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The 1984 Seminar on Nuclear Data was held on November 13 to 15, 1984
“in Tokai Research Establishment of JAERI, by Japanese Nuclear Data
Committee (JNDC). The seminar was divided into seven sessions dealing with
the following subjects: (1) Nucledr data activities, {2) Nuclear data for
nuclear fuel cycle, (3) Nuclear data for reactor design, (4) Nuclear data
evaluation, (5) Fission phencmena, (6) Utilization of nuclear data in other
fields, and (7).Poster session: Nuclear Data Files Available from JAERT
Nuclear Data Center. This seminar was planned to invite a few experts on
nuclear data from the Asian-Pacific region. Unfortunately, ne one could
participate in the seminar from abroad, but some papers were contributed

from both China and Australia. These contributed papers are included in

the Proceedings.
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SESSION 1 Nuclear Data Activities

1.1 Activities of Japanese Nuclear Data Committee

Kichinosuke HARADA
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

Activities made in the Japanese Nuclear Data Committee are briefly
reviewed. It is over twenty years since JNDC was organized, and so, in
this opportunity, development of JNDC is recollected. Recent activities
are also presented focusing the discussion on the evaluation work for
JENDL-3. Nuclear data measurement activities in Japan are gradually

increasing recently. Activities in each organization are introduced.

1. Introduction

The Japanese Nuclear Data Committee {(JNDC)}, organized in February
1963, is a standing committee of the Atomic Energy Society in Japan. The
committee is concerned primarily with the activities related to the nuclear
data of interest to the development of the nuclear energy program. The
committee has at present the follewing substructures: an executive
cormittee, three subcommittees on ''nuclear data", "reactor constants" and
"uclear structure and decay data", ten working groups under the
subcommittees, and three individual groups for CINDA, WRENDA, and the
compilation of the Japanese Evaluated Nuclear Data Library (JENDL).

The operation of the committee meetings and the activities of the
working groups are sponscred by the Japan Atomic Energy Research Institute
(JAERI), however, the whole activities of JNDC are largely supported by the
voluntaries of its members. The Nuclear Data Centre of JAERI has been
taking charge of the secretariat of JNDC.

In this report, development of JNDC is reviewed chronologically.
Recent activities of JNDC are also presented. There have been many
activities, but the report will be focused on the nuclear data evaluations.
Recent activities on nuclear data measurements in Japan are briefly

introduced.
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2. Chronological Review of JNDC Activities

Research on the nuclear data in Japan had been carried out through
measurements before the Japanese Nuclear Data Committee (JNDC) was
organized in 1963. 1In the application fields such as reactor physics,
reactor engineering, etc., on the other hand, researchers had used some
foreign nuclear data files whose sources were not always evident. Those
data files irritated researchers who wanted to investigate problems deeply.
They felt that it was necessary to have their own data files so that they
could research and discuss matters on the basis of them.

JNDC was organized in order to collect, compile and evaluate the
nuclear data, and to provide them to users. Its first project was to
calculate unknown nuclear data theoretically. OQur gevermment supported
this project, and supplied it with a research fund for peaceful use of
nuclear energy. JNDC utilized this fund to develop some nuclear model
codes for calculation of the fast and thermal neutron cross sections, and
to study various models, systematic trends of their parameters, etc.

In parallel with this project, JNDC organized study groups for
collection and compilation of resonance parameters, and for studies of
group cross-—sections. Meanwhile, TAEA invited our delegate to the
International Nuclear Data Scientific Working Group (INDSWG) which was the
former committee of the International Nuclear Data Committee (INDC). In
January 1966, Japan joined the Compilation Center for Neutron Data (CCDN)
of European Nuclear Energy Agency (ENEA) and the European American Nuclear
Data Committee (EANDC). They are now replaced by NEA Data Bank and NEANDC.
Thus, JNDC took part in the international activities of CINDA and REKDA as
well as exchange of numerical data and their information. During this
periocd from 1963 to 1966, JNDC held Seminars on fast neutron cross sections
twice, but few domestic data were presented. This period was the cradle

for JNDC.

After this era, some members started nuclear data evaluations partly.

63

They made evaluation for the 27Al(n,a), S6Fe(n,p), Cu(n,2n) and

65 . . . .
Cu(n,2n) reaction cross sections, total cross section evaluation of

, . . . . 238
carbon, calculations of inelastic scattering cross section for U and
capture cross sections for Cr, Fe, ¥Ni and Mo, etc. These works stimulated -

all members to do evaluations systematically. Taking these progresses into

account, the committee set up working groups for evaluation of 235U, 238U,
239P 240Pu, Ni, Fe, Cr, Na and O nuclear data, and for evaluation of

3
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fission products nuclear data. These were followed by the work for
JENDL-1.

Studies on group cross sections were also promoted., JAERI-Fast-Set
was compiled to calculate the fast breeder reacter characteristics. Group
cross sections of fission products were obtained for the thermal reactor
calculations. These works were transfered to the subcommittee on reactor
constants to promote works such as compilation of group cross section
library, benchmark calculation, etc.

The Nuclear Data Laboratory of JAERI was established in April 1968 to
play a role of the domestic nuclear data center and of the window for
international cooperatica. It transfered its activities to the Nuclear
Data Center in 1976. The latter includes atomic and molecular data
activities, too.

JNDC held seminars on neutron cross sections in 1968, 1969 and 1972
respectively. Many works made by the committee members were presented in
these seminars. About ten years had passed, since JNDC was organized.
During this period, the committee members could reserve their potentials
for making their own evaluated nuclear data library. They made storage and
retrieval systems for experimental neutron data, processing codes for
experimental and evaluated data, nuclear model codes, etc. Thus the
project of JENDL-1 started in 1974.

Since 1975, JNDC has exerted its efforts to make JENDL-1, JENDL-2 and
JENDL-3. JENDL-1 was released at October 1977, after testing its
reliability through benchmark tests. It was very important backup that the
users consented to use JENDL-1 as the domestic standard nuclear data
library. This fact stimulated evaluators to produce JENDL-2.

JENDL-2 was released at December 1982. Tt includes 170 nuclides, 100
of which are fission products. JENDL-2 was used for analyses of a large
fast breeder mockup experiments which were performed as a cooperative
project between Power Reactor and Nuclear Fuel Development Corporation
(PNC) and Argonne National Laboratory (ANL). Results were excellent, and
the reliability of JENDL-2 was proved. Evaluation of fission products for
JENDL-2 was completed very recently. Benchmark tests for the data will be
scheduied soon. JNDC is now doing evaluation work for JENDL-3. Socme
details will be given in the following section. Table 1 shows a rough

chronology of JRDC activities.
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3. Recent Activities of JINDC and JAERI/NDC

Structure of JNDC as of 1984 is illustrated in Fig. 1. The Committee
is convened twice a year to discuss future plans of working-group
activities as well as to examine the activities already made. The Steering
Committee meets about ten times a year to promote plans of the Committee
and Subcommittees, to discuss every problem on the activities of the
Working Groups, and to furnish advice to the JAERI Nuclear Data Center on
the business of the secretariat. Working Groups have about one hundred
meetings a year. They have worked in cooperation with the Nuclear Data
Center to evaluate nuclear cross-section data for JENDL-3, to test
reliability of the JENDL-Z data, to evaluate nuclear structure and decay
data, and so forth. Counceling Committee is convened two to three times a
year in order to check and review the activities of the Committee from the
viewpoint of long-term strategy.

Evaluation work for JENDL-3 started at April 1982, and is scheduled to
be completed by the end of March 1987. JENDL-3 is planned to contain about
180 nuclides, including about 100 fission product nuclides. Energy range
of the data is from 10_5 eV to 20 MeV.

JENDL-3 includes all the quantities contained in JENDL-2. In addition
to these, photon production data for some nuclides are newly compiled.

They are Li, Be, C, 0, Na, Mg, Al, 5i, Ca, Ti, Cr, Fe, Ni, Cu, Zr, Nb, Mo,

235U, 238U, 239Pu and 240Pu. Evaluation work for the

Eu, Gd, Hf, Ta, Pb,
data of 1Li, Be, C, Al, Si, Fe, Nb, Mo, Gd, Hf, Ta, 238U, 239Pu and 2I‘OPu
has been advanced in order to look for the evaluation methed and to
investigate the calculaticn procedures. At present, the data for these
nuclides are partly compiled in the ENDF/B-V format.

Raising the quality of the evaluated data is one of the important
purposes in the JENDL-3 plan. Stress has been put on the improvement of
the inelastic scattering cross sections and their angular distributions in
the high energy region, and the secondary neutron production cross sections
such as for the (n,2n), (n,np) and (n,na) reactions. These data play an
important role in the fusion neutronics calculation. JENDL-1 and JENDL-2
were poor for this peint. Hence, the re-evaluation is planned for the
nuclides relevant to the fusicn neutronics calculations.

Japan-US cooperative experiment in simulated fusion blanket assemblies
using JAERI FNS (Fusion Neutronics Source) started in 1983. For the

analyses of the experimental data, evaluation has been performed for four



JAERI-M 85-035

light nuclides (6Li, 7Li, 12C and 160) and three structural material
nuclides (Cr, Fe and Ni)}. The data set including new data of these seven
quclides is referred to as JENDL-3PRl (the first preliminary version of
JENDL-3). Recently, the data of 9Be have been evaluated and added to 1it.

Evaluation of the actinide nuclear data is promoted. Simultaneous
evaluation among U and Pu isotope nuclear data has been carried out by
applying covariance data. Am and Cm isotope nuclear data have been
obtained mainly on the basis of nuclear model calculations. As for the
fission product nuclear data the JENDL-2 data will be mostly transfered
to JENDL-3.

Benchmark tests for the JENDL-2 data have been made on the problems
¢£or fast reactors, shieldings, etc. A computer code was made for the
sensitivity analysis of group cross sections by applying generalized
perturbation method. Application of covariance matrices is planned for the
future benchmark tests.

Evaluation of nuclear structure and decay data has been promoted. The
results of the mass chain evaluation for A=126 and 128 were published in
Nuclear Data Sheets 36 (1982) 227 and 38 (1983) 191, respectively.
Fvaluation for A=124 and 129 was finished, and the results were submitted
to be published in Nuclear Data Sheets. Work for A=118, 120 and 122 has
been continued further.

Fission Product Decay Data Library has been made for summation
calculation of decay heat. It includes the decay data for about 1,200
fission product nuclides. -One of the characteristics of this Library is to
adopt the theoretical values for the average beta- and gamma-ray energies
released per one disintegration for all nuclides with QB-Values larger than
5.0 MeV as well as for short-lived nuclides with no experimental
information. The gross theory for beta decay was applied to estimate the
average energies.

This Library gave very good agreement with the experimental beta- and

239Pu and 235U, except for a

gamma-ray components of the decay heat for
1ittle discrepancy around cooling time of 1,000 sec. In order to look for
sources of the discrepancy, evaluation and reevaluation of the decay data
have been carried out for some questionable nuclides such as 88Rb. Agreement

between measurements and calculations is partly improved.
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4. Measurements Activities in Japan

Several accelerators and neutron generators for nuclear data
measurements are in operation stage, in Japan. They are (i) 4MV Van de
Graaff and 300 kV Cockcroft accelerators at Electrotechnical Laboratory,
(1ii) intense fast neutron source FNS, Electron Linac and Tandem at JAERI,
(i1i) Electron Linac at Kyoto University, (iv) 2MV Van de Graaff at Nagoya
University, (v) intense neutron sourse OKTAVIAN at Osaka University, (vi)
4.5 MV Dynamitron at Tohoku University, (vii) 3.2 MV Pelletron accelerator
at Tokyo Institute of Technolegy, and so forth.

Nuclear Data Measurements: pertaining to fission reactors are as

follows.
JAERT Linac Group has performed the fellowing experiments:
1) Neutron capture and transmission data of 135Ba, 137Ba and 138Ba have

been measured with a 5002 large liquid scintillator and a 6Li glass
detector. Multi-level Breit-Wigner formula was used for analysing
individual resonances.

2) Transmission measurements om 1228n were performed below 30 keV.
Resonance parameters were obtained by using a shape analysis code

SI0B.
: 155 157
3) Average capture cross sections of Gd and Gd were measured from 1

keV to 220 keV,

4) Radiative widths of 85Rb and 87Rb were deduced by analysing the
resonance capture yields.

5) Resonance parameters of 183W were obtained up to 1.1 keV from the
transmission data.

6) Total cross sections of 181Ta and 238U have been measured from 24.3

keV to 1 MeV.

At the Research Reactor Institute of Kyoto University, total cross
section of Cr below 1 keV has been measured using a 22m TOF spectrometer.
They also measured total cross sections of 8i at 533.5 keV and 146 keV and
232Th below 300 eV. Measurements of the half-lives, B- and y-ray energies
and intensities, coincidence relations, QB—values, life-times of excited

levels etc. have been performed for several nuclides of neutron rich

fission products far from stability using a helium jet type on-line isotope

separator.
Tohoku University group has measured fission cross sections of 232Th,
238Us 237NP and.243Am relative to 235U fission cross section from 1.5 to 15
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MeV, using paraLlei plate back-to-back fission chamber. They also measured
absolute fission cross sections of 232Th, 238U and 237Np around 15 MeV.
Transmission measurements have been carried out on 232Th from 0.05 to 10
MeV, and on Fe and Ni from 0.3 to 1.1 MeV. Double differential cross
section and the (n,n'y) reaction cross section for 2 2Th were also
measured.

At Tokyo Institute of Technology, they have measured gamma-rays from

neutron resonances of 285i, 56Fe, Mo, 93Nb, lélPr, Ingb, 1651—10, 181Ta and

197Au. Measurements were performed by using the 3.2 MV Pelletron
accelerator.

For fusion research, the following measurements have been carried out.

At the Faculty of Engineering in Kyushu University, the energy
spectrum and angular distributions of protons from the 93Nb (n,p) 93Zr
reaction at 14.1 MeV have been measured with a position semsitive counter-
telescope.

Double differential neutron emission cross sections for 6Li, 7Li and
Pb have been studied using 4.5 MV Dynamitron accelerator at Tohoku
University. Measurements for 6Li and 7Li were performed at 4.2, 5.4, 6.0
and 14.2 MeV, and for Pb at 15 and 18 MeV. Studies of the (n,n'y) reaction
have also been done for 7Li at neutron energies between 0.63 and 1.39 MeV.

Double differential neutron emission cross sections at 14 MeV incident
energy have been measured for many nuclides using the intense pulsed
neutron source, OKTAVIAN, at Osaka University. They obtained the data for
D, Li, Be, C, 0, F, Al, Si, Ti, Cr, Mn, Fe, Ni, Cn, Nb, Mo, Pb and Bi.
Nagoya University group has a plan to measure the activation cross sections
of molybdenum isotopes using the OKTAVIAN.

Joint program of universities on cross-section benchmark has performed
the neutron emission spectra from lithium sphere of 40 cm diameter using
TOF techniques for 14 MeV neutrons from the OKTAVIAN. Analysis is now in
progress using the evaluated nuclear data of JENDL-3 PRl and ENDF/B-IV.

At JAERI, integral experiments with simple geometry and composition
have been carried out using the intense D-T neutron source facility, FNS,
for the purpose of examining the evaluated nuclear data. JAERI group has
measured angular dependent fast neutronm spectra leaking from the central
part of cylindrical slab of lithium oxide system with different thickness.

Comparison with the two dimensional transport calculation showed some

systematic deviation.
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Neutron scattering experiments using the JAERI Tandem accelerator were
began at October 1983, and many neutron nuclear data measurements are
planned. Fast neutrons below 20 MeV are generated by the D(d,n)3He
reaction and neutrons above 20 MeV are from the 7Li(p,n)7Be reaction. In
order to make efficient measurements, they use mainly an array of four
NE213 liquid scintillator detectors of 20cm¢x35cm placed in the detector
shield system which is mounted on a large rotatable platform. The timing
and shielding properties of the neutron time of flight spectrometer were
examined by observing neuttrons from the 27Al(d,n)ZSSi reaction at Ed=10 MeV
and the 28Si(n,n)zgsi reaction at En=l3 MeV. Result of the examination
proved that the system is very useful for the fast neutron detection,

Then, differential cross sections for the scattering of 12.8 MeV neutrons
from,zssi were measured. Inelastic cross sections leading to the first 2+
state at 1.78 MeV and the 4+ state at 4.62 MeV were measured simultaneously
with the elastic scattering. The experimental data were analyzed in terms
of the DWBA theory and the coupled-channel formalism.

For heavy ion experiments, the scheduled operation eof the JAERI Tandem
accelerator started on September 1, 1982 and has been continued over 17
months on the basis of 120 hours a week. They have extracted reasonable
amount of negative iom of 72 elements from the direct extraction
duoplasmatron scurce, Heinicke-Penning source and Hiconex sputter—cone
source, and already tried to accelerate 26 kinds of them to date. They are

now usable for experiments.

5. Conclusion

Main activities in JNDC at present are the nuclear data evaluations
for JENDL-3. This project is scheduled to complete by the end of March,
1987. JNDC has to explore the post-JENDL-3 plans soon.

Nuclear data measurement activities in Japan are gradually increasing.
However, the bulk of the experimental data which have been used in the
evaluation work for JENDL are supplied from the NEA Data Bank.

It is evident that only one country can neither measure nor evaluate

all needed nuclear data. Hence the international cooperation should be

highly appreciated.
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1.2 The Recent Activities of Nucleaf Data in IAE

Wang Da=Hai

Tnstitue of Atomic Energy, P.O.Box 275, Beijing, Ching

Abstract
Chinese Nuclear Data Centre (CNDC) was founded in 1975.
The recent activities of nuclear data in IAE are described.
The emphasis is placed on the evaluation activities, measure-
ment activities and international co-operative efforts.

1. The evaluation activities

May be you have known, CNDC was founded in 1975. Since then the
asctivities om nuclear data compilation and evaluation have been
purposively and gradually developed. A co-operation network
involving some Institutes and Universities in China has been
organized under the co-ordination of CNDC.

In order to meet the requirements of the development of nuclear
technology in china, Nuclear data compilation and evaluation in
various fields including neutron nuclear data, charged particle
nuclear data, photonuclear reaction data and nuclear structure and
decay data were carried out (1). Ve concentrated our effort on
the ewaluation of some most important nuclides such as standard,
fissile., fertile, fusion and structural materials, etc. During
past ten years, evaluations of nentron nuclear data for all reac-
tions have been carried out in the energy range from thermal up
to 20 MeV for about 30 nuclei. It is expected that the first
version of CENDL would be finished in next year. Some evaluated
data of ENDF/B-1V from IAEA/NDS will be as & part of the CERDL to
form the complete set. Since last year, another 20 nuclei have
been planned to be evaluated and it is expected to be included in
the new version of CENDL.

The covariance file must be established in the evaluated data
library. For this purpose, a generalized approach and codes for
data treatment are under studying. Especial efforts have been made
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to solve the problems which usually faced in the data treatment
considering covariance of the experimental data, such as the
calculation of reciprocal of high order matrix (2). It is expected
that a covariance file will be included in new version of CENDL

in near future.

A group mat TAE is engaged in fission product yield data evaluation.
Three versions of evaluated data have been issued, including following
procesges asi

™232, (F), (H);

ue33, (F), (H), ©235, (®), (#), U238(F), (H);

Np23T (F); |

Pu239 (F), (H); Pu2dt (T), (F);

Am241 (T}, Am242m(T);

Cm245 (T)3

cf249 (1), C£25% (T);

Es254 (T),
(The words T, F and H denote the thermal, fission spectrum and 14
MeV neutron respectively). The processes evaluated by TAE group
are about one half of the processes which have been evaluated by
Meek and Rider. In recent years the TAE group has paid attention
to resolve the discrepancies of some fission product yields, for
example, yield of Mo 99, and to study the neutron energy dependence
of some fission product yields.

A theory group in CNDC is engaged in nuclear data calculation
with model theories, such as optical model (including spherical
and deformed), direct interaction theory, statistical theory
(including H-F theory and evaporation model), pre-equilibrium
emisaion theory, H-matrix theory, resonance group theory, three
body reaction theory of light nucleus and phase shift analysis etc.
The codes are being reviewed with the aim to improve the agreement
hetween the calculated and experimental data and to get various
unified codes applicable for different nucleus domain,The influence
of the Pauli exclusion prineciple and Fermi motion on the calculated
shape of angular distribution for both the pre-equilibrium and
equilihrium decay of the neutron induced reactions have peen studied.
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The agreement between the calculations and experiments have been
improved on a series of elements., BRBased on this approach, a code
for double differential cross s:ction calculation 1is being deve—
loped. Some studies on underlying theory are alsc belng carried
out. For example, the microscopic theory of the nuclear optical
potential has heen studying. for recent years. the agreement .
between theory and experiments can be obtained satisfactorily
without adjusting any parameters. It i3 a preliminary attempt

t0 get the agreement between theory and experiment without
adjusting any parameters.

A group worked on the group cross section generation and integral
teat is devoloping the codes for thermal neutron reactor and fasg
neutron reactor multigroup c¢ross section generation and for
calculating integrnl quantities. Codes Will be used to get group
constants from evaluated microscopie cross section and to do
integral test directly,The experimental nuclear data (EXFOR format)
storage andretrieval system, evaluated data (ENDF/B-1V format)
management system and neutron nuclear data evaluation system have
been developed on PLP11/70. A large computer of syber 170/825 in
IAR is under operation. It will be used for CNDC.

2. The measurement activities

The nuclear data rmeasurements have been carried out in TAE for
meny years. The neutron cross sections, secondary neutron energy
apectrum, fission croas sections,¥ value, charged particle
resction cross segciions etc, were measured, The main facilities used
for them are a naavy water reaearch reactor, a Cockeroft-Walton,
a small Van de Graaff electrostatic accelerator and a variable
energy cyclotron,The specifications are given in Tabh. 1.

The reacior was reconstructed af the beginning of 1980°5.

14

n/sec.cm2

The neutron flux in the core is upgraded to 2.8 x 10
14

at power 15MW instead of the original specifications as 1.2x10
2 ” . . . .
n/sec. em” =zt 10MW. It i3 used for fission proceas study and

capture gamma ray spectroscopPys. The main research work at reactor
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at present is the neutron diffraction and inelastic scattering on
condensed matter. )

The Cockereft-wWalton is used for the fast neutron TOF spectros-
copy and gamma ray production process by uging of associated
particle timing method in T{d,n) reaction. The neutron fluence
is about 5.101On/ﬁec in maximum.

Tha Van de Graaf? (2.5MV) is used as a monochromatic neutron
source using T{p,n). nld,n). Li(p,n) and T{d,n) reaction for
activation cross section measure ments and fission process
measurements. Besides the neutron physics, this machine is also
used for ion beam analysis, such as PiXE, RES, channelling effect,
reaction analysis, ultra-sensitive mass gpecirometer and sO OR.

The AVF cyclcotronm with the diameter of pole piece l.2m has
been used for charged particle induced nuclear reaction and for
fast neutron spectroscopy for many years. The maximum flight path
of the fast neutron TOF spectrometer is 2,5M, The intrinsic
modulation is used for timing and 3%ns beam pulse width is obtained.
The gas target, D(d,n) reaction is used as neutron source for
multi-fleV neutron production.

In order to extend the capability of nuclear research &t I1AE,
a large tandem accelerator of type HI-13 purchased from HVEC is
being installed. It is expected that this machine will be put into
operation in the amiddle of next year. The installation and testing
of the accelerator and the construction and installation of the
experimental equipments are being carricd out intensively. The
main specifications of this acceleratcer are shown in Tab. 2.51ix
beam lines with eight target ports are planned in first stage.The
layout of the tandem Laboratory is shewn in Fig. 1, Tha experimsental
room 1 with thicker shielding is mainly used for fast neutrun
nhysics study, room 2 is used for charged particle reaction study
and room 3 is used for both nuclear physics study and some
apnlication work,

The main experimental equipments at this tandem are as follows:

1) Fast neutron TOF spectrometer: It will be lnstalled ia room
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1. It consists of two parts: a measuring platform with maximum

flight patn up to 6M and a three detectors' complete shielded
detector assembly. The platform can be rotated from -100 to -165C.

