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The 1990 Symposium on Nuclear Data was held at Tokai Research
Establishment of Japan Atomic Energy Research Institute, on November 29
and 30, 1990. This symposium is extended to be inter-regional from
previous annual Seminars on Nuclear Data, and was organized by Japanese
Nuclear Data Committee and Nuclear Data Center, JAERI, In this sympo-
sium, sixteen oral presentations were made on JENDL special purpose
files, group constants based on JENDL-3, recent progress of nuclear
reaction theories, various topics as well as an invited talk from
China. Twenty-eight papers were presented in the poster session. The

proceedings contain all the papers presented at the symposium.
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2.1 Topics-1
2.1.1 Nuclear Data Activities in China

Cai Dunjiu

Chinese Nuclear Data Center,
Institute of Atomic Energy,
P. Q. Box 275 (41), Beijing 102413
P. R. China

1. Introduction

Scientific research on nuclear physics started in China during
the late 1950’s. At that time a research reactor and some accelerators
were built in the Institute of Atomic Energy, Beijing, and some nu-
clear data measurcments were made. Nuclear data compilation and
evaluation were begun systematically only in 1975, when the Chinese
Nuclear Data Center (CNDC) and the Chinese Nuclear Data
Coordination Network (CNDCN) were set up in order to meet the
requirements for development of nuclear energy, science, and engi-
neering technology. Since China was not an IAEA member at that
time, we could get only very few evaluated data from publications
abroad and had to do our own evaluations to serve our users. Many
experimental and theoretical nuclear scientists were involved in rele-
vant work, including developing theoretical models, writing calcula-
tion codes, performing nuclear data evaluation, etc.

This situation has changed since the CNDC established con-
tacts with IAEA / NDS, JAERI / NDC and BNL / NNDC in 1980.
Especially in 1984, when the People’s Republic of China became an
IAEA member, international cooperation and exchange increased
between the CNDC and other nuclear data centers. For example, we
have participated in international cooperation in the evaluation and
compilation of neutron data, nuclear structure and decay data, fis-
sion product yields, and charged particle reaction data as well as in
some coordinated research programs under IAEA contracts. We ob-
tained entire sets of evaluated neutron data of ENDF ./ B—4,
ENDL, JENDL-2, INDL /V and quite a lot of EXFOR experi-
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mental data as well as some programs from IAEA /NDS and
OECD / NEA—DB. We have also sent some neutron data evaluated
or measured in China to IAEA / NDS and some codes to the NEA
Data Bank. It is clear that international cooperation and exchange
have promoted nuclear data activities in China and also crcated a
proper channel for us to make contributions to international nuclear
data activities.

Hereafter, in accordance with the needs of nuclear data home
and abroad, we will do our best to make more contributions in nu-
clear data activities.

2. Organizations and Objectives“]

2.1 Chinese Nuclear Data Center (CNDC)

As mentioned above, the Chinese Nuclear Data Center was
founded in 1975 by the Ministry of Nuclear Industry. At present, the
CNDC has about 30 scientists and a number of support staff, and is
equipped with 2 PDP 11/ 70 and MICRO—-VAX~-II computers.

The principal task of the CNDC is to function as a national
center for generating, collecting, processing and disseminating nu-
clear data, to provide services to all nuclear data users in China, and
to coordinate nuclear data activities on a national scale. So far the
CNDC’s activities have mainly involved the following aspects :

working out a country wide, long—term plan on nuclear data
measurement and evaluation; arranging and coordinating nuclear
data activities of the CNDCN;

studying and developing nuclear data evaluation methods;
coordinating and supervising data evaluators; compiling and evalu-
ating nuclear data;

collecting and validating data processing programs, reports
and recommended data from the network;

. maintaining and developing the Chinese Evaluated Nuclear
Data Library (CENDL);

generating multigroup constants and performing benchmark
testing of CENDL;
maintaining the data base of internationally available nucle-
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ar data files; providing selective retrievals and data processing to us-
€rs;

providing nuclear data and computer program services; pub-
lishing nuclear data reports and other publications;

convening national nuclear data meetings;

coordinating cooperation and exchange in the nuclear data
field with other national and international nuclear data organiza-
tions. ‘

2.2 Chinese Nuclear Data Coordination Network (CNDCN)

The CNDCN is composed of the institutes and universities
which are taking up nuclear data measurement and evaluation. It is
organized and coordinated by the CNDC. At present, the network
has about 20 members. Table 1 shows the 13 main institutions in the
network which have participated in the nuclear data activities for
many years,

Table 1 Main participants in CNDCN

Beijing Lanzhou
Peking University Lanzhou University
Tsinghua University
Beijing Normal University Shanghai
Institute of Applied Physics Fudan University
and Computational Mathematics Institute of Nuclear
Institute of Atomic Energy Research
Tianjin
Changchun Nankai University
Jilin University
Wuhan
Chengdu Wuhan University
Sichuan University Nanning

Guangxi University

All network members undertake projects under the nuclear data
plan, their own capacity, and conditions established by the guidance
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of the CNDC. The measured or evaluated data are provided to the
CNDC. Of course, all the members of the CNDCN obtain some fi-
nancial support from the Ministry of Nuclear Industry.

2.3 Working Groups

In order to assist the CNDC in its primary task on the national
scale, some workitg groups skilled in the following spectalities were
organized :

Nuclear Data Measurement

Nuclear Data Calculation and Theory study

Neutron Nuclear Data Evaluation

Construction of Chinese Nuclear Data Library (CENDL)
Group Constant Generation and Benchmark Testing
Nuclear Data Processing and Computational Program
Nuclear Structure and Decay Data

Charged Particle Nuclear Reaction Data

Fission Product Yield Data

Neutron Resonance Parameter and level Density
Atomic and Molecular Data

The members of these groups come from CNDC and network 1nsti-
tutions.
The functions of working groups are :

To search out the proper way or method to perform a given
task ‘

To hold symposia to exchange experiences or discuss com-
mon problems involved in these activities

To cxamine, review, and recommend data values from the
network.

2.4 Chinese Committee of Nuclear Data (CCND)
To strengthen the guidance of nuclear data activities in China,

the Chinese Committee of Nuclear Data was established at the end
of 1986.
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It is a professional consultative organization under the lead-
ership of the body with prime responsibility for nuclear data re-
search work in China.

It attaches importance to the investigation of the urgent de-
mands for nuclear data in atomic energy, nuclear science, and nucle-
ar engineering technology development, as well as for the better un-
derstanding of the progress and achievements made in the field of in-
ternational nuclear data activities.

It is responsible for the examination of the long—term nucle-
ar data program and phase plans, and offers key task projects and
proposals of different kinds to the leading body for consideration.

It helps the leading body to examine and approve important
progress and achievements made in nuclear data research.

Tt promotes its own role in such fields as external relations,
nuclear technical and academic exchange at home and abroad, and
takes vigorous action to promote mutual relations, intercourse, and
cooperation with the organizations of like kind at home and abroad.

3. Activities on Nuclear Data Evaluation!!

3.1 Nuclear Data Evaluation

In accordance with the long—term plan on nuclear data
evaluation, under the organization by CNDC, a lot of scientists
from network institutions have been engaged in the compilation and
evaluation of nuclear data, and the research on the evaluation meth-
ods. Its contents may be summarized as follows :

3.1.1 Neutron Data for General Purpose

Based on the first version of the Chinese Evaluated Nuclear Da-
ta Library (CENDL-1)!®, we are preparing CENDL-2 and will fin-
ish it in 1991. The CENDL—-2 includes file 1-5 for about 50 nuclides
(or elements), which were or are being evaluated by ourselves. The
neutron incident energy range is from 107° eV to 20 MeV. The
nuclides include H, D, T, 341e, 5'Li, °Be, '*'B, N, 'O, F, Na,
Mg, Al Si, P, S, Cl, “Ar, K, Ca, Ti, V, Cr, Mn,Fe, Co, Ni, Cu, Zn,
Zr, Nb, Mo, 10Nag g, Tn, Sn, Sb, 82 Hf, Ta, W, Au,
Pb, 235238y, 239240py 241Am gL MCf Among them O, F,
(cooperated  with LANL and ORNL) “Am  (with
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covariance), 2Bk, 2*Cf were evaluated also for ENDF / B—6,

07.109NA o (including y production data, in cooperation with
JAERI / NDC) for JENDL-3. We have taken part in the interna-
tional cooperation of FENDL establishment, including the
inter—comparisons of BROND, ENDF / B—6 and JENDL-3 for
the file 4,5 and 6 of Fe, Cr, N1 and Pb through the comparisons of
angle— integrated neutron emission spectra (EDX in CMS) and
double differential cross section (DDX in LAB) at 30 and 150 degree
deduced from these files with the common corresponding experi-
mental data sets.

3.1.2 Nuclear Data for Special Purposes

a) Nuclear Structure and Decay Data (NSDD)

Initiated by the visiting of Dr, S. Pearlstein, Director of the
BNL / NNDC, USA, in 1981, the CNDC has participated in the in-
ternational effort on NSDD evaluation. Ten mass chains are per-
manently assigned to China (A =151-55, 195—198). The Chinese
NSDD e¢valuation group was formed in 1983 and the members are
from TAE, Jilin University, Changchun, and the Institute of Nuclear
Research in Shanghai.

Up to now, all useful ENSDF codes have been transplanted on
MICRO—VAX-II. The data for A=51—-55, 195—-198, 170,172 (total
of 12 mass chains) have been evaluated and renew of some mass
chains started in 1990.

b) Fission Product Yield Data (FPYD)

A group at IAE is engaged in FPYD measurement and
evaluation. Before 1981, three versions of document “Evaluated Fis-
sion—Product Yield” had been issued.

After 1983, this group devoted itself to establishing the Chinese
Evaluated Fission—Product Yield Library. The 1987 version of this
library contains data in ENDF / B—5 format for 10 fissioning sys-
tems, they are U235T, U235F, U235HE, U238F, U238HE, Pu239T,
Pu239F, Pu241T, U233T, Th232F. (T—thermal neutron, F—fast (fis-
sion) neutron, HE—14 MeV neutron). The data library on magnetic
tape is available from the IAEA / NDS.

At present, this group is working on an improved and more
complete data base of experimental data in EXFOR format and is
studying methods to derive a best recommended set of fission yield
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data, which aim at update the 1987 version data.

Besides, this group has been developing “decay heat
production” research in recent years.

¢) Charged Particle Nuclear Data (CPND)

The evaluation of the CPND was started in 1975, In 1983, a
CPND group was organized. Its members are from the Institute of
Applied Physics and Computational Mathematics (IAPCM),
Sichuan University, Institute of Nuclear Research in Shanghai and
IAE.

Hitherto, the twenty sets of data measured in China have been
compiled in EXFOR format and sent to IAEA. The 220 sets meas-
ured data (50—1000 MeV) for the reactions induced by proton or
heavy charged particles were compiled in EXFOR format cooperat-
ed with BNL / NNDC. Some activation cross sections induced by
charged particles are being evaluated.

d) Neutron Activation and Dosimetry Data

Combined with measurements (77 reaction channels), the cross
sections of (n,y), (n,n’), (n,2n), (n,3n), (n,p), (n,t), (n,a) for 55 reac-
tion channels have been evaluated.

{ Compilation of Bvaluation for Activation Cross Section)
~CNDC-89014, INDC (CPR)—16 has been published. The follow-
ing reactions have been evaluated in an TAEA contract subject
. 2Na, $8Fe, ®Co(n,y); ***'Ti(n,p); *Fe, ®Co(n,x); *Mn, *Co,

51y, 1267 18Ta(n,2n) and 'In(n,n’), etc.

e) Photo—Nuclear Reaction Data

The a,, for D, Be, As, **Zr and 1271 have been reevaluated.
Together with the EXFOR entries, they have been sent to IAEA.

f) Atomic and Molecular (A+M) Data ‘

The sputtering data for collisions of C, Al, Fe atoms and their
ions with H, D, He atoms are being compiled and evaluated. We are
~also compiling the excitation cross sections of collision for He, Ne,
Ar atoms with their ions, the electron impact ionization cross sec-
tions for the atoms and ions with high Z and the cross section for
K—shell ionization by electron impact, etc.

3.2 Evaluation Method Research!">*"'¥

The three evaluation methods were usually used to generate the
evaluated data :

— 18__
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combine and fit available measured data by using lecast
squares method;
predict cross section by systematics;
carry out a consistent theory calculation,;
The related codes have been or are being developed.

3.2.1 Data Processing Method*”

a) Covariance matrix construction for experimental data us-
ing the information about errors in experiments given by authors;

b) Curve fitting a spline fitting program for multi—sets of
data has been developed. With which the knots can be optimized,
spline order number can be chosen, the correlative data can be fitted
and the covariance matrix of the fit values can be calculated; also a
universal code 1s developed. The functions include single parameter
combination, curve fitting by using orthogonal Polynomial and
Legendre Polynomial as base;

¢) Simultancous e¢valuation based on spline fitting for
multi—curves and Bayes method, several relative reaction cross sec-
tions of different nuclides, or all reaction cross sections of a nuclide
can be calculated simultaneously, as a result, they are made to be
consistent with each other, and the correlation between different re-
actions and nuclides can be calculated.

d) A code of transforming neutron emission data from
ENDF / B—4,5,6 format into DDX or EDX and plotting also are
being written.

3.2.2 Systematics Studies

Systematics studies on the excitation functions of the (n,y),
(n,2n), (n,3n) as well as (n,x) (x=p,d,t and **He) reactions have
been performed. The parameterized formulae and all the parameters
related have been obtained on the basis of the evaporation model
with the preequilibrium mechanism and the collected data for
A =25-200 in the neutron energy range from threshold to 25 MeV.,

With the formulae and parameters, the excitation function
. could be predicted more reliable than before for the energy regions
or nuclides not measured heretofore.
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323 Nuclear Data Calculation and Nuclear Theory Research!-*¢ !

In nuclear data evaluation, theoretical calculation plays an im-
portant role. Since the CNDCN was formed, some theorists in
CNDCN have been engaged in the study of applications of various
kinds of nuclear reaction theories and models, developing computer
codes, and performing theoretical calculations for nuclear data val-
ues.

The main theories and methods applied to calculations of
neutron nuclear data in CNDCN are shown in Table 2.

In recent years, our theoretical research on the nuclear reaction
theory,calculation method and parameter and computer codes has
been advanced greatly which are as follows :

For the theoretical calculation of nuclear data on the light
nuclei, a set of low rank separable nucleon—nucleon potentials has
been constructed, which include different partial waves and tensor
force, and has been applied to analyze D(n,n), (n,2n) reactions.

Some efforts were made in level density parametersis]. A new
set of parameters of the Gibert—Cameron formula and back—shift
formula has been gained based on more accurate recently measured
data.

The importance of the discrete level effect is discussed and a
calculated framework for including the discrete level in the secon-
dary reaction processes has been presented.

A review of the optical model analyses in A =40—60 mass
region is given. So— called the anomaly for total cross section at the
low energy is being studied'®. A global review of phenomenological
and microscopic optical potential in nuclear data evaluation of 14
clements in the neutron energy range of 0.1—24 McV has been made.
It is concluded that the microscopic optical potential based on the
generalized and modified skyrme force which has analytical
formalism without any free parameters, has useful value in nuclear
data calculation.

The pre—cquilibrium reaction is further studied, such as ad-
ding the pick—up mechanism for complex particle (d,t,>*He) emis-
sion to improve the calculations for the (n,a), (n,d) ... reaction Cross
sections at the high energy region.

To improve the agreement between the calculated results and
experimental data for double differential cross sections, the effects of
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the Fermi motion and the Pauli principle were taken into account in
the exciton model.

The quantum mechanical pre—equilibrium of Feshbach.
Kerman and Koonin is being studied. The spin—half FKK theory
and two components FKK theory have been derived.

On the basis of theories resecarch mentioned above, many codes
for the data calculations have been developed. Some of them have
been sent to NEA Data Bank. Main ones are ;

. MUP2 MUP2L > s the second edition of an unified
program for theoretical calculation of fast neutron data for
medium—heavy nuclei by using the optical model, Hauser—Feshbach
theory with width fluctuation correction (WHF) and pre—equilibri-
um (PE) statistical theory based on the exciton model and evapora-
tion model. AUJP is an associated code of MUP2 which is used in
the automatically searching for a set of optimal optical potential
parameters. :

Based on MUP2, CMUP code is written to calculate the cross
sections of charged particle induced reactions at the energy 3—25
MeV.

. MUP3 MUP3!" code is developed recently which is an ex-
tend code of MUP2 to calculate the neutron double differential
Cross section.

. UNIFY2 UNIFY2 code!'? was set up recently with the uni-
fied treatment of the pre—equilibrium and equilibrium reaction pro-
cesses with the angular momentum and parity conservations and
will be used to calculate nuclear data for structural materials. This
code can calculate the double differential cross section for all kinds
of particles (charged particles and recoiled nuclet) and y production
data in ENDF / B—6 format.

. FUP1 FUPI1 is for fissile nuclides, improved based on
MUP2, ASFP is its associated code used to automatically search for
optimal fission parameters (including the level density and fission
barrier parameters).

The direct reaction components of the inelastic scattering for 3
isolated levels of the residual nucleus by using coupled channel cal-
. culation are placed as input. These direct components are added to
the calculated compound nucleus cross section and angular distribu-
tion.
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Some codes have been developed for light nuclides :

. TSD TSD is based on the Faddeev equation for n+D reac-
tion.

. ROP ROP is a unified code of optical model and R matrix
calculation. DRM unified code!™® used to calculate the neutron di-
rect inelastic scattering cross section for 1P shell nuclei with optical
model and DWBA. These codes will be applied to improve the cal-
culations for %7Li.

. In the study of the three—body breaking up reactions, the code
for the quasi—free particle scattering was developed to calculate the
integral cross sections, DDX and normalization factor at any angu-
lar momentum.

Recently, CNDC is engaged in the compilation, evaluation
and theoretical calculation for intermediate energy nuclear data
(IEND)'. Based on our investigation, the nuclear reaction theories
which can be easily and realistically used to calculate IEND are as
follows : relativistic optical model; relativistic collective deformed
DWBA approach; intranuclear cascade model and hybrid—type
preequilibrium model. Some microscopic theories for IEND calcula-
tion have also been researched. Both phenomenological and micro-
scopic nucleon relativistic optical potentials are studied. The global
neutron relativistic phenomenological optical potential (RPOP)
based on the available experimental data for various nuclei ranging
from C to U with incident energies E,=20—1000 MeV has been ob-
tained through automatically searching for the optimal parameters.
Nucleon relativistic microscopic optical potential (RMOP) is studied
by using effective lagrangian based on popular Walecka model.
Through comparison between the theoretical results and experimen-
tal data, some insight into both the RMOP and RPOP have been
obtained. It is concluded that both the phenomenological and mi-
croscopic relativistic optical potentials proposed by us can be used
for IEND evaluation.

The evaluation of *°Fe(p,n) experimental cross sections
(E,= threshold —1000 MeV) is being done and will be finished soon.

3.3 Multigroup Constant Generating and Benchmark Testing'>'>"'"

A group responsible for the generation of multi—group con-
stants and benchmark testing of nuclear data was formed in 1978.
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From 1978 to 1983, the main efforts of this group devoted to devel-
oping and implementing the computer programs which are as fol-
lows :

. RQCS, a program to calculate the multigroup constants for
the thermal reactors. It generates the group constants for MUFT
and GAM.

. KQCS, a fast reactor multigroup constant program based on
the Bondarenko method, this code adjusts group constants to the
temperature and composition of the reactor.

. FEONAN, it can be applied to calculate the uncollided trans-
mitted neutron spectra and to check the total cross sections using the
Broomstick experiments performed at ORNL: The checks of total
cross sections for Fe, O, Na and N of CENDL—1 have been per-
formed.

. NDP, one—dimensional diffusion program, which can be ap-
plied to calculate effective multiplication factors, spectrum indexes,
and critical dimensions for the reactors;

. TDBDC, two—dimensional diffusion and burnup program,
which can be used for fast reactor analysis;

. PETRC, a pertubation reactivity coefficient program, which
can be applied to calculate one—dimensional or two—dimensional
systems;

. ONEDANT, one—dimensional discrete ordinate Sn program,
which uses the Synthetic Diffusion Method (SDM) allowing for ef-
fective accelerated convergence.

To meet the urgent needs in nuclear engineering, since 1986 we
have processed large amount of the nuclear data for nuclear power,
nuclear safety analysis and nuclear engineering design. Through in-
ternational exchange, we have obtained many very valuable codes
from ORNL / RSIC, ANL /NESC and NEA Data Bank, and
based on them, we have established a program system used for nu-
clear engineering. Now we can provide the codes and data for the
nuclear science and engineering.

1) Three program systems of group constant generating have
been implemented on computer CYBER—825 at IAE. The three
. codes are AMPX~-II, NJOY and MINX which are used in group
constant generating and processing for nuclear engineering applica-
tions 1in China.
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2) PASC-1' %! was made based on AMPX-II and in
cooperation with ECN (Holland). The PASC—1 is composed of
AMPX / SCALE group constant module, several transport calcula-
tion codes Sn and 1-3 dimension diffusion code CITATION.
PASC-1, has been sent to NEADB. This code can be used in the de-
sign of reactors. A library including 45 and 25 group constant of 37
nuclides has been processed by PASC-1 for the fast reactor calcula-
tions.

3) Based on MINX, the CCCCPS and FRBT code
systems' ¥ have been made for processing the interface of CCCC
format library with IDX code. By using the CCCCPS code system,
the 50 group constants of 47 nuclides from LIB—IV ABBN data li-
brary were processed into 46 group constants for the input of IDX.
FRBT was made for 14 benchmark testing calculations. The results
from FRBT calculations for 14 benchmark facilities using 46 group
library are consistent with those given by CSEWG (U. S. A. ).

In cooperation with ECN (Holland), the ECNJEF—1
Library' 7 was set up by using NJOY—87.0, CRECTIJS, MILER,
NPTXS and XLACS—2. The ECNJEF—1 Library is a 219 neutron
group Library from JEF—1 in the AMPX master format. 16 files are
included in this Library with 434 elements. Some problems in JEF—1
and related processing codes were met. Most of the solutions for
these problems were solved. MILER—ECN version was sent to NEA
Data Bank by ECN.

In addition, the theoretical analysis for Be sphere shell neutron
multiplication factor is also carried out. This is a cooperation pro ject
with U. S. A. and Japan.

Now we can make the benchmark testing for the nuclear data
and provide various multi—group constants for the calculations n
thermal reactor, fast reactor and fission—fusion reactor and for
shielding calculations.

3.4 Construction of Nuclear Data Library and Related
Program Library, Management, and Service!' >l

A group in CNDC is responsible for the nuclear data library
. and the associated program library. At present, the group has the
following main tasks :

to prepare and maintain the Chinese Evaluated Nuclear Da-
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ta Library (CENDL).

to get experimental and evaluated nuclear data and comput-
er programs from abroad through exchange.

to improve or develop the library management, data pro-
cessing and evaluation program systems.

‘to compile the data measured in China in EXFOR format.

to collect, compile and evaluate atomic and molecular data
and establish such a data library in cooperation with the atomic and
molecular data working group.

to provide nuclear data and program services to Chinese us-
ers and exchange them with IJAEA / NDS and other centers.

. to operate, maintain and manage the computer.

Now, the PDP 11/70 and MICRO-VAX-II computers are
operated and used in data evaluations, data calculations and library
construction successfully; The ENDF / B—6 and EXFOR code sys-
tems have been transplanted onto MICRO—-VAX-II, so neutron da-
ta in EXFOR and data files in ENDF / B4—6 format can be pro-
cessed; We have set up a complete program systems for nuclear data
cvaluation and library management.

Development of the code library. Following codes have been
stored and / or checked or assessed : 20 codes made by ourselves, ~
40 codes, used in nuclear engineering, obtained from RSIC (U.S.A.),
~ 100 codes obtained from NEADB (OECD). So far more than 100
codes have been used by the home users.

4. Progress of Nuclear Data Measurement!'>'?~>!!

Nuclear data measurements have been carricd out since early in
1960’s in China. Since then some equipments for nuclear data
measurement have been built. The main facilities and research sub-
Ects are listed in Table 3.

In brief, the measurement program is focused on important nu-
clear data for nuclear energy and nuclear technology applications,
such as neutron induced nuclear fission (including fission cross sec-
tion, fission neutron number, fission neutron spectra, fission prod-
uct yields), fast neutron scattering and spectra (including angular
distribution of scattered neutrons, double differential cross sections
from neutron induced reactions), fast neutron reaction cross sections
(including (n,n"), (n,2n), (n,p), (n,d), (n,&) reactions, radiative cap-
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ture and y — ray production data), charged particle reaction data,
nuclear structure and decay data, neutron standards, macroscopic
experiments, and atomic / molecular data.

Recently we have also participated in the research projects or-
ganized by IAEA.

In the recent years, the following measurements have been car-
ried out :

4.1 Fast neutron scattering angular distribution
and secondary neutron spectra ['>!~%!

. The measurements of scattering angular distributions and
double differential cross sections of secondary neutrons on
deuterium induced by 13.6 and 15.2 MeV ncutrons have been car-
ried out?. The results are shown in Figs. 1—4.

. The secondary neutron spectra of Fe, Nb and B1 at 14.2 MeV
have also been measured by the associated a—particle TOF tech-
nique. The measurements of double differential cross sections
on %'Li at 14.2 MeV are under way.

. The double differential cross sections of secondary neutrons in
the incident neutron energy range 8—13 MeV have been measured
for 2*U and 2™Bi by both the normal and abnormal fast neutron
TOF spectrometers at HI-13 tandem accelerator.!”! The normal
and abnormal fast neutron TOF facilities are shown in Figs. 5 and 6.
The TOF spectra of '2C and **U induced by 12 and 10 MeV
monoenergetic neutrons and the break—up neutrons associated with
D(d,np) reaction are shown in Figs. 7 and 8 respectively. The double
differential cross sections of 2**U and 2®Bi at 10 MeV neutron en-
ergy are shown in Figs. 9 and 10.

. The small angle elastic scattering cross section of fast neutrons
on some nuclides have been measured by using the position sensitive
fast neutron spectrometer and associated particle TOF method!*>*,
The detector consists of a long cylindrical liquid scintillator tube
(50—100) x ®(4—5)cm) with end—faces in optical contact with two
photo multiplier tubes. The results of the measurements are shown
in Figs. 11.1-11.4. |

4.2 Double differential neutron emission cross sections of
charged particle induced reactions' "

- 21 —
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For nuclear level density study, the double differential neutron
emission cross sections of (p,n) reactions on %Co, 7Sm and Mo
isotopes have been measured! 2. The nuclear level density of the
residual nuclei will be obtained after model theory analysis. The
neutron emission TOF spectra, neutron energy spectra and angular
distributions are shown in Figs. 12—14 respectively.

4.3 Prompt fission neutron spectral>'>*’

The prompt fission neutron spectrum measurement is being
carricd out at the HI—13 tandem accelerator! !, The experimental
arrangement is shown in Fig. 15. The fission chamber is composed
of 103 plates of which both sides are coated with 2%, and divided
into 8 groups. The total weight of **U is ~ 5 g. The fission cham-
ber is used as both detector and sample. The TOF spectrum of
prompt fission neutrons of 231 induced by 11 MeV neutrons is
shown in Fig. 16. The data processing and further measurement are
under way.

4.4 Fission product yields" ">

The product yields of U—238 fission induced by 11 MeV
neutrons have been measured by means of the Gamma-ray
spectrometry and the chemical separation of the fission product €l-
ements followed by y and § counting. 11 MeV neutrons were pro-
duced by the D(d,n) 3He reaction at the HI-13 Tandem accelerator.
The neutron spectrum was measured with TOF technique in order
to estimate the fission events induced by the neutron in the energy
range of 2—6 MeV from D(d,np)D reaction. The yields of 39 fission
chains have been obtained and the mass distribution curve is shown
in Fig. 17. The mass distribution for the fission of **U with 3.0, 5.0,
8.3 and 14 MeV neutrons have also been measured.

4.5 Cross sections of fast neutron induced reactions[1’2’19’27’28]

The measurements of reaction cross sections induced by fast

neutrons using the activation technique are focused on long lived
and gas production reactions'.
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The following reactions have been measured :

194 0(n 2n) ®Ag (T, ,,=127 Y), *'Eu(n,2n) “*"Eu(35.8 Y),
13Eu(n,2n) 2%Eu(13.33 Y) and '"®Tb(n,2n) *TH(180 Y) at 14
MeV: 53"Rb(n,2n),(n,p),(n,a) and Fe, Co, Ni & '“In(n,p),(n,a),
E.=12-18 MeV, “Cu(n,a) “Co, *Pb(n,2n) **Pb  at 14
MeV; #Na(n,2n) #Na, Ba(n,2n), E,=12-18 MeV.

The reaction cross sections induced by charged particles have
been measured, in the incident energies of 23,19.5,17 & 15 MeV for
the V(d,x) reaction and at the incident energy of 17 MeV for Ni(d,x)
reaction,

4.6 Radiative Capture cross section'>'>%*!]

The radiative capture cross sections have been studied with
fast and thermal neutrons. The excitation function of 2C(n,y) reac-
tion have been measured in the neutron energy range 7—14 MeV.
For E,=9,11,14 MeV, the y—ray angular distributions were meas-
ured by an anticoincidence shielded NaI(T1) spectrometer. The ex-
perimental arrangement and the results obtained are shown in Fig.
18,19. For the thermal neutrons, a device to obtain high purity
thermal neutron beam has been built and the cross sections of (ny,7)
reaction on *Na and *'P have been measured.

The neutron capture cross sections of “Nb, *Mo, '“Tm
& '8Ta have been measured in the neutron energy range 10—100
keV, Plusing "’Au as a standard. The capture events were detected
by two Moxon—Rae detectors with graphite converter. The meas-
ured result is shown in Fig. 20.3.

The neutron radiative capture cross sections of Nb, Mo, Tb,
Hf, Nd, Sm, Dy, Yb have been measured relatively to that of gold at
the neutron energy range ~ 0.7-1.4 MeV, using a large liguid
scintillation detector and TOF technique. The measured results are
shown in Figs. 20.1-2.

The angular distributions of discrete y—ray lines for the
interaction of 14.9 MeV neutrons with C,ALV,Fe,Co,Nb,U have
been measured®Vat a pulsed 400 KV CW accelerator using a y-ray
spectrometer. The angular distributions of 2T Al 1Y (n,x7) reactions
. are shown in Fig. 20.4.
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5. Development for Future

As a national nuclear data center, the CNDC will strengthen its
own activities in the near future in the following aspects :

To develop the CENDL including updating and improving
neutron nuclear data evaluation for general purpose, extending the
evaluation of nuclear data for special purposes, establishing the
atomic and molecular data library, etc.

To improve and develop the methods for nuclear data
evaluation, including the theoretical codes, the evaluation system,
and the covariance data treatment, ¢tc.

To improve and develop the service system to the users, in-
cluding nuclear data library management and data processing.

To equip the Micro—VAX-II computer system provided by
IAEA to improve the ability and efficiency in processing nuclear da-
ta, to make efforts to connect our computer with the international
computer network of the main data centers.

To take further steps to develop the international
cooperation with other centers and institutions concerned.

CNDC, on completion of these endeavors, will be in a position
to offer higher quality services within China in support of a growing
nuclear industry and to play an active role in the international ex-
change of nuclear data.

Finally, on behalf of CNDC I wish to take this opportunity to
express our gratitude to JNDC and JAERI/ NDC as well as all old
and new friends for their contribution to promote the cooperation
with the CNDC in nuclear data activities. I hope the friendship and
cooperation between us is growing day by day.
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Table 2 Main theories and methods applied to neutron data
calculations in CNDCN

Theory Target Institution
Phase Shift Analysis H,D,T,’He Fudan University
Faddeev Equation D CNDC
R—-Matrix Theory Tsinghua University
Optical Model 8Li,’Li Jilin University
Hauser—Feshbach Theory
DWBA
Quasifree Scattering ’Be TAPCM
Optical Model Structural CNDC
Hauser—Feshbach Theory with Material Nankai University
WFC and Exciton Model fissile Peking University

Couple Channel Calculation nuclides
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Table 3 Facilities and research at CNDCN

Main Facilities Research Subjects
Institute of Atomic Energy

600 KV CW (200—500 KV) Fission process study
2.5 MV VDG (0.3-2.5 MYV) Fast neutron spectroscopy
AVF Cyclotron (E,~ 3—15MeV, Fast neutron reactions

E,~4—14 MeV, E,~8-28 MeV) Radiative capture & y—product.
HI-13 Tandem (HVEC,3—-13 MV = 1KV, Nuclear structure and decay

provide p,d,a...heavy ions) Light & heavy ion nuclear react.
Heavy Water Reactor(15 MW, Application of nuclear technique

2.8 % 10"n / sec.cm?) Atomic & molecular studies

Swimming Pool Reactor (4000KW)
Institute of Nuclear Sci. and Tech. of Sichuan Uni.

CW (400 KV;200 KV,~ 5 ns) Fast neutron scattering
2.5MV VDG (~1ns) Neutron capture y—ray
Cyclotron (d1.2 M,E;~13.4 MeV) Charged particle reactions

Atomic & molecular studies
Peking University (PTNNC)
4.5 MV VDG (0.3—4.5MV, 1-2ns Nuclear reactions & nucl. structures
provide p, d,a,...Ar) Nuclear fission
Tandem 2 X 7 MV (EN—18,0.5-6.5 MV) Materials science, atomic collision
Tandem 2 % 1.7 MV (NEC, 5SDH-2) Heavy ion reaction
Tsinghua University

200KV CW Fast neutron scattering & reactions
Beijing Normal University
C—W with post helix acceleration Fast neutron spectroscopy and
(400 KV,3.16 MH, ~ 1ns) y—production
Lanzhou University
400 KV CW (3.3%x10'2 n/s) Neutron activation reaction

Institute of Nuclear Research in Shanghai
4 MV VDG (NEC,E,~0.3-4 MV, 1 1KV) Applications of nuclear technique
Tandem 2 X 6 MV(indigenously designed)  In—beam y—spectroscopy

AVF Cyclotron (®1.2 M,E ~3-30 Light ion and charged particle
MeV,d, a,...heavy ions) nuclear reaction
Fudan University
2.5MV VDG Application of nuciear technique
- Tandem 2 x 3 MV (NEC) neutron reaction (TOF, activat.}

Atomic and molecular studies
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2.2 Special Purpose Files
2.2.1 Present Status of JENDL Special Purpose Files
Tsuneo NAKAGAWA

Nuclear Data Center, Department of Physics
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken 319-11

Various kinds of JENDL speciasl purpose files are being made by
Japanese Nuclear Data Committee and Nuclear Data Center of Japan Atomic
Energy Research Institute. The present status of the files is described
briefly. The first version of activation cross section, dosimetry
cross section, («,n) reaction data and gas production files will be com-

pleted in 1991.

1. Introduction

It was 1985 when we made a plan of JENDL special purpose files in
Japan. In the same year, an ad-hoc committee on special purpose files
was organized in the Japanese Nuclear Data Committee (JNDC) and
investigated needs of the files in Japan. Finally, nine special purpose
files were proposed to store the following data'l.

1) Activation cross sections and decay data of radioactive nuclides.

2) Cross sections and decay data of actinide nuclides.

3) Decay data of radiocactive nuclides produced by neutron induced

reactions.

I) Dosimetry cross sections.

5) Gas production cross sections for damage study.

6) KERMA factors and DPA cross sections.

7) (a,n) cross sections and thick target yields.

8) Photonuclear reaction data.

9} Standard data for evaluation and experiments.

In 1986, another ad-hoc committee on post-JENDL-3 activities made
proposalsz) on the nuclear data activities to be scheduled after the

JENDL-3 project. The following are the proposals concerning the JENDL
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special purpose files.
a) For short-term activities
Develcpment of special purpcse files for nuclear fuel cycle and
fusion reactor technology.

b) For long-term activities

New activities of nuclear data evaluations should be started 1in
the area of neutron reactions in the high energy region,
charged-particle reactions and atomic & molecular reactions.

According to these proposals, the Working Group on Special Purpose
Tiles was created in 1987. Furthermcre, since the evaluation work for
JENDL-3 had been finished, structure cf the Subcommittee on Nuclear Data
in JNDC was changed for the post-JENDL-3 activities in 1989.

At present, we are making 11 kinds of special purpose files listed
in Table 1; eight files proposed by the ad-hoc committee on speclal
purpose files excluding the standard data file, two files proposed by
the ad-hoc committee on post—-JENDL-3 activities and a file for fusion
neutronics strongly requested from fusion neutronics community. In the
next chapter, the present status of these files will be given briefly
except for the activation cross—section and photon-reaction data files

)

which will be explained in this symposium by Nakajima3 and by

Kishida“, respectively.

9. Status of JENDL Special Purpose Files
2.1.Dosirnetry cross section file

This file 1s Ito be used for neutron dosimetry in reactors and
accelerators. Cross section data were mainly taken from JENDL~3. 1In
the cases of important dosimetry cross sections whose data are not stored
in JENDL-3 such as meta-stable state production cross sections, they were
adopted from evaluations by Yamamuro” for the activation cross—section
file, by sakurai® and from IRDF (International Reactor Dosimetry
File)”. Covariance matrices were taken from IRDF-85 or ENDF/B-VI,
because no covariance matrix data have been evaluated for JENDL-3. Two
kinds of files in the ENDF-5 format are being prepared; a pointwise data
file and a group-wise data file in which cross—section data are averaged
in 640 energy intervals with the same structure as IRDF.

The data are given for 42 nuclides and 57 reactions. 8o far the
group-wise data file has been almost completed and various benchmark

tests have been performedgh A report which describes the JENDL dosimetry
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cross section file and results of the Dbenchmark tests 1is under

preparation. The first version of the JENDL dosimetry cross section file

will be released in 1991.

2.2 Gas production cross section file

This file will be used for evaluation of damage due to the neutron
induced reactions which produce gases. Therefore, it should contain the
p, d, %, He and o production cross sections of light and structural
materials. All of the cross—-section data were adopted from JENDL-3 for
23 isotopes or elements; °Li, 'Li, °Be, °B, B, ¢, N, YF, #A1, 81, Ti, °'V,
Cr,”Mn, Fe, Ni, *°Co, Cu, Zr, Nb, Mo, As and Se.

The numerical data have been already compiled in the ENDF-5 format.

The file will bte released in 1991 after adding comment data.

2.3 Actinide cross section file

The purpose of this file is tco store the data for estimation of
generation and depletion of actinide nuclides. According to the proposals
of the ad-hoc committee on special purpose files, the capture, fission
and {(n,?n) reaction cross section data are stored for T3 nuclides from
Pb to Es, and decay data for 127 nuclides from Tl to Fm. The data for
main actinides (°%%Th, ¥y, 2Py, 2%y, ¥¥%pu, #’Pu and ®*°Pu) are excluded
from this file, because their total cross sections are needed to calculate
their self-shielding factors. Therefore, the JENDL general purpose file
is recommended for these main actinide nuclides.

The compilation of this file has not yet been started. However,
JENDL-3 already covers 70 % of cross section data required. The fission
and capture cross sections of transplutonium in JENDL-3 have been very
much improved from JENDIL-2 or other evaluated data libraries.

The present author proposes that decay data should be excluded from
the actinide file and should be compiled in a large decay data file
together with those for activation cross section file and for other

radicactive nuclides.

2.4 (a,n) reaction data file

The (a,n) reaction data are important to estimate neutron production
due to the {a,n) reaction of light or structural materials induced by
the o particles emitted from heavy nuclides.

Evaluation work has been made by Matsunobu’’ for 11 elements (Li,
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Be, B, C, N, 0, F, Na, Al, Si and Cu) on the basis of available experi-
mental data and theoretical calculation with ELIESE-3. Evaluated quan-
tities are cross sections of neutron emitting reactions in the energy
range from threshold energies to 15 MeV. The angular and energy distri-
butions have been also evaluabted. By compiling these data, the first
version of JENDL (a,n) reaction data file will be released in 1991. After

then, additional evaluation for Ar, Ca, Cr, Mn, Fe and Ni will be needed.

2.5 Decay data file
The original idea of the ad-hoc committee was to make three decay

data files; for the actinide file, for the activation cross section file
and for other nuclides produced by neutron induced reactions. However,
it is much convenient that decay data of all radioactive nuclides are
stored in one file. Therefore, the actinide cross section file and the
activation cross section file will not have any decay data in them.

The decay data file will contaln the data on half-life, decay mode,
branching ratio, average 3, v and o energies, intensities of y— and a-rays
in the ENDF format. |

The compilation work of the decay data file has not been started.
However, Decay Heat Evaluation WC of JNDC has completed the JNDC FP
Decay Data File version 2 which contains the decay data for 1078 nuclides
in a PP mass region, and will start evaluation of decay data for
sctinides. We have also ENSDF as a data source. Format conversion codes
from JNDC FP Decay Data File and ENSDF to the ENDF format are available.
Time schedule of the JENDL decay data file will be decided by taking

account of progress of the work in Decay Heat Evaluation WG.

9.6 KERMA factor and DPA cross section file

KERMA factors and DPA cross sections are required for damage study
of structural materials and medical use. Iijima, Kawal and members of
PKA Spectrum WG in JNDC have studied calculation methodslm and =a
format! to store related quantities. They developed computer codes
for the calculation and finished preliminary calculation for iron'?.

Two kinds of the file are probably made in order to reduce the amount
of storage. The first one is a primary file to store reaction cross
sections, charged-particle spectra, PKA spectra, and damage energy
spectra. Ancther one is a secondly file for KERMA factors and DPA cross

sections which can be calculated from the primary file. The data stored
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in the primary file will be made based on JEKDL-3 by wusing
charged-particle spectra calculated with GNASH'™ or PEGASUS'™. The
neutron energy range is up teo 20 MeV. The candidate materials for +this
file are 'H, °H, °Li, "Li, Be, '°B, B, C, N, 0, F, Na, Mg, Al, Si, P, S,
c1, k, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ge, As, Zr, Nb, Mo, Ag, Cd,
8n, Ba, Bu, Gd, Hf, Ta, W, Au, Pb and Bi.

On the other hand, ESNIT (Energy Selective Neutron Irradiation Test
FPacility) project' started in JAERI, and KERMA factors and DPA
cross—section data for 18 elements (Li, C, N, O, Ka, Al, Si, K, Ca, Ti,
V, Cr, Mn, Fe, Ni, Cu, Mg, Mo) are required in the neutron energy range
up to 50 MeV. The evaluation work for this project has been already

started and will be completed in a few years.

2.7 File for fusion neutrocnics

There is a requirement from fusion neutronics people for the file
wvhich stores JENDL-3 in +the ENDF-6 format by explicitly giving
energy—angle correlation in MF5. This work Jjust has been started by
Chiba and Yu in the Nuclear Data Center, JAERI. Now, they are compiling
PNb data as a test case. However, whole schedule of this file has not
been decided yet. It will be decided by taking account of discussion at
the Specialists' Meeting on Nuclear Data for Fusion Neutronics held 1n
JAERI in this December. Fusion neutronics benchmark tests of JENDL-3
have revealed drawbacks of some nuclides at high energies. Such

drawbacks will be modified at the same time.

2.8 High energy neutron data file

Test calculations were made by Hida and IijimaM) for Fe and **°U,
by using GNASH and ALICE'"®, The ESHNIT project requires also the
neutron nuclear data of 19 elements (above mentioned 18 elements + H) in
the energy range up to 50 MeV. The evaluation work for ESNIT is in
progress by Yamamuro and Chiba. Their work will be finished in a few
years. Fukahori'® made an evaluation of Pb and Bi up to 1 GeV for the
ERDF/B-VI special purpose files together with Pearlstein at BNL/NNDC.
We have Just started the high energy neutron data activity in Japan.

2.9 Charged-particle data file
The JNDC Charged-particle Data WG was organized in 1989. The first

job was investigation of data needs. The resulis of the investigation
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were presented by Matsunobu?® at the 1989 Seminar on Nuclear Data.

However, the scope of JENDL charged—-particle file(s) has noct yet been

determined.

3. Concluding remarks

The present status of nine JENDL special purpose files was described
briefly. Table 1 summarizes the status of the files including the
activation cross section file and the photonuclear reaction file. In 1991,
the first versions of deosimetry cross section, gas—-production, activation
cross section and {a,n) reaction-data files will be completed. 1In a few

years, photonuclear reaction data file and files for the ESNIT project

will be finished.
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Table 1 Present status of JENDL special purpose files

No. file size completion comment
1 Dosimetry cross section file 5T reactions 1991
2 Gas production data flle 23 nuclides 1991
3 Activation cross section file 1000 reactions 1991
4 (a,n) reaction data file 11 elements 1991
5 Photonuclear reaction data file 30 elements in a few yesars
6 XERMA factor and DPA cross 46 elements net determined < 20 MeV
sectlon file
- File for ESKIT 18 elements in & few years < 50 MeV
7 Decay data fille not determined not determined
8 Actinide cross section file 73 nuclides” not determined
9 File for fuslon neutronics not determined not determined
10 High energy neutron data file not determined not determined
- File for ESNIT 19 elements in a few yesars < 50 MeV
11 Charged-particle date file not determined not determined

a) This number is the proposal of the ad-~hoc committee. Final number will be fixed

later.
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222 JENDL Activation Cross Section File

Y. Nakajima
Department of Physics
Japan Atomic Energy Research Institute

Tokai-mura, Ibaraki-ken 319-11
and

JNDC Working Group on Activation Cross Section Data

Evaluation on activation cross sections for the JENDL
activation cross section file was initiated in 1987. All
elements below z=83 were examined thoroughly from the point
of the applications to all kinds of fission and fusion
reactors and accelerators and were classified into three
groups according to their importance for the applications.
About 1,000 reaction cross sections have been evaluated for
37 and 22 elements designated as priority 1 and 2,
respectively, up to 20 MeV, will be compiled in the JENDL
activation cross section file and the file will be completed
by March 1991. In this presentation, evaluation methods are
described and evaluated results are compared with
experimental data and other evaluations to show that

evaluated data are reasonable and reliable.

1. Introduction

After the accomplishment of the JENDL-3 general purpose
file(l), the Japanese Nuclear Data Committee has focused its
efforts to the evaluation and compilation of different kinds
of JENDL special purpose files. As one of them the JENDL

activation cross section file was planned in 1987, the

_— 43_
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activation cross section file was planned in 1987, the
selection of elements and reactions for the file and
preliminary evaluation were made in the same year. In 1988
the evaluation on 37 elements designated as the priority 1
was carried out. In 1989 the evaluation on 22 elements
designated as the priority 2 was performed. About 1,000
reaction cross sections have been evaluated for 57 elements
designated as the priority 1 and 2 up to 20 MeV. The file
will be finalized in 1990 and will be completed by March

1991.

2. Selection of elements and reactions
There are already big activation libraries USACT-88(2)
in the United States, and REAC—ECN—4(3) and UKACT1(4) in
Europe. In this situation we are aiming at more accurate
evaluation of important reactions to applications to fission
and fusion reactors than aiming at the evaluation as many as
reactions in these libraries. All elements below z=83 were
examined thoroughly from the point of the applications to
all kinds of fission and fusion reactors and accelerators
and were classified into three groups according to their
importance to the applications. The results of the
classification is given in Table 1.
In the selection of the activation cross sections the
following items and criteria have been employed:
(1) the half lives of target nuclides: longer than 1
day,
(2) the half lives of product nuclides: longer than 1
day.
(3) the threshold energies: lower than 18 MeV,
(4) the kind of reactions:(n,¥),(n,n'),(n,2n}),(n,3n),
(n,p),(n,d),(n,t), (n,np), (n,nd), (n,nt), (n, 2p),

{n,a}, (n, *He), (n,na).
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3. Evaluation methods and results
3 1 Elements with z<27(priority 1 and 2), Ga, ge(>)

The evaluation on all nuclides of these elements with
half lives longer than 1 day has been performed with the
same nuclear parameters as those used in the JENDL-3
evaluation with a few exceptions. Data for the reactions
which have already been evaluated in the JENDL-3 have been
employed in the JENDL activation cross section file.

For some nuclides evaluated total neutron cross
sections were found to have larger values than measured data
below several MeV. Up to now this kind of deficiency has
been found for the neutron total cross sections of 31P, 3,
K. For these nuclides the optical potential which reproduced
the measured values was searched and it was found that
Moldauer potential(e) with modified parameters was
appropriate. In Fig. 1 the total cross section of 31P
calculated with this potential is compared with JENDL-3 and
the experimental data. With this potential the evaluation of
activation cross sections is under way.

For the nuclides whose data have not been compiled in
JENDL-3 the new evaluation has been made. These elements are
1, Ga and Ge. An example of the evaluation on these
nuclides is shown in Fig. 2. The present evaluation is in

good agreement with experimental data.

3.2 Ni, As, Sr., Y, Ba, Sm, Eu, Gd, Tb, Er, Tm, Hf, wl7)

The evaluation on all stable nuclides of these elements
has been performed. As all data needed are available in
JENDL-3 for the nuclides which do not have isomeric states,
the data in JENDL~-3 were employed and compiled in the JENDL
activation cross section file. Oonly branching ratiocs between
the ground state and isomeric states have been calculated
with GNASH(S) and then the ground state and isomeric state
cross sections have been computed by combining the branching

ratios and the total reaction cross section in JENDL~3.
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Three examples are shown in Fig. 3 to Fig. 5. The agreement
between the evaluated and measured values is satisfactory.

From these figqures it is proved that the present evaluation

is reasonable.

3.3 Cu, Z2n, Zr, Nb, Mo, Pd, Ag, Cd, In, Sn, Sb, Dy, Ho, Ta,
Re, Os, Ir, Pb, Bi(7)

The evaluation on all stable isotopes of these elements
has been performed. All the cross sections which satisfy the
criteria described in Section 2 has been newly calculated
with the GNASH code. In the evaluation global optical model

parameters were used.
For neutrons, a modified Walter-Guss potential(g) was

used. Walter and Guss recommended their potential to be
applied above 23 in the target mass number and between 10
and 80 MeV in th neutron energy. To apply the potential
below 10 MeV neutron energy, the following surface
absorption term Ws(in MeV) was assumed between 0 and 20 MeV,
WS = 7.71 - 14.94(N-Z)/A.
This was determined so that the calculated non-elastic cross
sections agreed with the experimental data within 10 %

uncertainty.(lo)

For protons, the Perey potential(ll) and Walter-Guss
potential were used below 10 MeV and between 10 and 20 MeV,
respectively.

For alpha particles and deutrons, the Lemos set
modified by Arthur and Young(lz) and the Lohr-Haeberli
potentia1(13) were used, respectively.

For tritons and 3He, the Becchetti-Greenlees

potential(lé) was used.
The results of the evaluation on 662n(n,p)666u is shown

in Fig. 5. Experimental data is in good agreement with the
present evaluation.

In Fig. 6 the present evaluation of 95Mo(n,p)gSNb is
compared with the JENDL-3 evaluation and experimental data.

The JENDL-3 evaluation is 10% lower than the present
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evaluation and lower than the most measured data. The latest

measured data by H.Liskien et al.(ls) show no saturation.

Although H.Lieskin et al. asserted that there was no
contamination of other reactions, this behavior can be
explain by the jnclusion of the reaction 96Mo(n,d+np)95Nb to
this reaction, because both reactions produce the same
reaction preduct and H.Liskien et al. measured the cross
sections with the activation method using natural targets.
In Fig. 7 total 95Mo(n,p)gSNb cross sections + a X
96Mo(n,d+np)95Nb cross sections(where a is the abundance
ratio of the natural element between 95Mo and 96Mo) of the
present evaluation is compared with the total 95Mo(n,p)95Nb
cross sections measured by H.Liskien et al. The measured
cross sections are lower than the present evaluation, but
the energy dependence is very similar each other and both
show no saturation. The same situation exists in the
reaction 96Mo(n,p)96Nb, which is shown in Fig. 8, while the
evaluated data are in good agreement with other measured
data. This inference may be proved to be true, because the
reaction which has no contribution from other reactions
shows the saturated cross sections. An example is shown in
Fig. 9. In this case the evaluated data are in good
agreement with all measured data including the data by
H.Liskien et al.

The evaluation on 185Re(n,?§)18
measured data in Fig. 10. The data by Lindner et al.(ls) are

6Re is compared with

the cross sections corresponding to the ground state and
other two sets of the data are the total capture cross
sections. The evaluated values of the ground state cross
section reproduced the data by Lindner et al. very well.
Therefore the present evaluation is reasonable. To confirm
the reliability of the present evaluation the evaluated
total capture cross sections of natural Re are compared with
the latest measured values by Macklin(17) in Fig. 11. The
figqure shows that the evaluated data reproduced the data by

Macklin very well and the evaluation is reliable. The
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present evaluation of the capture cross sections was
performed using the CASTHY code(ls). Examples of the
evaluation on the cross sections of long-lived radionuclide
production are shown in Figs. 12 and 13. The cross sections
of 206Pb(n,Zn)zOSPb are in good agreement with measured |
data. Evaluated values of two cross sections for
2OgBi(n,Zn)zosBi and 209Bi(n,3n)207Bi reproduced measured

data very well.

4. Compilation format

Evaluated data have been compiled in ENDF/B-5 Format
File 10. For the capture cross sections, the data in the
resonance region were converted to 70 group cross sections
using the CRECTJ5 code(lg), were connected with evaluated
pointwise cross sections at an appropriate energy, the data
in the whole energy range from 10_5 eV to 20 MeV were set up
and ave been compiled. For other reactions the usual

pointwise c¢ross section data have been compiled.

5. Summary

The scope of the JENDL activation cross section file is
presented. The evaluation methods are described and a few
examples of the evaluated results were compared with
measured data. The present evaluated data are proved to be

reasonable and reliable.
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Table 1 Priority of materials required for activation file

Z Element Priority Z Element Priority Z Element Priority
1 H 1 29 Cu 1 57 La 3
2 He 2 30 Zn 2 58 Ce 3
3 Li 1 31 Ga 2 59 Pr 3
4 Be 1 32 Ge 2 60 Nd 3
5 B 1 33 As 2 61 Pm 3
6 c 1 34 Se 3 62 Sm 2
7 N 1 35 Br 3 63 Eu 1
8 0 1 36 Kr 3 64 Gd 1
9 F 2 37 Rb 3 65 Tb 2

10 Ne 3 38 Sr 2 &6 Dy 2

11 Na 1 39 Y 2 67 Ho 2

12 Mg 2 40 2r 1 68 Er 2

13 Al 1 41 Nb 1 69 Tm 2

14 s5i 1 42 Mo 1 70 Yb 3

15 P 2 43 Tc 3 71 Lu 3

16 ] 2 44 Ru 3 72 Hf 1

17 cl 2 45 Rh 3 73 Ta 1

18 Ar 1 46 Pd 2 74 W 1

19 K 2 47 Ag 1 75 Re 1

20 Ca 1 48 cd 1 76 Os 2

21 Sc 3 49 in 1 77 Ir 2

22 Ti 1 50 Sn 1 78 Pt 3

23 v 1 51 Sb 1 79 Au 3

24 Cr 1 52 Te 3 80 Hg 3

25 Mn 1 53 I 3 81 T1 3

26 Fe 1 54 Xe 3 82 Pb 1

27 Co 1 55 Cs 3 83 Bi i

28 Ni 1 56 Ba 1

Priority 1: 37 elements
Priority 2: 22 elements
Priority 3: 24 elements
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2.2.3 Present Status of Evaluation Work on Photonuclear Reaction Cross Sections

Norio Kishida'
and
Photonuclear Data Working Group

Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, JAPAN

Evaluation work of photonuclear reaction cross sections is in progress as an activity
in photonuclear data working group of JINDC. Now this group is evaluating the following
nuclides: C, N, O, Al, Ti, Fe, Cu, Ta, W, Pb, Bi and U. The photonuclear reaction
data file is to be construct using ENDF-VI format. We will store absorption, (v, zn},
(v,n), (7,2n) and (7,p) cross sections up to 140 MeV 1n that file. Tn addition, we will
store energy spectrum and angular distributions of emitted particles, too. Accumulation
of experimental cross sections has been completed. Evaluation for photo-absorption and
photoneutron excitation functions is in progress with the help of computer codes based

on some theoretical model.

1. Introduction

Recently nuclear data for photonuclear reactions are required in the following two field:
(1) shielding design of high-energy electron accelerators and {2) nuclear transmutation of
long-lived radioactive waste produced from nuclear fuel-cycle facilities.

In the former field, it is highly desirable to perform accurately shielding design of
an accelerator building in order to thin the shielding walls as much as possible. This
is because designers of the accelerators are always required to reduce the cost of those
construction. In high-energy electron accelerators, the shielding designers mainly ana-
lyzed behavior of electrons and hremsstrahlung photons until now. It is, however, clear
that neutrons from photonuclear reactions by the bremsstrhalung photons must be also
considered for the purpose of precise estimation of the influence of secondary radiations.

In the later field, the photonuclear data will be employed to estimate the precise
speed of nuclear transmutation from long-lived radioactive nuclides to short-lived or stable

fCentury Research Center Corp.
1-3-D17, Nakase, Chiba—shi, Chiba-ken, JAPAN
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ones. Hence, the evaluated photonuclear cross sections are basic data to conclude whether
o nuclear transmutation facilities can be practicaily realized or not.

From these demands for the photonuclear data, the working group to evaluate the
nuclear data for photonuclear reaction cross sections has been organized in April, 1988
under an activity in Japanese Nuclear Data Committee(JNDC).

2. Evaluation

2.1 Object Nuclides of the Evaluation

We intend to evaluate all of the natural isotopes, several transuranic nuclei{ TRU)
and some fission products(FP). Unfortunately, our group does not have large man-powers,
so we determined to divide the period of file constructioh into three periods. In the first
period, the following nuclides will be evaluated by 1992: C, N, O, Al, Ti, Fe, Cu, Ta, W,
Ph, Bi and U. In the second period, the following nuclides will be evaluated by 1996: H,
D, Be, Na, Si, Cl, Ar, K, Ca, Cr, Nj, Sr, Mo, Sn, Cs, Pt, Au, Th, Pu and Np. In the third
period, the remaining nuclides will be evaluated by 2000: We are planning to complete
the primary version of the photonuclear data file within 2 or 3 years.

2.2 Contents of the Photonuclear Data File

We have determined to construct the photonuclear data file using ENDF-6 format.
The following data types will be stored:

(1} total absorption cross sections(photonuclear cross sections) : Gans(Ey),
(2) photoneutron cross sections : ol(y, n)+ (v, pn) + (7. 2n) + - 1,

(3) photoneutron yield cross sections : ol(v, n) + (7, pn) +2(7, 2n) + -,
(4) photoproton cross sections : o[(y, p) + (v, pn) + {7, 2p) + -],

(5) photoproton yield cross sections : o[(y, p) + (v, pn)+ 20, 2p) + -],
(6) single neutron emission ¢ross sections : o((y, n)+ (v, pn)l,

(7) double neutron emission cross sections : o[(y, 2n) + (v, x2n)],

(8) neutron energy spectra : Ao
gy p ‘ dE ?

n

do
9Y proton energy spectra @ ——-,
9) p gy sp iE,
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(10) neutron angular distributions : %,
e do
(11) proton angular distributions : ——,
- aa,
20’
(12) neutron DDX : m, and
d’a
DX ——.
(13) proton D 0, dE,

In the energy region above the threshold energy of the (v, 7) reaction, experimental data
scarcely exist and it is very difficult to calculate theoretical cross-sections. For this reason,
we adopted 140 MeV as the maximum incident photon energy.

