parameters. to simplify the
parametrization, Vi, Wy, Vs and Wg are reparameterized as follows.

Vs = (7.256x 107104 — 2,124 x 10~ 7)[EX/? — (—44.06A + 2.919 x 10%)]? — 0.2327A — 256.9
rovs = (1.065—2.924 x 107°E;,,.)A'/?
ays = 0.5930 + 1.72625 x 1074 E; ..
Ws = —32.7AY%(log Einc — 5.496)2 + 62.2841/7
rows = (1.144 —1.279 x 107*E;,,.)A'/3
aws = 0.5823+2.081 x 107*E;,,.
W = (=8.12x107°A+ 3.3684 x 10~6)EL3 — (5.963A4 — 7737)" + 0.1447A + 155.5
rovy = (1.075—4.4 x 1075E;, ) AY®
ayy = 05748 +1.321 x 107*E;,.
Wy = 13.624Y%%(log Eip. — 5.685)% — 57.94/8
rowy = (1.154 —1.237 x 1074 E;,.)A'/3
awy = 0.6554 —2.396 x 107 °E;,,
3. Results

Figures 1 to 4 stand for the optical potentials Vi, Wy, Vs and Wg, respectively. In these figures
crosses is the values from Reference [2] and solid lines the results by this parameter set. One can see
that the potentials by this parameter sets are represent the values from Ref.[2] for the incident neutron
energies up to 1000 MeV.

Fig. 5 shows the 4-vector and Lorentz scalar potentials in the case of 500 MeV neutron incident on
208p} target. In this figure, dashed lines with cross are the values from Ref. [2] and the solid lines the
results by this parameter set.

Figs. 6 and 7 indicates the total cross sections for the neutron incidence on 27Al, 4°Ca, 56Fe, 63Cu,
907r, 93Nb, 181Ta, 208Pb, 209Bj and 238U targets. In these figures, closed circles, cross marks and solid
lines stand for the experimental values [3], the values from Ref. (2] and the results by this parameter
set, respectively. The optical potentials by this parameter set reproduce the experimental values in the
incident neutron energy up to 1000 MeV.,

4. Summary

To simplify the calculation of the total cross section by he optical potentials, the parameter set by
Maruyama is reparameterized by new parameters. the reparameterized potentials are appropriate to
reproduce the total cross sections for neutron incidence with the energies in the GeV region.
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The parameterization of the double differential cross section is made for the neutron emission from
proton-induced spallation reaction. The emitted neutron data for incident proton energies above 800
MeV are well analyzed by the moving source model based on the Maxwell-like energy distribution with
Gaussian shape terms.

1 Introduction

Evaluated nuclear data covering incident energies up to several GeV are required in application of the
spallation reaction. Neutron emission double differential cross sections, however, have been measured for
several targets and incident energies. The moving source (MS) model[1) which is based on Maxwell-like
distribution has been employed for analyzing the experimental neutron emission data for the proton-
induced spallation reaction. The parameters obtained from this type of analysis represented well the
experimental neutron spectra in the incident energy region from 113 MeV to 800 MeV/[2].

In this study, the parameterization of the (p,xn) double differential cross sections is made for the
neutron emission from the spallation reaction induced by protons above 800 MeV. The neutron data in
incident proton energy region up to 3 GeV are analyzed by the moving source model. The experimental
datal[3] of the double differential cross section on neutron emission are available on C, Al, Fe, In and Pb
for the incident energies of 0.8, 1.5 and 3 GeV. In addition, the quantum molecular dynamics (QMD)
plus statistical decay model (SDM) code[4] is employed to calculate the cross sections which were not
measured.

2 MS model

The MS model have originally been proposed to represent the high-energy collision phenomena where
a locally heated spot is moving with evaporating particles in a nucleus. Since the particle emission
behavior in this reaction is also explained to a considerable extent by such models as the intranuclear-
cascade model, the reaction may not always produce the physical moving source. In this model, the
collision phenomena are seen from an observation point moving with an appropriate velocity 8 (moving
frame). Neutrons are assumed to be emitted isotropically with an exponential-type energy distribution
of a temperature T (MeV) in the moving frame. The neutron emission double cross section is expressed

by
d?c 14 Erin + m — pBcosh
_eo _-4 _ _ T
dQdEin pTexP{ ( (1-p2)t m)/ }

Eyin (MeV) and P (MeV/c) is kinetic energy and momentum of an emitted neutron. The parameters A,
B and T are called amplitude, velocity and temperature, respectively. They are adjustable in fitting the
equation with double differential cross section data. For the spallation reaction, the MS model is applied
in a form of summation of three components as

d%o 214, Egin +m — pBicosf
R — —m)/Ti .
2 Ein ; pT F { ( (1—p2)} m)/

Three components correspond to the intranuclear-cascade, the preequilibrium and the nuclear-evaporation
processes, respectively. Figure. 1 shows the results of fitting for the 0.8 GeV proton incidence on the Fe
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target. The marks stand for the experimental cross sections. The dotted lines show the calculated data
by QMD+SDM. In this figure,the results by this MS model are indicated by dash-dotted-line. The MS
model reproduces the experimental and calculated cross sections at whole emission angles in the energy
region below 100 MeV. In the forward direction below 30°, however, the MS model underestimates the
neutron data at neutron energy above 200 MeV. It is supposed that the quasi-elastic and quasi-inelastic
scattering processes are dominant in the reaction, where neutron emission spectrum is known to be
forward-peaked.

3 Evaluation for quasi-elastic scattering

A Gaussian shaped term is introduced into the usual MS model for analysis of the neutron spectra
derived from the quasi-elastic and quasi-inelastic scattering processes, and is written as

d?c (Egin — Eo)? 314 Eyin +m — pB; cos 8
dQdEkin _A"exP{~ K2 }+;5f—e}cp ~( (- gl _m)/T’ :

where Aq, Eg and  are adjustable parameters dependent on the emission neutron angle and kinetic
energy. The second term in right side indicates the usual MS model. In Figs. 1 and 2, solid lines show
neutron spectra by the use of MS model which includes the Gaussian shaped term for 0.8 and 1.5-proton
incidence, respectively. The MS model with the Gaussian shaped term represents the experimental and
calculated neutron data over the whole angle well. Parameters A,, Ey and « were fitted by smooth
functions as

Aq = 1€, Ep = ca+ caEy, Kk = csEqy.

where ¢ is momentum transfer of incident proton at an neutron emission angle, F,; that neutron kinetic
energy after elastic collision with incident proton, and c¢; that adjustment parameter. Figure. 3 shows the
parameters obtained from fitting for 0.8, 1.5 and 3.0 GeV proton incidence on Fe. Momentum transfer
of 700 MeV /c for 0.8GeV-proton incidence is equivalent to scattering angle of 28°. The values of Eg and
& are almost constant, while A, arises with increasing momentum transfer.

The neutron production differential cross sections from C, Al, Fe, In and Pb were obtained by the
use of the MS model with the Gaussian term for incident proton energy region up to 3.0 GeV. Figures.
4 and 5 show the results of the MS model for 1.5 GeV-proton incidence on Al and Pb, respectively. The
MS model with the Gaussian shaped term reproduces the neutron production spectra from Al to Pb in
the wide range of incident energy and emission angles.

The mass number dependance of parameters A, 8 and T for 0.8 GeV-proton incidence was shown
in Fig. 6, where subscripts 1, 2 and 3 indicate the intranuclear-cascade, preequilibrium and nuclear-
evaporation processes, respectively. The black marks show the present work, whereas the open ones
indicate the values estimated in reference[2]. The values of # and T are nearly constant for all targets,
while A depends on mass number strongly. The incident energy dependance of parameters A, 8 and T
for the Fe target was plotted in Fig. 7. While A3 and A3z are monotonously increasing functions of mass
number, A; arises with decreasing mass number. The velocity and temperature parameters are raised
smoothly with the incident proton energy.

4 Conclusion

The moving source model based on Maxwell-like distribution was employed to analyze the neutron
production double cross section in the incident proton energy region up to 3.0 GeV. The use of the MS
model with the three components of cascade, preequilibrium and evaporation reaction reproduced the
experimental neutron data and the calculated results by QMD plus SDM model on C, Al, Fe, In and
Pb. In the forward direction of neutron emission, the introduction of the Gaussian term into the moving
source model leads to good agreement with the experimental and calculated quasi-elastic spectra. The
moving source model with the Gaussian term were found to be applicable to the nuclear data evaluation
for a wide range of target masses and incident.

— 258 —



JAERI-Conf 99-002

References

(1] Bogatoskaya, 1.G., et al. : Phys. Rev. C22, 209 (1980).
[2] Ishibashi, K., et al : J. Nucl. Sci. Tech., 29, 499 (1992).
[3] Tshibashi, K., et al. : J. Nucl. Sci. Tech., 34, 529 (1992).
[4] Niita, K., et al. : Phys. Rev., C52, 2620 (1995).

4 4
10 L L 11 B e R A B MR 10 LRSI N1 S S A1 B e R 111 R R R AR

p on Fe, 0.8GeV — _ p on Fe, 1.5GeV

g I _ 3 2 - :_ - : = .
10° & L 25" X 10 102 ™. - 2.5° X 102
- o 50X 10" i '
[ . B SSUEEEAN 1
9 ’_,_Ijsox100 ; 5 X 10
o 10° @ % © 100 N e.e
P 2 E 5 2, e915° X 10° 3
E ~ E '
-2 -2
S 10 \ S 10 .,
wn J 1751 . ‘:o =
g 150° X 10°° e \30°x 10 2 150X 100 & A\°®
S 10" L X o 10% o
Q N (@) [
o) L4 '
90° X 10°2 N X a0°% 10!
-6 -6 -2
. - 90° X 1
10 R E’Rﬁ%ﬂ"&%"&a' 10 e  Experimental 0
— . —.-UsuatMSModel 24 L s QMD+SDM
Present Work - Present Work
10°® e oot vl c g 102 BRI R RS EATT S R 1] S S S WAL
10° 10’ 102 108 10* 10° 10° 102 108 10*
Neutron Energy (MeV) Neutron Energy (MeV)
Fig. 1 Neutron production double differential Fig. 2 Neutron production double differential
cross section for (.8GeV-proton incidence on Fe cross section for 1.5GeV-proton incidence on Fe

— 259 —



Cross Section (mb/sr/MeV)

JAERI-Conf 99-002

1
10 EllllTTITl'llIlll!lIIIII]‘[TIIIITII:
- Fe ]

B 0
< 107 T - 3
2 3.0GeV 3

4
10" e
: Fe 3
L. . . 30Gev . _ . _]
WS10%L .
= 1.5GeV 3
]
L 0.8GeV 7

4
107 e
E Fe -
103 . _ . _ 3.0Gev_ . _  _  _ -
o Eeee 156GeV
0.8GeV .
102 —_

T IIIIIII[ TT

Scattering angle of 28° (0.8GeV)

101 lllIIIIIllIlIIIIIIl[llIlIIlJllll*

0 100 200 300 400

500 600 700

Momentum Transfer (MeV/c)
Fig. 3 Adjustable parameters A, E_ and x of Gaussian term obtained by fitting for the
experimental and calculated neutron data. Solid, dotted and dashed-dotted lines
indecate the values for the proton incident energies of 0.8, 1.5 and 3.0 GeV, respectivly

T TTTTh T TTTTT T T TTTT T TTTIT

p on Al, 1.5GeV

10°
S 2.5° X 102
10' | N oy 10 .
0.0q, ._‘_5_)_(_10 s
L ] - [
N X ) 0 =
S 15° X 10 s
g . @ ]
1 A e g
107 Bae ong 30° X 10" . =
1 &
90° X 10°2 5
(X} T e D
; n
10° e, 2
' \® 8
150° X 10°3 .
[ ]
10°
® Experimental \
-------- QMD+SDM
Present Work
10-7 P cvwd o Yl Lt
10° 10’ 102 102 10*

Neutron Energy (MeV)

Fig. 4 Neutron production double differential
cross section for 1.5GeV-proton incidence on Al

— 260 —

T TTTTT T T T T T 1T T T TTTT

10° NG p on Pb, 1.5GeV
N 250X 102
102 | s
=0 q LN e
TN A5 X 10
10° \on_015° X 10°
b ,,, t .4
.' - U
L . '_.
e A ®30°X 10"
102 . N \®
® [ )
150° X 10°3 '
10 N1 \eoex 102
. Experimental '~
--------- QMD+SDM 5
Present Work
10—6 IR R ! B |
10° - 10' 102 10° 104

Neutron Energy (MeV)

Fig. 5 Neutron production double differential
cross section for 1.5GeV-proton incidence on Pb



Velocity Amplitude (mb/sr/(MeV/c)’c)

Temperature (MeV)

JAERI-Conf 99-002

2
10 Ellll] T T TTTTIT T 'ﬁT:
F0.8GeV p Evaporation 5 3
C A= 8.63X10°* M'® )
1 )
10" & Preequilibrium EES;
E A =1.82X10° M = o
o - 1 =2
- 1 =
7
1001 4 =
= i E
C [ ] [}
ge)
| B Cascade =
107 E E.
- _ .3 20.815 3
E A1_ 6.03X10° M . b
0
10° G ———
C 0.8BGeV p 3
[ B.=0311+286M
L g ° ]
| Cascade L _
10'L B, =,0.0666 + 1.00X10*M -
= ‘—Nﬁ = >
 Preequilibrium A 7 S
- A - o
— 1 2
102 " .
= Evaporation =
C n ]
i B,=0.110 M°7* ]
3 a]
10° HHHH - =
c 0.8GeV p M : Target Mass Number 3
i T, =65.1 - 0.255M + 1.54X10"°M? <
2
g om0 ® ] 2
- J o
B _ -3 7 =
- A T2_21'5+1'5X1A0A M 4 5
a A A & A A 7] o
- Q
1 01 » Preequilibrium ] £
- - [4}]
- 5 - '—
C T3 =2.90-1.76X10° M ]
I~ Evaporation 7
100 Ll [ I RN L1
10 102