2) Scattering chambers: There will be two scattering chambers
in room 1 and 3 respectively. The larger one with diameter L m in
room 3 is used tu detect the in-plane or off-plane reaction
products using multidetector system. A smaller one with diameter
60 cm in room L with a TOF arm is used for heavy ion reaction study.

3) A Gl20L type Q3D magnetic spectrometer purchased from
Scaditronix will be installed im room 2 as the main tool for
charged particle reaction study both for light and heavy ions.

4) In-beam gamma ray spectrometers: BGO compton suppressed
Ge detectors and a large Nal(Tl) detector with plastic
anti-coincidence shielding will be installed.

As a part of the project to measure the nuclear data at IAE,a
100 MeV high current short pulse electron linac is being developed
in IAE. This machine will be used as a white neutron source
for neutron nuclear data measurements. Now, a 14 Mev prototype
linac has been completed. The designed parameters of 100 Mev
linac and the specifications of the 14 Mev prototype limac are

shown in Tab. 3

Some experimental results obtained in recent years at IAE
will be presented as examples.

1) Fission cross section

The fission cross sections for several actinide nuclides,

such as 252,238y and 239Pu have been measured in neutron energy
regioms including 0.03~1.5 Mev, 3-6 Mev and 14~18 Mev. Relative
measurement and absolute measurement using the long counter,
hydrogenous prognﬁional counter, recoil telescope and the
asgoclated particle with correlation technique for the neutron
flux determination have been developed. The fission cross section
of €39pu in neutron energy region 1-5.6 Mev, and the absoclute
measurement of fission cross section of 235U and 239Pu by 14.7Mev
neutron is shown in Fig.2. (3) (&)

2) The average numbepr of prompt neutrons
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The average number of prompt neutron Vp and the distributions
of prompt neutron number probability P(y) for spontansous flssion
of 240py, 24%eom and 2L*L"Cu_:l.re].z;ltiva to Up (252¢f) have been
measured using a large gadolinlum -loaded liquid scintillation
counter with a coincidence method (5), Recently, the dependence of
y with the atomic number of the fragments in the spontaneous
fission of 292¢Cf has been measured by the multi-parameter
correlation measurement of the fission fragments, fission neutrons
and the K X ray of the fragments. The result is shown in Fig 3.

No odd-even effect in the dependence of I with the atomic number
is observed (6),
3) Fission neutron spectrum

The spectrum of the spontaneous fission neutron of 222Cf
measured by using of TOF technique 1s shown in Fig 4 (7), 1t could
be wall defined by a Maxwell distribution in the energy region from
0.45-10.5 Mev,

) Reaction cross section
The reaction cross sections measured by activation method

for (n.n') (n.p) (n.x) (n.2o)---- process on a number of
nuclides have been carried out in the energy region available at
I4AE (81 The recent measured result for the production c¢ross
section 0f195mPtin energy region from C.2-1&Mev is shown in
Fig.5 and some experimental details are listed in Tab.u.(gl It
ig seen that there is a dip on the excitation function at the
energy near 6-8 Mev. It could be explained by the decreasing of
the (n,n') cross section and the threshold effect of (n,2n)
reaction. Obviously, further measurement is required.
5) Elastic scattering cross section
14.2 Mev neutron elastic scattering differential cross
sections from 238U were measured atCockcroft-Waltonaccelerator.
The result is shown in Fig.6(10) and has been analyzed in the
frume work of couple channel optical model. The calculation
reproduced wéll the experimental result.
6) Gamma ray production cross section
The gamma ray production cross sections have been
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measured by a complete shielded Ge (Li) detector at l4.1 Mev
using the associated particle gated timing method. The gamma
ray are measured at 5959 and the integrated cross section are
deduced by Hﬁ%%%(550)- Some results have been published. The
agreement between expsrimental and evaluated value was
reasonable 11,
7} Absolute Determination of cumulative yield
A group of IAE measured the absolute cumulative yields

of several nuclides (92Zr, 99Mo, libog ot al.) from thermal
neutron, fission spectrum (12), 14.9 Mev neutron,(13) and
spontaneous fission neutron of 252¢f (14) ipnduced fission of
235&, 238y respectively. The yield values are found to be in
agreement with most reported values within: error limits,
%. Academic activities and international co-operations

Besides the nuclear data evaluation one of CNDC's duty
is to organize the nuclear dJdata conference in china atter an
interval of some years. Fourth conference on nuclear data was
held in winter of last year. CNDC also takes responsibility for

international iniformation exchange and cooperation. The
information has been exchanged between CNDC and NDS. NNDC,JNDC,

and 80 Oni.

CNDC has taken part in the international co-operative effort
on Nuclear Structure and Decay Data evaluation. Since last year,
the evaluations of mass chain A=55 have been finished by Drs.
Zhou, Ho, and Lu with the help of NNDC. Three other mass chains
of A=51,54 and 56 have been assigned to china. According to the
agreement with Dr. Pearlstein (the Director of NNDC), ten amass
chaing will be assigned to China and would be finished by about
19488.

. A contract of scientific co-operation between IAE and NDS on
the neutron nuclear data evaluation for Pransplutouium has been
signed. According to this contract, experimental data evaluation
with complement of model theory calcuiation and integral test
will be done by a CNDC group.

* CNDC intends to accept the NDS' suggestion about that "CNDC
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consider to maintain a specialized data file on fission-product
yield data in order to issue in regular intervals a compilation
of recommended value similar to the well known Meek and Rider
file",
* A CPND group has been organized by CNDC. The first CPND
group meeting was held in Shanghai on oct. 11-14, 1984.They
plan to compile all CPND measured and evaluated in china in
EXFOR and submit to NDS and to compile some charged particle
induced neutron production reaction data irrespective of the
country of origin of the data.

As you know china has been ithe member state of IAEA. It is
expected that the CNDC' international co-operation on nuclear
data will be developed more extensively.
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Table 1

Energy

Beam lines Main equipments

AVF cyclotron

Van de Graaff

Cockeroft-Walton

lHeavy water reactor

Pvdro(

n

3-15MeV
4-14MeV
8-28MeV

0 ¢3-2 - 51‘1&‘[

0.2-0.5MeY

thermal

TOF neutron spectro-
méter
Multi-detector sca-
ttering chamber
TOF charged particle
gscattering chamber
Neutron source
Scattering chamber
with magnetic ana-
lyser for miclear
reaction analysis
Channelling effact
PIXE
RES
Mass spectrometer
TOF neutron spectro-
meter

Nal and Ge(ld) dete-

ctors for gamma
ray measurement
produced in fasi
neutron reactio:
Neutron capture ¢
gamma ray spec-—
troscopy
Figsion study
Diffraction spectro-
meters
TOF neuwtron spec-
trometer
Tri-axis speciro-
meter
Be-filtered speclr:.
meter
Neutron activntion

analysis



rerminal voltage range
Terminal voltage stability
Analysed beam current at 6M beyard switching

DC proton

DC helium

DC heavy ion beam for most probable

charge state
Pulsed proton beam
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Table 2

Yoltage
ulse w
Peak cu
Bepetit
Countdo

idth

rrent

ion frequency
wn factor

Table 3

3-13MV
1.0kV

10pA at 7.5MV
SuA at 13MY
O.5puA at 13MV

0.2puA &t 13MV for By
127,

0'1RFA at 13MV for
4MV 13MV
2ns ins
0.5mA 1mA
4Mliz 2MHz

i,1/2, 1/4, 1/8,....1/128

Designed parameters of 100MeV electron linac:

Energy of electron

Beam pulse width

Beam current

Repetation rate

Frequency of microwave

Number of accelgrating wvave guide
Output energy of electron gun

Specifications of 14MeV prototype:

Energy of electron

Beam pulse width

Beam current

Repetation rate

Frequency of microwave

Number of accelerating wave gulde
Output energy of electron gun

100K eV

10ns 1000ns
104 300mA
1000pps

2B856Mlz

5 sections

120keV

14MeV
20ns

44

50{300) pps
2856MHz

1 section
80keV
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Heutron Lnergy

Neference renction

. neaction Threshold
, N

L

104Pt(n,¥ )195mPt

[
"5py(n,nt)  0pt

19654 (1, 2n) 1 97Ppt ~BMeV

0. 1 44-—1MGV
2-6MeV

8,6MeV
12-18MeV

197 pu(n, ¥ 1 198
1151n(n.n‘)115m1n

27Al(n,ci )24Na
PBNbln,2n) b

P{g,z aFmanXeraTorRetrE
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been measured in the energy range 0.124 to 15.0 MeV using the time-of-flight
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1.3 Scome Aspects of the Nuclear Physics

Program at Lucas Heights

J.W. Boldeman
Auétralian Atomic Energy Commission Research Establishment
Lucas Heights Research Laboratories, Private Mail Bag
Sutherland, NSW 2232, ABustralia

252

Fission Neutron Spectrum from the Spontaneous Fission of Ct

The fission neutron spectrum from the spontaneous fission of 2520f has

method. Seven separate measurements covering the energy range 1 to

15 MeV

were performed with an NE102 plastic scintillator. Preliminary data from

2)

. . 1
the first six of these measurements have been reported™ '"’. For the energy .

range 0.124 to 2.6 MeV a ®Li enriched glass scintillator was used.

The data

have been finalised and a paper describing the measurements and outlining

all sources of error has been submitted to Nuclear Science and EngineeringB)

It has been found that the spectrum can be represented fairly

3

accurately by a Maxwellian distribution, N(E) = AE"exp(-E/T) in which the

experimental value for the average energy E = 3T/2, is 2.136%0.019 MeV.

Figure 1
7 together with the fitted Maxwellian distribution.
experiment are shown in Figure 2,

normalised between 0.95 and 1.35 MeV.

shows the experimental data between 1 and 15 MeV for experiment
The data from the °Li
together with the Maxwellian distribution

In Figures 3 and 4, the experi-

mental data divided by the fitted distributions are shown as a function of

energy for experiment 7 and the bri experiment respectively.

In the energy

range 0.8 to 15.0 MeV, the experimental data are consistent within the

experimental accuracy with the Maxwellian shape.

For the data below 0.8 MeV

there is evidence for a negative deviation of the order of 5% between 0.4

and 0.8 MeV.

2.

Prompt Neutron Emission Parameters

There has been renewed interest in the neutron emission probability

distributions following spontaneous and thermal neutron-induced fission

because of the relevance of such data in neutron coincidence counting sys-
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233 2

U, 235U, 39Pu and

252

tems. The experimental data for neutron fission of

Z%lpy and for spontanecus fission of zunu, 24254 and Cf previously

reported have been revised and extended by some unpublished data. A paper
listing the new data has been submitted to Nuclear Science and Engineering.

239

3. The Fission Barrier for Th
Fission fragment angular distributions for neutron fission of 2307 in
the energy range 680 to 1100 keV have been published some time ago4}. S

comprehensive analysis of these data and the measured fission neutron cross
sectien from Blons et al.s) were also presented in the paper. The calcu-
lated fission cross section using the fission barrier parameters of Table
3.1 is shown in Figure 5 for the energy range 680 to 1100 kev and in
Figure 6 for the region of the large resonance near 715 keV. In Figures
7 and & the experimental data for the fission fragment anisotropy are
compared with calculated values for the respective energy regions. 1In the
analysis the large resonance at 715 keV was interpreted as a vibrational
resonance in the third well of a triple-humped fission barrier. A triple-~
humped fission barrier had been predicted for nuclei in the vicinity of
23°Th6) if asymmetric distortion were included in the calculation of the
potential energy surface. Since the nuclear shape associated with the third
minimum in the potential energy surface violates reflection symmetry, the
fission channel represented by a single particle excitation coupled to a
collective rotation splits into a parity doublet in which the separation
between the two rotation bands (ignoring rotational terms) is specified by
the tunnelling between the two asymmetric shapes. &An important feature of
the analysis was the need to use parity dependent signs for the magnitude
of the Coriolis decoupling parameters for the two K = 1/2 rotational bands.
The question of a triple-humped shape for the fission barriers of the

7,8,9)

thorium nuclei has been a controversial subject for some time The

controversy has been exacerbated by some differences i the anisotropy data.
For example, on the low energy side of the resonance, the data of Leroux

et al.m) disagreed with our own. More recently, the data from James et al,

11)
were in agreement in detail with our measurements. & further criticism has
been the difficulty of realising adeguate energy resolution in Van de Graaff
accelerator experiments.

Because of these criticisms the original experiments are being repeated.
The ernergy calibration of the 3 MV Van de Graaff accelerator has been based

9 28 o

. 6 . .
on resonances 1n 32S, Be, ! 0 and Si. 1In particular, all measurements 1n

the present program are preceded and ended by a measurement of the total
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cross section of %S at 724.8 kev. Conszequently, the neutron energies
used in the experiment are determined with a precision of better than #0.5
keV. Furthermore, the energy resclution for each measurement has been
determined experimentally by a measurement of the total cross section of
325 in the vicinity of the resonance at 58&.9 keV. BAt this stage in the
measurement program, the data previously published have been confirmed.
The fission barrier parameters presented in ref. 4) still provide the best
fit to the experimental data.

2520f (sE) *

4. On the Effect of Scission Neutrons on v (a) Data feor

In measurements of v{A), the neutron emission from individual frag-
ments, the scission neutron proportion enters via the correction that is
applied to the measured data on account of the neutron detection geometry.
The scission neutrons are assumed to be emitted isotropically in the
centre of mass system (CMS) of the compound nucleus, while the 'fragment’
neutrons are emitted in the CMS of the fragment and are thus peaked in the
fragment forward direction.

It is of interest to determine the variation of v(a) data as a func-
tion of this scission neutron proportion. The interest is both inherent
in the problem and alsc because the V(3) shape itself can be used as a
check on the adequacy of calculations of the neutron energy spectrumlz).

We have re-analysed our v(a) data for 2%20¢ (of) (ref. 13) to examiné the
effects of various assumed scission neutron proportions. In ref. 13) a
scission neutron proportion of 15% was used and the scission neutrons were
assumed to have an energy spectrum similar to that of the fragment neutrons.

The scission neutron proportions FSIS assumed were 0, 5, 10, 15, 20
and 25%. Figure 9 shows the results for FSIS = 0, 10 and 20%. For an FSIS
change from 0 to 20%, v(A} increases by 5.3% at A = 124 amu and decreases
by some 50% at 130 amu. The changes are less at the v(d) ocuter extremes,
viz, a decrease of 3.4% at 90 amu and an increase of 0.6% at 160 amu. The
changes in sign of the correction to v{(B) as B increases across the V(A)
curve are to be expected from the nature of the neutron geometry correc-
tionl4).

Figure 9 also shows the results for v OT(A), the neutron emission from

T

two complementary fragments. The changes in v OT(A) are uniformly less

T
than for v(&). For an FSIS change from O to 20%, AuTOT(A) equals -2.3% at
130 amu, +0.6% at 148 amu and -0.5% at 160 amu. AvTOT(A) has its maximum

value of -2.9% at symmetric fission.

*To be published in J. Nucl. Sci. and Eng.
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5. variation of Even-0dd Effects in v({A) with Excitation Energy
3)

s , . . . 1 .
The variation with excitation energy of fine structure reported in

252Cf(sf) has been examined. The method is to set windows con the

v{a) for
v(3) and Y(A) data which are parallel to the contour lines in the EL vs
mass surface. This procedure is similar to that used by Fraser, Milton
et al.lS) to highlight their 2320fF (gf) Y(A) fine structure. The window
radii are varied from 9 to 25 MeV. Thus the procedure examines how the
v(B) and ¥Y{a) fine structure vary simultaneously as the total excitation
energy E* decreases.

The results show that the Y{A} fine structure becomes more prominent
as E* decreases, a phencmenon which is well knownl6). Blsc, the amplitude
of the v{a) fine structure increases as E* decreases. This occurs for

each of v_, v__ and Vv . Further, the structure consistently occurs at the
L H TOT17)

expected mass locations . This variation confirms that the fine struc-
ture in v(a) data is related to even-odd Z effects.

The increase in amplitude of the v({(A) fine structure is also apparent
when linear windows of EL = constant are applied to the data {(Figures 10 and
11}.

The trend with excitation energy observed in this work appears to be at
variance with the 'cold fission' data of ref. 18) which found no even-odd
233,233

7 effects at very low excitation energy for U(n,£).

6. The Mass Resolution Correcticn in Double-Energy Fission Measurements
The limitations of mass resclution in double-energy fission fragment
measurements have been examined. The measured mass yield curves were then
corrected for mass resolution by two methods:
(i} Five-element Operator Method
The measured yield at a given mass is a linear combination of the
source spectrum over some range of masses. One calculates the
inverse of the linear operator to recover the source spectrum as
a linear combination of the measured mass yields for some selec-
tion of neighbouring points.
(ii) Iterative Methed
The essence of an iterative method can be seen by following one
cycle of iterations. The approximate form of the spectrum
generated in the previous cycle is folded with the known resclu-
tion function to produce a set of predicted yields. The predicted
yields are compared with the measured yields and the discrepancies

are used to generate a corrected form of the spectrum for use at
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the next iteration. Figure 12 shows the results obtained after

239Pu(n,f) data of ref. 195. The opera-

five iterations for the
tor method giwves similar results. B2 fuller discussicn is given
in ref. 20.

7. Valence Neutron Capture in s- and p-wave Resonances in 325

The valence model of resconance neutron capture describes the transi-
tion of a wvalence neutron outside a cleosed shell nucleus. The strength of
the transition is dependent, inter alia on the single particle character
of the resonance and final state. For the resonance state, the reduced
neutron width is a measure of the single particle strength, with maximum
values occurring for s-wave resonances in the B “50 region and p-wave
resonances at & 20. However, in 325, both s- and p-wave rescnances with
large reduced widths occur in the same nuclide.

We have further investigated the role of the valence model by time-of-
flight measurement of capture y-ray spectra from neutron resonances at <100>
and <200> keV so as to compare the widths with the calculated partial
valence widths.

The partial El widths of valence transitions were calculated following
Allen and Musgrove21) using the spectroscopic factors for 32S(d,p)ass and
the well established level scheme. Partial El widths for the valence transi-
tions T:U were calculated at <100> and <200> keV and compared with the
observed partial widths.

<100> keV. There is a large error (#2 eV) in the total radiation width
measurement of the 102.7 keV resonance (because of the uncertainty relating
to the contribution of scattered neutrons to the capture yield} which is
three times higher than the actual value of the radiation widths of the p3/2
rescnances. After subtraction of the calculated p3/2 valence comporient to
the ln = 0,2 states and assuming M1 transitions to the En = 1 group can be
neglected (cf. 202.6 keV y-ray spectrum), the spectrum can be ascribed to
the single 51/2 wave resonance without a gignificant change in the uncer-
tainties.

sl/z wave resonance. The calculated and experimental widths are com—
pared in Figure 13 where a 200 to 500 meV non-valence width contribution is
deduced. The correlation between the observed and valence widths,
p(rku'FXu) = 0.89 (8D = +0.07,-0.21) is consistent with a major role for
s-wave valence capture in the 102.7 keV resonance. The error is the stan-
dard deviaticn of the correlated distribution 'calculated for the appropriate

sample size using Fisher's transformation. The uncertainty associated with
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the error in Tku is calculated to be *0.33.

For the EY = 5.5 to 7.0 MeV region, rku =4 FXU = 0. The corresponding
final states have very low spectroscopic factors and the results are as
predicted in the theory of valence capture.

p3/2 wave resonances. The sum of the partial widths of the ground and
first excited state at <100> keV is about four times larger than the total
radiation widths of the p3/2 waves. These transitions, after subtracting
the calculated p-wave valence component, give an upper limit for M1 transi-
tions from the sl/z resonance. It is found that the <Iy(E1)E;3> value
{averaged over the Rn = 1 group) is about ten times higher than the
<I (Ml)EY > value (average of the ground and first excited state). This
result is very much greater than the interpolated value of 1. 5 from the
systematics of Kopecky.

<200> keV. TFor the ground and first excited state, TAU equals TXU
within the experimental error. 2 transition to the 1.968 MeV level would
have M2 multipolarity and is not cbserved. Transitions to levels at
2.313 and 2.869 MeV are El and have FKU = qu = 25 meV. The valence and
observed partial radiation widths are shown in Figure 14, and their correla-
V) = 0.96 (SD = +0.11,-0.34).

Au
A larger sample size can be achieved by combining the five El transi-

tion is p(T u,I‘

tions at <100> keV with the four El transitions at <200> keV. For this

XU) = 0.88 (sD = +0.12,-0.34),

including the error (%0.24) arising from uncertainties in TAu

group the valence correlation is p(Fku,F

These results provide confirmation of the valence theory for a limited
set of partial radiation widths from the strongest s- and p-wave reduced
neutron width resonances in ilg,

8. Evidence for valence Transitions in Neutron Capture

Gamma-Ray Spectra in 88sr

The ground state of 88, has a closed shell of 50 neutrons and the
ground and first excited states of ®%sr have strong d%/; and sl/; single
particle configurations. Further, the p-wave strength function is large
and intermediate structure in the p3/2 strength function is observed at
7300 keV. These conditions are ideal for the manifestation of valence
resonance capture. Indeed, large initial state width correlations
p(rk /T } have been reported which support the valence thecry. However,
the contrlbutlon of prompt resonance scattered neutrons to the observed
yields may not have been adeguately determined, and measurements of capture

y-ray spectra are required. To this end, we have measured resonance y-ray
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spectra with a Nal detector and report on partial width correlations,
particularly in the 300 keV region.

Partial widths are deduced for spectra taken at <287>, <321> and <336>
keV, and are compared with wvalence widths calculated after Bllen and
Musgrove21). Valence widths to the higher excited states are an order of
magnitude too low, explaining the lack of significant correlations for
these states. However, the ground and first excited state widths are in
good agreement with valence expectations.

There are similar numbers of resonances in the <287>, <321> and <336>
keV groups and Zrlu is comparab}e for the higher excited states. We can
therefore assume that these widths represent the summed statistical contri-
bution ZFiu and determine k = Zfiu(nEi)_l. The curve ZI‘}\u = ZF¥u+(knE$) can
then be cbtained which fits the data in Figure 15 rather well.

If the adopted p3/2 resonance radiation widths are too large because
of neutron scattering effects, the calculated valence widths would also
become too large. However, the partial width correlation is independent of
the magnitude of the total radiation widths. We find this correlation to
be large and highly significant, p(zrku,zrgu) = 0.88 (SD = +0.05,-0.08),
and in confirmation of the role of the valence capture mechanism for these
strong 93/2 resonances in °°Sy. Similar results pertain to other resonance
groups, particularly at <13> and <122> keV,.

Ahove 400 keV, valence capture should be dominated by pl/z resonances,
S0 a reduction in the ds/z transition strength would be expected. The s'/»
strength should increase because of the very strong resonances at 513 and
520 keV (p?/2) and 521 keV {p°/:), but this does not occur. Instead, the
strength to the weak dajg, 5/2 states at 3.2 MeV increases. These observa-
tions are consistent with the radiative decay of a p-wave doorway state
such as 3 ® a®/; to final states of vibrational character.

d 141

9. Gamma-Ray Strength Functions in 13574 an Pr

*41lpr are both magic isotones with N = 82 neutrons.

lqoLa, 1%2py correspond to proton

Lanthanum~-139 and

Low-lying states in the compound nuclides

spin fragmentation of the 2n==3 and, at higher energies, the Rn = 1 neutron

configurations.

a 1k1

Higher resolution thermal capture y-ray spectra in 13%1a an Pr,

*¥%La all showed apparently

10 to 70 keV and 210 keV neutron capture in
anomalous y-ray strength to the low-lying Rn = 3 states. Both initial and
final state resonance correlations were small' and no evidence of valence

capture was found. It appeared that neither statistical nor valence models
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could account for these data. Because the energies of the enhanced transi-
tions are comparable to unperturbed p-h energies for El transitions, a
2p-1h mechanism was proposed.

To investigate this hypothesis, further measurements of capture Y-ray
spectra were made at average neutron energies of <180> and <270> keV in

4lpy, preliminary

13%1 . and at <35>, <270>, <725> and <1075> keV in
results being reported at the 1981 Grenoble Capture Gamma-Ray Sympesium.
In that paper, the need for more accurate level density data was recogrised.