As for photonuclear activation cross sections, which are important quantity in the
maintenance of electron accelerators, we are planning to construct the photonuclear acti-
vation data file other than the photonuclear reaction data file.

2.3 Status of Experimental Data

We collect experimental photonuclear cross sections with the help of “Photonuclear
Data - Abstracts Sheets 1955 - 1983”1 and “Atlas of Photoneutron Cross Sections Ob-
tained with Monoenergetic Photons”.? Reference 1 exhausts all articles related to pho-
tonuclear experiments to have been performed before 1983. Reference 2 is the compilation
article collecting photoneutron excitation functions with monoenergetic photons in the gi-
ant dipole resonance region(E, is nearly less than 25 MeV).

We have known from both articles that the photoneutron excitation functions had
been measured in the giant resonance region for almost all of the nuclides to compose
structural and shielding material. But energy spectra and DDX of emitted particles were
scarcely measured in the entire energy region for nearly all of the nuclides. For a quasi
deuteron-effect region(E, is from near 25 MeV to near 140 MeV, which corresponds to the
(v, ) threshold energy), several photo-absorption and photoneutron excitation functions

have been reported in the literatures®*.

Anyhow we have understood that it is difficult to construct the photonuclear data

files using measured cross sections only.

2.4 Present Status of Evaluation Work

Collection of experimental data have been finished for nuclides of which cross sections are
being evaluated at the first period. In the giant resonance region, the photo-absorption
and photoneutron excitation functions are evaluated in such a way that we fit experimental

excitation curves to single or multiple Lorentz resonance curves. An example of such a
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fitting analysis® for *O(y, n) reaction is shown in Fig. 1. In the case of lack of or
no experimental data, the excitation functions are evaluated using a systematics® of the
giant dipole resonance. An example for *Fe(y, n) reaction is shown in Fig. 2.

In the quasi deuteron effect region, the excitation functions are evaluated by nor-
malizing a systematic excitation function” to experimental data.

Due to lack of experimental data, we stated previously that it is difficult to construct
the photonuclear data files using measured cross sections only. Hence we decided to
develop a computer prograi which calculates theoretical photonuclear cross sections such
a5 DDX and energy spectra. Its first version® completed last year.

The program consists of two parts, namely, one is the calculational part of the
absorption cross sections and the other is the part that calculates a decay process from
excited nuclei. The absorption cross sections are derived by utilizing experimental values
and those systematics. For the calcilation of decay process, We adopted a random walk
exciton model® and a statistical evaporation model'?.

Figure 3 shows comparison between the experiment—al?) and calculated excitation
functions for ">As in the giant resonace region. The program, which we call it MCPHOTO,
reproduces the ratio of (7, n) and (v, 2n) cross sections very well.

Figure 4 shows comparison between the experimental®) and calculated excitation
functions of six or more neutrons emission reaction for ™*Sn in the quasi deuteron effect
region. The calculated result'? by ALICE are also shown in Fig. 4 for reference. Both the
caleulations were performed for the 1195y target(taken as the average mass of the highly
abundant 118Sn and '?°Sn isotopes). Two codes reproduce the experimental excitation
functions very well and to nearly same extent. From these results, we believe that these

theoretical codes will play an important role in our evaluation work.

3. Summary

The evaluation status and plans of photonuclear data in photonuclear data working group
of INDC were briefly reviewed. The evaluation work begins just now, so the primary
version data file does not complete. We strongly expect that data types other than
excitation functions, especially energy spectra of emitted neutrons will be measured by a

number of experimentalists.
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2.2.4 Neutron Production Data by (c,n) Reaction and Spontaneous Fission

Yoshitaka NAITO
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, Japan
and
Ryuzo NAKASIMA
Hosei University
2-17-1, Fijimi, Chiyoda-ku, Tokyo, Japan

Neutron yield data by (o, n) reaction and spontaneous fission which are very
important for analyzing radiation shielding safety of storage and transportation
or safe handling of spent fuel, were collected and evaluated to obtain the
recommended values and their accuracy. As for thick target neutron yield from
(o, n) reactions, experimental data by Bair and Gomez del Campo, West and
Sherwood, Jacobs and Liskien, and Stelson and McGowan were compiled in the
present evaluation work. The discrepancies between them are discussed
referring available evaluation works by Nakasima and Heaton et al. Neutron
yield which have not been obtained experimentally were calculated using the
experimental data on (a, n) excitation functions and the stopping powers
published by Ziegler. As for neutron yield data from spontaneous fission,
recommended values by S. Raman were adopted in the present work. Neutron
energy spectra were also collected as well as neutron yields data. These data are
compiled in this Data Book with theoretical explanation. Neutron generation
data of many kind of materials will be obtained by using this Book.

1. Introduction
In discussing the fuel cycle problem such as storage, transportation or safe

handling of the spent fuel, one of the important nuclear data is that on neutron
yield produced in (o, n) reaction by o-particles and spontaneous fission of various
actinide nuclides cumulated in spent fuel. These data are essential for
evaluating radiation shielding safety of fuel cycle facilities and fuel transport
casks. Recently, high burnup fuels are so often treated that it may be worthy to
present the extensively evaluated neutron yield data in tabular form together with
the detailed explanation as shown in Table 1.
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The thick target neutron yield from (ct, n) reaction have been measured
directly by Bair and Gomez del Campo(V), West and Sherwood(2), Jacobs and
Liskien(®), and Stelson and McGowan@). These experimental data are used
preferably in the present evaluation work, although some discrepancies are seen
between them as shown in Fig. 1. In adopting the recommendable values, the
available evaluation works by Liskien and Paulsen®), Nakasima(®, and Heaton et
a1.(D are referred as well as those calculated by using the experimental data on
(a, n) excitation functions and the stopping powers published by Ziegler(®,
However, the most of the (a, n) excitation functions at low incident energies show
the resonance structure which makes the uncertainty of the calculated neutron
yield large. In spite of this uncertainty, the errors of the thick target neutron
yields tabulated in the present work are considered to be not so large in the most
cases, since the uncertainty in the resonance region has little effect on the yield at
higher incident energy where the neutron yield is much larger than that in the
resonance region. Furthermore, it is expected that the uncertainty could be
reduced considerably by taking the small energy mesh (interval) in numerical

integration.
The data on energy spectra of neutrons from thick target (o, n) reactions are

based on those measured by J acobs and Liskien. The differential neutron yields
are determined by renormalizing the integrated energy spectra to neutron yields
measured by West and Sherwood or by Heaton et al..

As for neutron yield data from spontaneous fission, recommended values by
S Raman® are used in present work. ~Neutron energy spectrum of spontaneous
fission is assumed to be Maxwellian whose neutron temperature is the same as
that of ENDF/B-IV or -V. |

The above data are compiled in a data book with theoretical explanation.
This work was performed by Working Group on Evaluation for Generation and
Depletion of Nuclides of J NDC.

2. Contents of the Data Book.
The contents of the Data Book for calculating neutron yield by (e, n) reaction

and spontaneous fission are shown in Table 1. As shown in this Table, many
data are collected under the following standpoints;

a) age measured and evaluated the data being new,

b) number of material being many on which the data have been measured and

evaluated,



JAERI-M 91—-032

and
¢) energy range of the data being wide.
Eighty a-emitters are selected; 41 heavy nuclides and 39 daughters of them.

Forty target materials are selected; 10 nuclides, 22 elements, 7 compounds and 1
mixture

Name of target materials, energy range measured and references are shown
in Table 2. As shown in this table, measured data are collected from 4 reports
produced by Bair and Gomez del Campo (1979), West and Sherwood (1982), Jacobs
and Liskien (1983), and Stelson and McGowan (1964), and evaluated data are
collected from 3 reports produced by Liskien and Paulsen (1977), Nakasima (1982),
and Heaton et al(1989).

In Fig. 1, adopted data are compared with other data. From these data, we
can evaluate the integrity of adopted data. Neutron yields from spontaneous
fissions are compiled from those recommended by S. Raman (1976) which are

shown in Table 3. Summary data of neutron yields from spontaneous fissions
and (¢, n) reactions are shown in Table 4 which is a final production of present

work. With this table we can easily obtain neutron yield data on many kind of a-
emitters and target materials. Data for neutron energy spectra of 7 elements (B,
C, O, F, Mg, Al, Si) and 2 compounds (AlsO3, Si0O2) are collected from the report
produced by Jacobs. An example is shown in Fig. 2.

Neutron energy spectrum from spontaneous fission is expressed by following

equations;

Egr
¢SF = Vg - Ny - 1024 1n2 M(E)E
Ty, 5

M(E) = —n{%_;Eyzexp(-%)

where, data on VgF and Ty/2(SF) are shown in the report by S. Raman, and
neutron temperature Ts are obtained from ENDF/B-IV and -V or modified
Terrell's formula. In Fig. 3, solid line shows Terrell's formula and dotted line is
a modified Terrell's formula which is adopted in the present work.

Neutron yields of compounds are obtained by following simplified formula.

> f(E)
- . £ Y{(E)
YyE)=N | 24— dE -~
JZ Nf; S(E) J IR L/
0
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In this formulation, S{(E)YSi{(E) is assumed to be independent of energy. This
assumption was supported by surveying the energy dependence of stopping power
S(E) of each nuclide. With this formulation, (e, n) yield of compounds BN and
UO3 are obtained and compared with those of measured ones. As shown in
Table 5, calculated values show a good agreement with those of measured ones.
(o, n) yields of the elements whose yields have not been measured, are able to
be introduced with (o, n) cross section obtained by evaporation model and with
stopping powér from Ziegler's formula. The (a, n) yields obtained with such a
way are compared with Heaton's data.  As shown in Fig. 4, the energy
dependence of (¢, n) yields by present way shows similar as that of Heaton's.
Errors of (¢, n) yields were evaluated. As shown in Fig. 5, estimated errors
depend upon incident energy of u-particle and the values are between a few % and

20 %.

3. Conclusion

Data for calculating neutron yields were compiled. The data book will be
published in near future. The (o, n) vields not measured are calculated with («,
n) cross sections which have been evaluating at Sigma committee. When more
accurate (., n) cross section will be obtained and the estimation on (&, n) yields
will be more accurate, this data book will be hoped to be revised. The (a, n) yields
of compounds can be estimated with the data book. We hope the estimated
results will be evaluated with experimental data.
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Table 1 Contents of the data book

1. Intreduction

2. Derivation of Neutron Yields

2.1 Definition
2.1.1 Q-value of ¢-decay
2.1.2 Emitted a-energies
2.1.3 o-intensity ¢4 by Parent Nuclei m grams
2.1.4 Q-value of {tr, n) Reacticn
2.1.5 Thresheld Energy of (&, n) Reaction
2.1.6 {a, n) Neutron Yield for Thick Target
9.1.7 Neutron Yield from Spontaneous Fission

2.2 Method of Calculation
2.2.1 Selection of w-emitter
2.2,2 Effective Mean-a-energies
2.2.9 Sources of Measured and Evaluated (i, n} Yield Data
2.2.4 Selection of u-target and (g, n) Yield Data Sources
295 (Caleulation Method of (&, n) Yield by Various g-energy
2.2.6 Caleulation of (&, n) Neutron Energy Spectra

3. Data Cellection
3.1 Neutron Yield Based on Measurements and Evaluations
3.2 Neutren Energy Spectra
3.2.1 Neutron Energy Spectra Based on (g, n) Measurements
3.2.2 Neutron Energy Spectra by Spontaneous Fission
3.3 (o, n) Neutron Yields for Mixture
3.3.1 Approximated Formulae of He Stopping Power
3.3.2 Approximated Formulae of {a, n) Yield for Thick Target Mixture
3.4 Derivation of (g, n) Yields for Unmeasured Elements

4, Estimated Errors
4.1 Errors for Neutron Yields ; (z, n) Reaction and Spontanecus Fission
4.1.1 Errors for (¢, n} Neutron Yields
4.1.2 Errors for Spentaneous Fission Neutron Yields
4.2 Errors for Neutron Energy Spectra
4.3 Errors for {g, n) Neutron Yields for Mixture

5. Summary
References
Appendix
A. Data Table from Original Sources ; Thick Target (@, n) Yield, (¢, n) Neutron Energy
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2.3 Progress of Nuclear Reaction Theories

2.3.1 Review of Statistical Models for Nuclear Reactions

Sin—11ti Il garasi
Nuecl ear Energy Data Center

Tokai—-mura, Naka—gun, [ baraki—KkKen

Abstract: Statistical model calculations have been widely performed for nuclear
data evaluations. These were based on the models of Hauser-Feshbach, Weisskopf-
Ewing and their modifications. Since the 1940s, non-compound nuclear phenomena
have been observed, and stimulated many nuclear physicists to study compound and
non-compound nuclear reaction mechanisms. Concerning compound nuclear reactions,
they investigated problems on the basis of fundamental properties of S-matrix
statistical distributions of resonance pole parameters, random matrix elements
of the nuclear Hamiltonian, and so forth. They have presented many sophisticated
results. But old statistical models have been still useful, because these models
were simple and easily utilizable. In this report, these old and new models will

be briefly reviwed with a purpose of application to nuclear data evaluation, and

examine applicability of the new models.

1. Intreduction

Statistical models for nuclear reactions have been widely used in nuclear data
evaluation. Evaporation model''2' and Hauser-Feshbach formula®’ are particularly
popular. They were formulated on the basis of the famous Bohr's hypothesis®’ on
compound nuclear process. It was described as independence of formation and de-
cay of the compound nucleus{CN), and characterized by factorizaticn of these two
factors. This simple formuia was expanded recently into a triple integral®'®’ by
using Gaussian Orthogonal Ensemble{GOE). In this report, a brief review on these
developments from Hauser-Feshbach formula to GOE will be tried from a viewpoint
of application to the nuclear data evaluation. Chronology from the 1930s to the
1980s is shown in Table I.

In the 1950s, single particle phenomena were discovered, and were explained by

99

using new models such as shell model”™ ®'., optical model®’ and direct interaction

(DI) model!®’. <{oncepts on these are completely different from that of the old
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evaporation model. Intermediate structure in rescnance phenomena and precompound
reactions were observed, furthermore, in the 1960s.

In background of these observation, various studies have been made to lay the
theoretical foundation of CN, to combine CN and DI, and tc reformulate the cross
section for practical application. In particular, Moldauer!! 12-%37 studied the
N cross section in terms of resonance formula. He described the cross section
by using pole expansion of S-matrix. He took a statistical S-matrix which has a
uniform distribution of the pole parameters. This method presented, however, a
complicated cross—-section formula. This may be due fo unitarity of the S-matrix
which does not allow any simple distribution of the pole parameters'?’.

Iln the 1970s, there was considerable evoiution in the theoretical approach cn
CN. Kawai et al.'® argued the effect of DI to the cross section of CN, relaxing

the unitarity condition of the S$S-matrix. This stimulated theoretical investiga-

tion on CN from the viewpoint of basic property of the S-matrix. Using K-matrix

177 studied CN cross

which secures unitarity of the S-matrix, Hofmann et al.'®
section evaluating the K-matrix parameters numerically as random variables. They
examined correlations of the S-matrix parameters through those of the K-matrix
parameters, and showed that one could make the S-matrix transform a ne¥ one that
has the same properties as the fermer in the absence of DI. They obtained the CN
cross section with parametrized elastic enhancement factor.

Moldauer studied numerically the distribution of the S-matrix pole parameters
by using the K-matrix®-'®', and obtained some important ocutcome concerning the
distribution of the parameters. He derived M-cancellation scheme, and formulated
the CN cross section with resonance level-width fluctuation correction-factor'®:
19,280 yhich was parametrized. Although his derivation was very complicated, this
formula of the CN cross section seems to be useful for nuclear data evaluation.

More plausible, rigorous and fundamental derivation of the CN cross section has
been done®’ %’ recently by using Gaussian Orthogonal Ensemble (GOE) method?!-22)
in which matrix elements of the nuclear Hamiltonian are randem and ohey Gaussian
orthogonal distribution 1aw?2-2% Since this formula has triple integration, it
is not necessarily clear from its analytical form whether or not the sum of the
partial cross sections is equal to the total reaction cross section. [t is very
important for nuclear data evaluation that the conservation of the cross section
is satisfied, and this will be shown later numerically.

In the next section, a brief survey on average crcss sections, basic character

of S-matrix and their relation is presented. Using these relations, the Hauser-
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Feshbach formula can be derived, although the original cne was obtained by the
reciprocity theorem and detailed balance. No discussion on it will be done, but
a short and primitive introduction for width fluctuation correction factors will
be given in the section 3.

From z standpoint of nuclear data evaluation for JENDL, it is indispensable to
present Moldauer model in this report. Computer codes for statistical model cal-
culations for JENDL, which were made by the present author, were constructed based
on his model as well as Hauser-Feshbach formula. In section 4, his effort will

be introduced.

In section 5, modern development on CN i{s briefly viewed, and finally example

of numerical calculation with S-matrix two-point function®'®’ is presented

2. Average Cross Sections and S-matrix

Differential reaction cross section is given, with usual notations®? 2°:28) 45
fellows,
e D@D i LA
+i§m: |j'zr:n~1'mv (lllom[I ljim,) {I' Ilml'ml‘l i my)
X (jlmymy, | IND ( Tmymy, | TMD
X e (8,077 _ngj]fa'j'l']ew?Yl’ml, Q0 1° (2.1)

For reaction independent of Coulomb scattering amplitude fcour (Q ) ,the cToss
section is
o (a—a’) =(z/ k2T g’ uirtigi’ S i it ?, (2.2)
Omitting trivial factors and using simple notations like a=(a j1JII), Eq {2.2)
is presented hereafter as
gab=| Sab—Sav|?. (2.%)
Time teversal invariance of Schrodinger equation and conservation of probability
flux make the S-matrix symmetric and unitary:
Sab=Sbs . (2.4}
SS*=8"8=1 . (2.9
Assuming simple distribution and applying orthogonal transfermation for pole

parameters from R-matrix formalism®®-2®’, the S-matrix can be written as
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Sab:Sabw)‘HZ Eia8in (2. 6)

.1
E;L_I?TA_E

where

g, =e"/2P, X Th.7.s
=2 | 8 | 2/N;
NA:Z | Ta | =
Since the number of resonances A is taken to be infinitely large, Sa'® o will

be assumed as a constant.

Average cross sections are defined as follows by using average and fluctuating

parts of the S-matrix,

Coar>=0ap' P+ oapC (2.7)
0ar ™ =] 6ar—<San> |5, (2.8)
G s =< | Sap'F 2> (7.9)
SabF'=8ss—<Ssp> (z.10)

and
<Sep>=8ap'H (7 /D) <g ag > . (2.11)

3. Extension of Hauser-Feshbach Formula
Ceneralized transmission coefficients Tso are defined?™  using the average S-
matrix:
Tan= (<SS FI8FI*>) 4
=8ap—2<S2c>< S > . (3.1)
These relations are reduced to those for the usual optical model, if o ap‘?’=
that is < Sap>=0 for a#b. The transmission coefficients Ta for the optical
model are
Ta=1—{<Saa>|%. (3.2)
Formation cross section of the CN (o c(a)) is obtained by summing o ap‘®’ with
respect to the exit channels b, if < Sap>=0 for a#b. Furthermore, it is easily
seen that Eq.{3.2) is equal to the formation cross section ocla).
The evaporation model and Hauser-Feshbach formula are given symbolically by us-
ing Eq. (3.2} as
C"abrC)zTaT.b/T . (3.3)
where
T:%Tc .

Original works by Weisskopf-Ewing'’and Hauser-Feshbach®' who introduced Eq. (3. %)
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were based on the Bohr s hypothesis on the CN and detailed balance. If Eq.(3.3)
is factorized by two factors and Ta=o c{a) is used, one can derive Eq. {3.8). It
is equivalent to a formal derivation of the Bauser-Feshbach formula based on the
Bohr' s hypothesis and unitarity of the S-matrix. More sophisticated and modern
derivations!? 1227 have been done by using the S-matrix. In such derivations,
some correction factors were added to Eq. (3.3) depending on the assumptions con-
cerning distribution of the pole parameters in the S-matrix.

In the regicn of isolated resonances (['<&D), partial widths T <= "'4g o | 2
are distributed in accordance with a x» % law?®’ with a degree of freedom of 1
This is called Porter-Thomas distribution, and was most used in the nuclear data
evaluation for JENDL. In general, Eg.{3.3) is modified by multiplying the width
fluctuation correction factor (WFCF) Wab, because the partial widths fluctuate

with » (=1) degrees of freedom. General formula®® %317 for Wap in this case

is

+=l “a t)(1+ ”t)H(l-LzECt) (3.4)
where £,=<T,> /< T >. There is an important relation between Was and Ta;
STe {1 —Wae) =0 . (3.5)
This relation implies that Wap is not necessarily smaller than unity for a#b,
and raises the contribution from a channel with smaller T. and reduces it from
a channel with larger To (see Table 2).

In the Tegion of I'>> D, the WFCP was discussed by many authors!® 18.17.32.337

and was given as (1-& ab) with some conditions. Agassi et al.®%’

mentioned that
it was true, if the life-time of the CN was longer enough than equilibrium time
for internal states. Vager®2?’ had presented it, in the strong absorption limit,

with the symmetry of the S-matrix.

4. Moldauer Model

Moldauer examined the CN cross section by introducing a statistical S-matrix.
It was assumed that the pole parameters of the S-matrix distributed uniformly,
their statistical properties were the same outside the energy interval as in it
where the energy averages of a model S-matrix were taken, and the number of res-

43

onances was infinite. He took the two-level correlation function® between the

resonance levels, and
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< g aa B oAb~ :6ab<g;,az> , (4.].)
for level-width correlation.

His cross section formula was given as

Tap' ' =<8,0p,// 0> —Mas , (4. 2)
§here Map is a function of < ®.> given by an ensemble average of
| Oxa=27 | 8xa | *Na/D . (4.3)
The modified transmission coefficient <®a> can be cbtained by using Ta2:
<B,>—Q (©) <8,;>8//4=T, . (4. 4)

The two-level correlation is included in the factor Q (©) which is connected
with the factor Mav.

Moldauer' s formula Eq. (4.2) is completely different from Eq. (3.3), because of
Mas. He investigated the reason behind the differences by taking account of the
unitarity of the S-matrix'® '®’. The factor Mab can be given with the S-matrix
pole parameters, and is related with the factor Q (®) ,if the direct reaction
is negligibly smatl'®’. 7

Map=Q (©) <8,>274 . (4. 5)

It can be further expressed'®’ by summing the exit channels b as

%Mab:ZED“'<NALg”|2>—Ta. (4. 6)
The first term in the right hand side of Eq.{4.5) is given as follows, by using
the unitarity of the S-matrix;

272D < | gasl2>=Ta (1 —-Ta) 178 . 4.1
Since Nx= 1, this relation implies that ¥ Mas becomes infinity, if Ta=1.
Hence, there may be some channels with large values of Map, Q (®) and <O.:>.
Table 3 shows an example of Q (©) and <83>.. In comparison with Ta in Table
7. the modified transmission ccefficients <©®a> are generally larger than the
formers. It means probably that Eq. (4.2) gives subtraction betwesen large values
of two terms for some channels with large <©®a,>. In fact, effect of Q-factors
did not clearly appear in numerical calculations®®’.

Using a simple model in which plural equivalent channels were taken account of
Moldauer investigated M-cancellation'®’. He showed with numerical investigations
that the channel-channel correlations from the S-matrix unitarity and the level-
level correlations conspired to cancel large non-Hauser-Feshbach terms. Finally,

he presented the following formula®®’ with effective degrees of freedom v for

x 2 distribution of Te:

ve =1, 78+ (Tc'-22-0, 78) exp (—0. 228T) . (4.8)
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TnT 2 o ] 2T ) ~bac—bpc—rell
N Y*b (1-p ”-énb) X JE a&j{l (1-P Vc;;A) ' (4. 9)

Ya

This must be one of the applicable formulas for nuclear data evaluation.

5. Some Other Modern Formulas

Kawai et al.'® studied the effect of DI to the CN reactions. Sinece DI brought
a complicated correlation < ga28s:>7# 0 for a # b, they revrote the S-matrix

as follows,
Sab<E) =< Sap>
+i E'@Aa(E)’EAb(E)/(EA—i (L2 —E) . (5. 1)

They assumed < Baa®ab>=0,and gave the following characteristics to the pole
parameters:
(1) fluctuations of total width I, were omitted,
(2) energy dependence of Bxa was neglected partly ,
(3) real and imaginary parts of ®»: were the uncorrelated random variables
with normal distribution law.
Using these properties, they derived the relation,
<82 P8 g P >=XeeXoat+Xsg Xbe , (5.2)
which was proposed by Vager®2’,as an extension of Satchler’ s factorization®™, in
order to keep the symmetry of Sabv'F’ when the effect of DI to the CN was taken
Combining Fq. (5.2) with Eq. (3.1), the CN cross section can be obtained;
Gan'®= (1 +8av) TaTv, /T, if T >>D, (5.3)
In their derivation of these equations, they did not use the unitarity of the
S-matrix, but the average unitarity Eq. (3.1). Hence, their theory brought up the
matter of investigations of the unitarity of the S-matrix.
117

Tepel et al'®’ and Hofmann et a . for example, studied the CN cress section

using the K-matrix to avoid difficulty about the pole expansion of the S-matrix.
They tried several numerical calculations assuming the K-matrix parameters to be

random variables. Their CN cross section may be written below;

gab' ' =XaXoWap X , (5. 4)
where X,::g X, and
Wab:1+5ab (Waafl)- (5.5)

Summing up this on b and combining with Eq. (3. 1),
Ta=Xa+ (Xae/x)‘(Waa_:l) . (56)
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This should be sclved by iteration
Tepel et al. gave
Wes=1+2 (1 +T."2) "1, (5.1
and Hofmann et al. did, with the arithmetic mean << T > of all Tas
Waam 1 +2 (1 +Ta8-3015TesTy =i 0 ((T,—<T>) /T)?2. (5.7
These should be also examined whether or not they are applicable to the nuclear
data evaluation.

The most exciting development of the CN cross-secticn formula has been made by
Heidelberg group® 8. Their theory is based on the Gaussian Orthogonal Ensenmble
initiated by Wigner2!»22:23'  They made the S-matrix whose pole parameters were
functional variables of matrix elements of the Hamiltonian which were assumed to
follow the Gaussian orthogonal distribution law. Since their derivation is very
complicated and hard, only the CN cross-section formula is presented here. [t is
a little modified from the S-matrix two-point function which is published in the

original papers®-®’:

}.(1—}.) ‘ }Llilz |
[Al(l+ﬁ-1)lz(1+}~z>]UQ(A *34)2(3- +112)2

as

g (CJ:%S:dZIS:dlzﬁdl

1—T.A

A A
% : 1 2
I} A+TADA+ T A

{ﬁab(l_’ra)(m"]r 1+Ta7~2

o 22. 2 ; }Ll(l_ll) B
I—Ta )+ Qo) | AT 00+ T

. (1 +25) , 22(1—-4) N (5.8)

A+ T U+ Thy)  (A=TA) (1 Tph)

Table 4 shows examples of numerical calculation. Sum of the two cross sections
o ce and ¢ in for three options agrees with each other. This agreement is one of
the important check-points for nuclear data evaluation, because the total cross
section calculated with the optical model should be equal to ;he sum of the par-
+ia] cross sections. As three fold integration must be done in GOE calculations,
undesirable cumulative errors may be larger than those for the other two cases.
Therefore, this voint should be carefully taken into account.

Another important point is CPU-time for the calculation. For GOE, it is 30-40
times larger than the Hauser-Feshbach calculation with or without WFCF. Although

these matters must be resolved, Eq. (5.8) is surely one of the applicable tocls.
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6. Concluding Remarkes

Development of the statistical model for nuclear reaction was briefly reviewed
from the standpoint of the nuclear data evaluation. Since too many Interesting
and applicable papers existed, only a few were presented in this review.

For the nuclear dataz evaluation, the Hauser-Feshbach and Moldauer models have
been widely used. Moldauer developed his theory by assuming a uniform distribu-
tion of the S-matrix pole parameters. Although Eq. (4£.2) was complicated and has
difficulty, his final formuola, Egq. (4.8), may be useful for applicatioen.

After Kawai et al. studied the effect of DI to CN with loose unitarity of the
S-matrix, this problem has been investigated by many authors. Most of them took
the K-matrix to keep the unitarity of the S-matrix, and formulated the CN cross
sections by applying the unitary transformation to the S-matrix. In this review,
only the CN cross sections proposed by Tepel et al. and Hofmann et al. were in-
troduced.

Finally, a rigorous and magnificent formula presented by the Heidelberg group
was introduced. Some examples of the numerical calculations were shown, and com-
pared with the Hauser-Feshbach with and without WFCF. Because this formula is a
triple integration, there may be some problems to be rescived in order to apply

to the nuclear data evaluation.
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Table 1 {Continued)

Yea Events and Related Matters

19 s h ach, Porter and Weisskopf
an 1l ysed the neutron total
cr 5 8 sections with optical
m o el

19 ign r studied lev 1 spacing
d i tribution wi h Ha ilto ian
matrix of random wvariable

19 rter and Thomas presented x°?
d i tribution 1l aw for partial
le el width

19 es er calculated level width
fluct ation correction ffects
ne an Lynn also studied the
fluctuation correction

19 icson predicted statistical
fluctuations in non—averaged

r ss sections

19 de son and Won observed
is baric analog states

19 idorov observed precompound
r e ctions

19 lbrow and Barschall measured
al o] precompound processes

19 1 d uer formulated compound
nu lear cross sections based
on statistical S—matrix

19 bson gave theory on isobaric
analog resonances

19 iffin analysed precompound
nuclear reactions
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Table 1 {Continued)
Year vents and Related Matters
1967 Feshbach t al (FKL) formulated
i terme iate structure of
n clear cross sections
19760 Aus ern fomulated dire t inter—
a tio heory
19871 Vag r s owe d relation etween
symmet ¢ of S—-matrix and
elastic enhancement actor
1973 Eng Il brec t an We i enmul 1l er
s owed it fficulty of S—matriXx
P L e pa ameter distribution
! w o du t o its unita ity
The studied also the ffect f
direct nteraction
Kawa i et 1. (KKM) inve tigate
direct nteraction effe t t
[ mpoun nuclear pro e s s
1975 Hof ann e al, and others studied
C mpoun nuclear cro S section
numeric 11y using K—-matrilx
Aga s i e t al formulat d nucl ar
r actions with rando matri
Mol auer tudied numer cally
M—canece [ation schem
1977 Gru pelaa and Reffo r viewed
width f uctuation correctio
1978 Kre schme and Wangler obtained
e perimentally Wa=2., 090, 14
1979 Mel o studied fluctuation cross
s ction with ensemble of
S—-matri e s




Table 1
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(Continued)

Years E n t and Related Matters
1980 Fes ch t al, (FKK? tformuiated
t st istical theory of
mu i— ep compound and direct
r e ti s
1981 Brod et 1 reviewed random~-
ma ix hysics
1985 Mel 1l e t 1 applied information
t h ry o nuclear reactions
Verhbd rs ot et al, formulated
o n p o t and two—poin
s - r es with GOE o¢f random
Ha Lt ian
Table 2 Example of Wap: 1lst Level of Cr-52(2+) : E=1.5 MeV
] Il la b Ta Thb Wab
0. 5 -+ 0+ 2 - 0. 9489 3, 29—4 0. 95¢C
0. 5 + 0+ 2+ 0. 9489 9, 06 -4 0. 937
0. b I - 1+ 0. 131 3. 54 -3 0. 754
1. 5 -+ 2 - 0+ 0, 544 0. 653 0. 501
1. 5 + 2 - 2 - 0. 544 3. 29— 1. 040
1. 5 + 2 - 2+ 0. 544 9. 06— 1. 053
1. 5 - 1+ 1- 0. 157 3. 17—-3 0. 756
1. 5 - 1+ 1+ 6. 157 3. 64—-3 0. 750
2. b + 2+ 0+ 0. 382 0. 653 0. 509
2, 5 + 2+ 2 - 0. 382 3. 29—-4 1, 159
2. 6 + 2 + 2+ 0. 382 9. 06 -4 1. 152
2. 5 - 3 - 1-— 7. 12-3 3. 17—-3 0. 583
2. 5 - 3 - 1+ 7.12-3 3. 54-3 0. 568
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Table 3 Example of QJ: 1st level of Cr-52(2+) E=1.5 MeV

J I 14 b O B QY
0. b5 + 0+ 2 - 1. 65 3. 29— 1. 9031
0. 5 + 0+ 2+ 1, 65 G, 04— 1. 031
0. b 1 — 1+ g, 140 3. b4-—-3 1., 806
1. 5 -+ 2 - g+ 0. 666 0. 85 2 1. 160
1. 5 2 — 2 — 0. 666 3., 29—-4 1., 100
1. B + 2 - 2+ 0. 666 9, 04 —4 1. 100
1. 5 - 1 + 1 - 0. 170 3. 17—3 1. 773
1. 5 - 1 + 1+ 0. 170 3. 54—-3 1. 773
2. b + 2+ 0+ 0. 438 0. 876 1. 164
2. B + 2+ 2 - 0. 438 3. 28 —4 1, 164
2. 5 + 2+ 2 + 0. 438 9, 06— 4 1. 164
2, 5 - 3 - 1 - 7. 14-—3 3., 17-—-3 1, 9689
2. 5 - 3 - 1+ 7. 143 3. 54-—-3 1. 969
Table 4a Comparison of cross sections Fe—>6 En=3.0 MeV (5 levels)

H~-F Fluc. GOE

o ce (D) 0. 34492 0. 66114 0. 56719

¢ in (b} 1. 16649 0. 8506 9 0. 94340
Time 0 10 0 17 3 79

{sec)

Table 4b Comparison of cross sections Cr-52 Ep=3.0 MeV (5 levels)

H-F Fluc, GOE
g ce (b) 0. 37647 0. 67530 0. 59086
7 in (b) 0., 93778 0, 63895 0. 72261
Time 0. 10 0. 15 2. 96
{sec)
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2.3.2 Composite Particle Emission in Preequilibrium Process
— Reminiscing Work Done in Collaboration
with the Late Dr. Kichinosuke Harada —

A. lwamoto
Japan Atomic Energy Research Institute
Tokal-mura, Naka-gun, Ibaraki-ken

Works on light particle emission in preequilibium nuclear reaction which were done in
collaboration with the late Dr. Kichinosuke Harada are roviewed. Basic idea for the
formalism for emission of composite particle is given first, followed by the numerical
calculations for energy spectra under this formalism. Secondly, we will discuss the
formalism for the energy-angle double differential cross section which takes into account the
conservation of the linear momentum explicitty,.  This formalism is applied to both the

nucleon and composite particle emission in numerical calculations.

1. Introduction
Dr. Kichinosuke Harada, certainly one of the most prominent nuclear physicists in our

age, died on 9 February 1980 at his home in Yono City. He was 59 years oid. He gained his
reputation early by his work on alpha decay theory, which clarified an Important role of
nuclear pairing for the process and is now regarded -as classic. Since then, he had been a
very active and energetic physicists at Japan Atomic Energy Research Institute and even
after his retirement, he never lost his interest in this field. We cannot forget, however, his
achievements as director of the Department of Physics of JAERL. He successfully constructed
JAERI Tandem Accelerator in spite of many difficuities. He brought together and nurtured
many physicists at JAERL He was also active as chairman of Sigma committee and
contributed much to the nuclear data community. | personally learned much from him
through our collaboration on theoretical nuclear physics, which lasted more than 15 years.
It Is Impossible to describe all of his activiies here, even [f we limit his contribution to
theoretical nuclear physics only and thus | will focus on one of our works briefly. Our
collaboration was done mainly In the field of nuclear fission and heavy jon reactions, but for
soveral years we were involved in the theory of preequilibrium nuclear reactions. I will
choose this as the topic of this meeting.because this field Is also important in the nuclear data
activity,

Exciton model has been used widsly as a practical tool to calculate the energy spectra of
fight particles emitted in the nuclear reaction which leaves the residual nucleus in its
continuum state. |t works rather well for the nucleon emission Iinduced by nucleons or light

composite particles. Typical examples are nucleon inelastic and charge-exchange reactions .
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For the case of composite-particle induced reactions, such as («,p) or (a.n) reaction, the
situation is nearly the same if we can assume that the incident particle breaks up into
nucleons in the field of target nucleus, although there [s some ambiguity as to what is the
initial exciton number, The situation is quite different for the composite-particle emission
reactions, such as (p,«) and (n,c), because we have to arrange several nucleons to form the
composite partice in this case. We thought some existing models had problems and thus
7formulated a new modsl for the reaction, which will be described in Sec.2.

As to the angular distributions in the exciton model, there was a model of fast particle at
that ime. The modsi tock into account of the change of the direcion of momentum for the
particle in the continuum In the framework of exciton model. The nucleon-nucleon collision
in this model Is treated by free N-N scattering and thus the effects of Fermi motion and Pauli
blocking were not taken into account. To remove such defects and to get results that
reproduce experimental angular distributions better, we developed a new formalism  of
exciton model in which correct kinematics, as well as the Fermi motion effect and the Pauli
blocking effect,is taken Into account. This new modal and related problems will be discussed

in Sec.3.
Finally in Sec.4, we will give a brief summary of our works .

2. Mschanism of composite particle emission in exciton medel
Original exciton model is formulated [1] assuming statistical distribution of nucleons and
Fermi-gas model. Therefore, we have to extend the formalism In order to apply it to the
emission of composite particles such as « particle. One method to achieve this is a preformed
alpha model.[2] in which a particles are assumed to be preformed in the ground state of the
target nucleus . Alpha particle in this model is treated as a-exciton and the amount of pre-
formed « is treaied as a parameter. One problem of this model is that the value of this
parameter determined from ﬂttihg to data is too large compared to the microscopic
calculation of o spectroscopic factor for the ground-state wave functions. Another problem
is the difficulties for reproducing the high momentum component of a spectra.. To reproduce
the data, it is necessary to assume that preformed « have moderate amount of high energy
component, which Is hard to justify because « is belleved to be weakly bound in the target
nucleus. Other models which do not assume the preformed a Is either conceptually hard to
justify or the calculated results differ from the data so much. Therefore, we developed a new
model which could overcome difficulties mentioned above.[3,4]
The basic emission rate expression W for the particle x from n-exciton state is given by
(x) w(P”nXsth)

N(g) = 25+l
W-I(l (e Tl:szﬁs Hx€0;p o(p,0,E) s (1)
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where s is the spin, p the reduced mass and ¢ is the energy of the emitted particle. Capture
cross section for the particle x Is denoted by cr(a’& and @ Is the level density formula for a
fixed particle and hote numbers. Symbel p stands for the particle number, h the hole
number and ny Is the number of constituent nucleons for the particle x which is 1 for
nucleon emission and 4 for o emission. The excitation energy of the compound nucleus Iis E
and that of the residue is U. Our concem Is the factor ny which reduces the probability for
composite particle drastically because the reduction of particle number for the residual
nuclsus causes a drastic reduction of the level density.of the residue. ©On the other hand, the
experimental (p,a) cross section, for example, has far more larger than the results
calculated by eq.(1). It means that the naive application of the exciton model is unsuccessful
for composite particle emission.
Our idea is to change the expression (1) to the one given by

- ) Om ()
Wotan © = B Hs0 i FLa @ ™ @

where Fim () is the formation factor for the composite particle and @aqm (U) is the level
density for the residue after the nparticle emission. The meaning of | and m are the
followings: Equation (1) means that the composite particle x, whose number of the
constituent particles Is ny, is formed from the nucleons in particle state In eq.(2), on the
other hand, we assume that the composite particle is formed from l-particles above the
Fermi level and and m-particles below and l+m=ny. It represents a process of pick-up type
reaction where m particles are picked-up not from excitons but from unexcited single-
particle levels. In the case of « emission, ny is 4 and we show in Fig.1 an fllustration of 4
processes which lead to o emission. In the figure, the process (d) is nomal exciton-model
process calculated by eq.(1). Other three processes are new and they are included in 8q.(2).

The formation factor F represents the possibilites to form the particle of energy e from
the configuration that |-particles are above the Fermi level and m below, Thus it can be
calculated by the overlap integral between the wave function of the compound nucleus and the
wave function of the particle-plus-residus, i.e., spectroscopic factor.  This calculation was
done in terms of the harmonic oscillator wave function [S], but it required a large scale
numerical calculations, because there are so many components. We develcped an alternative
method of calculating this F in which we can calculate it by the classical phase space

Integration base on the Fermi-gas model. We can get closed form expressions for Fim(g) in

this model, although the expressions are length one. The important feature of F is that
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&, Fm@ ©
holds for any & In Fig.2, we show this formation factor for o emission. From this figure,
we see that when the emission energy is high, most of « emitted are composed of 4 particles
above the Fermi level, ie., a normal exciton process. But as energy decreases, the pick-up
type components become more important and below a fixed energy, only pick-up type
components contributs..

The emission rate expression (2) was incorporated into the standard exciton model
formalism and numerical calculations were done for many preequilibrium reactions. Among
them, we will show in Fig.3, the proton induced reactions on 187 Au {4]. The calculations
were done only for the preequifibrium component of the energy spectra and thus we should
add the equilibrium component to compare with the experimentai data. As is shown in the
figure, we could get an overall qualitative agreement with the data although we didn't include
any fitting parameter. Especlally, the high energy component of alpha and triton  particles
are reproduced well. Though the high energy component of deutron and 3He Is not well
reproduced, cause of which might be a direct pick-up process which Is not included in the
exciton model, the relative ratio of the cross section was waell reproduced. The calculations
were done for many reactions and we could get similar quality of fitling to data.

From these caiculations, we demonstrated the importance of the pick-up type reactions in
the high energy spectra of composite particles. The formulation for the process was donse in

line with the standard exciton model picture, without introducing the pre-formed composite

particles.

3. Refinement of the double differential cross section
To calculate the angular distributions in preequilibrium reactions, an generalization of
exciton modsl was proposed [6,7]. In that model, the original master equation which

determines the evolution of the probability was written In the form,

m m.

%q(nﬂt) = E ] dQ’ q(mQ YWy .o (Q —Q) - q(ngt){): [ dQ'w, o (Q—Q) + Wa ), (4

where gq(nQt) Is the probability that the state is in n-exciton state at tme t and the
direction of the "fast’ particle is Q Whpon(Q' =) represents the ftransition rate from the

m-exciton state to the n-exciton state assoclated with the change of the direction of the

particle @' —Q. Wp represents the total emission rate of the particle,



JAERT—M 91-—032

As eq.(4) shows, the quantity Wo-n(Q'—Q) s independent of the energy of the "fast’

particle and Its angular dependence is calculated from the uniform distribution for the s-
wave fres nucleon-nucleon scattering in the center-of-mass coordinate. In this respect, the
effect of the Fermi motion of nucleons In the target nucleus is neglected and no Pauli blocking
offect is taken into account In order to include these offects, we should include the energy of
the “fast' particle as a dynamical variable as woll as the scattering direction. Thus we
extended the formalism of the generalized exciton model as follows [8t:

We extended the master equation (1) to the form

ﬁq(ngst) = Z J dﬂ’f de’ q(mQ'ehwy, ,,(Q2'e"—~Q2€)

m

(5)

- q(ant¥{ ) [ d.Q’[ de'w,n(Qe—Q'e)+ Wo,
m

where q(nQet) is the probabllity that the state Is In n-exciton state at time t and the

direction and energy of the "fast’ particle are Qand e  Accordingly, Wyn(Q'E'—Q8 s

generalized to the transition rate associated with the change of energy as well as the direction

for the "fast’ particle. By the inclusion of e as a new variable, we could introduce the Fermi

motion and Pauli blocking seffects in the transition rate expression.

In Fig.4, we show the change of the shape of energy spectra for the incident nucleon of 62
MeV after the collision of the Fermi-gas of the target nuclsus. The shapes of the spectra
after n-th collision are shown by curves with circled n. Whereas the spectra after the first
collision is wide and direct-reaction like, they change to statistical like after several
collisions.

With this generalized transition rate expression, we solved the master equation (5). By
the use of the Legendre polynomial expansion technique, the numerical calculation Is

simplified much. From the solution of eq.(5), the energy-angle double differential cross
section Is obtained directly without any fiting parameter. In Fig.5, we show one of the
results of numerical calculations based on the formallsm [8]. It is a proton angular

distribution induced by 62 MeV proton on 209 g;, As is seen in the figure, our results are
rather good except for the backward angles and angles near zero degree. Main reascn for the
discrepancy in backward angle s that the high momentum components in nuclear Fermi
motion is not taken into account fully in the Fermi-gas model we adopted. In other words, the
many body correlation of the target nucleus is important to the backward cross section. In

fact, when we replace the Fermi-gas distribution used to calculate Wm-.n(g'ﬁ'—’ﬂe) by the

momentum distribution of harmonic oscillator wave function [9], we got a much enhanced
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backward cross section. It is caused because by confining nucleons in a single-particle
potential, the momenium distribution of nucleons is spread to higher energies and the
colllslon of the incident particle with these high-momentum component produces a backward
componsents, The problem of the discrepancy near zero degree Is another problem and
complete solution is not yet achieved.

Weo also formulated a double differential cress section for the emission of composite
particles. In this case, due to the averaging procedure used in the formalism, the calculated
results reprodu_ce the data well, including backward angels and near zero degree angels. One

example is given in Fig.6 for the 62 MeV 209 Bi(p, «) reaction [8] where we could get an

overall good reproduction of the data.

4., Summary and conclusions
In Secs.2 and 3, we reviewed our works on the exciton model. What we added as new

knowledge to this field are: 1) Exciton model can be generalized to the composite particle
emission naturally and it can reproduce the main feature of the data without any fitting
parameter. Physically Important process In this model is the pick-up type reaction which
occurs In relatively small exciton state. 2) Generalized exciton model can be extended to
calculate the energy-angle double differential cross section, In which the Fermi motion and
the Pauli blocking effects are properly taken into account This formalism can be applied
also to the double differential cross section for the composite particle emission.

There are several problems left which should be soived in future, e.g., the problem of
deutron energy spectra menticned in Sec.2 and the most forward angular  distribution
mentioned in Sec.3. Also interesting is the preequillbrium particle emission in heavy ion
reactions. A frial was done [10] and the results were promising. But It needs more studies

before the method becomes a standard one like the exciton modal in light ion reactions.
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2.4 Topics-2

2.4.1 International Cooperation in Nuclear Data Evaluation Activities

Y. Kanda
Department of Energy Conversion Engineering,
) Kyushu University
Kasuga, Fukuoka 816, Japan

A history of international cooperation of nuclear data community is briefly reviewed
and the present activities are outlined. Detailed description concerned can be found in
the reports of Igarasil!l and Kikuchil?).

In 1964, the network of nuclear data information exchange was established by
connecting the following four data centers: The USA National Nuclear Data Center
at Brookhaven National Laboratory, USA, The NEA Data Bank at Saclay, France,
The USSR Nuclear Data Center at the Fiziko-Energeticheskij Institut, Obninsk, Soviet
Union, and the IAEA Nuclear Data Section at Vienna, Austria. Japan belongs to the
NEA Data Bank Group as a member country of OECD. One of the main cooperative
activities is the compilation and publication of CINDA, the Computer Index of Neutron
Data which contains bibliographical references to neutron nuclear data. Numerical
data of the references listed in CINDA can be obtained in a common exchange format
called EXFOR. CINDA and EXFOR data have been valuably used in the nuclear data
evaluation.

There are four main nuclear data evaluation projects in the OECD countries; the
JENDL in Japan, the ENDF/B in USA, and JEF and DFF in Western Europe. They
have inherent and individual histories. However, they have the same object. It has been
discussed for several years that the evaluators in these projects cooperate to produce a
common nuclear data file. As a result, agreement was reached in October 1989 to estab-
lish a Working Group on Evaluation Cooperation sponsored by the NEA Committee on
Reactor Physics (NEACRP) and the NEA Nuclear Data Committee (NEANDC). The

working group selected following six high priority tasks;

1) intercomparison of evaluations for *2Cr, ¢Fe and 58 Ni

2) generation of covariance files for % Fe and *'Fe
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3) actinide data in the thermal energy range
4) 2387 capture and inelastic scattering cross sections
5) 239Pu fission cross section from 1 to 100 keV

)

6) delayed neutron data benchmarking

They are progressing by organizing individually the six sub-working groups. A
few reports on their outcome will be presented in International Conference on Nuclear
Data for Science and Technology held on 13-17 May 1991 at Jilich, Federal Republic

of Germany.
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2.4.2 The Life Devoted to Nuclear Bata and Reactor Physics
— Shungo lijima (Sept. 22, 1930 ~ Nov. 14, 1990)

Toru Murata
Nucliear Engineering Laboratory
Toshiba Corporation
4-1 Ukishima-cho,Kawasaki-ku,Kawasaki,

210, Japan

Shungo Iijima died of pneu-
monia caused by lung cancer on
November 14, 1990 at the age
of 60. His death was great sad
te ail those who engaged 1in
nuclear data and reactor phy-
sics in Japan.

After graduation from master
course of Faculty of Science,
Gakushuin University,he enter-
ed doctor course of Faculty of

Science, The University of To-

kvyo and studied thecoretical

s

- 3 nuclear physics. ©On 1959, he
[k.S.Mhna found employment Witﬁ Nippon
Atomic Industry Group, and engaged in researches on re
actor physics and nuclear data evaluation. He was a me
mber of Japan Nuclear Data Committee from the establis
hment of the committee.

In the field of reactor physics,his early works
were studies on light water reactor criticality and
resonance absorption, which was done during his stay
at ORNL in 1962. He also had interests on thermal
neutron scattering law and lattice dynamics.

After these works, he engaged in nuclear design of

fast breeder reactor and made nuclear data set for

— 10t —
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the design. He finished up the data set by analyzing
the experimental results of JAERI Fast Critical
Assembly. Wth the data set, nuclear design of the
experimental fast reactor "JOYO" was made
successfully. As a private companies’' project, he

promoted the analysis of experimental results of

"MOZART Program' for the nuclear design of the
prototype fast ~reactor "MONJU" and also "JUPITER
Program" for the conceptual . study of the
demonstration fast reactor, which programs were

conducted by PNC. At the final stage of reactor
physics research, he studied feasibility of burning
TRYU using fusion reactor,and obtained the conclusion
that a fusion reactor would burn the amounts of TRU
discharged from several tens of LWRs.

In the field of nuclear data, Shungo Iijima was one
of the most energetic promoter of the nuclear data
activity in Japan. He had good abilities of nuclear
physics and reactor physics, and more than anvthing
else, had strong interest in nuclear data evaluation.

For JENDL, he played an important part in the
evaluation such as fission products, structural
material and thermal neutron scattering law. As
working group leader, he established, for fission
product nuclides, the systematic method of cross
section evaluation, and was awarded with the
technical prize by Atomic Energy Society of Japan in
1976. He prepared doctral thesis about a study on

parameters of fast neutron cross section calculation

for fission product nuclides, and tock a degree of
doctor of engineering in 1983. For the evaluation
works of JENDL-2, some evaluaters were awarded with

the special prize by Atomic Energy Society of Japan
“in 1985, he was nominated as one of main
contributors. In the course of JENDL evaluation, he
played important rcles to assist some troubled
evaluaters and to organize to solve problenms such as

discrepancy bhetween preliminary evaluated wvalues and
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integral data.

In addition to JENDL evaluation, his activity of
nuclear data was directed toward the areas cother than
nuclear reactor, such as nuclear fuel cycle,particle
accelerator and medical use. He 1nvestigated these
area as leader of the task force, and made foundation
of the present working group activity of Nuclear Data
Evaluation Committee of JNDC.

His passing was a great loss to us all.

List of Shunge Iijima's Main Publicatrions

{For simplification, names of co-author are omitted.)
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2.5 Topics-3

2.5.1 Review of Evaluation in the Medium Energy Region

Tokio FUKAHORI

Nuclear Data Center, Jspan Atomic Energy Research Imstitute,

Tokai-mura, Naka-gun, Ibaraki, 319-11 Japan

Medium energy nuclear data in the 1-1000 MeV range is necessary to
accelerator shielding design, spallation neutron sources, medical isotope
production, radiation therapy, and space applications. For the design of
fission and fusion reactors, the nuclear data files for neutroms below 20
MeV are available and well evaluated. Nuclear data for protons and data in
the medium energy region, however, have not been prepared completely. In
this paper, the evaluation of neutron and proton induced nuclear data im the

ZOBP 209

medium energy region has been reviewed using the example of b and Bi.

1. Introduction

Many applications, such as spallation neutron sources for radioactive
waste treatment, accelerator design, medical isotope production, radiation
therapy, the effects of space radiation on astronauts and their equipments,
and the cosmic history of meteorites and other galactic substances, need
medium energy nuclear data in the 1-1000 MeV range. For the design of

fission and fusion reactors, the nuclear data f{les for neutron below 20 MeV

are well evaluated such as JENDL-31), ENDF/B-VIZ), and so on. Nuclear data

for proton and data in the medium emnergy region, however, have not been
prepared completely, except those for iron3).

Evaluation in the medium energy region wmight be performed by using
theoretical calculation codes or based on experimental data. The calcula-

tion codes usable at the medium energy are HETCA) using Monte Carlo tech-

niques based on intranuclear cascade models), ALICEé) and GNASH7) using

)

using systematics for

9)

neutron emission cross sections. They were compared by Pearlstein in

evaporation and preequilibrium theory, and PNEM8

calculated results and running time. ALICE has been modified to ALICE-P by

10)

Pearlstein3) and for this study the 1989 version of ALICE was modified to

ALICE-P. The modifications consist mainly of changes in optical model
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parameters and the calculation of inverse cross sections. The ALICE-P
variables and parameters referred to this report are same in the ALICE.

In this paper, the evaluation of neutron and proton induced nuclear
data has been reviewed using the example of 208Pb and 20gBi evaluation with
mainly ALICE-P and nuclear systematics. A methodical search for the best
ALICE-P parameters have been carried out. ALICE-P has default optioms for
the mass formula, level density formula, mean free path, exciton starting
points for preequilibrium calculation and some systematics for nucleon
emission spectra. The combination of these options and parameters was
compared with the Pearlstein's systematics for neutron emission spectra.
Experimental data of fission cross section for several isotopes near lead 1in

the energy range from 50 MeV to 9 GeV were reviewed, and new systematics for

the fission cross section was derived.

2. Consideration of Mass Calculations

ALICE-P code has a default opticn for mass calculation. The calculated
results for isotope production cross sections could not reproduce most parts
of the experimental data, especially at threshold energies. On the other
hand, the ten latest mass formula have been introduced in the Atomic Data
and Nuclear Data Tables (vol.39, No.2 (1988)). The comparison of the ten
mass values and the binding energies calculated by using them were performed

as well as the ALICE-P options. The comparison of the mass values calculat-

ed by Pape & Antonyil), Dussel et al.lz), Moller & Nixls), Moller et 31'14),

Comay et al.ls), Stapathy & Nayak16), Tachibana et 31.17), Spanier &

Johannsonls), Janecke & Massonlg), and Masson & Janeckezo) with the experi-
21)

mental data of Wapstra et al. was performed for all mass ranges using as
criteria for suitability the chi-square, the largest ratio different between
mass formula and Wapstra mass, and availability to predict mass values and
binding energies necessary for ALICE-P calculations.

The mass formulas of Moller & Nix, and Moller et al. have larger
chi-square values than the others. The small difference between the wvalues
of mass formula and Wapstra was given by Pape & Antony, Dussel et al., Comay
et al. and Janecke & Masson. The results of the mass values near Bi, which
are the isotopes necessary for ALICE-P calculation of proton induced reac-
tions in a 209Bi target, i.e. 2=76-84, 22 isotopes for each Z, are almost
satisfied except for those masses of Pape & Antony. The calculated results

of the binding energies compared with those calculated from the Wapstra's
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show the values of Pape & Antony, and Satpathy & Nayak are not acceptable.
The mass formulas of Pape & Antony, Dussel et al., Moller & Nix, Spanier &
Johannson, and Masson & Janecke are mnot acceptable since they can not
predict all binding energies needed. From the above discussion, the pre-
dicted values of Janecke & Masson is closer to Wapstra's than the others and

can reproduce the experimental data.

3. The Sensitivities of Parameters

ALICE-P has default options but a lot of options can be selected by
users. However, it is difficult to decide what values are suitable to the
individual problems. The options except mass formula in order teo adjust or
get the final values for evaluation still remains to be selected. Firstly,
the sensitivities of the options and parameters were considered by using the
experimental data of neutron double differential cross sections (DDX) and

angular integrated mneutron emission spectra (SDX) for 209Bi22)

208Pb23-28)‘ The summary of these parameters are imn Table 1. The consid-

and

ered parameters were level density parameter (a=A/PLD), and excitom starting
points (TD, EX1, EX2) and the calculated muitiplier of mean free path
(1.0+COST) in ALICE-P. The formulations of level density, which were Fermi
Gas Model, the method of Ramamurthyzg) and Liquid Drop Model, were compared,
and the difference of results calculated by ALICE-P, the systematics of

30,31) and Pearlstein was examined.

Kalback-Mann
The results of comparison between three methods for level density
illustrate that the differences are very small, especially the results of
the Ramamurthy's and the liquid drop model are almost same in this case.
The formulation of level density does not affect the results at least in the
case of targets in the lead region and high proton incident energies. The
results of comparison between three values of level density parameter
(a=A/PLD) for three method, are similar to each other. Although the calcu-
lated results tend to have smaller gradient with smaller PLD, they have
similar shapes and the difference is only a few percents. The calculations
of DDX and SDX are not sensitive to the choice of level density parameter.
The effect of different initial exciton number (TD) is that the shape
of cross section depends on the TD value and the gradient of curve is
smaller while the TD value is smaller. The shape of TD=3.0 is the most

suitable to experimental data. The examination results of the dependence on

neutron fraction to initial exaction number (EX1) for TD=3.0 show the larger
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value of EX1 gives larger neutron emission CYoss section. It is reasonable
since EX1 is the fraction of neutrons. However, the effect is not very big.

For the correction factors to ALICE-P calculation for the calculated
mean free path multiplier {1.0+COST), larger values of COST gives a flatter
shape and this parameter influences the shape. The shape for COST=0.0 seems
to be the best fit to experimental data.

The angular distributions using the systematics of Kalback-Mann and
Pearlstein were compared with the ALICE-P calculation and experimental data
in Fig.1. The results of the Kalback-Mann systematics have a similar
overall shape to the ALICE-P calculation. The systematics of Pearlstein
gives much closer values to measured cross sections than the others.