Target Mass Number

Fig. 6 Mass number dependance of parameters
A, B and T for incident protns of 0.8GeV

— 261 —

1
1 0 - T T TTTT7] T TV T TTTTH
- Fe : ]
- A =0.683E_ 01% ]
3 inc
B Evaporation 7]
- o
10°- E
= A, =00166E °®' 3
C inc »
~ Preequilibrium 7|
107 e E
c Cascade ]
- A’ =0.0577 + 5.23X10* EIm:“"94 —
0
10° 44
- Cascade Fe 3
C 0__,,,/”/. ]
0o ©
- B, =0.254 + 7.18X10°°E, T
-1
107 e, 4
L 5 B,=0.0367+146X10°E ]
nc
2 m] —
10 = Evaporaﬁﬂ__FM =
C o = 7
r B, =6.03X10° +6.46X10"" E, 7
— nc -
3
10° ————++HH 1+
E Fe E,. : Proton incident energy 3
- T,=-5.95+0.0885E  -1.56X10°E * -
1021 =
- o =
[ Cascade .
- -
; T2 =0.823 Emc°‘“2
10" - =
E  Preequilibrium =
C Evapor;tion/D/./'/. 1
- 'T,=0325E °9%
3 inc
10° L1l Ll

10 10° 10
Incident Energy (MeV)

Fig. 7 Incident energy dependance of parameters
A, Band T for Fe target



AN

JP9950346
JAERI-Conf 99-002

3.29 Analysis of (p,p’x) reactions by semi-classical distorted-wave (SCDW)
model with single particle wave functions for Woods-Saxon potential

Sun Weili a)*, Y. Watanabea), K. Ogatac), M. Kohnob), and M. Kawaic)

a) Department of Energy Conversion Engineering, Kyushu University, Kasuga,
Fukuoka 816-8580, Japan

b) Physics Division, Kyushu Dental College, Kitakyushu 803-8580, Japan
c) Department of Physics, Kyushu University, Fukuoka 812-8581, Japan

*email: sun@aees. kyushu-u.ac.jp

Multi-step direct (p,p'x) processes are analyzed in terms of SCDW model that is
extended so as to use single particle wave functions for finite range potentials, i.e.,
harmonic oscillator and Woods-Saxson potentials, by means of the Wigner transform
of one-body mixed density. The effects of momentum distributions of target
nucleons on the multi-step direct processes are discussed. The calculated angular
distributions including multi-step processes up to 3-step are compared with
experimental data of %7r(p,p’x) reactions at incident energies of 80 and 160 MeV.

L. Introduction

In recent years, proton nuclear data in the intermediate energy region are required for
various engineering and medical applications. In this energy region, the multistep direct
(MSD) processes in preequilibrium nuclear reactions become important. We applied SCDW
model to analyze the experimental data of MSD processes in (p,p’x) reactions [1-4]. The
results showed underestimation of the angular distributions at forward and backward angles. It
was found that one of the reasons was the use of a local density Fermi-gas (LFG) model to
describe the nuclear states. Hence, SCDW model was reformulated in terms of the Wigner
transform of one-body mixed density, so that more realistic single-particle wave functions of
target nucleons can be used. The first calculations with the single-particle wave functions for
harmonic oscillator (HO) potential [5] showed that the cross sections at forward and backward
angles were enhanced as expected, because of the higher momentum components of target
nucleons. However, they were somewhat small compared with the experimental data.

In the present work, we use the single-particle wave functions for Woods-Saxon (WS)
potential and carry out the calculations for **Zr(p,p’x) reactions at two incident energies of 80
and 160 MeV. The analysis is extended to include the MSD processes up to 3-step. We discuss
the effects of the momentum distributions of target nucleons on MSD angular distributions for
three cases, LFG, HO, and WS.

I1. SCDW model with Wigner transform of one-body mixed density
The detailed description and formulation of SCDW model have been given in
elsewhere[1-4]. Here, we explain the extension of SCDW model with the Wigner transform of
one-body mixed denisty.
In each step of MSD, a target nucleon collides with a leading particle and is excited from
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a single particle state ¢,(r) at energy €, below the Fermi level, F, to a state ¢,(r) at €5 above

F. Then, the 1-step cross section is written by

o apt k ¢y :
o= ) A ey 2 )0 2 (8
=5 '

x;(}_’(ro')v(ro',r')x,.“)‘(ro‘)K(r,r') , 1)
where the non-local kernel K(r,r')is given by

K(@r,r')= Yy ¢5(r), (r)o,(r)¢;(r')d(e; — €, —w) , )

B>Fa<F

where o is the energy transfer and the definition of other quantities is same as used in Refs.
[3.4]). Due to the closure property of the ¢, K(r,r') is appreciable only when r = r’. If the LFG

model is used to describe the nuclear states, the ¢ are approximated by plane waves within a
small cell centered at r = r’. In terms of the Wigner transform of one body density matrix [6],
we can treat more realistic single particle wave functions in the finite range potentials, such as
HO or WS potential, in SCDW model. In Ref. [5], we gave the expressions of Wigner
transform for numerical calculations with a variation method. Here, we describe how to
incorporate them into SCDW model on the basis of Ref. [7].

Let us start from general single particle model. The wave functions of struck nucleon,
¢, (r)and ¢,(r), satisfy the following Schrédinger equation:

h¢, =(T, +U,)¢, =¢€,0, for y=aorf . (3)

Then, K(r,r') can be re-written by

K(r,r') = 8(hy (r) = h (1) — @) Y 0, (1)5 (r') Y 95 (1) (") , “4)

a<F p>F
where h,(r)operates on ¢, (r), h,(r)on ¢;, (r).

The Wigner transforms corresponding to hole and particle states, respectively, are given
as follows:

Filkg.m) = [e™= Y 6, (r+5/2)¢,(r—s/ 2)ds, (5)
f(kgr) = [ g5(r +5/2)95(r =8/ 2)ds, (6)
B>F

wherek,, is the momentum of struck nucleon before collision andk, the one after collision.
By making inverse Fourier transform, z¢a(r)¢;(r') and 2@3 (r)gs(r') are obtained by

a<F B>F

30,0 = —— [e* (k. (r 1) 120k, %

a<F (271:)3
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3 65(000,(6) = 5 [ (K (v 4 1)/ Dk . (8)

B>F (271.)3

If we assume the potential U, acting on struck nucleon before collision is approximately

equalto Uy acting on struck nucleon after collision, then
hy(0) = b, (1) = Ty (1) = T, () . ©
Furthermore, if f (k,r) is a slowly varying function of r, we can make an approximation

T, (r)e* " f, (k,,(r+r')/2) = (Bk2 1 2p)e™""" f, (K, (r+1') /2) (10)
T,(0)e ™ f (K (x +1')12) = (Why 1 2™ 7 f (Ky.(r +1')/2) (11)

Under these approximations, K’ (r,r') is finally given by

]
@2n)°

KO, r) = Idkudkﬁei“(’”")f,fc)(ka,R)[l - fh(c’(kﬂ,R)]S(Wk; 12u—~hk: 21 —w),(12)
where ¢ denotes neutron or proton shell, g=k,-k;, and R=(r+r’)/2. In deriving Eq.(12), the
normalization condition for all states is used, which leads to f,(k;z,R) =1- f,(ks,R). For
convenience, we write f”(k,R) = £,”(k,R) hereafter.

As did in Refs. [1-4], we use a local semi-classical approximation to distorted wave
x(r,) in Eq. (1) we also make the approximation f‘“(k,R) = f‘’(k,r). Thus, the final
1-step cross section is given as follows:

826(]) ( A )2 ) ) ) k /k (r) 826
B drlz” @ |1 ®f S “Ar), 13
oE, X}, A+l '[ l‘ll, (r)l Ixf (r)l k. /k(r) | 0E K2, rp () (13)

where the product of local average N-N scattering cross section and density is given by

(920' (©) 8 kf(l') l:ac] (c) (c)
= dk dk bl k ’ _ ’
[HEfan lp (r) 2n) k,.(r)j a,[ s NNf (kD)1= f(kg,1)]

xSk (r) +k, —K,(r) —k,)8(A*k2 / 20— K2 1 20— @), (14)

where [——-— is the two-body N-N scattering cross section.
NN

The extension to the 2- and 3-step processes is straightforward with Eq. (14) for each
collision point.
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IIL. Results and Discussion

Figs.1 and 2 show the momentum distributions, n(k), of target nucleons for HO and WS
potentials compared with that given by the LFG model in linear and logarithmic scales,
respectively. It should be noted that the one for WS potential is different from the previous
calculation[5], because the number of Gaussian basis as the variational function is different
between both the calculations, i.e., 20 in the present calculation and 10 in the previous one.
Enough large number of Gaussian basis is necessary for precise calculations of the Wigner
transform when the momentum k is larger than 2 fm™'. The other parameters used in the
calculation are the same as those in Ref. [5]. One can see that the momentum distribution by
the LFG model contains too much low momentum components and no higher momentum
components above the Fermi momentum. On the other hand, the momentum distributions
calculated by both finite range potentials show remarkable reduction of low momentum
components below 0.3 fm™ and existence of higher momentum components compared with
LFG. Also, one can see some differences between momentum distributions for HO and WS
potentials in the high momentum region.

The SCDW model with the Wigner transform was applied to the 90Zr(p,p’x) reaction at
two incident energies of 80 and 160 MeV in order to investigate the effects of the nucleon
momentum distribution on MSD processes. The basic input parameters, i.e., distorting
potentials, N-N scattering cross sections and nuclear density, were the same as in the previous
calculations [3,4]. Fig.3 shows comparisons of individual multi-step cross sections calculated
for three cases, LFG, HO, and WS, for the incident energy of 160 MeV. The 1-step cross
sections calculated with HO and WS potentials are enhanced remarkably at backward angles
compared with the LFG result that drops steeply at backward angles. The 1-step cross sections
for HO and WS are also larger than those for LFG at very forward angles near O degree. In
addition, some differences are seen between both HO and WS results; 1-step cross section for
WS is larger than that for HO at backward angles, but the 2-and 3-step cross sections show the
opposite behavior at backward angles.

For three cases, (a) LFG, (b) HO and (c) WS, the SCDW calculations including 3-step
process are compared with experimental data in Fig. 4. The results with HO and WS potentials
are in better agreement with the experimental data[8] than that with LFG at backward angles.
Also, both results lead to some reduction of cross sections around 30 degree corresponding to
the quasi-elastic scattering angle and improve the shape of angular distributions in the entire
angular region. It is worthwhile to note that the sum of individual cross sections for HO is
almost same as that for WS, even if the individual cross sections are different, particularly for
the 1-step process, as shown in Fig. 3. For both cases of HO and WS, the cross sections
summed up to 3-step are somewhat smaller than the experimental data. This might suggest the
contribution from higher MSD steps. '

Fig. 5 shows comparisons of SCDW calculations for three cases with experimental
data[9] at the incident energy of 80 MeV. Similar behavior in individual cross sections can be
seen as in Figs.3 and 4. The summed cross sections for both HO and WS show much better
agreement with the experimental data at backward angles than those for LFG.

IV. Summary

The SCDW model with the Wigner transform of one-body mixed density was applied to
the analysis of the *Zr(p,p’x) reaction at 80 and 160 MeV. In the analysis, HO and WS
potentials was employed as the finite range potential to use more realistic single-partile wave
functions than the LFG model in SCDW. The SCDW calculations with HO and WS potentials
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obviously improve the underestimation to the experimental data at backward angles, which is
seen in the calculation with LFG. The l-step cross sections calculated with WS potential
increase at very forward and backward angles, more than those of HO potential. However, the
sum of individual cross sections is almost same for both potentials, because 2- and 3-step cross
sections calculated with W-S potential are smaller than those with HO potential at backward
angles. This result shows that the momentum distribution of target nucleons affects strongly
the 1-step cross sections at the forward and backward angles and the effect becomes weak as
the step number increases. Our calculation still somewhat underestimates the experimental
data at backward angles even if the higher momentum components of target nucleons are
considered, which should be further investigated. In addition, it will be necessary to
investigate the validation of the approximations used in Eqgs. (10) and (11) in Sec. IL.
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Double differential cross sections (DDXs) of charged particles emitted from proton-induced
reactions on '°C and *’Al were measured at E,=42 and 68 MeV. Experimental DDXs of protons were in
fairly good agreement with LA150 evaluation, except for very forward angles. Coupled-channels
calculation with the soft-rotator model reproduced well experimental angular distributions of elastic and
inelastic proton scattering. Experimental angular distributions of continuum proton spectra showed
overall good agreement with the Kalbach systematics.

1. Introduction

Proton and neutron nuclear data in the intermediate-energy region are requested in various
applications, e.g. evaluation of radiation dose in proton radiotherapy and LSI damage estimation in
cosmic space. Some of the authors'’ have recently evaluated the neutron nuclear data and kerma factor of
12C for energies up to 80 MeV. As the second step, we have started the evaluation of proton nuclear data
of 2C in the energy region up to 200 MeV.