39 b1 . .
1 d 1*'py reveals increasing

The cumulative level count rate for La an
numbers of missed levels (dotted curves in Figure 16). The corrected level
distributions can be determined using the constant temperature Fermi gas
model evaluated at 1 MeV and at the neutron binding energy to determine the
temperature T and pairing energy Eo' The cumulative number of levels up to
excitation energy E and the s-wave resonance density at binding energy Bn

are given by

I+1%

+
1 1
N(E) = Z f(J)exp[(E—EO)/T]+C; o =3 ; = f(J)exP[(Bn-EO)/T]

J © J=I-%

T

Cumulative number of levels versus excitation energy are calculated for
thermal and keV capture and plotted in Figure 16. Note that for s-wave
thermal capture, El.transitions to the final states with J = 2 to 5 are
possible. Transitions to all levels are coensidered in keV capture.

We define the v-ray strength function, SY = EIY(ncﬁﬁ)"l, where ZIY is
the E1 transition strength in a 300 keV y-ray energy interval, n, is the
corrected number of levels in 300 kev, EY is the average y-ray energy and n
the exponent characterising the strength function. The influence of the
giant dipele resonance on the El strength function can be described by the
classical Lorentzian line shape, for which the Axel approximation is made.
However, a more accurate estimate of +the GDR contribution in the threshold
region is obtained with an energy dependent exponent, L = n(EY), calculated
from the GDR parameters for La and Pr.

The different strength functions for La are shown in Figure 17, each
curve being normalised to the same area. Overall, the Lorentzian strength
functions fit the keV capture y-ray distributions in Laand Pr quite well,
but the thermal result for La remains anomalous (Figure 17).

The data are now adequately accounted for by the influence of the GDR

in the threshold region and there is nc need to invoke a non-statistical

capture mechanism.
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Table 1 Barrier parameters for double parity fit (MeV)

4i2/2g = 1.85 keV, o =

-1.1 positive parity,

o = +1.1 negative parity
™

K Fy EllT E_ ﬁmB ﬁmIII ﬁmc

1/2 6.068 5.585 6.339 0.60 0.51 0.70
172" 6.071 5,588 5.342 0.60 0.51 0.70
1/2° 6.010 5.745 6.490 0.75 0.51 0.65
3/2 6.050 5.700 6.490 0.60 0.95 0.73
372”7 6.080 5.730 6.520 0.60 0.95 0.73
1/2" 6.185 5.795 6.530 0.60 1.00 0.70
1725 6.205  5.815  6.550  0.60  1.00  0.70
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SESSTON 2 TFuel Cycle Activities and Nuclear Data

2.1 Requirements on Nuclear Data for Fuel Cycle Activities

Shojiro MATSUURA
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

Nuclear fuel cycle activities out of reactors include various kinds of
works, such as enrichment of fresh or recycled uranium, fabrication of U02
or Pqu—UO2 fuel, transportation and storage of fresh or spent fuel,
reprocessing of spent fuel, waste management and disposal, and nuclear
safeguards.

In spite of the variety in the works, the major purposes for the
nuclear data requirements are rather common with the exception of those in
nuclear safeguards and nuclear incineration. Nuclear data are generally
required to analyze the criticality safety, the radiation safety, and the
thermal safety in an activity at issue. Most of the nuclear data used for
criticality analysis are common with those for reactor analysis. For
analyses of radiation and thermal safety, it is required to identify and
quantify the major sources of neutron, gamma and nuclear heat due to
spontaneous fissions, (a,n) reactions and disintegrations. The important

232U 237N 238P 241 242C 244

isotopes are u, Am, m, Cm and some fissicon

3 3

products. These requirements may evolutionally change in future depending

on the fuel cvcle systems and the scale of activitdies.

1. Introduction

Recently, about twenty giga watts of electricity are generated by
nuclear power reactors in Japan, and a gradual increase of the amount is
planned. Most of all reactors are light water reactors, and the main fuel
fuel fabrication from imported UF

cycle activities at present are UO gas,

2 6
spent fuel storage, and transportation of spent fuels from power plants to
reprocessing plants. It is inevitable in rather near future tc complete
the domestic fuel cycle activities in a considerable scale, and

preparatory works for it are being widely and intensively promoted.
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Many review works have already been done to identify important nuclear
data for nuclear fuel cycle activities. Many papers were presented at the
IAEA Advisory Group Meetings on Transactinium Isotope Nuclear Data at
Karlsruhe (1975) and on Fission Product Nuclear Data at Petten (1977).
Besides, H. Kuesters et al.l) presented a general and comprehensive review
paper at 23th NEA/CRP (1980). The JNDC organized a working group in 1981
in order to review and identify key nuclear data for nuclear fuel cycle
activities and the result obtained by the working group was compiled as
JAFRT-M 99932). The essential points of the work was presented by H.
Umezawa3) at the Antewerp Conference (1982) on Nuclear Data for Science and
Technology.

In this short article, the author will present an outline of mass flow
of nuclear material in a fuel cycle of light water reactor, then an example

which shows an importance cof nuclear data on a deployment of a fuel cycle

activity.

2. Mass flow in LWR fuel cycle and key isotopes

Present light water reactors utilize UO2 or Pqu-UO2 as their nuclear
fuel, and a typical system of related nuclear fuel cycle activities is
formed as shown in Fig. 1. Nuclear fuel material flows through the system
along the paths marked with arrows. Raw nuclear material, U308’ is
supplied from minning and milling activity to the system. Radioactive
waste which is separated from useful fuel material in the reprocessing
process is removed from the system. Main components of the radicactive
waste are fission product isotopes, transactinium isotopes, and various
substance contaminated by them. A domestic fuel cycle is not completed yet
at present. Most of spent fuel assemblies withdrawn from power reactors
are sent to overseas reprocessing plants or stored in spent fuel ponds at
the reactor sites.

After completion of the fuel cycle in future, uranium and plutonium
extracted from spent fuel will be recycled to power reactors. Many
transactinium isotopes included in radioactive waste have very long
half-lives, therefore it is advocated to separate them from fission
products and to incinerate them for diminishing long term environmental
risks. Some basic researches are being carried out on the nuclear data of

transuranium isotepes to evaluate the possibility of incineraticn process.
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Most of requirements on nuclear data concerning fuel cycle activities
out of reactors come from demands of safetv analyses of the activities.
Although the system of fuel cycle consists of various kinds of facilities
as shown in Fig. 1, major common safety problems among them are criticality
safety, radiation safety, and thermal safety. Nuclear data relating to
these problems are required. Important nuclear data for criticality

. . 235
analysis are neutyon cross sections of major heavy isotopes, such as U,

238U 239Pu 240Pu 241Pu and 242P

s s s u. They are common with those which are

used for design and analysis of reactors, and there is no particular
requirement at time being. The essential nuclear data for analyses of
radiation safety and thermal safety are decay scheme, half-life, energy
yield, and branching ratio of each important fission product or heavy
isotope. Besides, most fundamental nuclear data are those which determine
the generation of the important isotopes during reactor operation, and
several examples of the analyses are presented In the succeeding article by
Y. Naito.

Examples of precise and comprehensive measurements are very scarce on
LWR fuel assemblies burned to the designed limit. At present, the amounts
of isotopes in a spent fuel are estimated by using burnup calculation code,
such as ORIGENA), of which validity has been partly examined through
comparisons with results of burnup measurements,

Table 1 shows the approximate amounts of heavy isotpes which are
contained in spent fuel assemblies annualy removed from a 1000 MWe PWR with
the average burnup of 33000 MWD/tHM. These figures were based on the
calculatajon by ORIGEN-IL. It is recognized that considerable amounts of
minor heavy isotpes are contained in those spent fuel assemblies.

Key isotopes for analyses of radiation and thermal safety are
indicated in Tables 2, 3 and 4 for the cooling times of one and ten years.
More than ninety percent of radiation and heat are generated from those
isotpes. The key isotopes are several fission products and minor

238Pu 24_1A 2420m and 244C

heavy isotpes, such as s m, m. Attention should be
paid to neutron generations from spontanecus fissiions and (o,n) reactions
of minor heavy isotopes, because neutron shielding problem becomes
important in some cases of spent fuel handling; The amount of neutron
generation steeply increases with fuel burnup. Table 5 shows a part of
results of recent measurements made by Tanaka et al.s) at JAERT. The

results indicate a sharp increase of neutron generation with burnup.
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2338
The kev isotopes except 3 Pu can be separated in reprocessing plants
and removed from the fuel cycle. Therefore, important recycle isotopes are

238Pu and 241Am which is the decay product from 241P

u. Other possible
important isotopes in fuel recycle are 232U and its decay products. The
amount of 232U is very small, but it can not be separated in reprocessing
plant. A significant effect to the future fuel recycle due to
contamination by 232U is concerped because of the strong gamma radiation

from the decay products of 232U.

3. An example of nuclear data importance to a fuel cycle strategy

In a deployment of a system of fuel cycle activites, following four

major stages are generally stepped;

(1) Assessment of the fuel cycle strategy,

(2) Conceptual design and system analyses,

{(3) Safety analysis, detailed design, and construction, and

(4) Operation and maintenance.
The first stage is stepped ten or twenty years earlier than the real
introduction of the facilities, and the second stage five or ten years
eralier. Precise nuclear data are required at the third and fourth stages,
while most of requirements are generally satisfied by the data wnich have
been obtained for the first and second stages. It should be noted that
nuclear data play significant roles at the first and second stages. Such
an example can be observed on the data concerning 23 u.

The basic fuel cycle strategy of Japan is the light water reactor
system followed by the liquid metal fast breeder reactor system. Recently,
a rather long extention of the light water reactor era ig anticipated. 1If
such a situation is inevitable, & large scale recycle utilization of
reprocessed products, uranium and plutonium, in light water reactors should
become very important.

A concern related to the recycle of uranium is the strong gamma

radiation due teo 232U which is slightly contained in the reprocessed

product. A daughter isotope of 232U, 208Tl, is a strong gamma radioactive
isotpe. According to the specification applied to the input uranium to a
re—enrichment plant in the United States, the content of 232U is limited
less than 110 ppb of 235U in order tc avoid radiation hazard in an

enrichment plant. The specification value approximately corresponds to 1.1
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X 10—3g/tU in case of low enriched fuel. This is very severe limitation.
The isctope 232U is produced through the chain shown in Fig. 2. In
this chain, the reaction 237Np(n,2n)236Np is key reaction, and the
adegquancy of the nucléar data of the reaction is recently argued6). A
comparison between measured values and calculated values is shown in Table
6 for the end point of irradiation in a reactor. The amount of 232U
increases with time due to the decay of 236Pu contained in the spent fuel
and in some cases, reprocessed uranium might be rejected from enriched
plants. The table shows that the nuclear data relating to the 232U
production could become one of key parameters to decide the future fuel

232U and 236Pu in spent

eyele strategy. The example of measurements of
fuel are scarce at present, and any final comclusion has not been obtained.
The example of 232U shows an importance of works which identify and
clarify the key issues for assessing the future fuel cycle strategy.
Particularly, the followings should be much more encouraged,
(1) sensitivity analysis which identify the most important nuclide and
nuclear process for each fuel cycle facility as well as the overall
fuel cycle, and

(2) validation of nuclear data and analytical method by irradiation

experiments and measurements of spent fuel.
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Table 1 Annual Mass of Spent Fuel from a 1000MWe PWR

(Burnup: 33,000MWD/tHM)

Total ~ 30t
Pu ~ 280kg
Np ~ 15kg
Am ~ 4kg
Cm ~ 1kg
FP ~ 1t
U Rest

Table 2 Important Heavy Nuclides for Neutron Generation

Spent Fuel from PWR( ~ 30GWD/tHM)

Cooling time . 1 year cooling 10 year cooling
spontaneous fission 24 Cm 24 Cp

2 —eee-

242 Cm 238 Pu
( @, n ) reaction 24 Cm 244 Cm

238 Pu 241 Am

Neutrons from spontaneous fissions are of order of 10°n/s tHM.
Neutrons from (c,n) reactions are about one tenth of those from

spontaneous fissions.
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Table 3 Important Heavy Nuclides for Heat Generation

Spent Fuel from PWR ( ~ 30GWD/tHM )

1 year cooling 10 year cooling
242 oy | 238 py
238 py 244
244 Cm 241 Am

~ 500\\'/th ~ 200W/tHM

Table 4 Important FP Nuclides for Activity and Heat Generaticn

Spent. Fuel from PWR ( -~ 30GWD/tHM )

1 year cooling 10 year cooling

144 pp/ 14 Ce Wy 05y

106 g/ 196 Ry 1378p, /137

134 Cs 134 Cs

137 Ba/ 137 Cs

Ny, % sr

~ 10 x 10° ~ 1 x 10° W/tHM
~ 2x 108 ~ 8 x 10° Ci/tHM
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Table 5 Example of Radiation Increase

Fuel Assembly A B C

Burnup 1.0 2.1 4.3
Gamma Dose Rate 1.0 5.0 9.3
Neutron Counts 1.0 35.4 481.0

(relative values to the fuel assembly A )

Measured by S. Tanaka et al. ( JAERI-M 82202 )
Estimated burnup of the fuel assemblies

Fuel assembly A : 8,400 MWD/tHM , 1440 day cooling
Fuel assembly B 18,000 MWD/tHM , 670 day cooling

Fuel assembly C : 36,000 MWD/tHM , 1270 day cooling

Table 6-1 Peruction of 222y during Irradiation

(x 107 g/tu)

Burnup Measurement Calculation
Cross section of 2% Np(n,2n)
(MWD/tHM ) PWR
{TRINO) KEDAK Paulsom & Hennelly
(agrt) (1973)

16,000 —_—— 0.28 0.11

20,000 0.33 0.40 0.20

24,000 0.70 0.69 0.30

28,000 ——= 1.01 0.42

Table 6-2 Increase of 232 after Irradiation

Cooling Factor
(Year )
1 1.00
3 2.46
10 ~ 15 3.42
30 3.02
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2.2 Evaluation of Isotopic Compositions in LWR Spent Fuel
Y. Naito

Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

The purpose of this work is to evaluate the availability of computer
codes and nuclear data libraries for estimating isotopic compositions in
spent nuclear fuel. The abstract of the computer code COMRAD and the
nuclear data library JDDL is presented which have been developed to
calculate the isotopic compositions in spent fuel. The sphere of the
accuracy of the computed results is evaluated by analyzing isotopic
compositions of LWR spent fuel with computer codes COMRAD, ORTGEN-1 and -2.

1
The computed results on 106Ru and 54Eu contents in spent fuel show much

differences from measured ones, and show different values on 85Kr and 1291
according to the computer code used. The COMRAD code with JDDL is also
applied to analyzing isotopic compositions in spent fuel reprocessing
plants. Using the computed results, gimple fitting formulas are introduced
to estimate isotopic compositions of actinide group and compared with
measured values of some reprocessing plants.

This work was performed by the Working Group on Evaluation for

Generation and Depletion of Nuclide of JNDC.

1. Introduction

Development of techniques to estimate isotopic compositions in LWR
spent fuel is very important for evaluating nuclear fuel cycle safety and
design. The purpose of this work is to evaluate the availability of
computer codes and nuclear data libraries for calculating isotopic
compositions in spent nuclear fuel. To do this evaluation work, a computer
code COMRAD and a nuclear data library JDDL have been developed and
evaluated on the accuracy of the computed results. COMRAD is a code for

calculating isotopic compositions in spent fuel and has almost same
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1)

functions as ORIGEN-2Z developed by Ork Ridge National Laboratory. JDDL

is a nuclear decav data library produced mainly with the Nuclear Structure
Data File (ENSDF)Z).

Figure 1 shows the flow diagram for evaluating the fuel depletion
codes. Check calculations of the COMRAD code with JDDL were performed with
measured data obtained from post irradiation test or reprocessing of spent
fuel.

This document will show the abstract of the computer code COMRAD and
the data library JDDL in Chapter 2, evaluation on accuracy of computed
results in Chapter 3 and estimation technique of isotopic compositions in

fuel reprocessing plants in Chapter 4. Finally discussion and remarks on

the above results will be done in Chapter 5.

2. Abstract on the computer code COMRAD and the data library JDDL

Figure 2 shows the flow diagram for the COMRAD code. As shown In this
figure, the code has following functions; build-up decay chain, calculation
of independent yield, neutron flux and burn-up quantities, isotopic
compositions, neutron emisslion rate by (a,n) reaction and spontaneous
fission, and radiation source intensities. To calculate the above
quantities with the code, four data libraries are required, that is, decay
data library (JDDL), burn-up dependent one group constants (ONEGL), {a,n)
reaction library (ALPHPIJ)} and spontaneous fission library (SPONTL).

Figure 3 shows the flow diagram for producing JDDL which is
essentially produced with ENSDF. For the first time, ENSDF is produced and
the preliminary decay data library PDDL is produced. ENSDF is a data file
of experimental data and not sufficient to produce the decay data library
for the COMRAD code. Especially, data of short life nuclides of ENSDF are
weak. Therefore, we added the data of short life nuclides contained in the
3 to PDDL. Fission yield data are also required for COMRAD
) and added to PDDL for completing JDDL.

JNDC library
and were produced from ENDF/BQ
Figure 4 shows an example of attachment of the decay chains of the JNDC
library to ENSDF's. Left hand side of this figure shows the decay chains
introduced from JRDC and were connected to the decay chains of ENSDF shown
in the right hand side of the figure.

Decay power due to 235U thermal fission was calculated by the COMRAD

code with JDDL. Computed results are shown in Fig. 5, comparing with
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experimental data5) and calculated ones with the decay chains contained in
ENSDF only. In this figure, the computed result by COMRAD with JDDL shows
good agreement with experimental data, and the one computed with only ENSDF
shows much difference from experimental data. This indicates the data of
ENSDF are not sufficient to calculate decay power of short period after
fission burst, and JDDL including the data of JNDC library is successful.

To calculate isotopic compositions in spent fuel, one group neutron
cross sections are required. Figure 6 is a flow diagram for producing one
group constants. To obtain one group constants, burn-up calculation is
performed with a cell burn-up code: With the burn-up dependent neutron
energy spectrum ¢g(B), multi-group cross sections are collapsed to omne
energy group. One group cross sections of the nuclides included in a cell
burn-up code are obtained by cell calculation and as to the other many
nuclides, almost 100 nuclides, one group constants are obtained with
infinite dilution cross section and burn-up dependent neutron flux ¢g(B).
These one group cross sections are stored to the library ONEGL.

In this code system, neutron energy spectrum may be inputed or one
group constants obtained by another method may be inputed directly. Now,
we have prepared one group constants for standard BWR and PWR calculation.
With the data of ONEGL, point burn-up calculation is performed with COMRAD.
For evaluating the cell burn-up calculation code which is used to produce
one group constants, isotopic compositions in spent fuel of PWR and BWR are
calculated and compared with measured data. As shown in Fig. 7-1 and 7-2,
computed results show so good agreement with measured one that we decided

to use energy spectrum of this cell calculation to obtain one group

constants.

3. Evaluation on accuracy of computed results

To evaluate the accuracy of the computed results by COMRAD, they were
compared with those by the ORIGEN-lé) and -2 codes, and with measured data.
Figure 8 shows decay heat of irradiated PWR fuel burned-up to 45 GWD/TU.
The computed results by COMRAD and ORIGEN-2 show almost same, but those by
ORICEN-1 show higher decay heat for fission products and lower for actinide
excluding U and Pu after 10 years cooling period. Figure 9 shows the
difference among the burn-up dependent fission product's concentrations

calculated by COMRAD, ORIGEN-1 and -2. The reasons of these difference
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mainly depend upon fission yield of each nuclides. As to the concentraticn
of 85Kr, however, the fission yield of ORIGEN is the lowest as shown in
this figure but the nuclide concentration shows the heighest values of the
three. This comes from the different decay chain of ORIGEN from those of
the other's. The nuclides shown in Fig. 9 are so important for
environmental assessment on nuclear fuel cyecle that the reasons of these
differences should be solved. Percent differences between measurement and
calculation are compared for atomic densities in a fuel rod of ROBINSON-2
reactor7). The computed results on Ru, Sb and Eu show much difference from
measured data. For actinide, atomic densities of even nuclides of mass
number were calculated less than those of measured ones. Figure 11 shows
the percent difference of atomic fractions calculated by ORIGEN—Z.from
measured data in spent fuel of QUAD-CITIES (BWR) and ROBINSON-2 (PWR)Y).
Atomic fractions of Pu and Am of QUAD-CITIES show much more difference than
those of ROBINSON-2. This means the difficulties of estimation of atomic
fraction in BWRs where are cross formed control rods and moderator wvoid

which affect strongly teo the neutron energy spectrum.

4. Estimation of isotopic compositions in spent fuel reprocessing plants

It is very important for design and safety evaluation of spent fuel
reprocessing plants to estimate the isctopic compositions in them. Figure
12 shows comparison of burn-up dependency of Pu to U ratio by fitting
equation with measured one at reprocessing plants. The fitting
coefficients are obtained by least square fit of computed results
calculated by COMRAD. The marks in the figure show measured data at
several reprocessing plants. With this figure, the ratio of Pu to U is
obtained with burn-up quantities in PWRs. The mark of Z in the figure
shows the data on spent fuel of the OBRIGHIEIM reactor whose initial
enrichment is 3.1 Wt %. 1In this case, measured data are fitted closely to
the fitting equation obtained with the computed results of COMRAD. Many
other data, however, fit not so good. Figure 13 shows the relation between
235U to U ratio and Pu to U ratio. The 235U to U ratio is propoticnal to
initial enrichment and decreases linearly with increase of Pu to U ratio.

With this figure, we can reject bad measured data. Figure 14 shows the

, 239 . , ,
relation between Pu to Pu ratico and Pu to U ratio. The relation seems

to be independent upon initial enrichment and the fitting equation can be



JAERI-M 85-035

expressed linearly to Pu to U ratio. With this relatiomn, 239Pu to Pu ratio
can be easily estimated with Pu to U ratio. Figure 15 and 16 show the
variation of 240Pu to Pu and 241Pu to Pu ratio wversus Pu to U ratio,
respectively. The ratio of 240Pu to Pu is expressed by second order
equation of Pu to U ratio and 241Pu to Pu ratio by third order equation
without depending upon initial enrichment. With these curves, we can

24OPu and 241Pu in spent fuel with given Pu to U

estimate the amount of
ratio within some accuracies. Every measured data are in the range of 3
times of standard deviation which is obtained with the difference of
measured data from the fitting curve.

Figure 17 shows an example of the application of the fitting equation
to different type PWR reactors where liquid poison is not used to
compensate reactivity loss due to burn-up. These are old fassionad
reactors, SENR, TRINO, YAWKEE and INDEIAN-POINT, where ligquid poison is not
used but control rods are used. This fitring curve, however, is prepared
for the reactors with liquid poiscn in the moderator. So that, the neutron
energy spectrums in these reactors are different from the one used to
obtain the fitting curve. This difference shown in thus figure comes from
the estimation error of the meutron energy spectrum. Figure 18 shows the
case of BWR's. 1In this case, there is much difference between calculation
and measurement than PWR's. However, we hope, better fitting curves may be

obtained by adjusting one group constants used for BWR' calculation.

5. Discussion and remarks

The computer code COMRAD and the data library JDDI. have been developed
to evaluate the isotopic composition in spent fuel and the availability of
them was checked by comparing the computed results with measured data. By

this work, followings were pointed out.

(1) Practical decay data library can be produced by attaching the decay
chains of the JNDC library to those of ENSDF.

(2) The computed results showed much differences in estimation of
2 1
important fission products such as 85Kr, ! 91, 06Ru and 154Eu
according to the computer codes used, and as to Ru, Sb and Eu, much

differences were appeared between calculation and measurement.
241P 242Pu 241Am 243

? 3 3

(3) The accuracy of the computed results on Am and

2440m are not sufficient to evaluate fuel cycle design. These values,



(4)

(5)
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however, so strongly depend upon neutron energy spectrum in the
irradiation field, that the improvement of them is not able to be
performed only by evaluating nuclear data.

A technique to estimate the isotopic composition of actinide in spent
fuel, was introduced and surveied the availability with measured data
of reprocessing plants. This technique seems to be useful to estimate
the composition in spent fuel within some accuracies.