The similar study has been performed by comparing the results with the
experimental data of isotope production cross sections for 2098132-40). As
the result of comparison between three methods for level. density, the
differences are small, except for the low incident energy region of (p,n)
reaction. However, the Ramamurthy and liquid drop medel give similar
results even for the (p,pxn) reactions with large x values. The choice of
level density formula does not affect the results cf (p,xn) reactions, and
the effect continues to (p,pxn) reactions with larger x values and probably
higher multiplicity particle emission reactions. The results of comparison
between three values of level density parameter for three methods, show that
they have similar shapes and the difference is only a few percents, although
the calculates cross sections tend to have smaller gradient in smaller PLD.
The isotope production cross section is not sensitive to level density
parameter although the results for more particle emission give the rather
big differences, about 5%.

The difference from initial exciton number is shown in Fig.2. 1In the
case of (p,xn) reactiom cross section larger values give sharper peaks and
the values of cross sections decrease according to the energy increase
rapidly. The peak values are smaller while the TD is smaller. In the case
of (p,pxn), the situation is similar, except the peak values are larger with
smaller TD with small x values. The shape of TD=3.0 is the most suitable to
them. TFigure 3 shows the dependence of neutron fraction to initial exciton
number for TD=3.0. The larger value of EX1 gives larger (p,xn) cross
section and smaller (p,pxn) cross sections.

The larger value of the calculated mean free path multiplier gives

larger cross sections in the case of less particle emission and smaller in
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that of more particle emission. In the case of (p,pxn), the peak energy
shifts with increasing COST value, especially higher x values. This parame-
ter affects to the shape and useful to change the fraction of isotope
production cross sections, such as that of (p,xn) and (p,pxn) cross sections
according to x value.

The results by using systematics of Kalback-Mann and Pearlstein were

compared with the ALICE-P calculation. Three methods give much close values

of isotope production cross section.

4. The Study of New Systematics for Fission Cross Section

The calculation of fission cross section by ALICE-P takes & lot of
time. Researching experimental data of fissicn cross section for several
isotopes at the energy range from 50 MeV to 9 GeV, and parameter search of
fitting equations to reproduce the experimental data have been performed.

For the fitting equation, the following was selected.
= P(1)*[ 1-exp{-P(2)*(Ep-P(3))}] (1)

where § is the fission cross section in mb, Ep is the proton energy in MeV,
and P is the fitting parameter. In attaching pictorial meanings to the
parameters in eq.(1), P(1) is the saturating cross-section, P(3)} is the
apparent threshold energy, and P(2) is the saturating rate. The experimen-

tal data and the fitted results are summarized in Tables 2 and 3, for 208Pb

and 2OgBi, respectively. The fitted results are summarized in Table 4 by

using the experimental dat341_55).
Based on above parameterization, a study of creating systematics was
carries out. For the parameters P(i}, the follow1ng systematics was con51d-

ered, since they are almost on the linear line as the function of Z /A in

semi-log plot;

p(1) = A2 Prexp[Q(1)*22/A+Q(2) ] (2-1)
p(2) = A2 rexpQ(3)¥2%/A4Q(4)]*107° (2-2)
p(3) = A2/ PrexplQ(5)¥22/A+Q(6)] (2-3)

where Q(1i) are fitting parameters, 7 is the atomic number, and A is the mass
number. The factors Zz/A and A2/3 physically mean proton form-factor and

surface terms, respectively. The weighting function was chosen unity
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{equal weight), since the results of parameters (P(i)) for each isotope were
cbtained from much different number of measurements and the parameter errors
were not according to them.

The fitted results except for W were used for the systematics study of
eqs.(2), since the result for W did not appear to be part of the same
systematics. The result of systematics and chi-square per freedom are shown
in Table 5. Figure & shows the systematics with the best fit parameters.
In Figs. 5 and 6 the fission cross sections for 208Pb and 2OgBi calculated
by systematics are shown. The systematics gives the good agreement with the
experimental data below 1 GeV. The mneutron induced fission was found to be
about 1/2 proton induced fission in the case of 2OgBi. Therefore, in

generating the neutron library, the fission cross section was taken to be

1/2 the proton induced value.

5. Calculated Results

2

Based on previous discussions, the nuclear data of 208Pb and OgBi for

proton and neutron incident reaction at the energy region 10-5 eV to 1 GeV
were calculated by using ALICE-P and systematics. For the neutron incident
data below 20 MeV, ENDF/B-VI dataSG) were  adopted. TFor proton and for
neutron above 20 MeV, the total (for neutron), elastic and reaction cross

)

sections are calculated by the ALICE-P optical model3 . Elastic scattering

)

angular distributions are based on a diffraction model57 amended for

relativistic effects and empirical fits to high energy data. The calculated

results that make up the final evaluation together with experimental data

are shown in Figs. 7-14.

6. Conclusion

The ALICE-P calculation was performed using values discussed above.
The calculations using systematics of Pearlstein have good overall agreement
with the magnitude and shape for the DDX and SDX experimental data. The
study of systematics for fission cross section in the region of 29<22/A<33
have been performed. The systematics can reproduces the experimental data
below 1 GeV. With this systematics, the fission cross sections, which do
not have experimental data, can be obtained below 1 GeV in this mass region.

At this time, ALICE-P, Pearlstein's systematics and systematics for
fission cross section are useful to calculated and/or evaluated the medium

energy data. However, more investigation for the theoretical and
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systematics calculations igs necessary to evaluate nuclear data satisfying
many applications. It might he optical model potential, level density

formula, creating more suitable model and systematics, etc.
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Table 1 The summary of examined parameters

LDOPT PLD D EX1 EX2 COsT IADST ESYS

Level Density (Fermi Gas Hodel)

0*x ~ 9.0* 3.0% 0.82% 1.18%* 0.0* 1* 250%

0* 8.0 3.0% 0.82% 1.18*% 0.0* 1* 250%

0* 10.0 3.0% .82+ 1.18%* 0.0% 1* 250%*
Level Density (Ramamurthy)

1 9.0+ 3.0% 0.82% 1.18%* 0.0% 1= 25Q%

1 8.0 3.0% 0.82% 1.18%* 0.0%* 1* 250%*

1 10.0 3.0% 0.82* 1.18%* 0.0* 1* 250*
Level Density (M-S Liquid Drop Model)

2 9.0% 3.0+ 0.82*% 1.18% 0.0* 1* 250%*

2 8.0 3.0% .82« 1.18% Q.0% 1% 250%

2 10.0 3.0% 0.82* 1.18%* 0.0% 1* 250%*
Exciton Starting Peints (TD=3.0) ‘

O* 9.0%* 3.0% 0.82% 1.18+% 0.0% 1* 250%

O* 9.0% 3.0% 0.90 1.10 0.0=* 1* 250%

o* 9.0% 3.0 0.70 1.30 0.0* 1* 250*
Exciton Starting Points (TD=3.0)

Q%* 9.0 3.0 1.20  1.80 0.0+ 1% 250%*

0* 9.0% 3.0 1.10 1.90 0.0+ 1* 250+

Oo* 9.0% 5.0 1.30 1.70 0.0+ 1* 250%*
Excit on Starting Points (TD=7.0)

Q* 9.0* 7.0 1.60 2.40 0.0* 1% 250%

O* 9.0* 7.0 1.80 2.20 0.0* 1% 250%

g* 9.0* 7.0 1.40 2.60 0.0* 1* 250*

Calculated Multiplier of Mean Free Path

0=* 9.0% 3.0% 0.82% 1.18% 0.0* 1x 230*
0* 9.0% 3.0% 0.82+ 1.18* 0.5 1* 250%*
O* 9.0% 3.0% 0.82* 1.18* 1.0 1* 250%*
Systematics
ALICE-P 0* 9.0+ 3.0% 0.82* 1.18% 0.0+ 1* 900
¥alback-Mann 0% 9.0* 3.0% 0.82* 1,18% 0.0* 3 900
Pearlstein 0% 9.0% 3.0% 0.82% 1.18%* 0.0* 1+ 50

* ALICE-P and PEND6 default values. PEND6 is the compilation code from
the calculated results of ALICE-P to ENDF-6 format.
LDOPT : the selection of the level density formula.

PLD : input valuable for level density parameter (a=A/PLD).

TD : exciton starting peint.

EX1 : the fraction of neutron for particle exciton.

EX2 . the fraction of proton for particle exciton.

COST : the multiplication factor for the calculated mean. free path (1.0+COST).

IADST : the selection of the systematics for particle emission spectra.
ESYS : the border energy to use Pearlstein’'s systematics. Above ESYS [HeV],
Pearlstein’s systematics is automatically choosen in the code PENDE.
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Table 2 Experimental data and fitted results for Pb-208
POINT b D D-ERROR ref. FIT FIT-ERROR
1 7.000E+Q1 1.38CE.01 8.000E-01 i1 1.419E+Cl 1.766E-02
2 1.000E+02  3.6502+01  1.500E.00 41 3,287E.01  3.743E-02
3 1.500E+02  4.600E+01  &.CO0E.00 45  5.985E.01  9.763E-02
4 1.5508.02  6.230E.01  1.600E.00 41 6.207E.01  7.763E-02
S 2.000E+02  7.S50E.01  3.100E+00 4l 7.945E.01 1.068E-01
§  2.800E.02  1.060E+02  1.100E.01 45 1.013E.02 1.284E-01
7 3.600E+02  1.000E+02  5.000E.01 45 1.152E.02 1.850E-01
] 3.9008.01  1.3C0E+02 1.500E+01 45 1,190E.02 1.548E-01
g 5.900%.01  1.440E.02 1.800E.01 46 1,330E.02 1.939E-01
10 6.000E-02  1.340£,02 1.800E+01 43 1.334E.02 2.104E-01
11 §.000E+0Z  1.440E+02 2.000E.01 52 1.334E.02 1.957E-01
1Z  6.600E+02 1.210E+02  2.000E+01 i5 1.351E.02 2. 444E-01
13 1.000E+03 1.320E+02  1.10QE+01 51 1.390E.02 2.524E-01
14 1.000E+Q3 1,470E+02 1.400E+01 51 1.390E+02 2.347E-01
15 2.000E+Q3 1.350E.02 1.000E+01 52 1.337E.02 2.454E-01
16  2,900E.+03 1.450E+02  2.300E+0Q1 46 1.397E.02 2.289E-01
17 3.000E+0Q3 1.350E+02 1.600E+01 52 1.397E.02 2.516E-01
YARIANCE = g8.63
CHISGUARE PER DEG OF FREEDOH- 0.922
Table 3 Experimental data and fitted results for Bi-209
POINT x ) D-ERROR ref. FIT FIT-ERRGR
1  7.000E+01  5.190E+01  3.40CE.00 41 5.%72E.01  6.925E-01
2 1.000E.02 1.014E+02 6.500E+00 i1 B.496E.01 7.461E-01
3 1.320E+02  1.250E+02  6.250E+01 a2 1.111E+D2  9.419E-01
4  1.600E+02  9.300E+01  4.650£.01 45 1.168E+02  1.360E.00
5  1.500E+02  1.030E+02  1,200E.01 435 1.236E+02  1.325E.00
6  1.540E.02  1.450E+02  7.250E.01 47 1.261£+02  9.665E-01
7 1,550E402  1.364E+02  4.500£.00 41 1.26BE+02  1.0}4E.00Q
8 1.580E+02  1.470E+02  7.3150E+C1 42 1.287E+0Z  9.771E-01
§  1.760E+02  1,570E+02  7.850E+01 47 1.393E+02  1.001E.00
10 1.820E+02  1.470E+02  7.350E+01 42 1.426E+02  1.095E.00
11 1.920E+02  1.470E+02  7.350E.Cl 42 1.478E.02 1.131E.00
12 2.000E+02  1.589E+02  6.900E.00 il 1.518E+02 1.049E:00
13 2.17QE+02 1.730E.02 8.650E+01 42 1.595E+062 1.013E.00
14 1.320E402  1.5350E+02  7.750E401 42 1.657€.02 1.14BE+00
15 2.420E+02  1.500E.02  7.500E.01 44 1.695E.C2 1.191E.80
16  2.520E.02  1,750E.02  B.750E+01 47 1.730E.02 1.021E+00
17 2,620E.02  1.900E+02  §.500E.01 42 1.764E.02 9.368E-01
18 2.800E+0Z  1.660E.02  1.100E.Q1 45 1.819E+02 1.056E+00
19 2.880E+0Z  2.020E+0Z  1.010E.02 42 1.B41E.02  B.594E-01
20 1.02GE.(2 1.8708+02  9.330E+01 &1 1,BJSE.02  9.086E-01
21 3.03CE.02 1.600E+02  B.0QOE.Ot A4 1.B81E+02  1,060E.00
22 3.360E.02 1.970E+02  9.850E.01 42 1,955E.0Z  B.027E-01
23 3.550E.02 1.600E+02  B.0OGOE.OL &4 1,992E.02  9.39BE-01
24 3.73GE.02 1.7002.02  B.500EsQ1 44 2.022E.02  B.383E-01
15  3.900E.02 1.700E+02 1.500E+01 45 1.048E.02  7.932E-01
26 4.270£.02 1.900E+02  9.500E+Q1 44 2.096E+02  6.203E-01
27 4.500E+02  2.000£402  1.0C0E+01 i4 2.121E.02  5.375E-01
26 4.500E+02  2.200E+02  1,100E.01 44 2.121E.02  4.B86E-OL
29 4.500E+D2  1.100E+02  4.000E+01 46 2.171E407  3.119E-01
30 . 4.800E+02  2.140E+02  2,000E+01 45 1.14BE402  4.417E-01
31 5.640E.02  2.190E+02  2.000E+0l &5 2.201E.02  2.903E-01
32 5.300E+02  2.130E+02 1.073E+01 45 2.2I3E+02  2.604E-01
33 5.9008+402  I1.170E+02  2.500E+01 46 2.213E.02  2.580E-01
34 6.000E+02 2.200€.02 1.0C0E.0L FY] 2.217E.02 2.050E-01
35 6.000E+02  1.160E.02  B.000E.0D 47 2.217E+02  2.088E-01
6 §,600E+02 2.180E+02 2.000E+0L 43 2.236E.02 1.609£-01
7 1.000E+03 1.900E+02 4.000E+C1 hs 2.273E.02 1.305E-01
38 1.000E.0)  2.620E.02  5.000E+01 48 2,173E.+02 1.445E-01
39 1.000E+03  2.900E.0Z  &,000E.01 49 2.273E.01 1.306E-01
40  1.000E.0)  2.700£.02  4.000E+01 46  1.27BE.02  1.445E-01
41 2.000E+Q] 2.350E+02 4.00QE.01 48 2.27BE+02 1.5J0E-01
42 2.000E.03 1.700E+02 4.000E.01 49 2.278E.Q2 1.445E-01
43 2.900E.+03 2.270E.02 3.300E.01 46 2.27BE+02 1.,7192-01
44 31.000E.02 2.130E.02 4.000E+01 %] 1.278E.02 1.812£-01
45 3.000E.03 1.B00E+02 4.000E,01 46 1.278E+02 1.394E-01
46  S5.000E+03  1.800E.02  4.000E.01 89 2.178E.02 1.394£-01
47 $.000E+03 1.700E+02 4.000E.0OL 11 1.278E.02 1.445E-01
43  9.000E.03  2.700E.02  4.000E.01 49 2.2JBE.02 1.445E-01
VARIANCE = 26.1
CHISQUARE FER DEG OF FREEDOH- 0.941
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Table 4 The summary of fitted parameters and their corrilation

Isotopes P(1) P(2) P(3)*1.E+3
B Ta-lal o 24.5 += 2.5
-0.31 190.0 +- 19.0
-0.75 -0.34 1.52 +- 0.01
v 6.1 +— 0.1
0.00 50.1 +- 4.6
-0.44 0.08 1,67 +- 0.04
Re 13.7 +- 1.1
0.12 140.0 +=- 7.0
-0.66 0.1¢6 1.51 +- 0.07
Pt 62.3 +- 0.1
0.15 94.4 +- 0.6
-0.53 0.20 7.44 +- 0.02
Au-197 B83.0 +- 8.3
0.01 70.0 +- 7.0
-0.81 0.23. 3.61 +- 0.03
Pb-206 141.0 +- 0.1
0.20 51,1 +- 0.2
-0.33 0.42 10.80 +- 0.07
Pb-207 134.0 +- 0.1
0.20 47.3 +- Q.1
-0.37 0.36 §.97 +- 0.05
Pb-208 145.0 +- 0.2
0.05 49.9 +- 0.1
-0.5% 0.50 5.31 +- 0.01
Bi-209 217.0 +- 0.5
0.00 36.6 +- 1.2
-0.43 0.46 7.82 + 0.13

Table 5 The results of the systematics study

Parameters fitted results

) 5.75637E-01 4+~ 3.90613E-04
Qe2) -1.72680E+01 +- 2.95076E-02
XI 9.99627E-01

Q(3) 5.49152E-01 +~ 6.18542E-04
Q(4) -1.94530E-01 +- 6.12872E-02
XI 1,22823E-02

Q(5) -4.56190E-01 +- 7.05967E-03
Q(6) 1.52102E+01 +- 1.84584E-01
XL 1.35614E-01

- —— it " ——

NOTE : The corrilations between Q(1l) and Q(2}, Q(3) and Q(4), and Q(5) and Q(6)
have values of 1.00.
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Fig. 7 Evaluated result for Pb-208 (n,tot) cross section.
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2.5.2 Nuclear Data Activities in ANL
Satoshi CHIBA
Japan Atomic Energy Research Institute

Tokaji-mura, Naka-gun, Ibaraki-ken

This paper describes some of the experiences the author had during
his 18-month stay in the Fast Neutron Generator (FNG) facility of Argonne
National Laboratory. Emphases will be placed on the neutron scattering

experiments, theoretical analyses, and a puzzle about the least—-squares

metheod.

1. Introduction
In FNG, they have a 3.5-MV tandem Dynamitron accelerator which 1is

basically 100% used for neutron €¢ross section measurements. This group,
led by Dr. Alan B. Smith, has been producing an enormous amount of
experimental information for more than 20 years, and the results are
documented in ANL/NDM reports which accumulate to more than a meter
thick!! The main experimental actlvities might be divided into three
categories now: measurements of the neutron scattering cross sections,
activation cross sections and fission Cross sections.

In this paper, their activities will be briefly described placing
emphases on neutron scattering experiments and analyses, taking an
example of elemental indium. The later part of this paper will describe
an interesting puzzle in applying the least—-squares method in the real
nuclear data evaluation. Interested readers will get a concrete idea of

their activities if they refer to ANL/NDM reports.

2. Experimental Facilities

Deuterons and protons can be accelerated up to TMeV by using 3.5-MV
tandem Dynamitron accelerator. By a double buncher system, these beam
can be pulsed into a bunch length of less than lns. Neutrons can be
produced by the D(d,n)He or "Li(p,n) reaction, the former is used mainly
above MeV, and the later below 3MeV. Scattered neutrons are detected
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by the ten—angle neutron TOF spectrometer (12.5¢cm dia. by 1.25cm thick
NE213) with flight paths of 5m which covers an angular range from 20 to
160 degrees”, or by an array of four NE?13 detectors at a flight path
of 15m but at a fixed angle of 80 degrees. Figure 1 shows an example of
the neutron spectrum produced by scattering 8-MeV neutrons by N1
sample, measured with the longer flight path. Although the scattering
angle is fixed to 80 degrees, this set-up can give a great deal of
information on the structure and dynamical properties about n + target
system. The data are corrected for the effects of flux attenuation,

multiple scattering, angular resolution and effective scattering center

by the Monte-Carlo method before an extensive theoretical analysis is

started.

3. Examples of the experimental and theoretical results

Figure 2 shows the neutron elastic scattering cross sections of ele-
mental indium mainly measured by the authors®. The data are given in
the laboratory coordinate system. Curves indicate the results of the

optical-statistical model calculaticns. Parameters of this model are

given as follows:

Jy = (433.L~3.7-E) MeV - fn, (1)
rv = (1.258-0.003-F) fm, (2)
ay = 0.6404 fm, (3)
Jy = (h1.8+2.9-E) MeV - fm®, (h)
rv = (1.305~0.003 E) fm, (5)
ay = 0.3798 fm, (6)

where J, r and a denote volume-integrals per nucleon, radius parameter
and diffuseness parameter, respectively, and subscripts v and w denocte
real and imaginary parts, respectively. These parameters were determined
by a comprehensive parameter search procedure using ABAREX code”, while
the spin-orbit term was fixed to a standard set; V..=5.5MeV, Tso=1.0fm
and a.,=0.65fm. This potential was extensively used in the evaluation
of the neutron nuclear data of elemental indium". Besides, we have
investigated the bound state properties of n + 'In system by extra-
porating this potential into the bound state region by applying the
dispersion relation of the optical model potential®’: |
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- P T I(E") 1
Jv(E) “hﬁ'kﬁfjim ?fjjir"dE ) (1)

where Js is the Hartree-Fock component of the real potential, and P
denotes principal-value integral. By assuming some properties on Jy that
are implied from the nuclear natter theory (e.g., Jv 1s continuous and
symmetric about the Fermi energy E:, J. is proportional to (E-Ef)? 1n
the vicinity of the Ferml energy, etc.}, and that Jyr depends on the
neutron energy in linear fashion, we ca&n calculate the real potential
volume—integrals in the bound state region. 1157 eonsists of 49 protons
and 66 neutrons. Therefore, one might expect that near the middle cof
the N=50-80 shell which is consisting of ds/oy 87/2s Niyjz, S1/e and di/e, the
low-spin states, si/2 and ds;0, would have little population because the
pairing force favors high spin states, and that their binding energiles
might be reasonably predicted by this extrapolation. By taking the
single-particle energies measured by the {(d,p) reaction, and supple-
menting them for missing levels by the shell model calculation”, we can
construct the "average" single—particle binding energies (BE) for these

shells. The results are summarized in the following table:

Table 1 Required and predicted potential well depth
for the bound states of n + 1151n system

Well Depths Well Depths
State BE (MeV) Required {MeV) Predicted (MeV)
S1/2 6.6 5.1 45.8
dz/e 6.3 kL. T h6e.0
hi1/e 5.9 416.8 6.2
g7/2 10.3 §8.7 13.8
W 10.1 4T.9 43.9

where the "Reguired" well depth denotes a shell model potential depth
to reproduce the measured binding energies, meanwhile the "Predicted"
well depth stands for the extrapolated well depth from the optical medel
potential of Egs. (1) ~ (6) and the dispersion relation Eq. (7). In the
present results, the hiye, ds;» and si/. shells are considered to be fairly
good "single" particle states, and therefore the present model can predict

the required potential depth well. On the contrary, the present medel
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could not predict the hole state energies for d7'5/2 and g% shells. This
indicates that these hole states are not true single hole states, and have
an occupational probability sufficiently different from unity that the
Pauli excluaion principle which is not taken into consideration in the
present calculation becomes an impertant factor. However, it should
not be forgotten that the analysis is not very clear in this example

because of the odd-odd property of the compound system.

4. A Puzzle about the least-squares method
Suppose we have two data points for a single physical quantity x
as follows and want to calculate an average of them by using the

least-squares method:

Table 2 Sample data and uncertainties

Data value random err. COMIKON err.
{percent) (percent)
X1 1.5 10.0 20.0
X 1.0 10.0 20.0

Covariance matrix can be easily calculated as:

v [ 1.5%2.(0.1%2+0.2%) 1.5-1.0-0.2° ] [ 0.1125 0.06 ]
- | "1.5.1.0-0.2% 1.07-(0.12+0.2%) | T | 0.06 0.05 (8)
The least-squares condition reads:

x2 = (D - AX) -V (D - AX) = minimum (9)

where D = data vector = (1.5,1.0)", A = design matrix = (1.0,1.0)", and
X = solution vector = (<x>). From this condition, the least-squares

solution is given sas:

(Vor—Vip) - i+ (Vii—Vie) - 20
(Voo—Via )+ (Vi1-Vis)

&> = (A'VEIAT AVID =

(0.05-0.06) - 11+(0.1125-0.06) - x»
(0.05-0.06)+(0.1125-0.08)
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- -0.2353-x; + 1.2353- -1, = 0.882 (10)

ax = A/{AV3iA)1 = 0.218 (11)

Therefore, the least-squares solution is 0.88 = 0.22 17!
The following may be natural gquestions:

Is this answer right?
If not, what is wrong?
What is the correct answver?

What is the meaning of the negative weight (-0.235) assigned to ;7

After this problem was pointed out by Peelle in 1987, several people have
Joined the discussion to answer these questionsm. Although a unique
answer is not still achieved which satisfies all who participate in the
discussion, the following is a conclusion that the author and D.L. Smith,
i.e., Argonne group, have reached finally: In the nuclear data
measurements, the cross sections are usually obtained by measuring many
factors, and the results are given by multiplying or dividing these
factors. For example, the scattering cross section 1s given very gen-

erally in the following way;

do Y Ny & A  dos (12)

where subscript s denotes '"standard", Y, N, € and A stand for
background-subtracted counting yield, number of atoms in a sample,
detection efficlency and correction factor for finite sample size effects
including that of the fluence factor, respectively. Each of these factors
is a result of one or more measurements, and therefore has an uncertainty.
Usually, the associated uncertainties are given relatively, e.g., we know
the detection efficiency within 5% and the sample thickness is known to
1%, ete. If we believe these relative errors, and if we recall the fact
that the "uncertainties" in a measurement of physical constants actually

denote @ "diffuseness" of the results around the true value, these §-error

should be multiplied to the true value of the guantity to be measured,

not to the result of a single experiment which in common is not equal
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to the true value. Furthemore, resul’ of a single measurement may have

& sericus bias against the true value. The whole idea is that as well
as the measured "result", the reported "uncertainties" themselves have
uncertainties if they are obtained by multiplying the %-error to the
error—-affected "resulis" of a single experiment. The reason of the
negative weighting can thus be traced to a fallacious calculation of
the covariance matrix which led to V, < Vi, as given in Eqs. (8) and (10).
According to this policy, the covariance matrix should be calculated by
assuming a true value of the results (<x>) which we are trying to get!!

Fortunately, we can proceed without krowing the true value as in the

following:

} |:<x>2-(0.12+0.22) <x>%-0.2° ]
Coulx) = >?.0.22  <p?.(0.1%2+0.2%)

0.05 0.04
= <I>2' [0.0u 0'05] (13)

(VoorVio) -1 + (VirVie) -2
(Vas—Vie) + (Vi1—Vip)

= 1.250 = 0.285, (1k)

x> = = 0.5-1.% + 0.5-1.6

0f course, we do not think this method is universally correct. Meoreover,
generally this method requires an iterative procedure. However, 1t is
known in most cases that this iteration converges fairly quickly, so
usually only two or three lterations are required”. Anyway, this puzzle
clearly showed us that If we apply the least-squares method to correlated
data, the covariance matrix should be very carefully prepared.
Otherwise, it will lead to an unphysical '"negative" weighting of the
data. We encountered the same situation in evaluation of ®In{n,n')"In
reaction cross section, where result of the least-squares method looked
too small compared with the existing body of the experimental data.
We applied the present method, and the results became much more
reasonable’’.

In the present report, only a brief explanation could be given cn
this puzzle. The discussion among the participants to this puzzle
actually accumulates to a bundle of letters of more than 10cm!!
Unfortunately, not all of the participants to this puzzle agree with
our method, and many alternative methods are also suggested&m. For

example, if we take the logarithm of the data (y; = 1In(x;), i=1,2) and
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apply the least-squares method to the transformed data {y), the result
becomes <x> = e =1.23 = 0.26; nothing is strange. However, this
logarithmic method can be used only to positive gquantities. Futhermore,
is the modern statistics not able to give a unigue answer to this simplest

problem? The puzzle, therefore, is still open for discussion to the

readers.
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2.6 Group Constants of JENDL-3

2.6.1 Group Cross-section Processing Method and Common Nuclear Group
Cross-section Library Based on JENDL-3 Nuclear Data File

Akira HASEGAWA
Shielding Laboratory, Department of Reactor Engineering

Tokai Research Establishment,
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken, 319-11 Japan

abstract

A common group cross-section library has been developed in JAERI. This system is called
"JSSTDL-295n-104Y (neutron:295 gamma:104) group constants library system”, which is
composed of a common 295n-104y group cross-section library based on JENDL-3 nuclear
data file and its utility codes. This system is applicable to fast and fusion reactors. In this
paper, firstly outline of group cross-section processing adopted in Prof. GROUCH-G/B sys-
tern is described in detail which is a common step for all group cross-section library gen-
eration. Next available group cross-section libraries developed in Japan based on JENDL-3
are briefly reviewed. Lastly newly developed JSSTDL library system is presented with
some special attention to the JENDL-3 data. '

keywords: group constants library, JSSTDL system, JENDL-3, group cross-section process-
ing, fast reactor, fusion reactor, nuclear data

1. Introduction

Evaluated nuclear data library, as one of the representatives of JENDL-3/1/, is
doomed to be used primally in reactor engineering through the group cross-section library,
i.e., group constants. Today, calculation codes which are not using group-constants directly
such as MCNP MonteCarlo code are sometimes used, but most frequently traditional group
constants are used as standard neutronics analysis in nuclear power industries. Group
cross-section processing is closely coupled not only with the the nuclear data file but also
with the neutronic calculation code to be used. The group cross-section processing is a way
for bridging over the nuclear data and reactor enginccﬂng.

Recently the third version of JENDL is released officially after the several times of
revisions by the feedback information from the benchmark tests. Up to now several group
constants libraries have been generated and used in Japan.

In this paper, we first give the outline of group cross-section processing in detail
adopted in Prof. GROUCH-G/B processing code system/2/. As described earlier, group
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processing is tightly coupled with the nuclear calculation code to be used, but the metho-
dology is not so quite different for the other nuclear codes. In chapter 2, it is included that
pre-processing: generating point-wise cross-sections in linear-linear interpolable scheme
from the original JENDL-3 file using the codes of resonance reconstruction and Doppler
broadening, group averaging process and post-processing: making up some specific group
cross-section library. In chapter 3, available group constants libraries processed from
JENDL-3 are briefly shown. In chapter 4, a common cross-section library JSSTDL-295n-
104y system is presented. We put stress here on the point why this system is
developed(i.e., developing target) and outline of the system. In chapter 5, some comments
on the data in JENDL-3 are described especially for the problems encountered in the pro-
cessing of group constants generation.

2. Outline of group cross-section processing

Generally evaluated nuclear data file is compiled from two principles, i.e., data should
be given as simple as possible and as complete as possible. For example, the real complex
world of cross-sections are usually represented by hundreds of resonance parameters at
most. This is a typical example for simpliness and completeness. Resonance reconstruction
is one of the main target of the processing. Group averaging process is another target.
Group library compilation is also necessary. Processing out-line is shown in Fig. 2.1,

Starting from original JENDL-3 library, processing is divided into the following three
steps, i.e., pre-processing, processing, post-processing,
2.1 Pre-processing: In the pre-processing stage, generating point-wise cross-sections in
tabular form at desired material temperature is the main problem. In this tabular form, the
data should be given in linear-linear interpolable scheme in energy and cross-sections. The
process proceeds as follows, firstly all cross-section data represented by ENDF/B general
interpolation scheme are converted to linear-linear interpolable form. Next resonance recon-
struction processing is made according to the specified resonance formulae and additional
floor cross-sections. Generated point-wise cross-sections up to here is only for zero degree
in Kelvin. To reflect the Doppler broadening between the nuclei and materials, additional
processing is required, i.e., bootstrapping kernel broadening method is used starting from
zero degree in Kelvin cross-section data. In this stage, LINEAR /3/, RECENT]J /4/ and
SIGMAL1 /5/ codes are used.

2.1.1 LINEAR: In the evaluated nuclear data file, data are represented in the tabular form
with general interpolation scheme as shown in Table 2.1 in order to define a real cross-
section world in the simplest way.
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Table 2.1 Interpolation Scheme

1 CONSTANT Constant cross section between tabulated energies
2 LINEAR-LINEAR Linear variation in cross section and energy

3 LINEAR-LOG Linear variation in cross section, log in energy

4 LOG-LINEAR Log variation in cross section, linear in energy

5 LOG-LOG Log variation in cross section, log in energy

Thus real cross-sections are represented as a function of energy connected by several
piece-wise energy intervals where a specified interpolation scheme is applied. If we used
this original representation, the processing becomes rather complicated according to the
different interpolation schemes. In fact, up to ten years ago we used general interpolation
scheme directly in the processing code. In such processing, numerical instability is inevit-
able. To assure the accuracy, we had to increase the point number of the integration or
tolerance for the convergence of numerical integration. It took long calculation time but
relatively poor calculation results were obtained.

Today at first step, we convert all cross-sections in general interpolation scheme to
linear-linear interpolation data. Succeeding process keeps this criteria; i.e. all data are linear
interpolable. Therefore numerical integration in the group averaging process becomes quite
simple and relatively error free. On the contrary, generated data points becomes very huge.
Imagine that, if complete 1/v cross section require only two points for all energy region if
log-log scheme is used, but more than several hundreds points should be necessary for lin-
lin case depending on the required accuracy. However, more merits are appreciated than
the cost-up by the increasing of data storage. Even though, minimum data points are gen-
erated from this code by the binary division method comparing a true value calculated
from general interpolation method and a lin-lin interpolated value from the generated data.
At the same time, thinning processing is also applied. So minimum data points are gen-
erated within the required accuracy.

2.1.2 RECENTJ: For some light element such as H, C, O has no resonance parameters in
the evaluated nuclear data file, because resonance structuré is quite simple, i.e., all data are
represented as point-wise basis. But for structure nuclides (Fe,Cr,Ni,etc.) or heavy nuclides
(U, Pu fuel elements) so many resonances are observed, data are given as a set of reso-
nance parameters. In Fig. 2.2, very complicated cross-section are shown. In this figure
more than hundred thousand data points is drawn, but it is only represented by several hun-
dred resonance parameters at most in the evaluated data file. Usually we cannot construct
real cross-sections only from the resonance parameters, the difference between the real
cross-section and constructed ones only from the resonance parameters are stored in the
cross-section data part (FILE3: ENDF FILE category) as back-ground cross section, thus
this part(FILE3) can be negative Cross sections in some Case.
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It is necessary to reconstruct the resonance cross-sections in lin-lin form from reso-
nance parameters(FILE2) and back-ground cross-sections(FILE3). This range is divided
into two distinct energy rage; i.e., resolved resonance and unresolved resonance regions.
This part is very sensitive for the processing, because different evaluated files has some
differences in definition (ex. J-unknown state, two resolved resonance region, adoption of
. Reich-Moor parameters, energy range mismatch between isotopes in natural element ). And
technically very difficult and deep consideration is required for the code development for
back-ground ‘cross section treatment, isotopic treatment of resonance parameters and reso-
nance formulae allowed to be used.

For the user’s side, processing for the generation of required cross sections is very
difficult task. For some case, it takes more than one hour in CPU time using the main-
frame computer(FACOM-M/780) in JAERL And several times, generated cross section
exceeds more than 200000 points. It not only requires huge storage space but also affects
the later processing.

Resolved Resonance: In this range all resonances are resolved and cross-sections are
uniquely determined. Allowable resonance formulae are shown in Table 2.2.

Table 2.2 Resonance Formulae

1 SLBW  Breit-Wigner single-level parafneter
2 MLBW  Breit-Wigner multilevel parameter
3 RM Reich-Moor parameters

4 AA Adler-Adler parameters

At the early stage of the evaluated nuclear data file, mainly SLBW is used. But in the
shape fitting of the real cross-section, errors is relatively large. To overcome the shortage
of SLBW, today, MLBW is more often used than before. But it takes more and more com-
putation time due to the calculation of interference between levels. RM is deactivated in
ENDF/B-5 format, but recently some nuclides are evaluated by this formulae (for ex.
JENDL-3 Pu-239), due to the possibilities more physical resonance shape reconstructions
and physical explanations. From now on, this formulae should play an important role. But
the code accepting this formula is not so popular and it takes much time to reconstruct the
Cross sections.

Processing is performed by binary division algorithm using the resonance energy grid
data to generate the resonance shape. Selecting from any adjacent two resonance energy
grid data (ie., peak value of cross-section), a rough fine grid is determined considering
resonance width. For each of the rough grid, binary division method is applied and data
points are generated within the required accuracy. Thus any resonance structure can be
reproduced within the required accuracy. In this case, energy presentation accuracy is very
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important, because usual 6 digits representation (for example 1PE11.5) is not enough in
some case. Seven digit representation is required.

Unresolved Resonance: In this energy range, as opposed to the resolved range cross sec-
tion, they are not determined uniquely from the resonance parameters, instead statistically
averaged cross section is represented by parameters. Thus cross-section shape is
represented as rather smoothed curves. We cannot know the real cross-section in any par-
ticular energy point. Instead we can observe only expectation values determined from reso-
nance width at the requesting energy point. From these physical meaning, calculation of
self-shielding factors becomes difficult.

Only permitted formula in this range is SLBW, with an option of energy dependence

of resonance width. At the cross-section reconstruction, interpolation of resonance parame-
ters are not allowed. Always cross-sections out-side the resonance energy grid should be
calculated by the interpolation of the grid cross-sections. Some old code violate this cri-
teria.
2.1.3 SIGMA1: Up to now, point-wise Cross section of zero degree in Kelvin is generated.
Room temperature is about 300 K, reactor operation temperature is more than several hun-
dreds K and in the accident stage temperature may exceed 2000 K. So we must know the
cross-section shape in these temperatures,  to simulate reactor behavior exactly. Doppler
effect between the nuclei and materials surrounding plays an important role for the reso-
nance cross-section shape as scen in Fig. 2.3. Peak narrow resonance is considerably
broadened by Doppler effect. Thus this affects self-shielding factors.

There are two methods for this processing. One is the kernel broadening method,
which solve directly Doppler broadening equation using point-wise cross section table in
linear-linear interpolation. This method applies to any reaction and to any temperatures.
But calculation cost is rather expensive. SIGMA1 uses this method/5/. But this cannot
applied to unresolved data. The other is Y -X method/6/. Starting from resonance parame-
ters, using precalculated weight tables and fitting routines, Doppler broadened cross-section
is defined. The calculation cost is quite cheap, however, this method is only applicable for
SLBW resonance formula. Thus this method is used in unresolved range self-shielding fac-
tor calculation in the group averaging process.

This pre-processing is quite important for the group averaging process. A decade
years ago, we processed all these processing in a group averaging process code. In that
case, so many numerical calculation options had been used to assure the numerical integra-
tion accuracy due to the different interpolation schemes.
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2.2 Group constants processing:

Group averaging process is the main-part of the group cross-section processing. In

this processing, main problems are effective cross-section calculation (i.e., seif-shielding
factor calculation) and scattering matrices generation. This processing and the post-
processing are used for making up some specific group cross-section library. For the pro-
cessing, we discuss the problems along with our processing code Prof. GROUCH/G-
B(MACS-N) /2/.
2.2.1 Self-shielding Factor: In strong absorbing media effective cross-section is decreased
due to the flux distortion by it’s absorption when considering energy range is wider than a
resonance. In the resonance region, this effect is very large. Therefore it is called resonance
self-shielding effects.

Under the condition of constant collision density, flux is inversely proportional to total
cross-section. Thus effective cross-sections are defined by group averaged cross-section
whose weighting flux is inversely proportional to the sum of total cross-section and back-
ground cross-section, where back-ground cross-section is defined by per atom of the total
cross-section other than the nuclide considered. Self shielding factor (f-factor) is defined
as the ratio of effective cross section and infinite dilution cross-section, where the latter is
the effective cross-section when back-ground cross-section is infinite; i.e., no flux distortion

case.

< G, >
self shielding factor = _fL,L (1)
o

<Gx>;= ! E‘_l
[ o.@E dE
E&
b (E)
(E) = ————
# 5 = G (B Y00

where

k=0 no self -shielding (for <O .>)
k=1 self -shielded scalar flux
k =2 self —shielded current
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r 1 reaction

g . group
&o(E ) : Energy dependent weighting spectrum

A set of f-factors parameterized by back-ground cross-section (GO) and material tempera-
ture (T) is called f-table. Using this f-table, effective cross-sections of any nuclides in some
material region can be calculated quite simply by the table interpolation method.

In the averaging process, numerical calculation is very difficults to obtain the accurate
results if the data represented as general interpolation scheme. Today all of the cross sec-
tion data is represented in linear-linear interpolation as stated before. Integration is per-
formed analytically using given data points both for weighting flux and cross-section in our
code, thus no numerical instability is observed and accuracy is quite satisfactory. In this
processing, double precision representation is necessary for energy variables to distinguish
very narrow resonances and to account their contribution to the averages.

Cross sections are defined umiquely in the smooth cross-section part and resolved
resonance region. Thus group averaging process described above is applied to these region.
But in the unresolved resonance region, integration cannot be performed by eq. (D).
Because cross-section in this region is defined by some statistic averages of resonance
parameters. For the self-shielding factor calculation, there are two methods. One is analyti-
cal method using W - 7 function, which is already mentioned in the pre-processing, the
other is a stochastic method which is called as ladder method, i.e., simulating the pseudo
resonances generated statistically from random sampling of resonance energy and reso-
nance width. For these generated resonances, processing is the same as the resolved one.
UNRESR/7/ adopts former method, TIMS-1/8/ adopts latter method. In our code, former
method is used. The result is somewhat different between the code due to the calculation
model. There are no true value for this range.

Physically the cross-section in upper part of resolved resonances and lower part of
unresolved resonances should be continuous. But generated cross-sections from evaluated
data file sometimes differ more than 30 %. Data evaluation and data definition still be
necessary in this region.

Typical f-table values are shown in Fig. 2.4.

2.2.2 Group Transfer Matrices Calculation; For all reactions exiting reutron, group
transfer matrices should be calculated. Group transfer matrices are calculated from follow-

ing data;
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Angular Distribution(FILE4) in CMS or Lab,
Energy Distribution(FILES) in Lab,
Angle-Energy Correlated Distribution(FILE6) in CMS or Lab.

Usually in two body collision, correlated distribution should be given, i.e., angular and
energy distribution are not independent. For elastic scattering and discrete inelastic scatter-
ing, only angular distribution is used, energy distribution is automatically calculated by col-
lision theory. Emitted neutrons from break-up reaction in light elements like Li,Be or from
continuum level of inelastic scattering requires FILE6 angle-energy correlated distribution,
But in JENDL-3, FILE6 data representation is abandoned completely, although in JENDL.-
3PR1&2 some data had been evaluated in FILE6(ENDF-5 Format). For primally nuclides
in ENDF/B-VI, FILE6 data are supplied. From now on processing of FILE6 becomes very
important. In Japan no data processing code has the capability for FILE6 data of ENDEF/B-
6 FORMAT/9/. |

Numerical integration method is used for this calculation. For higher P / moment cal-
culation, numerical instability is sometimes appeared. High precision Gauss Integration
method is used to overcome the difficulty in our code. Even though, significant differences
are born due to the bit length of the computer machine used.

Processing for this part is completely dependent on the neutronics code to be used.
For fast reactor calculation, Legendre expansion method is mainly used. On the other hand,
as seen in the fusion neutronics case, to treat the angular distribution more rigorously, i.c.,
free from the negative fluxes due to the truncation error of finite Legendre expansion,
DDX(Double Differential Cross-section) type data processing is required.

3. Available group cross-section libraries based on the JENDL-3 Nuclaer Data
file

All group-cross-section libraries used in the JENDL-3 benchmark test are summarized
in Table 3.1. Group constants library is completely dependent to the neutronic calculation
code to be used. Since benchmark test fields for JENDL-3 has been expanded quite wide
and main contributing energy range is quite different from fields to fields, different group
cross-section processing systems and neutronic calculation systems have been used. For
major benchmark test fields, more than two group-constants libraries are produced and
used.
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Table 3.1 Group Constants library used in JENDL-3 Benchmark-test

Test item Group Constants ~ Processing System

FBR JFS-3-J3 TIMS-PGG

LWR SRAC-LIB SRAC, TIMS-PGG
WIMS-LIB NJOY
MGCL MGCL-ACE

Shielding JSSTDL-295 PROF/GROUCH-G/B(MACSN)
SSL-9013 RADHEAT-V4
FSXLIB NJOY

Fusion Neutronics ~ FSXLIB NJOY
FUSION-I3 PROF/GROUCH-G/B(MACSN)
DDXLIB3.J3 PROF-DD

4. JSSTDL-295n-104y common group cross-section library

This is a common group cross-section library developed in JAERI by the author under
the cooperation of working group on Standard Group Constants affiliated by the Commiittee
of Group Constants of JNDC(Japanese Nuclear Data Committee). This work was pro-
moted by the Nakazawa Committee’s recommendation /10/ deserted to the JNDC (Action
for the Post JENDL-3 Project of JNDC, 1986) defining the working frame of JNDC after
JENDL-3 project was completed. In the recommendation, it was written that JNDC should
supply immediately commonly usable group cross-section library for primary data users
such as fast or fusion reactor designers when JENDL-3 is released. Such a system has been
requested for many years by various nuclear data users, particularly nuclear design group.
Up to now shielding and criticality calculations have been performed in different calcula-
tion paths using the different group constants libraries, i.e., in different group structures
and data sources due to the characteristics of the calculations involved. Finer group struc-
ture is inevitably necessary for the shielding calculation but relatively coarse group struc-
ture is sufficient for the criticality calculations. Hence there have been many requests for
supplying a common library applicable both for the criticality and shielding calculations.
Users are also very keen for using the latest nuclear data.

Responding to these requests, specifications of the common group constants were
decided. In Table 4.1 specification of JSSTDL system is shown. Most users insist to main-
tain their own group structure which has been so far used. Therefore a universal group
structure was decided to cover almost all group structures used in Japan, as seen in Table
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4.2 ~ 3, so as to produce their own required group structure library from a master library.
It was also decided to prepare a library for design codes most frequently used such as
ANISN, DOT or MORSE. Resonance self-shielding factors were also considered for pri-
mary reactions. Scattering matrices were calculated up to P5 components and were stored
independently for elastic and inelastic scatterings so as to use the different self-shielding
factors. For secondary y production cross sections, data are stored for the following 4
reactions, i.e., total, capture((n,y) MT:102 only), fission(MT:18), other than capture and
fission ((n,n’),(n,p),(n,0),...), to reflect self-shielding factor for capture and fission reactions
in neutrons. Gamma transport cross-section are generated by GAMLEG-JR/11/.

A utility routine was developed to enhance portability of this system to other sites or
machines. Routines for group collapsing and for generating region dependent macro-scopic
cross sections were also developed and released with the library.

Up to now, 63 nuclides were processed and stored for JSSTDL library from JENDL-3
general purpose file. Gamma data are furnished for 32 nuclides out of 63 processed
nuclides. Almost all nuclides available of y production data in JENDL-3 were processed.
For the processing of JENDL-3 neutron and 7y production cross-section, Prof. GROUCH-

G/B /2/ system and its utility codes were fully used.

This library system has been fully applied for the benchmark test of JENDL-3. We
confirmed the applicability of this system to the fast reactor calculations both for criticality
and shiclding and also to the fusion neutronics calculations. This system: 295n-104y
JSSTDL library is now available through JNDC Nuclear Data Center with the associated
utility codes in FORTRAN source. The package includes also 100n-40y library for the
users of shielding field.

For future plan, more nuclides will be processed and stored according to the user’s
requests not only from JENDL-3 but also from ENDF/B-VI or ENDL data files. Gamma
production data are relatively poor in JENDL-3 because not so many nuclides are
evaluated. The requests for the nuclides not available in JENDL are very strong for some Y
production data. We are now starting for making a complete set of the neutron and gamma
coupled group constants library of JENDL-3 by substituting y production data not available
in JENDL-3 for the data from the other data files.

5. Comments on the JENDL-3 data processing

Now cost of the processing of group constants became more and more expensive.
Since more and more accuracy is requested from the users, the data stored in the evaluated
nuclear data file become more and more complex. The data amount of the evaluated data

file were increasing rapidly with version up.
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Especially, for resonance parameters, in these days, MLBW (Multi Level Breit
Wigner) representation is not a special formulae and some nuclides use RM (Reich-Moor)
resonance formulae. Though the fitted results of the cross sections by these formulae are
extremely good and physically meaningful, these advanced method consume so much com-
putation time. And energy boundary of resolved resonance region become shifting higher
due to the smooth connection for self-shielding factor value in unresolved part. Many new
levels are included as resolved levels. Therefore, for example for U-238 of JENDL-3, we
spend more than 10 hours of CPU time by FACOM M-780 machine to generate 5 different
temperature point -wise cross-sections data(Doppler broadened point cross-section). This
cost is tremendous for our usual computation sense. Some one says that resonance process-
ing requires once in a life of the evaluated files, therefore it is not a serious problem. But
we usually process original file repeatedly according to the user’s request for the process-
ing accuracy. At the same time required storage of the generated point-wise data became
huge. We must think about the evaluated data file philosophy i.e. give the data as simple as
possible.

For inelastic scattering, in order to give much agreements for the DDX shape of out-
going neutron, pseudo level representation are frequently used in the light element data of
JENDL-3. The cost of processing also increased by this pseudo level inclusion. We must
think about the rational data representation for the industry use.

In JENDL-3, for the threshold reaction of many body break-up process, energy distri-
bution is given in tabular-form and some special form data (triangular distribution between
1 and 2 eV) representation is given for the threshold point. The next (the second) energy
distribution data is given relatively higher energies than the threshold. This gives some odd
resuits for the fast breeder spectra or DDX spectra calculated by JENDL-3 data, some
bump is appeared around 1 ~ 2 eV( please see the presentation made by Mr. Tian /12/).

J-unknown state assignments, this is a trick made by an invalid J number assignments
to indicate J-unknown state, which have been a local definition valid only for JENDL-2, is
completely removed. This local assignments had been the largest problematic problem in
JENDL-2.

6. Conclusion

One year is not yet passed since the JENDL-3 is officially released, though, we have
already several group cross-section libraries available for us. Of course all of them are not
yet openly available in user’s hands, but we have some feeling that fairly freely we can use
these libraries by the time not so late from now. Users are very keen the latest data. Many
experiences are reported as to the applicability of the JENDL-3 data.

JSSTDL system is just the requested one from the user’s side. To accept user’s com-
mon requests for the group-constants, such as applicable to widely used transport code,
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consistent with user’s required group-structures, the latest nuclear data source,..., JSSTDL
library system was developed and released through INDC Nuclear Data Center.

Today JENDL-3 is a common treasure for all of the persons involved in nuclear
industries of JAPAN. Therefore we should take care of JENDL-3 as a common knowledge
for all of the persons involved. The contact point between industry side persons and
nuclear physics side persons is the group constant. We hope that JSSTDL library system
becomes a platform for the users of JENDL-3 and the discussions on the problems encoun-
tered in JENDL-3 are going on with this library.
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Tabie 4.1 Croup cross—section library processing specification

Group structure neutron:295  gamma;104
Weighting spectrum Maxwellian from 1.0E-5 to 0.3224 eV the rest is 1/E.
Resonance teconstruction tolerance  0.1%

Self-shielding factor
Temperature grid 300 600 900 2100 Kelvin

o, grd 0 0.4778 1 10 102 10° 10° 10° 10° bamn
Self-shielding factor reaction total, elastic, capture, fission.
Anisotropic Pl order 5
Table 4.2 Neutron group boundaries Table 4.3 CGamma group boundaries
considered in JSSTDL considered in JSSTDL
system system
Library name groups Library name groups
ISD-100 100 CSEWG-94 94
ISD-1000 100 LANL-12 12
BERMUDA-121 121 STEINER-21 21
FNS-125 125 STRAKER-22 22
VITAMIN-C 171 LANL-48 48
VITAMIN-JE+C) 175 LANL-24 24
GICX-42 42 BERMUDA-36 36
ABBN-25 25 HONEYCOMB-15 15
JES-New 70
GAM-123(fast only) 92
MGCL-137{fast only) 91
WIMS-69(fast only) 28
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2.6.2 One Dimensional Benchmark Test of Principal Fissile Nuclides in JENDL-3

Dongfeng TIAN, Akira HASEGAWA,
Tsuneo NAKAGAWA, and Yasuyuki KVKUCHI

ABSTRACT

As one of the Benchmark tests of JENDL-3, criticality
calculations have heen performed on 9 small critical Benchmark
assemblies for fast reactor, such as JEZEBEL, JEZEBEL-Fu,
FLATTOP-Pu, THOR, GODIVA, FLATTOP-25, BIG TEN, JEZEBEL-23, and
FLATTOP-23. These assemblies have the characteristics of simple
geometry and very high enriched cores consisting of single
fissile nuclide such as 233U, 235U and 23°Pu. All calculations
are performed by one-dimensional S, Code ANISN (Sys,Ps) with
JSSTDL-295 group cross section library. From this benchmark test,
following problems are pointed out: (1). inadequacy of §
function energy distribution representention adopted in JENDL-3
at the threshold energy point for the continuum inelastic
scattering, (n,2n), (n,3n) (n,4n) and charged particle emitting
reaction. (2). 233U data of JENDL-3 reproduces Kerr nearly
2.1% over prediction. ¥ data is suspected to this over
prediction. reevaluation is requested. (3) as to 23%°U and 23°Pu

data, no problem is pointed out.
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1. Introduction

The benchmark tests of JENDL-3 on the 9 simple critical
benchmark assemblies for fast reactor, such as JEZEBEL, JEZEBEL-
Pu, FLATTOP-Pu, THOR,GODIVA, FLATTOP-25, BIG TEN, JEZEBEL-23, and
FLATTOP-23111(listed in Table 1). Because these assemblies have
the character|st|cs of simple geometry and very high enriched
cores conS|st|ng of single fissile nuctide such as 2%%U, 235y and
239p,, they are suitable to check nuclear data applicability
directely.

All calculations were performed by one dimensional transport
code -- ANISN (S;s,Ps) with JSSTDL-295 group cross section
libary. Testing items ars as follows: criticality, central

spectrum indices, and leakage spectra.

2. Benchmark Testing Results

(1) A Probelm from Triangular Energy Distribution of
Secondary Neutrons in JENDL-3

When the original data of JENDL-3 were used, the calcutated
central neutron spectra for all the benchmark assemblies have one
large peak near 1 eV like the dotted line as shown in Figure 1.
It is not thought a normal phenomena. Such strange peak can not
he explained physically. Now it has heen proved that the large
»strange peak” is caused by the triangular energy distribution of

secondary neutrons in JENDL-3.
In File 5 of JENDL-3, for the threshold reactions of some

nuclides listed in Table 2, their secondary neutrons were
described by arbitrary tabulated function (LF=1)'21, At the
threshold energy point, the shape of energy distribution is like
a triangular as shown in Figure 2. At the second energy point,
the energy distribution is given as shown in Figure 3.

When the data are processed to group constant, as you know,
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it is necessary to interpolate the energy distributin between the
two energy points mentioned above. The shape of interpolated
energy distribution will be like the solid line in Figure 4. it
is obvious that such energy distribution is never reasonable.
Naturally it is imaginable that it must make the group transfer
matrix like the dotted tine in Figure 5. That means much more
neutrons will be transfered to the region below I eV artificially
like the dotted line in Figure 1.

This is the reason to the “sirange peak” in the calculated
central neutron spectra. Till now the modification of JENDL-3 has
been performed. The revised data also has been released as JENDL-
3 Rev 1. Now the "strange peak” will be disappear in neutronics
calculations (like the solid line in Figure 1) if the JENDL-3

Rev 1 data are used.

(2) One Dimensional Benchmark Testing Results of JENDL-3 Rev. |
Table 3 showes the calculated Korr table for the 9 benchmark
assemblies mentioned above. Here we can find the data of 23°Py
and 2°5U seems no probelm, but there must exist some probelm in
the data of 2°%U. Also the calculated spectrum indices listed in
Table 4 show some probeim from the data of #3°U., Here we will

only discuss ahout the data of 233U,
The v and o data of 233U in JENDL-3 are almost same as the

JENDL-2 data. But the fission spectra are much different between
the two Tibaries (see Figure 6). Though the difference is thought
from the Maxwellian spectrum used in JENDL-2 and Madiand Nix
spectrum used in JENDL-3, the fission spectrum of #33U seems too
hard to be accepted. Some numerical test has been done to check
the effect from fission spectrum (see Table 4). The results
demonstrates that the fission spectrum is very sensitive for

criticality calculations.
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3. Discussions

Based on our results and analysis, some discussions will given

as follows:

(1) When the arbitrary tabulated presentation (LF=1) is
adopted for threshold reaction, it will be unsuitable to
use the triangular enersgy distribution for secondary
neutrons. In other words, it will not be a simpie and

easy method.

(2) the fission spectra of #33U in JENDL-3 are too hard

to he accepted.

-2

(3) “~the fission cross section of 282 seems higher

(4> the fission spectrum data should be paid more attention.