Double-differential cross sections (DDXs) are needed for calculations of particle transport in
matter. There are currently some available experimental DDXs data of proton-induced reactions, but few
systematic measurements in the energy region ranging from a few tens of MeV to 200 MeV. Thus, we
have started the experiments to measure DDXs of secondary charged-particles emitted from proton-
induced reactions on several targets.

In the present work, we have measured DDXs of all emitted light-charged particles from 1>C and
Al with 42 and 68 MeV proton beams at the AVF cyclotron facility, TIARA. In this paper, preliminary
results of the measurements and analyses are reported.

2.Measurement

The experiments were carried out with 42 and 68 MeV proton beams delivered to the HB-1
beam line at the AVF cyclotron facility. Detailed information on each experiment is summarized in
Table 1. A 60 cmé scattering chamber was installed in the beam line as illustrated in Fig. 1. To reduce
y-ray backgrounds, a beam dump made of graphite was placed at a distance of 3 m from the chamber.
Targets, which were self-supporting natural carbon foil (0.5 mg/cm2 in thickness) and aluminum foil
(0.9 mg/cm’ in thickness), were located at the center of the chamber.

In order to measure the energy spectra of emitted charged particles, we have used a counter
telescope consisting of three detectors: two thin silicon-semiconductor AE-detectors (30 um and 500 wm
in thickness, respectively), and a CsI(T1) E-detector (18 mm¢ x 30 mm) with photo-diode readout.
Fig. 2 shows a schematic side-view of the counter telescope. Those thickness and size were optimized
using a Monte Carlo simulation of energy deposit in the detectors in which the effect of energy straggling
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was taken into account. The counter telescope was placed at a distance of 14.5 cm from the target in the
scattering chamber and detected light-charged particles over the outgoing energy range from 1.5 MeV to
90 MeV for protons.

Energy signals from each detector were converted to digital data by using conventional NIM and
CAMAC modules, and those data were stored event by event on an MO disk with SDAQ systemz).
Off-line data processing was made with the PAW system in CERNLIBY.

3. Experimental results and analyses

" In Fig. 3, experimental differential cross sections of proton elastic and inelastic scattering from
12C at 42 and 68 MeV are compared with the coupled-channels calculations based on the soft-rotator
model (SRM)?. The optical potential parameters used in the calculation were the same as in Ref.”. The
SRM prediction is in good agreement with the experimental data.

Figure 4 shows measured DDXs of proton, deuteron, triton, *He and a-particle from 42 MeV
proton-induced reactions on '2C and 68 MeV proton-induced reactions on 2’Al at 30° in the laboratory
system. Similar results were obtained for other angles. There is the energy region where no data were
taken in Fig. 4 (a), because of higher discrimination level that was set to eliminate the electric noise in
the signals from Csl detector. Since we failed to take low pulse signals from the AE1 detector in the
42 MeV proton-induced experiment, the threshold energies of proton, deuteron and triton in the
experiment were rather high as shown in Fig. 4 (b). Also, continuum proton spectra measured at angles
smaller than 45° may include a background component due to edge-penetration of elastic protons in the
defining collimator. The background components are now under detailed investigation.

To check the reliability of the present data, the DDXs are compared with other experimental
data®>® and LA150 evaluation” in Fig. 5. Our data show overall agreement with other experimental data,
although they are slightly smaller than the data of Bertrand and Peelle” at lower outgoing energies. The
LA150 evaluation underestimates the measured DDXs in the continuous region between 15 and 50 MeV
at 30°, while it shows fairly good agreement with the experimental data for the other angles.

Angular distributions of continuum proton spectra are compared with the Kalbach systematics®
in Fig. 6. A parameter “ f, ,”” which stands for the ratio of MSD component, were the same as used in

LA150 evaluation”. The calculations of the Kalbach systematics are in good agreement with the
experimental angular distribution, except for underestimation seen at backward angles and
overestimation at intermediate angles.

4. Summary

We have carried out the proton-induced experiments for '°C and *’Al at E,=42 and 68 MeV at
TIARA facility and measured the DDXs of secondary charged-particles (p, d, t, *He and o) emitted from
these reactions. The experimental angular distributions of elastic and inelastic proton scattering from '*C
were in quite good agreement with the coupled-channels calculation based on SRM. Comparisons with
other experiments and LA 150 evaluation showed good agreement for 12C(p,xp) and %’ Al(p,xp) reactions.
The shape of continuum (p,p’) angular distributions were reproduced well by the Kalbach systematics.
The detector system developed in the present work was found to be reliable and useful in DDXs
measurements, although there was a difficulty on the elimination of electric noise in the signal from the
Csl-detector. The obtained data will be useful for intermediate-energy proton nuclear data evaluation.

In the future, we plan further measurements of DDXs for some different incident energies and
supplementary experiments to measure deficient region of the energy spectra.
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Table 1: Details of the proton-induced experiments at TLARA.

Incident energy 42 MeV | 68 MeV
Accelerator JAERI TIARA AVF cyclotron Accelerator
Target Self-supporting natural Carbon foil 0.5 mg/cm’

Self-supporting Aluminum foil 0.9 mg/cm’
AE1 : Si-SSD 30 pm, 13 V
AE2 : Si-SSD 500 pm, 135 V

E3 : CsI(T1) 3 cm, 80 V, Photo-diode readout
p, d, t, *He, a-particle

Configuration of
counter telescope
(applied bias voltage)

Measured particles

¢ AL C & TAl
Measured angles 25, 30, 35,25, 30, 35, 25, 30, 35, 45, 60, 75, 90,
(lab.) 40, 45, 60, | 40, 45, 60, | 120, 150°
75, 90, 105, | 75, 90, 105,
120, 130, | 150°
140, 150°
Beam current 2 ~23 nA* 2 ~ 16 nA*

*Beam currents depend on target and angle.

target : natural carbon

& aluminum
counter telescope beam
dump
7 \
P N
= l
%
beam colli )

vacuum pump)
30m -

vacuum pump

Fig. 1: Experimental setup of the HB-1 beam line at TIARA.
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Fig. 2: Schematic side-view of AE-E counter telescope.
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Fig. 4: Measured DDXs of proton, deuteron, triton, *He and o-particles: (a) 68 MeV p+'*C reaction
and (b) 42 MeV p+27Al reaction at 30° in the laboratory system.
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Abstract

We have developed a wide dynamic range spectrometer for the measurements of
(n,xZ) double differential cross sections (DDXs) for ten’s of MeV neutrons at TIARA. The
spectrometer consists of a 40-cm diameter vacuum reaction chamber and three counter
telescopes. Each telescope consists of a gas proportional counter, an SSD and a BaF,
scintillator. By using the spectrometer, we achieved simultaneous measurements from ~MeV
a particles to 75MeV protons with an acceptable counting rate.

1. Introduction

Charged particle emission double differential cross sections (DDXs) for Ten’s MeV neutrons
are of prime importance for accelerator applications, such as the high intensity neutron sources for material
research, accelerator cancer therapy and accelerator-based transmutation systems.

For the reason, we have continued the measurements of DDXs for (n,xZ) reactions at 40-80 MeV
mono-energetic neutron source facility in TIARA (Takasaki Establishment, JAERI) ™. Last year, we
reported the (n,xp) and (n,xd) DDXs of Al and C at 5 angles, and compared the data with theoretical
calculation codes of ISOBAR and GNASH ™ for the (n,xp) DDXs. The two codes agrees each other and
trace our data above the detection threshold (Ep~10MeV), but show differences in magnitude below
10MeV. Thus, marked low threshold measurements for (n,xp) reactions are desirable to validate the
calculations. In addition, « particle spectra are also needed because the (n,x «) reactions are major
components of neutron KERMA (Kinetic Energy Released in MAterials)®®! and a He accumulation effect
plays an important role in material damage.

In order to expand the measurement to lower energy protons and « particles, we have
developed a new spectrometer. In the present paper, we report the design of the spectrometer and the results
of test experiments for a low detection threshold, wide range particle identification of hydrogen and helium
Isotopes and a better signal-to-noise ratio (S/N). Thick sample correction methods now under research are
also mentioned.

2. Design of the New Spectrometer
2-1. wide Range Measurements

In the energy region above 20MeV, many kind of hydrogen and helium isotopes are emitted from
neutron induced reactions. Therefore, particle identification (PI) is expected to be needed over a wide
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energy range from ~5MeV up to 80MeV at TIARA. For P, the AE-E method is widely applied utilizing a
counter telescope which consists of a transmission detector and a stop detector. It is difficult to achieve the
PI over the wide energy range because the AE value of 5SMeV o particles are more than 100 times as
large as that of 80MeV protons. To achieve such a wide range particle identification, we choose a AEI-A
E2-E method, which utilizes two transmission detector AE1 and AE2, and treats the AE?2 as the stop
detector for particles which stop in AE2. The schematic view of the telescope with a vacuum reaction
chamber is shown in fig. 1.

To measure ~MeV « particles, the AE!1 detector must be thin to reduce energy loss. In the
ordinary (p,xZ) DDX measurements, silicon surface barrier detectors (SSD) of 20~25 £ m thick are used
as the AE] detector[4]. For (n,x @ ) measurements, even thinner SSDs (< 10 m) with a large effective
area is desirable. The latter is required because the neutron flluence (1~2 X 10* /cm’s) at sample (20cm?)
was lower than ordinary proton experiment (1nA) by four order of magnitude. In order to reduce the energy
loss and obtain large acceptable area, we chose a low pressure gas proportional counter as the AE1 counter.
The counter is of ordinary cylindrical shape (5.4cm long, 4.3cm in diameter) and the area of the entrance
window is 1200mm?’. As the operation gas, 0.1~0.2atm Ar+5%CO, is used in gas-flow mode. With 0.1atm
a gas pressure, the detection threshold of @ particles can be low as ~2.4MeV. The gas pressure is
automatically regulated by a mass-flow controller (STEC PCU2000 and PIEZO valve). The entrance
window of the gas counter was a 5.4 ;£ m thick mylar film which was supported by a stainless wire grid
(0.1mm in diam., 4mm spacing) to withstand a gas pressure up to ~0.4atm. As for the AE2 detector, we
employ a SSD (CANBERRA PIPS) 150 1 m thick and 900mm? wide, that was proved to be useful for PI of
proton and deuteron up to 75MeV!'. As for the E detector, a BaF, scintillator (2.2cm thick, 4cm in
diameter) are selected owing to its chemical stability requiring no entrance window and its fast timing

feature is needed to measure time of flight of particles.
0.1atm Ar+5%C0O2 Grid Only

proportional SSD 900cm? |
cqunter 4.3cm¢. 150 4 m thick BaF?2

gas in 4cmp2.2cm
no window
vacuum .
chamber E E PM.T.
gas out defining
, anode wire aperture
5.4 u m thick (0.05mm ¢ 3cm 32mm .

23:;;2,%;‘&,“ foil gold-plated W)

0.1mmao W grid

Fig. 1: Schematic View of Wide Range Telescope
-2, Counting Effici | SN

In addition to the extension in an energy range, the improvement of counting efficiency and S/N

is also considered. In order to improve the counting efficiency without deteriorating angular resolution, we
adopted multi telescope system shown in fig. 2. The three counter telescopes are set on the vacuum reaction
chamber (37cm in diameter) every 20° . The detection angles can be set 25-150° with 10° steps by
turning the chamber around sample without breaking the vacuum. In the previous work!®, the (n,xp) and
(n,xd) measurements suffered from backgrounds from nitrogen and oxygen in the air environment. Thus we
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expect the reduction of background by adopting the new vacuum chamber ( < 5Pa). To avoid neutrons
bombardment of the chamber, an taper shaped iron collimator (80cm long, inner diameter at the exit is
5.5cm) is used to neutron collimation and neutron entrance port is 72mm in diameter. A thin aluminum
plate (2mm) was used as the entrance window. The disk-shaped sample (Scm in diam.) was located at the
center of the chamber and to be exposed to direct neutrons from the Li target.
3.1 Ce

For the data acquisition, we employ the CAMAC systems to gather three sets of six parameter
data described below. The schematic view of the circuit is shown in fig. 3. Good events are chosen either
by gas-SSD coincidence or SSD-BaF2 coincidence. To simplify the circuit, two-out-of-three condition is
adopted using a majority coincidence module (Philips 755). The energy signals of BaF, were obtained by
charge integration methods with 2 us gate. The AE (or E) signals from SSD and gas counter was
integrated with pre-amplifiers, and amplified, then converted into digital values by peak ADCs. The time of
flight of the charged particles are also measured at BaF, and SSD.

To enhance PI, the SSD pulse heights were acquired with two gain: high gain is for the hydrogen
Isotope separation and low gain is for the Isotope separation.

source
neutron
e neutron
i7] collimator
2 ¢55mm
neutron
entrance
extension
port
visual ¢7.2;|_ 0. 2mmAl
check window % Divider [RF—]
port extra neutron
-150 entrance—exit : #1 | #2
12 150dx Port(2-sets) [crD
eg A TAC | TA
- 1
ao";_‘z sampln ! fast
= alpha 3-element timing
~He counter
vacuum
p telescope @g
hamber d
t
30deg || o, 65 Gas Gate SSD SSD  BaF2 TOF TOF
2 de Pulse high low Gate $SD BaF2
L , Height Gain Gain int.
neutron ;
oxit - 45
0. 2mmAyy e CANAC CRATE
penetration 25
neutron ok
Fig2: Multi telescope system Fig. 3: Data Acquisition System

3. Test Experiments and Results
3.1. Experiment

PI over a wide range and S/N were tested. A sheet of polyethylene, carbon and iron samples were
set at the center of the vacuum chamber and irradiated by 75MeV neutrons. Emitted charged particles
(proton, deuteron, triton *He and a) were detected by the counter telescopes. In addition, an #*'Am
calibration « source was also incorporated in the chamber to obtain to determine the energy scale of the
detector pulse heights. The pressure of the gas counter was set 0.1 atm.