For fission products, more precise fission yield data and decay data
are required, and for actinide, much more experimental data on spent

fuel are required to evaluate the accuracy of computer codes.
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STSSTON 3 Reactor Design and Nuclear Data

3.1 Thorium Loadad Reactors and

Nuclear Data Required for Their Design

Itsuro Kimura
Research Reactor Institute, Kyoto University

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

The nuclear characteristics of thorium loaded reactors are briefly
reviewed mainly from the standpoint of nuclear data. And then nuclear
data request for the design of these reactors are shown. TFinally recent
research activities of Research Program on Thorium Fuel in Japan are
introduced. In tables and figures, the newly evaluated nuclear data
library, JENDL-2 was mainly used.

1)

1. Introduction

Now about one fifth of electric power is generated by nuclear power
stations in Japan. An experimental fast breeder reactor, JOYO has been
successfully operated and the construction of a prototype fast breeder
reactor, MONJU was started recently. Although there still exist strict
discussion, argument and criticism about safety and economics of nuclear
energy, the uranium-plutonium cycle is progressively glowing and is expect-
ed to be an important energy source in the next (21st) century, or at least
in the biginning of the 21st century. On the cther hand, a huge effort is
being made to develop controlled fusion reactors CTR as the next nuclear
energy source for mankind. However, practical and economical CTR is thought
to be quite difficult to be buillt in this century without some revolution-
arily novel methods and techniques.

An attention was paid on thorium as a prominent fertile material which
could convert to a new fissile, uranium-233 (BsU), evenn in the cradle of
the nuclear energy history. At the first Geneva Conference on Peaceful
Uses of Atomic Energy at Geneva in 1955, the superiority of the Th-?*U
cycle in the thermal region was pointed out by many experts. Thereafter,
several attempts were realized to load thorium fuel into power reactors.

However, the activity to develop the Th-°*U cycle had been not very active
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until this was reevaluated in INFCE and was regarded as a hopeful alter-
native fuel cycle because of its excellent characteristics of nonprolifera-
tion ability. The most important highlight in this era was the operation
of the Shippingport reactor as the seed-and-blanket type thermal breeder
with 233U fuel. Thorium was also loaded in the cores of several high
temperature gas cooled reactors in USA and Federal Republic of Germany.

233

After this short term renascence for the Th-“°U cycle, circumstance around

this has become considerably cocled again except some persevering groups in
the world. The author believes that the fundamental study to develop the
Th-**U cycle for the next century has never lost the importance and this
must be the second candidate of nuclear energy source for the next century
as seen in Fig. 1.

In this paper, outline of thorium loaded reactors is reviewed and the
request to the nuclear data for these reactors is shown. At the end, recent
activities by Special Research Project supported by the Ministry of Education,

Science and Culture are introduced.

2. Thorium Loaded Reactors

2.1 Thorium Cycle

The actinide chain in the thorium fuel cycle is illustrated in Fig. 2.

2821 to fission through “*U is shown

In this figure, the main route from
by Gothic letters. The burdensome nuclide “*2U, because of high energy
gamma ray from its descendant 28Th, is generated by three ways from T

£ 234

and by one way from 2%Th. The production o U robs earnings of conver-

281 and worsens the neutron

sion or breeding to the prominent fissile
economy. Therefore, we ought to suppress the production of 22y and U in

thorium loaded reactors as low as possible,

2.2 General Features

Tt is said that thorium is approximately three times as abundant as
uranium in the earth’'s crust. But commercially available thorium resources

are less than uranium now. Bowie shows the NEA/TAEA estimation for these

two elements in the world outside of communist area as belowz):
U ( < $80/kg ) 1850 kt
Th ( < $75/kg ) 675 kt
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Another important feature for thorium resources is its different distribu-
tion on earth from that of uranium.

Thorium does not contain any fissile in it, so it requires some help

251 or PPy at least before production of new promising

233

of fissile like

2, U by a hybrid with a fusion system and by a

fissile Production of
giant accelerator has been proposed, however their feasibility is stiil
questionable.

Although the radicactivity of raw thorium is higher than that of
uranium, the radiological hazardous figures for the upstream of the thorium
cycle is almost even to that of uranium. On the other hand, the spent fuel
from the thorium loaded reactors emits more high energy gamma rays from
2871, but contains less trans-plutonium elements.

Main processes of the thorium fuel cycle technology are itemized in a

report of INFCE Working Group No. 8 as belowB):

(1) Mining, milling and conversion.

(2) Provision of fissile make up material (EU or Pu).

(3) Fabrication and transport of fresh fuel.

(4) Development of the fuel in the reactor.

(5) Transport and interim storage of spent fuel. (For "Once-through"
case, it is stored for much longer time or forever.)

(6) Reprocessing spent fuel.

(7) Fabrication of recycle fuel.

(8) Waste treatment, storage and disposal.

2.3 Distinct Features of Nuclear Data

Nuclear data for important nuclides in the thorium fuel ecycle have
been investigated in cooperation with Dr. T. Asami of Nuclear Data Center

in JAERI. Most of these data are given by JENDL—Zal

¥y are compared with those for two

At first, the nuclear data for
other important fissiles 2By and *PPu. Thermal cross section data and
resonance integrals are tabulated in Table 1. In order toc see general
shape of each cross section data from 0.0%1 eV to 20 MeV energy dependent
cross sections were averaged over into 150 energy intervals. Average
fission, average capture and average eta (n) for these three nuclide are
shown in Figs. 35, when 7 1s the number of neutrons per one neutron capture;

_ VOf
Gf + UY
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and is related with the potentiality of breeding or conversion, From these

23y is larger than

233

table and figures, it can be seen that the n value for

those for U and “°Pu below a few 10 keV except two rescnances for Pu.

Therefore thermal or intermediate breeders can be achievable only for the
8y case. Another feature pointed out from Table 1 is relatively small B
value, which is close to that of 3py,

In the second place, the nuclear data for two major fertile nuclides
22rh and “®U are shown in Table 2 and in Fig. 6. The average fission

cross sections for both nuclides are also shown in Fig. 3. From these

232

table and figures, we can see that (1) the OY value for Th for thermal

28y (2) while the I, value for 2327

region is much bigger than that for ,

238

is much smaller than that for U, and (3} the average fission cross sec~

238U .

tion for “Th is as about one forth small as that for By the large

232

capture cross section for Th in thermal region, a thorium loaded reactor

requires more fissile content and inventory at the first stage. Flux

peaking may be higher in this reactor.

233 239

Pa and ““Np are

233

The nuclear data for two intermediate nuclides

compared in Table 3. More than 10 times longer half life for Pa than

that for “®Np, together with larger 0y(2200) and Iy, brings about dis-
advantageous loss of fissile and then reduction of breeding or conversion.

233

On-line reprocessing or at least separation of Pa in a molten salt

reactor may improve this factor.

In Table 4, nuclear data for 6 fertile nuclides are compared. Re-
matkable differences can be seen among 3 nuclides, 2y, 2%y and *°Pu, which
are produced from fissiles by parasitic capture of neutrons. The OV(ZZOO)
and Iy values for **U are much smaller than those for szu, which means

235U

rather lower recovery from ~'U to the fissile than that for #*Pu to

2 py, |
Other special features for thorium loaded reactors would be given as:

(1) considerably smaller reactivity loss by fission products,

(2) interferences between resonances of cross sections for 233U,zaL'U and

2pg

(3) production of trans-Pu elements is negligible, but (4) production of

22 should be careful.

2.4 Various Types of Thorium Leoaded Reactors

(1) Light Water Reactors, LWR
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In both PWR (ex. Indian Point} and BWR (ex. Elk River), thorium fuels
were tentatively loaded befere. In these cases, the biggest advantage may
be no requirement of major changes in the reactoer and assoclated systems.
However, its conversion ratio is not very high (about G.6) and the produc-—

f ?*U may cause new troubles. More attention has been paid to

5)

tion o
thorium loading inte PWR™’, but the characteristics of thorium loaded BWR
were also investigated by several workers6). Anyhow, the practicality of
thorium loaded LWR must strongly depend on the economical conditions of the
thorium cycle itself, especially reprocessing and refabricatioen cost, and
of its mother cycle, U/Pu, which decides fuel inventory charge rate for

thorium loaded reactors.

(2) Advanced Light Water Reactors

The historical performance ci thermal breeder with Y fuel was car-—
ried out at the Shippingport reactor7). In this case the breeding could
be achieved by seed-and-blanket type core, which had very complicated
structure.

Another candidate of advanced light water reactors may be a spectral
shift controlled reactor, SSCR, This reactor dces not have huge movable
section like that in a seed-and-blanket reactor, but needs an up-grading
system of heavy water. Burdenscme is the production of tritium for SSCR.

It may be worthwhile to investigate the nuclear characteristics of

thorium lcaded high conversion type PWR (HCPWR) in future.

(3) Heavy Water Reactors, HWR

Design and assessment of thorium loaded CANDU-PHW reactors have been
actively carried out in CanadaS). It does not require major changes in
the reactor and associated system. Higher conversion ratio, slightly
bigger than 0.9, can be achieved, and consequently the quantity of natural
uranium requirement can become 1/4 Vv 1/3 of that of PWR. Self sufficient

equilibrium thorium cycle, SSET 1is possible in CANDU-PHW.

(4) High Temperature Gas-Cooled Reactor, HTGR

One of the most promissing types of thorium lcaded reactors is HTGR,
because of several advantages, most of which are inherent in this type of
reactors. Since a long time ago thorium fuels have been loaded in several

protetype BTGR in USA and in Federal Republic of Germany (ex. Peach Bottom,
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Fort St. Vrain, AVR, THTR). Considerably high conversion ratio can be

obtained and alsc higher burnup may be done for thorium loaded HTGRQ).

(5) Molten Salt Reactors, MSR1O)

High conversion ratio or breeding can be realized by motlen salt
reactors MSR, in which liquid fluoride fuel circulates in a system. On-

233

line or continuous reprocessing process prevents Pa from parastic capture

of neutrons. Flowing out of delayed neutron precursors decreases the
fraction of delayed neutrons B in the core. Nuclear data for fluorine and
some other special constituents should be prepared for nuclear design of
MSR. In spite of several excellent characteristics for MSR, severe
engineering problems must be throughly studied before its realization.

{6) Fast Breeder Reactors, FBR11)

237y in fast region, utilization

Because of lower breeding ratio for
of fast reactors for the thorium fuel cycle is mainly thought to be a
producer of 238y from thorium fuel which is loaded in a blanket of FBR. In
this case, we do not have to change major system in the reactor and associ-
ated facilities. Negative sodium void coefficient can be observed for some
thorium loaded FBR. We should try to decrease the 27 production in the
core as low as possible. Availability of metallic thorium fuel enables

higher specific power and higher breeding ratio.

{7) Other Special Reactors

23 fyelled research reactor was built in India.

Very recently, a
From the neutron economy in a research reactor, 2%y is superior to U and
#°py, but the cost of these fuel elements must be quite expensive because
of higher price of 37 and of its higher radioactivity which raises fabri-

cation cost considerably.

232 233
U

A dreamful concept of accelerator breeder of Th to combined

with a molten salt system is proposed.

Another conceptual design has been actively carried out for a hybrid
reactor system of a fusion reactor (controlled thermonuclear reacter, CIR)
with a thorium loaded blanket. Thorium works as a neutron multiplier by
the (n, 2n) reaction and a 31 producer, but demsity of *27 may be higher

in this high energy neutron field.
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(8) Symbiotic Reactor System

These have been proposed symbiotic reactor systems with both the U/Pu

and Th/*®
advanced converters. In this case, fast breeders originally base on the

2 . .
U cycles1 ). One example 1s a symbiosis between fast breeders and

U/Pu cycle but contribute to produce “**U from thorium. The newly produced

233
U burners.

¥y is loaded in advanced converters, which can be assumed
Even an international symbiosis was proposed but it thought to be rather
optimistic.

In any case, however, the thorium cycle or thorium loaded reactors
must exist symbiotically with the U/Pu reactors as mentioned in the previ-

ous secttion,

3. Nuclear Data for Thorium Cycle

In order to design thorium loaded reactors and to evaluate overall
characteristics of the thorium fuel cycle, we must use a large number of
Luclear data for not only fuel materials but also other reactor materials
13)14). For evaluation of required accuracy of these data, sensitivity
analysis of nuclear data to reactor parameters should be carried out, but

few works have been reported for thorium loaded reactors. Becker and

. 15
Harris )
ties in nuclear data, and pointed out the importance of some nucear data,

showed the sensitivity of nuclear fuel cycle cost to uncertain-

such as GfTs for “®y and ?*U and oy for Z2Th. More works to determine
each required accuracy for the nuclear data for the thorium fuel cycle are

16)

evpected. The present values appeared in WRENDA 83/84 and the author's

comments are tabulated in Table 5.

Apart from the core design, nuclear data for structural materials and
coolants are required. From the radiological point of view, nuclear data
for actinides and fission products are required. Requirement is also
appeared in criticality safety data, but these data are more scant than

those for the U/Pu fuels.

4. Recent Research Program on Thorium Fuel in Japan

Lots of reaserch works on thorium loaded reactors and related sub-
jects have beén carried out in Japan and is briefly reviewed in the refer-

7)

ence .
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Since 1980, the Research Program on Thorium Fuel has been performed
under the support of Grant-in-Aid for Energy Research of the Ministry of
Education, Science and Culture of Japanese Govermment on the university
basis several tens professors. It covers the fields of nuclear data,
reactor physics, thorium fuel, irradiation of thorium, down-stream, bio-
logical effect, molten salt reactor engineering and others. Whole work
can be known by its report 8).

The outline of the nuclear data and reactor physics group can be seen

in Table 6. This program will be continued until the end of March in 1987,

but we are hoping to develop research activities after this term.

5. <Concluding Remarks

In spite of rather inactive situation for research and development of
thorium loaded reactors in the world now, basic study for them does not
lose the importance for energy source problem in the next century.

As the first step in the fields of reactor physics and design, the
following works should be carried out:

233U

(1) Nuclear data for *’Th and and then their neighbouring nuclides,

3
(2) Critical experiment,
(3) Design study, parametric or sensitivity analysis.

Hopefully low power experimental reactor as the second step, tecgether

with various engineering test.

(4) International cooperation is expected.
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Table 1 Comparison of nuclear data for three important

fissiles, 2°U, **U and #9pu by JENDL-2.

Nuclide GY cf v vy n 1 If R

233U 45.30 529.8 2.486 0.0067 2.297 138.6 771.4 0.0027

235, 96.00 583.9 2.413 0.0158 2.086 153.3 278.7 0.0065

239, | 270.2 741.7 2.876 0.0061 2.112 195.2 301.5 0.0021

* n = (v + vglog/lo + o)

( Cross sections at 2200 m/s except I's.)

Table 2 Comparison of nuclear data for two major fer-

tiles, “?Th and 28y by JENDL-2.

Nuclide GY(ZZOO) IY <9
(b)) (b)) ( mb }

2324, 7.258" 79.93 78.45
238, 2.700 279.0 314.6

* The recommended value by the original evaluater was 7.4 (b).
Ohsawa, T. and Ohta, M.: J. Nucl. Sci. Technol. 18, 408 {1981).
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Table 3 Comparison of nuclear data for two intermediate

nuclides, “*Pa and “*Np by JENDL-2.

Nuclide Half 1ife UY(ZZOO) IY
(d) (b) (b)
233p, 26.96 42.80 779.2
2390 2.346 37.00 444.9
Table 4 Comparison of nuclear data for six fertiles

(even—even actinides) by JENDL-2.

Nuclide o, (2200) Ly < op >

(b)) (b)) {( mb )

232q, 7.258 79.93 78.45
232U ? ? ?
234y 95.44 608.9 1199

236y, 5.295 347.0 595.8

238y 2.700 279.0 314.6
240p,, 288.4 8453 1363
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Table 5 Request_list for nuclear data of several

important fertile and fissile nuclides, referred

to WRENDA 83/84 and the author's comments.

Request to Th-232

Total
Flastic

Energy diff.
inelastic

Capture

(n,2n)

Fission
v, X(E)s B
Mass Yield

Resonance

parameters

2 %

(5%)

10 %

5%

10 %

Request to U-233

Total

Inelastic

Capture

{n,2n)

Fission

1~2 %

10 %
5 %

10 %
2 %

(WRENDA 83/84 and IK's comments)

1)

1)

1)
2)
3)

4)

0.5 % for 2200 m/s neutrons.

Discrepancy should be solved. (IK)

0.5 % for 2200 m/s neutrons.
Thermal shape important.

Thick sample transmission and self-
indication exp. desirable.

Reviewed by NEANDC.

Important for U-232 production.
10 20 % for neutron multiplier.

More precise data requested. (IK)
More precise data requested. (IK)
Decay heat and FP release data for

Th reactors (not critical). (IK)

More precise data requested for
Th reactors, esp. for undermoderated
core design. (IK)

(WRENDA 83/84 and IK )

Requested by IK.

0.5 % requested for thermal cross
section evaluation.

Requested by IK.

Many requests from 1 % to 20 %,
but 5 % thought reasonable. (IK)

Important for U-232 production.

Many requests,
but 2 % chosen. (IK)

Reviewed by NEANDC.



JAERI-M 85-035

Alpha 3% 1) The more precise, the better. (IK)

Eta 0.4~0.5 % 1) Very important, but the number
is unpractically small. (IK)

v 1% 1) Request to 0.25 % thought to be
unpractical. (IK)

.2} Reviewed by NEANDC.

B 5% 1) Reviewed by NEANDC.
x(E) 1~2 % 1) Problem suggested for ENDF/B-1V. (IK)
Mass Yield 1% 1) Very important for Th-cycle. (IK)
2) Reviewed by-NEANDC.
Resggigégters 10 % 1) More precise data requested. (IK)

Request to Pa-233 * (WRENDA 83/84 and IK )

Total ? 1) Precise data requested. (IK)
Capture 5% 1) Thermal to 100 eV.
2) Important for loss of U-233. (IK)
Fission 15 % 1) More precise data requested. {(IK)
Resonance
10 % 1) WRENDA reguests only Iy, but more
parameters precise data requested. (IK)

* QOther nuclear data are also requested. (IK)

Request to U-232 and U-234

Total ? 1) Not very important. (IK)
Capture - 2~20 % 1) 10 % thought enough and reasonable.(IK)
Fission ? 1) Important for U-234. 5% 7
Resonance 9 " _

parameters 7 1Y 10 % for U-234.
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l
I LWR
U/ Pu LWR ———>  LMFBR
| (ATR )
—m e m e HTGR
( Present )
{Fissile)  Thorium
Th 7 2330 Thorium Loaded Reactors ?
H J"d
ybri
&
Fusion Controlled Thermonuclear

Reactors ??

Energy Source from
Elementary Particles, etc. 2?7 ... 7

Fig. 1 Nuclear energy for the 2Z1st century.

238U
230 Th - y) 231Th E(n, zn) 232Th (n y) 233Th
3 125.52h g |22.3m
231:Pa . y} 232Pa n En) 233P3W234Pa

;/?,.ZTGXIO‘y g 1.31d A | 26.96d 7| 6.75h

232 233 - 234 235
U (n, 2n) U (n, 7) U (n, 7) U
1;5//1.79y
ZZSTh
&Ly Fission
208T1/
BY{ 3.05m(2. 6MeV 7)
ZUSPb

Fig. 2  Actinide chain in thorium fuel cycle (IK 1984).
Main route from natural thorium (**Th) to

fission 1s shown by Gothic letters.
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3.2 Methods for Calculating Anisotroplc
Transfer Cross Secticns

Cai Shaohui
(CNDC,Institute of Atomic Energy,
P.0.Box, 275, Beijing, China)

Zhang Yixin
(728 Research and Design Institute
of Nuclear Reactor Engineering,
P.0.Box, 4027, Shanghail, China)

ABSTRACT

The Legendre moments of the group transfer cross
section, which ave widely used in the numerical solution
of the transport calculation can be efficiently and
accuragtely constructed from low-order (X = 1a2) suc-
cessive partial range moments. This is convenient for
the generation of group constants. In addition, a
technique to obtain group-angle correlation transfer

cross section without Legendre expansion is presented.

In many practical neutron transport problems, anisotroplc scatter-
ing of neutrons plays an important role. Examples of such problems
are calculations of neutron distributions in small critical system,
the calculations of neutrons deep within sheilds, and the neutronic
calculations of fusion reactor blankets. In the past, a variety of
numerical methods for handling the anisotropic scattering in neutron
transport codes has been developéd, as shown by Brockmann in his his

(11

anisotropic scattering problems, anisotropic scatte¥ing group cross

excellent review paper In order to calculate such highly

section must be proyide. This paper gives a breif review of the efforts
that we have made in this area, The evaluation of Legendre expansion
coefficients for group-to-group transfer cross sections can be

greatly simplified by using the inherent features of these cross
sections. In addition, the group-angle correlated transfer cross
sections without polynomial expansion which can be incorporated into
the discrete ordinates method have been developed. The relevant

work has been done during 1978 to 1979, and the corresponding
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computer programs called PARTIA and DISCRT have been written in 1979
to 1980. '

T. THE ANISOTROPIC SOURCE TERM AND THE GROUP-TO-GROUP TRANSFER
CROSS SECTIONS

In the neutron transport equation, the influence of the
anisotropic scattering of neutrons on the angular flux is effected
through the scattering source term. For simplicity only one
dimensional plane geometry and spherical geometry are considered in
the following. The scattering source term in the multigroup

representation in given as
L a7
Qj(x,/a) :Z: fd.Q 2};;(,&0)515;/(»*,,&9 R (/)
| 7=

where ﬁzgéjCﬂh) is th? macroscopic cross section for transfer of L
neutrons from group g 1into group g through a laboratory angle cos = U,
and Q}gy(}g)is the corresponding microscopic cross section, while the
remaining symbols are employed as conventionally used in literatures.

There are two origins for anisotropic transfer cross sections in
the neutron transport equation., In the first cdse the anisotropy
comes mainly from the strong correlation between the scattering angle
and the neutron energy afler collision. Using the multigroup method
for the solution of the transport equation,the energy-angle correlation
becomes a group-angle correlation. With decreasing width of the energy
groups, the allowable scattering range for a given group-to-group
transfer becomes yery small, resulting in highly anisotropic scattering.
This is the case of light elements. In the second case, Lhe angular
distribution of the neutrons ié already anisotroplic in the center-of-
mass(CM) system and the correlation between the scattering angle and
the energy after collision 1s unimportant. This 1s the case of heavy
elements, The angular distribution 1s in genera] peaked in the forward
direction, and the anisotropy i1s more pronounced the higher the
incident neutron energy and the heavier the scattering nucleus.
According to the mass number of the nucleus, the anisotropy is increased
by the transist from the CM system to the laboratory (L) system, In
this lecture we only discuss the formereffect in the group to group
transfeYycross sections, not the lat€Y one. A treatment of the later

2]

can be found in the article of Caro and Ligou .
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The group-to-group cross scction CganyCaq)is defined as
Eyi,r £ »
/ d 57 TUE WIE) T(EDE,pto)
£¢° £¢

E‘?—Ia’E WE

’ (2)

Ej’
where O(EDE,ty) is the energy-dependent transfer cross section for
'
neutrons with initial energy £ , which, upon scattering through an
angle cos_{ﬂo , have a final energy E. The weighting function W(E ),
which is given,isaﬁumed to be space- and angle- 1independent within an
energy group.
According to the scattering kinematics[jl, there is a unique

relationship between the initial and final energies, and the cosine of

the L scattering angle i , which can be given as follows

fo=pto(E5E) = A (A+1) (£ k) 2 (A1) (eVE) VZH@UA/{EEU? <)

where MQ[I (i =0,1,...,1) is the excitation energy for the i-th level
inelastic scattering, and & is the mass ratio ofi the nucleus to that

3f the neutrons. By intrcducing a fictitious level i=0 with Glo =0,
slastic scattering can be treated in the same manner as inelastic

scattering and is automatically included in the following relations.