Tiil now this work is still heing carried on. The final

conclusions will he given shortly.
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One dimensional calculating models of some benchmark
assemblies for fast reactor

CORE DENSITY INNER AND OUTER DENSITY
SPECIFICATIONS | RADIUS | I1SOTOPES | NUCLE)/b-cm | REFLECTOR RADIUS | ISOTOPES | NUCLEI/b-cm
{cm) (em)
239py 0.037050
248py 0.001751 __ - .
JEZEBEL 6.385 241py 0.000117
Ga 0.001375
239py 0.029940
248py 0.007880
JEZEBEL-Pu 6.599 241py 0.001210 - -- --
24z2py 0.000160
Ga 0.001380
239py 0.036740
218 py 0.001850 235y 0.000340
FLATTOP-Pu 4,533 edipy 0.000120 4.533 , 24.13
Ga 0.001380 238y 0.047740
239py (.036180
THOR 5.310 24@py 0.001940 5.310 , 29.88 232Th 0.030050
Ga 0.001330
234 0.000192
GODIVA 8.741 2364) 0.045000 -- .- --
23ey 0.002498
23ay 0.000050 2358y 0.00010¢
BIG TEN 30.48 23sy 0.004340 30.48 , 45.72
23g| 0.042680 238y 0.047970
234)) 0.000490 235y 0.000340
FLATTOP-25 6.116 23%)) 0.044490 6.116 , 24.13
238y 0.002700 238 0.047740
233 0.046710
234y 0.000590 _ __ —
JEZEBEL-23 5.983 235 0.000010
238 0.000290
233() 0.046710
234y 0.000590 235 0.000340
FLATTOP-23 4.317 235y 0.000010 4,610 , 24.i3
238y 0.000280 238 0.047740
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Table 2 Nuciides and reactions in JENDL-3 whose secondary neutrons
are described by the triangular distributions

NUCL L DE REACTION TYPE
2 {(n,2n)
“Be (n,20), (n,2n" @)
Ni (n,on), (n,3n), (nyn’ a), (n,n’ m)
SON . (n,2n), (myn’ a), (nn' p)
BRN (i, 2n), (nyn’ @), (nyn’ p)
BTN (n,2n), Gn,n’ a), (nyn’ p2, {n,n’ )
G2N| (,2n), (o’ w), (e’ p, {n,n”
BANG (n,2n), (n,3n), (hyn’ a), (n,n’ p),
(n,n’" )

207 (n,2ny, (nyn’ ), (nyn’ B, (n,n’
M7r (n,2n), (n,30), (n,n/ ad, (n,n’ p,
(n,n’ d), (n,n” )

EAL (n,2n), (n,30), (n,n” ad, (n’ pl,

in’ ), (1), (nyn” )
S47r (n,2n), (n,3m), (n,n' a), (mn’ p),
(n,n” d), (n,n” )
EAAL (nyzn)s (l‘!,3n), (nsn’ Of), (nyn’ p):
(n,n’ )
Mo (n,2n), (n,3m), (n,n’ a), (nyn’ pd,
(n,n’ @), {n,n” )
92Mo (,2n), (nyn” ), (nn' p), (nyn’ )
1Mo (ny2n), (ny3n), (n,n’ @), (nyn” p),
(n,n’ ), Co,n” )
25 Mo same as above
98Mp same as above
7 Mo same as above
28 Mo same as above
18P My same as ahove
(5! same as above
Sh (i, 2n), (3, (e’ a), (' Py,
G’ d), (un” 2, (yn” D
121Gh same as ahove
1238h sane as above
2327 (n,2n), (n,3n), (n,n” )
233y (n,20), (n,3n), (n,n" )
234]) (ny2nd, (n,3n), (n,n” )
235 (n,2n), (n,30), (n,4n), (nyn’ )
236 (n,20), (n,3n), (n,n” )
238y (v, 2n), (ny3m), (n,dn), (n,n” )
2A8Py) (n.2n), (n,3n), (n,n’ )
2eEpY (n,2n), (n,3n), (n,n” )
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Table 3 Kggy (C/E) of one dimensional calculating results

ASSEMBLY CORE C/E of Kare
JEZEBEL 1. 0001
JEZEBEL-PU 0. 9963

239P u

FLATTOP-PU 0. 8974
THOR 0. 39865
GODIVA 1. 0066
BIG TEN 235y 1. 0038
FLATTOP—-25 1. 0033
JEZEBEL—-23 1. 0206
233U B
FLATTOP=-23 1, 0175
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Table & Effect from fission spectra of JENDL-Z and JENDL-3

Using fission spectrum of JENDL -3
JEZEBEL—-23 FLATTOP—-23
C/E of Ko 1.0206 1.0176
Average fisslon
energy I 2. 25 MeV 2. 25 MeV
or(Na™)/ o (U ) 1.0192 1.0300
g U)o () 1.06189 1. 0696
Using fission spectrum of JENDL-—-2
JEZEBEL—-23 FLATTO?~23
CA/E of Koerr 1.01863 1. 0076
Average fission
energy E 2. 01 MeV 2. 01 MeV
gr(NaT) o (U ) 0. 89700 0. 9831
o (U o () 0. 9367 0.5455
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2.6.3 Analysis on FCA-HCLWR Core Using JENDL-3

Toshitaka OSUGI and Mutsumi NAGATANI

Japan Atomic Energy Research Institute
Tokal-mura, Naka-gun, Ibaraki-ken, 319-11 JAPAN

Benchmark calculatjon on the FCA-HCLWR core is carried out to examine
the availability of JENDL-3 to the HCLWR core. Analysis is made by using
the SRAC code system and the SRACLIB-JENDLZ2 or ~JENDL3. The calculated
items are the infinite multiplication factor, reaction rate ratio and sample
reactivity worth. Ccalculated values with JENDL-2 and JENDL-3 are compared.

Trend in C/E values are also discussed.

1. Introduction

A series of experiments were carried out at the Fast Critical Assembly
(FCA) in Japan Atomic Energy Research Institute (JAERI) to investigate the
reactor physics characteristics of the High Conversion Light Water Reactor
(HCLWR) core. The experimental program consists of two phases : Phase-1
with enriched uranium core and Phase-2 with plutonium core (Ref.l). The FCA
facility has high flexibility in the selection of fuel and moderator com-
positions, since the combination of plate-type solid materials can be varied
easily. It is, therefore, suitable to examine the effects of the fuel
materials, fuel enrichment or moderator voidage states on the reactor
physics characteristics. In the FCA-HCLWR experiments, three uranium cores
and five plutonium cores were constructed. Moderator voidage states were

simulated in detail using foamy polystyrene plates of different densities

{Ref.2).

Analysis on FCA-HCLWR core has been made to establish "DATA & METHOD"
for the reactor physics calculation of the HCLWR or intermediate neutron
energy reactor. Through this analysis with the Japanese Evaluated Nuclear

Data Library, Version-2 (JENDL-2) (Ref.3), we found some discrepancies be-



JAERI—M 91—032

tween the calculation and experiment. Tc explain these discrepancies and
to examlne the avallablility of the JENDL-3 (Ref.4), the FCA-HCLWR data have

been re-analized (Ref.5).

In this paper, comparisons of the calculated results between JENDL-2
and JENDL-3 are made for the infinite multiplication factor, reaction rate
ratio and sample reactivity worth. Analysis was made by using the SRAC
code system (Ref.6) and SRACLIB-JENDL3 (Ref.7).

2. Comparisons of calculated results between JENDL-2 and JENDL-3
2.1 Neutron spectrum and diffusicn constant

To grasp general features, the neutron spectrum and diffusion con-
stant calculated by JENDL-2 and JENDL-3 are compared. The JENDL-3 adopts
harder fission spectra for fissionable nuclides. To examine this effect on
neutron spectrum, the difference in cell averaged neutron spectra of
plutonium fueled cell is shown in Fig.l. Figure 2 shows relative difference
in cell effectve diffusion constants calculated by JENDL-2 and JENDL-3.

2.2 Infinite multiplication factor

In order to examine the criticality of the HCLWR core, the infinite
multiplication factor (K-inf) was measured with "buckling method" for the
uranium cells (Ref.8) or with "reactivity-reaction rate method” for the
plutonium cells (Ref.9). With JENDL-2 we observed about 1% discrepancies in

Calculation/Experiment (C/E) values between uranium and plutonium cells.

Figure 3 shows difference in K-inf values calculated by JENDL-2 and
JENDL-3 as a function of atomic number ratio of hydrogen to heavy metal
(H/HM). For the uranium cells (EU05 and EU0BA cells), the JENDL-3 gives .
larger K-inf values than the JENDL-2 does in the normal moderator voidage
states (H/HM = 2.0 for EUO05 cell and H/HM = 1.2 for EUOBA cell), and smaller
K-inf values in higher voidage states. The K-Iinf values calculated by
JENDL-3 are larger than those by JENDL-2 for the plutonium cells (Pu08

cell). These differences increase with decreasing H/HM value (increasing
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moderator void ratio of the cell or hardening neutron spectrum).

The discrepancies In C/E values between uranium and plutonium cells
enlarge to about 2% in the case of JENDL-3. Nuclide-wise difference in K-inf

values are shown in Fig.4 for the plutonium cells.

2.3 Reaction rate ratio

To evaluate the spectrum index or conversion ratio of the HCLWR core,
the reaction rate ratios of F28/F25 (fission of uranjum-238 to uranium-235)
and C28/F25 (capture of uranium-238 to fission of uranium-235) were
measured by using micro-fission chambers or activation foils (Refs.10 and
11). Calculations with JENDL-2 overpredict these ratios for both of the

uranium and plutonium cells.

The JENDL-3 gives larger F28/F25 or C28/F25 values than the JENDL-2
does from 3.6% to 7.2% or from 0% to 1.4%, respectively, depending on the
neutron spectrum as shown in Fig.5. Differences in C28/F49 (capture of
uranium-238 to fission of plutonium-239) values calculated by JENDL-2 and
JENDL-3 are also shown in Flg.5. To show the nuclide-wise contribution to
these reaction rate ratios, the cell averaged one-group micro-constants

are shown in Fig.6 for plutonium-239 and uranium-235, 238.
2.4 Sample reactivity worth

Most current-day HCLWR designs employ the boron carbide {B4C) , either
of natural isotopic composition or enriched B-10 contents, as the control
material. The reactivity worth of B4C in the HCLWR core is considered to be
much different from that of the convensional LWR due to the difference in
neutron spectrum. We measured the reactivity worths of the B4C sample with
different B-10 contents and hafnium sample as one of the alternatives to
B4C (Refs.12 and 13). The calculated worths of these absorber materials
with JENDL-2 show underprediction to experimental ones. There is, however,

no dependence on B-10 content in C/E values.

The JENDL-3 gives slightly larger sample worths of plutonium, which
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are used as reference, than the JENDL-2 does. There are not much dif-
ferences in calculated worth ratios of B4C/Pu between JENDL-2 and JENDL-3
as shown in Fig.7. The JENDL-3 gives larger worth ratlos of Hf/Pu than the
JENDL-2 does from 8% to 14% depending on the neutron spectrum. Under-
predictions of Hf/Pu worth ratio by the JENDL-2 calculation are much im-
proved In the case of JENDL-3. The test calculation, In which the Hf cross-
section of JENDL-3 are replaced with that of JENDL-2, shows that this im-
provement is not due to the Hf cross-section itself but due to the hard

neutron spectrum of JENDL-3.

3. Conclusion

Integral data of the FCA-HCLWR were re-analized using newly evaluated
data library JENDL-3. The calculated results by JENDL-3 were compared with

those by JENDL-2, and were summarized as follows :

(1) The discrepancies in C/E values of K-inf between uranium and plutonium
cells enlarge from 1% to 2% by JENDL-3,

(2) Overpredictions by JENDL-2 for the reaction rate ratios of C28/U25 or
F28/U25 were not improved by JENDL-3,

"(3) Underpredictions of Hf/Pu worth ratio by JENDL-2 were much improved,

(4) The JENDL-3 gives almost same worth ratios of B4C/Pu as the JENDL-2

does.
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2.6.4 Burnup Calculation for the PWR Spent Fuels by JENDL-3
H.Akie, H.Takano and K.Xaneko™

Reactor Engineering Department, JAERT,
Tokai-mura, Naka—gun, Ibaraki~ken, 319-11

Burnup calculations for PWR spent fuels were made by the SRAC-FPGS
system with the different data libraries based on JENDI-2, -3 or
ENDF/B-V. The estimated amounts of uranium and plutonium isotopes with
these libraries agreed well with one another, and also with the
experiment. By comparing the results obtained by JENDL-2 with those
by JENDL-3, the large differences were found in the concentrations of
U-232 and Np-237. To predict accurately the buildup of U-232, reliable
evaluation for minor cross sections such as capiure of Pu-236 is needed.
The JEKDL-3 library improved the prediction accuracy as compared with
that by the JENDL-2 library. For the calculation of Np-237 amount,
(n,2n) cross section of U-238 becomes important. The calculated amounts
of Am-243 and Cm-24l4 with ENDF/B-V library differed from those with
JENDL-2 or JENDL-3. In this case, Pu-242 capture cross section of
ENDF/B-~V is different from others.

1. Introduction

The view point of fuel cycle(fuel reprocessing, refabrication, waste
management, etc.) 1s indispensable in the present atomic energy
development. One of the important area for this purpose is the exacit
prediction of nuclide compositions in nuclear reactor fuels based on
calculation, not only for the advanced reactors but also for the existing
reactors. For the correct prediction, an accurate method for burnup
calculation is required, and at the same time reliable nuclear data
evaluation 1s an essential part, for minor actinides and fission products
as well as for maJjor nuclides like uranium and plutonium isotopes.
Recently, destruciive measurements for nuclide composition of PWR spent
fuels were made by Nakahara et al.”"’. In the present study, the burnup
calculations were performed by the SRAC-FPGS!? system with the use of

* The Japan Research Institute, Ltd.
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three different nuclear data of JENDL-2Z2, JENDL-3 and ENDF/B-V.

2 Measurements of PWR Spent Fuels

Destructive analysis of nuclides was carried out for the PWR spent
fuels of 11 different burnup histories. The burnup rates of the fuels
were from T to 39 GWd/t. Here the burnup rates in GWd/t were converted
from the number of fission per initial metallic atom in per cent{%FIMA),
that were obtained from the measured data of Nd-148/U and Pu/U atom
ratios. The measurements for the isotopes of uranjium, neptunium,
plutonium, americium, curium and 20 fission products were performed by
mass spectrometry, ¢ ray and y ray spectrometry. All of the measured

data were normalized to the values at 5 years after the irradiation.
3. Burnup Calculation

3.1 SRAC-FPGS Bystem
In the present study, the burnup calculations were performed by

the SRAC-FPGS system. The FPes-3'3 is the code for nuclide depleticn
and generation calculation and 1s based on the DCHAIN code'™. In the
analysis by the FPG5-3, concentrations of about 160 nuclides are obtalined
by solving build up and decay of more than 1000 nuclides. In the
SRAC-FPGS calculation, the SEAC code'® calculates neutron spectrum and
effective cross sections of the nuclides in a fuel lattice, and depleticn
caleculation for a given burnup period is made by the FPGS-3 with the
effective cross sections prepared by the SRAC. The FPGS code then gives
nuclide concentration changes to the SRAC, for the calculation of spec-

+rum apd cross sections of the next burnup step.

3.2 Libraries
Three different SRAC libraries based on JENDL-2, JENDL-3 and

ENDF/B-V were used for the comparison between nuclear data files. The
1ibrary SRACLIB-JENDLZ was generated based on JENDL-2 but for several
minor nuclides such as U-232 and Cs-134, that the data are not evaluated
in JENDL-2 library. The SRACLIB-ENDFB5 is the library based on ENDF/B-V.
However, the major nuclear data for U-238, Pu-239, Pu-240 and Pu-241 were
not released, therefore, they were taken from JENDL-2. The third library
was produced totally based on JENDL-3.
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4., Results and Discussion

The amount of nuclides calculated by the SEAC-FPGS were compared
with the measured results and also with the values calculated by the
widely used burnup code ORIGEN-2'®), 1In general, estimations by JENDL-2,
JENDL-3 and ENDF/B-V agree well with one ancther and also with the
experiment. Figure 1 shows that the calculation/experiment(C/E) values
of U-235 amount obtained by the SRAC-FPGS are slightly overestimated as
burnup rate increases. Amounts of U-238 and plutonium calculated with
the SRAC-FPGS agree well with those measured(Figs.2 and 3), though the
ORIGEN? results are underestimated for the case of plutonium. Improved
predictions of the SRAC-FPGS are also found in the C/E values of Sb-125
and Eu-15l, that the ORIGEN2 overestimated remarkably as shown in Fig.l.

For some minor nuclides such as U-232, Np-237, Am-243 and Cm-2Ll,
prediction accuracies by the SRAC-FPGS are not so good as the cases of
uranium and plutonium. Furthermocre, large differences are found in the

calculated amounts of these minor nuclides by +the different data

libraries.

k.1 U-232

Uranium—-232 has r active daughter nuclides such as T1-208 and Bi-212.
There can be difficulties in fuel reprocessing, when uranium fuels are
recycled. The generation paths of U-232 are complicated as in Fig.5.
To predict accurately the buildup of U-232, reliable data for minor cross
sections such as (n,2n) of Np-237 and capture of Pu-236 are needed. Table
1 summarizes the one group cross sections for the fuel of burnup rate of
8 GWa/+. It is observed that the ENDF/B-V data for Np-23T7 (n,2n) reaction
is smaller than the others. The large discrepancy is also observed in
the capture cross section of Pu-236 between JENDL-2 and the other
libraries. The SRAC group cross sections of Pu-236 capture(Fig.6) show
.the different data evaluation of JENDL-2 from JENDL-3 or ENDF/B-V.
Figure 7 shows the C/E values of the fraction of U-232 to the quantity
of ipnitial uranium. Jt can be seen that JENDL-3 gives a little
underestimation, while JENDL-2 and ENDF/B-V show considerable
underprediction. The large capture cross section of JEKDL-2 for Pu-236
leaded to the difference between the U-232 amounts estimated by JENDL-2
and JENDL-3, while the difference between JENDL-3 and ENDF/B-V is caused
by the (n,2n) cross section of Np-237.

- 170 —



JAERT—M 81032

h.2 Np-237
Neptunium—237 is one of the most important transuranium(TRU) waste

nuclides because of 1its generation rate 1in the LWR fuel, long half life
and large hazard. In Fig.8, the C/E values of Np-237 obtained by JENDL-2
give little overestimation, and those by JENDL-3 show slight
underestimation. As can be observed in Fig.5, large part of Np-23T is
generated by the {n,?n) reaction of U-238 in the LWR fuel. The U-238
(n,2n) cross section of JENDL-2 is larger than that of JENDL-3 as shown
in Table 1. In Fig.8, the prediction accuracy of Np-237 itself is not
so bad as the case of U-232, put the amount of Np-237 largely contribute
to the accuracy of the calculation of U-232, Pu-238, etc.

4.3 Am-243 and Cm-24h

These are also important TRU waste nuclides. Figures 9 and 10 show
the C/E values of the amounts of Am-243 and Cm—24k. Underestimations
are seen for all the data libraries. The difference between ENDF/B-V
and JENDL 1is caused by the difference in Pu-242 capture Cross
section(Table 1). The difference in cross sections at the large resonance
at 2.7eV is the cause(Fig.11). For the accurate predictions of these
nuclides, both exact treatment of nuclide generation chain, including
the branching reactions(Fig.5), and the rellable capture cross section

data for plutonium, americium and curium are reguired.

5. Summary
The calculated results of burnup analysis for PWR spent fuels show

that the differences among JENDL-3, JENDL-2 and ENDF/B-V are small,
except for U-232, Np-237(Pu-238), Am-243 and cm-24li. For the better
estimation of U-232 and Np-237, the data for reactions of Np-237 (n,?n)
Pu-236 capture and U-238 (n,2n) are important. The difference of Pu-242
capture cross section between ENDF/B-V and JENDL leaded to the diffe-
rences in the estimations of Am and Cm.

Generally, prediction of compositions for PWR spent fuels by
SRAC-FPGS system 1s satisfactory in comparison with that of ORIGENZ,

especially for Pu and some ¥Ps.

References
(1) NAKAHARA, Y., et al.: Radicchimica dcta, 50, 141 (1990) .
{2) TAKANO, H., et al.: Private communication, (1988}.

— 171 —



(3)
(1)
(5)
(6)

JAERI—M 91—032

JAERT 1302, JAERI (1986).

IHARA, H., et al.: Private communication, (1988).
TASAKA, K.: JAERT 1250, JAERI (1977).
TSUCHTHASHI, K., et al.:
CROFF, A.G.: ORNL-5621, ORKL (1980) .

Table 1 One group cross sections (barns) for the fuel of 8 GWd/t
burnup
Libraries Pu-236 Np-237 U-238 Pu-242 | An-243 | Cm-244
(n,r) | (ou2m) (vl nn2Znd | {nvr) | (nuw) | (n,7)
JENDL-2 373.6 8.53E-4 35.4 | 4.49E-3| 28.9 51.8 12.4
JENDL-3 . 18.5 6.80E-4 36.4 | 3.00E-3] 28.8 51.2 13.6
ENDF/B-V 18.8 3.44E-4 32.8 - 32.4 51.1 12.1
ORIGEN2-82 20.4 1.06E-3 32.9 | 5.53E-3; 31.8 50.2 13.7
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Fig., 1 C/E values of U-235 concentrations obtained by SRAC-FPGS
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2.7 Topics-4

2.7.1 Nuclear Data Relevant to Diagnostics Design in Fusion Experimental Reactor

Tetsuo Iguchi

Department of Nuclear Engineering, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo, JAPAN

Nuclear data needs and application area relevant to burning plasma
study are reviewed, mainly based on the results of ITER diagnostics
conceptual design works. In particular, some topics are given on fusion
reaction cross sections, activation cross sections for plasma diag-
nostics, cross section data related to radiation damage of diagnostic

instruments and neutron transport calculation for diagnostics designs.

1. Introduction

The ITER conceptual design activity has been just completed in
November 1890, and given us a clear image on the >Fusion Experimental
Reactor’. This makes it possible to consider a more concrete design of
diagnostic systems for nuclear burning plasma closely matched with the
reactor specification. In addition, starting with a large scale deu-
terium plasma experiment at JT-60U of JAERI in 1991, nuclear burning
plasma study in Japan will be greatly encouraged.

So far, there were several good reviews on nuclear data require-
ments mainly for fusion power reactor designs, but this review are con-
centrated on the nuclear data needs and application area relevant to the
burning plasma diagnostics, which have been made clear through ITER diag-

nostics conceptual design works.
9. Outline of ITER diagnostics conceptual design

To fulfill the ITER mission of providing a physics and technology
data base for a demonstration fusion reactor, the proposed diagnostics
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are categorized into three; i)for safety, plasma control and plasma per-
formance in the high radiation technology phase, ii)for plasma optimi-
zation and physics understanding during the preceding physics phase, and
iii) further planned diagnostics such as on-line monitoring of blanket
nuclear performance. As an example, the candidated set of diagnostics
required for i) is shown in Table 1 with the plasma parameters to be
measured. Through three times of the specialists meeting on ITER diag-
nostics attended by the total number of about 60 participants from Japan,
EC, USA and USSR, the design specification of each diagnostic systems
were defined, including machine-interface requirements and port-space
sharing between diagnostics. Fig.l shows the result of machine integ-
ration on the present diagnostic systems with a bird’ s-eye view of ITER.
The principal tasks on the ITER diagnostics R&D program were also con-
sidered as listed in Table 2. ‘Y’ From these items, there are found many
kinds of nuclear data need and application area relevant to the burning
plasma diagnostics. Here are presented some topics briefly on fusion
reaction cross sections, activation cross sections for plasma diag-
nostics, cross section data related to radiation damage of diagnostic

instruments and neutron transport calculation for diagnostics designs.
3. Fusion reaction cross section data

Fusion reaction cross section data on light ions are essentially
important in application to the burning plasma diagnostics. At present,
the reactions of interest are as follows;

(1) 4 + & — n( 2.449MeV) + 3He(0.820MeV) [50%]
p( 3.022MeV) +  t(1.011MeV) [50%]

.
— 4He + v (23.8MeV) [1075%]
(2) d + t — n(l4.032MeV) + *He(3.558MeV) [100%]
— SHe + v (16.6MeV)  [7x10°3%]
(3) d +3He — p(14.640MeV) + “He(3.713MeV) [100%]
— 5Li + v (16.5MeV)  [3x1073%]
(4) t + t — “He + 2n + 11.332MeV
(5) p+d — 3He + v (5.5MeV) [100%]

In these reactions, neutron diagnostics are extensively used to
obtain the informations on fusion power, plasma ion temperature/density
etc. through the measurement of total neutron yield, neutron emission
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profile and neutron energy spectrum. To realize this, it is clear that
the fusion reaction cross section must be accurately known over the
whole particle energy range, which will be from 0.2keV to several MeV,
corresponding to all kinds of plasma operating phases. The present
accuracy on the important fusion cross section such as d(t,n)?He and
d(d,n)3He reactions is said to be better than 5% in the energy range
between 20keV and 120keV. ¢2* However, in the lower and/or the higher
energy region, the accuracy of the fusion cross section data seems to
be still uncertain. From the viewpoint of plasma diagnostics, it will De
necessary to reevaluate the existing fusion cross section data and
improve their accuracy into =+ 3%.

The escaping charged fusion product diagnostic is also useful to
study the mechanism of high energy particle confinement and loss in the
burning plasma although this measurement will be very difficult under
the high radiation environment. For the d-3He reaction, which is some-
times used as minority ion in ICRF heating, the 14.,7HeV fusion product
proton flux escaping from the plasma can be measured. However, it is
reported that the cross section data of 3He(d,p)?He reaction has a large
uncertainty around *+50% at low energies, ¢3°

Very energetic < -rays produced in fusion reactions are recently
being used for many kinds of plasma diagnostic purposes such as assess-
ments of fusion reactivities in D/H/3He plasmas, concentration of some

impurities in the plasma, non-fusion neutron production, etc. The re-
levant reacticns for this ¥ -ray diagnostic are,

D{p, v )3He Ev = 5.5MeV,T(p, v )*e Evy =19.TMeV, D(d, v )%He Ev =23.8MeV,
D(t, v )SHe E<y =16.6MeV, D(®He, v )5Li Ev =16.4MeV in fusion reactions,
120(3He, p7y )14N Ev = 5.1MeV, 12C(d, py )*3C Ev = 3.1MeV, 3.8MeV, 12C
(p, p’ v )'2C By = 4.4MeV, 1€0(p, p’ v )10, Evy = 6.1MeV, 7.0MeV, ®Be(p,
@ v )6Li Ev = 3.5MeV in nuclear reactions with impurity ions and

7Li(p, 7 )®Be, 1B(p, v )12C, 2C(p, v )1%N, SN(p, v)'%0, d{(a, ¥ )°Li,
6Li(@, v )%, “Li(a, v )1'B, ®Be(a,n1v )12C in resonant capture reac-
tions induced by the pellet or beam injection. These reactions will be
necessary to evaluate the cross section data and its v -ray branching
‘ratio, ‘%’

Another topic is concerned with the use of spin-polarized d-t and
d-3He fuels, which may increase the fusion reactivity by 50% and devi-
ate the angular distributions of the reaction products. Some systematic
experiment is needed to check these theoretical predictionms. %’
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4. Some activation cross section data for plasma diagnostics

There are some candidates of activation reactions to measure neu-
tron, 7y -ray and a-particle for plasma diagnostics. As a new neutron
yield monitor, the fluid activation system has been proposed in ITER,
based on 180(n, p)1®N, 170(n,p)*”N and ®Be(n, a )®He reactions. Photo-
nuclear reactions with threshold energy such as 12C(v, an)7Be, S8Ni
(v,2n)5%Ni, etc. can be used to assess the energy and intensity of run-
away electrons caused by disruption.(Table 3.) The use of the alpha
activation reactions such as 1°B(a,n)!3N, 14N(a, v )1®F, etc. will be
the most promissing and practical method to obtain the energy infor-
mation of the escaping a particle from the burning plasma. (Table 4 )
These can be regarded as new fusion dosimetry techniqgue in a wide sense.
It is hoped to establish an evaluated library for these activation cross

section data, ¢&2- 7?2

5. Cross section data for radiation damage of diagnostic instruments

One of the most important R&D issues in ITER diagnostics is to
assess the radiation effects on the diagnostic components inside or
close to the first wall of the tokamak, such as vaccuum windows, reflec-
tors, ceramics for electrical isclation, fiber optics, cabling and
vacuum feedthroughs, plasma facing sensors, etc. In particular, the data-
bases on the performance of diagnostic components in radiation fields
must be established to provide a basis for diagnostic selection, design
and integration on the tokamak device., It will be the first conside-
ration to develop the database format, which should be optimized to
support enginnering needs, accessibility and update of the data. For
example, the concept of the DPA cross sections and KERMA factors may be
useful to express the permanent radiation effect and the transient radi-

ation induced noise on the diagnostic components, respectively.
6. Neutron transport calculation for diagnostics designs

The development of good neutron and gamma transport codes is also
ranked as one of the most important R&D issues for the ITER diagnostic

design. A mixture of 1-D, 2-D and 3-D modelling codes, qualified by
actual measurement, will be necessary, supported by good cross section
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libraries. At present, four basic types of neutronic information are
required; 1) Accurate assessment of the collimation developed for the
neutron diagnostics, including backscattering from the central mass of
material, 2) Calculations of neutron and gamma spectra at the location
of micro-fission chambers and nuclear activation samples, 3) Shielding
capability required for a non-fusion product detector configuration,
including the impact of any direct streaming, 4) Nuclear heating or
noise induced in the detection system. These calculational modellings
are needed to be sufficiently detailed because the accuracy of the calcu-
lational results will be directly reflected to the assesment of plasma
performance. It is not too much to say that 'Fusion Neutronics' is the

key to success in the burning plasma diagnostics.

7. Summary

Through the conceptual design works in ITER diagnostics, nuclear
data needs and application area relevant to burning plasma study have
been briefly reviewed. In this research field, the usefulness of nuclear
data and neutronics will be directly reflected to the plasma physics and
engineering. With the progress of the engineering design activities of
ITER and the d-d plasma experiment at JT-60U, some special purpose
nuclear data library for burning plasma diagnostics is expected to be

compiled and established.
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Table 2 ITER diagnostics R&D tasks

Radiation Effects on Components
Develop vacuum windows for diagnostics
Develop reflectors for diagnostics
Radiation sensitivity of ceramics
Radiation properties of fiber optics
Radiation hard dispersive and reflective methods
Data-base development for components in high radiation fields
Radiation capability of cabling
Radiation sensitivity of specific diagnostic hardware
New and Significantly Modified Diagnostic Methods
New fusion product techniques
Dual-polarization reflectometry for electron density and magnetic field
profile studies
Source for collective scattering of fast ions
New Calibration Methods
In-siiu calibration technique for 14 MeV neutrons
Hot source calibration of the ECE diagnostics
New Diagnostic Components
Many examples are given in the Plan
Studies of New Methods on Operating Fusion Experiments
Provides funding to operating groups for installation of test diagnostic
equipment on their devices
Development of Diagnostic Computer Codes
Neutron transport codes
Analysis codes for the magnetic diagnostics
Interpretive diagnostic codes
Development of Computer Methods for Real-Time Data-Handling
Reliability Studies of Operating Equipment
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Table 3 Photonuclear activation reactions

Target | Reacticn Product | Threshold (Mev) T% EY {kev) %
120 Y. X {x=atn) 7Be 26.3 53.3 4 477.56 10.3
saNi Y. D 57Co B.2 270.0 4 122.07 85.6

Y, 0 STINL 12.2 37.0 h 1377.62 B84.9

Y, p s5Co 19.6 77.3 4 846.75 99.99

Y., 2n 5SNi 22.5 6.1 d 158.30 95.00

Y, 2np $:Co 29.5 18.0 h 931.50 75.00
saNi Y, np 53Co 20.0 70.8 & 810.75 99.45
54Fe Y, np 54Mn 20.4 31z.2 & 834.81 99,97
58TFe Y. Np Spn 20.9 5.74 1434.43 10¢.00
$3Mn Y, n SsMn 10.2 312.2 4 B834.81 99.97
5aCr Y, n 3iCr 12.0 27.74 320.07 .83
soCr Y, np sy 21.6 15.97 4 983.50 100.00

Table 4 QILscaping c-activation reactions
Q value o

Reaction (MeV) T2 {mb)* Comment

10B{a,)13N  +106 9.9 min 10[12] e*,noy

14N (a,y) 18F + 4.4 110 min . 5[13) e*,noy

25Mgl{a,p)28Al — 1.2 2.2 min — 1.78 MeV ¥

27Al(a,n)30P — 2.6 2.5 min 3[{14]) e* 1%y

25S8i{a,p)32P —2.4 14 days —— e”,noy

30Si{a,p)}33P —2.9 25 days — e, noy

41K (a,n)445c —3.4 39h — et, 1.15 MeV ¥

*The values of the cross sections are rough averages over the energy range
from about 1-3 MeV.
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3.1 Absolute Measurement of Neutron Capture Cross Sections
with BGO Scintillators

Katsuhei Kobayashi, Shuji Yamamoto and Yoshiaki Fujita
Research Rgactor Institute, Kyvoto University

Kumatori-cho, Sennan-gun, Osaka 590-04 Japan

For the absolute measurement of capture cross sections by
the linac time-of-flight method, a total absorption gamma-ray
detector which is composed of 12 bricks of BGO scintillators (5
X 5 cmz, 7.5 cm thick) was prepared. At first, with the BGO
scintillation detectors, determination of the capture detection
efficiency and absoiute measurement of neutron flux incident upon
-the sample were carried out. Then, the experimental results
were applied to the cross section measurement for the 197Au(n,

y Y1984y and Sb(n,7 ) reactions in the energy region between 0.01
and 1.0 eV, by using the 1°B(n,a 7 ) reaction as a well known
standard reference cross section.

Since the result of the 197Au(n,» )198Au cross section
showed a good agreement with the existing measurements and the
evaluated data ENDF/B-V, it was verified that the BGO detection
system could be used for the absolute measurement of capture
cross sections. Then, the detectors were applied to the Sb(n,

v ) cross section measurement, whose data were not always enough

in quality and quantity.

1. Introduction

The neutron radiative capture process 1s great importance
not only in understanding of the physical phenomena but also in
many aspects of nuclear reactor design and the associated fuel

cycles. Neutron capture gamma-ray spectroscopy has become
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useful fTor the practical applications, especially in the
time-of-flight experiment using a pulsed neutron source. For
the determination of the number of capture events, it 1s neces-
sary to employ the detection method which is independent on the
cascade mode of nuclei or on the energy spectrum of the prompt
gamma-rays, that is, the method which the detection efficiency
for capture gamma-rays should not be affected by the cascade
mode. From these points of view, a number of neutron capture
gamma-ray detectors have been developed, such as NaI(Tl) and
various types of organic and/or inorganic scintillation detec-
torsl).

The principle of this type of capture gamma-ray detector is
to collect all prompt gamma-radiation energies emitted in neutron
capture. An ideai detector is a type of 4z geometry around the
sample, and so large that the whole radiation energies corre-
sponding to sum of the neutron binding energy and kinetic energy
of the incident neutron can be absorbed. A liquid scintillation
tank of about 3000 liters meets the gqualifications and it 1is
often used for the capture measurements, since the gamma-rays can
be totally absorbed and the detection efficiency appreoaches to
100 %. However, the discrimination level of this detector has
to be usually set high, for example, at 2.5 MeV, because of
troublesome background pulses in the low pulse height region.
Then, the absolute determination of the number of capture events
with the scintillation tank is not reliable enough for measure-
ment of capture cross sections.

Bismuth germanate, Bi4Ge3012 (BGO) scintillator has a high
density and a high stopping power for gamma-rays. Accordingly
the volume of the scintillator to absorb the major part of cap-
ture gamma-rays can be smaller than the liguid scintillation
tank. Then, the scintillator has been expected to be usuable

for a gamma-ray spectroscopy2_4). Moreover, advantageous point
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to employ the BGO detection system is able to use the 10B(n,a v )
reaction as a standard for the measurement of neutron flux im-
pinging on the capture samples).

This paper describes how to make the absolute measurements
for the 127au(n,s )198Au and Sb(n,r ) reactions and the results
obtained by using the BGO detetion system in the linac neutron

time-of~flight method.

2. BGO Detector

A Bi4Ge3012(BGO) scintillator has a high specific weight of
about 7.13 g/cm3 and it is intended to be applied to measurement

of capture gamma-rays as a total absorption detector. We have

2

prepared 12 bricks of BGO scintlllators, each size 5 X 5 cm® and

7.5 em thiek, and assembled a scintillation bank to have a
through hole 2 x 2 cmz,
BGO scintillators is 2.25 liters and corresponds to about 1/1000

as shown in Fig. 1. Total volume of the

of that of a large liquid scintillation tank. Neutron beams are
let through the hcle to a capture sample placed at the center of
the assembly. The inside of the hole was covered with enriched
lithium-6 tiles of 6iF 3 mm thick, to absorb neutrons scattered
by the capture sample. Moreover, the BGO detection system is
installed in a lead shield of 10 c¢m wall thickness to reduce
background from the surroundings.

Some of the characteristics of this BGO detector, such as
measurement and calculation of capture gamma-ray spectra from Fe
and Au, detection efficiency for gamma-rays and sensitivity to
neutrons scattered by the capture sample, were measured and

reported in the previous paperS).
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3. Experimental Method

3.1 Sample

As a capture sample in the present experiment, at first,
gold was selected to investigate the application of the BGO
detector to the absplute measurement of capture cross sections,
because the 197Au(n,fr )198Au reaction is one of the well Kknown
standard cross sectionss). The gold sample was a metallic plate
of 1.8 x 1.8 cm? and the thickness was 0.71860 g/cmz. Secondly,
this BGO detector was used for the absolute measurement of the
Sh(n, y ) reaction, whose experimental data have not always been

enough in quality and quantity. The antimony sample was powder

2

and packed in a 0.2 mm thick aluminum case 1.8 x 1.8 cm® and 5 mm

thick. The sample thickness waé 1.843 g/cm?.

Neutron flux impinging on a capture sample was measured by
the 19B(n,e 7 ) reaction, whose cross section data are well known
as a standards). Boron-10 powder, whose enrichment was 90.4 %,
was also put in a 0.2 mm thick aluminum case 1.8 x 1.8 cm? and 8

mm thick, and the 10B sample thickness was 1.102 g/cm?.

3.2 Experimental Arrangement

Capture cross section measurements in the neutron energy
region between 0.01 and 1.0 eV were made by the time-of-flight
(TOF) method using the 48 MeV electron linear accelerator (linac)
at the Research Reactor Institute, Kyoto University (KURRI}.
The experimental arrangement is shown in Fig. 2. The flight
path used in the experiment 1s in the direction of 135 degree to
the linac beam. The neutron collimation system was mainly
composed of ByC, Li,C0g and Pb materials, and tapered from about
12 cm diameter at the entrance of the flight tube to 1.5 cm at
the detector.

Burst of fast neutrons were produced from the water-cooled
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photoneutron target, which was made of 12 sheets of Ta plates 4.8
cm in diameter with an effective thickness of 3 em’) . This
target was set at the center of an octagonal water tank, 30 cm
diameter and 8 cm thick, to moderate the neutron energies.

The experimental parameters and conditions are summarized in
Table 1. In order to prevent overlap of thermal neutrons pro-
duced by the previous linac burst, the pulse repetition rate was
set to be low as 50 in 12.7 m TOF measurement. Neutron flux
incident upon the capture sample was measured in the TOF method
by using the lOB(n,a vy } reaction as a standard reference cross
sectionS). The neutron intensity during the experiment was
monitored with a BF5 counter which was inserted into the TOF

beam.

4. Capture Measurement

In order to make an absolute measurement of neutron caplure
events, at first, we selected samarium as a capture sample, 1.8 X
1.8 cm? and 0.5 mm thick plate. Compound nucleus of samarium
has a capture cascade with high gamma-ray multiplicity. There-
fore, in the measurement of capture gamma-rays from the samarium
sample, missing the detection of capture events is very rare, as
we described befored). Then, we can assume that the detection
efficiency ¢ Sm(Eo) appeared in Eq.(1) is egual to unity;

Cem(Eg) = & sp(Eo) Ysm(Eo) ¢ (Eg) = Ygn(Eg) o (Ey) (1)
where the subscript "Sm" is for samarium, E, means thermal neu-
tron, C is counting rate, Y is capture yield, and ¢ 1is neutron
flux. Samarium has a very large capture cross section to ther-
mal neutrons, and a Sm sample 1s, therefore, "black” for imping-
ing thermal neutrons. Then, Eq.{(1) is rewritten as

Com(Eo) = ¢ (Eo). (2)
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The cross section of the 10g(n, 2 7 ) reaction for thermal
neutrons 1is so large that the lOB sample of about 1.102 g/cm2
thickness becomes biack to the incident neutromns. Then, the
following relation is also derived:

CR(Ey,) = & glEy) Yg(Ey) ¢ (Eg) = ¢ g(Ey) ¢ (Eg) (3)
where the subscript ."B" means 10g, From Egs.(2) and (3), the
detection efficiency & B(Eo) is given as

CB(EO)/CSm(EO) = ¢ glEy) = &5 - (4)
It has to be noted that the ¢ B(EO) is constant at any other neu-
tron energies, because the 108(n,a v ) reaction emitts 480 keV
gamma-ray only at any incident neutron enecrgies. On the other
hand, at the first s-wave big resonance of 4.9 eV for Au, the
capture yield is alsoc close to unity. Then, the following
relation with goldjcan be given;

Cay(ER) = ¢ au(ER) Yau(Ep) ¢ (ER) = & ay(EgR) ¢ (Eg), (5)
where Ep means resonance energy and ¢ (ER) can be obtained by the
flux measurement using the lOB(n,a » } reaction. Since the BGO
detector is thought to be a total energy absorption detector, the
detection efficiency with gold measurement can be constant at any
energy E,

£ au = ¢ aulEr) (6)
The capture events at neutron energy E are obtained from the

following Au and 10p measurements; -

CAu(E) = & Au YAu(E) ] (E) ’ (7)
CB(E) = £ B YB(E) Cb (E) - (8)
Then, the capture yield YAu(E) can be derived as
Car (E) &
Y (B) = — 2. "B yo(E) (9)

CB(E) & Au

by using a standard cross section for the 1OB(n.a 7 ) reactions).
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5. Experimental Results and Discussion

Making use of a total absorption BGO detector for capture
gamma-ray measurement, firstly, absolute measurement of the
neutron capture cross section of gold was made in the neutron
energy regidn between 0.01 and 1.0 eV using the linac TOF method.
The result is given in‘every 0.11 lethargy width and illustrated
in Fig. 3. The experimental uncertainties are 3 to 4 % which
are mainly derived from the statistical error of about 2 to 3 % .
The present measurement for the 197Au(n,7 )198Au reaction is in
very good agreement with the existing measured and evaluated
data. Then, it could be considered that the BGO detector can be
verified to be applicable to the absolute measurement of capture
cross sections by detecting prompt capture gamma-rays using the
linac TOF method.

Secondly, the BGO detector was used to measure the cross
section for the Sb(n,7y ) reaction at energies between 0.01 and
1.0 eV. Statistical error was about 3 % at lower energies and

about 5 % at higher ecnergies, and the total uncertainties were up

to 4 to 6 %. The present result is illustrated in Fig. 4,
comparing with the existing data. Koester's values) at 0.025 eV
agrees with the present data. The evaluated curve of JENDL-3

recently releasedg) shows a general agreement with the present
measurement, although the present values seem to show some struc-
ture and deviate a little from the evaluated curve in the energy
region between 0.1 and 0.5 eV, This discrepancy would be inves-
tigated in future, although similar tendency is observed in the

neutron total cross section of Sb measured by the authors very

recently.
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Table 1 Typical experimental parameters and conditions.

LLinac operation:

pulse height 30 p sec
pulse repetition 50 Hz
average current ~60 u A
electron energy 30 MeV
Capture ¢y detector BGO detector

(12 bricks) assembly

Neutron monitor BF g counter
in TOF beam

Flight path 12.7 + 0.1 m
Time analyzer {(channel width & No. of channel):
capture measurement 0.25 to 4 u sec / channel

1024 or 2048 channels

neutron monitor 0.08 p sec / channel
2048 channels
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Abstract |

To obtain fundamental data for the research of the transmutation of long-lived radioactive waste,
the cross section of the reaction ' Cs(n, ¥ )'*Cs has been measured by means of an activation
method . First, the thermal neutron capture cross section, including a contribution of epithermal
neutrons, was obtained relative to that of the *Co(n,7)*Co reaction. A target of about 0.4 MBq of
"'Cs was irradiated together with a Co flux monitor at JRR-4 in JAERI. The samples were purified
chemically and their y-ray spectra were measured with a HPGe detector of 90 % relative efficiency.
The resulting activity ratios between s and "'Cs and neutron flux data gave the cross-section
value of 0.250+ 0.013 b. This value is twice as large as that of the previous work by D. C.
Stupegia (J. Nucl. Energy, Al2, 16 (1960)). Second, another set of irradiations, using a Cd
thermal neutron shield, were carried out to separate the contributions from thermal and epithermal
neutrons. The cross section for 2,200 m/s neutrons, G,, was 0.25:10.02 b and the resonance
integral, I,, was 0.36+0.07 b. This result is consistent with the cross section obtained in our first
experiment. It is found that the resonance integral of the reaction has been overestimated in
evaluations: [,=0.499 b in ENDF/B-V and I,=0.680 b in JENDL-3.
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(1] Introduction
The nuclide 'Cs is one of the most important fission products in the radioactive waste

38 . -
1%Cs reaction is necessary for the

management. The accurate cross section of the ¥Cs(n, ¥)
research of the neutron utilized transmutation.’” There has been no measurement of the cross
section of the *"Cs(n, ¥)"**Cs reaction since Stupegia measured the thermal neutron capture Cross
section first in 1960; he obtained the value of 0.110%£0.033 b with a Nal(T1) spectrometer by an
activation method.” In this seminar, details of the measurements of the thermal neutron Ccross
section and resonance integral of s are given; the cross sections were measured by taking
advantage of a highly efficient Ge detector and fast electronics; further, a chemical separation

process is introduced to enhance the sensitivity of activity measurement.

[2] Measurement of the thermal neutron cross section
of the "*'Cs(n, v e

The thermal neutron capture cross section was measured relative to that of the *Co(n,y)*Co
reaction. About 0.4 MBq of (s was used as a target. Three pul of CsCl solution containing the
radioactivity was put into a small polyethylene boule and evaporated to dryness. The target was
irradiated together with a flux-monitor wire of 0.475 w% CofAl-alloy (0.76 mm in diameter)
during a 10 min period in the T-pipe of the JRR-4 reactor at JAERIL. The irradiation position is
characterized with a thermal neutron flux of 4 X 10" n/em?s and an epithermal index in the Westcott

Cs reaction

convention®, ¢fT/T 0> 0f 0.02.

About 15 min after irradiation, a chemical procedure for purification of the irradiated "Cs target
was started. Two ml of water containing 2 mg of zeolite (natural mordenite) was poured into a
polyethylene bottle. The zeolite absorbing Cs was separated from the solution by filtration and
washed with water and then with a small amount of acetone. Most of the *Na and **Cl activity was
eliminated.

About 30 min after irradiation, the measurement of the
observation of weak transitions of *Cs in the strong y-ray field of s, a HPGe detector of 90%
efficiency and a fast ADC (450 MHz) were used. Fig.1 shows the block diagram of the high-rate
gamma spectroscopy system. The digital pulse height signals were accumulated through a CAMAC
interface in a histogram memory; the pulse height data with 4K channels were dumped at intervals
of 600 s into a floppy disk.

Fig.2 shows a Y-ray spectrum of the irradiated and purified ' ¥Cs sample. In the spectrum, the
y-rays of ' %Bg can be seen at 1010, 1436 and 2218 keV besides the 662 keV 7y -ray of ¥'Cs.
Figure 3 shows the decay curves of the s y-lines. The data are well fitted with a single
exponential curve. Table 1 shows half-life values of (s determined from those y-lines in each of
four runs. The weighted mean is 33.1:% 0.6 min. This value is in good agreement with the
experimental one reported by Ehrenberg and Amiel. These facts indicate that the '*Cs ¥ lines are

"Cs sample was started. For the

free from contamination of other radioactivities.
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The reaction rate of ~ Cs was deduced from the activity ratio of s 1o "'Cs. The thermal
neutron capture cross section was obtained by dividing the reaction rate by the thermal neutron flux
measured with a flux monitor Co. The relation between the activity ratio and the capture Cross

section can be expressed by

Ar A
Ar o @(1-eRTR) "
Symbols are defined as follows:

A: Activity at the end of neutron irradiation

A : Decay constant

¢ : Thermal neutron flux

Ty : Period of neutron irradiation.

The subscripts 1 and 2 refer to ¥0s and *Cs, respectively. The nuclear data used are summarized
in Table 2.

The second column in Table 3 shows the thermal neutron fluxes determined from %Co
radiactivities produced in the flux monitors; the cross section value of 37.18 b was taken for the
*Co(n,y)*Co reaction. Table 3 also shows the measured cross section for each *Cs y-ray
obtained from four runs. The errors of the cross section do not include the errors of the nuclear data
in Table 2. A weighted mean of 0.250%0.013 b has been obtained as the thermal neutron cross
section. This is 2.3 times larger than that of the previous work by D. C. Stupegia. @

(D

g=

[3] Measurement of the cross section
at 2,200 m/s and resonance integral

The resonance integral of the Cs(n, v) **Cs reaction was measured together with its 2,200-m/s
neutron cross section. One possibility for the cause of the discrepancy between our result given in
sect. [2] and Stupegia's is a difference in neutron spectrum, if the resonance integral is very large.
An experimental data of the resonance integral is also needed for the feasibility study of nuclear
transmutation, when the epithermal range of neutrons is used. |

About 0.4 MBq of 1¥Cs was irradiated together with Co, Au and Mo flux monitors by using the
pneumatic tube equipped with a movable Cd shield at J RR-4. Fig.4 shows the schematic diagram
of the pneumatic tube. lrradiations were carried out with and without the Cd shield during a period
of 10 or 2 min.

Chemical procedures and y-ray measurements were the same as the previous ones mentioned in
sect. [2). Fig. 5 shows y-ray spectra obtained at Run 2 for the "¥'Cs samples irradiated with and
without a Cd shield. In both the spectra, y-rays from the (s were observed. Since the production

of the *Cs was much reduced in irradiation with a Cd shield, the 1436-keV y-ray, which is the
strongest in the y-rays of 35, was used for the radioactivity determination. The y-ray intensities
observed for the **'Cs samples and the flux monitors were reduced to the radioactivities at the end
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of the irradiation, refering to the nuclear data listed in Tables 2 and 4. The radioactivity of Cs was

(s, as described previously.

determined relative to that of
The reaction rate, R, over ©, (cross section for 2,200 m/s neutrons) is expressed by the

following equations.
R/o, = 6,+ ¢, XsG; for irradiation without a Cd shield --- (2)
R'/o, =¢," + ¢, Xs,G_; forimadiation with a Cd shield ~ --- (3)

where ¢," ") are free parameters determined by the flux monitors; ¢.” and ¢,"’ are
1 ) p Y I 2

approximately the thermal and epithermal neutron fluxes, respectively. The s, is defined by

I!

0
SO=/J37X—‘_ i (4)

i Ty

where I, is the reduced resonance integral. Parameters for eq. (2)~(4) are listed in Table 5. Fig. 6
shows the relation between R‘’o, and s,G,; measured for Co, Au and Mo flux monitors. As
indicated by eq. (2) and (3}, good linear relationship can be seen in Fig. 6 for both irradiations
with and without a Cd shield.

The thermal neutron fluxes ¢, ) and epithermal neutron fluxes ¢,’ )in each of irradiation conditions
were deduced from the fitted lines. Table 6 shows the results of neutron flux determinations and the

5. The weighted means of the thermal cross section G,

cross sections of the reaction " Cs(n, ¥ )
(for 2200 m/s neutrons) and the resonance integral I, (including the 1/v part) are ¢, =0.25 = 0.02
band I;=0.36 £ 0.07 b, respectively.

This result is consistent with the cross section obtained in our first experiment. In Table 7, the
measured value I is shown together with recent evaluations( ENDF/B-V and .TENDL-3).(9) It is

found that the resonance integral of the reaction has been overestimated in evaluations.

[4] Conclusion

The neutron capture cross section of "'Cs, which is one of the most important nuclide for the
management of radioactive waste, has been studied for the research of the neutron-utilized
transmutation. First, the thermal neutron capture cross section was measured relative to that of the
SQCO(D,Y)GOCO reaction. The value obtained, 0.250 + 0.013 b, is twice as large as that of the
previous work by D. C. Stupegia®. Next, the neutron capture cross section for 2,200 m/s
neutrons, G, , and the resonance integral, I,, were measured. The results are 6, =0.25 = 0.02 b
‘and I, = 0.36 = 0.07 b. This result is consistent with the cross section obtained in our first
experiment. It is found that the resonance integral of the reaction has been overestimated in recent
evaluations.®
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Table 1 Experimental half-life of 138¢s

Half-life (min)

Run

Ne. 1,010 keV  1,436keV 2,218 keV

] 34.4+45.2  32.9+1.3  34.2+3.4

2 33.145.3  33.4+2.1  30.1+0.3

3 37.1+4.9  33.7+i.1  26.5+2.5

4 - 32.5+3.9  33.8%1.1  32.1+3.4
24.1+2.4  33.540.6  30.0+1.7

Weighted mean=33.1x0.6 (min}

Table 2 Nuclear data used in the present work

Nuclide T1ro E, (MeV)  r-intensity
Co 5.271 yr 1.173 1.00
1.332 1.00
Cs  30.17 yr 0. 662 0.85
Cs 33,4 min 1.010 0.284
1.436 0.750
2.218 0.161

Table 3 Experimental results of thermal neutron flux and cross section

Cross section (barn)

Run Neutron flux
[} 2.

No. (10" n/cm?-s) 1,010 keV 1,436 keV 2,218 keV

I 3.7+£0.2 0.286x0.023 0.251x0.014 0.271+£0.019

2 3.8+0.2 0.282+£0.026 0.258+0.016 0.235+0.033

3 3.9+0.1 0.264+0.020 0.248+0.014 0.205+0.015

4 3.8+0.1 0.277+0.021 0.250+£0.014 0.223+0.016
0.276+0.017 0.250+0.013 0.230+0.014

Weighted mean=0250+0.013 (barn)
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Table 4 Neutron flux monitors and nuclear data used
for the determination of radiocactivities

Material  Diameter Radio Hall-iife  Delecled 7-ray

of wire ol wire nuclide
{mm) Energy  Inlensity Gy
(keV) (%)
0.475w% 0.78 Co 5.y 1173 100 G.995
Co/Al 1337 100 0.99
0.051w% 0.51 iay 2.686d 412 §5.5 0.995
Au/Al -
Mo .51 o §6.02 h 141 89.0 0.908
. . . (") (")
Table 3 Data used for the determination of ¢; and ¢7
}
Nuclear reaction Gqo (D) S g Gert
59Co(n. v )%"Co 371. 2 1. 83 1. 00
P970uCn, ¢ 31 %% 00 ¥8. 8 17.02 i. 00
I5oln. ¥ )?%MHo 0. 130 53 0. 85

Values for the wires listed in Table 4

Table 6 Results of neutron flux determinations and the cross
sections of the reaction 137Cs(n,y)l38Cs

Run Irradiation , or ¢, $, 0r 83 BCs(n, ¥)1'Cs reaction

Type Period {10%cm™%s™")  (10%em'%s™') R/R’ Sy oy (b)

1 no Cd shield Im 3.15%0.17  0.124%0.012 T
, AE0.8 0.8930.35 0.27940.
with Cd shield 10 m  0.234+0.017 0.1110.004 o.01

7 no Cd shield 10m 2.96%0.18 0.093%0.014 02409 + N
with Cd shield 10 m  0.22020.015 0.995+0.004 -o 00 1-83E060 0.23420.018

Averaged 1.0920.30 0.253+0.022

Table 7 Comparison of resonance integrals
for the 137Cs(n,y)138Cs reaction

Resonance

h integral ' {b)

Present work 0.36%0.07
ENDF/B-V .488
JENDL-3 0.680

'The Cd cutoff energy is 0.5 eV.
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33 Evaluation of Cross Sections for the Dosimetry Reactions of >*Nb

Naoteru Odano, Shin Iwasaki and Kazusuke Sugiyama

Department of Nuclear Engineering
Tohoku University
Aramaki-Aza-Aoba, Aoba-ku

Sendai, 980 Japan

Cross sections for 93Nb(n,n’)gsmNb and 93Nb(n,2n)92mNb reactions were
evaluated using nuclear model calculation and experimental data. In this
study, the ELIESE-GNASH joint program, the Hauser-Feshbach code with pree-
quilibrium correction, .was used for calculation of the cross sections and
particie emission spectra. The input parameters for the nuclear model code
were adjusted to reproduce the recent experimental data. To establish reli-
able excitation functions for the dosimetry application, the cross section
were evaluated with their uncertainties and covariance matrices from the
results of the nuclear model calculation and recent experimental data using
a generalized least squares program, GMA.

The fission spectrum averaged cross sections calculated from the evalu-
ated cross sections were compared with the recent integral experiments. The

degree of agreement for both the reactions was good.

1. Introduction

The 93Nb(n,n')93mNb and gsNb(n,Zn)gszb reaction are of importance for
dosimetry applications. Specifically, the 93Nb(n,n')%mNb reaction is con-
sidered as reaction for measurement of fast neutron fluence by activation in
pressure vessel of light water reactor. Its threshold energy of 30 keV and
half life of 93myp (13.6 year) are suitable for the fluence monitor. On the
other hand, the 93Nb(n,2n) 20Nb reaction cross section is interest as a
monitor for fusion reactor dosimetry application because of a hale life of
the produced 92myy, (10.15 day) and its high threshold energy, about 9 MeV.

In spite of the importance of the 93Nb(n,n')gsmNb reaction, experimen-
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+al data of the cross section is still sparse and the uncertainties of the
data are large due to the difficulty cof the activity measurement. We intend-
ed to improve the present status of the reaction cross section using theo-
retical calculation /i1/. In this paper, evaluation of the two pertinent

reaction cross sections were described.

2. Nuclear Model Calcu}ation
2.1 Nuclear Model Codes

In this study, a2 joint program of ELIESE /2/ and GMASH /3/ (EGNASH/4/),
and DWUCK /5/ code were used for the calculation of the neutron induced
reaction cross sections and particles emission spectra. EGNASH was a main
code in this study. The code is a statistical nuclear model code and in-
cludes preequilibrium correcticn by excitoh model. The code provides reac-
+ion cross sections and spectra (emission of neutron, y-ray and charged
particles) resulting from particle induced reactions. The transmission
coefficients for the GNASH code were prepared by ELIESE which is implemented
in EGNASH. The DWUCK code, distorted wave Born approximation code, was used
to calculate the direct inelastic scattering cross sections. The contribu-
tion of the direct inelastic scattering cCross gections were taken into

account in the calculation of EGNASH code.
2.2 Parameters for the Nuclear Model Codes

Input parameters fer the nuclear model codes were carefully chosen and
adjusted to reprcduce the reaction cross sections and particles emission
spectra. In the nuclear model calculation, the optical model potential
parameter, level density parameter and data for discrete level were impor-
tant as input parameters.

A optical model potential parameter set by Smith (ANL) /B/ was adopted
for the calculation. For checking of the adopted parameter set, the so-
called "GPRT" data, i.e., the s- and p-wave neutron strength functions,
scattering radius and total cross section, were compared with experimental
data.

In the original EGNASH ccde, the Gilbert-Cameron's level demsity formu-
la /7/ was used. In this study, energy dependence of level density parameter
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developed by Ignatyuk /8/, which is effective for the nucleus in the neigh-
borhood of the closed shell was newly implemented /1/. The energy dependence

of the level density parameter can be expressed by the following formula,
a{lU) = all+f(U)dW/U}, (1)

where "U" is the excitation energy and "a" is the asymptotic value for the
Fermi gas parameter occdrring at higher energies. The term dW denotes the
shell correction term and evaluated by the mass formula by Camercn and Elkin
/89/. The term f(U) owes the energy dependence of the parameter by
f(U)=1-exp(-0.09}).

The discrete level data (spin and parity of discrete levels, and y-ray
decay scheme) was found to be important input data in the present calcula-
ticn. The data for 935Nb was taken from the evaluation by Demanins /10/. The

data of the reference 11 was used for the other nuclei.

2.3 Discussion on the Result of the Nuclear Model Calculation

The calculated excitation functions of the 93Nb(n,n')gsmNb,
93Nb(n,2n)32™b, 93Nb(n,2n)%2™*ENb, 93Nb(n, @)%%™Y and ¥3Nb(n, o)%0MBY were
compared with their experimental data. The excitation function of the
95Nb(n,n')gsmNb reaction is slightly lower than the expefimental data in the
energy range from 2 MeV to 4 MeV. The excitation function of the isomeric
state producticon cross section via (n,2n) reaction is higher than the exper-
imental data above 16 MeV while the excitation functicn agrees with the
experimental data below 18 MeV. The sum of production of the isomeric state
and the ground state is somewhat higher from threshold energy to 12 MeV. Fer
(n,aq) and (n,~y) reaction, the calculated crcss sections reproduced the
experimental data in acceptable level. ,

The particle emission spectra were calculated around 14 MeV, and also
compared with experimental data. The agreement was rather good.