— 276 —



JAERI-Conf 99-002

39 Particle [dentificat
In fig. 4, two dimensional spectra are shown for BaF,-SSD (high gain), BaF2-SSD (low gain) and

SSD (high gain)-Gas. In the BaF,-SSD (high gain) plot, proton , deuteron and triton spectra are clearly
separated, while He spectra are out of range of SSD axis. For the He isotope separation, BaF,-SSD(low
gain) spectra are used. Although the separation of hydrogen isotopes from electrical noise is poor, *He and
a particle are clearly identified. Few data has been reported for such good separation of He isotopes for
the ten’s MeV neutron experiments®¥® except for a specialized spectrometer for « particles
measurements.”! In the SSD(high gain)-Gas spectra, helium are separated clearly from hydrogen and
detector noise, but an isotope separations of helium are not be visible because of limited resolution of gas
counter due to low energy loss and a low yield. The peaks in the spectra isa particles from the **' Am
source (5.6MeV). It assures the detection threshold for o particle measurements is lowered well below
SMeV.
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Fig. 4: 3-mode Particle Identification Spectra

The energy scales of the spectra are determined by the « particles from the *'Am, and peak
spectra of secondary proton and deuteron from H(n,xp) and C(n,xd) reaction, respectively.

P.I. mode SSD(high gain)-BaF, SSD(low gain)-BaF, Gas-SSD(high gain)
Particles and Energy | Proton > 5MeV ‘He > 16MeV He 2.5-19.5MeV
Range Deuteron > 6MeV @ > 18.5MeV

Triton > 7.5MeV

3.3, Improvement of S/N

In order to examine the effect of the vacuum chamber, neutron collimator and neutron entrance
window, we compared the S/N in the present C(n,xp) measurements with that in the air environment'?,
The S/N values are compared about the total yields of secondary protons normalized to the sample weight.
The results are shown in fig. 5. By the present aparatus, the S/N values are enhanced more than decades
than conventional telescopes in the air environment.
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Fig. 5: S/N improvements

4. Thick Sample Condition

The sample for the spectra measurements should be much thinner than the shortest charged
particle range in the sample, because the energy loss distorts the spectra. However, we often must use
samples which is too thick for a particle (large dE/dX) measurements to obtain acceptable counting
because of limited neutron flux. Therefore, a data correction method to correct the charged particle spectra
for the effect of energy loss is desirable. We are considering to apply Baysian theorem for the corrections
(unfolding).

4-1. Response Function

In order to apply unfolding methods, the response function should be examined. We calculate it
for a sample(fig. 6). For protons, the energy of detected particles is very close to the primary energy, but it
differs largely in the  particle measurements because of large energy loss.

Detection Energy (MeV)

Detection Pulse Height (MeV)

Emission energy (MeV)

Fig. 6: Response Function of thick sample measurements
The measured spectrumn dY/dH is the folded spectra of Reaction spectrum dY/dE by the response function.

dy dy
-&E(h) = jr(e N h)E(e)de

To solve this Fredhorm integral equation, a simple approximation such as “average detected energy” (solid
lines in fig. 6) are currently used™®. However it usually results in the overestimation of the maximum
energy of the spectra. Therefore, another unfolding methods are needed.

New Unfolding Methods based on Bave
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Let the d(i=1,m) be the measured spectra corresponding to pulse height bin h; , and p;(j=1,n) be
the primary spectra corresponding to energy bin ¢; . Then r; is defined as the probability that a particle of ¢;
is measured as pulse height h,. When we know the prior est"; to the p;, if we have measured one particle of
pulse height h;, then the estimated spectrum est”; is improved by Bayes’ theory. After successive iteration,
the primary spectrum can be estimated.

Then we expand the theory to the present case: the measured spectrum d; (i=1,m) is given.
In this methods, we assume the flat spectra as the initial prior spectrum est‘”;, then repeat the improvement
calculations until convergence.

o est Xr

l+l
z Z est) Xr,

13 T { Unfolding Capabili ine simulated

We test the unfolding capability using simulated spectra (fig. 7). The ideal primary spectra is
the solid line and the triangles are folded spectra by the response of « particle measurements in fig. 6. The
dots are the unfolded spectra obtained by 30times correction calculations. As the results, while the peak
separation is poor, the total yield and overall spectral shape are reproduced. This result indicates the
potential of the Bayses’ unfolding methods to solve the thick sample condition in the charged particle
spectra measurements.

10% "7 folded spectra with finite 3
i counting statistics ]
10°% 2
=z F 5 + folded A
; 10__!#%58‘5%;'15&%&} spectra 4
g 3 —+ J + } + } + E
3 10° :530t1mes_ca]é. " Unfolded Spectra 2
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¥ * unfold
107 .
£ I s | P .
20 40 60 80

alpha energy (MeV)
Fig. 7: unfolding tests using simulation calculation
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3.32 Calculation of Photonuclear Process in the Region of Several Tens MeV
- Formulation of Exact Transition Rate for High Energy y -Ray -

Hiroaki Wada and Hideo Harada
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e-mail: hwada@tokai.pnc.go.jp

The electromagnetic field approximated by using long wave-length limit is not valid for heavy
nuclear mass or high energy ¥ -ray transition. To examine the contribution of the electric multipole field
that is neglected in long wave-length limit, we formulize the E/ transition rate for the strict electric

multipole field and compare quantitatively this result with Weisskopf estimate.

I. Introduction

The long wave-length approximation is often used to estimate nuclear electric and
magnetic transition for wide range of nuclear mass or y -ray energy. However, the long wave-
length approximation is not accurate in case of estimation of the transition rate for the heavy
nuclei or high energy y-ray. Therefore, in this work, we treat the electric multipole field
sltrictly to formalize the EI/ transition rate that is valid for heavy nuclei or high energy ¥ -ray.
For simplification, we take the nuclear wave functions that are the same as Weisskopf
estimation. We compare the transition rate with the Weisskopf unit in preliminary case.

Firstly, we briefly follow a derivation process of the EI/ transition rate without the
long-wavelength approximation in section II. Next, we compare the obtained transition rate

with the Weisskopf unit in section [II. Lastly, we summarize the result in section [V.

II. Method
In this section, we survey formalization of the transition rate with the electric
multipole field that is not approximated by using the long-wavelength.

We rewrite the EI electric multipole field
- . I+1
A/u(X;E)E 21 J/ 1(‘k| ) Iu,l L4(8) - J/+1('k‘ ) Iyl+](Q) 2.1

into the two parts of the longltudinal multipole ﬁeld
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4,0 = = ([ )T @45 ([ )@

=WV[I>(\E|’ )7, 22)

and another term. Thus, the rewritten E/ electric multipole field is

An= 2 v[, (& @b 2L (V@ @)

Where, k and p ==l are wave vector and polarization index of photon fields, respectively.

)7,‘1 1+1(€2) are vector spherical harmonic functions defined as

. I+ 1
Voa@= Y Y (0D U]a B p )Y ()5, , (2.4)
a=—(/+1)B=-1

and ((l 1)1/ Ia B 1 ) indicate the Clebsch-Gordan coefficients. In long-wavelength limit

( |l€ Ir << 1), the electric multipole field is approximated as

A,(GE) = \/H—l |k‘ 2‘1111)” Y, () : (2.3)'

The matrix element of the E/ transition that photon is emitted from excited nuclear

state is

Mf,.(|1€|, w5 E1)= —27 (i) ' N2H L[ &% (£ [F®]i)- A1 E) @.5)

T (—iY*‘leH{‘F—“;‘lic Jax (1@l i(Jf )@

e P I

In viewpoint of one-particle model, the wave function of the nuclear state is given by

K|r )7 (Q)} . (2.6)

the wave function of the nucleon. We take the same wave functions of the nuclear states as

ones of Weisskopf estimation. The initial (y,) and final state wave functions (v ,) of the one
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proton state are given as
v, (r,6,¢)=u(r) Y,,(6,¢) 2.7)

and

W, (7,0,0) = u(r) Yye(8,0) = u(r) Ji—”- . 2.8)

' A radial wave function u(r) is defined as

u(r)z{wb/R2 , (0<r<R) | 2.9

0 , (r>R)

Where, R indicate a nuclear radius. The expression of u(r), Eq.(2.9), means that the
probability of proton is uniform in the spherical nucleus and zero outside the nucleus. The
excited nuclear state is characterized by spherical harmonic functions. The excited initial state
has non-zero orbital angular momentum / and magnetic quantum number m . The quantum
number / and m of the ground final state are equal to zero. For these wave functions,
Eq.(2.7) and Eq.(2.8), we get the matrix element

w, (s} S JEEED o, 3 (e

_21\/’;”0 SWILRdrrj,H(I/;'r )} . (2.10)

Where, the symbol A7, (e, ) indicate the mass ( charge ) of proton.

Averaging over m of initial state and summing over the two polarization of the
photon, we get the EI transition rate

ot (s 50

rap=—2y L gL d @.11)
21+1 20+1 4x 2mhc? '

u=*1 m=—1

2
_4:% P 211:11))22](’ R )z[

oo 1 (n+l)' ( B E-y / 2
z:: 2n+1+3 (2n+20+1)! n! (’k’R)z [1 M c? 2(2n+2l+3)H (2.12)

for the emission of unpolarized photon. The E/ transition rate is invariant with space rotation,
and 47 /(2]/+1) of Eq.(2.11) is a normalization factor for space rotation. If we substitute the

electric multipole field Eq.(2.3)' for the matrix element Eq.(2.5), the transition rate Eq.(2.11)
is equal to Weisskopf unit
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. » g 3Y _20+1) e ) .
TWU(I’E)=4jzhc c‘k(zm} l(2z+1)[(21+1)u]Z (e ) —

M. Result
In this section, we estimate quantitatively the ratio of the E/ transitionrate T(/;E),

Eq.(2.12), formularized in last section to Weisskopf unit 7, (/; E) Eq.(2.12)". We consider

onlythe E1, E2 and E3 transition rate in here.
From the ratio 7T'(/;E)/T,, (I;E) with the nuclear mass number 4 (the y ray

energy E, )atfixed E, =60MeV ( 4=50)[Fig.1,2], it is shown that the transition rate
T(l;E) is less than the Weisskopfunit 7}, (/; E) and the ratio T(l; E)/T,, (I;E) decrease
with increasing the mass number 4 orthe y ray energy E,.Moreover, the ratio
T(,E)!T,,(I;E) ofthe E1, E2 and E3 transition rate are nearly equalto 1 at 4=0 or

E, =0MeV, and split for the larger 4 or E, . These ratios satisfy the relation

[E1] [E2] [E3]
T(I=1LE) < T(l=2F) < T(I=3FE) G.1)
T,,(0=LE) T, (U=2%F) T,,(=3E)
T Twa T Twi
1.1 1.1
. N B
0 10 150 200 20 g} [50) 0 [MeV1
Fig.1 T/T,, vs. mass number A Fig2 T/T,, vs. y energy
at E, =60MeV at =50

We make table of the ratio T(/;E)/ T, (/; E) with the various combination of the nuclear
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mass number 4 and the y ray energy E, [ Table 1, 2, 3 ]. The above properties are valid
forall 4 and E, also. As extreme example, the T(I =L E)/T,, (I =1 E) of the El

transition is 0.061 at E, =110MeV and 4 =250 ( ‘ElR=4.22 ).

A

10 50 100 150 200 250
10 0.996 0.991 0.987 0.984 0.981 0.978

30 0.973 0.935 0.902 0.875 0.852 0.831
Er 50 0.934 10.835 0.755 0.693 0.642 0.598
[MeV] 70 0.880 0.705 0.575 0.484 0.413 0.357
90 0.813 0.560 0.396 0.293 0.222 0.171

110 0.736 0.417 0.243 0.150 0.095 0.061

Table 1. T(I =1;E)/T,,(I=1E) of EIl transition rate

A

10 50 100 150 200 250
10 0.995 0.992 0.989 0.986 0.984 0.982
30 0975 0.946 0.921 0.900 0.881 0.865
Er 50 0.942 0.865 0.802 0.751 0.709 0.672
[(MeV] 70 0.898 0.759 0.652 0.573 0.510 0.458
90 0.843 0.636 0.493 0.396 0.324 0.269
110 0.780 0.510 0.344 0.245 0.180 0.134

Table2. T(1=2;E)/T,,(I=2;E) of E2 transition rate

A

10 50 100 150 200 250
10 0.995 0.992 0.990 0.988 0.986 0.984
30 0.977 0.953 0.932 0914 0.899 0.885
Er 50 0.948 0.884 0.831 0.788 0.752 0.720
|IMeV] 70 0.909 0.793 0.701 0.631 0575 0.527
90 0.861 0.686 0.558 0.468 0.400 0.345
110 0.807 0.573 0.419 0.320 0.251 0.200

Table3. T(I=3;,E)/T,,(I=3;E) of E3 transition rate

Finally, we investigate the variation of the T(;E)/T,, (I;E) with 'E‘R at E, =10MeV and

E, =110MeV [Fig. 3,4, 5 ]. The shape of the T(/;E)/ T, (;E) are almost independent
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with 7y ray energy.