The inelastic scattering can not occur at all unless the incident

energy of the neutrons exceeds the forward threshold of the reaction

Epi
Epi = %ﬂ/Q[/ . 4)

_1 , min
{t is found that there exists a maximum angle £, = 6%'nax(E'):cos 1}@ ﬁEj
y
through which neutron may be scattered in the L system, when the
incident energy of the neutron is in the interval [Efd';fkf] , where

s = -ﬁ_?—r&f! , )
. v
/uo?ﬂm[E/}: [ /- }/Z(E/)J 2 ’ (6)
and A+l (il 17

Y () = A /- y, =] 7
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For that reason, Ehi is called the back threshold. For b >'Ebi all
scattering angle are allowed.
From Eﬂﬁﬁ), the relation of the final energy of the neutron as a

function of the initial energy of the neutron and the cosine of the L

157 /AN () fo= 1.0,
; E:E(Ej/lo,5=/), Y )i fo=0.8
= — — — E= E(E) 1o, S=1) | L): fo= 085
~ i ( ’—--li:i[g —E)’ 2 (3).‘/10:/’0(3.09./.0/‘491/):
5 BT L (B & = 057735,
E L Y2 )(7\ 4): Hs=, o (40 0Mel)=
3 , g T \
S / (5)- /,o:/oo(.a.o—m 5Ael=
% . ({) :0-204{{2)
Y Ay e a7 ¢ ape=ou,
< i 1
- Ep ~2) E 1 L ®) (7 1 plo=fo (ko >0.5Mel)=
= 1 ==, 20
® E ! ) »
& f \i\\\; : ! ! (8):peo= ~0.6,

0 {0 20 30 4 (. o=—10,

ENERGY BEFORE COLLISICN (MeV)

]
Fig. 1. Diagram for illustrating the kinematics in the (E,E) plane and
the integration limits used in evaluating the group-to-group transfer
cross sectlions.

scattering angle can be deduced:

/ s v, 12
E= E-(E;/—’%S): _.E:....__.— {/Uo‘f‘.S[)/(E.)“/'f“/UOJ Jz y (8)

(A+1)2
where
= ’ E’< Epr
5:{ (9
/ , E' > Ep;

From Eg.(B) and (9) it is seen that two different exit energies occur
at a given scattering angle Mo if the incident neutron energy is lower

|
than Ehi(the 'double energy” region).

In Fig. 1 the finial energy is given as a function of the initial
energy B for different Velues of e , For clarity of illustration,
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a fictitious scatterer with A = 2 and Qi = -1 MeV 1is considered. The
curves E = E(Ei;b,s) all étart at the point (EbLO) and then disperse
for different values of & . FOr o> O they exhibit a leftward convex.
The vertices of these convex curve all lie on a straight line which

is given by R _
E=f(e) = E(ELps "(ED, 5=%1) =L [ ppi-E] . (10)

When E%(}) is solved for E', it 1s found that
) 2
Flm EUE po)= E{ [AZ] F(A-1)AICJE +,c«o’J/2—/zo}/(A-f)’.’ 1)

Another form of scattering law which is used in the following is
2 E P
/aleaf(EQE)={(/4+f) T [ = )/(E)f/z/(i-"), (12)

-
which gives the relation between /Ua and the initial and final éenergies.

The energy-dependent transfer cross section for the i-th excited
level can ‘be constructed from the excitation cross section.Oﬁ(Ef)
and the angular distribution p;(E:,u;) in CM system by taking ihe
scattering kinematics into account:

*
Oi (ESE, o) = O‘.:(:‘.")F'?‘(}Ef/(/gﬁ)}:7}{1:17:’7 { 5[/{0—,00(595)] XZ’_; {

S==|
H [ E(ESpo=1,5)-E]H [E-E(€hpompe 65, 5)) ds0 *
+ H [ E(e o= €9, ) ~E H[ £ ~E (8" p=1, 5] a’szf

SAES E's Epi (13
and

07 (4 E,p0) = OHED PE(EAET) | 3,%%{ § [popeo(ESE) | X

x { [ ECES to=r, s=1)-E] H | E-E(Elp==1,5=1)] ,

Epi< E' (137
where 5;”1 is the Kronecker delta, H(x) is the Heaviside step
step function defined as
v X <o :
Hex)= {7 :
i X z0
and the de]ta function represents the conservation of energy-

momentum.
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JL. The Characteristic Shape cof the Group-to-Group i
Transfer Cross Section
For the shake of simplicity, the level index i in the trans-
fer cross section is omitted in the following. Substituting Eq(13)
inte Eq.{2) and making use of the identity

§ L pompole»£)] =5 [E-E(em] [4€ | )

the integration over the final energy E can be readily performed.
Thus the group-to-group transfer cross section 1s reduced to

Tgipg ()= L / k. dE"JT f(Elfess) H [ Eﬁ—E(E',aa,s}]ﬂ[&"(é,m,s)n@]x

J=+l

X fH(E(‘%‘)h‘(Eb-E’) Hei-t0) H L o CES] [ 35, 4 35] #

+HECEY) HHo)H( ft5+1) Ds,t f ; (r5)
where
fErdE’W(E )
$ = Jey ’ (16)
/ 4o ¥l ¥ guﬁr
46(EJ/M;5)==(7(5}%7(5743)/dﬂ01 ’ (17)
and

5

ldﬂ”z 2(;;;;)2 E{(ﬁ mﬂ)[}’[&’) r]/—)f (18)

The variables E and,ug-, which apperar in Eq(17), can be expressed
by E',M4o and s by using Egs.{(8) and (12). Equation(15) Shows that
the angular behavior of the group-to-group transfer cross section
depends not only on the angular distribution ﬂ%ﬁ'”uo*) but also
on the kinematics of the scattering process and the energy struc-
ture used., The information about the last two effects is contained
in the step functions, which determine not only the exacit integr-
ation limits but also the exact 1nterval[}LOT;E?g!ubTZfag:] where
the group—to-group transfer cross section is non-zero.

Due to the presence of double energy retion, the general for-
mulae of the resultinggroup—to-group transfer cross sections are

too compiicated to be presented here, Fortunately, the double

energy region can always be neglected in most practical cases,
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since the energies Ef and Eb are generally lying close together,
and the excitation cross sections near the threshold are usually
very small, Thus in this paper only the results for the single

energy region (Eg;)Eb) are presented;
min{EyLt, E (g1, f10)

T (o) = H (totte ™ IH (s 1) 7 h(E o, S=)dE”
Ecﬂ? /ao (/(07{, /a Ag W{@/E‘?Ey;ﬂcﬂf b (]9)

where
- W‘,’ .
5 fraghg = X =1 fo (Bt 7 Eg)S
(20)

(5% faghy = 2] 1 pol g Eget )]

The fact that O"z ggao) is nonzero only in the interval
[[Aomlngﬂomaxj rather than the full range [ -1,1] can be under-stood
by the following consideration. According to the definition,the
integration region of the double integral in Eq.(2) is the rec-

tangle
8 E%ff:E”EFE?if
7 €
Due to the delta function c¢f Eq(13) and the identity(14), the
double integral of Eq.(2) is equivalent to the integration along
that portion of the integration line E=E(E',Mo,s) contained in

region & [ cf Figl}. For a given value off£ o, if the integration
line E:E(E',ﬂo,s) does not interset region# , then O;i?gguo}

(21)

must be zero.
For the interval}l6[}Lomlnvuomaxj
behavior of the group-to-group transfer cross section, it is

, according to the angular

better to divide this interval into three ad jacent subinteruals
L“Oj:ﬂoj+]] (j=1,2,3), over which OE£7gQUO) is a smooth function
of o, ,Here

Mo =/“f’m‘n5ﬂ"?”’f = MZ/“{’/“’[E;?Q“’EJU ,
Moz = Jﬂd/z{-—/, m‘a[ !,,ao(EgQ?Eg—;),/za(EygE;)]j >
ftos = min |, max| polEgti>Ep-1), ol Egerrg),=/] §

and

/10¢=ﬂom§-"ﬂo% = 7’“}’{ f;ﬂofé;e’-? Ep-1 );

(22)
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The values offeo are taken such Lhal the integration lines just
intersect the four vertices of region'ﬁi(cf Fipg.1), ronpucLLvuly.
It has been found that the transfer cross section GZ{}F/UU) for

each subinterval is generally a very smooth function ot}lu[ﬁf
Figs.2-4], and the derivatives of O’/ gyﬂo) at the boundaries of
the three subintevals ¢ j(j=1,2,3, q) are dlSCOntlHUOUS.[qq

A computer program called PARTIA was written to calculate the
group-to-group transfer cross sections by using Eq.(19). Some of
the numerical results obtained by this code are illustrated in
Fig 2, Fig 3 and Fig 4, which show the elastic group-to-group
transfer probability )

O“@;(}ao)
;bjg,j (fo) = T (23)

for nuclei with different mass numbers A and for g=g', gx»g'+l and

g=g'+2. Here, O%L;gt is defind as OE-+8 (i.e., the zeroth Legendre
moment). The curves are computed on the assumption that the scat-
tering is isotropic in the CM system. It is seen from the$e figures
that the multigroup transfer cross sections are quite anisotropic,
The angular dependence of the group-to-group transfer cross section
is the more pronounced the lighter the scattering nucleus and the

finer the energy group structure used.

IIT. TREATMENT OF THE ANISOTROPIC SOURCE TERM
IITA. LEGENDRE EXPANSION
The traditional method for treating anisotropic scattering in
the numerical solution of the transport calculation based on
finite difference method is to represent the angle-dependent group-
to group transfer cross section by a Legendre polynommsil expsusion

(24)

7 .
O“(,{?(/fa) —Z 2,€+/ %’,_?d? &(/Ja);

where

7z /
gj;é,;———zrr/d,m ng/@o)/’%f/o), £=0,1,... (29)
—1

— 100 —
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By using the addition theorem for Legendre polynomisals, Eq.
({2) takes the form

= o 24t 4 2

where the 1-th moments of the flux, Q?g(x) are given by

? . /
%f(;\")“ 27[;{6{/1 ?}I(X:/J)P,fcﬂ) » L=0, /.. (27

ln practice, the expansion of the transfer cross section,
and hence the sum over X in Eq.(26) will, of course be termi-
nated at some f=1. »uch expension, while offering significant
analyticel simplifications snd compact storage of cross sec-
tion data and calculated angular fluxes in computer codes, often
introduce non-physicsl fluctuations in the calculated scatter-
ing source term. This especially evident in the case of neutron
scattering by hydrogen. To illustrate the problem rig.S shows
the exsct and the approximated transfer cross section of hy-
drogen for gle» g+ 2 transfer. since the exact transfer cross
section exhibits the behavior of delta function, the Legendre
expension converges rather slowly. Even the P9 expansion is in-
sdequate for an accurate description. Although only a low-order
expansion is necessary to celculate accurately the angular flux
density if the angular flux is itself only weakly anisotropic,
high-order expsnsions of the transfer cross sections must be
provided for gituestions in which the flux density is highly ani-
sotropic Utherwise, the spproximated scattering source term maYy
show spurious oscillations and may even become negative in some
angular ranges.

In order to provide a general-purpose multigroup constants

for transport calculations, the high—-order expansions of the
t be corpute accurately from the nu-

into Eq.(25), the result

transfer cross sections mus

clear data files. Substituting EQq.(2)

is

—101—
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YFig. 2 Transfer probability P}ﬂ’f (fo ) for elastic (g =» g )

scattering on nuclel with different mass number A&, assuming an
isorotpic angular scattering distribuction in the CM system.
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Fig. 3 Transfer probability P39 (Ko) for elastic (g*>g%41)
scattering on nuclei with different mass number A, assuming an
isotropic angular scattering distribution in the CM system,
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Fig. 4 Transfer probabllity pglsg (#o) for elastic (3/——;-;4-2,)
scattering on nuclei with different mass number, A. asguming an
tsotropic angular distribution in the CM system.
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»p Eif Vs Ef-‘ /7
O("?/ = /d,aa/ dE/ dE U(Eef)/zo)i’?g(ﬂo)h/(fﬁ, (28)

‘?j J %

Due to the delta function in O“(E'frE,/Lo)[_cf Egs.(3) or(33

], one of the three integrals in the above equation can be
readily performed. Nevertheless, the accurate evaluation of

the remained double integral represents a severe computation-

sl burden which must be addressed by any cross section pro-
cessing code. This is because the integrand in Eq.{(28) is high-
ly oscillatory, particulerly for the higher order moments, in
asddition, cross section data libraries must be repeatly ac-

cessed to evaluate O'(E')p*{E', £ ).
Teking account of the inherent charecteristic shaspe of the
trensfer cross section, the 1-th moment of the transfer cross

section csn be written in the form

)h,+f
j_)j—- 27[ / d/lo Qi'f—,;(/ao)/?g(ﬂo) . (27)

J

Because of the smooth nature of 0“ (;Lo in each of the sub-
interval L}Lo,j’fio,j-FIJ , we expand the group transfer cross

section in terme of the complete orthogonal set of successive
partial range Legendre polynomials Pk(ajpaﬁ-bj)
K

2kt XA
Oz g (por={ %o 2T ey 9% filagpuorty) . for myspocsage
(fj=1,2,3),
30)

0 » Otherwise ,
where
CLJ'-; Q/Aﬂo,‘f ’ (5[)
bj=—(toj + fo,je1) [Ape,j
and

A,Qo,j = /UOJH —*IL(a,J‘ (32)

—104—
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Gélf_;;,) are delined as

A4

Hejrt
o_ﬁi}j = 271: d/ua J%@O)PQ(QJ‘/UO_{'bJ\) , 1(20,1 yree ,i{, (J_))

and called the successive partial range moments. K is the order of
the truncated polynomail expansion., Bacuse of the smooth nature of
O;L?ggﬂo) in each of the subinterval, generally very low-order ex-
pansion is reguired.

Table 1 gives the goodness of fit for ]H elastic scattering

group transfer cross sections, which are reconstructed from the
successive partial range (SPR) moments. The goodness of fit of the
approximated cross section is defined as

) l:[gwwam)_gwwmumﬂﬁwa

‘[11 [ o exert (/aa)sz/lo

For the purpose of comparison, Table 1 also lists the values of £

(34)

for the cross section, which are reconstructed from the full range
(FR) and partial range (PR)[5] moments respectively. It is evident
that even low order (K=1~2) SPR moments can satisfactorily preserve
the total information of the anisotropy of the transfer group cross
section, It is shown that the PR expansion converges slower, the
FR expansion the slowiest.

Inserting Eq.(31) into the scattering source term (1), rotating
the coordinates from the original polar axis to theif‘directiOn, the

integration over (P',/U.') can be transformed into (?o,/io), where ?o

—
is the azimuthal esngle about 2 .Thus

A,gf Ao jrt
&3 (X1 -if:gz; 21:4:1, Z,.?“f jd'?",/ d’”"ﬁ (an”"*bf)q"”(I:ﬂ Iy

where

/

p'= ot 1-p 2 d =g Cos(P=pb)
Furthermore, the angular flux ¢%, are now expanded in Legendre
polynomials over the FR interval

o7 /
o= 20 S B, (36)

=0

Eq.§35) then leads to the result
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vk/o: -f‘ -y 'f"/ . [ J\
ST LAt g 4
Qj(x,/x) —2 , )u‘j*j;_m\ A &(ﬂ)i;"x)/;bﬁi ’

J= J"’ k=0 (37)

where the coefficients A& L are defined by
2

; Hejtt
I 2k+l 7 (7
Apk = deo B Cuo) Pt aj ot bf ) . (38)
A/a%f R 4 i
Hog

These coefficients can readily be obtained recursively beginning
with .

Ag o= R (39)
and with the boundary conditilion

Af k:o , for k> K , (40)

since Rzguo) is a polynomial in/Lo of order f£. Making use of the

recurrence relations for Legendre polyncmials one obtains a recur-
rence relaticn for Ai "
3

-

5 _&f-l 1 [k ko4 241 b5 iy 3
Af;k - Z J sz'fj Aj'fkﬁ‘f 2/‘;_../ Af"f ﬁ""ig T _gqu—/k - é_ﬁfflé}u] )
Thus &g, (36) becomes

F 3 Kifvb < ~
8 o= 0T B T A R Lok (42)
f’:{ = k=0 = A=K
Noting that é%: <5 %‘ ’ Eq.(42), after
rearrangment, is
o0 3 W”{ng} ~ N
2l+/ V4 Kb p ¥
@f("/‘):gicf oz;—/?ffwcz;/m;; )7, g5y Ahk (45)
=/ = = =

in practice, the expansion of the angular flux ¢%,(xﬁu'), and hence
the sum over £ in Eq.(42) will, of course, be terminated at some

value f=L. Thus, Eq.(43), after termination at ¥=L, is identical in
form with Eg.(26), provided that the moments of the transfer cross

. '
aect can be chosen that
section OE'—,»g
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TABLE III

Comparison of Successive Partial Range (SPR)} Moment
by Different Methods*)

Evaluated by the

Computed from fitting a K-order SPR

jg numerical quadra- Legendre polynomial through (K+1) valuesg
“‘% ture formula from ofoaf.,g (Mo), and renormalized them to
~|Eas{ 29 )or (30) give a corrected zeroth moment
%354
K=1 K=2
0 | 0.16197% 0.161976 0.161976
1| 9.525452(-1) 0.539921(-1) | 0.526180¢-1)
2 1-0.842152(=3) -0.824413( -3}
3| 0.3274502(-4)
4 | -0,100439(=5)
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minf K, A% . ’(’zj

3
V4 :Z o
Kk J=f%-;;\ Aek By (hiy)

However, this choice of Uggfg is nothing else than the results
obtained from substituting the SPR expansion [cf Eq.(31)] into Eqs
(30)., This implies that though low order SPR moments can satisfac-
torily preserve the total information of the anisotropic of the
transfer cross section, it is of no use to refine the transport
calculation, provided that the angular flux in the scattering sour-
ce term is expressed by a finite Legendre expansion.

Nevertheless, Eq.{44) can still be ultilized for a general formula
to construct the FR Legendre moments from the SPR (or PR) moments. It
is exact for £ < K. For £ > K, the accuracy of this formula depends
on the truncated order of the successive partial range expansions K.

The first ten FR Legendre elastic scattering transfer moments for
1H calculated from Eq({44) with different order K are listed in Table 2.
For the purpose of comparsion, the results computed from Eq.(29) are
also listed. It is found that the full range moments can be
satisfactorily constructed from low-order SPR moments. This is very
convenient for the generation of group constants.
The SPR moments, from which the FR moments are constructed, can
be evaluated by a numerical gquadrature formula from Egq.(33) in
principle. Yet a more simple method which 1s quite similar to Hong
and ShultisL6]is to determine them as follows: First, evaluate
Oé%’ggko) from Eg.{(19) at {(K+1) eguidistant values of#o in each
subinterval. Secondly, fit a K-order SPR Legendre polynomial through
these (K+1) values. Then normalizes it to give the corrected values
of zeoth moment which is evaluated by the numerical quadrature., Thus
the approximate SPR moments are obtained., The ¥R moments computed
from these approximated SPR moments which are also listed in Table 2
are gquite good. The approximate methced takes full account of the
inherent features of the group transfer cross section and thus mini-
mizes the access of nuclear data files. Therefore it provides an
efficient and accurate method for the evaluation cf FR Legendre
moments of the transfer cross section.
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1TI A. GROUP-ANGLE CORRELATED TRANSFER
WITHOUT LEGENDRE EXPANSION

As mentioned above, the anisotropic scattering source in the
transport equation has traditionally been treated by Legendre
polynomial expansions of both the transfer cross sections and the
angular flux. This technique, while offering significant analytical
simplifications and compact storage of Cross section data and
calculated angular fluxes in c0mpuferrcodes, often introduce
nonphysical fluctuations in the calculated scattering source term. To

eliminate these fluctuations, several methods having different features

have been prOposed[7]’ (81, £9J They all abandon the traditional

Legendre polynomial expansion., Here we present a method for generating
the group-angle correlated transfer cross section without adopting

the l.egendre expansion,
According to the principle of dlscrete ordinates, let's apply
the. integral operator 5ﬂ\d12".“—J d@jﬂm .to the scattering source

2

term(1) N
= fof Z ‘ 4n ’(X) Wm?

*
where

, - / 5/ 4.3 Optog (H6)
O%"?g).m/'?m 4_n2Mmel e d m f f

T iLme L,’”A 'a[ é’f "z (9~ "?’”*‘C“]{w

—=the group—angle-correlated transfer cross

section,

and
{

I g (o) (47)

s
2

5 A
F"?{)‘?,M-f (/(1,) :/ dgp
o fom

—=microscopic cross section which a neutron

®In sphyrical geometry there is another type of group-angle correl-

ated transfer cross section O;L9g = J_,which is defined as
. ,

— ! =
O?i’-?g,m’—?f B ZTZ'Wm’;/m’ 42 fé)o? (peo==14)
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belonging to group g' and travelling in a
direction Cos_]/U.‘r is scattered to group g

and a direction contained in the solid

0£Pxg2
angle { (P T .
Mm-& < g
From Eq.(44), it is seen that

(48)
gopmom = Ogbg.msn

and since the mesh of g is chosSen to be symmetric aboutu =0, so does

U.é'_.;.g,m!-;m

o‘g‘-yg,mlrmz O-g‘ag, M+1-m>M+l-m”, (49)

By rotating the coordinates from (®,u4) to (Po,Ho), the integration
for the function Pgi,g,m,.i{b can be performed as we did in Eq.(35).
After taking account of the relative values of 1/ and Um-L for all
possibiilities. [ cf Fig.5], the integration for the function
P}/_}(?’m__li can be written as three parts:

/
’ >, — z
%{,}{?,m-j(/a )= os?&(ﬂ[ a’ﬂo 05.,7(/00) /L/(fa ﬂm—f)Zf%abO[?%iCﬂo)%+
{ m-j-S/USI} \ - N
cI)

Hob ’
~( jroft =pn-4 dtto +
T~ (o5 gty (o) Afo
2], | N AN

)
He
e pngizn || Ogagtpodfta (50)
\ __;f,_ —
(I )

where
proa= (BATL g Jpin = = ol 1= (o
- / 1

HMob = (ﬂ/,'ﬁ/ﬂ*‘a")mcra'(=/“5“’f’"‘i'"M[""4 2,//—;4;-,35 ) } o

The group transfer cross section U‘g’,_’g(/uo), which appears in
Eq, (50), can be expressed by the successive partial range expansion
[cf Eq(31):{ or can be expressed by the tabulated functionLi.e., a
tabulated series of Lol and OE,__?gQU-Oi) where ,izl ;2500+1 ,with some
given interpolation scheme§, Thus pgf'}g._,zg?:'%-(/u?’ anpg hence GEQJ,mlfm,
can be integrated numerically.A computer program called DISCRET was
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written to calculate these group-angle correlated constants, Some of

the numerical results for 2y elastic transfer are listed in Table IV.
The results are computed on the assumptions that the scattering 1s
isotropic in CM system and O(F')=1. It can be seen from Table IV

that the group-angle correlated constants represent the anisotropic

benavior of the scattering process.
TABLE IV

The group-to-group correlated elastic scattering transfer
cross sections 0§4+g,m¢+m for 2D, assuming an isotropic angular
scattering distribution in the CM system. The cross section 0(E")

is assumed to be unity.

NS ] 2 5 4 1w | 2:‘%;?’ omom e
1 lo.os338 |0.05839|0.01330|0.00003] 0 [[0.34786) O.18224

2 o l0.01330|0.02793|0.00944] 0.00003 0.65214]f  0.18226

3 o lo.00003|0.00944{0.02793| 0.01330 0. 65214  0.18226

I 0 5 l0.00003|0.01330]0.05839]0.34786|  0.18224

*The source group and the sink group are from 10.0 to 14.1MeV.
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Iv CONCLUSIONS

The full range Legendre moments of the group transfer cross section,
which is mostly used in the numerical solution of transport calculation
can be efficiently and accurately constructed from low-order (K = 1~2)
successive partiasl range moments. This 1s convenient for the
generation of group constants. Because the order of the successive
partial range moments required is v@ry low, the evalugtion of these
moments are quite easy. They can be either evaluated by numerical
integration method, or determined by fitting a K-order successive
partial range Legendre polynomipl through (K+l)values of OEC;% ( fo )
at (K+1) equidistant values of pte in each subinterval. The latter
hags the advantage that it takes full accounts of the inherent features
of the group transfer cross section and thus minimizes the -access of
nuclear data files. Therefore it provides a rapid evaluation of the

high-order full range Legendre moments.