Thus, by using theoretical model codes, a consistent data set of neu-
tron induced reaction cross sectiocns for 93Nb was obtained. The two perti-
nent cross sections were reproduced by the model calculation, though the
degree of agreement with experimental data is still insufficient from the
view point of the dosimetry application. In order to obtain reliable dosime-

try cross sections, an evaluation was performed using a generalized least
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square method taking into account the result of the nuclear model calcula-

tion in addition to the experimental data because the experimental data were

too scarce.

3.1 Evaluation of Cross Sections

3.1 Evaluation Procedure

A pascal version of GMA code /12/, Gauss-Markov-Aitken least squares
nuclear data evaluation program, was used for evaluating the cross sections
with their uncertainties and covariance matrices. The program evaluates
cross sections by O-order spline fitting. Because of the peculiarity of the
0-order spline function, all experimental data used in the evaluation must
be converted at energy grid determined in advance. The energy grid was
chosen considering the distribution of experimental data. As the first step,
the experimental datd were surveyed. Some experimental data were rejected
because the data were inconsistent with the osther experimental data. In the
GMA calculation, the result of the present theoretical calculation was
treated the same as the experimental data. The uncertainties and correla-
tions of the experimental data were appropriately assumed from the litera-
tures. The uncertainty of result of the theoretical calculation was assumed

7.5 % for each reactions.
3.2 The 93Nb(n,n')?3ONb Reaction Cross Section

In the evaluation of the (n,n') reaction cross section, weight of the
experimental data by Wagner /13/ in the vicinity of 8 MeV and Ryves's /14/
data at 14 MeV was reduced in order to avoid unnatural structure in the
excitation function. The evaluated result were shown in Fig.l with experi-
mental data used in this evaluation. The evaluated correlation matrix was
illustrated in Fig.2. Variance of the present evaluated result was 3 % in
the energy range from 2 to 6 MeV. In the other energy range, the variance
was 7.5 %. The present evaluation reasonably follows the experimental data
below B MeV. Comparing with the other evaluation of JENDL Dosimetry File
seemed to be overestimation in the energy range between 4 tc 6 MeV, while

present result agrees with IRDF-80.
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3.3 The 93Nb(n,2n)92INb Reaction Cross Section

For the evaluation of the {n,2n) reaction cross section, 32 experimen-
tal data {178 energy points) and the rasult of theoretical calculation were
used as input data. The uncertainties and correlaticns of each experimental
data were assumed from the description of the EXFOR. The evaluated result
was shewn in Fig.3 with experimental data. Fig. 4 illustrates the correla-
tion matrix of the evaluated cross section. Variance of the present evaluat-
ed result was 0.7 % around 14 MeV. In the other energy range, the variance
was 2 to 7 %. Because of the lack of the experimental data around 12 MeV,
present evaluated result is lower than recent evaluated data files, the
IRDF-90 and JENDL Dosimetry File. Because present evaluaticen follows the
present theoretical calculation which is lower than the IRDF-90 and JENDL

Dosimetry File around 12 MeV.

4, Fission Spectrum Avefaged Cross Section

To validate the present evaluated result, the fission spectrum aver-
aged cross sections were calculated. For the 93Nb(n,n*)gsmNb reaction, the
292cf fission spectrum evaluated by Mannhart /15/ was taken for the fission
neutron field. The average cross section was compared with experimental data
/16-22/ and average cross sections calculated using the other evaluated
cross section. The average cross secticn calculated using present evaluated
result, 145 mb, agreed with recent integral experiment as shown in Table 1.

For the 93Nb(n,Zn)gszb reaction, thermal fission spectrum of 235U of
the ENDF/B-VI was taken as the fission field. The calculated average cross
section was shown in Table 2 with experimental data /23-25/ and the calcula-
tion using the other evaluated data. Comparing with IRDF-80, the present
average cross section was slightly lower than that of IRDF-90 because of the
lower cross section of the present evaluaticon zround 12 MeV. The response
function of 93Nb(n,n'}¥3™Nb reacticn in 299U fission neutron field has high
sensitivity in the energy range from 10 to 12 MeV. The present average cross
section is much lower than that of JENDL Dosimetry File. This attributed to
the low cross section of the present evaluation all energy range. Comparing
with recent experimental data of the average cross section by Williamson

/25/, the present result is lower than the experimental data by 7 %.
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5. Conclusion

The cross sections of dosimetry reaction of 93Nb, the 95Nb(n,n*)gsmNb
and 93Nb(n,Zn)gszb reaction, were evaluated based on the nuclear model
calculation and statistical method using GMA, the generalized least square
code. For the 93Nb{n,n’)gsmNb reaction, the evaluated result reasonably fol-
lows the experimental.data. The 93Nb(n,zn)gszb reacticn cross section,
however, is slightly lower than the other evaluated libraries around 12 MeV.
Comparison of average Cross gsections in a Li(d,n) neutrcen field /26/ which
was produced by Dynamitfon sccelerator, Tohoku University, will be performed
to check the validity of present evaluation. Differential measurement at the
energy range above & MeV for 93Nb(n,n’)93mNb, and abound 12 MeV for

93Nb(n,2n)92mNb, respectively, are required to evaluate the cross sections

more precisely.
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Table 1 The 2°2Cf fission spectrum averaged cross section of
the 23Nb(n,n')?3™b reaction.

Reference E Average Cross Section (mb)
Hegedus (1971) /16/ : 155+ 55 )
Kobayashi (1979) /11/ : 164+ 12
Sakurai (1981) /18/ L 17T 40
Alberts (1983) /19/ i 145+ 10 f Experiment
Williams (1989) /20/ : 151+ 5
Alberts (1989) /21/ ! 145+ 5
Williamson (1989) /22/ E 1444+ 5 )
Strohmaier (1980) /23/ L 15816 )
Strohmaier (1989) /24/ ! 155
IRDF-90 (1990) g 143 Calculaticn
JENDL Dosimetry File (1930) ! 149 ‘[
Present Work(1990) ! 145

Table 2 The 235U fission spectrum averaged cross section of
the 93Nb(n,Zn)meNb reaction.

Reference Average Cross Section {mb)

Kimura (1971) /25/ (1) ! 0.432£0.083 )

Kimura (1371) /25/ (2)5 0.402+ 0,034 L Experiment
Fabry (1971) /26/ ' 0,47 £0.03

Williamson (1990) /27/ | 0.433:0.001

Strohmaier (1889) /24/ (3) 1 0. 44 A

Strohmaier (1989) /24/ (d)i 0.43

JRDF-90 {1990) () ' 0.412 > Calculation
JENDL Dosimetry File{1990)(5) | 0.478

Present Work (1990) (5)3 0.404 J

Comments: (1)reactor spectrum.
(2)fission plate.
(3YNIST fission spectrum was used for the calculation.
(4YENDF/B-V fission spectrum was used for the calculation.
(5)ENDF/B-VI[ fission spectrum was used for the calculation.
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A RYVES +, J. Phys. G, VYol.?, p.529 (1ga1).
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Fig. 1 The evaluated 93Nb(n,n')93 Nb reaction cross section.
Correlation matrix of the result: DIFF. INELASTI DIFF. INELASTI
! 1 2 3 4 5 8 g o 11 12 13 14 15 16 17 1@ 19 20 21 22 23 24 25
1 0.25[MeV] 1000
2 0.50[MeV] | 951000
3 0.75[Mev] ! 95 951000
4 1.00[Mev] ! 81 &1 81tQ00
g 1.50{MeV] } 95 95 95 811000
51 2.00[(mMevl | 98 9B 98 237 981000
7 2.50(MeV] | 103 103 103 273 103 3181000
8 3.00[Mev] | 78 '3 78 ta4& 78 173 1861000
8 4.00[MeV] | 106 106 108 313 106 362 420 2211000
10 5.C00[Hev] | 95 85 ©5 214 85 249 286 159 32510400
11 §.00[Mev] |} 9% 99 99 270 89 313 362 194 416 2821000
12 7.00{Mev} } 95 95 95 £1 95 98 143 78 106 S5 991000
13 3.00{Mev! |} 87 B7 87 77 87 93 9B 104 102 80 95 871000
14 9.00fMev] | 95 95 95 B1 95 98 103 76 106 @©5 93 95 B71000
15 10.00[Mev] | 95 95 95 &1 95 98 103 78 106 95 98 95 87 951000
18 11.00(Mev] ! 95 95 95 B1 95 98 103 78 106 95 99 95 B8 85 651000
17 12.00(Mev] | 93 95 95 B1 95 98 103 78 106 95 99 85 87 €5 6% 851000
18 13.00[Mev) | 95 95 95 81 95 g8 j03 76 106 95 99 95 87 9% B85 85 G51008
19 14.00[Mev] ! B88B &6 B6 73 488 €8 93 71 ge 87 S0 BG 79 E6 86 86 868 8B1000
20 15.00[HeV] | 95 95 85 81 g5 98 103 78 1086 95 8% @5 &7 g3 95 95 95 95 681000
21 18.00[{Mevi | g5 95 95 @1 95 B 103 78 106 95 89 285 87 E5 06 HS &5 95 B8 951000
22 17.00[Hev) | 95 95 95 B1 95 ©8 103 79 106 BGE B89 g5 87 g% 95 EBS 9% QE 88 95 g51000
23 1B.0O[MeV] | g5 95 95 @1 95 68 103 78 106 3I5 99 g5 87 S5 95 G5 9% 95 PE Q95 95 951000
24 19.00[MeV] | g5 495 g5 B8 495 98 103 78 06 95 g9 95 A7 95 95 G5 §5 95 88 95 95 95 851000 .
25 20.00[Mev] ! g5 95 98 81 a5 g8 103 78 108 95 39 95 87 G5 95 95 8§ 95 B8 95 95 95 §5 951000
. . , m .
Fig, 2 Correlation matrix of the evaluated 93Nb(n,n’)93 Nb reaction

cross section.
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Fig. 4 Correlatlion matrix of
cross section.

1000
421000
17 141000
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35 29 12 30 24 81 74 77 137 200 170 204 193 2041000
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%] 25 11 26 21 58 55 56 114 144 141 183 185 163 188 1711000
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3.4 Measurements of Double-differential Neutron Emission Spectra of
2381 and **2Th at Incident Energy of 18 MeV

S .Matsuyama, M.Baba, T.Itco, K,Maeda, N.Ito, H.Nakamura and N.Hirakawa
Department of Nuclear Engineering, Tohoku University

Aoba, Aramaki, Aoba-ku, Sendai 98C, Japan

Double-differential neutron emission spectra of 238U and 232'I‘h have

been measured for 18 MeV incident neutron energy using Tchoku university
Dynamitron time-of-flight spectrometer. The results of neutron emission
spectra of both nuclides show marked difference from evaluated nuclear data
in the energy region above about 8 MeV. The angular distributions of the
continuum neutrons show- forward rise in the higher energy region, and

reproduce fairy well with Kalbach-Mann systematics.

1. Introduction

.o . . . 238
The neutron emission spectra for fast neutron interactlion with U

232
and Th are important nuclear data for the design of accelerator-breeder

reactors and for the research of nuclear reaction mechanism of fissioning
nuclides. However no data are available at the incident energy higher than
14 MeV.

The emission neutrons from these nuclides consist of those by scat-
tering and fission. In the high-energy mneutron induced reaction, fission
neutrons will account for larger fraction of emitted neutrons through
multiple-chance-fissions. Therefore in the model calculation of mneutron
emission, competition between scattering and fission processes should be
considered in strict manner. The data of neutron emission spectra are ex-

pected as reference data for the theoretical calculations/1l/.

7. Experiments and Data Analyses

The experiments were carried out employing time-of-flight technique
using Tohoku university 4.5 MV Dynamitron accelerator as the pulsed mneutron
generator. The experimental technique and the data analysis are almost the
same as those in previous studies/2,3,4,5/. In this study, a post-accelera-
tion beam chopper/4/ was applied in order to improve overall energy resolu-

tion.

Primary neutrons of 18 MeV were obtained via the d-T reaction at the
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emission angle of 0 degree by bombarding a Ti-T metallic target with pulsed
deuteron beam about 1.5 nsec duration at 2 MHz repetition rate. The energy
apread of primary neutrons was less than 400 keV. In order to minimize the
background due to parasitic neutrons, we employed a wvirgin Ti-T target.
Because of higher deuteron beam energy than in 14 MeV measurements, para-
sitic neutrons were produced significantly by bombardment of contaminant
elements in Ti-T target, i.e., carbon and deuteron, with deuteron beam.
They distorted the obsérved meutron emission spectra in energy region lower
than a few MeV.

The scattering samples were metallic cylinders of elemental uranium
and thorium, 2 cm in dia. and 5 cm long, and encapsulated in thin aluminum
containers. They were placed 12 cm from the target.

Emitted neutrons were detected by a NE213 liquid scintillator, 14 cm
in dia. and 10 cm thick, located about 4 m from the sample. Two separate
neutron-gamma pulse shape discriminators, biased at 3 and 0.6 MeV of pro-
ton, were used to sSuppress gamma-ray backgrounds. The high-bias and low-
bias systems provided the data, respectively, for energy rtegion above
around 5 MeV and lower energy region, The detector was connected to a
standard time-of-flight circuit consisting of a constant-fraction timing-
discriminator and a time-to-amplitude converter. The time resolution of the
present system was about 2.5 mnsec.

Energy dependence of detector efiiciency was determined by the time-

252
of -flight measurements of fission neutrons from Cf for the region lower

than & MeV and the calculation using 055 code for higher energy region. The
absolute value of the cross section was determined referring the standard
n-p scattering cross section,

Another NE?13 scintillation detector, 2" in dia and 2" long, was used
for neutron monhitor to provide the normalization between sample—in and
sample-out runs.

The neutron emission spectra of both elements were measured at sever-
al angles between 30 and 120 degree. For each measurement, remote-
controlled sample-changer was used to change the samples without stopping
the beam.

The raw data were corrected for the effects of 1)sample-out back-
ground, 2)sample activity, 3)finite sample size and 4)parasitic neutrons.
Sample-out backgrounds were measured with the empty can in sample position.
Backgrounds due to sample activity were found to be significant and sub-

tracted as flat backgrounds. The influence of finite sample-size and para-
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sitic neutrons was estimated by Monte-Calro calculations using a program
"SYNTHIA"/6/. This code provides "Real" and '"Ideal" spectra which are
these, respectively, with and without multiple-scattering and flux attenua-
tion, considering energy-angular distributions of neutrons out-going from
sample. Ratio of "Ideal" and "Real" spectra served the correction factor
for each neutron energy. The data used in the calculation were taken from
JENDLH3: However, as shown later, the neutron emission spectra in JENDL-3
were largely different from experiments. Therefore to make correction ade-
quate, neutron emission spectra were modified using experimental data and
Kalbach~Mann (K-M) systematics/7/ in the manner described in the next
section,

In the actual correcticn, "Ideal" and "Real” spectra were calculated
both for primary 18 MéV neutrons and for parasitic neutrons. The intensity
and the spectrum of parasitic neutrons were determined by measuring the
source spectra before and after scattering experiments. In order to¢ con-
sider their time dependence due to accumulation of contaminant elements,
"Real" spectra for parasitic neutrons were evaluated by interpolation
between the two simulated spectra corresponding to each source spectrum.
"Real" spectra for parasitic neutrons were added to "Real" spectra for
primary 18 MeV neutrons in order to simulate observed neutron emission
spectra which were distorted with the effects of 3) & 4). Figure 1 shows
the typical simulated spectra in comparison with the raw data and the

correction factors.

3. Results and Discussion

2
Typical neutron emission spectra of 238U and 23 Th are shown in

Figs.2 and 3, respectively, compared with the data derived from JENDL-3 and
ENDF/B-IV. The neutron emission spectra of these elements are very similar

with each other while contribution of fission neutrons are much less for

23
2Th.

23
The experimental spectra of SU show marked forward rise in the

continuum region above & MeV and disagree with JENDL-3 in this region since
pre-equilibrium component is lacking in JENDL-3. The data derived from
ENDF/B-IV, which represents the pre-eguilibrium component employing pseudo-

levels, still underpredict around 11 MeV.

232 :
The neutron emission spectra of Th have similar tendency with

2 :
those of 38U. The experimental data are traced better by JENDL-3 compared

with ENDF/B-IV. Nevertheless in the region above 8 MeV, there still exists
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discrepancy between experimental spectra and the data from JENDL-3. This
difference will be attributed primarily to the lack of angular dependence

of emission spectra in JENDL-3

The angular distributions of continuum neutrons of 238U and 232Th are

illustrated in Figs.4 and 5, respectively, compared with the calculations
based on the systematics proposed by Kalbach-Mann (K-M)/7/ and Kalbach/8/.
The fraction of pre-compound reaction was derived by fitting the angle-
integrated experimental spectrum with the superposition of exciton spec-
trum/9/, cascade-neutron emission spectrum/l0/ and fission spectrum. The
calculated spectra are shown in Figs.6 and 7. In the calculation, the con-
tribution of fission neutrons are assumed to be iseotropic spectrum with the
shape given by JENDL-3. The K-M systematics reproduces the experimental
results better than the Kalbach systematics while it has been pointed out
that the K-M systematics overemphasize the forward rise of the angular
distributions for non-fissionable nuclides(see Fig.8/5/). Similar results

were observed for 14 MeV incident neutrons. The fact that the results of

2 238
32Th have similar tendency with those of U will imply that the scat-

tered neutrons from these nuclides have forward rise steeper than for light

elements, since fission neutrons from 232Th are much less than those from
238U.

4, Summary
We have measured double-differential neutron emission spectra of

232Th and 238U for incident energy of 18 MeV and derived 1)the double-

differential neutron emission cross section and 2)the angular distribution

of continuum neutrons. The emission spectra of 238U derived from JENDL-3

232
greatly under predict the continuum neutrons. The spectra of Th are

traced generally by JENDL-3 data but differ in the continuum region in
forward angle. The angular distribution of continuum neutrons are traced

well by K-M systematics for both nuclides.
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3.5 Measurement of Double Differential Neutron Emission Cross Sections
at 14.1 MeV for Ti, Mo, Sn and Sb

Masami Gotch and Akito Takahashl

Department of Nuclear Engineering,
Faculty of Engineering, Osaka University
2-1, Yamada-Oka, Suita, Osaka

Abstract

Double differential neutrom emission cross sections at incident neutron
energy of 14.1 MeV were measured for 16 angle-points from 15 deg to 160 deg in
the laboratory (LAB) system for Ti, Mo, Sn and Sb, using a fixed 8.3 m TOF
facility at OKTAVIAN. The secondary neutron energy region covered in the ex-
periments is from 1 MeV to 15 MeV. Statistics and energy resolutions of ob-
tained data are satisfactory. The results of experiments are compared with
evaluated nuclear data files, and some discrepancies were found. We also per-
formed theoretical calculations of neutron emission spectra for compound and
precompound nuclear processes, and also calculated angular distributions using
the Kalbach & Mann and the Kumabe systematics. In graphs, comparisons with

evaluated data and results of calculations are shown.

1. Introduction

Double differential neutron emission cross section (DDX} 1is secondary
neutron distribution data with respect to secondary neutron energy and scat-
tering angle. DDXs at the incident neutron energy of 14.1 MeV are important in
fusion application for the estimation of primary knock-on atom spectra and kerma
factors as well as for the neutronics calculations of blankets, shielding
materials and structures. Experimental DDXs data have been also used for the
assessment of nuclear reaction models for evaluation works. Up to now many ex-
perimental data around 14 MeV have been accumulated for many nuclei(l), but data
for other nuclei are still requested. In other energy region, data remain still

so scarce that extrapolation based on theoretical nuclear model has to be done

for evaluation works.
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This paper shows DDX data at En=14.1 MeV for Ti, Mo, Sn and Sb recently
measured at OKTAVIAN. Ti is considered as constituent of first wall material
in fusion reactor. Mo is expected to be a divertor plate. 8Sn is a candidate of
superconductors. So accurate experimental data are requested. Sb is one of the
elements which consist of compound semiconductors. As for such elements that
will compose semiconductors, experimental DDX data as well as evaluate data are

scarce.

2. Experiment

Using the time of flight facility (8.3 m neutron flight path) with a liquid
scintillator of NE213{ 25.4 cm diam.x 10 cm thick ) at OKTAVIAN(2), the experi-
ments were carried out. The neutron flight path 1is constructed in 85 deg
against the deuteron beam line. A shadow bar, collimator and pre-collimator are
gset up along the flight path to shield direct and room-scattered neutrons. The
pulsed D-T neutron source of OKTAVIAN is operated with <2 ns pulse width at FWHM
and 1 MHz repetition frequency. As scattering samples, cylindrical metal rods
with 3 cm in diameter and 7 cm in length were used. For changing the scattering
angle, a sample 1s moved around the TiT target. Other details of our experimen-
tal method are described elsewhere. (3) The calibration of DDX values is done
in usual way: cross §ections of hydrogen elastic scattering which are measured
for 7 angles{(20-50 deg in the LAB system) with a 1.5 cm diam. x 3.0 cm long
polyethylene sample, are normalized to be equal to the corresponding differen-
tial cross sections given in ENDF/B-IV.(4) For multiple scattering correc-
tions, the MUSCC3 code!®) was used by adopting evaluated data; JENDL*3(6) for
Ti,Mo and Sb, ExpL75(7) for Sn. The energy -resolution of the experiment was +
0.25 MeV at En'=14 MeV, and + 0.02 MeV at En'=1.1 MeV.

3. Results and Discussions

Graphs of DDX data are given in Fig.1-8, for only two angles each element due
to the limitation of paper, compared with evaluated nuclear data files which are
also used for multiple scattering corrections. The experimental data in the LAB
systém are once converted to those in the center-of-mass (C.M.) system and in-
tegrated over scattering angles to obtain neutron emission spectra(EDX; Energy
Differential neutron emission Cross section). As the result of comparison with

evaluated data, some descrepancies are found especially for discrete inelastic
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scatterings by the direct processes. Evaluated spectra of compound nuclear
processes of the whole elements are agreeable with experimental neutron emission
gpectra in the low energy region 1-5 MeV. Disagreements between experiments and
evaluated data in the 5-10MeV region have been resolved by the SINCROS—II(S)
calculation, which treated properly the compound and precompound nuclear
processes, as shown in Fig.9-12. Agreements are good for angular distributions
between experimental ADX(Angular Differential neutron emission Cross section)
data and calculations using two systematics of the Kalbach & Mann(g) and the
Kumabe[lo), as shown in Fig.13-16. In the following, we discuss details for in-

dividual elements.

3.1 Titanium

The peak around 14 MeV corresponds to elastic scattering, and the broad peak
~at around 10 MeV in the 50 deg data correspond to the collective excitation by
the direct process. The scattering sample is composed of 5 isotopes (natural
sample). Taking energy resolution {< 0.4 MeV at outgoing neutron energy around
10 MeV) into consideration, the broad peak contains several discrete inelastic
scatterings with different excitation cross sections of 5 isotopes. The Q-
values of 5 isotopes distribute within the range from -3.5 MeV to -4.2MeV.
Cross Sections of these levels are very underestimated in the evaluated data
JENDL-3. Calcuiations based on the DWBA method with useful parameters are
required for future evaluations. We show the data only for 50 deg and 120 deg,
due to the page limitation of the paper. Shapes of neutron emission spectra,
except for discrete inelastic scatterings, are well estimated in JENDL-3.
However with respect to angular distributions, some disagreements appear. In
the region of En'=3 MeV to 8 MeV, spectra are underestimated in forward angles
and significantly overestimated in backward angles.

The result of calculation for neutron emission spectrum except the direct
process, using the SINCROS-I1I, shows good agreement with the experimental data
in the 1-9 MeV energy region. The calculation was only done for 48Ti(abundance
raio:73.7%) because discrete level data of Z=20 for other isotopes are not
available, and we considered that the neutron emission spectra of other
isotopes, except the direct process, are not so different. Used level density
parameters are shown in Tablel. The parameters are determined by neutron emis-
sion spectra and charged particle emission cross sections. In determining a
daughter nucleus of alpha particle emission reaction{except for compound nucleus

of even-even), we have been pointed out the necessity to consider another
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parameter.(ll) As for the angular distributions shown in Fig.13, both of the
Kalbach & Mann and the Kumabe systematics give good agreements with experiment,

and considerable difference between the two cannot be found.

3.2 Molybdenum
As shown in graphs, almost the same thing with Ti can be said with respect to

the peaks from direct processes, since the scattering sample contains 7
isotopes. Q-values of discrete inelastic scatterings distribute in the range
from -1.4 MeV to -3.4 MeV. The drastic underestimation of discrete (n,n') reac-
tions in JENDL-3 is seen. The model which was used for the evaluation work
should be changed; in the evaluation for inelastic gcatterings in JENDL-3, the
spherical optical model and the statistical model are used. In the region of
En'=4-9 MeV, the spectra of alli angles are underestimated, and this tendancy is
more significant in forward angles. In this energy region, experimental data
have angular distributions, which tend to become larger in forward angles. Below
4 MeV, where secondary neutrons by the Mo({n,2n) reaction are dominant, good
agreements are seen in whole angles. The result of calculation (used level den-
sity parameters are taken from SINCROS-II} shows fairly good agreement with ex-
perimental EDX data in the 1-9 MeV region. For angular distributions shown in
Fig.15, the results with the Kumabe's systematics look better than those with

the Kalbach & Mann's systematics.

3.3 Tin ,

The peaks around 14 MeV corresponds to elastic scattering, which is well es-
timated in ENDL75. In the 5-13 MeV region of outgoing neutron energy, Wwe can
see structures by direct inelastic scattering. Q-values of a breoad peak seen in
FDX in the C.M. system in Fig.11 are ranged from -1.9 MeV to -3.1 MeV. A bump
in the 5-10 MeV may be attributed to possibile excitation of the low energy oc-
tapole resonance by the direct process. In ENDL75, no estimations of discrete
inelastic scatterings by the direct process are performed. Besides, the shape
of spectra is different in the 5-13 MeV range. However, considering that it
passed over 10 years since the evaluation for Sn was done, the disagreement can
be understood.

The results of calculation for EDX shows good agreement with our experimental
data. Used level density parameters are taken from SINCROS-II. The calculation
is carried out for major 8 isotopes, and other 3 isotopes were ignored because

abundance rates are below 1%. About the angular distributions shown in Fig.11,
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slight disagreements are observed in lower energy region.

3.4 Antimony
We see the elastic peaks around 14 MeV, the discrete inelastic scattering

peaks (Q= -1.0 to -4.0 MeV), and structures in the En'=5-11 MeV; the situation
is almost the same with Sn. Except discrete inelastic scatterings by the
direct process, evaluated nuclear data are rather agreeable with the experimen-
tal data. In detail, underestimation can be found above 3 MeV in forward angles
and overestimation in backward angles. This is because that experimental data
have angular distributions but the evaluated data neglect angular distributions.

The results of calculation (used level density parameters are from SINCROS-
11) shows fairly good agreement with our data. For angular distributions, cal-
culation shows smaller values in the 1-3 MeV region. The result of EDX calcula-
tion gives slightly smaller values below 3 MeV. Similary disagreements can be

geen for Sn. These cannot be inproved by the change of the Kalbach constant.

4. Conclusion
Double differential neutron emission cross sections {DDX) at En=14.1 MeV for

15-160 deg angle-points have been measured with satisfactory energy resolution
and counting statistics for Ti, Mo, Sn and Sb. Compared with evaluated data,
some descrepancies were found. With respect to discrete excited states by in-
elastic scatterings, underestimations in. JENDL-3 are pointed out for all ele-
ments. For elastic scatterings of 4 elements, agreements are seen especially in
forward angles (below 40 deg). Fairly good agreements are seen in continuum
neutron emissions by the compound nuclear process. To the precompound nuclear
process, underestimations were pointed out except for Sb. Some problems still
remain in angular distributions.

Angle-integrated neutron emission spectra in the C.M. system were deduced by
integrating DDXs over the scattering angle. The results of calculations for
compound and precompound nuclear processes using SINCROS-II gave good agreements
with the experimental data. As for angular distributions, good agreements could
be seen for Ti and Mo. Especially for Ti, both of the Kalbach & Mann and the
Kumabe systematics gave good results. For Mo, the calculation using the Kumabe
systematics shows better agreement. For Sn and Sb, overestimations in lower
energy reglos were seen. Within the present study, better agreements were seen
in lighter elements like Ti(Z=22) than heavier elements like Sn and Sb(Z=50,51).
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Table 1 Level density parameters for Ti-48 used
in the SINCROS~II

Ca Sc Ti
45 10.5
46 8.0
47 ' 7.0 8.9
48 6.8 7.5
49 8.0
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3.6 Fast Neutron Spectrum Measurement from Thorium Scatterer
Using Associate Particle Method
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Kumatori-cho, Sennan-gun, Osaka 590-04
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S. KANAZAWA, 1. KIMURA
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Abstract

A fusion-fission hybrid reactor system based on a thorium material have been studied for
an insurance of a future fuel. We have been conducting integral experiments to examine
the nuclear data of thorjum and to characterize the hybrid system. Neutron spectrum
from a thorium slab scatterer, the size of which was 20.3 cm x 356 cm x 26.7 cm
rectangular prism piled with 2-inches-squarc thorium plates, was obtained by a
time-of-flight method using an associated particle method. The associated alpha s;ignals
from a thin plastic scintillator were used to trigger the time analyzer. Thorium scatterer
was set 43.8 cm from the tritium target and 37.5° with respect to the D" beam axis. .
Scattered neutrons were detected with a 5 cm dia. x 5 cm thickness liquid scintillator by
the help of an n-y discrimination technique. The detector efficiency was determined by
the combination of the measured neutron spectrum from  lead scatterer with the similar
detection technique and the theoretically calculated one used with 058 Monte Carlo
code. The measured spectrum from thorium was compared with the calculated one with
MCNP code and JENDL-3 data file. General shape of the spectra agreed in the

measured and calculated results.
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1. INTRODUCTION

On the view of the provision of energy resources, thorium element to be converted
to 233-uranium is one of the effective selections for a fuelling of fission reactors in the
future”, The feasibility to convert natural thorium to 233-uranium should be searched
in a system of a thorium-loaded fusion-fission hybrid reactor. Some groups have been
carried out an experiment of a combination with 14 MeV neutron source and thorium
material®. In this stage, there are much differences between measured and calculated
results because these are not sufficient in both accuracies ).

. This study is to fundamentally analyze the system of fusion-fission hybrid reactor
which consists of D-T fusion source combined with 233-uranium and thorium materials.
The purpose of this study is to examine nuclear data and to obtain the characteristics of
the thorium-loaded blanket in a fusion-fission hybrid reactor®).

A series of the experimental studies consists of the following themes: (1) A
determination of the D-T source characteristics, (2) Th(n,2n) reaction cross section
measurement, (3) neutron spectrum and (4) reaction rate distribution measurements in
simulated thorium-loaded blankets.

The simulated piles of fusion-fission hybrid blankets based on a thorium fertile
material consist of thorium plates and bérylh’urn or stainless steel sheets. A 14 MeV
source used here is the D-T neutron source installed in the Kyoto University Critical
Assembly (KUCA) building at the Research Reactor Institute, Kyoto University. For
determination of a fast neutron spectrum, there are several methods in or from a pile,
such as a multi-foil activation method, an unfolding method of proton recoil spectrum
and a neutron time-of-flight (TOF) method.

In this report, the neutron spectrum from the thorium-loaded blanket pile combined
with the 14 MeV npeutron source was measured by the TOF technique using an
associated particle method and these results were analyzed with a Monte Carlo
calculation. Because the pulse width of the accelerator is wider than 200 nsec, the TOF

method using the associated particle method instead of a pulsed neutron technique was
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obliged to carry out. This method is based on the neutron TOF method triggered with

an alpha particle which is emitted from the D-T reaction.

2. EXPERIMENTAL ARRANGEMENT

The thorium scatterer, 20.3 cm x 35.6 cm x 26.7 cm rectangular prism, was piled with
thorium plates, 5.08 cm square x 1.27 cm and 0.32 cm thick, on a grid plate of a critical
assembly. The 14 MeV source from D-T reactions with a 300 kV
insulated-transformer-type accelerator with a duoplasmatron ion source instalied in the
KUCA building, which was already described in another report7). The operational
condition of this accelerator is as following: pulse width 200 nsec, average beam current
15 uA and beam energy about 210 keV. The angular neutron spectrum was measured
by the TOF technique using the associated particle method. The experimental
arrangement is shown in Fig. 1. The experimental principle is based on that the
associated a-particle occurred from the D-T reaction is detected with a thin plastic
scintillator and the neutron from the same reaction is detected with a liquid scintillator
at the 7 m flight path station in coincidence with the a-signals. These signals of alpha
and neutron work as the start and stop signals for a time analyzer. The electronic block
diagram of the TOF experiment is shown in Fig. 2.
a) Alpha detection

A plastic scintillator, NE 102A 2.54 cm dia. x 0.03 cm thickness, was selected for the
detection of alpha particle emitted from the D-T reaction, because of the consideration
on its fast time response, large effective area, and radiation durability. The alpha signals
from the plastic scintillator were used for the trigger of the time analyzer.
b) Neutron detection

Two neutron detection systems were adopted. One is a main neutron detector of
5.08 cm dia. x 5.08 cm thick liquid scintillation counter, NE 213, which was set on
neutron beams at the 7 m station. The other is a neutron monitor of 3.81 cm dia. x 3.81

cm thick liquid scintillation counter, NE 213, set at 230 cm position from the scatterer.
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When 14 MeV neutrons entered directly into the main neutron detector, the time
distribution of n-y discrimination is shown in Fig. 3, and the n-y discrimination level was
adjusted so as to observe neutrons whose energies were higher than 1 MeV.
¢) TOF electronics

The main neutron detector was arranged in the position of the scatterer in stead of
that of 7 m flight path station, and all electronics of detection systems including the n-y
discrimination circuits were examined by the TOF method triggered with associated a-
signals. The time spectrum of neutrons correlated to alpha was presented with a good
$/N ratio as shown in Fig. 4. The space dependent neutrons correlated to alpha was
checked and, at the center of correlated neutron beam the thorium scatterer was set 43.8

cm from the tritium target and 37.5° with respect to the DT beam axis.

3. RESULTS AND DISCUSSION

The time spectrum obtained with the time analyzer is converted to the neutron
spectrum with the helps of the detector efficiency and some corrections. This neutron
spectrum reflects the steady state spectrum emitted from the scatterer. The detector
efficiency was determined by the combination of the measured neutron spectrum from
a lead scatterer witk the similar detection technique and the theoretically calculated one
with O5S Monte Carlo code. The neutron spectrum calculation was performed by the
continuous energy Monte Carlo code, MCNP®  code using the data contained in
JENDL-3? file. In this calculation the neutron flux was reduced from the events crossed
through the spherical surface restricted to the conical angles between 100° and 110°. The
neutron spectra from the thorium scatterer are shown in Fig. 5. General shape of the
spectra agreed in the measured and calculated results. But there are some discrepancies
in the several resonances between calculated and experimented spectra, these reasons
ﬁay come from the statistical errors of experiment or the unsatisfied accuracy of the data

file. The improved measurement is scheduled with larger detectors and fast detection
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circuits, etc.
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3.7 Measurement of »>*Th(n,2n)**'Th Reaction Cross Section
with 14 MeV Neutrons
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Itsuro Kimura
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Abstract

The cross section for the 2:,’zTh(n,Zn)zan'I'h reaction was measured by using a
neutron generator at the Kyoto University Critical Assemblies (KUCA). We used the
27Al(ﬂ,a)z‘d'Na reaction cross section (117.3mb) as a reference. The present result,
(1177+£79)mb for the (14.7:':6.1)MeV neutrons agrees with the evaluated values in
ENDF/B-V,VI and ENDL-86 within an experimental error, but is much larger than the newly

evaluated value in JENDL-3,

1. Introduction _
Because of the emission of very high energy gamma rays from a daughter nuclide
208T[, it is very important for fuel reprocessing and for fabrication of B U fuelto
evaluate the 2'32U accumulation in thorium loaded reactors. One of main reactions to
produce 232U is 232"l'h(n,?.n)23 1Th_ This reaction is also important from the neutron
multiplication by 232"["11. Therefore precise cross section data for this reaction are
strongly requested for the design of a fusion—fission hybrid reactor with a thorium
blanket or an accelerator breeder with a thorium target. However there exist
considerably large discrepancy in measured(l)(z) and evaluated values for this
reaction. We measured this cross section at 14.7MeV  with a neutron generator at
KUCA(3) and the result was compared with evaluated values (JENDL-3 , ENDF/B—V,VI and

ENDL—86) and earlier measured ones.

2. Experimentals
2.1 [Irradiation

The neutrons were generated by the D—T reaction with a Ti~T target bombared by a
deuteron beam 212 keV in energy and about 20 #A in average beam current.

We made three polyethylene packs of thorium nitrate powder sample about 500mg in

weight. The three thorium nitrate samples were sandwiched with aluminum foils 0.5mm
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thick used for neutron fluence monitoring and were attached on an aluminum holder. The
distance between the Ti—T target and the front surface of the thorium nitrate samples

was 1.6cm as shown in Fig.1. Time dependent neutron flux was monitored with a
moderator type neutron dose rate meter located about 2m from the Ti—T target. We

irradiated the thorium nitrate samples by 14MeV neutrons for sbout 7.5 hours.

2.2 Characterization of Neutron Environments

Average neutron energy was experimentally determined by the reaction ratio of
970,208 87 and P*No(n,2n) “"Nb. Four zirconium and five niobium foils were
irradiated at the position 4.4dcm apart from the Ti—T target as shown in Fig.2. From
the obtained reaction ratio 1.67:£0.04 and the data taken by lkeda et al.(4), the
average neutron energy became 14.710.1 MeV.

The cross section for the 27Al(n,«ac)24N51 reaction was determined by the
interpolation of the Dosimetry File of ENDF/B—V and its value was 117.3mb at 14.7 MeV.

The flux distribution and energy spectrum of the neutrons in the thorium nitrate
samples were calculated by a Monte Carlo code, MCNP. In this calculation we used the
measured source neutron spectrum at OKTAVIAN(S) as an input spectrum. The calculated
neutron flux distribution agrees with the measured values by using the 27Al(n,ﬂ!)mNa
reaction as shown in Fig.3. In Fig.4, the calculated neutron spectrum averaged in two
thorium nitrate samples behined the Ti—T target is compared with the source spectrum.
From this figure, it can be seen that the distoftion of the neutron spectrum in the

thorium nitrate samples is negligible.

2.3 Chemical purification

Since the irradiated thorium nitrate samples contain various radioactive nuclides,
thorium must be purified before its radioactivity measurement. Two irradiated thorium
nitrate samples which were more closely located to the Ti~T target were mixed and
chemically purified(()). The chemical procedures are shown in Fig.5. The quantity of
the recovered thorium after the purification was determined by the neutron activation
analysis method in comparison with a known weight thoria sample. The recovery ratio

was about 50%.

2.4 Radioactivity measurement

The gamma rays from alt of the radioactive nuclides generated in this experiments
were measured with a pure germanium (HPGe) detector. Absolute full energy peak
efficiencies of the detector were calibrated with standard gamma ray sources made by

IAEA and Amersham Co. Corrections were achieved for random, chance and summing

coincidences.
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A typical gamma ray spectrum of a purified thorium sample after irradiation is

shown in Fig.6. The sum counts of triplet photo peaks at 81, 82 and 84 keV was plotted
(7)

231 .. .
For the absolute measurement of ~~ Th activity, the sum counts of the triplet

in Fig.7 and the half life became very close to the literature value

photo peaks were used. Calibration for the triplet peaks was carried out by making use
of 9% enriched uranium—aluminum alloy foils which contained 2:MTh in the secular
equilibrium as shown in Fig.8. The advantages of this method are (1) Gamma ray
intensity of 231Th is unnecessary, (2) Correction of coincidence summing effect at

84keV is not considered and so on. The correction for the self absorption of gamma
rays was determined by the gamma ray attenuation curve which was obtained by using

S uranium—aluminum alloy foils shown in Fig.9. The efficiency change by peometrical
area of the purified thorium sample was also corrected using the method by Kushelevski

et al.(g)(Fig.]())

3. Results and discussion

Uncertainties associated with this experiment were estimated as shown in Table 1.
The present obtained value of the cross section for the 232'Ih(n,2n)231Th reaction at
14.710.1 MeV is tabulated in Table 2. Present result is close to those of earlier
measurements(l)(g) except that of Prestwood et al.(z), and evaluated value of ENDF/B—V
and VI in the experimental error. However the evaluated value in JENDL-3 is much

smaller than the present data. Fig.11 shows the comparison with representative values.
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Table 1 Uncertainties associated with the experiment.

Source of error

Resulting uncertainty (4% )

Th sample

Counting statistics 0.37
Recovery of Th 1
Efficiency of HPGe for 84keV 1.2
Self absorption 1.8
Neutron fluence monitor
Counting stalislics 0.15
Purity of Al foils 0.56
Efficiency of HPGe for 1.37MeV 3.1
Flux distribution 5
Others 2
6.7

Total

Table 2 Cross sections for the 232Th(n,2n)23lTh reaction

to 14 MeV neutrons.

Author

Cross section (mb)

Present (1990)

Butler J.P. et al. (1961)(9)
Perkin J.L. et al. (1961)(10)
Prestwood R.J. et al. (1961)(2)
Karius H. et al. (1979)(1)
JENDL-3

ENDE/B-V,VI

ENDL-86

177+ 79 (14.740.1MeV)
1230 60 (14.47MeV)
1200 50 (14.1::0.3 MeV)
14001140 (14.68--0.26 MeV)
1049 99 (14.79+0.19 MeV)
§73: 4 (147 MeV)
1098+ 33 (14.7 MeV)

1076 £ 22 (147 MeV)

* Interpolated value

— 248 —



JAERI—M 91—032

Flange Ti—T target

\ / Th(NOs)+-4H:0

Sa;ples (=500mg x 3)

. ~ 8
d:=- A

Al—foils

Al-holder
Ié,—o—'

10mm

|
_‘>l K- Magnified scheme of Th-samples
16mm

Fig. 1 Experimehtal arrangement for irradiation of Th samples.

Al-holder Samples

Nb—foils
Zr—foils

dr= S T

44mm 15mm
R

N i

1.5mm

Magnified scheme of foil—stacks

Fig. 2 Experimental arrangement for irradiation of Zr and
Nb foils.

— 249 —



JAERI—M 91032

*dNOW Aq pe3enoTed satdues (0CH)%-T(tON)UL
Jo s¥oed om] 3yl Uur wnilosds padeivar

2yl ST °UTT PITOs 2U) pue ‘unijoeds jndut a3l
ST 2ufT pe3zop 2yl ‘eil1dads ABisus uoxinay

(ASIW) A3I1ous uonNIN

% *81a

10

01

01

~01

0T

01

0T

o0

(anrea saneray) ASreme]/Xn[]

*ANOKW 4Aq PeRlEINOTRD SONTRA

aATIRT2I ST 2UTT PTI0s ‘UOTIDEDX mz:mﬁsncv<hm
oy1 Sursn sonea (elusuTiod¥e vIe SOTIITD

P1TOS

sgoTdwes Ul UT UOTINGTIIISIP XOTJ UCIINDYN

(wo) ssauyonyy yoers sdureg

ANANARAIRNNRNANANW AN

ARAURNSARINARNY

NAANRINANNARRNNN

0
_ 0
-
=
Z,
O
- mm.‘
ol
g
m -8
R m — o1
m — st
|

€ 813

(09s /U ,OTX ) XM UOIIMSN

— 250 —



JAERI—M 91—-032

Th{NO3)44H20 ({~Ig)irradiated

I
Dissolved with 50ml of

IN HNOz saturoted with Fe(NOz)z 50mi of
(extraction mixture) ethyl acetate
| _

Solvent extraction (once)
org. 50ml of extraction mixture
(FP) '

Washing (three times)

org. 50mi of distiled water
J

(REE) Back extraction (once)
orq.
Evaporote to dryness
I
50ml of ethyl ether Dissolved with 50ml of 7N HCl
1 ]
Remove of Fe {twice}
[ 1
org. aq.

{(Fe’t)  Evaporate to dryness

|
Dissolved with 9N HC|

I
Ionex Dowex [x8  ___ o (233 a)
[OOI—ZOOmesh 5ml  Adsorbed
Dry up
¥
Purified Th (~230mg)

Fig. 5 Chemical purification procedures of irradiated thorium nitrate.
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3.8 Gamma-ray Production Cross Sections with 14 MeV Neutrons
for 8 Elements from Z=22 to 29

Takuzo Takayama ,Yoshiyuki Ohta ,Junji Yamamoto,
Akito Takahashi and Kenji Sumita

Deparitment of Nuclear Engineering, Osaka University
2-1 Yamada-oka ,Suita 585

Gamma-ray production cross sections from (n,n’ 7 ) reactions by 14
MeV neutrons were measured with regard to energy differential cross
sections and production ones for discrete gamma-rays, using the D-T
neutron source OKTAVIAN of Osaka University. Results were obtained for
8 natural elements; Ti, V, Cr, Mn, Fe, Co, Ni and Cu. The measured
cross sections were compared with the calculations by SINCROS-I and
the gamma-ray data evaluated in the currently used nuclear data file
of JENDL-3.

1. Introduction

Nuclear data for gamma-rays produced by the interactions of high
energy neutrons around 14 MeV are one of the important data for the
design works of D-T fusion reactors in order to calculate the amount
of heating and shielding for gamma-rays. Most of the neasured elements
are structural materials of fusion reactors. The present work is to
check the gamma-ray production cross sections in the nuclear data file
of JENDL-3. The file is the first version of a JENDL series in which
the gamma-ray production cross sections are evaluated. For vanadium
and cobalt, however, the evaluations are not compiled in JENDL-3.

The energy differential cross .sections were measured at the
emission angles of 125", 90" and 45" with respect to the incident
neutrons. In this paper., the measured data at 125" are presented to

be compared with the differential cross sections, which are provided
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from the individual reactions of (n,n’),(n,2n), (n,p),(n,n’p) and so
on and have been compared with the cross sections calculately by
SINCROS-1I. We have compared with JENDL-3.

The production cross sections of discrete gamma-rays were obtained
from the integration of the augular distributions, which were
measured at 6 angular points from 380" to 150" between the emission

gamma-rays and the incident neutrons.

2. Experiment

(1y¢2)  TFig.1 shows an

Experimental method was a conventional one
experimental layout for the measurement of energy differential cross
sections. An Nal detector of 5” in diameter was surrounded by irom,
lead and polyethylene to eliminate the neutron background. A shadow
bar was set to shield the neutrons which generated and came directly
from a tritium target. Samples were either disks of 10 cmdiam. x 2.5
mn-t, as shown in Fig.2 or squares of 10 ca x 10 cm x 10 mm-t. The
sample was located at the positions where the emission angles were 457,

90" and 125 in the laboratory system, respectively. The energy
spectra were measured in the gamma-rays energy range from 700 keV to
10 HeV. The pulse height spectra were unfolded by the FERDOR code. ‘™
The efficiency and the response functions of the Nal detector were
determined with the caluculations by the Monte Carlo method. They were
in good agreement with the experimental results.

Figure 3 shows a layout for the measurement of discrete gamma-rays.
Angular distributions of the discrete gamma-rays were analyzed with a
Ge detector all. The discrete gamma-rays were measured in the gamma-r

ays energy range from 500 keV to 3 MeV. Samples were hollow cylinderso
£ 30 mm-c.d. x 26 mm-i.d. x 70 mm-long, as shown in Fig.4. The

angular distributions of the discrete gamma-rays for natural manganese
were.shown in Fig.5.

The neutron fluence at the sample position for each run was
determined with aluminum and niobium foils activated by 27Al(n, @ )?Na
and °3Nb(n,2n)°2Nb reactions, respectively. The relative yield of the
source neutrons was monitored run by run with an NE213 liquid

scintilation counter. The correction of multiple scattering has been
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done using a neutron and photon Monte Calro transport code MCNP ¢4 as
well as the correction of attenuation for not only the incident
neutrons in the sample but also the produced gamma-rays . The factors
of the corrections were less than about 5 %.

The error bars in the energy differential cross sections denote
the statistical errors. The errors of the measured values were taken
to be less than about 10 %. The error sources were the estimation of
neutron production at the D-T neutron source, and the efficiency of Ge
detector which were used to measure the neutron fluences at the

samples positions.

3, Calculation of gamma-ray production cross sections

After the calculations of energy differential cross sections for
secondary neutrons from inelastic scattering, the gamma-ray production
cross sections could ‘be obtained. As for the energy differential cross
sections of gamma-rays, the calculations agreed with the measurements

¢5)  For vanadium and cobalt, the

in the case that the calculated ones
gamma-ray nuclear data of which are not evaluated in JENDL-3, the
calculational results were in good agreement with the experimental
values.

The kalbach normalization factors ( F2 parameters ) used in the
calculation were shown in Table 1. The level density parameters of Z =
25 to 29 were taken from the ref.(6). The gamma-ray level skim were

produced from ENSDF¢7’,

4. Data presentation and comparison

The C/E values of production cross sections are shown in Fig.6,
where the value at 125 for every measured element was obtained from
the integration of the energy differential cross sections over the
energy range from 700 keV to 10 MeV. The calculated cross sections by
SINCROS-T agreed with the measured ones except nickel.(Z=28) The
JENDL-3 evaluations for iron and nickel have overestimated by about
80 %. The C/E values of JENDL-3 are systematically lareger than 1.0,

in the comparison of the energy differential cross sections

between the measurements, the calculations and the evaluations, the
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results are summarized as follows:
For titanium, chromium, and iron the evaluations overestimated the

measurements in the every range between 2 MeV to 6 MeV, where the
gamma-rays from the inelastic scattering mainly contributed to the
measured energy spectra. Figure 7 shows the energy differential cross
sections for chromium. The secondary neutron distribution is shown in
Fig.8, JENDL-3 evalution underestimates the measurement in the range
between 8 MeV to 12 MeY. The calculation, however, agrees with the
experimental values by accuratly calculating the secondar& neutrons
from the inelastic scattering.

For copper and manganese there was no marked distinction between
JENDL-3 and the calculations. The JENDL-3 evaluation is fair agreement
with the experimental value as shown in Fig.3.

The production cross sections of vanadium and cobalt{ could be
successfully estimated by the use of SINCROS-I . The result.of cobalt
is shown in Fig.10. for the gamma-rays and in Fig.li secondary
neutrons. It was reported that the evaluated values in JENDL-3 for
vanadium and cobalt were not in agreement with the experimental vaiues
of the double-differential cross sections of secondary neutrons‘*’.

The reaction channels of nickel are characterized by two mainly
reactions, (n,n’) and (n,p), for the incident neutron energies between
2 MeV to 10 MeV. In Fig.12, considerable discrepancy between the
measurement and the evaluation can be found in the energy range from 2
to 6 MeV. The cause of the disagreement is now investigated by
calculating the secondary protons from the (n,p) reaction.

Table 2 lists the production cross sections of discrete gamma-rays
for copper. In this paper, we skipped the discussion on these
production cross sections for 5 elements ; manganese, iron, cobalt,
nickel and copper. Most of the calculated values, however, agreed with

the experimental values.

-5. Concludind remarks
Using the SINCROS-II, the gamma-rays production cross sections
could be estimated for the eight elements based on the acculate

calculations of the energy differential cross sections for the
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secondary neutron emissions. The gamma-rays from the (n,n’ v ) reaction
were dominant in the gamma-ray energy spectra from 2 MeV to 10 HeV, so
that it was essential determine the emission cross sections of
secondary neutrons from inelastic scattering. The numerical data of
energy differential cross sections and production cross sections will
be listed in another report including the additional the elements;
aluminium, silicon, niobium, molybdenum, tantalum, tungsten, lead and
bismuth. It will contain the comparisons of the experimental data with
the JENDL-3 evaluations and calculations using SINCROS-II.
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Table 1 TF2 parameters.

Nuclei F2
Ti-48 0.40

Y-51 6.50
Cr-52  1.00
Ma-55 0.30
Fe-56 0.50
Co-58 0.50
Ni-58 1.60
Ni-60 1.80
Cu-63 0.70
Cu-65 0.70

Table 2 Production cross sections of discrete gamma-rays
for copper.

Energy Reaction - Exp. Cal. C/E
(keV) “(barn)  (barn)
663.6  ®3Cu(n,n’)®%Cu 19.41.8 49.45 5,79+0.54
£81.0  °*Cu(n,n’)®*Cu 19.2%1.8 35.60 1.83%0.17-
838.9  3%Cu(n,n’)®3Cu 26.8%2.4 14.93 0.60£0.05
962.1 °°Cu(n,n’)®%Cu 127.5%10.4 128.14 1.03£0.08
978.0  °%Cu(n,n’)®%Cu  21.7%2.0 7.17 0.39%0.04
1116.0  *3Cu{n,n’)%Cu 63.0%5.2 40.87 1.05%0.03
1162.3  °3Cu(n,n’)®3Cu 62.3%£5.2 2.68 0.86%0.07
1172.8  *=Culn,n’p)®Ni 140.8%11.5 149.5 1.03%0.08
1327.0  *3Cu(n,n’)®°Cu 100.048.2 99.6 1.18%0.10
1412.0  °3Cu(n,n’)®3Cu 21.3%1.9 20.34 0.85%0.08
1482.0  3Cu(n,n’)®%Cu 40.7X3.5 52.74 1.75%0.15
1861.0 °3Cu(n,n')%%Cu 30.5*2.7 16.88 0.60+0.05
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3.9 Measurement of Formation Cross Sections of Short-lived
Nuclei Production by 14 MeV Neutrons (IV)

T. Kobayashi, A. Taniguchi, T. Ikute, K. Kawade,
H. Yamamoto, T. Katoh, *T. JTida and FA. Takahashi
Department of Nuclear Engineering, Nagoya University

*Department of Nuclear Engineering, (Osaka University

¥eutron activation cross sections of short-lived nuclel with half-lives
between 21 s and 7 min have been measured at neutron energy of 13.4 to 14,8
MeV by the activation nethod for the 15 reactions; ‘°F(n,p), *°Mg(n,p),
229 (n, p), (n,n’'p), °°Ti(m p)""%, ""Cr(n,p), (n,n'p), (n, @), *"Niln, @),
9Ga(n, @), *7Rb(n, 2n)", (n, )", °Sr(n,p)", 87(q,n’ p)",and ' °7Ag(n, p)"

1.Introduction

Neutron activation cress section data around 14 MeV have become
important from the viewpoint of fusion reactor technology, especially for
calculations on radiation damage,nuclear transmutation, induced activity
and so on. Cross sections for the reactions leading to short-lived nuclei

were measured by the activation method.

2.Experiment and results

Experiments were performed at the Intense 14-MeV-Neutron Source
Facility (OKTAVIAN) of Osaka University. For the activation of samples,
pneumatic tubes were set at 6 directions ( ¢°,50°,75",105°,125" and 1557)
for the incident deuteron beam direction. The distances between the
T-target and the irradiation points were 15 cm. The induced activities were
neasured with two Ge detectors(12%,16%) at an equivalent distance of 5 cm.
The effective neutron energies were determined by the 7r/Nb method(1). The
errors are estimated to be about 50 keV. The neutron flux at the
irradiation points was monitored by using two aluminum foils (purity:99. 2%,
1 em ¥ 1em X 0.2 mmt). The reference reaction for the flux measurement was
the 27A1(n, p)2"Mg(9.46 min) reaction, which was determined referring to the
standard 27Al(n, @ )?'Na reaction (ENDF/B-V). Separated isotopes or natural

samples were used for irradiation. The samples were between 30 and 190 mg
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in weight (size : 1 cm X I cm).

In Table I, measured reactions and associated data(2) of the half-live
(T:,.), the 7 ray energy (Ev ), the absolute intensity in photons per
disintegration(lv ) are listed together with the Q values.

Corrections were made for time fluctuation of neutron fiux, thickness
of samples, self absorption ofy -ray, sum-peak effect of ¥ -ray and
contribution of low energy neutrons below 10 MeV. The details of the
corrections are described elsewhere (3). The total errors (& t) were
derived by combining the experimental (§e) and the error of nuclear data (
§r) in quadratic:

Sti=5e’+Jre.

Estimated major sources of the errors are listed in Tablell.
Accuracies of the obtained cross-sections were around 3.5% in case of the
good statistics. The results are listed in Table II and some of them are

shown in Fig. 1.

The authors with to express their sincere thanks to Prof. K. Sumita for
his support to this work and messrs. H. Sugimoto, M. Datemichi and 5.
Yoshida for the operation of the OKTAVIAN accelerator. We wish to thank Dr.
T. Nakagawa of the JAERI Nuclear Date Center. This work was performed under
the constructicn between Nagoya University and Japan Atomic Energy
Institute (JAERI).
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Table 1 Reactions and decay parameters

Reaction™ Tisz Ev (keV) Ty (%) Q(MeV)®’
19F(n, p) **0 28.S1s 197.1 95.9(21) 4,04
2580 (n,p) % °Na 59.6s 585. 0 12.96(71) -3.05
2885 (n,p)2°Al 6.56m 1273. 4 91.3 -2.90

(n,np) *°Al 2.241m 1779. 0 100 -12. 33
507 (n, p)®°"**Sc 1.710m 523.8 88.7(18) -6.11
540r{n, p)*"V 49.8s 834.8 97.1(17) -6.26

(n,np)*°%V 1.81m 1006. 2 90(2) -12.37

(n, @)®'Ti 5. 76m 320. 1 93.0(4) -1.56
81Ni(n, a)®'Fe 5.98m 298. 0 22.2(28) -2.53
$9Ga(n, @) ®°Cu 5.10m 1039. 4 9.12(14)¢ 2.58
87Rb(n, 2n) *¢"Rb 1.017nm 556. 1 98.19(1) -10. 48

(n, ¢ )*""Br 6.0(m) 424. 3 100(10) -1.49
855r(n, p)**"Rb 1.017m 556. 1 98.19(1) -1.55
278r (n, np) ¥ "Rb 1.017n 556. 1 98.19(1) -9.98
107 pg(n, p) ' °7"Pd  21.3s 214. ¢ 69.0(20) 0.53
2751 (n, @ )%*Na® 14.959h 1368.8 99.994(3) -3.13
2771 (n, p)* Mg 9.46m 843. 8 72, 0(4)° -1.83

st (n,np) means [(n,d)+(n,n’p)+(n,pn)l,

v Q(n,n’p) is given here. Q(n,d)=Q(n,n’p)+2. 225HeV.
*} taken from ref.4.