R Figd T /T, vs. |E1R
in E2 transition

Fig3d T /T, vs. |E|R in E1 transition
at E, =10MeV (asolid line )

and £, =110MeV ( a broken line )

Fig5 T/T,, vs. [E|R

in E3 transition

IV. Conclusion

We treated the electric multipole field strictly and formalized the E! transition rate
using the simple wave function that is used in the Weisskopf estimation. We estimated
quantitatively the ratio of the transition rate 7T'(/;E) formulated by the strict electric
multipole field to the Weisskopf wunit 7,,(;E). In consequence, The ratio
T(lE)/ T, (I;E) is less than 1 and decrease with increasing the nuclear mass or y -ray
energy.

We did not consider the magnetic transition rate yet. But, it is possible to extend the

electric transition to the magnetic transition with introducing the spin of the nucleon.
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3.33 Photoneutron Production with the Laser-Compton
Backscattered Photons

Hiroyuki TOYOKAWA, Hideaki OHGAKI, Suguru SUGIYAMA, Tomohisa MIKADO, Kawakatsu
YAMADA, Ryoichi SUZUKI, Toshiyuki OHDAIRA, Norihiro SEI, and Mitsukuni CHIWAKI

FElectrotechnical Laboratory, IBARAKI 305-8568, Japan

A method to produce quasi-monoenergetic photoneutrons for detector calibration was examined.
The photoneutrons were produced with a photo-induced neutron emission of a °Be using the Laser-
Compton backscattered photons. Because the photon energy is continuously tunable, neutrons
with various energies are obtained. Yield of the neutrons was measured with a liquid scintillation
detector at the photon energies from 1651 keV to 3019 keV. Neutron yield at around the threshold

energy for the “Be(Y,n) reaction was measured by changirig the photon energy in a 10 keV step.
1. INTRODUCTION

Influences on human body of the exposure of the intermediate-energy neutrons with the energies
from epithermal to about a few tens of keV play an important role on the evaluation of total dose.
While monoenergetic neutron sources of intermediate energy are useful to calibrate neutron
detectors, there are few neutron sources with these energies. A thin metal foil, such as scandium
and beryllium, bombarded by an accelerated proton beam produces neutrons of a few tens of keV.
However, the proton energy must be strictly controlled and a fluctuation of the energy deposition
on a target should be small enough so that the neutron energy do not fluctuates.

Photoneutron sources using gamma-rays from radioisotopes produce monoenergetic neutrons
with almost no energy fluctuation. Some photoneutron sources, such as '2*Sb-*Be, 2#Na-°Be, and
24Na-D, are practically used as intermediate-energy neutron sources. Photoneutrons usually
accompany with a large background of gamma-rays. Because the cross section for (¥,n) reaction is
small, typically on the order of microbarns to millibarns, the ratio of the photoneutrons to gamma-
rays from a typical photoneutron source is on the order of 10 to 10¢. Moreover, the gamma-ray
background is enhanced by the geometry of the photoneutron sources, because most of the
photoneutron sources consists of a gamma-ray emitter surrounded by a photon-neutron converter
and, hence, the neutrons and the gamma-rays are emitted into the same direction. Then, the neutrons
will appear in a shower of background gamma-rays. Neutron separation energies for most nuclei
are almost 8 MeV, except for °Be and ?H (1666 keV and 2226 keV, respectively). So only these two
materials are used as a photon-neutron converter. The gamma-ray energies from radioisotopes
practically used as a photon-emitter are usually below about 3 MeV, because the life-time of the
radioisotopes becomes too short as the gamma-ray energy became higher.

Although the photoneutron sources have a stability for the energy fluctuation, low neutron
yield, high gamma-ray background, and the short life-time limit the use of the photoneutron sources.
So, we have been trying to develop an energy-variable photoneutron source using the laser-Compton
backscattered (I.CS) photons [1].

2. LCS PuotoN FaciLiTy
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The LCS photon facility of e o
harmanic light

Electrotechnical Laboratory (ETL-LCS) {2] ’
started its operation in 1984, It generates /

Experiment room (cave)

photon beams with the energies
continuously tunable from 1 MeV to 40 MeV
with an intensity of about 107 cm? s1. Figure
1 shows the layout of the ETL-LCS facility.
LCS photons are produced with the Compton

From LINAC
Lo (injection)

Straight section of 800
MeV Storage Ring TERAS

-

™ 45° Bending magnel

scattering of an intense beam of
monochromatic photons, typically a laser
beam, from relativistic electrons. In the ETL-
LCS facility, an 800 MeV electron storage
ring TERAS [3] is used as an electron source.

Fig. 1 Layout of the ETL-LCS facility.

Because most of the photons are backscattered (180°), the LCS photons are usually confined in a
small solid angle at around a direction of the electron beam. Quasi-monochromatic photon beams
are obtained by a collimation of the backscattered photons with an appropriate collimator. The solid
angle subtended by the collimator at the laser-electron scattering point is usually on the order of
10 steradians.

3. EXPERIMENT

Figure 2 shows an experimental setup for the photoneutron measurement. We used a Q-switched
Nd:YLF laser (1053 nm) whose repetition frequency and a pulse width were 5 kHz and 150 ns,
respectively. The LCS photons that are collimated with a lead collimator of ¢2 mm are incident on
the front face of a °Be rod target (¢5 x 100 mm). Because the LCS photons are narrowly collimated,
the target should be long, and as slender as possible to suppress an energy-degradation due to a
scattering and absorption within the target. Then, it is placed along the axis of a cylindrical 4
neutron detector [4], which is filled with a gadolinium-loaded liquid scintillator (NE323).

The capture cross section of thermal neutrons of **Gd and %’Gd is extremely large (6 x 104 and
2.5 x 10° barns, respectively). Some of the photoneutrons emitted from the target rod are captured
by the gadolinium nuclei in the liquid scintillator. The gadolinium nuclei, then, emitt intense flashes
of cascade gamma-rays which amounts to about 8 MeV per a captured neutron. The gamma-ray
bursts tell the neutron detection as an
intense flash of scintillation lights. Although Storage 1ing TERRS
the method is commonly used as a neutron /7/ ) 35m .

5m

counting [5], it is effective only for a large-

"Be rod

| | ($5x100) Photon flux

monitor

tank detector when the cascade gamma-rays

are fully absorbed. The size of our detector vt

is, however, too small for the gamma-rays

Lead collimator

(¢2)
- swilch 5 kHz)

Neutron detector

deposit all their energy into the detector. So,

Stop ] Start

the flash was not distinguished simply with

PH out|

a pulse-height discrimination. We tried a

pulse-shape discrimination, as well. Fia. 2
K g. Experimental setup for the photoneutron
Although the method itself was successful g

. measurement.
using an Am-Be neutron source, the neutron
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signals were not distinguished from those of gamma-rays for the present experiment using the LCS
photons, because of the signal pile-up of the neutrons and the gamma-rays. The L.CS photons are
generated in every 200 us with the pulse width of 150 ns, so the photoneutrons are generated and
enter the detector almost the same time as the annihilation and Compton-scattered photons from
the target. Then, most of the signals will pile up.

Then, we tried to count neutrons with a time profile of a scintillation output. Neutrons are
moderated in the detector, and some of them are captured. If the scintillation lights by recoil protons
were discriminated by a pulse-height discrimination, only the gamma-ray signals are obtained. So,
the neutron events are distinguished from the other signals with the time profile of the gamma-ray
flashes, because they occur according to the neutron moderation, while the other events occur
almost simultaneously as the photon incidence.

The block diagram of the signal processing system is shown in fig. 2. Signals from the
photomultipliers summed by the sum-amplifier (Sum Amp.) were fed to the constant fraction
discriminator (CFD), whose output is fed to the time-to-amplitude converter (TAC) as a start signal.
A trigger signal from the laser, properly delayed with the gate-and-delay generator (GDG), stop the
time-to-amplitude conversion. The pulse height from the TAC is analyzed with a multichannel
analyzer.

Photon flux is monitored with a BGO detector placed at the back of the target rod. Attenuation
of the flux was evaluated by experiments using a blank target. The flux is reduced to about half of
the incident photons at 1700 keV. The energy of the LCS photons was tuned by changing the
electron energy of the storage ring according to the following formula:

4E’¢,
m,¢ +4Eg,

E{mz

Where Ew, E, € are the maximum photon energy, electron energy, and the energy of the laser
photon quanta, respectively, and m c? is the electron rest mass. Figure 3 shows a pulse height
spectrum for the 2975 keV LCS photons measured with a HPGe of 120 % relative efficiency. The
energies of the LCS photons were measured with the HPGe
detector during the experiments. Maximum and mean

T T ¥ T T

energies of the LCS photons used in the present 2075 k°V¢

experiments are summarized in table 1. . comot
ompton edge

4. DiscussIoN

Counts per channel
g
—— - R
—R

Figure 4 shows the time profiles of the gamma-ray - f WAW ,»-'"‘*

flashes, which were measured below (1651 keV) and above L Ne

(1707 keV) the threshold energy for the *Be(y,n) reaction. ' a:mm er:(:ogy (kev) Yoo oneroy
A sharp spike in the figure is due to the annihilation or Fig. 3 Pulse height spectrum from
the Compton-scattered photons from the target caused by a HPGe of 120 % relative
the LCS photons, and, hence, it indicates the incident time efficiency for the 2975 keV
of the LCS photons. The prompt photon emission extended photons (broken line). A sharp
about 3 us after the photon incidence. The bump, peaked spike (thick solid line)

at about 8 ps after the incidence of the LCS photons are corresponds to the L(S photons.

due to the neutrons from the target, and only seen in the A mean energy 1s 2879 kev-
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(cts)

induced flashes merge into the prompt flashes,

time profile measured above the threshold energy. R LY ;
— —1651 keV|
-— 1665 keV 3. ~— 1665 xaV
It was necessary to keep the count rate of the © 1666 keV £ e v
prompt flashes low enough to prevent the neutron- e T g e 171
&
3

because the neutron gamma-ray event ratio in the
present experiments was 10+ to 10®, which is
summarized in table 1. So, the count rates for the

prompt flashes were kept less than 50 cps during
the experiment by a proper attenuation of the LCS

Counts per channel

photons with lead plates.
While the absolute yield of the photoneutrons
can not be deduced, because the detection efficiency

Time from photon incidence (us)
Fig. 4 Time profiles of the gamma-ray

of the neutron detector is currently unknown, . .
flashes. The maximum photon energies are

relative yield and the (¥,n) cross section times the ;ngicated in the figure. The small figure
detection efficiency were measured and at right-hand is the whole view of the
summarized in table 1. Figure 5 shows the (y,n) Spectra (log).

cross section assuming the constant detection

efficiency of 15 %, which was deduced by fitting the present data to that of Berman et al. {5], at 1670
keV. The present data showed a sharp rise at 1666 keV, and the maximum value was seen at about
10 keV above.

Table 1 Experimental results of the photoneutron experiment. E__ and E__ are the maximum
and mean energy of the L(S photons. Neutron yield per gamma-ray and the uncertainty are
summarized in column 3. the measured value of the('y{n) cross sections are listed
together with the uncertainty in column 4. Cross section assuming the detection

efficiency of 15 % is listed in column 5.

o (kEV) E_.(keV) n-y ratio (X 10%) exo (10 # barn) o (mb)
1650. 6 1650. 6 NA NA NA
1664.9 1664.9 NA NA NA

1666. 4 1666.0 14.2+4.2 11.2+£3.3 0.747 £ 0.220
1678.3 1670.6 30.0x£3.6 23.7+2.8 1.580 + 0. 187
1707.0 1685.3 20.1+£2.5 15.9+2.0 1.060 £ 0.133
2080.0 1888.5 5.61 £0.58 4.43 +0.46 0.295 £ 0.031
2145.8 1948. 2 4.35+0.45 3.43+0.36 0.229 £ 0.024
2200.0 1997.4 3.70 £0.39 2.92%+0.31 0.195 + 0.021
2934.7 2840.2 8.02£0.84 6.33 £0.65 0.422 £ 0.043
2954.3 2859.2 8.09+0.84 6.39 £ 0.66 0.426 £ 0.044
2964.6 2869.1 8.80£0.91 6.95+0.72 0.439 +£0.048
2974.8 2878.9 9.44 +0.97 7.45+0.77 0.497 £ 0. 051
2990. 2 2893.9 9.93+1.0 7.84 £0.81 0.523 £ 0. 054
2999.5 2902.9 10.7x1.1 8.45+0.87 0.563 = 0.058
3010.8 2913.9 11.1x1.1 8.76 £0.91 0.584 +0.061
3019.0 2921.8 15.8 1.6 1.25+0.13 0.833 £ 0.087
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6. CONCLUSION

Photoneutron yield of a °Be rod was measured
by using the Laser-Compton backscattered
photons. The neutrons were counted with the
Gd-loaded liquid scintillator. The prompt flash
was seen within 3 ps of the photon incidence,
and the delayed one followed, which was peaked
at about 8 us. The former flashes are due to the
annihilation and the Compton-scattered photons
from the target, while the latter corresponds to
the gamma-ray cascade from gadolinium nuclei
due to the neutron capture. Relative yield of the
photoneutrons and the *Be(Y,n) cross section
folded by the detection efficiency of the neutron
detector were measured in the energy range from
1650 keV to 3019 keV, while the absolute cross
section was not obtained, yet. If the detection
efficiency of the neutron detector was calibrated,
the absolute value will be obtained. A Monte
Carlo simulation will be helpful for a
measurement of the response function of the
neutron detector.

ACKNOWLEDGEMENTS

We would like to thank Professor Hiroaki
Utsunomiya of Konan University for valuable
discussions. This work was supported by Science
and Technology Agency of Japan.