The conventional Legendre expansion technique requires that only
the moments of the fluxes and angular cross section be retained
thereby affecting a significant reduction in storage requirements.
This technique has the disadvantage that it often introduces
nonphysical fluctuations in the calculating source, particularly when

a strong anisotropic source is present.

The group-angle correlation transfer method is suitable for
treating highly anisotropicS&&HBYhQ problems. It does not introduce
any non-physical fluctuations in the scattering scurce. A disadvantage
of this technique is that the transfer cross sections are dependent
on the choice of the order of the quadrature set being used. In
addition, such technique necessitates large data storage requirements.
After taking account of the symmetric conditions of 0"49?, mt+m

[cf Eqs.(48) and (49) ], an SN calculation requires A/6V+2),x E¥Ef+l)
: _Aﬂ%%ﬁéJ x.ﬁiﬁgiil- (for sphirical geometry)

{(for plane geometiry) or
cross sections for group transfer. Such storsge requirements,especial-

ly when the number of the discreté direction increases, may preclude
the use of the method in gemeral purpose neutron transport calculs-
tions, unless a large modern computer system with huge memories far
less restrictive, is available. At present we have no practical ex-
perience with this method to decide whether it is suitsble for stand-

ard neutron transport calculations. A lot more work should be done
further.
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3.3 Codes to Calculate Multigroup Constants for
Nuclear Reactor Calculations

Wang Yaoqing

(CNDC, Institute of Atomic Energy,
P.0.Box, 275, Beijing, China)

_ ABSTRACT

Multigroup constant processing code RQCS for ther—
mal neutron Reactors and KQCS for fast neutron reactors
have been made at CNDC, Calculation methods used in
these two codes are summarised in this paper.

1. INTRDUCTION

Since 1978 the code RQCS uhich'is designed to calculate multi-
group constants for thermal neutron reactors has been made. Three
sets of multigroup constants w1th 54, 68 and 26 group structures
have been calculated for some nuclei By this code. B951des RQCS,
the code KQCS has been made to calculate multigroup constants for
fast neutron reactors. At present, a code for linking KQCS with
ENDF/B-IV evaluated data is being made.

A brief description for the RQCS and KQCS codes will be given
below,

2. RQCS: A CODE TO CALCULATE MULTIGROUP CONSTANTS
FOR THERMAL NEUTRON REACTORS

The RQCS is similar to ETOM~'J and SUPERTOGL?T . The output

from this code includes various types of group average cross

sections, slowing down parameters, inelastic transfer matrices
and elastic transfer matrices up to P8 These results can be used
to supply input parameters not only for the multigroup energy
spectrum codes like MUFTCBJ and GAMEhJ, but also for the high
order SN codes.

-118-



JAERI-M 85-035

2.1 Smooth Cross Sections
Group average cross sections are calculated by the following
equation: '

0= [Toy(Erw(E)aE/ frwmraE , (1)

where I represents I-th group,

cJE exp(~-E/1.3x10 6 ED9120 eV
w(E)= { (2)

£ E 9120 eV,

c=exp(0.00912/1.3)/9120%/2 | (3)

The RQCS code allowé to input various types of cross sections
tabulated with any of five interpolation laws between tabulated
values. |

In the linking point between the resonance region and smocth
region, the cross sections appear discontinuity. In order to
avoid calculating mistakes, in calculations this discontinuity
point has been treated carefully. It is divided into two points
Ey and Eb’ whose difference in value is very small, But they
belong to two close energy regions. The cross sections at these
two energy points can be calculated with different methods. In
the resonance region, the resonance cross sections marked as
le'(x-f, c and e) are calculated by resonance parameters inputed.
Then 430 plus the background cross sections gets 0’(E) and by
means of Equation (1) group average cross sections can be calcu~
lated. Equation (1) is solved by trapezoidal rule.

2.2 Resonance Crosg Sections
2.2.1 Resolved Resonance Treatment

In the resolved 'resonance region, resonance cross sections
AO, are calculsated by the use of infinite dilute effective re-
sonance integrél divided by the lethargy interval of the group.
The final expressions are

Acre={ ; E(EJH) l_a/(E r):lj*+o.oum'2 (1-L1s[1D), '
Ao*c=0rzj:,l[ 23+ [ I;/(Ef, M :]j*l
Ao;m% [( 2J+1)|_n l;/(Es [_)]J'
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Cr=2.6037 X1o6x{5 (-‘%1-) 2/ I:(Hah 1 )Au{l i

where R' is the potential scattering radius (in Fermi unit); Lis[1]
=0 or ' (It is a input parameter and is used to decide whether the
elastic scattering needs to be treated); ui represents the lethar-
gy spacing taken up by the resonance region in the group; and the
other marks have its general meaning respectively.

The RQCS code allows part or all resonances to be selected
from calculations in order to treat them by user. In this case,
the sums of resonances-in Equation (4) do not include those select-
ed resonances, but their resonance parameters are calculated by
the following equations:

L )
s 0o Teg * Teg VB0 ]
X:G ( F' + f;j)/ra o | | : (5)
= f.] /’( ) ’
where 06=2.6037x106; nj J o (At142
— oE; A

g”r 2J+1

572 {2141y ? j repreéents J-th seiected resonance,

2.2.2 Unresolved Résonance'Treatment

Unresolved resonance calculations follow the methods and
approximations used in the MC codet5:I
Ei-l) 1s divided 1into somg_sub-inyervals, Resonance cross sections

. - The group interval (Ei’

are calculated at discrete energy points E* which are taken as the
middle point of each‘sub—in;erval, Tbe uprgsplyed resonance Cross
sections at energy E* are calculated according to the following

(vm/p

TR,

,/5<1+;3>

equations:

(1 -L1s(2)) ,

*)— .2 T
AT_(E*)=| 0.04RR' 4= p}:‘

e e b o A i
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ﬁ < /B(1+B) > , (6)
AT 1A

Jﬁ(1+ﬁ)

AO'(E )— 5

If

— Y
r;\\ﬂﬁf1+B) ;:g
5 It I‘I A YAs

AR . | )
where Y= [_f/_["-', 7= n/rn B = 0'/0'0 s S=(L,J)
A+l)2 2J+1 | 1 Zhy

e I
%o

nﬂﬁ

—

2I+1  E*E Y2, o

0J5=1.30185x10 (

Q':O'0+O.OI+IR'2+ z_cm(E*)+(1-LlsE2])0‘e<E*) ,

%3 is the sums of the background cross sections of all reaction
channels except for elastic reaction, LIS[E]—O or 1 ,
<.> represents statistic average calculation over the Porter-

Thomas dlstributlon, U is input parameters, equal to 0, 10, 102....

2.3 Slowing Down Parameters
In order to supply input parameters for energy spectirum calcu-
lation codes used continuous slowing-down modelt33, the slowing down

parameters are calculated by the f0110w1ng equatlons

(Iiﬁe)i:j dEW(E)O‘ (E) S dJU.Lp(M E)/ w(E)dE ’

- 1
( §Ge)i=5 dEW(E)T,(E) 5 duU(M)p(M,E)/S W(E)dE ,
AEy -1 | AE; |

' 1
Mo y.={ amw(B)o(E) 5"duu<ﬁwp(n;'s>/j W(E)dE ,
n e’l 5;Ei. ShrenTs oy AE
: ] ’

(J\Q)'i — J’ dEW(E) T, (E) S dt{UZ(u)'p'(u,E)/j W(E)dE ,|
2(30,); “AE; o T Jaey ‘

r(?)‘
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| 1
- ! . 2
(M 1=~y SAEidEW(L)Ue(E) S - duy (A)upc,u,m/jﬂ W(E) dE,
= E
g i

Wwhere AL is the elastic scattering angular cosine in L system; U
is the lethargy increment after scattering and represented as

Uw)= —2LN | (s M2+A2_1)/(A+1)] ;

P(A ,E) is the angular distribution of elastic scattering.
The RQCS code allows P(AA,E) to be given in any of the
following five forms, which are marked in LISP values:

LISP=0: 1isotropic in C system;

LISP=1 or 2: the coefficient of Legendre polynomial in C
system or in L system; _

LISP=3 or 4: the two-dimensions tabulated function in C
system or in L system, i.e, PLN%’E) or P(A, E).

When LISP=0, all inner integrations of numerators in Equation
(7) can be solved analytically. In the other cases, Simpson's
method is used,
2.4 Elastic Scattering Transfer Matrices

In order to provide input data for SN'code, the elastic

scattering transfer matrices are calculated by the following equatione

E.
oY _=(2L+1) jEi“ dEW(E)T (E)R, (E k)/S 1-1W(E)dE (8)
i,k™ Ei (-l e

E
i
R, (E,k)= L‘a Py (R)P(K,E}dM, (9)

where 1 and k indicate the source group and accept group; PL(JQ
is the L order Legendre expansion polynomial over scattering
angular cosine A in L system; L=0,1,......8.

Due to the oscillation property of Legendre function, the
double integral calculation in Equation (8) requires quite a lot
of the integral nodes, otherwise the integral will not be convergent.
Therefore, much more computerhfime'will be consumed for Equation (8)
calculation. In order to save the computer time and ensure the
calculation accuracy, a new method has been studied:

When LISP=0, the inner integration in Equation (8), R (E,k),
can be solved analytically.
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When LISP=1, we can use the following equations:

N
c
2c+1
P(Mb’E)z %:6 3 fc(E)Pc(*%) y . (10)
A, K
P(MsE)=P(Mc:E) a—n- (1])
and substitute them into (9). Consequently, we can get
Nc o
- 2¢c+1 :
RL(E,k)— Z 3 fC(E) [RRLC%)-RRLC(#“):I ’ (12)
c=0
M nd
where RR; (W)= SqlpL(A)Pc(Mc)-aI- dM . - (13)

Because Equation (13) is only a function of M , it is suitable
for all source energy E and accept group K. Hence, RRLCLR).can

be tabulated in advance, ‘Then the R; (E,k) can be obtained by.
interpolating RRLCLﬂb) ‘and RRLc(Uh) between tabulated values of
RRL (M). We named this method a ntabulating method", It is proved
through the calculations that except for few light nuclei, the
calculation speed of this method is faster than that of the
MICROS-3[6Jmethod.

When LISP=2, after substituting At forM . and fL(E) for fc(E),
the above method can also be used. -

When LISP=3% or 4, Equation (12) can not directly be used. In
this case, the RQCS code automatically turns to use the MICROS-3
method to calculate, But two years ago, the converting codet'?:I
which can convert the two-dimensions tabulated function PLMC,E)
or P(M,E) into the coefficient of Legendre polynomial expansion
had been made. After this converting, the ntabulating method" can

still be used.

2.5 Inelastic Scattering Transfer Matrices
In the inelastic scattering calculations, neutron reaction

channels except fission reaction,such as (n,n'), (n,2n), (n,3n),
(rxrﬂm) and (n,n'p) have been taken into account. The RQCS code
allows ‘to input ten kinds of different types of gecondary neutron
spectrum for each reaction: channel. The inelastic transfer proba-
bility and transfer cross section matrices are calculated and all
transfer probabiiities-are'satisfieq the normalization condition,

respectively.
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The detailed’ treatment are described in Ref.[8].

3., KQCS: A CODE TO CALCULATE MULTIGROUP CONSTANTS FOR
FAST NEUTRON REACTORS

The code KQCS has been designed using Bondamnko[9] method,
The principal advantage of this method is that the calculations

‘can be made for reactors of various compositions using the same

set of multigroup constants.
The KQCS code is similar to the ETOXIBOJ-,bdt overlap effects
between different resonances of the same'sequence and between
two different sequences are taken into account under different
conditions in the unresolved resonance caiculations in KQCS code,
The output from the KQCS code includes infinite dilution
group cross sections, resonance self-shielding factors, inelastic
transfer matrices and elastic transfer matrices ﬁp-to PB' These
results can be used for diffusion-, PN—and SN-calculations for
the fast neutron reactors,

3.1 . Smooth Cross:-Sections
In the smooth region, group average cross sections are given

by the .following equations:

<o> I S‘*U.x‘('E’)qu(E')d'E/ 5¢0(E).dE s _ (14)
cfEe”®Q ED>E;

.49-0:(..3):.{ - _ (15)
A/E oo _‘ -E{.Ef
where Ef and @ values can be given by users or given as Ef 2.0
MeV, Q=1.35 Mevl9s11],

The group average cross sections O, Og, J, O, 0;, Oh’n,,
Un,én’ oy ,:Bn’ O"pr, g and #A can be calculated.
3.2 Resonance Calculations . o

Following Bondrenke 9], in the resonance region, the effec-

tive group .average cross sections are expressed as

IR 5E1 1 O (B, T)¢(E)dm 5Ei--1= ¢, (E)dE (16)
x (TorT)= 0, (E, )40, 0y (E,T)+0,
t (o]
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where x=f(fission), c(capture) or e (elastic).

SE1-1
E. ¢0(E)dE/[0't_(E,T)+Q-O]

=1 i

Ut (UO’T)= 2 2'—00’ (17)
i-1

5E ¢0(E)dE/I:0't(E,T)+UO]
i
where t denotes total.
The resonance self-shielding factors are expressed as
I =1 gt
fX(O.O’T)=GX (O-O’T)/ <gx> » : (18)

where x=f,c,e,t; T is nuclear temperature of medium and Ob is

input parameters.
In the KQCS code, values of U, and T are inputed as
T=300, 900, 2100 %k

0 =1, 10, 102, 102, 10%, 107,

3.2.1 Resolved Resonance Calculations
In the resolved resonance region, microscopic point cross
sections are given by the following equations:

- I -
| O'x(,E'T)f/I:_—? Oor(E)-—Ii_I’T’EE,-IP(Er. Xr_)wa(E) , (19)
(x=f,c) *

N I (B
0 (E,T)= g 0, .(E) %TIP(;P’ X )+ (J;(_E)Q(Er, Xr):l

+0'p(“E)}"(?"'|S*L-ISE'i])*‘_éF(E) o (20)
o3 --!(‘?E ;1) =0 (B, T)+C(E, T)+0_(E,T) , (e1)
where 0 (E) is r-th resonance peak cross section, A;(E) is

the phase shift G (E) is the potentlal scattering Cross

section; O (E) and G (E) are the background Cross sectlon,‘

F
\P(;r X o) and §(§ x ) are Doppler broadened line shape
function: X (B)= rI',(E)/A(.E ™; A(E, T)--/-‘-‘¥ K=8.6167X10"2
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(ev/%); X _=2(E-E_)/T.(E);

L, . 3% 3r
’\P( gr! Xr)z P Rew( ‘r2 L ] 21"),

B3, - g i 2o,

W=a complex probability integra1E5j.
\[}and é functions are calculated by the following method:

In -0.14 X%6.1 and -0.15y £6.1 region, R W(x,y) and
Imw(x,y) are tabulated 1n 0.1 spacing for both x and y in
advance. Rew(-—zégzy gzi and Imw&—“EEJL,%?B are obtained by
interpolating between tabulated values. Beyond above x and y
region, R,W and I,W can be calculated using analytical methodE5J.

In order to save computer time and ensure accuracy, in this

region the group energy interval (EI’EI—I) is divided into NI
ultrafine groups, whose group boundaries are generally deter-
mined to be Ef?%(r;(Er)+¢Q(Er,T))and E.. All integrals are
calculated for each ultrafine group using the Romberg inte-
gration methodEﬁa]. In each ultrafine group, only those reso-
nances which contribute significantly in it are treated exactly.
The other resonances which are far away from it's boundaries
are treated simply, where cross sections are calculated only at
two boundary points of each ultrafine group, but at other inte-
gral nodes cross sections are determined by linear interpolation.

The results of the integrals for energy group in Equation
(16) and (17) are given by the sum of integral results of NI
ultrafine groups.

3 2.2 Unresolved Resonance Calculations

Unresoved resonance calculations follow the methods and
approximations used in the MCE cd&eES], where infinite dilution
and self-shielding cross sections are calculated at discrete
energy points E* in the unresolved resonance region. Group
cross sections aré'oﬁtéiqed b&IthéqaﬁéfégingIthe Valués qaicué
lated at eQual léthéﬁgy spaced p&iﬁté in tﬁg‘group. |

3.,2.2.1 Infinite pilution Cross Sections’ _
Infinite dilution cross sections are calculated by the
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following equations:

I‘SGS(E*)
{oS(E)) - “< o >_ < > (22)

D

O'S E*
<o (E*)) ﬂdﬁ ( )>° 0052d~1- 27(2 <’_(E*)> Cosad’ (23)

p®

(0,50 = 305N ) 40, (B, Ox=ty0) (21)

{0 (E)) =[ SGRE)y - SoEHEn) -3 (OctEn)
B B :
+Gp(E*)} (1-LIS[2_'|)+0‘e (E*), | (25)
F

{0 (B Y= {0,(8*) Y+ (T (E)) + {Op(ED)) .  (26)

2.2.2.2 Effective Cross Sections

In the unresolved resonance calculations, overlép effects
between two different resonances of the same sequence and
between two different sequences are taken into account under

different conditions.

5
(E
(A) Ifkn gJ Ar(E*'T)<5( <O' (E* )>+ g, ) (corresponding

to the high temperature and high energy condition, the overlap
effect between two different resonances of the same sequence is
considered., The effective resonance cross sections are calculated

by the following formularsC®d:

[ <0'5(E*)>]<r Js> _ DS<U§(E* )) <0']BQ(E‘ )>.£
<0' > D CosEJ' A/.E'_Jf(o;) 2 ()
[ <0'S(E*)>] s )p DS(OS(E )2

»e  Alardp %

05 (E*) US
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[ (O-E(E.)>"l<rst> s< S(E*)>2
ey, d v ARRE) 2

Og(E")=0, (28)
R [ (ﬁ(g*))}(rsa > DF D% (ORENYC. £

e D® A/[2TTLOL Y
G, (E*)= Zc‘r}f(E*mecE*) (x=f,¢) , (29)

a’e(E*)z{ [O’B(E*) ~O(E*)- or‘(s*):lm (E*}U -LIs[2]+0, (E ),
where <O't) = <O't(E* P+0, .

E_: ,/271’,%{ 1-92Uerfc( /[ 2u fZ[sinU(G(U)+S(U)—1)+
D

cosU(C(U)-S(U)):I}

U=16(%)2 , A= A(E*,T)= Hﬂ}E—t erfc(z) is error function,

’

U
c(u)= 1 ("e08t4¢ and s(u)= 8inty; are Fresnel integraltl}l
Jorhft 7w/t
Mo(E*
(B). If '*th S RCE" T)’5 ( <O' (E*)) + 0,), overlap effect

between two different sequences is considered. Effectlive reso-
nance cross sections are calculated by‘thezfollqwing equations 10]

OR(E*)=T,05(1- > 5y I: E: SEY )_, \ (31)

s8'£5 s'£8
0 (E*)= 0‘ b5(1- st )/[ Zb (1- st')- , (32)
. 8'=/s s - B'¥s _
0 (E*)= };G,‘Zcm+.chF(E') (x=£,¢) , S (33)

U'e(E*)={ZS:[53(E*)-6§(E')-6§(E' )] +0,(E*) } (1-LIs[2])

+Ge (E*) ,
F

(34)
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1= 2% Z{S. b5y

0, (E*)=0 -0

t P - E cB(1- E :css 93
s - 8'#s

where OLi: <|_sts>p/( Dscos2c}_1) , bS= <r'SJs_>p/DS ’
55 5gE
o oy s T L

PRI TS ot 1IR7E 1 i PR
S°°\P( LX)
0 5F+1p(35,2§)

Y Y5, X0 42

(35)

s
J8=3( % > Bs)z

J'S=J*S(§S BS)zj - - dx
' + P(g%,X)
_ ARETE
s & -
.g = r/A(E* 3T) ]
o] 0D /[05(E*)cos2dy] (in (22)-(30))
P 5/ [o8(mcosefy | n (30-(39))

If‘ﬁs<550, J% and J*F functions are calculated using Gaussian
integral formular. If 5-8}50, asytﬂptotic..exprassiOn can  be

used for them,
The detailed descriptions are given in Ref. [’Iu] .
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SFESSION 4 Nuclear Data Evaluation

4.1 Estimation of Covariance Matrix on the Experimental

Data for Nuclear Data Evaluation

T. Murata

NAIG Nuclear Research Laboratory. Kawasaki, Japan

In order to evaluate fission and capture cross sections of
some U and Pu isotopes for JENDL-3, we have a plan for
evaluating them simultaneously with a least-sgquares method. For
the simultaneous evaluation, the covariance matrix is regquired
for each experimental data set.

In the present work, we have studied the procedures for
deriving the covariance matrix from the error data given in the
experimental papers. The covariance matrices were obtained using
the partial errors and estimated correlation coefficients
between the same type partial errors for different neutron
enerdgy.

Some examples of the covariance matrix estimation are
explained and the preliminary results of the simultaneous

evaluation are presented.

1. Introduction
Nuclear data evaluation for JENDL-3 1is now underway. For

major isotopes of U and Pu, we have a plan to evaluate neutron
induced fission cross sections and neutron capture cross

sections simultaneously.
The method of simultaneocus evaluation has been described in

Ref. 1. In brief, the method is a least-sguares fitting and the

evaluated data set is given, in matrix notation, by

veval) = ( ot v oot ot vl xeexm

* Work performed under collaboration of sub-working groups on

heavy-nuclide nuclear data and on experimental method study
of JNDC. Collaborators: Y.Kanda, ¥ .Uenohara (Kyushu Univ.)
T.Nakagawa, Y.Kikuchi, Y.Nakajima (JAERI),

H.Matsunobu (SAEI), M.Kawai (NAIG)
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where X(eval) is the vector of evaluated data set, X{exp) is the
vector of experimental data set, D is the design matrix which
elements consist of 1lst order B-spline functions determined for
energy mesh points of the evaluation, the superscript t
represents the transposed matrix, and V is the covariance matrix

of the experimental data set.
So, as is shown in Fig. 1, we can obtain the simultaneously

evaluated data set, if we prepare experimental data, their
covariances and neutron energy points for the evaluation, and
put them into the least-sguares fitting code developed by Kanda
and Uenohara (1},

In the present work, we have studied the procedures for
deriving covariance matrix from the error data given in the
experimental papers and have prepared the matrices on all
experimental data adopted for the evaluation.

Some examples of the covariance matrix estimation are

explained and the preliminary results of the evaluation are

presented,

2. Method of covariance matrix estimation

The covariance between two quantities Xi and Xj is given by
LX) = e - . Ly = V. (1)
COV(XIJXJ) { XIXJ ) ¢ X >4 XJ ) = V1J

where the bracket means taking the average. In some cases the
covariance is expressed as the correlation coefficient;

COV(Xi,Xj)

Correl(Xy.X;) = Fgroxp varcxp =7

(2)

i]
Suppose Xi is determined by the parameters; Jy].Gy9,'""",0j """,
and expand Xi around the true value X? with the lst order

Taylor expansion, then

8X;
g =40 ; _ 0
Xp = X3+ 2= day = X F Y4y (3)

where dxik is the partial error of Xik caused by parameter error
d(]lk .
Substituting Egquation (3) into Eguation (1), we obtain
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CoviXp X)) = % Covl dXjs A%
= k! -
KZK, ) Ak 4k

= K :
DI L SPRANT

(if k= K s )

1) ij °kk

The last equation is obtained by assuming that the different
type partial errors have no correlation. Ordinarily, the
assumption is supported by the fact that correlations between
different type partial errors are much less than those between
the same type partial errors.

Using the last formula, we can obtain the covariance matrix
by preparing the partial errors (4Xik) and the correlation
coefficients ( ri? y.

In the experimental papers, different ways of error repre-—
sentation are adopted by different authors. In some papers,
partial errors are given for every energy point, in some cases,
errors of some parameters are given, and in others, only errors
of final results are given. So, estimation procedures of the
covariance matrix are different from case to case.