¢) Standard reaction(ENDF/B-V) used in this work.
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Table 2 Principal sources of uncertainty in the measured cross sections

Experimetal error (& e)

Source of error Uncertainty(¥)
Counting statistics - 0.5 - 40
Sample mass including purity 0.1
Neutron flux fluctuation <0.1
Gamma~-peak area evaluation 0.5
Detector efficiency 1.5(E~ >300 keV), 3(300 - 80

keV), 5(E<v <80 keV)
Efficiency calibration at 0.5 and & cm 1,0
Correction for true coincidence sunm <0.3
Correction for random coinclidence sum <0. 4
Correction for sample thickness 0.2 - 0.6
Correction for self-absorption of v -rays 0- 0.2
Correction for low energy neutrons 0 -5

Secondary reference cross section for
2741 (n, p)* " Me 0.5 (only statistics)

Brror of nuclear data (8 r)

Source of error : Uncertainty(¥)

Reference cross section for

2701 (n, o ) 2" Na(ENDF/B-V) 3.0
Absolute ¥ -ray intensity 0 - 13
Half-life 0 -5
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Table 3 Activation cross sections of short-lived nucleil

En(MeV)  '°F(n,p)'®0 29Mg(n, p)2"Na  %°Si(n,p)?°Al  *°Si(m,mp)*°Al
14,87 17.8(10)mb 52.6(43) mb 130.8(47) mb 24,7(10) mb
14.58 18.6(10) 63.7(50) 131, 6(47) 17.8(8)

14.28 19.4(10) . 67.3(54) 131.7(48) 13.2(8)
13.88 19.5¢10) 63.3(49) 132, 7(48) 10.3(5)
13.65 20.8(11) 63.4(49; 130.6{47) 8.6(4)
13.40 22.7(12) 52.0(48) 125.6(45) 6.0(3)

En(MeV)  ®°Ti(n,p)®°~*"S¢c ""Cr{n,p)°"V S40r(n,np)PV  *iCr(n, @ )®Ti
14.87 14.4(8) mb 21.3(13) mb 3.3(5) mb 13.2(5) mb
14,58 13.5(7) 21.6(14) 3.2(5) 12.8(5)
14,28 13.0(7) 20.8(16) 1.5{4) 12.1(86)
i3.88 12.0(7) 17.5(1%) 1.4(3) 11.7(5)
13.65 10.6(8) 13.4(10) 0.7(3) 11.0(5)
13.40 10.2(86) 15,0010 0.5(2) 10.3(4)

En{MeV) 64Ni(n, & )®'Fe ©?Galn, @)°°Cu 87ph(n, 2n)*¢"Rb *7Rb(n, & )®""Br

14.87 6.0(8) mb 20, 7(14) mb 527(18) mb 0.81(11) mb
14.58 5.5(8) 21.7(15) 559(20) 0.69(12)
14,28 5.1(8) 1¢.6(20) 508 (18) 0.77(20)
13.88 4.5(6) 23.5(16) 460 (16) 0.59(10)
13.65 3.7(6) 24, 0017) 478(17) 0.52(11)
13,40 3.0(4) 22.0(14) 463(186) 0.49(9)

En(MeV) ®°Sr{n, p)®*"Rb ®78r(n,np)"°"Rb 1074 (n, p)'°""Pd

14,87 12.9(5) mb 4,2(3) nb 7.3(8) mb

14.58 13.2(7) 3. 4(3) 7.4(8) * Error of neutren
i4.28 12.1(7) 2.2(2) 7.9(9) energy 1s

13.88 12.7(8) 1.8(2) 7.2(7) estimated as
13.65 11.1(8) 1. 1(1) 7.3(7) about 50 keV.
13.40 10.1(5) 0.3(1) 7.7(8)
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3.10 Measurements of Long-lived Activation Cross Sections
by 14 MeV Neutrons at FNS

Yuijiro lkeda, Donald L. Smith* , Anil Kumar** and Chikara Konno

Japan Atomic Energy Research Institute
**Argonne Nationat Laboratory
* University of California, Los Angeles

Abstract: Several long-live activation cross sections at 14.8 MeV have been
measured by using the FNS facility in order to provide experimental data
meeting the requirement in the radioactive wastes disposal assessment in
the D-T fusion reactor. The measurements were conducted under two
international collaborations. Measured data were compared with data
available in the literature and discussed in terms of accuracy needed for
the requirement.

1. Introduction

An endeavor to arrive at sufficient accuracy in the nuclear data for long-lived
activation cross section have been initiated a few years ago as the IAEA-CRP) to satiety
the nuclear data needs from radioactivity waste disposal assessment. Since at the time,
significant efforts have been devoted on the experimental measurement, the theoretical
prediction and the evaluation. One experiment for this purpose has been proposed in the
framework of the JAERI/US collaborative program on fusion neutronics.?) This
experiment was related with a systematic verification of the induced radioactivity
calculation codes and activation cross section data libraries currently available.34) The
other experimental program was an inter-laboratory collaboration®! was proposed by
Dr. D. L. Smith at ANL under a support by the IAEA-CRP, which included different
neutron sources, d-Be at ANLE), T-p at LANL?) and D-t at FNS, JAERI8). In this
collaboration, it was expected that cross sections of concerned cover the neutron energy
" range from several MeV to 14 MeV. ANL was responsible to deliver the sample package
to other facilities and to measure the activities after irradiation. The measurement of
cross sections at 14 MeV was carried out at FNS, JAERI as a part of this collaboration :

- 272 —



JAERT—M 91—032

the package with an identical set of samples were irradiated along with the other package
which had been sent to back to ANL for counting there.

This report describes the experiments at FNS in some detail and gives a preliminary
results so far of some cross sections at 14 MeV, reactions of which include
27A1(n,2n)26Al, 199Ag(n,2n)198mAg, 151Eu(n,2n)150mEy, '53Eu(n,2n)'>2MEu,
159Th(n,2n)158Th and 779Hf(n,2n)78m2Hf. Some of data have stilt remained in waiting
to be measured because of significant large interfering radioactivities with modest long
half-life, which are out of scope of the present task.

2. Experiment
2.1 Long-lived activity production reactions investigated

The reactions, half-lives of products, natural abundances, y-ray - branching ratios,
atomic mass are given in Table 1. Decay data were taken from the Table of Isotopes.%) The
long-lived radioactivities with half-lives from 10 to 106 years were concerned in this
experiments. And also the radioactivities which associate the g-ray emission were the
objects in this measurements. The other B-emitter of 83Ni and 49V are subjected in the
future task.

2.2 Irradiation configuration

Samples for both programs of JAERI/USDOE collaboration and ANL/LANL/FNS
inter-laboratory collaboration were irradiated simultaneously with 14 MeV neutrons
for 4 days (8 hours irradiation per a day). it resulted in 1.7 x 1017 neutrons of total
neutron yield at the DT target.

For the JAERI/USDOE program, four set of foil packages were placed at angles of 0°,
45°, 90° and 135° with respect to the incident d+ beam, distances of which was about
30 mm from the D-T source. This configuration enabled to provide cross section data at
energy range from 13.5 to 15.0 MeV. Since the sample package was considerably thick
and significant decreasing flux distribution was expected in the sample, multiple thin Nb
foils were inserted in the sample package For the neutron flux monitor. Neutron flux at
each sample was monitored with the 93Nb(n,2n)92MNb reaction. The neutron fluence at
the samples was estimated to range 1 - 2 x 1015cm?. '

The two sample packages for the inter-laboratory collaboration were placed at
identical positions of 7 ¢cm distances from D-T source. The nominal fluence on the
irradiated sample was about 2 x 104 n/cm2. This fluence was much less than that
expected because of poor fritium target performance. Neutron fluence in the sample
package was monitor by some dosimetry foils of Ni, Ti and Fe, reactions to be used of
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which were 58Ni{n,p)%8Co (T1/2=70.8d), *6Ti(n.p)*5Sc (T1/2=83.6d) and
84Fe(n,p)54Mn (T1/2=312d). However, these reaction cross section have rather low
threshold energies below 14 MeV so that large contribution of low energy neutrons to the
total reaction rate seemed very significant. In such a case, well defined neutron
spectrum should be known to correct that low energy contribution. For this purpose,
analytical calculation of the spectrum was separately carried out. In order to simplify
the neutron fluence determination, Nb foils were attached on both front and rear
surfaces of the package. Since cross section of Nb(n,2n)?2™Nb has threshold energy
around 10 MeV, quite accurate flux of 14 MeV was derived. From the Nb foil activation
results, neutron fluxes on the front and the rear surface were 7.30 x 108 / cm2+sec and
4.15 x 108 h/cm2esec, respectively.

2.3 Gamma-ray counting

More than 1.5 year after irradiation, g-ray counting has started by using a high
detection efficiency Ge detector (115 % relative to 3" x 3" Nal(Tl)). Gamma-ray
spectrum was analysed by GENIE code system provided by CANBERRA. The detector
efficiency was calibrated by standard y-ray sources. The uncertainty of data for
efficiency is about 3 % at present moment aithough it was very tentative one.

3. Results

From summary peak counts, reaction rates of concern were derived with necessary
corrections, e. g. decay constant, cooling time, collection time, detector efficiency,
natural abundance of the target material, y-ray branching ratio, sample weight, self-
absorption of y-ray, neutron flux fluctuation during irradiation, and so forth.

The cross section were preliminary obtained from the reaction rates divided by
neutron flux determined by 93Nb(n,2n)%2mNb reaction rate.  In Table 2. present data
are summarized along with data available.

3.1 27A1(n,2n)26A1

Present measurement gave 44 5 mb for the cross section at 14.9 MeV. This value
is very close to the data reported by Iwasaki'®} and slightly higher than data reported
by Sasao.!1) Still measurements of the activities at the other angles are underway.

3.2 151Ey(n,2n)150mEy _

The reaction of 51Eu(n,2n) produces. Two isomers of 150Eu with half-lives of 35.8
years and 12.6 hours. From the decay schem of '5°Eu, there is no isomeric transition so
that activities are treated as independent reaction products. In this study, we to used on
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the cross section of production for 15°Eu with 35.8y haif-live.

Only two cross section data has been reported previonsely by Qaim 12) and Nethaway
13), They gave cross sections of 1,270 + 149 b and 1,180 + 150 b at 14.7 and 14.8
MeV, respectively. Recent summary of IAEA-CRP showed available in the report h,
1,209 + 28 at 14.77 MeV measured by |EA Beijing, 1,030 + 84 at 14.9 MeV by KRl
Leningrard. These data showed somewhat cowerfgency around 1,200 barns.

The present data of 1,127 + 66 mb at 14.9 MeV gives a good agreement with those
reported within experimental errors. Meanwhile we have carried out the measurement
using separated isotopes (enriched 5'Eu samples) before. This measurement gave cross
sections rauging from 1,034 to 1,130 mb at the energies 13.5 to 14.9 MeV. Both
experimental data are in quite good agreements each, although the sample configuration,
neutron field and Ge detectors used were different.

Thus, we may conclude that the this reaction cross section data 14 - 15 MeV could be
convergented in early time. One thing should be mentioned is that the IRK evaluation
seems a littie bit higher than those measured. However, if they evaluate again using how
data, it would be consistent one.

3.3 '53Eu(n,2n)152mEy

Reaction of 153Eu(n,2n) produce three state of 152Eu ; one is isomeric state decaying
to the ground state with 96 min half-live, the other isomer with half-life of 9.3h which
disintegrates to both 152Sm and '52Gd and the O the is the ground state with half-live of
13.2 years which disintegrates to the '"2Gd with § decay.

Since the isomeric state of 96 min de excites with 100 % isomeric transitions to the
ground state the cross section has bean obtained for the 183Ey(n,2n)152mi+9Ey ; Although
there have been a lot of cross section measurements for the products of 96 min and 9.3
hr, only one data was avaireble for the 13.2 years production by Qaim 1% before |AEA-
CRP report has appeared. It gave 1,542 £ 138 mb.

in the summary report of IAEA-CRP, we found the data of 1,544 mb at 14.77 MeV by
Beijing; 1,740 mb at 14.7 MeV by KRI Leningrad. IRK vienna gave evaluation of 1,442
mb at 14 - 15 MeV. These are rather scattered around 1,500 mb. Meanwhile, at FNS,
we measured cross section by using enriched sample of 1%3Eu, resulted in from 1,300 to
1,410 mb around 14 MeV.

Note that the natural Europium has as mentioned two isotopes with mass number of
151 and 153, so that we have to be careful in the correction for the (n,y) contribution
for the 152Eu production. Natural abundance of '5'Eu is so high about 48 % that you can
not neglect the (n,y) contribution when you use the natural Eu sample. The case is in
the present measurement giving 1,975 + 98 mb al 14.9 MeV without any correction for
the (n,y) contribution. Apparently considerbl amount of (n,g) reaction suffered the
reaction rate determination. An attempled was made to correct (n,y) fraction on the
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152y production. Using the neutron spectrum calculated by the MORSE-DD code and
151Eu(n,y)152Eu reaction cross section taken from JENDL-3 dosimetry file,
contribution was deduced to be 40 % fo the total reaction rate. However, we have to
considered the self-shielding effects for the very large capture g reaction in the sample.
The fraction of 40 % seems too high to be used as the correction factor.

It is complicated that it is very hard to arrive at reasonably accurate corrections for
the 152Eu production cross section. Concludiegly, the use of enriched 153Ey sample is
highly recommended.

The status of the cross section seems a little bit controvertial, because of, as
mentioned, rather scattered experimental data.

3.4 159Tb({n,2n)158m+9TL

Terbium-158 has two states, one isomeric state deexciting through 100 % isomeric
transition with half-life of 10.5 sec and the ground state decaying with 150 year half-
life. The isomer is so short life that cross section is given as '5Tb{n,2n)158m+9Tb.
Natural abundance of 159Tb is 100 % so that there is no interference (n,y) contribution
to '58Tb products.

Two experimental data have been reported by Qaim 2 and Presiwood!4) before IAEA-
CRP report. They are 1,801 mb at 14.7 MeV and 1,930 mb at 14.8 MeV, respectively.
In the IAEA-CRP report, one experimental data and one evaluation are given by IAE
Beijing to be 1,968 mb at 14.77 MeV and by IRK Vienna to be 1,830 mb at 14 - 15
MeV. Those data seem very close each other. The present data measured at FNS gives a
cross section of 1,600 mb at 14.9 MeV. The value is considerable jower them those
previouély reported even though the experimental errors are taken into account. The
data should be check in the successive counting.

3.5 179Hf(n,2n)178m2H¢

Abundances of 179Hf and 177Hf are 13.7 % and 18.6 %, respectively. In general, it is
expected that 1777Hf(n,g) reaction contributes to produce 178H4f, However, the state of
178m2Hf of interest in this study is a high spin state (16+), so that capture reaction 1o
this state must be very inhibited. We assume that contribution of the {n,g) reaction is
negligible.

No data has been reported so far before JAEA-CRP summary. Only Harwell reported
an experimental data; 5.9 + 0.6 mb at 14.8 MeV. One calculation has been given by
Oxford/LANL to be 2.9 mb at 14 MeV.

Present measurement showed the value of 6.6 + 0.8 mb at 14.9 MeV very close to
that of Harwell.

3.6 19%Ag(n,2n)i108mAg
No experimental data for the cross '°®Ag(n,2n)'%MAg (T1/2=127y) has been

— 276 —



JAERI—M 61032

reported before IAEA-CRP report. In the IAEA-CRP report three experiments and one
evaluation have been given ; 230 £ 7 mb at 14.77 by IAE Beijing, 263 + 20 mb by
Debrecen and 208 + 37 mb by KRI Leningrard ; 665 + 73 mb by IRK vienna.

As long as the half-live of 127 + 7 year is used, the present experiment gives cross
section of 191 + 14 mb. This value is very close to the other experimental values,
whereas it is three times as much as smaller them that of evaluation by IRK. This large
difference between experimental data and the evaluation should be attributed to the
wrong half-live data for the deduction of experimental data.

4. Present Summary

In this report, the preliminary cross section data for six reactions of
27A1(n,2n)26Al, 151Eu(n,2n)"3°mEy, 153y (n,2n)152mEy, '%9Tb(n,2n)18™+9TDb,
179H¢(n,2n) 178M2Hf and 197 Ag(n,2n)'%8™Ag are given.

The countings of activities are stilf underway to arrive at sufficient statistics.
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Table 2 Cross section data measured and present status for long
lived activation products

Reaction Status Laboratory Energy (MeV) Cross Saction{mb)
27 Al(n,2n)28 Al . Tohoku Univ. 14.7 40.6 t 4.4
* Nagoya Univ. 14.8 35+ 7
5 JAERI/USDOE 14.9 44 5
109 ag(n,2n) 198Mag 1 IAE Beijing 14.77 23047
1) Debrecen 14.50 263120
3) IRK, Vienna 14 - 15 665+73
2) ANL/LANL/JAERI14.8 191 + 7
1) KR! Leningrad 14.9 208137
1794¢(n,2n)178M2Ht 2) Harwell . 14.8 5.9+0.6""
2) IAE Baijing 14.2 - 148 <e-n---
‘ 4) Oxford/LANL 14 2.9
2) ANL/LANL/JAERI 14.8 6.0 £ 0.3
181 y(n,2n)150MEyY 1) JAE Beijing 14.77 1219128
3} IRK, Vienna 14 - 15 1325194
1y KFA Julich 8.6 -10.6 1325194
2) ANL/LANL/JAERI14.8 1127 + 55
11} KR! Leningrad 14.9 1090184
183¢gu(n,2n)1529Ey  2) ANULANL/JAERI 10,14 and D-Be - -----
1) IAE Beljing 14.77 1544142
3) IRK, Vienna 14 - 15 1442460
1) KR! Leningrad 14.9 17401145
159Tb(n,2n)1589Tb 2) KFA Julich 86 - 106 ------
1) JAE Beijing 14.77 1968456
2) ANL/LANL/JAERI 14.8 1600 + 88
3) IRK, Vienna 14 - 15 1930149

—

measurement performed for CRP
measurement in progress for CRP

evaluation of existing data performed fer CRP
calculation performed for CRP

measurement of JAERI-USDCOE collaboration
measurement performed outside of CRP
prefiminary value

R L R
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3.11 Activation Cross Section Measurement at Neutron Energies of 11.0, 12.0 and
13.2 MeV Using 'H(!!B,n)"'C Neutron Source at JAERI

Y. lkeda, C. Konno, M. Mizumoto, K. Hasegawa, S. Chiba,
Y. Yamanouchi and M. Sugimoto

Japan Atomic Energy Research Institute,
Tokai-mura, Ibaraki-ken 318-11, Japan

Abstract: Some activation cross sections at neutron energies of 11.0, 12.0 and 13.2
MeV have been measured by the foil activation technique using a novel
neutron source via. !H(11B,n)!1C reaction at JAERI. The experimental
procedure is described and the data obtained are discussed by comparing
with cross sections in JENDL-3 Dosimetry File. Applicability of the present
neutron source to the foil activation technigue is also noted.

1. Introduction

The deficiency in experimental data of neutron cross sections at the energy
region between 10 MeV and 13 MeV has been often stressed. This shortage in the
experiments has been mainly due to the lack of the appropriate monoenergetic neutron
sources. A use of the reaction of lH(t,p)n has been reported at LANL.1) The availability
is not sufficient to conduct a program to provide systematic data. So far, only a cross
section measurement for the 38Ni(n,p)°®Co and ONi{n,p)6°Co has been reported by
Vonach.?) Recently, use of 1H(11B,n)!1C reaction to generate monoenergetic neutrons
from 10 to 13 MeV has been investigated in JAERI by using the TANDEM heavy ion
accelerator.3) This source with significant low background neutrons was applied
successfully in the secondary y-ray production measurement.4:°)

Utilizing this particular neutron source, we have carried out activation cross
section measurements to provide data at energies of 11.0, 12.0 and 13.2 MeV for
several important reactions in the dosimetry application.
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2. Experiment
2.1 Reactions investigated

The reactions investigated in the present experiment are listed in Table 1 along
with associated decay data of the product radicisotopes.8) They are very important
reactions for the dosimetry application where the accurate cross sections are needed. In
particular, reaction of 27Al(n,a)24Na is used as a standard for the cross section
determination experiments. The reactions of 90Zr(n,2n)8%2Zr and ?3Nb(n,2n)°2MNb are
the most promising monitor reaction for the 14 MeV neutron flux. The reactions of
47Ti(n,p)47Sc, 64Zn(n,p)64Cu and 1!5In(n,n")115M|n are the spectral indices for the
first neutrons with relatively low threshold energies. They are selected as the objective
reactions, cross sections of which are to be measured in this program, from a view point
of the importance in the dosimetry. Considerably large improvement in the accuracy of
the cross sections around 10 -14 MeV region is highly anticipated from the present
experiments.

2.2 Neutron source and irradiation

The monoenergetic neutrons were generated by bombarding the hydrogen gas
target with 11B beam energy of which were from 50 to 68 MeV by using the TANDEM
accelerator at JAERI. Three different irradiations were conducted changing the energy of
the incident 1B beam. To subtract contributions of the parasitic neutrons produced in
the structural materials of the target assembly to the total reaction rate, irradiation run
without of 1H gas in the target cell was carried out for each irradiation time. irradiation
usually Jasted for 10 hours for both gas in and gas out runs. Typical neutron spectrum
emitted from the target to the forward direction in the run at the beam 'energy of 64
MeV is illustrated in Fig. 1, which corresponds to the mean neutron peak energy of 12.4
MeV,

The size of the irradiation sample was 20 mm in diameter and 1 mm in
thickness. Sample foils were stacked into a package in the orders of; Al/Zr/Nb/In for
the irradiation at 13.2 MeV, and Al/Ti/Nb/Zn/In for the irradiations at 12.0 and 11.0
MeV. Two gold foils for neutron flux monitor were attached on rear and back sides of each
package. The sample package was placed at a distance of about 100 mm from the center
" of the target cell. Neutrons incident into the foil package from the side of Al foil. In order
to reduce the effect from the neutrons scattered by the malerials surrounding the
irradiation samples, sample was supported by a thin wire.
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2.3 Activation measurement and cross section determination

After irradiation, reaction rates were derived from y-ray counts measured
with Ge detector performing necessary corrections. A correction factor for the neutron
flux fluctuation during the irradiation was obtained from the output data of neutron flux
monitor recorded in a chart. Net reaction rates were finally obtained by subtracting the
data for irradiation with gas out from that with gas in, the beam current of which was
adjusted to be equal to one with gas in.

As the flux monitor, the 197Au(n,2n}1%96Au reaction was employed due to its
considerably large reaction cross section and rather fiat response around energy from
10 to 14 MeV as shown in Fig. 2. The cross section data for this reaction was taken
from JENDL-3 Dosimetry File.”) The neutron flux at neutron energy corresponding to
estimated one from the kinematics of IH(11B,n}1C reaction were determined from the
reaction rates of 197Au(n,2n)196Au at both front and rear positions of the foil package
and corresponding cross sections values. For the determination of the flux, no
contribution of the low energy neutrons below the neutron peak of interest were taken
into account because of rather high threshold energy of the 197Au(n,2n)196Au reaction.

Cross sections for the reaction of interest were obtained by using reaction rates
and the neutron fluxes determined by the monitor reaction. At present moment, no
contribution of the low energy neutron component in the incident neutron spectrum to
the net reaction rate was considered due to insufficient data concerning the neutron
spectrum. Further investigation is needed to correct for this item. However, it is
expected that the 115In(n,n)115MIn is the only one required significantly the correction
for the low energy component because of its low threshold energy at 0.33 MeV. Other
reaction have a relaxation from this condition due to their higher effective threshold
energies.

Major experimenta! errors are summarized in Table 2. The error in the y-
ray counting statistics dominated overall uncertainty because the neutron flux level was
not so high in comparison with the available D-T and D-D neutron sources.
Furthermore, size of sample should be as concise as possible in order to keep the
accuracy of the neutron flux and energy.

3. Results and discussion

Cross sections obtained in the present experiment are summarized in Table 3.
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Figures 3.1 to 3.7 show the cross sections measured along with available data
previously reported. Individual cross sections are discussed below.

3.1 27Al1(n,a)24N a

The present data are in a good agreement with data in JENDL-3 within
experimental errors. In particular, the data at 13.2 MeV gives reasonably a good
consistency with a value of the main body of data at 14 MeV region previously reported,
as shown in Fig. 3.1. Since this reaction cross section at 14 MeV region has been
believed to be in a satisfactory accuracy, the present result ensures us the reliability of
the present experimental procedure.

3.2 47Ti(n,p)47

Two data at 11.0 and 12.0 MeV measured in the present experiment give
slightly larger values than those in JENDL-3 and ENDF/B-V. However, the measured
data show a reasonable smooth connection with the data around 14 MeV region measured
at FNS.8) On the other hand, Mannhart®) reported that the cross sections below 8 MeV to
the threshold should be considerably lower by 10 -20 % than ENDF/V-B evaluation.
Concerning the reverse trend of the cross section between the different energy ranges,
data atl energy region from 8 to 10 MeV is highly required. A experimental data at 9.5
MeV is now processing.

3.3 48Ti(n,p)48S¢c

Contrary to 47Ti(n,p)47, data at 11.0 and 12.0 MeV are lower than those in
JENDL-3 and ENDF/B-V as shown in Fig 3.3. Since this reaction is often used for the
dosimetry purpose and the cross section should be reliable, further examination is
needed in both experiment and evaluation.

3.4 64Zn(n,p)%4C

Figure 3.4 shows the result for this reaction. Only one point data at 11.0 MeV
was measured in the present experiment. The data is in a very good agreement with that
in JENDL-3 Dosimetry file. As it is clearly given in Fig. 3.4, the data around 14 MeV
region measure at FNS are considerably lower that those in the JENDL-3 Dosimetry
File. This result encourage us to measure the data at energy from 12 to 13 MeV using
the present neutron source.

- 3.5 90Zr(n,2n)8%Zr

Data at one energy point at 13.2 MeV gives a little smaller value than that in
JENDL-3. Nevertheless, significant consistency with the data measure at FNS is found
as shown in the Fig. 3.5. Concerning the systematic in the data both measured by us, we
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have very much confidence in the data accuracy. To confirm the validity of the
gvaluation, measurement of cross section at 12.5 MeV is hopefully required.

3.6 3Nb(n,2n)2MNb

Since there are a large number of experimental data available around 14 MeV
region, reasonable convergence could be expected in the evaluation. However, The
present data at 11.0, 12.0 and 13.2 MeV are systematically lower than those of JENDL-
3 Dosimetry file as shown in Fig. 3.6. This result suggests to make a reevaluation of this
cross section including the present data.

3.7 115ip(n,n")115M|n

The data measured are shown in Fig. 3.7. The data are systematically much
higher by 20 % than those in JENDL-3 and ENDF/B-V evaiuations. This large
discrepancy is definitely due to the neglect of the correction of low energy neutrons  to
the total reaction rate in the experimental data processing. It is considered that the
contribution of the low energy neutrons to the reaction rate shouid be significantly large
owing to the low threshold energy at 0.33 MeV for this particular reaction.
Unforiunately, there was no experimental data for the source neutron spectrum below 3
MeV. In order to correct for the low energy neutron contribution, we have to perform a
more precise source neutron characteristics experiment. Another approach is to
calculated the spectrum by using a Monte Carlo Calculation with a precise model of the
target structure.

4. Summary

Though there are considerably large numbers of data in the energy region from
13.5 to 15 MeV, data below 13 MeV were very limited, as shown in Figs. 3.1 to 3.7. The
present data supplemented significantly the data needed in this particular energy region.
In summary, it is demonstrated that the monoenergetic neutron source via.
IH(11B,n)!1C is very powerful to provide experimental data in the deficient region,
gven the activation technique is applied. Further measurements on the other important
reactions are planed to be done in the future.
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Table 1 Reactions investigated and associated decay data

Reaction Abundance(%) Hali-life  y-ray energy(keV) Branching ratio(%)

27A1(n,a)24Na 100 15.02 h 1368 100

47Ti(n,p)47S¢c 7.32 3.35d 159.4 68.0
48Ti(n,p)*8S¢c 73.99 437 h 983.5 100

64Zn(n,p)%4Cu 48.89 12.70 h 511.0 35.8
90Zr(n,2n)8%Z ¢ 51.46 784 h 909.2 99.87
93Nb(n,2n}%2MNb 100 10.15 d 934,46 99.15
115)n{n,n'y 9 MIn 95.77 43 h 336.2 46.7
197Au(n,2n)1%6Au © 100 6.183 d 355.65 87.7

* Flux monitor reaction

Table 2 Experimental errors

{tems Estimated error(%)

Reaction rate

. y-ray counts Statistics 1.0 - 13
Detector efficiency 2.0
. y-ray self-absorption 0.5
Foil weight 0.1
Neutron flux fluctuation 0.5
. Others 0.2
Neutron flux
. Cross section of the monitor not considered
. Reaction rate of the monitor 3-4
Overall for cross sections 4 - 14
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Table 3 Cross sections obtained

Reactions Cross sections (mb)

11.0 MeV 12,0 MeV 13.2 MeV
27Al(n,a)24Na 102.4 + 4.7 1185 + 4.3 1251 + 6.9
47Ti(n,p)47S¢ 148 20 154 +14  eeeeas
48Ti(n,p)48S¢ 36.0 £ 22 443 = 20  --eee-
64Zn{n,p)84Cu S 289 £17 e e
90zr(n,2m8%z2r e e 305 *17
93Nb(n,2n)92MNb 219 *12 345 *+13 444 +23
1151 n(n,n)115M R 285 +16 213 +16 11+ 6

187 Au(n,2n)198AL © 1970 1795 1549

* Flux monitor Reaction.
Cross sections values were taken from JENDL-3 Dosimetry File.

T 1 1 i ] 1 T
1H(]TB,n)11C
12000 12.4 MeV (FWHM = 2.9 MeV) .
§
E(V1B) = 64 Mev .
10000 I{ .
'i
= |
[l §
gg 8000 |- : : .
= \
(@] [
;; 5000 [ v -
= v,
2 &
o bt
0 4000 }- 1H(”B,n)nc* vt -
6.0 Me¥ . |
3.4 MeV v
2000 w Vo _
M 1
N/
i 1 1 { 1 \l el |
7 100 200 100 400 500 §00 700

TOF CHANNEL

¥Fig. 1 TOF neutron spectrum at 0° with incident '1B energy
of 64 MeV, This figure is taken from Ref. 3.
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’E i Cross sections for 197;€\u(n,2n)196;h.u i
o R JENDL-3 Dosimetry File ]
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e [~ 1
e
c i S B— -
o /
8 1 00 - el N
{p)] [ i
» I ]
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& . ~

-1 Pl | | [ ] L | Ll | | | 1] | Il | 1 ) | ] ol
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Neutron Energy(MeV)

Fig. 2 Cross section curve of 197Au(n,2n)1%Au reaction.
Data are taken from the JENDL-3 Dosimetry File.’
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Fig. 3.1 Cross sections of 27Al(n,a)2”Na reaction.
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Fig. 3.2 Cross sections of *7Ti{n,p)“’Sc reaction.
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Fig. 3.3

Cross sections of *8Ti(n,p)*®Sc reaction.
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Fig. 3.4 Cross sections of 61+Zn(n,p)“Cu reaction.
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Fig., 3.5 Cross sections of 90Zr(n,2n)892r reaction.
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Fig. 3.7 Cross sectlons of 115¥n(n,n? )11 %0 reaction.
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3.12 Secondary Charged Particle Spectrometer Based on
Two-dimensional E-TOF Analysis (IT)

Seiji Ogino and Akito Takahashi

Department of Nuclear Engineering,0Osaka Unversity

This paper shows a spectrométer technique for meas-
uring energy spectral data of neutron-induced secondary
charged particles -i.e, proton and alpha-particle, etc.-
by analyzing energy (E}) and Time-of-Flight (TOF) of
charged particles in the two-dimensional E-TOF domain.
Major problem in the measurement is how to decrease the
backgrounds caused by neutron-induced charged particles
and gamma-rays which are produced in the detector itself
and coming from surrounding structural materials of the
spectrometer. By reducing the backgrounds mostly by the
pulse shape discrimination technique , we could measure
energy spectra of neutron-induced secondary charged

particles , with considerable accuracy.

INTRODUCTION

Energy spectral data for neutron-induced secondary charged
particles are basic nuclear data for the estimation of the damage and
nuclear heasting in materials under high fluence of fast neutron fields.
In general, the measurement of secondary charged particle spectrum is
difficult, and experimental data are therefore scarce. Most of the
available data have been measured with a quadrupole spectrometer
based on the E-AE analvysis'’®’, Fith this spectrometer an intense
neutron-source like RTNS-II and complicated techniques are required
to attain sufficiencies in statistics, energy resolution and particle
separation . New spectrometer techniques based on other principles are
therefore expected for laboratories having less intense neutron

sources. The shectrometer based on two-dimensional E-TOF analysis?®’ is
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one of the expected techniques for measuring neutron-induced secondary

charged particles.

EXPERIMENT

Between the secondary charged particle energy(E) and the time-of-

f1ight(TOF), we have the following relation

T=L-/W/2E (1)
where M , E, T and L are the mass , the energy , the time-of-flight
of secondary charged particle and the length between a sample and a
detector. Caluculated contours of two-dimensional E-TOF distributions
of various charged particles are shown in Fig.l. [If the spectrometer
has sufficient energy resolution, good time resolution, enough
counting rates and no backgrounds, we can separately detect different
charged particles and their spectra which appear on the contours in
Fig.1. In actual expberimental conditions , however , the separabilyty
of charged particles becomes poorer due to insufficiencies of enersgy
resolution, time resolution and counting statistics.

Few of backgrounds may be accumulated over the contours. In other
words, one merit of the two-dimensional analysis is attributed to the
fact that the background counts out of the centours can be
automatically separated.

After separating contours of charged particles for protons,

a -particles and so on , we can obtain the energy spectral data for
each particle by integrating proper count events along the TOF-axis
or the E(pulse height)-axis. With short flight path and insufficient
energy reéolution, the difference between the two spectra becomes
small. ¥e can say ,in our experimental conditions , that the energy
spectrum data obtained from the pulse height channel was better than
that deduced from the TOF channel.

The block diagram of the measuring system is shown in Fig.2.

We measure two-dimensional contours of energy(E) and time-of-flight
(TOF) gating the signals with logic signals from two parallel pulse
shape discrimination circuits.

Schematic view of the experimental equipment is shown in Fig.3.
Shielding materials and a charged particle detector are arranged in e

Ilm¢$ X 1m.long vacuum vessel. A rotary pump evacuates air in the
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vessel in the ~ 1mnTorr pressure range . For a charged-particle emitter
with irradiation of 14MeV neutrons, an aluminum sample with 15um
thick X 6cm diam. was used. A CsI(T1l) scintillator with 2mm thick X
5¢cm diam. was used for the charged particle detector. An NEIOZ plastic
scintillator was also used for test runs; in this case the pulse shape
discrimination was impossible, so that the NE102 plastic scintillator
was unsuitable for a charged particle detector in the field containing
relatively high level gamma-rays

The flight path between the sample and the detector was about
50cm. Major problem in the measurement is how to decrease the back-
grounds caused by neutron-induced charged particles and gamma-rays
produced in the detector itself and coming from surrounding structural
materials of the spectrometer.

Reduction of the gsamma-ray background was successfully achieved
by the pulse shape discrimination technique of analyzing rise-time(RT)
distributions of signals induced by charged particles and gamma-rays.
The results of two-dimensional energy(E)-rise time(RT) distributions
are shown in Fig.4 and Fig.5 , respectively for the cases before and
after separating gamma-rays. These results show that drastic reduction
of gamma-rays-origined backgrounds is possible by the pulse shape
discrimination technique for the Csl(Tl) detector.

Reduction of the charged particle background can be achieved by
setting the detector as far from the neutron-source as possible and
by using the shadow bar shield between the neutron source and the
detector; however, this arrangement also reduces the solid angle for
detecting charged particles from the sample. In order to seek an
optimum set of mixed materials and their arrangement, many background
runs by changing the configurations have been tried . The
two-dimensional RT-TOF analyses have been also used for the
optimization.

The best reduction of backgrounds was obtesined with the

iron + lead + polyethylene shielding set, as indicated in Fig.3.

RESULTS AND DISCUSSIONS

An example of measured results of two-dimensional E-TOF

distributions is shown in Fig.6, where @, a straight line, shows
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signals induced by direct 14MeV neutrons, @ shows a curve of signals
induced by protons and ® shows a curve of signals induced by alpha
particles. Further reduction of back grounds is required to measure
clearly the alpha particle contour; which is shown in the following.

Rejecting proton-signals by the pulse shape discrimination, the
measurement for « -particles was made, and the measured result (fore-
ground) is shown in Fig.7, where signals induced by direct 14MeV
neutrons are shown with @ , contour of signals by the 27AI(n, @) alph
a-particles with @& and conteur of signals by neutron-induced alpha-pa
rticles at the vacuum wall with ®. These results show that the
rejection of proton signals is necessary to measure clearly the alpha-
particle trajectory curve.

Energy differential cross section from the Al{(n,xp) reaction
which were obtained from the pulse height channel (integrated along
the TOF axis) are shown in Fig.8, compared with the Grimes’' experiment
2)and the calculation using SINCROS-I 3> ; agreements among the three
results are good.

Energy differential cross sections for the Al(n,xa ) reaction are
shown in Fig.9 compared with the Grimes’ experiment®’ and the
calculation using SINCROS-II ®°. The presently measured spectrum is
softer than that of the Grimes’ and gives relatively good agreement

with the calculation.

CONCLUSTON

In order to measure energy spectrum data for neutron-induced
secondary charged particles , & new type spectrometer based on the
two-dimensional E-TOF analysis has been tested. Major problems of
reducing backgrounds were almost solved by the pulse shape
discrimination technique after many background test runs. The present
systen canrbe applied to measure cross sections and spectra of
secondary charged particles, calibrating with the recoil proton peaks
in the E-TOF domain by the elastic scatterings of hydrogen in a thin
polyethylene sample at various angles between the incident and the
out-going-particle directions. With improvements after the Ist report?’,
the present spectrometer can be used for measuring (n,xp) and (n,xa)

spectral data of other nuclide than 27Al.
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3.13 Measurement of Neutron-induced Charged-particle-emission Reaction Cross
Section Using Gridded Ionization Chamber

N.Ito, M.Baba, S.Matsuyama, K.Sugino, and N.Hirakawa

Department of Nuclear Engineering, Tohoku University,

Aoba, Aramaki, Acba-ku, Sendai 980, Japan

A gridded ionization chamber (GIC) having large geometrical efficien-
cy, ~27, has been developed for measurements of neutron-induced charged-
particle emission cross section. Test experiments proved the proper opera-
tion of GIC with complete charge collection even if the gas pressure was
over 10 atm.. GIC was applied successfully to proton and a emission cross
section measurements for nickel at the several MeV and 15 MeV incident
neutron energies with the results in good agreement with the previous data
and evaluations. The construction of GIC and the experimental technique are

presented in this paper.

1. Introduction

Double-differential cross sections for neutorn-induced charged-parti-
cle emission reaction are important for estimation of radiation damage and
nuclear heating in structural materials of fission and fusion reactors.
Direct measurements of secondary charged-particles are, however, difficutt
because of low counting rate and high background. Various experimental
devices have been developed for measurements; however, they have poor
geometrical efficiency and require very long data acquisition time.

A gridded ionization chamber (GIC) is advantageous to detection of
emitted charged-particles owing to high geometrical efficiency near to 2w,
with capability of energy-angle determination. This type of chambers have
been used successfully for measurement of triton angular distribution for
the 6Li(n.,t) reaction for incident energies lower than 1 MeVl) and fission

fragments detectionz). However there have been no application to high

energy charged particles.

We have developed GIC appropriate for measurements of (n,xax) cross
section up to ~14 MeV incident energies and (n,p) cross section in several
MeV incident energies. The performance of the chamber was tested to confirm
the applicability to high energy particles, ahd applied successfully to

measurements of Ni(n,p) and Ni{n,a) cross section at several MeV incident
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energies and of a-particle energy spectra from Ni(n,xea ) reaction at 15 MeV

neutron energy.

2. Gridded Ionization Chamber

The schematic view of GIC is shown in Fig.l; if charged-particles
emitted from sample on cathode electrode are stopped by chamber gas between
cathode and grid, the anode and cathode signals, P, and PC respectively,

a
are represented by the following equationsz);

Py = B(1 - 0 cos0) - E (1)
X
P, = E(1 - a cos@ ) {2)
where
E, 8 = energy and emission angle of emitted particle, respectively,

in laborator& system

c = grid inefficiency

X = distance from the beginning to the center of gravity of the
charge distribution of the trace

d = spacing between cathode and grid.

Since ¢ can be very small (several %), anode signal represents approxi-
mately particle energy, and simultaneously the emission angle {0) can be
determined by dealing with P, and P, according to equations (1) and (2).
Figure 2 shows the construction of 4m-GIC fabricated in this work,
which consists of two chambers with common cathode. This chamber withstands
the gas pressure up to 13 atm. to be applicable to «-emission reaction for
incident neutron energies up to ~14 MeV; with that pressure, detectable
maximum proton energy is about 6.7 MeV with a gas mixture of Kr—COz. The
electrodes are made of heavy metals, tantalum and tungsten, to reduce back-
grounds produced by fast-neutron bombardment. In addition, the chamber is
equipped with shield electrodes outside each anode to reduce backgrounds
from chamber wall, and guard-ring electrodes around each grid to reject
events due to long-range particles by means of anti-coincidence operation
with anode or cathode signal. Three sample foils can be set up between two
cathode plates of tantalum; and foil to be measured can be changed from
outside the chamber. To reduce electronegative impurities such as oxygen or

water vapor, the chamber is evacuated before gas filling. High voltages can
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be applied to all the electrodes to achieve high electric field required

for complete charge collection.

3. Test Experiments

We confirmed proper operation of GIC by measuring triton spectrum
from the 6Li(nth,t) reaction and proton spectrum from the H{n,p) reaction
which exhibit well established energy and angular distribution.
{1) Saturation Property

We studied the saturation property of the charge collection for
tritons and protons. Figure 3 shows typical anode spectrum for the
6Li(nth,t)a reaction; peaks for tritons and ¢ —particles are seen clearly.
Figure 4 shows the triton-peak channels as a function of E?C/P, where €. is
a field strength between cathode and grid and P is a gas pressure. The
field strength higher than 0.22 kV/cm/(kgf/cmz) proved to be sufficient to
give saturation for tritons. For protons, Fig.b shows typical anode spec-—
trum for the H{(n,p) reaction at 4.4 MeV incident neutron energy, and Fig.6
shows proton-edge cHannels shown in Fig.h versus electric field; this
result indicate the saturation is achieved alsoc for protons in the similar
field strength for tritons.
{2) Energy Resolution and Responses

The intrinsic energy resoiution of GIC was estimated to be better
than 45 keV from triton peak of anode spectrum shown in Fig.3: this energy
resolution will be good enocugh for study of charged-particle emission
reactions. Figure 7 shows a comparisoh of experimental results with simula-
tion calculations for anode and cathade responses for the H{n,p) reaction,
where energy loss of proton in the polypropylene sample and the effect of
grid inefficiency were considered in the simulation. The experimental re-
sults agree with the calculation except for lower energy region where large
backgrounds due to neutron reactions with the detection gas disturb the
measurements.

Therefore, the test experiments ensured that proper operation of the
chamber was achieved even at the high pressure over 10 atm. by employing

adequate electrode potential and gas purity.

4. Ni(n,p) and Ni(n,a ) cross section measurements
This chamber hags been utilized successfully for proton and @ emis-
sion cross section measurements Tfor nickel at several MeY and 15 MeV of

incident neutron energies.
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{1) Experimental Procedure

To reduce backgrounds, neutron beam was collimated within sample-foil
diameter (25 mm) by 10 ~ 15 cm copper collimator as shown in Fig.8. Natural
nickel foil of 5 um thick and tungsten foil of 50 um thick was used for
sample—in and sample—out measurements, respectively; normalization between
each measurement was made by fiux measurements using NE213 detector (1"¢ x
1"} located on the beam axis. As a detection gas, a mixture of Ar-C0y or
Kr—COz was used with optimal pressure for each particle type and particle
energy.

Figure 9 illustrates the electronics block diagram; anode and cathode
pulse height data are stored by two parameter data acquisition system. For
a-particle detection, guard-ring signal was used to reject events by long-
range protons with anti-coincidence operation. The shaping time constant of
2 psec. was found appropriate for each spectroscopy—amplifire of anode and
cathode signal. Energy scale for pulse height spectra of ancde and cathode
signal was calibrated using triton-peak channel from the 6Li(nth,t) reac—
tion or proton-edge channel from the H{n,p) reaction.

Data accumulation of about 3 hours was sufficient for each measure-
ment to provide adequate counting statistics. Figure 16 shows two-dimen-
sional spectrum, anode versus cathode signal, for Ni{n,p) cross section
measurement at 5.0 MeV neutron energy. The straight and curved lines shown
in Fig.10 correspond to 0O-deg. and 30-deg. emission angles, respectively;
events from the Ni(n,p) reaction distribute between these lines. In low
energy region, there are large backgrounds which will be attributed to the
16O(n,a) reaction; however, these are not of so serious problem since two
parameter data processing greatly reduces the backgrounds. Two'dimensional
pulse-height spectrum was translated into double-differential cross section
according to the equations (1) and (2}, using the absolute normalization
factor determined by scattered proton yield from polypropylene sample.

(2) Results and Discussion

Figure 11 shows double-differential Ni(n,p) cross section at En = 4.3
and 5.0 MeV; peaks corresponding to low-lying exited states of 5800 are
seen. Energy- and angle-integrated cross sections obtained in this work are
in good agreement with JENDL-3 and ENDF/B-IV evaluations as listed 1in
Table 1.

Figure 12 shows double-differential a-particle spectra for natural
nickel at 15 MeV neutron energy, compared with the angle-integrated spec-

trum for enriched 28y by S.M.Grimes et al.B). The present data at 60-deg.
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are in good agreement with those of S.M.Grimes et al. while these at 26-
deg. show small disagreement in higher energy region which indicates aniso-
tropic @ emission. For lower neutron energy, no data are available for
direct spectrum comparison; then average a-particle energies are compared
in Fig.13 with the data by Paulsen et a1.4) and Grimes et al.s); the
present results at En = 5.0 and 6.0 MeV agree with the results by Paulsen
et al. within experimental error, while the present results at En = 15MeV
are angle dependent and generally greater than those of Grimes et al.. The
cross sections of the Ni{n,a) reaction obtained in this work are in good

agreement with previous data and evaluations as shown in Fig.14.

5. Coneclusion

We have devéloped GIC which will be useful for measurements of
charged-particle emission cross section because of its large efficiency.
Test experiments confirmed complete charge collection even if the gas
pressure was over 10 atm.. GIC developed in this work provide very "effi-
cient" measurements of proton and @ -particle emission cross sections. This
technique will be applied for various secondary charged particle measure-

ments with improvements to get higher reliability.
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Table 1 Ni(n,p) cross section obtained in the work
compared with that of JENDL-3 and ENDF/B-IV

Neutron energy | Experiment | JENDL-3 ENDEF/B-1V
(HeV) {(mb) (nb) {ab)
4.3 260+ 8 273 289
5.0 305 £ 10 323 320
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3.14 Self-shielding Effect on Angular Neutron Flux Spectra Leaking from
Thick Iron Slab

Yukio Oyama, Kazuaki Kosako and Hiroshi Maekawa
Department of Reactor Engineering,
Japan Atomic Energy Research Institute,
Tokai-mura, Ibaraki-ken, JAPAN

Leakage neutron flux measurement from thiek iron assembly has been
calculated by using DOT3.5 neutron transport code with self-shielding
correction of iron cross section set. The calculated results were
compared with the MCNP calculation and the experiment. The impact of

group structure on self-shielding corrected calculation was also

examined.

1. Introduction
Shielding performance of iron for 14 MeV neutrons is very critial

issues to estimate safety factor of super conducting magnet design in a
next fusion test device, such as ITER and FER. Recently several
experiments were performed to examine a deep penetration property of DT
fusion neutrons in iron. We had also measured angular neutron flux
spectra leaking from the iron slabs with various thickness for 14.8 MeV
neutrons.'> The layout of the experiment is shown in Fig. 1. In analyses
of the experiment using the Sn codes DOT3.5%> and the Monte.Carlo code
MORSE-DD?’, large underestimation of angular neutron flux has been found
at the range below 1 MeV. The MORSE-DD uses the double differential cross
section (DDX) library. In contrast to those codes, the analysis by the
ponit Monte Carlo code MCNP*”> showed fairly good agreement with the
experiment. This fact suggests that the codes using the groupwise cross
sections with infinite dilution which is assumed for both groupwise codes
trend to underestimate low energy neutron flux due to self-shielding
effect, because there exist many resonances in the energy range below 1
MeV for iron cross section.

In the present work, in order to examine the effectiveness of self-

shielding correction for the problem, two kinds of cross section sets
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with the correction were prepared and tested. The results are compared to

the MCNP results and an impact of the self-shielding correction is

dicussed.

2. Calculation

The reference cross section set used for DOT3.5 calculations is
FUSION-J3%> prepared for fusion neutronics experiment with 125 groups for
neutrons and 40 groups for gamma rays. This is processed by MACS-N®’ code
from the JENDL-37> nuclear data library with infinite dilution. To obtain
the corrected cross section, two types of the cross section sets were
made by reducing the JSSTD295 cross section set®> of 295 groups using f-
table for self-shileding correction. These sets includes all impurities
in the iron assembly. The number of group of the reduced cross section
sets are 125 and 191, respectively (named JSSTD125 and JSSTD191). The
former set follows the group structure of FUSION-J3, and the latter set
does the group structure of FUSION-J3 above 10 MeV and of VITAMINE-J
below 10 MeV. Thus the latter sets is more fine for the range below 1 MeV
by about twice. The calculations were performed for the case of 60 cm in

thick.

3. Results and Discussion

Figures 2 and 3 shows the comparison between the DOT3.5/FUSION-J3
calculation and the MCNP/JNDL-3 calculations. One can see that the MCNP
agrees very well with the experiment, but the DOT3.5/FUSION-J3
underestimate the flux in the range below about 1 MeV, excepf for the
peak around 100 keV. The figure 3 also includes the result by
DOT3.5/JSSTD125. The JSSTD125 improves the underestimation, but the
result still underestimates the flux in the range of 500 keV to 1.5 MeV
compared to the MCNP. Hence, to see the effect of group structure we
compared both caleulations using JSSTDP125 and JSSTD191 sets. Figure 4
shows the calculations by both corrected cross section sets. It is
remarkable from the comparison that the calculation with fine group does
nbt improved much the descrepancy. Thus the descrepancy to the MCNP in
the range of 500 keV to 1.5 MeV should be caused by the réason other than

self-shielding, for example, angular treatment or so.
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4. Conclusion

It was found from the present calculations that the case using
self-shielding correction gave better results in the energy range below 1
MeV compared to the case using infinitely dilute cross sectionm, but still

not enough especially in the range of 500 keV to 1.5 MeV.
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3.15 Thick Target Neutron Yield by Heavy lons

Kazuo Shin, Kagetomo Miyahara
Department of Nuclear Engineering, Kyoto University

Yoshitomo Uwamino
Institute for Nuclear Study, University of Tokyo

Abstract

This paper describes the systematic study of the thick target neutron
yield by light and heavy ions.

Measurements of neutron yield data were made for combinations of "sev-
eral thick targets {(C, Al, Cu, Fe, Pb) and projectiles {(30-MeV p, 65-MeV
alpha, 120-MeV 1265+, 153-MeV 1606+), and obtained neutron angular spectra
were analyzed by the moving source model.

Through the consideration on the nuclear temperature, it was found
that the multiplicity of equilibrium neutrons was proportional to target
the mass number. Using this fact, a simple expression for systematics of
equilibrium neutron yield was derived.

For nonequilibrium component, the neutron yield was proporticnal to
the geometrical cross section, being consistent with the local hot spot
model. The threshold for the nonequilibrium neutron production affected

the yield for low energy projectiles.

I. Introduction
Inciusive neutron production data are fundamental ones for the applica-

tion of jon accelerators to the engineering purpose. The thick target neu-
tron yield data are indispensable as the neutron source data for the accel-
erator shield design. Unfortunately there are very few data existing./1/
Most data on secondary neutrons from heavy jon reactions were for the nu-
clear physics study and were exclusive ones to explore the reaction mecha-
nism. Since experimental data on the inclusive neutron yield are very rare,
it is important to study the systematics of the neutron yield for the as-
sessment of unknown data.

We have continued measurements of the neutron production data from
various thick targets bombarded by Tight jons./2,3,4/ The intranuclear
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cascade evaporation calculations were tested through those measurements.
The model is suited for the systematic generation of the neutron yield data.
Therefore, it was desirable to extend the model to Tlower energy range.
It was shown the total yield was reproduced even at the lower energies by
the model within a factor of two, but the model failed to predict the angu-
lar and energy distributions of neutrons.

Nakamura and Uwamino/5/ proposed the two- or three-component exponen-
tial function fitting of the angular spectra. The method made very easy
to reproduce the measured data for practical use. However, the systematic
description of the neutron yield was still very hard by their method.

In this work, the moving source model, which has been used to analyzed
the systematics of charged particle and neutron emission cross sections
in heavy ion collisions, is applied for the analysis of our thick target
data. The previous studies/2,3,4/ is extended to heavier ions, new measure-

ments by 12C5+ and 1606+ being added in this work. And systematics of the

neutron yield is studied.

I1. Experimental Procedure

The measurement made in this work is very similar to those in previous
works/2,3,4/ except that projectile ions are 12C5+ and 1606+. The experi-
mental arrangement is shown in Fig. 1. The experiment was made at the SF
cyclotron of the Institute for Nuclear Study at the University of Tokyo.
The jon energies are about 10 MeV/u for the both ions. Targets of C, Al,
Cu and Pb thicker than the ion stopping range were bombarded by the ions
and neutron spectra were detected by an NE-213 at angles 0°, 15°, 30°, 60°,
90°, 135° for 160%% and 0°, 30°, 75°, 120°, 150° for '2C°". The detector
was located 2 m down from the target. The spectra were obtained by the
unfolding method. Background data were taken by inserting an iron and poly-

ethylene shadow shield between the target and the detector.

II1. Results and Discussions

1. Moving Source Analysis
Measured neutron angular spectra of this work and the previous works

(1ight ion data of 30-MeV p and 65-MeV alpha) were fitted by two-component

moving source model of Egs. (1) and (2);

JE,
¢(E, 0)= ZVLZ( )3/2 * EXp
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E.=E,— 2£EnCOSB+Ei, (2)

where M1 is the source -intensity (neutron yield}), I& the nuclear tempera-

ture, 21 the source kinetic energy.

as is illustrated by Fig. 2, which is for the case of the '°C°* ifon
on the Pb target, the neutron angular spectra are very well reproduced by
two sources, one with smaller 81 (ggui11brium neutrons: EN) and the faster
one (nonequilibrium neutrons: NEN). The neutron yield is dominated by the
EN. The contribution by the NEN is about one-tenth.

The systematics consideration on the neutron yield will be made below
separetely for the EN and NEN using M1 values obtained by data fitting.

2. Equilibrium Neutrons
Fig. 3 summarizes the nuclear temperature of the EN. It shows that

the nuclear temperature data for each target come on a unigue curve and
the shape of the curve resemble one another. Consequently, there is a sim-
ple relation between the nuclear temperature and the target mass number

as,

2
Ars2~Const. {3)

The excitation energy E of the target-like fragment is
E:afz, ' (4)
and the level density parameter a is written as
=A
d T/Ss (5)
then

3
E~Const. A3, (6)

For this excitation energy, we obtain that the neutron multiplicity n was
approximately proportional to the target mass number AT. Fig. 4 illus-
trates this relation, where "E«A" data in the figure are theoretically
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calculated ones by Dostrovsky et al./6/, and those of "E°<A3/5” are

reevaluated ones from Dostrovsky's data assuming the multiplicity being
proportional to the excitation energy.

The neutron production cross section for the EN from the target nucleus
in the central collision may be expressed as the target geometrical cross
section times the nucleon number in the projectile times the neutron multi-

plicity;

. B .
Or=g* Ap* Ar3 » Ar=gApA.3, {7)

where g is a constant and AP the projectile mass number.
The cross section for the projectile should be similar. So the total EN

cross section may be,

5 5
Un:g(A—PATg +ATAP3>f. {8)

In Eq. (8) we included correction factor f for the Coulomb barrier,

o AT—!I"AP . _V_Q

f:_l AT Ep H (9)

where Ep is the projectile energy, V the Coulomb barrier, Q the effective
Q value.

An example of the prediction by Egs. (8) and (8) is given in Fig. 5,
where the formula is compared with measured data of the neutron total pro-
duction cross section by heavy ions given by Hubbard et al./7/ The depend-
ence of the the neutron yield on the target and projectile mass numbers
is very well reproduced.

The thick target neutron yield is given by Eq. (10), neglecting nuclear
cascade by secondary ions,

dE;

Y—j%Nm§3, : i

(7dx

where N is the target atomic density.
The level density parameter a exhibits oscillation with AT at Tow exci-
tation energies due to the shell effect. This effect should be incorporated

in £q. (8) when Ej is not large. We simply assumed that ¢, was proportional
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to the excitation energy which in turn was proportional to a. So the cor-

rection by this effect is

The results of the thick target neutron yield predicted by Egs. (8) and
(9) with the above level-density-parameter correction are compared in rela-
tive value in Fig. 6 with our measured yield data. The agreement is quite

well.

3. Nonequilibrium Neutrons
Production of the NEN is understood by the local hot spot model. In

the model, neutrons are generated from only a limited region where the tar-
get and projectile nuclei are contacting. Then, the neutron production
rate should be proportional to the probability of contact {i.e., geometrical
cross section},

Z
g, A3, {12

The thick target yield of the NEN is given by inserting Eq. (12) into
Eq. (10). This very simple description reproduced our 30MeV p data well,
but failed in the case of 65-MeV alpha. The projectile energy in the latter
case is 16.3 MeV/u, while the former is 30 MeV/u.

We considered that there was a threshold in the velocity of contacting
nuclei to produce nonequilibrium neutrons. Only if the velocity is larger
than EQ in unit of nucleon energy, the NEN is produced. When we assumed
EQ = 2 MeV, the data of the 65-MeV alpha were reproduced well. This is
demonstrated by the solid line in Fig. 7. The threshold did not give much
effect to the 30-MeV p data.

IV. Conclusions
(1) The simple formula was proposed for the systematics of the EN produc- -

tion cross section. The proposed formula well reproduced the dependence
of the EN neutron yield on the target and projectile mass numbers.

(2) The NEN neutron yield was reproduced by the geometrical cross section
with the threshold of EQ = 2 MeV for the relative velosity between the con-

tacting nucilei.
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3.16 Measurements of Neutron Emission Cross Sections of nate and "
for 14.1 MeV Incident Neutrons

X. Hata", S. Shirato and Y. Ando
Department of Physics, Rikkyo University, Nishi-Ikebukuro 3,

Toshima~ku, Tokyo 171, Japan

Double differential cross sections (DDX) for elastic and
inelastic neutron scattering from "2%C and natpe at 14.1 MeV
were measured using the neutron time-of-flight {(TCF) facility of
the 300 kV Cockcroft-Walton accelerator of Rikkyo University.
Angular distributions were measured at angles from 10° to 50° in
10° increments. : The experimental layout is shown in fig. 1.

Neutron TOF spectra werekobtained from the time signals of
scattered neutrons and the associated a-particles produced in
the 3H(d,n)%He reaction at 165 keV. Two well-shielded NE213
liguid scintiliators of 2 in ¢ x 2 in and 10 cm ¢ x 30 cm were
used as neutron detectors, while a thin (50 pm) NE102A plastic
' scintillator was done as an c-particle detect§r1). The time
resolution (0.7 ns in FWHM) of the present TOF systém using
Hamamatsu R2083 photomultipliers was remarkably improved by the
replacement of R1246X photomultipliers in our old system (1.35
ns)z). The cylindrical scattering samples of 3 cm ¢ x 3 cm
were made of natural graphite and iron of 99.9 % purity.