T T T T

-
G Berman et al,
O Jakobson et al,
4 Gibbons e1 al.
A Hamormesh et alf.
-

Fujishiro at al,
— —Fitung
® Prosent data (15%)

Cross section (mb)

1600 1800 2000 2200 2400 2600
Photon energy (keV)

2 T T T T

2800 3000

Berman et al.
Jakobson et alb.
Gibbons at al. -
Hamarwash at al.
Fujishiro et al.,
——Fitting

® Present data (15%)

|00

Cross section (mb)

1600 1700 1800 1900 2000 2100 2200
Photon energy (keV)

Fig. § (y.n) cross sections measured in the
present experiment (black circles) in the
energy range from 1500 keV to 3000 keV

and from 1600 keV to 2200 keV
Reference data are those of Berman
b1 Jakobson [71
(squares). Gibbons et al. [81 (triangles).

[91 (black triangles)a
L1011 (black squares). The
fitting curve (solid line) was taken from
ref. 9.

(above)-
(below).
et al. (open circles)a
Hamermesh et al.

Fujishiro et al.

REFERENCES

[1] R.H. Milburn: Phys.Rev. Lett. 10(1963)75.

[2] T. Yamazaki et al.: IEEE Trans. Nucl. Sci. 32{5](1985)3406..

[3] T. Tomimasu et al.: IEEE Trans. Nucl. Sci., 30[4](1983)3133

[4] H. Toyokawa et al.: Nucl Instr. and Meth. A422(1999)95.

[5] H. Beil, R. Bergere and A. Veyssiere: Nucl. Instr. And Meth. 67(1969)293.

[6] B. L. Berman, R. L. Van Hemert, and C. D. Bowman: Phys. Rev. 163[4](1967)163.
[7] Mark J. Jakobson: Phys. Rev. 123[1](1961)229.

[8] J. H. Gibbons, R. L. Macklin, J. B. Marion, and H. W. Schmitt,: Phys. Rev. 114[5](1959)1319
(9] B. Hamermesh and C. Kimball: Phys. Rev. 90{6](1953)1063.

[10] M. Fyjishiro, T. Tabata, K. Okamoto, and T. Tsujimoto: Can. J. Phys. 60(1982)1672.

— 290 —



L

JAERL-Conf 99-002 JP9950351

3.34 Direct reaction model analysis of continuum region
in one particle transfer reaction

Shozo AOKI!, Katsuhiro YAMAGUCHI?, Syafarudin?, Genichiro WAKABAYASHI?,
Fujio ARAMAKI?, Yusuke UOZUMI}, Akihiro NOHTOMI?, Takeji SAKAE?,
Masaru MATOBA!, Norihiko KOORI#, Takashi MAKI®, Yosuke TANAKAS

! Graduate school of Engineering, Kyushu University, Fukuoka, 812-8581
2 Kyushu Information University, Dazathu, 818-01
3 Proton Medical Research Center, Tsukuba University, Ibaraki,305-8575
4 College of General Education, University of Tokushima, Tokushima 770
5 University of Occupational and Environmental Health, Kitakyushu 807
8 Kyushu Kyoritsu University, Kitakyushu 807
email : aoki@nucl.kyushu-u.ac.jp

Abstract

Single particle strength in (p, d) reaction has been studied with 65 MeV polarized protons. From
the study of level assignment at low excitation energy region, realistic function of spreading width has
been extracted. A calculation method of-cross section in direct reaction continuum is proposed using
the strength function and DWBA calculation and the results of comparisons between the calculation and
experimental data are described.

1. Introduction

In one particle transfer reaction at low projectile energy, the continuum spectra which appear
succeeding the discrete region (direct reaction continuum) have been studied with several meth-
ods. Due to its structureless there has not been a decisive one. A few methods were proposed
to make approach toward this problem. In these methods, cross section in this energy region
was considered as incoherent sum of the direct reaction components which would preserve the
sum rule limit of each shell orbit.

An approach proposed by Lewis was to treat the direct reaction continuum spectra as a
damping of deep hole states on that assumption and it reproduced the direct continuum spectra
measured in 2°°Bi(p, d)2%®Bi at 62 MeV by using the spreading width and single-hole energies[1].

Recently, from the studies of level assignment in Ni isotopes at low excitation energy region,
more realistic function of spreading width has been extracted. In this study, a calculation method
of direct reaction continuum by using the extracted strength function and DWBA calculation
is proposed as following of the Lewis’s approach.

2. Experiment

The experiment was carried out at Research Center for Nuclear Physics {(RCNP), Osaka
University using the AVF cyclotron which provided the 65 MeV polarized protons. The ac-
celerated protons were bombarded onto the “8Ca,5864Nj targets. The emitted deuterons were
momentum-analyzed in the focal plane of the spectrograph RAIDEN viewed with the focal plane
detector system Kyushu. Measured excitation energy regions were 0-10 and/or 20 MeV and
measured angles were at 5-45 laboratory angles. Fig.1 shows double differential cross sections
d?0/dUdE and analyzing powers A, obtained after summing up over the energy bin of 500 keV
in %8Ni target.

3. Direct Reaction Model Analysis

The theoretical calculation is based on the assumption that the direct continuum is consid-
ered as incoherent sum of the direct reaction components which would preserve the sum rule
limit of each shell orbit. In calculation, direct process is only considered in order to investigate
the direct continuum since the process is expected to be dominant at excitation energy region (
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Ex<5 MeV ). The double differential cross sections is expressed by

d DWBA
Z:CQSZJ dQ (E) (1)

with
C2Si;(E) =Y C?Sy; % fei(E) (2)

and o is the DWBA cross section calculated with the code DWUCK]|2], a non-symmetry Lorentz
function(3,4] that gives a strength distribution of the single-hole states;

o T'(E)

(- £l - )" + T

fl,]( )

@)

where Ef is the Fermi energy calculated by an empirical formula{5] and ng is a normalization
factor adjusted to fill the sum rule on the £, j orbit. I'(E) is a spreading width expressed by

eo (E — Er)? L8 (E — Ep)?

IE) =
(E) (E-Ep)?+E} (E-Ep) +E}

(4)

where ¢q, €1, Fg and E; are constants that express effects of the nuclear damping in the nu-
cleus[6]. The parameters used are g9 = 19.4 MeV, ¢; = 1.40 MeV, Ey = 18.4 MeV and E; =
1.60 MeV. The sum rule of the spectroscopic factor and the resonance energy Er are estimated
for each £, j orbit by the BCS theory. Single particle energies used in the BCS calculation are
calculated by a prescription{7]. Isobaric analog states (IAS) were observed in the excitation
energy regions larger than 12.535, 5.162 and 11.729 MeV for *4Ca, 5®Ni and 54Ni, respectively.
The sum rule of the spectroscopic factor of neutron orbits for T+1/2 isospin states are estimated
with simple shell model prediction(8]

ZCzs Tin 2Tn3- T for T =T -~ % states %)
B 2Tn3_ 7 for T~ =T+ % states

where n, and n, are the number of neutrons and protons for each £, j orbit , respectively and
T is the target isosipn. The calculated results are plotted in Fig.1.

4. Results and Discussion

From a comparison of the calculated spectra and experimental ones in Fig.1, it is found that
the spectral shape is considerably well reproduced at forward angles for all the targets while the
direct continuum spectra (E; > 5 MeV) are appreciably underestimated at backward angles.
As for the analyzing power A,, all the targets show the same results in which positive A, are
observed at around the ground state and negative A, in the higher excitation energy regions at
forward angles (5, 8 deg.). The direction and magnitude of A, in the higher excitation energy
regions become positive and large with angles. It should be noted that A, is perfectly positive
at overall excitation energies in backward angle spectra more than 29 deg.. The calculation
reproduce the polarization and the magnitude well. This tendency is indicating the validity of
this calculation method.

Fig.2-5 shows angular distributions of the cross sections obtained after summing up over
the excitation energy bin of 5 MeV. In the discrete region (E,<5 MeV) the theoretical cross
sections are smaller than that of experiment at all the measured angles for all targets but their
distributions are in good agreement with the experimental ones. The normalization factors
extracted after scaling the theoretical cross sections to the experimental ones are 1.17, 1.40 and
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1.15 for “8Ca, 38Ni, and %4Ni, respectively. The factors are very close values in all the target
nuclei.

At continuum regions (E;=5-10 MeV), the same factors are applied for 58:64Ni nuclei since
the distributions are similar to that of descrete regions while 8Ca data doesn’t show such a
systematic results. In the normalized distributions for 5864Ni, theoretical cross sections are
appreciably small at backward angles. It is expected that the contributions from the other
reaction processes such as multi-step process become important at this excitation energy regions.

5. Conclusion

In this study, double differential cross sections and analyzing powers of direct reaction con-
tinuum were calculated with the spreading widths and single-particle energies which were deter-
mined through the experimental studies. Spectral shape is well reproduced and the abusolute
values ofcross sections are in good agreement with experimental ones. It is found that in direct
reaction contiuum contributions from the processes such as multi-step process become large at
backward angles.
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Figure 1: Double differential cross section (left) and Analyzing Power (A,) from a °8Ni target.
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Figure 2: Angular distributions of summed cross sections from a %8Ca target. Ex=0-5 MeV
(left) and 5-10 MeV(right).
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Figure 3: Angular distributions of summed cross sections from a *8Ca target. Ex=10-15 MeV
(left) and 15-19 MeV(right).
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Figure 4: Angular distributions of summed cross sections from a %®Ni target. Ex=0-5 MeV
(left) and 5-10 MeV/(right).
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Figure 5: Angular distributions of summed cross sections from a ®4Ni target. Ex=0-5.5 MeV
(left) and 5.5-10 MeV(right).
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1. Introduction

In most current designs of D-T fusion reactor blankets employing ceramic breeder
materials such as Li,O, LiAlO,, Li;ZrO; and LisSiOs4, the use of a helium sweep gas
containing 0.1 % of hydrogen is contemplated to extract tritium efficiently via isotopic
exchange reactions. However, at lower temperatures, the release process of tritium from the
breeders is dominated by the desorption of tritiated water and are therefore rather slow. For
this reason, there is still a need to develop techniques that contribute to the acceleration of the
recovery of bred tritium.

In our previous studies, the isotope exchange reactions and water adsorption on the
surface of several solid blanket materials were investigated [1-3]. The results revealed that
these isotope exchange reactions proceed fast only at more elevated temperatures. Because of
the strong temperature dependence of the exchange reactions, a considerable decrease in the
reaction rate takes place as temperature is lowered. Taking into consideration that there is a
broad temperature distribution within a blanket module [2], it is anticipated that the tritium
bred in the regions of lower temperature will presumably be poorly recovered. The result
could be an increased overall steady state tritium inventory in the blanket module.

In order to obtain an improved recovery of tritium from a blanket over a broad range
of temperatures, the effect of catalytic active metal additives, such as platinum and palladium,
on the heterogeneous isotope exchange reactions at the breeder—sweep gas interface was
examined.

These catalytic additives are irradiated in the 14 MeV neutron field during the
operation of fusion reactors, which could lead to the nuclear transmutation of Pd and Pt and
thus change in the chemical properties of these noble metals. Moreover, there is a possibility
that nuclear reactions cause induced radioactivity related to additive metals. The authors also
investigate these aspects using cross sections of the nuclear reactions.

2. Experimental

Platinum and palladium were deposited on solid breeder material pebbles (LisSiOs,
0.51-0.94 mm (av. 0.68 mm) in diameter, >98 %TD) by the incipient wet impregnation
method generally used for the fabrication of catalysts. The exact content of the deposited Pt or
Pd has not yet been determined, but according to the mass balance in the fabrication process
the concentrations can be estimated being within a range of 0.7 to 2 weight %; the contents
never exceed 2 weight %.
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A schematic diagram of the experimental apparatus is shown in Fig. 1. For a run
between 2.5 and 20.0 g of Pt/LisSiO4, Pd/Li4SiO4 or LisSiO4 pebbles were placed in reactors
made of quartz. The gaseous compositions of inlet and outlet streams of the reactor were
analyzed with respect to H, HD and D, by gas chromatography. A hygrometer was used to
determine the water vapor content in these streams. The gas flow rate was controlled with
conventional mass flow controllers. The gases employed were purified with a cold trap
containing SA molecular sieve that was cooled with an ice/water mixture to remove residual
water vapor. To achieve controlled concentrations of deuterated water in the carrier gas
molecular deuterium was quantitatively oxidized with a CuO bed held at 350 °C.

During runs, which were carried out under steady state conditions, the reactor
temperature was stepwise decreased from the maximum experimental temperature. The
experimental conditions employed are summarized in Table 1. The space velocity (SV) in
Table 1 is defined as

Q

SV = = ¢))

where Q and V are the volumetric velocity of the gas introduced to the reactor and the bed

volume of the breeder materials, respectively. As seen in the above equation, SV is the
reciprocal of the residence time of the process gas. Thus, the higher SV corresponds to the
lower residence time. As shown in Table 2, the experiments on Pt/Li;SiO4 and Pd/LisSiO4
were performed under higher SV conditions than that for the virgin material LisSi0O4. A blank
test was also performed with an empty reactor, and it was confirmed that no exchange
reactions take place within the experimental condition of this work.

3. Experimental Results and Discussion

In each experiment a gaseous mixture of helium containing H, (3500—4300 ppm) and
D,0O (260-300 ppm) was passed through the reactor packed with the breeder pebbles. The
extent of the exchange reactions taking place on the surface of the breeder materials was
obtained from the composition of the exhaust stream of the reactor measured by gas
chromatography.