The flow chart of the estimation procedures is shown in Fig.
». In most cases, some partial errors are given, but, the
correlation coefficients are not given. The partial errors not
given in the papers will be estimated with the propagation of
errors. Some correlation coefficients were estimated roughly in

three grades, and are listed in Table 1.

3. Examples of covariance matrix estimation

The first example is the U~235 fission cross section
measurement performed by Wasson et al.(2). They used a VDG
accelerator and generated neutrons with the Li-7{(p.,n}Be-7
reaction. Neutron flux was measured by a plastic scintillator
called a black detector. Fission events were detected with a

fission chamber. The experimental set-up is shown in Fig. 3.

—133—-



JAERI-M 85-035

Table 2 shows the cross section deriving formula, typical
partial errors and the presently adopted correlation coeffi-
cients.

Energy independence of partial errors was assumed for the
present calculation of the covariance matrix. The results,
expressed 1n the form of correlation matrix, are given in Table
3. The rows and columns of the matrix correspond to incident
neutron energies given in the lower part of the table. The
standard deviation of measured fission cross section at each
energy is also given in the table.

The next example is the measurement of fission ratio of Pu-
240 to U-~235 perfomed by Wisshak and Kaeppeler(3). Neutrons were
generated by the Li-7(p,n)Be-7 and T-3(p,n)He-3 reactions with
protons which energy was slightly lager than the reaction
threshold, and no neutrons were generated in the backward region

where the fission detector was installed. Fission events were

detected with a fast neutron detector NE-213, by measuring the
prompt fission neutrons. The experimental set-up is shown in
Fig. 4. The partial errors of the measurement are given in Table
4 along with the presently adopted correlation coefficients. For
some parameters, only the range of the partial errors are given
and the energy dependence of the values are not clear.

The energy dependence of the partial errors were infered with
the propagation of errors. As an example of the inference,_the
energy dependence of the partial error caused by isotopic
impurities of Pu sample ( 0.73% Pu-239, 0.68% Pu-241 ) is
explained below.

The fission ratio R is given by

o (**®Pu) Cp, Ny Py fy €y (MS*SS)y

R —mz—  — . — . — . —.
o Uy  Cy Npy Veu ey Py (MS*SS)py
where C : count rate,

number of sample atoms,

=

v : number of prompt n. / fission,

f : detection efficiency,
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¢ : neutron £lux ,

MS*SS : multiple scattering and

self shielding corrections

The count rate of Pu sample is given by

Cpy = € = Nlog'vify bpy - B o
where C : observed count rate, B : background,
N'Uf'“'fbu¢pQ : count rate c¢f impurities.
N'cf'v' - N2390f239v239 . N2410f241U241

With these equations, the propagation of impurities atomic

number error { AN') is calculated to be

g 1\)1

(T)N, = const ( )“"'

The above equation gives the energy dependence of the partial
error due to the impurities. The calculated dependence was
normalized to the range of partial error given in Table 4.
With the same procedure, energy dependence of other partial
errors was determined. Finally each partial error was adjusted
to reproduce the total systematic errors given in the original
paper. The estimated covariance matrix is given in Table 5, in

the form of the correlation matrix.

4. Some results of simultaneous evaluation

At present, the simultaneous evaluation is being made for the
fission and capture cross sections of U-235, U-238, Pu-239, Pu-
240 and Pu-241, and capture cross section of Au-197. The last
guantity is included as a reference Cross section for capture
cross sections

The covariance matrices have been estimated for about 60
experimental data set, which included over 2500 points data. The

number of energy points of the evaluation is about 200.
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The preliminary results of the simultanecus evaluation are
shown in Fig. 5 for the fission ratios and fission cross

sections of some nuclides,

5. Conclusions
The estimation method of the covariance matrix on experi-

mental data has been established as the first step for the
simultaneocus evaluation.

Further study remains to be done for the estimation of the
correlation coefficients in -more detail. In the present study,
the correlations between the experimental data of different
gquantities were neglected. For some experiments, such as fission
ratio measurements performed at Lawrence Livermore Laboratory,
there will be some correlations between them. Alsc further study

should be made on this correlations.

Estimation of the covariance matrix on the experimental data
is to be made taking into account the experimental conditions
and data processing. It is a quite job of experimenters.

So, to experimenters,
" Please prepare by yourself the covariance matrix on your

own measured data."”
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Table 1 Estimated correlation coefficients between the same type

partial errors at different neutron energy.

TYPE OF PARTIAL ERRORS CORRELATION
Normalization S
Standard Cross Section 5
vp S
Target Thickness S
Impurities S
Geometrical Factors S
Absorption (inc.n.) g
Absorption (fiss.frag.) S
P.H. Spect. Extrapolation S
Dead Time g
Time Shift 3
Background
[Constant S
Time Dependent

Mono Energy n source W
{White n source M
Multiple Scattering M
Detector Efficiency M
Neutron Flux M
Statistical non

*# S : Strong (ri? = 1.0), M : Medium (ri? = 0.5)

. k R S
W : Weak (rij = 0.0), non : rij 0
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Table 2 Fission cross section formula and systematic errors of

{(2).

Wasson et al.

Presently adopted correlation

coefficients are given in the fourth column of the

the right side table.

_235.04 (Ly 1AYF

%~ 06023\R/ MDF
1 (L +RA(T(Try [ o7 ]
X Z,; {(Ynfe)i (Sr)i [(Uf)f ENDF,’B-V} ’

wiere

Yr = fission chamber yield
Y, = black neutron detector yield
A = peometrical area of the collimator

F = correction for fission fragment absorp-
tion in the deposit backing

M =31 mass of the fission chamber

r=distance to the center of the fission
deposits
R =distance to the end of the collimator

D = dead-time correction for the biack de-
tector

¢ = black detector efficiency

(1 + k) = energy-dependent variation in the effec-
tive arza of the collimator

T4 = air transmission of neutrons

Tr = neutron transmission of one-half of the
fission chamber

S¢ = scattering correction for the fission
chamber

(os); = fission cross section for group

i =labels the neutron energy groups in the
black detector response.

Parameters Which Are Used to Determine the Cross Section®

Uncertainty In k

Cross Section r i
Quanlity Nominal Value (%)
r (1333202} em 03 1.0
R (5659 + 0.3) em 0.1 1.0
A (5.067 £ 0.025) cm? 0. 1.0
M {1709 +20)x 107 12 1.0
F 0.993 -—-
€ 0.54 10 0.5
Ta 0.92 08 1,0
Tr 0.99 6.2 1.0
SF 1.01 0.1 0.5
{1 +k) 1.015 0.2 1.0
D 1.005 0.1 1.0
Fission spectrum extrapolation 0.4 1.0
Moaniter spectrum fitting 0.2 1.0
Monitor shield scattering 0.3 0.5
Neutroa beam uniformity 0.3 0.%
Neutron background 0.3 0.0
Total systematic uncertainty 20

*The third column Hsts the uncertainty in the cross

section due to the uncertainty in the parameter.

Table 3 Systematic partial errors of fission ratio

(Pu-240/U-235)
(3).

data measured by Wisshak and Kaeppeler

Presently adopted correlation coefficients are

shown in the fourth column of the table.

Run TII Run IV r K
Energy range (keV) 8-81 45-244 1]
Flight path (mm) 68.5 §6.0
Flight path sampla 3.6-3.9 (%) 3.7-4.0 [1.0
Constant background sample 0.1-3.9 0.5-3.8 | 1,0
Flight path reference sample 1.6 1.6 1,0
Congtant background reference sample =0.2 0.1-0.6 1.0
Unfolding procedure 5.0 5.0 1.0
Isotopic Impurities 2.5-6.9 2.8-6.3 |1.0
Fraction of fiasfon nedtrons above threshoid 2.0 2.0 1.0
Scattering in polyethylene foil 1.0-2.5 2.0-3.0 0.5
Multiple scattering and self-shielding 1.4 1.4 0.5
Neutron {lux 0.4 0.4 0.5
Total 7.7-10.3 7.8-10.6
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Table 4 Estimated covariance matrix for U-235 fission cross

section data measured by Wasson et al. (2).

Uz3s FISSIOH CROSS SECTICM COYARIAMCE, WASSON et all NSES1,136(1932>
FEFFEFRAEEEEFFFFFFHSEEF2E% COURRELATION MATRIK #$¥2£FXXRXFEXFEEXFLERLELEELE

1.88 ,45 .47 .Sl .51 .58 .56 .56 .56 .96 .53 .55 .%3 .53 .52
.45 1.88 .47 ,S51 .3} .58 .56 .S6 .36 .36 .53 .56 ,53 .33 .33
.47 .47 1.88 .53 .53 .61 .58 .58 .58 .S58 .05 .58 .55 .55 .55
.51 .S{ .53 t.es .38 .65 .63 .63 .63 .63 .68 .63 .68 .88 .69
.51 .51 .53 .53 t.@@ .66 .63 .63 .63 .63 .68 .63 .69 .58 .64
.53 .58 .61 .66 .66 1.88 .72 .72 .72 .72 .69 .72 .69 .63 .69
.56 .56 .58 .63 .63 ,72 1.68 .68 .68 .68 .66 .68 .66 .65 .68
.56 .S58 .53 .63 .63 .72 .68 {.28 .68 .63 .66 .68 .66 .66 .BS
.36 .56 .58 .63 .63 .72 .68 .68 1.88 .68 .66 .63 .66 .66 .65
.56 .55 -.53 .63 .83 .72 .&8 .63 .68 1.88 .66 .68 .65 .66 .66
.53 .53 .55 .68 .68 .69 .66 .66 .56 .66 1.8 .65 .63 .63 .&3
.56 .56 .S58 .63 .83 .72 .68 .63 .63 .68 .66 1,88 ,66 .68 .66
.53 .53 .55 .68 .68 .59 .66 .66 .66 .66 .63 .66 1.88 .63 .63
.53 .53 .55 .68 .68 .89 .66 .66 .65 .66 .63 .66 ,63 [.B0 .63
.53 .S3 .55 .68 .58 .89 ,586 .66 .65 .66 .63 .66 .63 .63 1.09

Eni{min3(MeVi=
.217 .235 .299 .369 .451 .S52@ .6@8 .588
7?57 .848 .965 1.830 1.9672 1.127 1.174
STD (%2 =
2,78 2.78 2.68 2.4 2,40 2.!@ 2.20 2.2@
2.20 2.20 2.3 2.28 2.38 2.30 2.30@

Table 5 Estimated covariance matrix for some typical fission

ratio (Pu-240/U-235) data measured by Wisshak and

Kaeppeler (3).

FISSION RATID (PU24B-U2335) CQVHRiHHCE, WISSHRK et al.:NSEG9,47(1979
FAREFEFFEFLERER R A FRRETRERES CORRELATION MATRIX FEFFEAEEELFFEEXTEETEFEREERER

{.p@ .59 ,7¢ .72 .71 .74 .73 .71 .75 .74 .78 .71 .71 .72 .70
.68 1.88 .82 .83 .85 .87 .87 .83 .86 .83 .83 .83 .84 .Be .85
.78 .82 1.8@ .85 .85 .88 .87 .35 .88 .89 .84 .84 .85 .86 .84
.72 .83 .85 1,88 .27 .98 .89 .88 .99 .91 .B6 .86 .87 .88 .36
.7t .86 .85 .87 1.0 ,9% .91 .92 .89 .92 .87 .87 .89 .S@ .99
.74 .87 .88 .98 .91 1.989 .93 .93 .93 .95 .89 .89 .98 .31 .93
.73 .87 .87 .3% .91 .93 t.88 .94 .32 .95 .88 .83 .98 .92 .31
,71 .83 .Bs .88 .92 .93 .94 1.e¢ .91 .95 .87 .87 -.83 .92 .93
.75 .86 .88 .98 .8% .93 .92 .91 1.0@ ,95 .87 .38 ,89 .94 .89
.74 .82 .89 ,91 .%2 .95 .99 .93 .95 1.e@ .89 .89 .91 .93 .82
.79 .83 .84 .86 .87 .89 .88 .87 .87 .89 1.88 .86 .87 .87 .86
.71 .83 .84 .86 .87 ,89 .88 ,87 .88 .89 .86 1,28 .87 .87 .86
.71 .84 .85 ,87 .87 .%0 .98 .89 .89 .91 .87 .87 1.8@ .89 .88
.72 .86 .86 .88 .99 ,9i .%2 .92 .99 .93 .87 .87 .89 1.88 .99
.76 .85 .84 .86 .99 .98 .%1 .93 .89 .92 .86 .86 .83 .90 1.90

Encke¥o=
3.1 11.9 13.9 16.5 19.8 24.2 36.3 39.1

s2.1 73.1 89.6 187.6 131.7 164.9 212.5

STD (%2 =
12.9 8.8 9.4 9.2 8.2 8.5 8.2 7.7
9.2 8.1 B.9 9.9 8.7 8.3 8.8
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Covariance
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Fission C.S. for these
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Capture Ratio Energy
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tvaluation
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Simultaneously
Evaluated Data
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Fig. 1 Schematic diagram of the simultaneous evaluation

DISCARD
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P.E. |
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CALC.
cov. /}\
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C.5. : Cross Section P,Cg@ ﬁh
C.S. FORMUIA : X(ay,a,,.. o) e
1187518y c.s./
P.E. : Partial Errors ERRORS
PRM : Parameters a 3y e
Cov. : Covariance ﬁatglx

Fig. 2 Flow chart of the covariance matrix estimation
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Li,CO,4 + WAX
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__7—- g Li,co,-E// oA vy
g R // 27 g
NEUTRON SOURCE~ — waAx 7 |E] 2
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( FISSION M ‘rh/ pd // /
/
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SECONDARY
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25 em
k- —~

Fig. 3 Experimental setup of U-235 fission cross section

measurement performed by Wasson et al. (2).

MOXON-RAE DETECTOR

PHOTOMULTIPLIER
NE-104 PLASTIC

iS-EﬁE?.DING % SCINTILLATOR {05 mml}
LEAD - GRAPHITE CONVERTER
ABSORBER
{0.75 mm} LITHIUM

RS < TARGET
Pu SAMPLE - PROTCON BEAM

Ve
S
LEAD s
SHIELDING P 7 %
P NE-213 LIQUID
SCINTILLATOR
P
PHOTOMULTIPLIER

NEUTRON DETECTOR

Fig. 4 Experimental setup of fissiom ratio (Pu-240/U-235)

measurement performed by Wisshak and Kaeppeler (3}.
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4,12 Status of Fission Cross Section for 235U as a Standard

Hircyuki MATSUNOBU
SUMITOMO Atomic Energy Industries, Ltd.
2-6-1 Kaji-cho, Chiycda-ku, Tokyc 101

Recent measurements of the 235U fission cross section

which is important as a standard, are compared in thermal and
four energy regions exteénding from 30 kev to 20 MeV, and
agreements and discrepancieé among the data are discussed in
each energy region. These measured data are also compared with
the data of JENDL-2 and ENDF/B-V, and the results of two
preliminary evaluations performed on the basis of Bayesian
procedure in BNL and JNDC. Finally, the difference between the
latter result and JENDL-2 data is discussed including the

effects to the integral data analysis.

1. Introduction

The fission cross section of 235U, which plays an
important role in light water reactors and is used alsC as a
standard, have been measured through many years, and a number
of data have been published up toc the present. However,
agreement among the data measured by many experimentalists is
not yet completely satisfactory at present, and many systematic
discrepancies are observed over the whole energy range.

In order to discuss this problem and improve the accuracy

of the data, IAEA Consultants' Meeting on the 235U fast

neutron fission cross secticon and the 252Cf fission neutron

spectrum was held at Smolenice, Czechecslovakia in 1983.
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1}

presented a result of preliminary
235

In this meeting, Bhat
evaluation of the fission cross section for U from 100 keV
to 20 MeV. His evaluation is based on a Bayesian procedure
using variance-covariance matrices for a number of
experimental data sets.

On the other hand, simultaneous evaluation work* of the
nuclear data for heavy nuclides is in progress as a activity
of the Japanese Nuclear Data Committee at present, and a
preliminary result was obtained recently. The evaluation
method is similar to that of Bhat.

In this report, the compiled experimental data are
shown and compared with four evaluated data including those
of Bhat and ours, and the discrepancies among the data are
pointed out from a viewpcint of evaluation. In addition,
the difference between the result of simultaneous evaluation

and JENDL-2 data is also discussed including the effects on

the integral data analysis.

2. Thermal Fission Cross Section

235U has measured

The thermal fission cross section of
since the nineteen-fifties, and many data have accumulated

up to the present. The data of the fission integrals Il and

* Work performed under collaboration of the Sub-Working
Group on Heavy-Nuclide Nuclear Data and the Sub- Working

Group on Experimental Method Study
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T _ relative to their thermal normalization values compiled

2
by Wagemans and Deruytterz)

are shown in Table 1 with the
measured and evaluated fission cross sections at 0.0253 eV.
As shown in this Table, agreement among the fission cross
section data is very good, and the maximum difference is
below 3% except the data by HoggB}. The error of each
measurement is also small. As to the evaluated data,
agreement between ENDF/B-V and JENDL-2 1s excellent. It
seems that the requirement(1l%) for the accuracy of 235U

data is satisfied for the thermal fission cross section.

3. Fast Fission Cross Section

3.1 Fission cross section in the energy range from 30 to
100 keV

The measured data in this energy region are comparatively
abundant, there are the data of about 60 points including the
averaged cross section data. The status of these data is
shown in Fig. 1 with the JENDL-2 data and the preliminary
result of simultaneous evaluation in JNDC. The data by
Poenitz4) are in good agreement with the data by Szabo and

5} 6)

Marquette”’. The data by Perez et al. are higher than the

data by Poenitz by 4 to 6%. On the other hand, the data by

Gwin et a1.7J, Lemley et al.s), Wassong), Carlson and Czirrlo),

L1) are all lower than the data by Poenitz

and Czirr and Sidhu
and by Szabo and Marquette in the energy range 30 to 80 keVv.

The maximum difference between the lowest value and Poenitz's
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data is about 9.4% in the range 80 to 90 kev,.

The evaluation of JENDL-2 follows the data by Poenitz and
by Szabo and Marquette, but the values are higher than their
data by 1 to 3%. Against this, the preliminary result of
simultaneous evaluation shows considerably different shape
and values compared with the JENDL-2 data above 60 keV. In
particular, the values are comparable to the lowest measured
data in the energy range above 70 keV. It is estimated that
this situation is due to the low fission cross sections of
the other nuclides.

The preliminary result of the above simultaneous
evaluation for 235U in the energy range from 50 keV to
20 MeV is shown in Fig. 2, and the ratio to the JENDL-2 data
is given in Fig. 3. This ratio shows an interesting energy
dependence that increases globally with neutron energy and
Tluctuates locally.

3.2 Fission cross section in the energy range from 100 keV
to 1 MeV

The fission cross section in this energy range has an
important effect to fast reactor technclogy as a standard to
those of the o£her heavy nuclides, with that in the previous
energy range. Accordingly, many measurements have been
performed, and a number cof data have been accumulated up to
the present. However, some discrepancies among the data

are also observed in this region. The status of measurements
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in 100 to 700 keV is shown in Fig. 4* with the evaluated data
5% four kinds mentioned in the abstract. As seen in this
figure, the data by Poenitz4}’12) agree well with the data by
Szabo and Marquette5) except some energy points. The data
by Wasson et al.lB) are also consistent with their data,
although several data are slightly low around 300 kev and in
450 to 600 keV.

On the other hand, the data of JENDL-2 and ENDF /B-V
follow partly the data by gzabo and Marquette and by Poenitz,
but they are higher than both measurements by about 1 to 3%
in 300 to 700 keV. The data of JENDL-2 are slightly high
compared with those of ENDF/B-V, although the both show
excellent agreement in 400 to 500 keV.

The preliminary results of simultaneous and Bhat's
evaluations are lower than the data of JENDL-Z and ENDF/B-V.
Especially, the result of simultaneous evaluation shows the
lowest values compared with the data of three evaluations.
However, the shape is very similar to that of Bhat's
evaluation over the energy range from 300 to 700 kevVv. It is

understood in Fig. 5** that the shape and values of

*x This figure was quoted from the paper of Bhatl) with Fig. 6~

Fig. 8, because the results of his evaluation are plotted

in these figures.

14)

** This figure was guoted from the paper of Carlson with

Fig. 9
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simultaneous evaluation were determined con the basis of the
9),13) In this figure, it is noted

data by Wasson et al.

that there are apparently systematic differences between the

data of ENDF/B-V and the measurements by Wasson et al.

3.3 Fission cross section in the energy range from 1 to 6 MeV
The status of the experimental data in this energy range

is shown in Fig. 6 and Fig. 7 with the evaluated data of four

kinds. As shown in these figures, although the measured data

are very abundant, remarkable discrepancies are observed among

the data over the whole energy range except around 1 MeV.

At 1 MeV, the data are concentrated between 1.18 and 1.23 barns,

but they are widely distributed with the width of 0.1 to 0.15

4),12)

barns above 1 MeV. The data by Poenitz show low cross

15)

section values while the data by Kari show high values, and

there exist a clear systematic discrepancy between the both

16}

data. The data by Barton et al, and by Carlson and

17)

Patrick are in good agreement with the data by Poenitz in

the energy ranges 2 to 3 MeV. The data by Szabo and
Marquettes) are also in well agreement with Poenitz's data in
2.5 to 5.5 Mev.

On the other hand, the evaluated data of four kinds show
the intermediate values between the data by Kari and by
Poenitz. The data of JENDL-2 show high values with the
maximum difference of 2% compared with those of ENDF/B-V, while

they are in excellent agreement at 1 MeV and around 2 MeV.

Against the JENDL-2, the evaluated data of Bhat show lower
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values with the maximum difference of 2.2% than those of
ENDF/B-V, while they are in good agreement near 1, 2.4, and
in 4.0 to 6.0 MeV. The preliminary result of simultaneous
evaluation shows good agreement with the data of ENDF/B-~V
in 1.25 to 2.75 Mev, and crosses each other with the data
of JENDL-2 in 2.9 to 6 MeV. The maximum deviation from the

JENDL-2 is 1.2%

3.4 Fission cross section in the energy range from 6 to
20 MevV

The measurements of the fission cross section in this
energy range except around 14 MeV are not so many as those
below 6 MeV. However, the number of data points is not so
scarce. The main recent data were measured by Czirr and
SidhulS), PoenitZIZ}(<8.3 Mev), and KarilS). The status
of these measurements is shown in Fig. 8 with the evaluated
data of four kinds. The above three measurements show
comparatively good agreement each other in the energy range
below 8 MeV. However, as seen in Fig. 8, a remarkable
discrepancy between the data by Czirr and Sidhu and by Kari
exists in the energy range from 10 to 20 MeV. The discrepancy
is not only the cross section values, but alsc observed in
the shapes.

The data of JENDL-2 and ENDF/B-V are lower than the
measured data in 8 to 11 MeV, because they were evaluated on
the basis of other measurements. In the case of JENDL-2Z,

the data by Leugers et al.lg) were taken into account in
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the evaluation in this energy range. Above 11.5 MeV, the
both data were evaluated on the basis of the data by Czirr
ainid Sidhu. Accordingly, agreement between the both data
is excellent, and the difference is less than 1% in the
energy range except 16 to 17 MeV. The evaluated data of
Bhatl) show intermediate wvalues between the data by Kari
and of ENDF/B-V in 8 to 10.5 MeV, and follow the data by
Czirr and Sidhu in 11.5 to 14.5 MeV, But, his data follow
abruptly the data by Kari away from the data by Czirr and
Sidhu above 15 MeV. The preliminary result of simultaneous
evaluation shows also a similar tendency. This result shows
good agreement with the data of JENDL-2 and ENDF/B-V in the
energy ranges from 6 to 10.5 MeV, and from 10.5 to 13 MeV,
respectively. In the energy range from 13 to 15 MeV,Iit
shows slightly higher values than those of ENDF/B-V, and
follows abruptly the data by Kari above 15 MeV. The cause
of this sudden transition is not yet known at present.
Finally, we would like to mention about the status of
the measurements around 14 MeV, Establishment of the
fission cross section value in this energy range is very
important as a standard cross section. The data by Whitezo)
had been used as a standard until the data by Canc€ and
GrenierZI) were published. The both data are as follows.