The measured energy spectra of scattered neutrons are

shown in fig. 2 for P2%C and fig. 3 for natrs  where the curves

* Present address: Hitachi Seisakusho Co.
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are predictions3’) based on JENDL-3T.

The measured differential cross sections for elastic
scattering and inelastic one to the first excited state at 4.44
MeV from 12¢ are compared with other experimental data4’5'6'7)
in figs. 4 and &, resgectively. The present data for 50re are

also compared with other experimental databs9,10)

in fig. 6 for
elastic scattering and.in fig. 7 for inelastic one to the first
excited state at 0.847 MeV.

The measured angular distributions for elastic scattering
are in good agreement with optical model calculations using the
computer code DWUCK411), as indicated by the solid lines in fig.
4 for '2c and also iﬁ fig. 6 for Sépe. The optical petential
parameters obtained by Gul et al.T) for 12¢ and by Hyakutake
et al.19) for 58re were adopted in these calculations. These
parameters are given in table 1. The dashed lines in figs. 4
and 6 show predictions of JENDL-3T.

The preliminary analyses of measured differential cross
sections for inelastic neutron scattering from the first excited
states of 12C and 58re were performed in DWBA calculations using
the code DWUCK4, as shown in fig. 5 for 12¢ and in fig. 7 for
.56Fe. Tn these calculations, the deformation parameters B
were assumed to be 0.90 for 12C*(1st) in stead of 0.65 given by
Olsson et al.'?) and to be 0.23 for 56Fe*(1st)1o).

The details of the present work are described in ref. 13.

This report is written by summarizing the effort implement-
ed under the Research-in-Trust in 1989 - 1990 fiscal years

from the Japan Atomic Energy Research Institute (JAERI).
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Table 1 Optical potential parameters. [Ug(x) = 0]
v W Voo ry ro' a b Ref,
({MeV) (MeV) (MeV) (fm) {(£m) (fm) (fm)
12¢ 46.5 8.88 4.29° 1.28 0.86 0.39 0.39 7)
56pe  43.55 10.24 6.00° 1.25 1.242 0.673 0.47 10)

V: Real volume Woods-Saxon potentials with range parameters ry

and a.

W = VI/4: Imaginary surface Woods-Saxon potential with range

parameters ry' and b.

* Note V., = Vyg/4 in the 1l-g form.
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3.17 Four Body Breakup Reaction on >C Induced by Polarized Proton

Y. Watanabe*, N. Koori**, H. Kashimoto*, H. Hane*, A. Aoto*
A. Nohtomi+, Susilo Widodo+, O. Iwamoto+, R. Yamaguchi+,
K. Sagara++, H. Nakamura++, K. Maeda++, and T. Nakashima++

* Department of Energy Conversion Engineering, Kyushu University,
Kasuga, Fukuoka 816
*% College of General Education, The University of Tokushima, Tokushima 770
+ Department of Nuclear Engineering, Kyushu University, Fukuoka 812
++ Department of Physics, Kyushu University, Fukuoka 812

Double differential cross sections and analyzing powers were measured of protons and
o particles emitted from the bombardment of 12C with 14 and 16 MeV polarized protons. The
measured energy spectra of protons and « particles are analyzed on the basis of the reaction
model in which three or four-body simultaneous breakup process is taken into account. The
calculated proton and « spectra show reasonable agreement with the experimental continuous

spectra in low outgoing energy region.

1. Introduction
In the interaction of fast neutrons with carbon, the contribution of the 12C(n,n")3a

reaction to the nonelastic cross section becomes dominant with increase in the incident energy.
This four-body breakup reaction, therefore, is most important for estimation of radiation
damage and neutron shielding in fusion reactor design and kerma factors needed for high-
energy neutron radiotherapy. Double differential cross sections for the reaction is needed in
more accurate calculations of neutron transformation and kerma factors as well as in
understanding of the reaction mechanism. Several measurements on'the 12C(n,n") 3 cross
section have been made in the high incident energy range between 14 and 60 MeV(1(2),
However, there are only a few direct measurements of both energy spectra of neutrons and «
particles at the same incident energy(3)4).

So far, we have perforfned the study of neutron-induced reactions on li-isotopes and
several medium heavy nuclei through the experimental study of proton-induced reactions
analogous to neutron-induced reactions(¥®). In the present work, this approach is also applied
to investigate the mechanism of the 12C(n,n")3a reaction. Double differential cross sections and

analyzing powers have been measured of protons and « particles emitted from the
bombardment of 12C with 14 and 16 MeV polarized protons. The measured spectra of protons
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and o particles are analyzed on the basis of the reaction model in which the simultaneous
breakup process is taken into account. The aim of the present work is to establish a reliable
model to evaluate the 12C(n,n")3a or 12C{p,p"3at breakup cross section.

2. Experimental procedure and data processing

The experiment was performed using 14 and 16 MeV polarized proton beams from the
tandem Van de Graaff accelerator at Kyushu University. Details of the experimental procedure
have already been reported elsewhere(4X3), The experimental setup in a scattering chamber is
illustrated in Fig.1l. A AE-E counter telescope consisting of three silicon surface barrier
detectors(E1: 20 pm, Ep: 75um, E3: 2000um) was employed to measure emitted protons and o
particles up to as low energies as possible (Ep>1 MeV and E¢> 1.5 MeV). A target was a self-
supporting foil of natural carbon whose thickness was 0.1 16 mg/em?,

To measure o particles with low outgoing energy, the signals from E; detector were
separately stored in anticoincidence with the signals from Ep and Ej detectors. It is possible to
identify two particles (proton and o particle) by making use of the difference of maximum
energy loss in the E; detector; the energy to be deposited in the E; detector is below about 1.1
MeV and about 4.3 MeV for proton and o particle, respectively, if the effect of energy loss
straggling is neglected. At the forward angle, however, there is some contribution from the
nucleus 12C recoiled by the elastic and inelastic scatterings. The energy region of the a particles
that can be measured using the present detecting system in low energy region is shown as the
shaded portion in Fig.2. Note that the energy toss and the straggling effect of « particles in the
target foil is neglected.

The absolute cross sections were determmed by normalizing the elastic cross sections
measured in the present experiment to those measured in the previous one(®). The result is
shown in Fig.3. Both the angular distributions show the same shape and hence the consistency

of both the measured data was also confirmed.

3. Experimental results
Double differential o particle emission cross sections and analyzing powers measured at

30°, 80°, and 150° at 16 MeV are shown by solid circles in Figs.4 and 5, respectively. In Fig .4,

two peaks observed at each angle correspond to the transtions to the 9B(g.s.) and
9B(2.36MeV) via the 12C(p,®)9B reaction. Under those peaks, there is continuous component

that is due to three o breakup process of our interest.

Measured proton spectra for the incident energy of 16 MeV are also shown by
histograms in Fig.6. These data are those taken in our previous experiment(6), because the data
processing for the proton spectra measured in the present experiment is now in progress. As
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shown in Fig.6, the observed energy spectra exhibits a distinct continuum underlying the peak
structure corresponding to single excited states of 12C.

4, Theoretical analysis

Multiparticle breakup processes of 12C induced by proton or neutron are mainly
classified into the sequential breakup process via some intermediate states and the simultaneous
breakup process(?). Here we consider the following simultaneous breakup processes:

(i) 2C+p »p+a+8Be

Lo+

(i) 2C+p =>pra+a+a
The processes (i) and (ii) are referred to as three-body simultancous breakup(3BSB) process
and four-body simultaneous breakup(3BSB) process, respectively. In the 3BSB process, the
sequential decay of 8Be into two « particles occurs and finally three  particles are generated as
the reaction products.

The energy spectra of particles emitted in the simultaneous breakup process can be
easily calculated by using the phase space distribution pf(E1) derived on the basis of the

reaction kinematics as follows:

2 m
o= ME o) (1)
dE/dQ, b

where mp, and kp are the mass and the wave number of incident proton, respectively. IMP? is the
square of the transition matrix element. The phase space distributions pEy) for the 3BSB and

4BSB are given by the following expressions(®):

ol NI
pr(E1)apss o< VE1 (mz&m}fm -E; +2a;YE cos 0 - ai)}1 ? (2
' .,
pEnapss o« VEr (TERETISEL, -, + 221VE cos 0 -a})| 3)
where
m.E;, V2mpEin
ET, Q+m +mt and 41 = m fm: @)

In these expressions, the subscripts p and t refer to the incident particle and the target nucleus,
respectively. The subscripts 1, 2, 3, and 4 refer to the four final particles. Particle 1 is the
observed particle. The quantity m; (i=1,2,3,and 4) is the mass and M=mj+mz+m3 for the
3BSB and M=m+m;+m3+my for the 4BSB. The quantity Q is the reaction Q value, Ejj, is the
incident energy, and Ey and 91 are the energy and angle of particle 1 in the laboratory system.
For simplicity, we assume that IM? is an adjustable parameter independent of the angle
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and the outgoing energy. Namely, the shape of energy spectrum is provided by the phase space
distribution and the absolute value is determined by normalization to the experimental value. In
the present analysis, this adjustable parameter was determined from analysis of proton spectra
for 16 MeV so as to reproduce reasonably the continuum component. The same value was used .
as the normalization parameter in the calculation of ¢ spectra.

A preliminary analysis was performed for the above 4BSB process (ii). The calculated
4BSB spectra for protons and o particles are shown by solid lines in Figs.4 and 6. Emitted
three o particles in the process (ii) can not be distinguished by measurement using the present
detector system, so that the right hand side of eq.(1) is multiplied by a factor of three and the
obtained energy spectra are compared with the experimental data. The calculated proton and o
spectra show overall agreement with the experimental ones in shape and magnitude as shown in
Figs.4 and 6. Therefore, the 4BSB process seems to be responsible for emissions of protons
and a particles with low outgoing energies. However, there is somewhat overestimation in the
region around the threshold energy of three o breakup in both those proton and a spectra.
From the analysis of the 12C(n,n")3x cross sections measured by using nuclear emulsions by
Antolkovic et al.(7), they have concluded that the sequential decay process involving the n + «
+ 8Beg_s,(or 8Be, g) system is the dominant reaction mechanism and the contribution of the
4BSB process is appreciably smaller than that of the 3BSB process. Therefore, the
overestimation near threshold may be due to predominance of the 3 BSB process or the other
sequential processes.

The energy spectra of proton emitted via the 3BSB process (i) were calculated using the
reaction model in which the a-a final interaction was taken into account in the sequential decay
from the 8Be ground state and the 2.9 MeV state. As a result, it was found that the difference
between the calculated 3BSB and 4BSB spectra appears obviously near the threshold energy as
shown by dashed and solid curves in Fig.6, while both the spectra have similar shape in the
low outgoing energy region. The calculation of o spectra for the 3BSB process has not yet
been completed because the component of the sequential decay from 8Be must be included. The
question which process is dominant in the continuum underlying the peak structure, 3BSB or
4BSB process, will be discussed through comparison between the complete 3BSB spectra and
the 4BSB spectra for o emissions.

5. Summary
The double differential proton and « particle emission cross sections were measured for

12C(p,p")3ct reaction induced by 14 and 16 MeV polarized protons, with better resolution than
several neutron induced experiments. The measured energy spectra of protons and « particles
were analyzed in terms of the reaction model based on phase space distributions in which the
three or four-body simultaneous breakup process was taken into account. Both the calculated
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4BSB spectra of protons and o particles showed overall agreement with the experimental
continuous spectra in low outgoing region under the assumption of a constant transition matrix
element. However, overestimate was exhibited obviouly near the threshold energy. This may
be due to the contribution of the 3BSB or the other sequential decay processes. Further analysis
of the experimental data including the analyzing powers for 14 and 16 MeV will be required to
know the details of the p + 12C breakup reaction mechanism.
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3.18 The Extended Moving Source Model Analysis of the Cross Section
for Proton Induced Spallation Reactions

' Kazuhiko HIGO, Kenji ISHIBASHI, Shouichirou SAKAGUCH],
Yuzuru MATSUMOTO, Yoshihisa WAKUTA
Department of Nuclear Engineering,
Kyushu University,
Hakozaki, Higashi-ku, Fukuoka, JAPAN
Hiroshi TAKADA, Takahiko NISHIDA, Yasuaki NAKAHARA, Yoshihiko KANEKO

Japan Atomic Energy Research Institute,

Tokai-mura, Ibaraki-ken, JAPAN

Abstract
The parameterization of the double differential cross section is made for the neutron

emission from proton-induced spallation reaction. The neutron data for incident proton energy
of 600 to 800 MeV are well analyzed by the moving source model. A new idea of a doubly
moving source model is introduced in the incident energy region below several hundred MeV.
The combination of the two models enables us to parameterize the doubie differential
cross section of neutron emission for the incident protons of 80.5 to 300 MeV, and to find the
systematic behavior of the parameters for a wide variety of target nuclei. The extended moving
source model is also applied to the analysis of the proton emission cross section. The
relationship is studied between the emission cT0ss sections of neutrons and protons.

1. Introduction

The spallation reaction is applicable to such facilities as the intense spallatibn neutron
source and transmutation of long-lived radioactive wastes. In spite of the usefulness for the
engineering purpose, the accumulation of the neutron data is poor for the proton induced
spallation reaction. Therefore, it is important to find the systematic behavior in the neutron
data, and to parameterize them to extend to the other energy regions and target nuclei.
Pearlstein parameterized the experimental data at each emission angle by four-compornent
evaporation model. The angle-based evaporation method requires quite many parameters to
reproduce the angular distribution of the spectra.

On the other hand, a moving source (MS) model has been used by Shibata et al®@.
The fitting was satisfactory for the protons emitted by several GeV proton induced spallation
reaction. Their model successfully expresses the angular distribution with a single parameter.
When the present degree of the accumulation of neutron emission data is taken into account, the

mode} may be better suited for reproducing the angular characteristics than the method by
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Pearlstein. We extend the MS model to be applicable to the neutron emission data for the
reaction that is induced by protons with energies down to 80 MeV. The emitted proton data

for the proton induced spallation reaction may have a systematic structure similar to the
neutron data. The proton data are considered to be helpful to find the systematic

behavior in the neutron ones. We then analyze the proton data to compare them with that

of neutron.

2. Moving source (MS) model
The MS model® is explained in Fig.1 (a), where a projectile particle interacts with the
nucleus that is indicated by a circle. The illustration on the left hand side shows the collision

phenomena in the laboratory frame.  When this phenomena is observed in a moving frame of

a certain velocity B, the particles can be seen to be evaporated isotropically with the Maxwell-
type energy distribution of a temperature T(MeV). This situation is shown in Fig.1 (b). Since
the velocity B is chosen on the basis of the isotropic angular distribution, the moving frame

differs from the center of mass(cm) frame. The cross section in the laboratory frame is shown

as

dp3 dQdE.. & (1

3
d'o l_d_o_z
wufigl-d gtk o)

m+ml—pﬁ, cos 6 mh Ti:|
'

Iﬁi

where m is particle mass(MeV), & the emission angle, p the momentum{MeV/c) of emitted
particie, and E, the kinetic energy (MeV) of particle in the laboratory frame. The value of B is

normalized by the light velocity c. The parameters A, T and B are adjustable in fittng the

equation with the experimental differential cross section data. We designate A,T and P as

amplitude, temperature and velocity parameters, respectively. Figure 2 shows the
experimental neutron spectra for the 585 MeV proton incidence on lead target® together with
the results of fitting by the MS model. For the spallation reaction, the neutron data can be
reproduced by three components of the MS models successfully. The number of parameters
used are smaller than in the case of the angle-based evaporation method™®. The three
~ components correspond to the intranuclear-cascade, the preequilibrium and the nuclear-
evaporation (equilibrium) processes, respectively. The components of cascade, preequilibrium
and evaporation processes are piotted by dashed curves for the spectrum of 150 deg. The
agreement between the fitting and experiment was found to be excellent for the 585 MeV data®
for a wide range of targets. Thus, the emitted neutron spectra are well analyzed by the MS

model.
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3. Introduction of the doubly moving source (DMS) model

The results of fitting by the above MS model are shown by the dashed curves in Fig. 3
for neutron emission cross sections for the iron target bombarded by 113 MeV protonst. In
the forward directions of 7.5 and 30 deg., the dashed curves are in a poor agreement
with the data of the neutron energy above several ten MeV. The neutrons in this energy
range are emitted from the intranuclear-cascade process. When the fitting is made for
targets having a mass number smaller than iron, the disagreement in the forward directions
was more appreciable. In the incident proton energy region below a few hundred MeV, the
MS model reproduced the experimental data unsuccessfully.

The particles emitted by the evaporation have Maxwell-type kinetic energy distribution
exp(- E*/ T) in the moving frame. However, the disagreement in Fig.3 suggests to us that the
energy spectra in the moving frame are different from the Maxwell-type, and are similar to the
Watt distribution® which produces a shoulder in the spectra. The validity for use of the Watt
distribution is explained as follow. For the incident energy above several hundred MeV, the
typical collision phenomena was illustrated on the left-hand side in Fig. 1 (a). Since the
incident energy is sufﬁcienﬂy high, the cascading may be developed further after the first
collision in the nucleus. In addition, pions can be generated by the quasi-inelastic
collision at this energy, and they have much shorter mean free path than nucleons. When the
incident energy is above the threshold of the inelastic collision, therefore, the intranuclear
cascade may produce some branches, as shown in Fig. 1 (a).

At the energy below 400 MeV, the situation may differ from the above: The cascading
develops less extensively than in the case of the higher energy incidence. Besides, no
quasi-inelastic scattering is allowed, and the quasi-elastic collision produces only two
branches at each scattering, as indicated in Fig. 1 (b). When the moving frame is regarded
as the center of mass (cm) frame in the primary collision, the two struck nucleons go away
with the same kinetic energy, as shown in the left illustration in this figure. For simplicity,
the angular distribution in the moving frame is assumed to be isotropic in the first collision
in the nucleus. The struck nucleons are influenced by an additional interaction. The
interaction may be due to the Fermi motion of the nucleons, or correlation potentials between
nucleons. Such effects are produced before or after the first collision. In this study,
however, the effects are included in a form of the residual interaction after the first collision,
as deduced on the left-hand side in Fig. 1 (b).

 The particles emitted from the residual are again treated by the MS model. These particles
are considered to be isotropically evaporated with a temperature T, if another moving frame is
suitably chosen on the second level. Therefore, the particle emission coincides with Watt
distribution® when it is observed in the original moving source. Taking this situation into
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account, we call this model the doubly moving source (DMS) model. For the DMS model,
the cross section is written in the laboratory frame by the equation as

Eut (d3—0 ): L g - EA;.exp(-E;n /Td)'sinhEMZ\‘/'E%z' Ed) _ 2)
The superscript * indicates the values in the original moving frame. The parameters T, and E,
afe designated a doubly-moving-source temperanire and a doubly-moving-source
energy, respectively. The value of E, corresponds to the velocity of the moving frame of the
second level relative to the original one. The Watt distribution produces an average kinetic
energy E= 3/2T, + E,, while the Maxwell distribution gives E='3/2T in the original moving
frame. The relationship between temperatures in the MS and the DMS models is

approximately written as
Ta *+ Eq (3)

The DMS model is épplicable only to the first process, i.e. the cascade process, that
directly induced by the incident protons. The two remaining processes are treated by the MS
model. The solid curves in Fig.3 show the results of fitting by the combination of DMS and
MS models. The DMS model was used for the first component, and the MS model for both
the second and the third ones. The experimental data are expressed better by the solid than
the dashed curves.

By the method mentioned above, parameter sets were obtained for the incident energy
of 80.5 to 800 MeV®.©.0.m®®, The results on parameter T are shown for lead in Fig.4,
where the subscripts 1 to 3 indicate the intranuclear-cascade, preequilibrium, and nuciear-
evaporation processes, respectively. The values of T, for 80.5 to 318 MeV data were
converted by Eq.(3) into T, of the MS model, and is plotted together with T, at the other

energy. The resultant values of T, exhibit a smooth dependence on the incident proton energy.

4. The emitted proton spectra
The emitted proton data from the proton induced spallation reaction may have

systematics similar to the .neutron data. Unfortunately, experimental data are not available
* for the emitted protons having energies below several ten MeV. The lack of data is mainly
ascribed to the energy loss of emitted protons in the matter of target, and to the small yields of
protons of lower energy due to existence of the nuclear coulomb barrier.

We compare the data of emitted protons with that of neutrons only in the energy region

of the cascade process. Figure 5 shows both the neutron® and proton!® spectra for
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tantalum bombarded by protons of about 600 MeV. The yields of neutrons are appreciably
larger than that of proton data. The neutron spectra can be reproduced by the MS model as
mentioned above. For the proton data, however, the results of fitting by the DMS model have
better agreement with the experimental data than that by the MS model. The difference in the
applicability of the DMS model may be related to the quality of the experimental data. The cross
sections wete calculated with the microscopic point of view by use of a High Energy Transport
Code(HETC). The nuclear calculation of this code is based on an intranuclear-cascade-
evaporation model®?. The results of HETC calculation are shown in Fig.6. One can see that
the solid and the dashed lines are almost the same.

The experimental data®2<% for 90 MeV proton incidence are shown in Fig.7 together
with the results of HETC calculation. In contrast to the data for about 600 MeV, the emission
cross section is higher in the proton than the neutron emission data. The calculation results

coincide with each other. For the difference of tendencies between the data in the region of 90

MeV and about 600 MeV, there may exist the special mechanism, which can not be included in

the HETC calculation. In addition, the quality of the neutron data are worse than that of proton
in general. This may be another possible explanation of the difference between the proton and
neutron data.

As seen in Figs.6 and 7, the neutron spectra by HETC calculations are quite similar to
the proton ones. The systematic data of emitted neutrons do not exist at the mncident energy
above 800 MeV. Figure 8 shows the experimental proton data®® and the calculated spectra by
HETC for both neutrons and protons for the 1.7 GeV proton incidence. The results of HETC
calculation for neutron are similar to that for proton. When this similarity is taken into
consideration, the parameters for the neutron data are considered to be predicable by parameter

fits of the proton data.

5. Conclusion

The use of the moving source (MS) model with three components reproduced the
experimental neutron spectrain the incident proton energy region of 600 to 800 MeV. At
the energy below 400 MeV, the introduction of the doubly moving source (DMS) model
for the cascade process were found to lead to the good agreement with the experimental
spectra. The MS and DMS models were found to be applicable to the neutron data evaluation
for a wide range of target masses and incident energies. In addition, the proton spectra for the
incident proton energy of 600 MeV were well analyzed by the DMS model. For the HETC
calculation, the neutron spectra were very similar to the proton ones. In the incident energy
region above 800 MeV, the neutron spectra are predicable from the proton data to some extent.
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3.19 Estimation of Optical Model Parameters at Few-MeV Energy Region
T. Kawano, H. Tanaka, K. Kamitsubo, and Y. Kanda,

Department of Energy Conversion Engineering,
Kyushu University, Kasuga, Fukuoka 816, Japan

Abstract : Optical model parameters for Co, %8Ni, and °°Ni have been
estimated by statistical method based on the Bayes’ theorem, and energy de-
pendencies of the parameters have been investivated at few-MeV energy region.
A successful reproduction of differential elastic scattering cross section and to-
tal cross section has been achieved by energy dependent potential.

The tendencies of estimated parameters are similar to those reported for
the global parameters in high energy region, however, the parameters show

large energy dependencies in low energy region.

1. Introduction

A statistical method which has been developed to estimate model parameters on
the bases of the Bayes’ theorem, is applied to estimate the optical model parameters
(OMP). It founded on that the method is able to take account of correlations among
parameters by setting prior parameters and their covariances, and that there are so
many analyses of elastic scattering data that their results offer informations sufficient
to infer prior parameters and their covariances.

Recently, accurate measurements of angular distribution for neutron elastic scat-
tering have been performed. In these experiments, incident neutron energy intervals are
narrow, and the large numbers of the data points are evenly distributed from forward
to backward angles, so that they make it possible to estimate the OMP unambiguously.
Accurate measurements have been also done for total cross sections, and calculation
with the OMP derived by scattering data should also be consistent with them. There-
fore, a quantitative treatment of both the elastic scattering and the total cross sections
is necessary.

In this study, the spherical optical model (SOM) is adopted to reproduce the dif-
ferential elastic scattering cross sections and the total cross sections of ®Co, *8Ni, and
60N‘i, and the OMP are estimated, and energy dependencies of the parameters are in-

vestigated.

2. Calculation

In order to use the total cross section as a data-base for estimation as well as
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the differential elastic scattering cross section, experimental total cross sections are
smoothed by a first order B-spline function!!}. Fluctuations are reduced by smoothing
with 500 keV node intervals. Errors of the evaluated total cross sections are very small
compared with the measured differential elastic scattering cross sections, and they are
< 0.5%. The experimental data of **Co comprise the measurements by Carlson and
Barschalll?l, Cierjacks et al.l®], Foster and Glasgow!*!, Guenther et a5, and Harveyl6l,
and the experimental data of %°Ni are the measurements by Boschung et all”], Stoler
et al8], Smith et all¥), and Fedorov et all'%. The available experimental data of **Ni
are scarce, however it may be able to use the total cross section of 8°Ni in place of 58Ni,
because difference between them is expected to be small. The uncertainties for 3Ni are
estimated to 5% from the difference of the calculated total cross sections with the OMP
of %8-60Nj in Ref. 11.

The optical-statistical model calculation is carried out using the computer program
ELIESE-3['2 with a conventional spherical optical potential that consists of a Woods-
Saxon real part, a Woods-Saxon-derivative imaginary part, and a Thomas spin-orbit
term. Below ~3.5 MeV, compound elastic scattering cross sections are calculated with
the Hauser-Feshbach-Moldauer theory. It is assumed that distribution of level width is
equal to Porter-Thomas distribution. Above ~3.5 MeV, compound nuclear process from
a continuum region is significant, and the cross sections are affected by formulation of a
level density and its parameters. Then the compound nuclear process is calculated with
the Hauser-Feshbach theory with the level density formula by Gilbert and Cameron(!3,
and the cross sections are slightly adjusted so that the calculated values do not exceed
the experimental ones at the minima of angular distributions. Above ~6.5 MeV, the
compound elastic scattering is negligible.

Sensitivity matrix ¢ = {c,;jlc,-j = g (%‘%) 66, / Ba:j} is requisite for the statistical
method. This matrix can be replaced by the sensitivity of Legendre expansion coeffi-

cients ( By}, as follows:

Lo
C = {C.,;j Cij = ; (%)Pg(cos&), 1<:<n, 1<3< m}, (1)

where n is number of angles, m is number of parameters, and x = {z;} is a parameter
vector composed of six OMPs (V, r,, ay, W, 7y, and a,).
When prior OMP (Xg) is obtained at a certain neutron energy, a posterior parameter

(x1) for experimental data vector (y) is given by following equations:

x1 = %0+ XCT(CXCT + R) " (y — f(x0)) (2)
P=X-XC*(cxCT+R)'CX (3)
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where X, P, and R are covariance matrices for the vector Xg, X1, and y, respectively.
The experimental data vector is composed of the measured differential elastic scattering
cross sections and the evaluated total cross section at the saice neutron emergy. The
matrix R contains both the experimental errors of the elastic scattering data and the
evaluated error of the total cross section. The covariance matrix X are prepared on the
assumption that the uncertainties of the prior parameters are 5%, and that correlation
among them are zero.

The sources of differential elastic scattering cross section data are in Refs. 7, 11
and 14 to 19. Once the posterior parameters are obtained according to Eq.(2), they are
used as the prior ones at the next energy, because variations of the OMP with energy
are expected to be small. Here the prior covariance matrix is prepared in the above
manner again, and the posterior covariance P obtained at the preceding calculation is

ignored.

3. Results and Discussion
The estimated real and imaginary potential parameters are expressed as volume

integrals par nucleon ;

Fow= T fo T V), W) 2 dr, (@)

and J,, J, for 3Co are shown in Figs. 1-(a) and (b). In these figures, the dotted lines
represent the volume integrals deduced by Smith et al.B¥ who considered mainly 4.5-
10 MeV data. It isindicated in Fig. 1 that energy dependence of J, is different below and
above ~4.0 MeV. At ~4.0 MeV, J, shows discontinuous drop. This energy dependence
is not expected for the OMP, and this may be attributed to both experimental data and
calculation of compound process. This anomalous energy dependence is shown in the
potential depth and the radius parameter in Figs. 2-4. As seen in Fig. 2-(a) and Fig. 3,
the tendency of V is opposite to 7, because they are strongly anti-correlated. Above
5 MeV, the potential depth decrease with energy (dV/dE ~ —0.3 ~ —0.5), and this
value is slightly larger than that reported for the global OMPs. If the radius parameter
is fixed at a certain value, the potential depth may show the same energy dependence
with the global OMPs.

The volume integral of the imaginary potential .J,, decrease with energy, as shown in
Flg 1-(b). As the incident neutron energy increases, more channels open and J,, would
be expected to increase with energy a.t low energies. The estimated imaginary potential
strength shows opposite tendency, and this energy dependence may be attributed to the
vibrational character of 3Co, as suggested by Smith et al.l!*4l. And relative small r,, in

the 5 10 MeV region is also due to the vibrational character of this nucleus.
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Figure 4 indicates that the diffuseness parameters a, and a, are approximately
constant at higher energies, and they are not at low energies. As indicated by the
dotted line in Fig. 6, a, derived by Smith et al. is constant, because they extrapolated
a, obtained from 4.5-10 MeV data to the low energy region.

As shown in Figs. 3 and 4, the geometric parameters, a, r, change in behavior
at ~4.0 MeV, and this transition energy is different from the energy given by Smith
(=~7.5 MeV). In this study, the six OMPs are estimated simultaneously, and the low
energy data, E, < 4.0 MeV are included explicitly. In addition, the total cross sections
that strongly depends on a radius of nucleus, are included as the estimation data-base,
and calculated total cross sections by the estimated OMPs are consistent with the
evaluated ones, as shown in Fig. 5.

The volume integrals for 3 Ni and %°Ni are displayed in Figs. 6 and 7, respectively,
and differencies between them are small. It is known that ®Ni and °Ni can be described
by a vibrational model, direct inelastic scattering cross section for the low excited state
is significant. This direct interaction is usually included implicitly in the imaginary
potential at the spherical OM analysis. As mentioned above, the vibrational character
brings unusual energy dependence of the OMPs, especially 7, which is estimated to
relative small values compared with 7,,.

At high energy region, volume integrals J, for 58:50Nj are larger systematically than
the values derived by Guss et al.l'll. As the volume integral is approximately propor-
tional to r3, J, is sensitive to 7,. In our study, radius parameter 7, is approximately
constant in this energy region, and théy are 1.2~1.25 fm, while r, = 1.165 fm(2% js em-
ployed in Ref. 11. Therefore the difference of J, is attributed to the radius parameter,
and it is difficult to avoid Vr™ ambiguity.

4. Conclusion

Spherical optical model parameters for 3°Co, *8Ni, and ®’Ni were estimated by the
statistical method developed by authors, and energy dependencies of the parameters
were investigated at few-MeV energy region. Differential elastic scattering cross sections
and total cross sections provided the data-base for parameter estimation.

The energy dependence of the volume integral, J, for *®Co is different below and
above ~4.0 MeV. The geometric parameters a, ., 7y show energy depedency at low
energy, and they are approximately constant and approarch to the values of global
analysis at high energy. The imaginary radius r,, tends to be small compared with r,.
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3.20 Object Model for the Evaluation of Nuclear Data in the Framework
of Object Oriented Programming

S. Iwasaki and K. Sugiyama

Department of Nuclear Engineering
Tohoku University
Sendai 980, Japan

In order to construct an assisting system for the nuclear
data evaluation process, a new framework of the knowledge base
system have been proposed using the concept cof the object-orient-
ed programming{00P}, in which the knowledge can be modeled by the
structure object and class, inheritance process, packaging of the
data and method and message sending mechanism. The OOF based
assisting system has high capability of modeling, and high main-
tenability and extensibility due to the modularity of the ob-
jects.

Nuclear data evaluation process has been modeled by the
collection of the objects and interaction between these objects.
Main objects and transaction classes have been described.

1. Introduction

Up to date, the concept of the assisting system for the nucle-
ar data evaluation has not been established because there has
been few discussions on this issues and very few studies on such
system /i/ have been carried out.

In the evaluation process, the evaluator may encounter fol-
lowing questions: what is the necessary information of the given
evaluation, how to get the information from where, what order to
proceed tasks of the evaluation, how to determine, how to
judge, and how to choose, etc. However, it is impossible to
make such a system to cover all kinds of needs of evaluators
because the evaluation procedures may varied from nucleus to
nucleus, from evaluator to evaluator, dependent on varicus bound-
ary conditions, and need very vast knowledge /2/.

There are two kinds of knowledge which play important
role in the evaluation; the first type is a kind of the creative

activity of human, i.e., idea, finding out, and innovatiocn
which ©belong to the future of the evaluator himself; and the
other one is so called "heuristics® which are based on the
experience of the evaluator, or facts and data which are past,
published or presented (public). It is very difficult to deal
with the former type knowledge at present, but there is a

possibility of the representation of the latter type knowledge
like as the knowledge engineering works have been done in the
construction of expert systems in several domains.

But, if we stress only the later knowledge for the system, it
becomes a sort of substitute system of the evaluators, or of
automated evaluation system. These are often stereotype systems
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which are lack of flexibility and may not be accepted by the
evaluatoers.

Thus, the system should, on one hand, assist the basic,
common way and routine like tasks of the evaluation processes
which are based on the latter kind of knowledge, and should, on
the other hand, be open and easy for users to customize, to
revise it and to implement their new knowiedge or methods into it
by themselves.

In the present study, we newly propose a framework of the
assisting system based on the object-oriented model(OOM)/program-
ming (OOP)/3/ environment which has received much attention in
recent years in many programming domains. It can be expected that
the new framework has higher capability of the integration of
the previous prccedurallprogramming resources, new type of
knowledge bases and data bases.

In the following sections, general concept of the QOP and the
environment used in the present study are described (sec.2), and
a brief description of the object model of the nuclear data
evaluation (sec.3) is given.

2. Concept of OOP and its Envircnment

2.1 OOP by NEXPERT OBJECT: General

Among several expert system shells of the secondary
generation in which the representation of the frame/object and
rule is supported, we have chosen NEXPERT OBJECT/4/ because of
its several distinctive features besides those of the extended
object-oriented concept discussed later; easily accessible rule-
and object editors through which we can easily compile our
concept and domain knowledge into the system; network representa-
tion of the compiled knowledge (rules and objects) to developer
in a high level graphical technique, interfaces with the con-
ventional procedural languages and several standard data base
management systems.

As usual OOP, an object in NEXPERT OBJECT/5/ is an instance
or a prototype, a structured description of an item corre-
sponding to a precise reality. Objects are created gither by
using the editor, or directly from the incremental compilation of
the rules in which they are used. An object can be created at any
time, and is substantially incrementally compiled. Furthermore,
at runtime, objects can be dynamically created/deleted by the
rules ( Create/DeleteObject operator in the rule/ method), or
existing objects can be connected to other objects or classes by
being modified throughout the inference(the same operator).

2.2 Object, Class and Inheritance

An object has a name, and belongs to one or several classes.
It has a set of slots or properties to describe its qualities
in symbolic or numerical terms. It may also have subobjects which
constitute its components. For any given object, its class is a
set of such objects, or a generalization, while the object to
which it belongs ( as a subobject) -is closer to a construction
with which it shares few properties.

The hierarchical relations between objects allow one to pass
properties and their values from one object (parent) to another
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{child) or vice versa ({inheritance). Hence, a considerable econo-
my of representation and declaraticn is made. Moreover, NEX -
PERT OBJECT supports multiple inheritance, which means that an
object can have two or more parents. Objects can also benefit
from class inheritance. This dinheritancy is not only a mecha-
nism for economy, but accounts for the overall reasoning power.

2.3 Methods

Procedures can be attached to the meta-slots of each
property slot, 'Order of Sources' type( actuated when the slot
value is required) and '"If Change' type (actuated when the
slot wvalue change) procedures, are called method. The methods
are also inheritable and thus can be described at higher levels
of the hierarchy.

The methods are various kinds of processing like as follows:
#initial wvalue= fixed value, =default value = taken if other
methods fail to get value, =activation of a set of rules = (rule
based method) if type of the property value is boolean {(e.g.,
ves/no true/false), the property can he a hypothesis of rules;
inheritance from parent objects, #retrieval from data base,
sexecution of an external routine= run an executable program,
#squestion to users, #create object, =inheritance method,etc.

If all methods attached to a given property fail to get
value, then the system automatically ask tc user with an expla-
nation window (option). Therefore the user can input the wvalue
determined by himself.

3. Object Model for Nuclear Data Evaluation

Using above described features, real domain world can be
modeled and represented by the collection of many classes and
objects which are for the realistic entities of the world and
For the transactions of the prccesses in the world. Interaction
mechanism toward the problem solving of the domain world can be
described by the rules and message passing which evoke the
method of objects.

3.1 Outline of the Data Evaluation Process

An orthodox procedure of the evaluation/2/ can be divided
into following main processes as shown in Fig. 1.

(1) Processes on the nuclear data status and needs: first
of all, the evaluator acquires various information relevant to
the target element cross secticons, information on the applica-
tion areas and especially what cross sections are most impor-
tant; listing up reactions and cross sections which should be
considered in the evaluaticn; weighting of the cress
section/reactions with respect to the application and model
calculation; then, setting a goal of the evaluation, i.e.,
setting of bands of uncertainties of the respective cross sec-
tion.

(2)Processes on the basic nuclear parameters: next task
would be collection of the basic nuclear parameters related to
the target nucleus and neighboring nuclei.

(3)Processes on the experimental data base: survey and re-
trieval of the experimental cross section data; rejection of
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evidently unreliable data and select one (in some cases, multi-
ple) reliable cross section set among the retrieved data; provid-
ing a basic experimental vector data for the comparison of the
model calculation.

{4)Processes for the nuclear model codes: survey of develop-
ment of the nuclear models and codes relevant to the evaluation
in the target mass regions: understanding of the models and codes
and their usage.

(5)Processes on the nuclear model parameters: survey of the
methods or theories to estimate the model parameter values;
survey of the previously determined or used parameter sets in
order to find an initial set of the present evaluation.

(8)Processes on the model calculation and comparison: execu-
tion of the codes in proper order; making a set of cross section
data vector from the calculation corresponding to the experimen-
tal data vectors (see (3));

(7)Processes of the fitting; comparison of both cross sec-
tions especially for the important reactions (see (1)), adjust-
ment of the model parameters which would be sensitive to the
cross sections showing poor agreement; changing of the initial
parameter set, if one could not success to reach a satisfactory
level of agreement;iteration of the process.

(8)Processes on .the judgment of the evaluation: judgment for
the finish the model calculations considering the goal of the
evaluation, and conversion of the evaluated cross section to the
ENDF/B format; or continuing of the evaluation by changing the
cross section set as menticned in(3), in some cases they have to
change the method or change the model/code in order to get the
satisfactory or tolerable level of agreement dependent on the
situation and cross sections.

(9)Processes on the reevaluations: if there are some unsatis-
fied results in the comparison with the integral test, reevalua-
tion will be undertaken by modifying the cross section sets,
adjustment procedures, model parameters, and model codes, and
changing the method of the evaluation. This process is out of
the present scope.

Above mentioned main processes can be decomposed into elemen-
tary component which will be mocdeled by the cobjects.

3.2 Object Network of the Nuclear Data Evaluation

Object network representation of the above data evaluation
procedure is shown in Fig. 2. In this model, two categories of
objects are considered; one represents realistic things in the
world called 'data object' which has a collection of data
and/or status: e.g., for the nuclide, reactions, c¢ross sections,
nuclear model parameters, goal of the evaluation, etc.;the other
one represents various tasks in the evaluation procedures, called
‘transaction object': e.g., the setting of the goal, the prepara-
tion of the experimental data vector, the selection and adjust-
ment of the model parameters, etc, in which the expertise of the
evaluation process can be involved.

Actually, the transaction object is a class which usually
possess only one property slot and its method to determine the
value, and inherits the method down to the property of the data
object when the property value is required cbject linked to this
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class.
In the following section some main cbjects and their behavior

are described in more detail.

3.3 Nuclide Related Objects

Nuclide object possesses the basic nuclear properties, such
as, atomic_symbol, atomic_number, mass_defect, ground_meta, half
life, or abundance, spin and parity etc, all of which values are
retrieved from a newly developed data base. Schematic relation
between the class and théir instance: object is shown in Fig.3.

A permanent class "nuclide" exists as a generic object.
According to the target element of the evaluation given by the
evalutator, all target nucleus's data are retrieved from a data
base and each nuclide object 'dynamic object' would be created
under the nuclide class as the instances. All stable nuclei of
the nucleus objects are connected to the target_element_object as
the subobjects. All nuclei including the wunstable nuclei of the
target element are connected to the target element Z class.
Related elements to the evaluation are also retrieved and created
like the target element and connected to the Z_1_nuclide,
Z 2 nuclide class, etc., respectively.

Target selectclass: the evaluator pick up a certain objective
nucleus of the evaluation among the stable ones of the target
elements and connected to the nucleus to A_Z_nuclide and so on.

Particle objects: these are belong to the nuclear object and
also retrieved and created. As the incident particle, only neu-
tron is taken for a while but extension to other particle is very
easy and as the outgoing particles, i.e., n,p,d,t,h and are
taken into account.

Nuclear level and gamma_decay objects are belong to each
nuclide objects and are created when their data retrieved from
the ENSDF files as the subobjects.

Level select object would be the appropriate levels whose
spin, parity and their gamma decay branching rations are estab-
lished are selected, and from which the input file of level
structure and decay data for the code will be made.

3.4 Reaction and Cross Section Related Objects

Reaction object consists of a residual nucleus object and a
emitting particle or gamma ray object. All objects of possible
reactions on the A_Z nucleus can be created assuming the maximum
incident projectile (neutron,in the present case) energy and Q-
value of the reactions

All cross section classes described in the nomenclature of
the ENDF/B-VI format are created under a root class, Cross_Sec-

tion, i.e., cross sections corresponding to simple reactions,
production cross sections, such as, those of the n, p, helium,
etc., activation cross sections, etc., are provided. Instances

of the reactions and cross sections are created and connected to
above corresponding classes if the energy condition is satisfied.
The cross section objects own key property slots:
cross_section_name which can be used as key word for the re-
trieve the cross section wvalues from the EXFOR data base de-
scribed in the following section; reaction_Q_  value; weights
with respect to the application area and the model calculation.
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3.5 Experimental Cross Section Data and Selection

Objects for all important experimental cross sections, 1.e.,
CrossSection cbjects are created after the access of EXFOR, etc.
according to the key words of the cross section objects(3-4)
whose weight are high and which will be used to fit by the
theoretical model calculation(3-6).

There are three task classes as follows. Cg retrieve class:
with respect to the important Cross sections, ail candidate
experimental cross section values are retrieved and corresponding
instances(objects) are created under the each cross section
class. Cs_select class: select the cross section set among the
all cross section data in this process. Cs_prepare class: prepare
the experimental data vector from the selected cross section data
for the comparison using a certain statistical procedures for
each selected cross section object.

3.6 Model Code and Calculation Related Objects

ModelCalcCode cobjects would be prepared for the cedes which
nave been used in the evaluation process for the JENDL-3 and
developed after that. A object code A is characterized by the
properties, such as, code name, original, models used, authors,

revisions, corrections, years etc., and are consisted of three
subobjects (executable code itself, input files, and output
file}.

There are two task classes. Code_run class checks input files
ready, output files, and other status; runs the code.
Prep_calc_CS class prepares the calculated cross section vectors
from the output file.

3.7 Model Parameter Related Objects

CodeA's input object is CodeA ParaSet which is a collection of
the following three type card image objects :CodeA_StrPara ob-
jects contain the title of the calculation, CodeA_IntPara corre-
spond to the various flag data for the options of the calcula-
tions and many CodeA FloatPara objects are for the usual model
parameters. Usually each parameter object or group of the param-
eters are connected to the corresponding each class. when the
value is required. Schematics of these objects is shown in Fig.4.

Two transaction classes are prepared for the model parame-
ters: e.g., for a parameter X, Parameter x_retrieve and Parame-
ter_x_select classes. In order to calculate the cross section and
get good agreement with the experimental cross sections, suitable
model parameters should be selected among the previously obtained
parameter sets, or estimated the initial values from the those
for the neighboring nuclei by certain systematics or some theo-
retical consideration. In the former case, all related model
parameters are retrieved into the system from the data base/6/
and corresponding dynamic parameter candidate objects are created
by the parameters retrieve class. If you have multiple candidate
sets of parameter objects, a method of the parameter selection
class will be evoked; registered methods are like as choosing the
newest one, one of more sophisticated model, one whose model/code
being matched or consistent with the present code or one giving
good agreement comparing with the experimental data, etc.
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3.8 Comparison and Parameter Adjustment Related Objects

When the both cross section data vector objects, i.e., those
of the experimental and calculated cross section are prepared,
the both objects are connected to CS_compare class. The compare
class provide the method of the comparison of the cross section;
calculation of the index for the presentation of agreement be-
tween them, e.g., -squares values, or pattern matching based on
the fuzzy logic, etc.

‘If some calculated indexes are over the predetermined values
(bands of the fitting goals), the adjustment of the model parame-
ters will be take place. The knowledge on what parameter should
be altered by what amount is based on the experience or he calcu-
lation of the sensitivity analysis for the selected parameters.

3.9 Goal of the Evaluation Related Objects

Goal object is consisted of the six subgoal objects corre-
sponding to the terms described above with status and level
properties. The degree of attainment {levels) of respective
subgoals is evaluated by the methods in the transaction class:
Goal attainment. If the evaluated wvalue of the levels becones
larger than a certain set value,the status of each object become
true. There might be several methods to evaluate each attained
value, e.g., cumulative point of their goals (subsubgoal) over a
threshold value. Usually the top goal status result in true when
the all subgoals are satisfied.

3.10 Segsion Mechanism

In the system, the user's suggestion of hypothesis of a basic
rule:

"if goal object.attained true then EvalGoalReached"
triggers a top level object, the 'Goal_cbject', to be active
whose properties are all the boolean type and present attainment
of the subgoals correspcnding to the grouped processes described
above sections: sub_sub _goals under the subgoals are related to
the elementary processes; then,the objects activated other ob-
jects by sending messages during the session, and the session
would end when the aimed level of the evaluation is attained.

Qur target system is, however, not an automated one, but is
open to the users as mentioned before. If one develop a good
method to determine a certain property value, one can easily
implement the method to the meta-slot of the property.

4, Summary

A basic framework of the assisting system for the nuclear
data evaluation process have been developed using the advantage
of the feature of the Object-oriented programming. High compre-
hensibility of the system can be achieved by using the structured
object-oriented knowledge system which are very similar to the
human comprehension of the domain world.

Furthermore, if a system user want to customize the system,
necessary work will only be an addition of new method in a object
or transaction object, or to implement a few objects into the
system, or modify the method of the object. Therefore the exten-
sibility of the system can be enhanced comparing with the conven-
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tional evaluation system.

~ In additicn to the above system, various data bases for the
nuclear data, model parameters /6/, data from BNL-325, etc, are
designed in the framework of the object-oriented data base con-

cept.
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3.21 Reevaluation of the DDX Data of **N in JENDL-3
Y. KANDA-, T. MURATA*-*, Y. NAKAJIMA--- and T. ASAMI----

# Department of Energy Conversion Engineering,
Kyushu University
#+ Nuclear Engineering Laboratory, Toshiba Corporation
#+* Nuclear Data Center, Japan Atomic Energy Reserach Institute

##%+% Nuclear Energy Data Center

The neutron emission double differential cross-section
data of 14N in JENDL-3 were compared with the
experimental ones, and the deffects were examined in
deteil. The reevaluation of '¢N DDX data was made in
refferring to the experimental data of Tohoku University
and Ohsaka University. The reevaluated data for the
neutron emission DDX at around 14 MeV-neutrons are Iin
good agreement with the experimental ones generally, and
the data were improved remarkably. The details on the

reevaluation are discussed.

1. Introduction
It has been pointed out!’ that the neutron emission PDX( Double

Differential Cross-section ) data of N in JENDL-3 deviate considerably

in some parts from experimental data. The detailed comparison was made
using both the experimental data of Tohoku University®-¥' and Ohsaka
University!’, and several defects for the ''N data of JENDL-3 (MAT=3071)5%"’
were found. The reevaluation for DDX data was made to remove these

defects.

2. Problems on the 4N DDX data of JENDL-3

The detailed comparison between the experimental and JENDL-3 data were
performed using the figures plotted both the data superimposingly. The
data plots were made with-the computer codes of FAIR-DDX®’, DDXPLOTT' and
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SPLINT® 9 . In this comparison, a part just below the elastic peak in the
DDX data were excluded because of the ambiguity of the experimental ones.

As the results of the data comparison, we recognized that the inelastic
scattering cross sections for some discrete levels and the continuum
spectra for both the inelastic scattering and the other neutron emission
reactions have some defects.

The main defects are summarized as follows:

1) The cross-section data for the 7th- and 8th-levels of the inelastic
scattering (MF=3, MT=57 and 58) are higher considerably.

2) The neutron continuum spectrum data of the Iinealstic scattering are
unreasonable in both its shape and magnitude (MF=3 and 5, MT=91).

3) The assumption of the isotropic angular distribution in the laboratory
system is unsuitable for the neutrons from the reactions of (n,2n),
(n,n'p), (n,n'd) and so on {MF=4, MT=16, 22, 28 and 32).

4) In the inelastic scattering, the 10th to 14th-level data (MF=3, MT=60

to 64) have no contributions from the direct processes.

3. Data reevaluation |
The data reevaluation was made to remove these defects mainly in the
following manner.

a) The cross-section data for the 7th- and 8th-levels of the inelastic
scattering (MF=3, MT=57 and 58) were adjusted to fit to the experimental
ones.

The integrated cross sections for the 7th- and 8th-levels were decreased
uniformly by 70 and 80 %, respectively.

b} We decided that the neutron continuum of the inelastic scattering
should be not handled in the present reevaluation in considering the
difficulties of kinematic treatment for the continuum spectra. Hence, all
the inealstic scattering data were given for discrete levels, including
the direct contributions. Twenty-six discrete levels were added in the
evaluation, and for the levels higher than 11.514 MeV the fictious levels
spaced at a constant interval of 0.2 MeV were assumed to the excitation of
14.5 MeV (MT=78 to 90). The details of the reevaluation on the discrete-
level data are shown in Table 1. For MT=65 to 77 the actual level data
( excitation energy and spin-parity ) and for MT=78 to 90 the fictious

levels were given. For MT=78 to 90 the spin-parity wvalue of +1 was
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assumed.
For MT=51 to 77 the statistical components werercalculated with a CASTHY

code!?’ and added to the direct components which were calculated with a
DWUCK code!!) . For MT=78 to 90 only the direct components were taken.
These data were adjusted to fit to the experimental ones of Tohoku
universityl,2).

¢) The angular distributions for the continuum neutrons from the
reactions of (n,2n), (n,n'p), (n,n'd} and so on were assumed to be
igotropic in the center of mass systenm instead of in the laboratory
system. In the data file the evaluated data were given as the equivalent
ones in the laboratory system.

Except for these points to be revised, the t4N data of JENDL-3 were
adopted in remaining unchanged in this reevaluation, and the angular
distributions of the inelastic scattering for the discrete levels were also
left unchanged.

Figures 1, 2 and 3, as the examples, show the comparison of the
reevaluated data with the JENDL-3 and the experimental ones induced by the
14.2-MeV neutrons, at the forward-{(30 deg.), middle-(80 deg.) and
backward-{150 deg.) angles, respectively. It is shown from these figures
that the DDX data of the '4N in JENDL-3 are Improved remarkably on the

whole though there are a few small deviation from the experimental data.

4. Discussion

The reevaluated data for the neutron emission DDX at around 14 MeV-
neutrons are in good agreement with the experimental ones generally, and
the data were improved remarkably. For further improvement, however, the
angular distributiions of inelastic scattering would have to be examined
carefully.

This work was done as a part of the activities of the JNDC working group

on fusion nuclear data.
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Table 1 Discrete-level data of ‘“N for inelastic scattering

JENDL-3 Reevaluation

MT E« (MeV) MT Ex (MeV) MT Ex {MeV)
51 2.31 unchanged 79 12.0 1+
52 3.95 unchanged 80 12.2 1+
b3 4.92 unchanged 81 12.4 1+
54 5.11 unchanged B2 12.6 1+
55 5.69 unchanged 83 12.8 1+ newly
56 5.83 unchanged 84 13.0 1+ evaluated
57 6.20 revised{ MF=3 ) 8 13.2 1+
58 6.44 reviged( MF=3 )} 86 13.4 1+
59 7.03 unchanged 87 13.6 1+
60 7.97: revised( MF=3 ) 88 13.8 1+
61 8.06 revised( MF=3 ) 89 14.0 1+
62 8.49 revised( MF=3 ) 90 14.5 1+
63 8.62 revised( MF=3 )
64 8.79 revised( MF=3 )
(91 8.91) omftted

65 8.91 3- j

66 8.96 5+

67 9.13 3+

68 9.17 2+

69 9.51 2-

70 10.23 1-

71 10.81 b5+

72 11.05 3+

73 11.07 1+

74 11.24 3- >newly evaluated

75 11.29 2-

76 11.357 1+

77 11.514 2+

78 11.8 1+ J

— 380 —



JAERI-M 91032

T T TRl1T17T

103

Cross Section {(barn/mev/str)

L l'rlll1l]

IR NEY

Present

@
JENDL-3 @
O] M. Baba et al.{18985)

¢ o+ s rarrl]

ot vgatl

107"

Fig. 1

Second. Neutron Energy (MeV)

The double differential cross sections of l4N for the neutrons
emitted at the laboratory angle of 30 deg., induced by the

14 .2-MeV neutrons. The reevaluated data are compared with t?e
JENDL-3 data and the experimental ones of Tohoku University3 .

10¢

T lIIII]E

1072

193

Cross Section (barn/mev/str)

T Illllll

T

Present
JENDL-2
® M. Baba et al.(1885)

P41ty

AT AT R T | r_ 1o p il

£

1074

Fig. 2

Second. Neutron Energy (MeV)

The double differential cross sections of "N for the neutrons
emitted at the laboratory angle of 80 deg., induced by the

14.2-MeV neutrons. The reevaluated data are compared with the
JENDI-3 data and the experimental ones of Tohoku University?),

— 381 —



JAERI—M 91—032

0 .
10 3 : T T T r : T ; T T . T T T T :T
N Present E
B —— JENDL-3 b
o F® M. Baba et al.(1985) }
“a -1
w107 -
~— c 4
> n b
o L ]
E s 4
e 4
-
c J
g
0
— 1p7? =
c ]
o 3
4 ]
I3}
Q- 4
w
" =3 —
2] 10 E o
I :
[& r J
L . I

10‘1 ! : t L
. 5.0 10,9 15.0

Second. Neutron Energy (MeV)

Fig. 3 The double differential cross sectioms of N for the neutrons
emitted at the laboratory angle of 150 deg., induced by the
14.2-MeV neutrons. The reevaluated data are compared with the
JENDL-3 data and the experimental ones of Tohoku University>/,

— 382 —



JAERI—M 91—032

3.22 An Improved Model for Fission Neutron Spectrum Calculation:
Non-equitemperature Madland-Nix Model

Takaaki Ohsawa

Atomic Energy Research Institute, Kinki University
3-4-1 Kowakae, Higashi-osaka, b77 Japan

Abstract: An attempt was made to improve the Madland-Nix model for the
calculation of the fission neutron spectrum. in the original Madland-Nix
model, statistical equilibrium was assumed between the two fission
fragments at the scission point. This was the ground for usinga single
value of the maximum nuclear temperature for both fragments. However,
this assumption seems gquestionable, since the deformation energies of the
fragments at the scission point, which are generally different for the
nascent fragments, eventually converts into the internal excitation
energy. The author tried to take into account the difference in the
nuclear temperature of the light and  heavy fragments in a empirical
manner. This non-equitemperature model was applied to analyze the
figssion neutron spectra for neutron-induced fission of U-235 and Pu-239
and spontaneous fission of Cf£-252. It was found that (i) consideration
of the temperature difference had greater effects on the spectral shape
than the previous attempts, and (ii) this modification of the model gave
better account of the experimental spectra for these nuclides.

I. Introduction

Exact analysis of nuclear characteristics of fast reactors requires
exact knowledge of the fission neutron spectrum. According to a recent
sensitivity analysis!’, the fission neutron spectrum of 2%%Pu is one of
the important factors that affect the calculated effective multiplication
factor and control rod worths of a fast reactor. Study on extended
burnup of LWR-fuels and of nuclear incineration systems add further

This work is a result of the entrusted study by JAERI to Kinki
University.
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importance to the fission neutron spectrum data for many actinides at
higher as well as at lower incident energies.

The Madiand-Nix (MN) model?’ for {fission neutron spectrum calcula-
tion was successfully applied for analysis and evaluation of important
fissionable nuclides. The evaluation of fission neutron spectra for
major actinides in the Japanese Evaluated Nuclear Data Library, Version 3
(JENDL-3) was also based on the model together with the parameters
recommended by Madland and Nix.

However it has been recognized that the MN model underesiimates the
spectrum in the regions below ~0.5EMeV and above ~7MeV. Several attempts
have been made to improve the model.3-5°

Walsh3®’ examined the possibility of improving the calculated spectrum
by taking into account the anisotropy of neutron emission in the center-
of-mass system. He demonstrated that better agreement with experimental
data could be obtained by assuming the anisotropy coefficient & (in the
form 1l+bcos®® ) to be 0.1. However, this value seems to be too largein
view of the recent experimental data by Budtz-Jgrgensen e? al.b(
b=0.015), and by Batenkov et al.”’(b=0.04) both for 252Cf(sf).

Madland et al.*' presented a preliminary results of their efforts to
improve and refine the model by replacing the average values of the
fragment mass, charge, and kinetic energy with the distributions them-
selves on a point-by-point Dbasis. This refined model vyielded the
spectrum in slightly better agreement with measured data but did not yet
reproduce the experimental specirum.

Another approach by Marten et al.5’ is to consider the mass
dependence of the average excitation energy, the average kinetic energy
of the {fission fragment per nucleon, and the inverse cross section of
compound-nucleus formation. This generalization resulted in better
agreement with experimental data, at least atvery low and very high
emission energies. A disadvantage of this method is that the mass-
dependent guantities required as input are not always available for every
fissionable nuclide.

One of the important assumptions of the Madland-Nix model is the
triangular distribution of the nuclear temperature. This assumption is
equivalent to assuming that the excitation energy distribution is
uniform, which is appropriate at high eXxcitaion energies but become less
adequate at low excitation energies. So there may be some room for
improvement in this respect.