The ratio of conversion R is defined as

D,/He Table 1 Experimental conditions
Cold Trap Cold Trap LiySi0, Pt/Li,SiO4 | Pd/Li,SiO,4
I
CuO Bed Amount [g] 30 24 25
] 1 Gas velocity [m/min] | 955 326 320
Sample Bed Bed diameter [mm] 22 16.2 16.2
Space velocity [h™'] 2700 5500 5200
—| Hygrometer Temperature [°C] 200 - 600 | 25-400 25 - 400
| Inlet gas composition
H, [ppm] 3500 3900 4300
Gas chromatograph D,0 [ppm] 300 260 260

Fig.1 Experimental flow diagram
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C

R= D,out

- C’D,in ’ (2)

where C,, and C,,, are the molar concentration of D-atoms in D,O in the inlet stream and

the molar concentration of D-atoms in HD and D; in the outlet stream, respectively.

Figure 2 shows conversion ratios as function of temperature for the investigated
breeder materials. In the case of LisSiO4 (without noble metals), a conversion ratio of only
33 % was attained even at 400 °C. On the contrary, on the surface of the lithium silicate
containing dispersed platinum (Pt/LisSiO4), conversion ratios of nearly 90 % (almost
corresponding to the equilibrium condition of the isotope exchange reaction) were obtained at
temperatures of only little over 200 °C. This higher degree of conversion was attained in spite
of employing a much higher space velocity than in the experiment with LisSiO4 (virgin
material). Even at 25 °C a conversion ratio of 28 % was obtained over the Li4SiO4 pebbles
impregnated with platinum. Similar results were obtained in experiment with Pd/LisSiO4
pebbles, which indicates that palladium is also an effective catalyst for the enhancement of the
exchange reaction. For comparison, experimental results for other ceramic breeders (LiAlO;
and LiyZrO;) are also shown in Fig. 2, which indicates poor conversions even at higher
temperatures. By these results it can be concluded that isotope exchange reactions proceed at
very fast rates even at temperatures below 400 °C when lithium silicate pebbles contain
dispersed catalytic active noble metals. The improved solid breeder materials are here
designated as catalytic breeder material. Thus, a considerable enhancement effect for the
release of tritium from catalytic breeder materials is expected. One could consider the use of
the insoluble residues from nuclear reprocessing of spent nuclear fuel that is known to contain
large amounts of metals like Pt, Pd or Rh. While these materials cannot be utilized by
conventional industries, a use for the fabrication of catalytic breeder materials is thought to
become their practical application.

100 . ...
Table 2 Experimental Conditions

_, 80r 7 H, atinlet | D,O atinlet| SV
= 1 (ppm) (ppm) | (h7)
2 6ol | [Lisio, 3500 300 2700
o Pt/Li,SiO, 3900 260 5500
5 | [PdLiSio, | 4300 260 5200
2 40+ @ PuLi,Sio, LiAIO, 3000 500 4500
R —A—PdLi,SIO, |1 |[Li,ZrO, 3000 300 1500
3 20} —¥— Li SiO, _
) - LIAIO,

—— Li,2rO,

O 1
0 100 200 300 400 500 600 700

Temperature [°C]
Fig. 2 Conversion ratio of D,O into HD or D,
over various breeders

4. Need for Nuclear Data of Catalytic Breeder Materials
Nuclear data of the catalytic metals are required for two aspects, the evaluation of

induced radioactivity and nuclear transmutation. To estimate the induced radioactivity of Pd
and Pt, we surveyed long-lived nuclei in the decay chain of the nuclear reactions. A particle
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emission process is dominant in the 14 MeV neutron—induced reactions, and thus residual
nuclei produced via (n,2n), (n,p), and (n,c) reactions are the parents of the decay chains. For

Pd the important nuclear decay processes, which produce long-lived nuclei, are (T, data
taken from Ref. [4]),

8.47h 3.3y
102pg (n,2n) 19'Pd — !9'Rh — 1Ry,
EC EC
and
6.5 x 108y
108pg (n,2n) 07Pd  —  107Ag.
5

The first process produce only a small amount of radioactive nuclei (**'Pd) because the
natural abundance of '®’Pd is only 1.02 %, and the half life of '%"Rh is not so long in
comparison with the duration of operation of the fusion blanket modules. The second process
yields a long-lived product 197p4. The natural abundance of '®Pd is 26.5 % and therefore an
accurate cross section of the '®Pd (n,2n) reaction is required to estimate the inducded
radioactivity of the catalytic breeder materials. This nucleus is also produced by the chain

3.75m 21.7m 6.5 x 100y
110Pd (n, a) 107Ru - 107R.h —_— 107Pd —_— 107Ag,
B~ B~ B~

but its yield is expected to be small since the (n,a) reaction cross section at 14 MeV is <1 mb
in JENDL-3.2.

In the case of 14 MeV neutron—induced reactions on Pt, the charged particle emission
processes is thought to be ignorable, and the (n,2n) reaction could be an important process for
the production of long-lived nuclei. The decay schemes of the residual nuclei are as follows:

2.9d
192pt(n, 2n)191Pt  — 191y,
EC
50y
199pt(n,2n)19%Pt  — 0
EC
18.3h
198Pt(n,2n)17Pt  —  ¥TAu
-
Residual nuclei of the '*>'%Pt (n,2n) reaction are stable. Therefore, a (n,2n) reaction on '**Pt,
of which natural abundance is 32.9 %, is a major process with regard to induced radioactivity.
The evaluated nuclear data of Pd are available in JENDL-3.2, whereas no data on Pt
are given so far. Accordingly we calculated the cross sections of "Pt (#,2n) and (n,3n)
reactions with the GNASH code[5]. The model parameters used were the Walter and Guss'
global optical potential[6], and the level density parameters proposed by Yamamuro[7]. The
calculated cross sections of (n,2n) and (n,3n) reactions are compared with the experimental
data[8] in Fig. 3. No attempt was made to improve the accuracy of fitting in this calculation,
and thus the calculated cross section is about 15 % larger than the experimental values.
With these nuclear data, one can estimate transmutation rates of noble metals in the
fusion blanket. A rough estimation of the transmutation rate R s' is given by R=®o,
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where @ is a flux of 14-MeV neutrons, and o is a cross section of the reaction in which the
residual nucleus changes into other atoms with different chemical property. The neutron flux
for the ITER design is about 10”cm?s™! at just outer side of the first wall, then the estimated
R is less than 1 % per 10 years for both Pt and Pd. Therefore, transmutation of noble metals
is a minor problem for a design of the catalytic breeder materials.

3 M T T T

n,an

n,3n
J.Frehaut (1980} +—e—
25 | Pt (natural) 1

15

Cross Section [b]

05 |

10 115—_- 20
En [MeV]
Fig.3 Comparison of the calculated "Pt(#,2n) and (n,3n)
reaction cross section with the experimental data

5. Conclusions

Catalytic breeder materials were produced by impregnating lithium silicate with
either platinum or palladium. The isotope exchange reactions between molecular protium and
gaseous perdeuterated water over these new breeder materials were found to be very fast even
at temperatures far below 400 °C. Nuclear data of noble metals were surveyed to estimate the
induced radioactivity and the transmutation rate. It was found that the (n,2») reaction produces
197p4 and '"*Pt which have long half-life, and that less than 1 % of noble metals will be
transmuted during 10-year-operation of a fusion reactor of ITER-class design.
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Abstract

In the data system for alloy design and selection of materials used in various nuclear
reactors, huge material databases and several kinds of tools for data analysis or simulation
code of the phenomena under neutron irradiation are required. A nuclear reaction database
system based on the data of FENDL-II on the Internet has been developed in NRIM site of
"Data-Free-Way". The user interface in this database was made for the retrieval of the
necessary data and for the expression of the graph of the relation between the nuclear energy
spectrum of neutron and neutron capture cross section. It is indicated that using the
database, the possibility of chemical compositional change and radioactivity in a material
caused by nuclear reactions can be easily retrieved, though the evaluation is qualitatively.

1. Introduction

The computer aided data systems are required in order to the alloy design and selection
of materials used in various nuclear reactors. The system should consist of huge material
databases and several kinds of tools for data analysis or simulation code of the phenomena
under irradiation. The huge martial database has several small databases stored the special
data such as nuclear data and decay data. Thus, a database on transmutation for nuclear
materials had constructed on PC [1,2]. The database converted to a system used on Internet.
As a database for nuclear material design and selection used in various reactors are developed
in NRIM site in “Data-Free-Way”[3-5].

The database storing the data on nuclear reaction needs to calculate of the simulation
for chemical compositional change and radio-activation in transmutation. Using the database,
we can retrieve the data of nuclear reaction for material design on the Internet and understand
qualitatively the behavior of nuclear reaction such as the transmutation or decay. The
database is required for the friend user-interface for the retrieval of necessary data.

In the paper, features and functions of the developed system are described and
especially, examples of the easy accessible search of nuclear reactions are introduced.

2. Outline of the database on transmutation for nuclear materials

2.1 Database system

In the database of transmutation for nuclear materials, the data of nuclear reaction for
material design is stored and we can understand qualitatively the behavior of nuclear reaction
such as the transmutation or decay. The database is managed by ORACLE where RDBMS
(relational database management system) is supported on work station with unix OS.
As the RDBMS and WWW were connected, user are able to retrieve necessary data using
Netscape or Explorer as a user-interface through the Internet.

Fig. 1 shows the home page in the WWW of NRIM site on “Data-Free-Way”. Users
be able to access the database by selecting the term of “transmutation of material” in the home
page. Then. the opening screen of the database as shown Fig. 2 is appeared. Users are able
to select various interfaces for retrieval and obtain the necessary data. The interfaces are
used in the periodic table or the chart of nuclides.
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Fig. 1 Home page in the WWW of NRIM Fig. 2 Opening screen of the for transmutation
site on “Data-Free-Way” under neutron irradiation..

Fig. 3 The data structures of the database on transmutation for nuclear materials.
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2.2 Data structure

The database consists of five main tables, as shown Fig. 3. The main tables are isotope
(iso table), decay (gs table and bs table), transmutation (tr table) and cross section (cs
table). The isotope table consists of the data such as element name, atornic number, isotope
name, mass number, the natural abundance ratio, half-life data, gamma-ray or beta-ray energy
and maximurn permissible concentration in air (MPC), which are taken from isotope table.
The energies of gamma- ray and bata-ray on decay are stored in two tables of gs and bs.
The decay heat are calculated from the data of these tables. The transmutation table has
the data of transmutation process, produced nuclide and etc.. The neutron capture cross-
section table has the data with 42-energy group covering from thermal neutron energy to
15MeV.

2.3 Stored data
Various data, which are required for simulation on nuclear reaction, have been collected from
reports as follows;

I. Nuclear data such as neutron cross-section are mainly collected from FENDL II. The
number of cross section for nuclear reactions which was stored in the database is 3213
in stable nuclides and 5484 in unstable ones.

I1.The data on Decay process, gammma ray, isotope and element are collected respectively
from

a. "Table of Radioactive Isotopes" E. Browne and R. B. Firestone, 1986, LBLU
of C, John Wiley & Sons,

b. "Radiation Data Book", edited by Y. Murakami, H. Danno and A.
Kobayashi, 1982, Chijin-Shokan.

c. "Chart of the Nuclides" compiled by Y. Yoshizaw and T. Horiguchi and M.
Yamada, 1996, INDC and NDC in JAERL

d. "Elsevier's Periodic Table of the Elements", compiled by P. Lof, 1987,
Elsevier.

3. Functions and user-interface

3.1 Functions

Fig. 2 shows opening main menu screen of the database. This database has four
retrieval functions of nuclear reaction process, properties of radioactive isotope, spontaneous
decay
of each isotope and decay of produced nuclides after nuclear reaction. We can understand
qualitatively the behavior of nuclear reaction such as the transmutation or decay. Fig. 4
shows screen of the selection of the isotope or the nuclide from the cart of nuclides.
Fig. 5 shows a example of the screen of properties for retrieved **Zr nuclide. User is able to
know mass number, the natural abundance ratio, half-life data, gamma-ray or beta-ray energy
on retrieved nuclide. Fig. 6 shows screen that by selecting the desired nuclear reaction in
right folder, user is able to know records on a given transmutation and spontaneous decay in
the reaction process. If user clicks the graph button in the screen shown Fig. 5 or Fig. 6, the
graph as shown in Fig 7 appears. The graphs are shown the relation between transmutation
cross section and neutron energy spectrum on various reactions. The high value of the cross
section means qualitatively that the nneutron reaction easily occurs.
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Stable isotope

Unstable Isotope

Fig. 8 Screen to retrieve data on formed nuclides and cross section under high neutron
energy (>0.1eV) or low that (<0.1eV)on various transmutations in Ni.

— 306 —



JAERI-Conf 99-002

4. Example of system operation

Fig. 8 shows the screen to retrieve data on formed nuclides and cross section under high
neutron energy or low that on various transmutations in Ni. It is able to know that the
reaction in nutron transmutation in Ni easily occurs qualitatively.

Type 316 stainless steel is used as the structural material of the fuel sub-assemblies in
the sodium cooled fast breeder reactors. This steel is regarded as a candidate material for
blanket structures of the fusion reactors. However it is required that materials should have a
high resistance against swelling and low radioactivation under the high-energy neutron
irradiation environment such as in fusion reactors. Ferritic 9Cr1WVTa steel is also being
considered as an alternate candidate structural material to type 316 stainless steel [3]. An
amount of He formation and radioactivity under neutron irradiation of both steels will be
evaluated as an example of application of the present simulation system.