Generally speaking, it is natural that using many empirical data
as ihput leads to better results. From the peoint of view of an evaluator,
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who is confronted with evaluations of nuclear data for many nuclides, it
is desirable to have a model with a set of parameters systematics that
provides acceptable resulis with less amount of input data within a short
calculation time and that is applicable to estimate the spectra even for
nuclides for which no or scarce experimental data are available. Also
for the purpose of sensitivity analysis of integral experiments, it is
useful to have a model with small amount of input parameters.

As an attempt in this direction, we tried to take into consideration
the difference in the nuclear temperatures of the two fragments not at
the scission point dut at the time of prompt neutron emission, since it
is physically reasonable to assume that the nuclear temperatures charac-
terizing the neutron emission from the two fragments are different for
different fragment masses due to different initial deformation energies
and also due to different level density parameters.

1I. The Non-eguitemperature Assumption

In the original MN model, it is assumed that the same temperature
distribution P(I) applies to both the light and heavy fragments. This
would be the case, if the nuclear system were in statistical equilibrium
at the scission point, with the excitation energy and level density
parameter of each fragment proportional to its mass number. Actually it
is questionable if statistical equilibrium should be established at the
scission peoint, since the fission process is not only a statistical but
also a dynamical process. Even if equilibrium is established in
partitioning of the internal excitation energy at the scission point, the
total excitation energy available for neutron emission is composed of
internal excitation energy a:To:2 and the deformation energy D/, at the
scission point, the latter being eventually converted into the internal
excitation energy. Thus, the average initial total excitation energy of
the fragment i is expressed as

KE*/> = a;Toi? + D; ( i=L or H) (la)
= q;Tni? (1b)

where Ta; is the maximum temperature for fragment i, L and H standing’
for light and heavy fragments, respectively. The deformation energy D,
at the scission point is strongly affected by the nuclear structure of
the fragments so that the temperatures In; for the two fragments are
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generally not equal. The effecive nuclear temperatures for definite
fragment masses deduced from the multi-parameter measurement of fission
fragments and fission neutrons performed at Geel®’ (Fig.l) suggest that
this is the case. In the case of 2%2Cf(sf), the ratio of nuclear
temperatures averaged over light and heavy fragments <I'\ >/<Tu> is 1.13.

In this respect, it is interesting to note that Wilkins ef al.%’
have found that the fragment deformation £{4) at the scission point show
a saw-tooth behavior “very similar to the neutron multiplicity v
(Fig.2). This suggests that the deformation energy is greater than the
excitation energy at the scission point, i.e. D/ > a;Toi%. This fact
accounts for the nen-uniform (also saw-tooth-like) distribution of the
nuclear temperature versus mass number A, as was observed in the Geel
data.

IiI. Calculation with the Non-egquitemperature Model

The present calculation is essentially based on the formalism of
Madland and Nix2’. The constant compound-formation cross-section model
was used for the sake of simplicity. The maximum (sharp cutoff) nuclear
temperature T» is approximately related to the average total excitation
energy <E*> by

CE*> = <Er> + By + En - <KFEx> = afla® (2)

where <Er> is the total energy release, B, the neutron separation energy,
En» the incident neutron energy, <E:> the total Kinetic energy, and a the
level density parameter given by a = A/C (C = 8~11). The total energy
release <Er> of fission was calculated according to the seven-fragment
approximation2’ using the mass formula of Tachibana, Uno, Yamada and
Yamada (TUYY)®’, which was claimed to yield the appropriate mass even for
nuclei far from the beta-stability line. The total kinetic energy of the

fragments was taken from the work of Unik et al.!®’

The original formulas in the Madland-Nix formalism were somewhat
modified so as to take into account the difference in temperature of the
two fragments. Since the nuclear system is not in statistical equili-
brium and the excitation energy is not proportional to the fragment mass
number, we can write as follows:
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CE*L> = (AL/C)Twr 2, (3a)
CE*n> = (An/C)Twn?, (3b>
CE*> = (E*L> + <E*u> = (A/C)TaZ?. (3¢)

A = AL + Ax (3d)

(If the system were in statistical equilibrium, then the equality TeL =
Ten = Ta would hold.) Then we have

AvTar2 + AnTan? = ATa2. (4)

Defining the ratio of the temperatures for the light and heavy fragments
as Br = TaL/Teu, we obtain

Tav = [ARr2/(ALRr?2 + Aw)1'/2Ta, (5a)

Taw = [A/CALRr2 + An)1'7%Tn. (5b)

IV. Results and Discussion
1. Effects of Changes in Input Data

Prior to performing the calculations with the non-equitemperature
model, the sensitivity to changes in input parameters was analyzed on the
pasis of the original MN model. Different values of <Er>, <E«>, and a
were used and the resultant spectra were compared. As can be seen from
Figs.3a - 3¢, it was found that in all these cases the calculated
spectra shifted to one side, i.e., when the high energy component was
increased, the low energy component was decreased, and vice versd. It
was not possible to increase both the high and low energy components at
the same time, as required to improve agreement with experimental data.

2, Spectra Calculated with the Non-equitemperature MN Model
The non-equitemperature model was applied to analyze the data of the

fission neutron spectra for 23%5U(n,f), 2%°%Pu(n,f) and 252Cf(sf). The
quantities used as input data are summarized in Table 1.
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Figure 4 compares the spectra for 235U(n,f) for En = 0.53MeV calcu-
lated with different ratios Hr of the two temperatures. It can be
observed that (a) if the temperature ratio was taken greater than unity,
then both the low- and high-energy components were increased, and as a
result, (b) the spectrum fits better with the experimental data. The
value Ar=1.13 was taken from the Geel data®’, This value was obtained
for 2%2Cf(sf) and not for 23%U(n,), but since we do not have correspon-
ding data for 23%5U(n,f), we tentatively used this value. This value was
found to give a spectrum in better agreement with the experimental data
of Johansson!!’, The value RAr=1.34 was that suggested by Kapoor'?’,
This value seems to be too large. Figure b6 shows the results for
252Cf(sf). The experimental data were taken from the works of Poenitz
and Tamurai?®’ and Batenkov et al.'?’ Also in this case, better agreement
was obtained by assuming non-equality of nuclear temperatures, although
there still remain some discrepancies in the high and low energy ends of
the spectrum.

The case for 23%Pu(n,f) is rather uncertain, because the two sets of
experimental data, blotted in Fig.6, show different behavior in the
region above 5 MeV. The data of Johansson et al.l5’ are represented well
with Rr=1.0, while those of Knitter!®' are represented with Rr=1.4.

Y. Concluding Remarks

The main conclusionsto be drawn {from the present preliminary

analysis are as follows:
a) Taking into account the non-equality of nucleartemperatures for

the two fragments had greater effects than other factors in Amproving the
calculated spectral shapes, increasing both the low- andhigh-energy

neutron components. ,
b) For 235U(n,f) and 2°2Cf(sf), reasonable chuice of the temperature

ratio Br lead to better agreement between the calculated and experimental
spectra. For 239py(n,f), conclusion must be postponed until the discrep-
ancies between experimental data are resolved.

¢) The non-equitemperature model should further be tested onother
nuclides and at higher incident energies. It would be interesting to
know how the temperature ratio changes when the excitation energy of the
fissioning system is increased.
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Table 1 Input parameters used in the present calculation. The value
marked with #* is that calculated with the Moller-Nix mass
formula, as used by Madland et al,l!’ This value was chosen

just for comparison purpose. The TUYY mass formula yielded
215.998 MeV,

Quantity U-235 Pu-239 Cf-252

<Er > 185.896 MeV 198.088 MeV 218,886 MeV*
<Ex > 171.8 MeV 177.1 MeV 185.9 MeV
a A/9.6 MeV-! A/8.5 MeV-1 A/8.0 MeV~!
An 140 140 144

AL 956 100 108
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3.23 Semi-empirical Determination of Shell Energies

Takahiro TACHIBANA, Masatoshi TAKANO and Masami YAMADA

Science and Engineering Research Laboratory, Waseda University
3-4-1 Okubo, Shinjuku-ku, Tokyo, 169 Japan

ABSTRACT

A method is proposed for obtaining shell energies semi-empirically. First, single-
particle levels are calculated for the Woods-Saxon potentials. Then, from the
energies of particles put in these single-particle levels, a smooth part is subtracted
by a new method. Since the remaining part shows excessive shell and submagic
effects, a refinement including several parameters is made to yield shell energies to
be used in mass formulas. Although the optimum parameters are not yet attained, a
mass formula with these shell energies are discussed.

1. INTRODUCTION

Since 1975, our group has studied mass formulas with empirical shell terms.1~¢ Now
they have reached so developed a stage that a major forward step will be possible only by a
change of the policy. In this article we try to determine shell energies less empirically than
before. .
We start with a spherical shell-model potential, which is taken to be Woods-Saxon type.
From the energies of particles put in this potential, we extract a certain kind of shell energies.
Since these shell energies are too crude to be used in mass formulas, we refine them so as to
include the effects of residual interactions, in particular, the pairing and deformation. Finally, a

mass formula with these shell energies is discussed.

2. SHELL-MODEL POTENTIAL

We take the Woods-Saxon potential. Explicitly, our shell-model potentials for neutrons
(Va(r)) and protons (Vy,(r)) are given as
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Here, the symbols used are either conventional ones or parameters mentioned below. The

Coulomb potential Vc(r) is calculated from the Fermi distribution of charge (Z-1)e with the
radius parameter Rc=1.07A13fm and the surface diffuseness parameter ac=0.55fm.

The potential parameters should, in principle, be determined so as to give the best mass
formula. Actually, however, the numerical calculation needed is so much that we have tested
only a few sets of parameters. In order to choose a reasonable parameter set, we have
approximately fitted the nucleon separation energies of single-particle nuclei to experimental
values. The parameter set‘we refer to in this paper is as follows:

Vos=53.3MeV, Vp=35MeV, rg=1.25fm, a=0.66fm, u=0.32fm, A=35. (5)

Owing to the Coulomb barrier, there are resonance states for the proton. In order to
avoid this complication, we modify the proton potential outside the top of the barrier; there, the
potential is taken to be constant, keeping the top value.

3. EXTRACTION OF CRUDE SHELL ENERGIES

The potentials in the previous section depend on Z and N. For each neutron ( or proton )
potential with specified Z and N, we calculate all bound states, from which we can obtain the
minimum energy of a system of n particles put in the potential. This minimum energy
Engp(n;Z,N) (or Epsp(n;Z,N)) depends on » nonsmoothly, and gives a shell energy if an
appropriate smooth part is subtracted. For such subtraction the Strutinsky method” is well
known, but we found that this method is not quite appropriate for the Woods-Saxon potential.
This potential can accommodate only a finite number of particles; we denote the maximum
particle number by nimax(Z.N) (or niMax(Z,V)), which depends on Z (or N) nonsmoothly.
The Strutinsky method suffers from this nonsmooth dependence, occasionally giving false
dependence of the neutron (or proton) shell energy on Z (or N).

In this paper we use a different subtraction method in two steps. In the first steps, we
subtract a "classical” energy or sum of local Fermi-gas energies, which is explicitly defined as
follows. We first calculate the single-particle level under which the phase-space volume
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(including the doubling by spin) is n(2mh)3, and then, the "classical” energy E i1 Z,N)
(i=n,p) is defined as the average energy of the system of n classical particles distributed
uniformly in the phase space under this level. In this calculation the nucleon spin is also treated
classically. This first step subtracts a large portion of the smooth part, but still a considerable
amount of energy is left. A typical example of Ensp(n;Z,N)—Encl(n;Z,N) is shown in Fig. 1;

the behavior in this figure can be understood from consideration of the uncertainty
cl

principle. The maximum of E wi{mZ,N) (i=n,p) for given Z and N is denoted by n%y,,(Z.¥)
(i=n,p).

In the second step, we further subtract a smooth function AE .(n;Z,N) (or
AEp(n:Z.N)), for which we assume the following form;

AEna(n,ZN) = Z wi(ZN)nil2 6)

U(ZN) = AU AR 4 upA =P + upA! -
+{uA =P + usa20) (N—Z)/A}] ,

AE,m(nZN) = 3. [wN.2) + vi(N.2) (Z-1) A7Pnil2 ®

Vi(ZN) = A 1_‘72{:”;‘1A 1B 4 vpA TR 4 vpAT
- - 9
+vaA=15 4 vsA=2B) (N-2)/A | .

Note that the charge symmetry is taken into account in the above form. u;(N,Z) in Eq. (8)
means to interchannge Z and N in Eq.(7). The parameters u;; and v;; are determined so as to
give the best weighted averages of E,-sp(n;Z,N)—E,'d(n;Z,N) (i=n,p) with five weight functions,
1/n, n[nimax(Z.N)-n13, alnimax(Z,N)=nl, n3[nimMax(Z,N)=nl], and n3, where
n,-Max(Z,N)=min[n?Max(ZJV), nﬁb[ax(Z,N)]. An example of this second subtraction is also given
in Fig.1. Finally, we obtain crude shell energies as

En(ZN) = Ensp(N;ZsN) — Ena(N;Z,N) - AEna(NZN), (10)
Epcs(ZN) = Epsp(Z;Z,N) - Epcl(Z;Z»N) - AEpav(Z;Z,N)- (11)

It should be emphasized that the crude neutron shell energies Encs(Z.N) depend not only
on N but also on Z. Similarly, the crude proton shell energies E,o(Z,N) depend not only on Z
but also on N. The most remarkable dependence is seen when we approach the neutron drip
line; the absolute magnitudes of Encs(Z,N) become considerably smaller. '

We have also found that the crude shell energies are very sensitive to the spin-orbit
interaction. When we used A=28, we obtained crude shell energies quite different from those of

A=35.
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4. REFINEMENT OF SHELL ENERGIES

Compared with the empirical shell energies,!~¢ the crude shell energies obtained in the
last section are too large in absolute magnitude and have too marked submagic numbers. We
refine them by taking into account the effects of residual interactions.

The high-energy part of residual interactions mixes a large number of high-energy
configurations, each in a small amount. We assume that its effect on the shell energies is simply
represented by a reduction factor ;.

The low-energy part of residual interactions mixes low-energy configurations, each in a
relatively large amount. Then, the Fermi surface becomes diffuse; i.e. the single-particie states
near the Fermi level are partly occupied and partly vacant. Therfore, to the shell energy of
(Z,N) nuclide, not only Epc(Z,N) and E,es(Z,N) but also Encs(Z,N7) (N'#N) and
Eoo(Z'N) (Z°#Z) will contribute. We assume that important contributions come from such
N' and Z' as (1-E)NSN'S(1+E,)N and (1-£,)Z<Z'S(1+&;)Z. Then, we denote an
appropriate weighted averages of Encs(Z,N") and Epes(Z°,N) by Enes(Z,N) and Epes(Z,N),
respectively, In this paper, we take a simplest weight as illustrated in Fig. 2.

The configuration mixing brings about other kinds of energy change. Here, we consider
two kinds, and assume that &, (or &) is composed of two parts as

f=nf+C% (12)
gp=ng+ (2 (13)

in which m; (7=n,p) is mainly responsible for pairing and { for deformation.
We assume the energy associated with 1; to be

En = kam? — konk (1 — kim)). | 14

Here, knm? represents the change of the sum of single-particle energies caused by the
configuration mixing, and &;; can be estimated if a constant level spacing is assumed. The rest
of the right-hand side of Eq. (14) is the interaction energy. In order to estimate ki3 and k;3, we
minimize Ein by changing 1;. The minimum and the value of M; giving the minimum can be
compared with results of the pairing theory, and from this comparison we can estimate &3 and
k3, although this estimation may not be accurate because our occupation probabilities of single-

particle states are not the same as those of the pairing theory.
The energy associated with { is assumed to be

E¢=k{2- ko2, (15)

The main contribution to k{2 is the increment of the average surface energy caused by
deformation, and kcf2 is the decrement of the Coulomb energy. In order to estimate ks and kc,
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we put a correspondence between { and the degree of deformation as follows. In Fig. 3, the
ellipse represents a deformed nucleus with uniform number dcnsuy p, and its surface is d1v1ded
into a number of parts by concentric spheres whose radii are R(n) = [3(n+0 5) /4Tcp] or
simplicity, we assume that the deformation is not very large (in Fig. 3, the deformation is
exaggerated). Then, as far as the radius is concerned, the deformed nucleus may be regarded
as a combination of fractional spherical nuclei having different nucleon numbers.® Here, each
fraction is given by AQ(n)/4x, where AQ(n) is the solid angle in which the radius lies between
R(n-1) and R(n). Now we relate § to the degree of deformation by

<(N'=N)2> = <(n — N)*>. (16)

On the left hand side of this equation, the average is taken over the distribution illustrated in
Fig. 2 with &, replaced by {, so that it is a function of . On the right hand side, the average is
taken with the weight AQ(n)/4n . Once the correspondence between { and the degree of
deformation is established, it is straight forward to estimate k; and k¢, although small changes
from these estimated values may be allowed when used in mass formulas.

Summing the above energies and minimizing the sum with respect to Tin,Mp and , we

get a refined shell energy of a (Z,N) nuclide:

EW(ZN) = min [kEncs(ZN) + keEpes(ZN)
2 2 2 2
+ 3 {kan? - kanH1 - kand) + kg ﬂkcc:} .

i=n,p

(17)
In Fig. 4 we show an example of Eq(Z,N) on the B-stability line.
5. INCORPORATION INTO A MASS FORMULA

Incorporation of the above-obtained shell energies into a mass formula is easy. For
example, we can replace M (Z,N) of the TUYY mass formula’ by Eg(Z,N)/c2. The parameters
in the gross part should be redetermined; if we use the shell-part parameters £'s used in
obtaining Fig. 4, the gross-part parameters are as given in Table L.

Unfortunately, the root-mean-square deviation of the above-obtained mass formula from
experimental data is fairly large (972 keV). We hope that further search for a better set of
parameter values and, in addition, use of a more variety of weights not restricted to that of Fig.

2 will considerably reduce the deviation.
6. CONCLUDING REMARKS

We have proposed a method for estimating shell energies semi-empirically. These shell
energies are adopted in the TUYY type mass formula. The values of the parameters in the
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gross term are readjusted. At present , the root-mean-square deviation between the calculated
masses and the experimental masses is fairly large. There is a considerable freedom in our
formalism, e.g., in the parameters of the potential, and in the refinement of the crude shell
energies. We are now exploiting this freedom to improve the mass formula.
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Table 1 Example of gross-part parameters {(in MeV).
The notation is the same as in Ref. 5.

i 1 2 3 4

a; —15.85858 17.13209 16.23738 —35.26787
b; 0.6) (0.G) (0.0) 25.22543
¢j 26.56847 —26.46991 —2.892673 (—30.0)
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Fig. 1 Subtraction of the smooth energy to yield a crude neutron shell

energy in the case of Z=50, N=60. Crosses represent Ensp(n;Z,N)
—Enc1(n;Z,N), the solid line is AEpav(n;Z,N), dots represent the
differences, and the circled dot is the crude shell energy.
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the gap A=0.5 MeV, kg corresponds to the surface energy

[19-29 (N-2)2/42]A2/3 MeV, and kg is obtained with a uniform

charge density of rg =1.2fm.
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3.24 The Calculations of the Bremsstrahlung Energy Spectra for Thick Targets
Using Monte Carlo Method

Akifumi Fukumura and Kensuke Kitao

Division of Physics
National Institute of Radiological Sciences
9-1, Anagawa-4-chome, Chiba-shi 260 JAPAN

The bremsstrahlung spectra from 6 to 50 MV for thick targets were
calculated by EGS4 (electron gamma shower version 4) Monte Carlo code. The
calculated spectra were compared to the measured spectra. Some agreements
between them were good within statistical errors but others were not good
because of the different experimental conditions and a lack of information on
geometries.

1. Introduction

In advanced radiation therapy, it is often to be used megavoltage photon
beams produced by medical electron accelerators. They employ targets which
are generally thick enough to absorb most of the incident electron energy to
obtain high X-ray intensities.

The knowtedge of the energy spectra of photon beams is essential for
accurate dose calculations in patients and for estimations of photoneutron
yields. However it is only in the case of electrons' impinging on thin targets that
we can calculate bremsstrahlung spectra accurately.

We have calculated the energy spectra of bremsstrahlung from 8 to 50 MV
for some thick targets using EGS4 Monte Carlo code!!). Although we could
hardly collect the experimental data with details about the geometry, we
compared the results of our calculations with the experimental data.

2. Calculations

In our simulations some semi-infinite target slabs of materials are placed in
a vacuum and pencil beam of electrons with total energy, E,, are normally
incident on the surface. The slabs are placed in the X-Y plane and the electrons
are incident at the origin traveling along the Z-axis. We score the energy and the
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direction cosine of each photon which comes out from the far side of the target.
Using a 1 MIPS computer we calculated bremsstrahlung spectra for a few to 10

days.

3. Results and Discussion
Figure 1 shows calculated spectra of bremsstrahlung emitted in the forward

direction for both thin and thick targets of platinum. The spectra for a thin target
were estimated based on Schiff's formula®® while the ones for thick targets
were determined by EGS4 code. The thicknesses of the thick targets were 1.8
and 2.1 mm for E = 32.511 and 52.511 MeV, respectively. This figure expresses
that thick targets soften the bremsstrahlung spectra because of scatterings and
attenuations of electrons and photons in them.

Figure 2 shows the calculated spectra and the measured ones'® at E, =
10.511 and 21.411 MeV. A.A.O'Dell, Jr,, et al. bombarded a 0.2 radiation length
gold-tungsten converter and a 2.86 c¢m thick aluminum filter with electrons and
measured bremsstrahlung emitted in the forward direction. They placed a
secondary heavy-water target in the bremsstrahlung field, analyzed the
photoneutrons producad by the D(y,n)p reaction using time-of-flight techniques
and then determined the bremsstrahlung spectra from the both neutron spectra
and the cross sections for the deuteron photodisintegration process. Since we
could not know the mixture ratio of the gold-tungsten converter, we assumed
0.07 cm thick tungsten target and 2.86 cm thick aluminum filter. We counted the
photons with z-components of direction cosine from 0.9998 to 1 for 500,000
incident electrons in this simulations. It took about 2 and 3.5 days CPU time on
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Fig. 1 The calculational spectra of bremsstrahiung Fig. 2 The spectra of bremsstrahlung produced
for thin and thick targets of Pt by 10 and 2.9 MeV electrons on W. The

solid lines are the measured data and the dots
with error bars are the calculated vaives.
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u-VAX Il to calculate these spectra for E;=10.511 and 21.411 MeV, respec-
tively. This graph expresses the good agreements between the calculations and
the measured results within statistical errors.

Figure 3 compares our calculations with the measured spectra® at E, =
15.511 MeV. The measurements were performed by H. Hirayama and T.
Nakamura for 1.3-cm-thick iron and 0.7-cm-thick tungsten targets. The
bremsstrahlung spectra were measured by activation detectors of gold, indium,
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Fig. 3 The spectra of bremsstrahlung produced by  Fig. 4 The spectra of bremsstrahiung produced by 27
15 MeV electrons an W and Fe MeV medical LINAC

nickel, iron and chromium. The polar angle, 6, between the detectors and the
center of the bremsstrahlung target was 9 deg. They measured the saturated
activities of activation detectors induced by photonuclear reactions and
determined the bremsstrahlung spectra by means of unfolding techniques with
the cross sections of the photonuclear reactions. We counted the photons with
the polar angle of 9 deg. for 1,000,000 incident electrons. We spent a week on
this calculation. In general, it is difficult to estimate the photon spectra by the
activation method because the some cross sections of photonuclear reactions
are similar and may not be determined so accurate. This is the possible reason
that the discrepancies exist.

Figure 4 shows our calculated spectrum and the measured one® at E_ =
27.261 MeV. The experiment was performed by L. B. Levy et al. with the fully
shielded Nal(Tl) scintillation detector. The primary beam was scattered once by
a carbon scatterer for the purpose of decreasing the number of photons and the
beam energy. The once scattered spectrum incident upon the detector was then
converted to the primary spectrum incident upon the scatterer by means of
Compton energy-angle relation and the Klein-Nishina formula. They used a
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medical linear accelerator in this

100000
e .
o experiment. We, however, could
1 -Fo not get the information on the
10000 3 ] . .
= S Moo aes experimental geometries, such as
2 ] - : .
= T collimator systems and a flattening
g 100973 R . == filter, except for the target
£ L \\11-_ . . \
2 N iy thickness in their paper. Then we
% 100 e o R did not take into account the
g AL attenuation and the scattering in
10 = those materials. So the measured
i— curve is softer than the calculated
P I S S N S S one.
0 1 2 3 4 5 6 7 . .
Energy of Photon (MeV) Including the experimental

Fig. 5 The spectra of bremsstrahlung produced  bremsstrahlung spectral”! figure 5
by 6 MeV electrons on Pb and Ta shows the calculated ones which

) are generated by 1,000,000
incident electrons with E, = 6.511 MeV impinging on the 0.12 cm lead and 0.07

cm tantalum targets. V.S5.Deshmukh and V.N.Bhoraskar analyzed Compton
electrons scattered by photons from a thin aluminum foil and obtained the
experimental spectra using the photons' cross section for giving a Compton
electron. We could not get the information on the experimental gecmetries
except for the target thickness in their paper, so we counted the photons with z-
components of direction cosine from 0 to 1 in this simulations for @ days. There
are discrepancies between the experimental and the calculated data. It should
be noted that the discrepancies may tend to increase at low energy and that this
comparison is not strictly valid because of the difference of the geometries
between the experimental and the calculated conditions.

4. Summary

We have calculated the energy spectra of bremsstrahlung from 6MV to
50MV for some thick targets using EGS4 Monte Carlo code . This code
provided us with a convenient method for calculations of thick-target
bremsstrahlung spectra but spent a long computing time. Although we could
" hardly coltect the experimental data with details about the geometry, we tried to
compare the results of our calculations with the experimental data. The level of
agreements between them varies depending on the experimental conditions
and geometries.
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Abstract
A design study of a medical therapy reactor for "Boron Neutron Capture

Therapy (BNCT}" 1is under way. The facility is to be used exclusively for the
treatment of malignant melanoma and other cancers as well as for the further
biomedical research. The MTR is fueled with UCz, cocled and moderated by 1ight
water. As the therapeutic and experimental equipmeni to be provided, thermal
and epithermal neutron beam ports are required. In this analysis, parametric
survey of composition and arrangement of these neutrcn beam ports was performed
with JSDTDL-100N/40G based on JENDL-3.

1. Introduction

Investigaticn of the medical therapy reactor for cancer therapy has been
carried on since 1988, in cooperation with Mitubishi Heavy Industries, Ltd. and
Kobe University. It is intend in this study to survey and investigate the
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reactor concepts suitable for and to set up the main specifications of the
reactor which is to be exclusively for the treatment of malignant melanoma and
other cancers as well as for the further bicmedical research.

The comparative study <!> of the core characteristics indicated that the UD:
fueled core would be feasible for the BNCT reactor because of the higher
epithermal neutron flux level, ability to cperate without refueling and Tess
excess reactivity requirement.

The main specifications of the core and fuel which have been so far selected
<2> <3> ape as follows. A cross sectional view of the core is shown in Fig. 1.

Thermal power 2 My Fuel enrichment 4%

Moderator H,0 Outer diameter

Coolant H,0 of fuel clad 9.50 mm

Reflector Bi Pitch of fue! rod 11.4 mm

Core height ~ 62 e Volume ratio of

Core equivalent moderator to pellet ~ 1.0
diameter ~ 51 cm U Toading 0.5t

Fuel U0; Fuel burn-up ~ 5,000 Mwd/t

The therapeutic and experimental equipment to be provided is three
norizontal beam ports, one vertical beam port and two neutron guide tubes for
boron analysis as shown in Table 1. The three horizontal beam poris are a
thermal(E, < 1 eV) and an epithermal(l eV < E, <1 keV) neutren beam ports and
an experimantal neutron beam port, respectively. The vertical neutron beam
port is changed to the thermal or the epithermal one with a rotational plug.

The arrangement of these neutron beam ports is shown in Fig. 2. In this
analysis, parametric survey of composition and arrangement of these neutron beam

ports.

2. Analysfs methcd

one~dimensional analytical models of the horizontal thermal and the
horizontal epithermal neutron beam ports are shown in Fig. 3 and Fig. 4. The
filter compos itions used in design studies made in Japan and USA were of much
help to our one-dimensional models. One-dimensional, neutron 100-group and
gammma 40-group, coupled transport calculations were carried cut using JSSTOL-
100N/40G group cross sections<*> generated from JENCL-3. In these
calculations, neutron production reaction by gamma ray in D20 is cons idered.
Taking into account of the calculated results, the compositicns of the thermal
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and the epithermal neutron filters were selected and two-dimensional{rz)

analytical medels were assumed including the collimeters, as shown Fig. 5 and
Fig. 6. The two-dimensional neutron transport calculations were carried ocut
using the 21-group cross sections collaped from the 100-group ¢ross sections.

3. Results of Analysis

{1} The fast(E, > 1 @eV) neutron flux increases about 30 times and the
epithermal neutron flux increase about 10 times at the outiet of the
thermal neutron beam port , because of the neutron production reaction by
gamma ray in 0,0 region. It is very important to take into account of this
effect by gamma ray, in the case of analyzing a model including 0,0.

(2)  The thermal neutron flux available at the cutlet of the horizontal beam
port is 2 x 101 n/enf + 5, as shown Fig. 5. The time interval needed for
treatment is about 10 minutes, if it is assumed that the therapeutic
thermal neutron fluence is 1.2 x 10'® n/crf.

(3} The epithermal .neutron flux available at the outlet of thehorizontal
epithermal neutron beam port is 1 x 10'° n/ ¢t + s, as shown Fig. 6. The
time interval neseged for treatment is about 10 minutes, if it is assumed
that the therapeutic epithermal neutron fluence is 0.6 x 10 n/gf.

(4) The fast neutron contaminant in the epithermal neutron beam is 10 Gy/h at
the horizontal beam port and the fast neutron dose during freatment is less
than 2.0 Gy.

{5} The gamma contaminant in the thermal and the epithermai neutron beam
during treatment is guessed to be Tess than akout 0.3 Gy by the preliminary
one-dimensional calculation.
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Table 1 Requirement for neutron beam ports of BNCT reactor

Purpose | Position No. of Faciiity Thermal Port Epithermal Port
( Plug 1) 4t -
Diagnosis | Vertical 1
{ Plug 2 } (+) it
and _
1 (tnermal port) 4t -
Treatment | Horizon-
tal 1 {epithermal {(+) +++
!
port)
_ ( filte 1 +4++ +
Experiment | Horizon- 1
tal { filte 2 ) {+) 4+
Neutren guide tube1 2 +++ -
l !
(note) +++ : required, +: preferable, - : needless.

— 411 —



JAERI—M 91—032

Fig. 1 Cross sectional view of core and control
rod arrangement

7

=" S A

™~

Horizontal
. Neutron Beam port

Vertical Neutron Beam Port K

Fig. 2 Cut-away view of core and neutron beam ports
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3.26 14 MeV Neutron Transport in Thorium Metal Piles

C. ICHIHARA, S. A. HAYASHI, K. KOBAYASHI, and H. NAKAMURA
Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka 590-04

S. KANAZAWA, and I. KIMURA
Dept. of Nuclear Eng, Fac. of Eng., Kyoto University
Yoshida-honmachi, Sakyo-ku, Kyoto 606

ABSTRACT

In order to examine the existing nuclear data for thorium, which is one of the most
promising material for the fusion- fission hybrid reactors, the reaction rate distribution in
the thorium metal plles was measured. The spatial distribution of the 19"'Au(na,y) and
27Al(n,onc) reaction rates in three types of thorium metal piles was obtained by counting
the y-rays from 19854 and 2*Na activities. The measured reaction rates and their
distributions were compared with the theoretical calculations using MCNP Monte Carlo
code with JENDL-3 and ENDL-75 evaluated nuclear data file. It was proven that the
JENDL-3 evaluation gave superior prediction to the ENDL-75 one.

1. Introduction
Fusion reactor is expected as one of the dominant energy resources for the coming
century. However, in spite of the rapid development of fusion related technologies in the
past few decades, it seems not easy to create commercial fusion reactor plants by early
21st century. Fusion-fission hybrid reactors, which consist of the fusion core surrounded
by various kinds of the "hybrid" blanket can take part in the nuclear energy cycle by
producing energy and/or the nuclear fuel for both fission and fusion reactors, even before
the fusion reactors become economically self-supportedl ), Thorium is one of the most
promising hybrid blanket materials for breeding nuclear fuel for the fission reactors
through 232Th(n,-y)233Th reactions and successive B-decays.

Several groups have carried out the experiments by combining 14 MeV neutrons and
thorium material>™). However, the agreements between experiments and calculations
of their works are not always satisfactory. We have been conducting integral experiments

to examine the nuclear data of thorium for further design of hybrid blanket designs 6),
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The existing nuclear data for thorium differ considerably from each other.
Particularly, the continuum part of the inelastic scattering cross sections and (7,2n) cross
sections have large difference as shown in Fig.1. This results in a large discrepancy of
the calculated neutron spectra in the energy range from 0.01 to 10 MeV for the piles
used for the present experiment. The Figure 2 shows the calculated spectra with JENDL-
3 and ENDL-75 for the bare thorium pile.

The 197Au(n,y) reaction rate in the present thorium piles originates mostly from the
neutrons between 0.1 and 10 MeV, where the calculated spectrum is inconsistent. In the
case JENDL-3 is used for the calculation, nearly 99% of the reaction rate comes from
the neutrons between 0.01 and 1 MeV, and more than 70% between 0.1 and 1 MeV,
In the case of ENDL-75, those values are 92%, and 46%, respectively. Also, the total
197%’&11(}1;{) reaction rate from each data file differs by about 25 %. Therefore, the
difference of each data file can be revealed by measuring the 197Au(n,y) reaction rate.
In this paper, we describe the experimental results to measure reaction rate distributions
of gold and aluminum foils in three kinds of thorium pilés and the comparison between
the experimented and calculated results. Particular interest is given to the examination

of new version of Japanese evaluated nuclear data, JENDL-3").

2. Experimental procedure
We formed thorium piles by stacking the natural thorium metal plates, the size of which
was 5.08 cm square by 1.27 ¢cm and 0.32 cm thick. The dimension of the thorium pile
was 32.8 cm x 25.5 cm x 25.5 cm (Type-I). In addition to this pile, 2 ¢m thick stainless-
steel plates were put in front of the thorium pile (Type-II), and 2.54 ¢m thick beryllium
plates were put in a similar manner (Type-1II). A gold foil of about 70 mg was set on
the front surface of the thorium section of each pile and four other foils were set 5.5 cm
separated each other in the thorium section, except the thorium pile, where only three
foils were irradiated. In addition to the gold foils, aluminum foils were irradiated in a
similar manner to measure the fast neutron component. The Figure 3 shows the typical
experimental arrangement for the irradiation using Type-II pile. Neutron irradiation was
performed with D-T neutrons from the neutron generators) at the Kyoto Univefsity
Critical Assembly (KUCA). The bird-eye view of the neutron generator is shown in
Fig.4. Typical irradiation time was about 8 hours at the neutron yield of about 10° Vsec.
The 411.8 keV y-rays from the induced activities of 1*8Au and 1368.6 keV ones

from 2*Na were measured with a 50 cm? pure Ge detector and a 4096 channel multu-
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channel analyser. From these y-ray countings, the reaction rates were deduced after

several kinds of corrections required.

3. Calculations

The theoretical calculations of the neutron energy spectra were performed with the three
dimensional Monte Carlo continous energy neutron transport code, MCNP?. The
continuous energy cross section libraries for thorium were taken from FSXLIB'®)
processed from JENDL-3 and from ENDL-75 11)| The calclation geometry is taken from
the actual size of the piles. The point source with an isotropic neutron distribution was
given. Neutron histories were taken as 108,

Reaction rates were calculated from the neutron energy spectra and the activation

cross section data, taken from ENDF/B-V dosimetry file12),

4. Results and Discussion
The 197Au(n,y) resction rates for the piles (Type -I to III) are shown in Fig.5. The
prediction from JENDL-3 data gives a fair agreement with the experiment, while the

prediction from ENDL-75 gives slightly higher value for all piles.

a) Type-1 (Thorium) pile

In the Fig.6, are given the calculated-to-experimented (C/E) values of 197Au(n,y) reaction
rate for Type-1 pile. The prediction from JENDL-3 agrees with the experiment within
exmerimental errors, while one from ENDL-75 overestimates by 12 to 30 %. This is
because ENDL-75 give much softer spectrum than JENDL-3 as shown in Fig.3 and the

1971‘\11(}1,7/) reaction rate becomes larger as the cross section increases according to lower

neutron energy.

b) Type-II (SS + Thorium) pile

JENDL-3 prediction agrees well with the experiment within -4 to +10 %. However,
ENDL-75 gives much overestimation by up to 40 % (Fig.7). Since the calculated spectra
for this pile are not distinctive with the ones for Type-I pile as shown in Fig.8, the reason
for the overestimation of ENDL-75 is the softer spectrum calculated.

c) Type-III (Be + thorium) pile

The Figure 9 shows the C/E values for Type-III pile. The JENDL-3 prediction is again
in good agreement with the calculation. ENDL-75 prediction overestimates experiments

by up to 20 %, which is not so large as for other piles. This is probably because the
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spectra from both data file become much softer than those of other piles due to

beryllium slowing down effect (Fig.10), and consequently the fast neutrons which have

more weight for 197Au(n,y) reaction rate decrease.
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Abstract

The cross-sections obtained from the JFS-3-J2 set were adjusted
using C/E (Calculation/Experiment) values of integral physics
parameters such as Ker:, reaction rate, and control rod worth in the
JUPITER program. Remarkable improvement was observed in the C/E
values. Furthermore the radial dependencies of C/E values of
reaction rate distribution and control rod worth were significantly
reduced, which is expected to be effective in improving prediction
accuracy of core design parameters. The adjusted cross-sections were
compared with the JENDL-3 library, as well as measured data, and it

was found that the adjusted values were reasonable,
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1. Introduction

In the core design of a large liquid metal fast breeder reactor
(LMFBR), it is required to reduce the uncertainties for core design
parameters. Critical experiments on large LMFBR ccres were analyzed
by a8 detailed neutronic analysis method, using a group constant set
(JFS-3-J2)'? based on the JENDL-2 library‘?’. The G/E values for
reaction rate distribution and control rod worth had tendencies to
become higher gradually at farther distances from the core center!?®’
as shown in Figs. 1 and 2. Furthermore the C/E values of other
physics parameters differed from unity. These gave difficulties in
satisfying the required prediction accuracy in a large LMFBR core
design. Cross-section adjustment for large LMFBR cores was studied
as a possible effective means for improving prediction accuracy of

core design parameters.

2. Cross-section adjustment method

Using Bayes theory, the adjusted cross-sections T and their

covariance matrices M are expressed by *’

T=T + MGV (R - R (To)) (1)

M=M-24GV1G)- 1, (2)
where

T, = the cross-sections before adjustment

M; = covariance matrices of T,

G = sensitivity coefficients of physics parameters

V = variances of experiment analysis values

R, = measured physics parameters

R. (T, )= physics parameters calculated using T,
The variances of R, (T} due to the cross-section errors are expressed
by V. = G M G*.

In this study, sensitivity coefficients were calculated by the
generalized perturbation theory code SAGEP‘®', and the adjusted cross-
sections were obtained by the ABLE code!®’ using Egs. (1) and (2). '
Adjustment routines for inelastic scattering cross-sections and
fission spectrum were added to the original ABLE code.

The 18 group cross-sections obtained from the JFS-3-J2 set were
adjusted using C/E values for k.::, reaction rate ratio, reaction
rate distribution, control rod worth, and Na void worth from ZPPR-9,

-10C, -17A, and -19B assemblies in the JUPITER program ‘"' ZPPR-9,
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-10C, and -19B are 600, 800, and 1000MWe size homogenaous COres,
respectively. ZPPR-17A is a 650 MWe size axially heterogeneous COre.
Table 1 shows physics parameters and their uncertainties of
experiment and analysis values to be used in the adjustment.
Fission(f), capture(c), elastic(el), and inelastic(inel) cross-
sections, v and g were adjusted for the main nuclides shown in Table
9 In addition to the individual cross-sectioms, the fission
spectrum for **°Pu and effective delayed neutron fraction fe:: were
also adjusted. The fission spectrum was not given by the Maxwell
distribution used in JENDL-2, but.was adjusted for each energy group.
As for the covariance matrices of the cross-sections, values from the
COVERX file prepared by Drischler et al. (®» were mainly used, with
others being provided by the Nuclear Data Center, JAERI as described
in Table 2. Uncertainty of fe¢: wWas evaluated as 4%, and that of the
fission spectrum was evaluated by referring to the differences
between the JENDL-2 and -3 libraries.

3. Adjustment results and discussion

Sensitivity coefficients were calculated before the adjustment.
The following characteristics were found:
(1) Sensitivities are generally high for cross-sections of *3°Pu,
238(] O, Fe, and Na, which are abundantly loaded in a core as shown
in Fig. 3.
{2) Reduction of 238 (n, y) cross-section for 1-100 keV neutron
cnergies is effective for reducing C/E radial dependency as shown in
Figs.4 and 5. The reduction of 0, Fe, and Na elastic scattering
cross—sections for 50-500 keV energies is also effective.
(3) Sensitivities of the Na void worth are high for ®*®U(n, ¥) and
239 py(n, f) cross-sections in the region of a few keV neutron energies,
which corresponds to the resonance region of the Na(m,y) reaction.
(4) Sensitivities cf the 235 cross—sections are high in ZPPR-19B
because *3*°U fuels are abundantly loaded in the core.
~ The cross-section adjustment was employed for a reference case and
some test cases. As a reference case, 45 integral data for ZPPR-9,
~17A, and -19B assemblies were selected. In the test cases,
different data from the reference case were used in order to evaluate
the effect of the data used in the adjustment. Table 3 shows C/E

values before and after the adjustment in 7PPR-9. Remarkable
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improvement was observed in C/E values of k..;, C28/F48, reaction
rate distribution, and control rod worth. 1In this table, GMG* and
GM’G* mean the uncertainties of physics parameters due to cross-
gsection errors before and after the adjustment. These uncertainties
were reduced remarkably. Figures € and 7 show C/E values of *37Pu
fission rate distribution and control rod worth, respectively. From
these figures the C/E radial dependencies were found to be reduced
after the adjustment. remarkably. Table 4 shows the relative changes
of cross-sections before and after the adjustment. The *?°*Pu fission
cross-section was decreased by 0. 5-1. 8% above 10keV and increased by
1. 5-3. 5% below 1 keV. The **®U capture cross-section was increased
by 2-8% above 2MeV and decreased by 5-9% below 40keV. The 238U
inelastic cross-section was decreased by 2-6% in the 400keV-2MeV
range. The *3**U fission cross-section was decreased by 0.7-5% for
all energies. fBerr was decreased by 1.3% and the fission spectrum
changed slightly. _

The adjusted cross-sections were compared with the JENDL-2, and -3
libraries, as well as measured data. The **?Pu fission, *3°U
fission, and ***U capture cross-sections are shown in Figs. 8-10,
respectively. Some adjusted cross-sections did not always approach
values in the JENDL-3 library, but on the whole the adjusted cross-
sections fell between the JENDL-2 and -3 libraries, and it was found
that adjusted values were reasonable cross-sections.

In order to evaluate the applicability of the adjusted cross-
sections, the FBR benchmark tests were performed for 21 international
benchmark cores. Figures 11, 12, and 13 compare C/E values of Kets,
C8/F5, and F9/F5, respectively. The C/E values were satisfactory for
intermediate and large scale cores with above 500 liter volumes. For
uranium cores and small scale cores, they significently underestimated
kKer:. The C/E values of the reaction rate ratics were improved
slightly in comparison with JENDL-2 and -3 for intermediate and large
scale cores. These results show the adjusted cross-sections are
applicable to intermediate and large scale cores, though large
assemblies with 4600-8500 liter core volumes were used in the
adjustment.

Next, the results of the test cases were described in comparison
with the reference case. Table 5 shows the relative cross-section

changes before and after the adjustment for the reference case and
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some cases using different data from the reference. In case 1, the
elements of the covariance matrices of the cross-section were set to
one half of the reference ones. In case 2, the non-diagonal elements
of covariance matrices were set to zero. In case 3, uncertainties of
experiment and analysis values were set to one half of the reference
ones. Though C/E values after the adjustment improved for every
case, the cross-section changes were considerably different,
especially for *3*U capture. These results show that the adjusted
cross—-sections are very sensitive to the choice of the covariance
matrices to be used in the adjustment, though C/E values are not
sensitive. Other test cases with different integral data shdw that
if only a few integral data are used, the adjusted cross-sections
differ considerably, though the C/E values of the integral data
approach unity. Therefore, it is desirable to employ various kinds

of integral data in the adjustment.

4. Conclusion

Cross-section adjustment for large LMFBR cores was employed, which
is expected to be effective in improving prediction accuracy of core
design parameters. The 18 group cross-sections obtained from the JFS-
3-J2 set were adjusted using integral data such as ke;¢, reaction
rate ratio, reaction rate distribution, and control rod worth from
7PPR-9, -17A, and -19B assemblies in the JUPITER program.

The main results from the adjustment were as follows.

(1) Remarkable improvement was observed in C/E values of Ke::,
C28/F49, reaction rate distribution, and control rod worth. The
uncertainties of the above parameters due to cross-section errors
were also reduced.

(2) The radial dependencies of C/E values of reaction rate
distribution and control rod worth were reduced remarkably; from 5
to 1% for reaction rate distribution and from 10 to 2% for control
rod worth.

(3) The adjusted cross-sections are very sensitive to the choice of
the covariance matrices to be used in the adjustment. Then it is
desirable to employ various kinds of integral data in the cross-
section adjustment.

(4) The adjusted cross-sections were compared with the JENDL-3

library, as well as measured data, and it was found that adjusted
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values were reasonable cross-sections.

These are the results of the Tfirst year in our three year study.
Based on the above results, we intend to revise the data used in the
adjustment. This study is continuing regarding the following items.

(1) Improvement of the cross-section adjustment method.

(2) Revisiocon of the covariance matrices of the cross-sections.

(3) Extension of experimental analysis data.

{4) Evaluation of the applicability of the adjusted cross-
sections by benchmark data testing.

(5} FEvaluation of the influence of the adjusted cross-sections on

nuclear characteristics of large LMFBR cores.
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3.28 Systematics of (n,2n) and (n,3n) Reaction Cross Sections

WANG ZISHENG AND CAI DUNIJIU
Instiute of Atomic Energy,P.O.BOX 275-41,Beijing,China

Abstract

Analyses of (n,2n) and (n,3n) cross sections are based on the compound
decay,the preequilibrium emission and the direct reaction model. The results in-
dicate that it is necessary to consider the odd even effect of neutron numbers in
(n,2n) and (n,3n) cross sections .The (n,2n) and (1,3n) cross sections of many
nuclides have been predicted and a good agreement with the measured data has
been obtained.

Introduction

The (n,2n) and (n,3n) cross sections are of very importance for designs of
the fission and fussion reactors. Many sysiematic studies have been
done [1-5].But the contribution of the direct reaction and the odd even effect
of neutron numbers have not all been considered in these works. However,with
the incident neutron energy increasing,the contribution of the direct reaction is
so important that it can not be ignored[l,2,4]. And the cross sections without
considering the odd even effect of neutron numbers are not reliable for cascade
reactions[5].for example,

P edm2m) cdw,2n) Gdn,2n) " Gdw,2n) T Gd
M W(n,"ln)m3 W(n,Zn)m W(n,zn)m W

8% ses  sss  see

Systematic formulae

For the (h,2n) and (n,3n) reaction,the projectile neutron can be emitted
from the direct reaction (D),the preequilibrium emission (PEQ) and the com-
pound decay (EQ).In the calculation,it is neglected to emit two or more
neutrens in the preequilibrium emition.It is assumed that only the inelastic scat-
tering in the direct reaction is considered in the (n,2n) reactions and the direct
reaction is neglected in the (n,3n) reactions.
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We define the total cross section for {n,Xn) reaction (x= 1,2,3,+-+)as the fol-

lows,

an,M = an,u + an.n‘ + Gn.al + an.!u +

So the systematic formulae of an,hand 6, 1, MAY be written as,respectively,

T u PEQ 50 rEQ

- =5 (6 P, +0-8)P ) +0-8)C,P," +U=9, P23
Tuie _5 p L -5 )%
e =0 Py FUT000,
n M '

where,

d,— the probability of the first projectile neutron emitted by the inelastic
scattering process;

8y the probability of the first projectile neutron emitted by the
preequilibrium reaction process; :

d,— the probability of the second projectile neutron emitted by the
preequlllbrmm reaction process after the first emission of meutron in the
inelastic scattering process;

PPEC— the emitted probability of the second projectile neutron in the
preequilibrium reaction after the first projectile neutron in the inelastic scat-
tering process;

PfQ— the emitted probability of the second projectile neutron in the com-
pound decay after the first projectile neutron in the inelastic scattering process;

PPFe— the emitted probability of the first projectile neutron in the
preequilibrium reaction and the second projectile neutron in the compound de-
cay;

PF‘Q—* the emitted probability of the two projectile neutron all in the com-
pound decay;

PPEQ— the emitted probability of the first projectile neatron in the
“preequilibrium reaction and the other two in the compound decay;

PE3— the emitted probability of the three pro jectile neutrons all in com-

pound decay;
The calculation and simplification of expressions

(1) Calculation of o,

Based on experimental data,the total cross section may write as{1-5]

N—Z
L4

anﬂ 1 2 -
o =% 6 =n(0.1247 +0.21) [1 — ke A ]

M o s
nr
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where o, ,is the nonelastic cross section,A is nuclear mass in atomic mass
unites,k and m are parameters to be fitted.
(2) Calculation and simplification of
In the Plane Born Approximation,the probability expression of the first
projectile neutron in the inelastic scattering can be obtained
1k j
! 41rR2 k

. 2
3 !je”“ TV, @t dr) 40

where
vV, @) =[[¥, v¥_dndA
W and ¥gaare the internal wave functions for the inital and final
nucleus,Y is interaction potential,wich is given by[7]
V= (Vu +V oca Y{—r1)

The target wave function is given by the Schrodinger equation,
2

[%A+ VE) - CL-S) | ¥ = £¥

So the wave function has the following form,
Y=Rr o, &odS)

d.’mryhll
& =
L]
ﬁ»’m,v&l}’in‘v&l
1
where, for _j=1+5
o = H4+m+1 8 _ }»’”_m:
L 20+1 7 o1 N 204 1
1
jor j=1—5
H—m [I+m +1
= / ! — LA
o = B =

- =, J
tor V721+1 frr, + 1 W 20+ 1
Solving the Shrodinger equation,one can get

[J(J-I-l}—l(l-i-l)-z-]

2

E=(N+%)hm+€

B 3
R, i(r)ocr’e 2 F( —n I+ E,a:zra)

The target nucleus excitation is caused by exciting valence nucleons in the
different states according to the shell model. We onlv consider the neutron
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excitations and make use of the particle number picture in the calculation of the

single particle matrix elements.
For the sake of simplisity,we assume that the radial wave functions are
n =n =10, I =1l=10

and the nuclear states are only changed by
Al =1, Anr=ﬂ, orAn =10, Al= -1

Therefore,the target excited states are only ¢;and s,.

1 -
C ! 2
Al=1, al=hcu+5=4UA P4+ 104 3
C -t 2
Al= -1, s, =ho—> =404 3 104 3
. 1
Jor J=I—5

C -1 -2
Al=1, & =hw—§~=4ﬁA ¥1— 104 °3

1

-
By

, c B 2
Al= -1, ez=hw+5=4ﬂA 3 4104
The reduced mass is approximately equal to neutron mass.After averaging
the the initial states and summing the final states,we can approximately get

for the odd neutron numbers
2

a- W%F{V:[E: dcz....f (“a,m, Xiem, + ﬁ:.-r+1ﬁr+ Lm, o1)
+ E; df—l.w, (az,m, Ee + Bz.u,nﬁz—l.m,n)zj
VB, @Bl * i, Bl
+ E': d?—l,m‘ (a:_ Lo, +1ﬁim, at a:m, ‘8?— e n

for the even neutron numbers

m - N
J = {E, [d Vv | ——{ a
‘ 22+ l)nhzkzqa t im, U 4G+ 1) L, 4 L,

+ﬁl,m:+lﬁl+l.mf+l)
v [3@;=1) 5

tm =1 1) 4{(;4 1) i+lim,
/3 2

1

+d

Lm,

[ 2
+di,n‘+1V1\f 8jaf.mr+1ﬁf+l,m{+lj
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. [3Qi+ 1)
+E, - dl’—l.mf Vn\f’ 4,2,— 1 X, T v, +B:,.,+lﬁ:—l.m,+1)
f3@5i+ 1)
+d:-1,m,-1V1\;“8J(24_Tja:—l.m,ﬂr,m,
[3 2
. 1
+dl’—1.m,+lVi-J8Jaf.m,+lﬁl—l,m',+l} !
where, )
. jfE-—gl N ) f’E—az
E =(2E—Ei)\f 7 E, =(2E—82)"Vj 7

F U+ 1)2—m,

d =
m,oooN (21 12+ 3)
(3) Calculation and simplification of 69,59,

The probability of escaping the preequilibrium emission and the forming
compound is D(n,C),so the probability in preequilibrium process is given by
d =1-DQ2.C)
» :

6’, =1—-D@,C)
In the general case,we have

L<i_, L~02-0441,
So we can appreximately get

)

2

6, ~1—expl— ZAL(i()i)}
fm2 2

Afml

W
L
5~ 1-expf— ¥ 28
im) '1 + 2 (I)
AfmZ
Only cosidering neutron and proton emission,we take it assumption that
neutron formation cross section ¢ is constant and the proton formation cross
Vc
section is ¢ | 1~
e Eb

).In terms of Marshell Blann formulaf6], and setting n

6 (iu = 2,0r 3),we get

=1

2
MU M VE.LN | SRR I PR RAEN b
o A ,,0 8 e 6
Afwm2
. 5 B 2 B }
y -_-L_(")_=4G_£_|:(1__ML) +(1_LV“) ]
- i, ,® £+ B, E+ B, E+ B,

where,B,is the (n,2n) separation energy,G is a parameter,V is coulomb po
tential,
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(4) Calculation and simplification of P :EQ P :a

The first step in the inelastic scattering process and the second step in the
compound decay or the preequilibrium emission process can be schematically

represented by
nEY+ AQ)~ A(E— E Y+ n(E))

1G (B,E E)
(A—n{E—-B,—E —E)+n(E)

where branching ratio G,(E,E,E,) is the probability that the remaining nu-
cleus only emits a neutron.s= E—E,is the excited energy of the target. The

Marshall Bann formulal6] is written as
p(s—>E2)= C"Ez(su EZ)(n“ —n)
where C_ =1/ g"is normalizated constant in [0,s],{e = 5,,015,) .
L 1- B, /e

PEQ n

: TL 4L, (-B,/a+0-@B,+V)/s

G
P 7 pes E NG dE
WBPB_’ 2 2 2
- W .2 W._\* 2W W W
e L R e R (e B AR |

E
where, setting n = 2.
For the compound decay,the projectile neutron energy distribution is

approximately given[1—2] by
81
Pl(E—bEl}m—lz—E e &
9 3
1

1
Pz(E—’Ez)=—'2—E2€ 2
92
where E,and E,is the energy of the first and second projectile

neutron,respectively.
1

1 .
9__(‘6)5 g = E—Bz—zﬂ'l 2
=l ) s .
F F|

a,is a level density parameter 1-3..
50 _ L' _ 292
2 L +1L e
" g 292+(292+ Vc)e 5,

0 ¥, 50
P, =IW; P(E~E)G, dE,
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»

EQ . _X;z * — ¥y
=G X = A+ X e

where,
- * |"r——;—‘ * W:
W‘, =ﬁ—82,82 = ;——;X' - * 3(iJJ=2‘3)
2 ﬂA ‘ g .
(5) Calculation and simplification of P;m P f,f P ::f ,and Pf:i

The processes of incident neutron n{E) being absorbed by target A (0}, then

emitting two or three neutrons can be schematically represented by
G (E.E )}
n(E)+ AQ)~ (4 + n)E + B )——— + AE = E)+nE)

iGz(E,El,Ez)
(A — n}(E—32 - E —E2)+ n(Ez)
£G3(E,EI,EZ,E3)
(Ad—2n0E—~B,—E —E —E)+nlE)
For the preequﬂibrium emission, we use Marshall Blann formulael6] fore

the first two terms
p=6C E (E—E)+20CE (E~-E)

w;‘&eiv-e,(f3 =3/ SE3 and €, = 2/ 5E° are normalizated constant in [0,E]

{I)ForE (B,,
PEQ W, W, -8
P, =j‘ﬂ p(E—»El}G(E,EI)dEI}-U P G(E.E ,E E,

2 2 ;
7 10.6Y,0-27)

TE A E-V )20, +Q8,+V e
- -2
~ 36X Y (- Y ) 436X - X, —2Y, + Y, X))
—A X e Tm IR 12X M6+ X, —2X )
G X, X e 042y, 0 1)
5 -1
— 040 -7, —8X ¥, (1-37,)
-2
F8X X, - 6Y, +3X, ¥ )
-2 -X,, -3
— 83X, 1+ X ) + 16X, (126X, + X}
-3 -X
—6X (243X, + X Je )
EQ

p? " p ¢ EENE | VP GELE E,IE
2 | I S i | 14y 2 il Rl 2
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) 26, 20, o
-V /8 -V /8
20 +Q6, +V e T 20,4 @8, + ¥ de” T

i
3

y 29
g g

12

where, W,=E,W_=B-B_,Y=W_/E (m=23,4)

W
¢ iy i=1234 ;= 12) 6=606,/@® -9,

is

(I} For E {B,,
Assuming that the first and second projectile neutron is emitted at the same

time, we get
PEQ L 4% W, -8
P = jII pE—E )G (B.E)DHE | P G(EE ,E)E,
EQ ¥ ¥i-%
Po=], PIGI(E,El)dElju P,G(EE .E)E,

The calculated result is obtained by replacing Y,X,,,X,in Pjland
PIFQwith Y ;,X,,,X 5, respectively.

(Il ) For E> B,,

In this region,we must consider the competionof o ,,.

aﬁ.Zn (E > 83)= Gu.ZN (E > 83)“ an,in( < BQ)
0, nis the sum of(n,2n} and {(n,3n) cross sections.

(IV) For E> B,,
In this region,we must consider the competion of o ,,.
auiu(E>B4)=au3N(E>Bﬂ)—an.h >B4)

0, 3xis the sum of(n,3n) and (n,4n) cross section.

The odd even effect of neutron numbers

Up to now,the odd even effect of neutron numbers have not been consid-
ered in systematics.Qur study indicates that the odd even effect of neutron
numbersis very important.It is that the calculated data are not agree with
the experimentaldata in the odd neutron numbers .As shown in Fig 1-5 .
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The contribution of direct reaction to the (n,2n) cress section

In our study,we find that the calculated data are not agree with the experi-

mental data with the incident neutron energy incressing,it means that the con-

 tribution of the direct reaction to the (11,2n) cross section in this region can not
be ignored.As shown in Fig 6—10 .
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