Using the database, the possibility of large amount of He formation and radioactivity
in the candidate materials can be easily evaluated qualitatively. The possibility of He
formation is known by retrieving cross section size of (n, alpha;) reaction on compositional
atoms of materials. The radioactivity is known by retrieving half-life of transmuted products
of compositional atoms of material. Transmuted products with half-life of more than one year
in type 316 and ferritic steel can be easily know qualitatively. These result suggest that type
316 stainless steel has more radioactive nuclides and is radioactivated more easily than ferritic
9Cr-1WVTa steel under neutron irradiation. It is found that this system will be frequently
used by nuclear material scientists as a material information tool, if this system is jointed to
networking system such as "Data-Free-Way"[3-5].

5. Summary

1) A database on transmutation for nuclear materials with user friendly interface was
constructed in WWW server on the Internet. (http://inaba.nrim.go.jp//Irra/).

2) The database consists of mainly five tables stored the information of isotope, two decay
tables of gamma-ray and beta-ray, transmutation and cross section for 42 neutron energy
group converted from FENDL-II.

3) The compositional change and radioactivity in materials can be easily evaluated
qualitatively.

4) The radioactivity is known by retrieving half-life of transmuted products of compositional
atoms of material. Transmuted products with half-life of longer than one year in type 316
and ferritic steel. These result suggest that type 316 stainless steel has more radioactive
nuclides and radioactivated more easily than ferritic 9Cr-1WVTa steel for reduced
activation under neutron irradiation .

References

[1] M. Utsumi, Noda T and Fujita M.; JAERI-Conf 96-008 p.332-336

[2] Fujita M., Utsumi M., Noda T.; JAERI-Conf 97-004 p.208-217

[3] Nakajima H., Yokoyama N., Ueno F., Kano S., Fujita M., Kurihara Y. and Iwata S., J.
Nucl. Mater. vol.212-215 (1994) p.1171-1714.

[4] Ueno F., Kano S., Fujita M., Kurihara Y., Nakajima H., Yokoyama N. and Iwata S., J.
Nucl. Sci. Technol, vol.31 (1994) p.1314-1334.

[5] Fujita M., Kurihara Y., Shindo H., Yokoyama N., Ueno F., Kano S., and Iwata S., ASTM
STP 1311, ASTM (1997) p.249-260.

— 307 —



JAERI-Conf 99-002

Appendix: Participant List

Akino, F. JAERI Kobayashi, T. Teikyo Univ.
Ando, Y. Toshiba Co. Komuro, Y. JAERI
Annou, A, Taisei Co. Kondo, T. ‘Osaka Univ.
Aoki, S. Kyushu Univ. Konno, C. JAERI

Aoki, T. Fuji Electric Co., Ltd. Kosako, K. SAEI
Aoyama, S. Kitami Inst. of Tech. Kubono, S. Univ. of Tokyo
Aoyama, T. JNC Kugo, T. JAERI
Aruga, T. JAERI Kurata, Y. JAERI
Asami, T. DEI Kurosawa, M. JAERI

Baba, M. Tohoku Univ. Kurosawa, T. Tohoku Univ.
Chiba, S. JAERI Lee Young—Ouk KAERI
Chongkum, S. OAEP Maekawa, A. Hitachi Ltd.
Fujishiro, Y. DEGDO Maekawa, F. JAERI
Fujita, M. NRIM Maki, K. Hitachi Ltd.
Fukahori, T. JAERI Maruyama, H. Hitachi Ltd.
Fuketa, T. [ES Matsunobu, H. DEI

Furuta, T. Nagoya Univ. Matsuoka, H. JAERI
Furutaka, K. JNC Meigo, S. JAERI
Fushimi, A. Hitachi Ltd. Miura, T. Tohoku Univ.
G. Ah Auu MINT Miyahara, A. NIFS

Goto, Y. Nissei Sangyo Co., Ltd. Mizumoto, M. JAERI
Gotou, M. Hitachi Ltd. Mori, K. Univ. of Tokyo
Guinyun Kim PAL Mori, S. KHI

Harada, H. JNC Mori, T. JAERI
Harima, Y. CRC Munakata, K. Kyushu Univ.
Hasegawa, A. JAERI Murata, L Osaka Univ.
Huang Xiaolong  JAERI Murata, T. AITEL
Hyun—Je Cho Kyoto Univ. Murazaki, J. JAERI
Ibaraki, M. Tohoku Univ. Nagame, Y. JAERI

Iga, K. Kyushu Univ. Nagao, T. JAERI
Igarasi, S. Nagaya, Y. JAERI
Igashira, M. Tokyo Inst. of Tech. Naito, Y. NAIS

lkeda, Y. JAERI Nakagawa, M. JAERI

Ishii, K. Osaka Univ. Nakagawa, T. JAERI

Ito, C. JNC Nakajima, H. JAERI

Iwai, T. Univ. of Tokyo Nakajima, K. JAERI
Iwamoto, O. JAERI Nakajima, Y. RIST
Jung-Do Kim KAERI Nakamura, S. JNC

Kai, T. JAERI Nakane, Y. JAERI

Kano, S. Shimizu Co. Nauchi, Y. Tohoku Univ.
Katakura, J. JAERI Nishihara, K. JAERI
Kawade, K. Nagoya Univ. Nishinaka. | JAERI
Kawai, M. KEK Nose, S. JNC
Kawanishi, T. MHI Ochiai, K. Osaka Univ.
Kawano, T. Kyushu Univ. Odano, N. JAERI
Kikuchi, K. JAERI Ohbayasi, Y. Hokkaido Univ.
Kim, Eunjoo Tohoku Univ. Ohkawachi, Y. JNC

Kishida, N. JAERI Ohno, S. Tokai Univ.
Kitano, T. MES Ohsaki, T. Tokyo Inst. of Tech.
Kitao, K. DEI Ohsawa, T. Kinki Univ.
Kitsuki, H. Kyushu Univ. Ohshima, T DEGDO
Kiyosumi, T. JRI QOigawa, H. JAERI
Kobayashi, K. Kyoto Univ. Okajima, S. JAERI

— 308 —



JAERI-Conf 99-002

Okuna, H. JAERI Watanabe. N. JAERI
Onchi, T. CRIEPI Yamaguchi, M. HEC
Osugi, T. JAERI Yamamoto, A. Kyushu Univ.
Oyama, Y. JAERI Yamamoato, T. NUPEC
Oyamatsu, K. Nagoya Univ. Yamamoto, T. JAERI
Raman, S. ‘ORNL Yamane, T. JAERI
Saitou, M. HEC Yamano, N. SAE!
Sakae, T. Tsukuba Univ. Yokoyama, K. JNC
Sakane, H. Nagoya Univ. Yoshida, T. Musashi Inst. of Tech.
Sanami, T. Nagoya Univ. Yoshioka, K. Toshiba Co.
Sasa, T. JAERI Yoshizawa, N. . MRI
Sasahara, A. CRIEPI Zhang Baocheng EDC
Sasaki, K. JNC Zukeran, A. Hitachi Ltd.
Sasaki, M. MH]I

Sasamoto, N. JAERI

Satou, O. MRI

Seung—-Gy Ro KAERI

Shibata, K. Hitachi Ltd.

Shibata, K. JAERI

Shibata, N. Nissei Sangyo Co., Ltd.

Shibata, T. KEK

Shibata, T. JAERI

Shigya, N. Kyushu Univ.

Shimada, S. JAERI

Shimakawa, S. JAERI

Shono, A. JNC

Sugi, T. JAERI

Sugimoto, M. JAERI

Sukegawa, T. JAERI

Sun Weili Kyushu Univ.

Suyama, K. JAERI

Suzuki, S. JNC

Suzuki, T.

Suzuki, T.

Tahara, Y. MHI

Takagi, H. Osaka Univ.

Takahashi, A. Osaka Univ.

Takano, H. JAERI

Takeuchi, H. Nagoya Univ.

Tamiya, T. Hitachi Ltd.

Tamura, T RIST

Teshigawara, M. JAERI

Than Win Tohoku Univ.,

Toyokawa, H. ETL

Tsubosaka, A. JAERI

Tsukiyama, T. HEC

Umano, T. Toshiba Co.

Utsumi, M. NRIM

Veerapaspong, T.

Tokyo Inst. of Tech.

Wada, H JNC

Wada, M. JAERI
Watanabe, T. KHI
Watanabe, Y Kyushu Univ.

— 309 —



This is a blank page.




BB A% (SI) &R

# 1 SUSANGLE X THIBL AL F2 SlLHtAIh B HEYY £5 SHES
H® % L E e Fr v % IR al B
& XA = F m 4y, B, 1l | min, h, d 0% | = 7 % E
7 AR A kg L T O I 10° | = % 12
[ i fb 5 DA T A N A 107 | 5 7 T
& |7 v X7 A k vt 10° | ¥ Vi G
BOERE (7 VB v K B AN P eV IOf1 A H M
mE R w | mol i TS | u 00 x m ok
K Bl v F 7 cd 102 | ~ # b h
v E mls v 7 > | rad 1 ¢V=L602I8X10 0 ¥ 7 da
Vo f|AFIvTy st 1 u=166054x10 kg 'l F ¢ d
1072 & ¥ F C
o R 1078 = D) m
x3 WHOAME S DSIHLT H 105 w420 u
) o [t sy x4 SI&.#\“:ﬁ‘EH"H: 10 ¢ + / n
it LA S I L Hebs x 2 i 02 ¢ = .
J b4 B~ N Vi Hz 5! EAN 2 B 10°%) 74k f
bl Za2—Fvy|{ N m-kg/s? AT A= A 10"%) 7 I a
E o, B b2 A A | Pa N/m? . _ . b
IFLE¥—ftR BB 2 — | ] N-m N - W bar B
T® EsElr v rlw | s 7 L Gal 1. #&1 -5 3 "ERERECE, SO, e
HAag ,EM27 —o v C A-s ¥ a2 oy = Ci ERHR 19858 FIfTIc k5, 7L, 1eV
Wiy, WrE, BEH (K v F| V| w/A Loy F oy R BL U1 uDffiizCODATADI 986 4: e
w8 & ®|7 7 3 F| F cv Vi ¥ rad iz o7,
E- £ — -
A N ' 717 7Y Ll Q V/A 1% A rem 2. RAKIEEE vk, T, ~OF
Ay AV RAYA| S ANV bl B fi .
4 w7 2 = 5[ Wb | Ve 1 A=0.1nm=10""m TPOEERTR LB R EOT
o4 ® |7 A 7| T | whm' 1 b=100fm?=10"2*m? STEEmLR
1Ty F ey Vo E Whb/A 1 bar=0.1MPa=10Pa 3'A:’ar i, leﬁz‘i?’m@lfb%fm‘*%
. 0 HE B N ] i ; z R2DAFTITY—2 3 >
Ly ARE|ELSTRE | Gal=lem/s*=10-2mys® GIROK2DA T ) — L rHEN Ty
s ol Kl el B 1Ci=3.7x10¥B 5e
Ll giv 7 A K lm/m? 1= q 4. ECEUEHBELIEA TIE bar, barnk &
B M |~ 7 L A| Bq| s IR=2.68x10""C/kg R '
£ a3 ° ¥ Yo #s; mmHgE&20H 5 Y
WOl B R|Z L A Gy | Jke Lrad=1cGy=10""Gy —CARTLE
®OR % B|y—<uF| sv| Jke 1 rem=1cSv=10"2Sv ¢
2] 0 *
M IN(=10"dyn) kgf Ibf H | MPa(=10bar)| kgf/cm?® atm mmHg(Torr)| 1bl/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062x10° 145.038
9.80665 1 2.20462 Kl 0.0980665 1 0.967841 735.559 14.2233
444822 0.453592 1 0.101325 1.03323 1 760 14.6959
Hi M TPa-s(N-s/m*)=10 P (X 7 ZX)(g/(cin-s)) 1.33322x107* | 1.35951x10°® | 1.31579%10 * 1 1.93368x10°2
BASE 1m®/s=10°St(A F — 2 ZA){cm?/s) 6.89476x10 *[7.03070%10 ¢ | 6.80460x10 51.7149 1
x| J(=107 erg) kgf-m kW-h cal(it i ik) Blu It-1bl eV I cal= 4.18605J (G &)
S -
v | 0101972 | 2.77778x10 7| 0.238889 | 9.47813x107" | 0.737562 | 6.24150x 10" - 4.184] (#{kez)
¥ ) ,
) 9.80665 1 2.72407x107%| 234270 0.29487x107¢| 7.23301 6.12082 % 10" = 4.1855J (15°C)
ft: 3.6x10° 3.67098 x 107 1 8.59999x10° 3412.13 2.65522x10° | 2.24694 x 10 - 4.1868) (FHEEHKAE)
- 4.18605 0.426858 1.16279x10°* 1 3.96759x10 * 3.08747 2.61272x10" tag 1 PSULE 1)
5 9 21
= 1055.06 107586 | 2.93072x10 252.042 1 778.172 6.58515% 10 _ 75 kal-m/s
35582 3825 3.76616 x10°7 . 285 3 46233 %10
1.35582 0138255 | 3.76616 10 0.323890 | 1.28506%10 1 8.46233x%10  735.499W
16021810 ¥ | 1.63377x107%| 4.45050%1072] 3.82743x 10" 2| 1.51857x10 | LISI7IX10 " 1
Jid Bq Ci g Gy rad g C/kg R 5] Sv rem
5 : 0 5 ) 2
1 2.70270x10 5 1 100 # 1 3876 ) 1 100
fE - it 4
3.7x10" 1 0.01 1 258101 1 0.01 1

(86412 H 26 11 8ifF)



PROCEEDINGS OF THE 1998 SYMPOSIUM ON NUCLEAR DATA NOVEMBER 19-20, 1998, JAERI, TOKAI, JAPAN