White : 235gf=2.17 +0.0434 k at 14.1 + 0.05 MevV
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Canc€ and Grenier : 235c;rf~-—~2.062¢0.039 b at 13.9:x0.13 MeV
23%0,=2.06320.039 b at 14.6:0.13 MeV

The cross section value by White is higher than that by
Cancé and Grenier by about 4.3% taking account of the
difference of neutron energy. This difference is significant,
and has a large effect on determination of cross sections
at different energy points and/or for other nuclides.
However, it seems. that this problem was already solved by the
latest four absolute measurements published since 1980.

That is, the absclute measurements. by Adamov et al.22), Arlt

et al.23), Wasson et al.24), and Li Jigwen et al.25) support
all the data by Cancé and Grenier. The status of the
measured and the evaluated data around 14 MeV is shown in
Fig. 9. As seen in this figure, the data by Czirr and Sidhu
are consistent with the latest absolute measurements, whereas
the data by Kari support the measurement by White. 1In this

energy region, the four evaluated data agree well each other

within the errors of most of the absolute measurements.

4. Revision of the Evaluated Data and its Effect on the
Integral Data Analysis

As mentioned in Introduction, a simultaneous evaluation
of the fission cross sections and the variance-covariance data
for heavy nuclides is in progress in JNDC at present, and

235

the preliminary result for U was introduced in the previous

chapter. This result was obtained on the basis of the
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recent measured data and their statistical and systematic

partial errors. If this result is reliable, the fission
cross sections of JENDL-2 for 235U should be revised as
shown in Fig. 2. This modification is considerably large,

and the maximum deviation ratio to the JENDL-2 attains -7.3%
in the energy range below 1 MeV and +6.4% above 4 MeV as
seen in Fig. 3. How many integral data in the field of
nuclear technology are satisfactorily analyzed by using these
revised cross sections including those of the other heavy
nuclides? This is a big problem in the present stage to
prepare the JENDL-3.

As for this problem, an interesting paper was presented

26)at 1984 Fall Meeting of Atomic Energy

by Yoshida et al.
Society of Japan. They analyzed the burn up and static data
of the fast experimental reactor "JOYO" and performed an
adjustment of the group constants through a sensitivity
analysis of the fission and capture cross sections of heavy
nuclides. The results of this adjustment are shown in Tables
2 and 3. As shown in Table 2, the results on the fission
cross sections of 235U suggest that they should be decreased
by 3 to 4% as the averaged value 1in each energy group. This
suggestion is consistent with that from the above simultaneous
evaluation in the energy range below 1.4 MeV.

On the other hand, the data of JENDL-2 were prepared by

passing through the benchmark tests of the integral data from
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fast critical assemblies. On the basis of this experience,
revision of the JENDL-2 data based on the present simultaneous
evaluation will be rejected in so far as ancother possibility
to compensate the effective multiplication coefficients is
not found out. These two examples show that the requirements
to the fission cross section are contrary to each other.
Therefore, at a revision of the nuclear data, especlally

235U as a standard, it is

of the fission cross section of
necessary at first to examine the reliability of evaluation
method and its procedures. In the next place, it is important
to confirm that the results of evaluation are not inconsistent
with the status and tendency of the most reliable measurements.
Finally, the revision should be carefully performed taking

into account at the wide viewpoint its effect on the results

of data analysis on many integral experiments.
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Table 2 variation of Group Constants by Cross Secticn
Adjustment Based on the Data of JOYO

) Adjusted Data/Original Data
: Energy Case 1 Case-2
Nuclide | Reaction Group (Burn-up {All Integral
Data) Data)
O, 3 0.91 0.90
4 0.93 0.92
235y 1 1.00 0.97
2 0.99 0.9%6
O 3 0.99 0.96
q 0.99 0.96
2 0.97 0.98
I 3 0.95 0.96
ZBBU q 0.95 0.96
Ug 1 1.06 1.02
2 1.00 1.0
O 3 1.06 1.25
4 1.06 1.26
23954 1 1.02 1.00
o 2 1.03 1.00
f 3 1.05 0.99
4 1.04 0.98

Energy Group

1.4 ~ 10 MeV

0.4 v 1.4 MeV

1
2
3 46.5 v 400 kev
4

Thermal ~ 46.5 keV

Table 3 Comparison of C/E Values for the Integral Data
Calculated with the Original and Adjusted Group

Constants
Classification C/E
S8 —
Input Parameter | Original Adjusted

of the Data Data Data
Case 1lCase 2
Rati F9/F5 0.97 1.00 0.99
atlolpg/Fs 0.93 0.98 | 0.98

Reaction Rate

of JOYO F9 (CP/CC 1.05 1.05 1.05
pistri-]F9 RB/CC 1.06 1,09 1.07
bution {F5 <CP/CC 0.98 0.98 0.98
F5 RB/CC 1.00 1.02 1.02
AN (U235) /No 1.10 1.06 1.07
Burn- AN(U236) /No 1.16 1.02 1.05
of Jovs AN (U238) /No 0.98 0.94 | 0.98
. AN {Pu239) /No 0.91 0.99 0.99
Pu/Pu+U in R. B. 1.10 1.03 1.08
keff keff 1.01 1.03 1,00
of JOYO Akeff(burnupl 1.03 1.01 1.06
_ C8/F5 1.03 0.99 1.03
ZPPR-3 FS/F5 0.97 1.01 | 0.97
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4.3 An Experience in Evaluation and File-Making of
Gamma=-Ray Production Nuclear Data

Kazuki HIDA

NAIG Nuclear Research Laboratory
Nippen Atemic Industry Group Co., Ltd.

In the first part of this report, it is given how the gamma-ray production
nuclear data are represented generally in ENDF/B format. The rest of this
report is devoted to showing how these data are evaluated and stored for 238U.
Since experimental data are insufficient, evaluation has recourse to the
calculation based on the statistical theory of nuclear reaction,

1 Introduction

The gamma-ray production nuclear data due to neutron-induced reactions
are requested for shielding and heat deposition calculaticns in nuclear power
generating systems. The shielding calculation requires the whole gamma-ray
spectra, On the contrary, the low energy gamma-rays are especially important
for the heat deposition calculation rather than the whole spectra, These data
are needed for the thermal through 20MeV neutrons to be used in the design of
the fission, the breeder and the fusion reactors,

Data contained in the currently available libraries such as POPOP41) or
ENDF/B-IV do not necessarily satisfy the accuracies requested for these
purposes, which are 10% for the low energy gamma-rays and 20% for the high
energy gamma-rays. Most of them are the unevaluated experimental data in
POPOPY or are estimated with a semi-empirical formulaz) in ENDF/B-IV; 1in the
worst cases of them the energy conservation is violated., Recently, the latest
version ENDF/B=V are completed containing 24 fissionable and 36 nonfissionable
materials, but the data are not open to the users outside the U.,S. and Canada.

In Japan, Working Group on Nuclear Data for Photon Production was
organized in 1979 in order to satisfy these requests3). Selected nuclides are

Li, '2¢c, %0, Na, Mg, A1, Si, Ca, Ti, Cr, Fe, Ni, Cu,

Nb, Mo, Eu, Gd, HFf, Ta, W, Pb, 235y, 238y 239p,, 240p,
ranging from the 1ight to heavy nuclides, and the evaluated data are to be
contained in JENDL-3 with ENDF/B format,

Evaluation method depends upon the availability of the experimental data
and upon the nuclear characteristics. When the reliable experimental data are
available, we can store them as they are., When not, theoretical calculation
is needed, The statistical theory of nuclear reaction can be successfully
used for evaluation of the data for the medium through heavy nucleiq). For
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the light nuclei, however, there is no definite method since the non-
statistical effects are remarkable,

We show in this report how the gamma-ray production nuclear data are
evaluated for 238U, which is well within the scope of the statistical theory.
So far, a computer code CASTHYS} has been used to calculate the low energy
neutron capture gamma-ray spectra and a modified version of GROGI code6) to
calculate the gamma-ray production cross sections and spectra for the high
energy neutrons, The reason for the use of two different codes is that CASTHY
cannot calculate the gamma-ray spectra from the reactions other than the
radiative capture and GROGI cannot treat the discrete levels which affect
seriously the low energy neutron capture gamma-ray spectra. Alternatively, we
'try in this report to evaluate the gamma-ray production nuclear data for the
thermal through 20MeV neutrons with a computer code GNASH7) only, taking the
fission into account. Throughout this report, we mean a new version of GNASH
revised by Young and partly by Kawai.

Before evaluation for 238U, we show in the next chapter how the gamma-ray
production nuclear data are represented generally in ENDF/B format, according
to which the evaluated data are stored.

2 Description of Gamma-Ray Production Nuclear Data
2.1 Representing Gamma-Ray Production Nuclear Data

A gamma-ray spectrum from the radiative capture is schematically shown in
Fig.1 for illustration. This spectrum consists of four discrete gamma-rays and
a continucus part; the first two lines correspond to the primary transitions
to the low lying discrete levels and the next two lines to the secondary
transitions between them.

The gamma-ray production cross section og(En) illustrated above can be
expressed as the sum of those for the individual gamma-rays:

5 k
6,(En) = 3 d¢_."(En) . (n
g - g
k=1
Here ogk(En) is the cross section for a particular gamma-ray k and can be
stored separately in ENDF/B formatg). Advantage of decomposing the gamma-ray
production cross section as Eq.(1) will be given later in this section,
When k designates a continuous gamma-ray, ogk(En) is the cross section

integrated over the gamma-ray energy Eg:

Egmax dogk

dgk(En) = ‘/‘ —(Eg;En) dEg . (2)

0 dEg :
Here ddgk/dEg(Eg;En) is the absolute gamma-ray energy distribution in barn/eV
unit and can be broken down further as
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dogk

—(Eg;En) = dgk(En)-f(Eg;En) , (3)

dEg
where f(Eg;En) is a normalized energy distribution. This quantity must also
be given in ENDF/B format as well as o K(zn),

As ancther way of the data storage, the gamma-ray multiplicity y(En)
can be stored in ENDF/B format instead of dg(En), which is the gamma-ray
production c¢ross section divided by the neutron cross section:

y(En) = o (En)/o (En) or yX(En) = 6 K(En)/o (En) . (1)
This is the average number of the emitted gamma-rays per reaction.

The latter option, say the storage of the multiplicity y(En), is favoured
in the resonance neutron region because the variation of y(En) with neutron
energy is relatively small compared to that of cg(En) originated from the
resonance behaviour of dn(En). In contrast, the gamma-ray production cross
section is suited to represent the data for the higher energy neutrons. As
far as the multistep statistical theory is employed to calculate the gamma-ray
spectra, it is hard to distinguish the types of the reaction from which a
gamma-ray is emitted, Therefore, in the higher neutron energy region where
many reactions take place, we had better evaluate the gamma-ray production
cross sections for the nonelastic scattering which is the sum of all the
reactions other than the elastic scattering.

The multiplicities of the primary gamma-rays to the low lying discrete
levels can still vary from resonance to resonance because of the difference in
spin and parity of each resonance and because of the non-statistical effects.
This is conspicious for the light nuclei because most levels are well
resolved, Therefore, if the gamma-ray production cross section is represented
as Eq.(1), data for these discrete gamma-rays can be stored, for example,
resonance by resonance., In contrast, the variation of the multiplicity of a
continuous gamma-ray with neutron energy is so small that data may be given
only at larger interval. It should be mentioned however that it remains
unsolved how we can store the data for the discrete gamma-rays between the

resonances,
2.2 ENDF/B Format

The structure of ENDF/B formatg) is summarized in Table 1., Data are
stored in file 12 or 13 according to whether they are the multiplicities y(En)
or the cross sections dg(En). In these two files the neutron energy
dependence of the data is represented by tabulating a set of pairs of neutron
energy and multiplicity or cross section for each gamma-ray k. When k
designates a continuous gamma-ray, a normalized energy distribution f(Eg;En)
must be given in file 15 irrespective as to whether file 12 or file 13 is
used, Each gamma-ray requires an angular distribution in file 14, It is
represented by the coefficients of the Legendre polynomial expansion or any
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other normalized distribution, For a continuous gamma-ray, an energy-angle
distribution can be stored in file 16 instead of giving files 14 and 15.

An example of a complete gamma-ray production nuclear data file is seen
in Fig.7, which is the one for 238U. File 12 contains the neutron energy
dependence of the multiplicities for the inelastic scattering exciting the
discrete levels, the fission and the radiative capture in the lower neutron
energy region down to 1.0x10‘5eV. File 13 contains that of the gamma-ray
production cross section for the nonelastic scattering in the higher region up
to 20MeV. The reason for dividing the neutron energies into two regions will
be given in the next chapter. An isotropic angular distribution is stored in
file 14 for each gamma-ray. While the gamma-ray spectrum from each inelastic
scattering consists of plural discrete gamma-rays, that from any other
reaction consists of one continuous gamma-ray. Therefore, the normalized
energy distributions are stored in file 15 for the fission, the radiative
capture and the nonelastic scattering. No energy-angle distribution is
evaluated for 238U and file 16 is empty.

In file 12 the transition probability array can be stored with another
option. However, we recommend not to use this option. To show the reason, it
is given in Fig.2 how the gamma-ray production cross.sections are generated
from the multiplicities and the neutron cross sections., Let assume that the
multiplicity is stored for the radiative capture below some incident neutron
energy Ec and the gamma-ray production cross section for the nonelastic
scattering above. If data for the inelastic scattering are stored as the
transition probability array, they must be converted by a processing code to
the multiplicities, Thus, when the multiplicities are multiplied by the
corresponding neutron cross sections, the gamma-ray production cross section
generated for the inelastic scattering may be counted twice above Ec.

When the transition probability data are evaluated, we therefore
recommend to convert them to the multiplicities and then store. Another
method to avoid such redundancy is to store the gamma-ray production cross
section for the nonelastic scattering which has been subtracted by the
contribution from the inelastic scattering., However, the gamma-ray production
cross section thus given is no longer for the nonelastic scattering in the
true sense, and will make a confusion,

It is tedious to make a complete gamma-ray production nuclear data file.
Thus, we have written a computer code GAMFIL to reduce such efforts, function
of which is shown in Fig.3. GAMFIL can process the continuous gamma-ray data
and the transition probability arrays only but cannot treat the discrete
gamma-ray data. The transition probability arrays, when evaluated, are
converted to the multiplicities because of the reason stated above, Although
GAMFIL cannot treat the energy-angle distribution, it does not restrict our
evaluation since we have given up evaluating such distributions. Furthermore,
GAMFIL always assumes an isotropic angular distribution in file 14,
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3 Evaluation and File-Making of Gamma-Ray Production Nuclear Data for 238U

3.1 Experimental Data for 238U

Most experiments on the gamma-ray producticn nuclear data reported for
238U were made to study the structure of the low lying discrete levels of
239U, in which measured are only the discrete gamma-rays to and among these
levels. However, the whole gamma-ray spectra are needed in our evaluation
rather than these discrete gamma-ray data. Except for these measurments,
useful experimental data are very scarce,

John and Orphang) measured the gamma-ray spectra from the resonance
neutron capture at fifteen neutron energies from 6.,7eV to 101.9keV, parts of
which are shown in Fig.4. For the neutrons of higher energy, Nellis and
Morgan10) measyred the gamma-~ray spectira for 1.09, 2.1, 3.0, 4.0, 5.0 and
14,.8MeV neutrons, which are shown in Fig.5. Drake et a1.11) also measured the
gamma-ray spectrum at the neutron energy of 14.2MeV in more detail and their
result agrees well with that by Nellis and Morgan,

Several measurements were made for the inelastic scattering. We show the
resulting transition probability data12) in Fig.6, Below the seventh excited
state of 238U, the branchiing ratios of all the levels were determined.

As is seen from Figs.4 and 5, available experimental data are sufficient
neither in quantity nor in quality. Especially, the intensities of the gamma-
rays of energies lower than 1,0MeV could not be measured because of the
experimental limitations, but they affect the absolute intensities of the
gamma-rays of higher energies. Thus, our evaluation has recourse to the
calculations based on the nuclear reaction theories, and the experimental data
are used to validate the computer codes used and their Iinput parameters,

When we evaluate the gamma-ray production nuclear data for the neutrons
from 1;0x10'5ev to 20MeV, the transition probability data given in Fig.6 are
useful. Therefore, we divide the neutron energies into two regions by the
threshold energy of the inelastic scattering exciting the eighth level, i.e.,
831keV, below which we can readily calculate the multiplicities for the
inelastic scattering from these transition probability data.

3.2 Evaluation

Figure 7 describes our evaluation for 238U. In the lower region of the
incident neutron energy, the radiative capture, the subthreshold fission and
the inelastic scattering take place. For these reactions the multiplicities
are evaluated and stored separately. 4 computer code GNASH7) is used to
evaluate the gamma-ray spectra from the radiative capture. The experimental
gamma-ray spectrum from the thermal neutron induced fission of 235U is adopted
for fission neglecting its neutron energy dependence,
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In the higher energy region, (n,2n), (n,3n) and (n,4n) reactions are
taken into account in addition to those reactions stated above. Though the
charged particle emissions take place as well, their contribution to the
gamma-ray production cross sections is negligibly small, In this region,
GNASH is used to calculate the gamma-ray production cross sections and the
results are given and stored as those for the nonelastic scattering. We have
tentatively modified GNASH to include the fission competition, because the
original version does not take account of it.

3.2.1 Multiplicities for Inelastic Scattering

The gamma-ray multiplicities for the inelastic scattering by the neutrons
below 831keV can be readily calculated from the observed branching ratics
given in Fig.6. If we prepare these transition probability arrays, GAMFIL
convert them to the multiplicity data according to the following manner,

When the N-th state is excited by the inelastic scattering, the following
relations hold:

y(i»j) = P(i)-TP(i-J) , (5)
N
P(i) = 2 P{k) - TP(Kk-1) and P(N) = 1 . (6)
k=i+1

Here y(i=+j) is the multiplicity of the gamma-ray emitted when the nucleus de-
excites from the state i to the state ], TP(i+j) is the corresponding
branching ratio and P(i) is the population of the state i.

Calculated multiplicities are given in Table 2. The transition
probability data for 238U as well as for all other nuclei included are needed
as the input parameters for the statistical model calculation described later.

3.2.2 Gamma-Ray Spectra from Fission

Experimental gamma-ray spectra from thermal neutron induced fissions of
235y and 23%py and from spontaneous fission of 252¢f are shown in Fig.813x
Resemblance among them suggests that the fission spectrum does not depend so
much upon the fissioning nucleus. We therefore adopted the spectrum of 235U
to the fission of 238U.

We also neglebted the neutron energy dependence of the fission gamma-ray
spectrum, Tékahashi1“) has calculated the gamma-ray spectra for 238U at
several neutron energies according to tne Thomas-Grover theory15). He took
9TSr and 140){‘3 as primary fission fragment pair and followed their de-
excitations by taking account of the competition among neutron, proton, alpha-
particle and gamma-ray emission., Calculation was made with the GROGI code6)
in which the yrast 1evel16) is significantly taken into consideration.

The gamma-ray spectra calculated by Takahashi are given in Fig.9 for the
low energy and 5.2MeV neutrons, and the difference is negligibly small.
According to Grover and Gilat17), a nucleus in its excited state below the
line which is drawn by embedding the yrast line of the nucleus with one less
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neutrons. tends to emit a gamma-ray rather than a neutron; a neutron with high
orbital angular momentum is hardly emitted because of the high potential
barrier of the orbital angular momentum, while a neutron with low orbital
angular momentum is hardly emitted because its emission is to execite the
residual nucleus below its yrast line where no level exist. Therefore, since
the higher incident neutron energy results in the higher excitation of the
fragments, it in turn increases the number and energy of the emitted neutrons
and does not affect the fission gamma-ray spectrum.

3.2.3 Statistical Model Calculation

The gamma-ray spectra from the radiative capture for the low energy
neutrons and from the nonelastic. scattering for the high energy neutrons were
calculated with a computer code GNASHT), which is based on the multistep
Hauser-Feshbach theory with corrections for the pre-equilibrium process. Flow
sheet of the calculation is given in Fig.10.

Input parameters required for the statistical model calculation are the
nuclear structures and the transmission coefficients. The nuclear structure
is represented by the discrete levels in lower region and the level density in
higher region. The transmission coefficients are required for neutron, gamma-
ray and fission. These parameter values are determined from the relevant
experimental data and must be determined for five uranium isctopes, namely,
235U through 239U.

Level Density

The discrete level information is compiled in Nuclear Data Sheets182

The level density 1s expressed by the Gilbert-Cameron's composite
formulaig), where the Fermi gas meodel in higher region is smoothly connected
with the constant temperature model in lower region. Fermi gas model
parameter a 1s uniquely determined from the observed s-wave resonance spacing
Dobszo); the methed how it is determined is well described by Iijima et al.21)
Parameter values for the constant temperature model are determined by the
conditions that this expression reproduces well the cumulative plot of the
observed low lying discrete levels and that it should be smoothly connected
with the Fermi gas level density at some excitation energy Ex.

Gilbert and Cameron have given systematics for level density parameters,
However, these values are based upon the cold experiments and does not reflect
well the characteristices of the individual nucleus. Thus, parameter values
should be evaluated newly using the up-to-date experimental observations,

We show in the following how the parameter values for the constant
temperature model were determined. Figure 11 shows the cumulative plots of
the low lying discrete levels for 2350 through 239U. Integration of the
constant temperature level density gives

E
N(E) = f cel/Tapr - ¢cT-(eB/T L 1y, (7
0
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which results in N(0)=0. Therefore, as is dcne by Reffo et al.22), we modified
tentatively the constant term as

NGE) = ¢-T-eE/T - d, (8)
where d is an adjustable parameter.

Fitted results are shown by the solid lines in Fig.11 and agreement with
the observed ones is good; especially, we could fit the experimental plots
near the ground state where no missing of the levels may be made., Close
examination of Fig.11 reveals that in the case of the odd nuclei the
cumulative number of the observed levels at high excitation energy is
remarkably smaller for the heavier nucleil, which could not be explained by the
statistical model of the nucleus. In contrast, the calculated curves for the
odd nuclei agrees fairy well with each other, We therefore considered that
the level missing was made at high excitation energy region,

Neglecting the constant term, N(E) is often expressed as

NGE) = c-T-e&/T (9)
However, as is shown by the dot~and-solid lines in Fig.11, the experimental
plots for the odd nuclel can be fitted by this expression only in the higher
excitation energy region,

Gilbert and Cameron have given an expression for the spin cutoff
parameter only in the Fermi gas model region. We employed in the constant
temperature model region an expression proposed by Gruppelaar23):

62(E) = 62(0) + ( 62(Ex) - 6°(0) ) E/Ex . (10)
The quantity ¢2(0) is determined in terms of the maximum likelihood method?t)
from the spin distribution of the low lying discrete levels by

Py = — 3 (J;+1/2)% (i

N i=1

where J; is the spin of the state 1 and the summation is done over the lower N
levels. Calculated spin distributions are compared with the observed ones in
the respective inserts of Fig.l1.

The level density parameters thus determined are given in Table 3.
Neutron and Gamma-Ray Transmission Coefficients

The neutron transmission coefficients are calculated by the optical model
with a computer code ELIESE—325). We adopted the potential parameters used in
JENDL-226), which is expressed by the potential with the derivative Woods-
Saxon surface absorption and spin-orbit force. These parameter values were
determined so that the calculated total ecross sections and the neutron
strength functions, S and Sq» well reproduce the experimental ones:

V, = 41.0 - 0.05En (MeV) , a, = 0.47 (fm) , r, = 1.32 (fm) ,
W, = 6.5 «0.15En (MeV), ag =047 (fm), r = 1.38 (fm) ,
Voo = 7.0 (MeV) , ag, < 0.47 (fm) , Feo = 1.32 (fm) .

These are used for all the isotopes because of the computational limitation.
The energy dependence of the gamma-ray profile function was assumed as
the Brink-Axel type giant dipole resonance superposed by the so~-called pygmy
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resonance:
G2 G2
Eg-dg Fb Eg dp Fp
fg(Eg) = + . (12
(Eg2-Eq2)2 + (Bg-l?  (E8%-E,)% + (Eg1)°
Here, the parameter values are

Og = 60+ (N-Z/A)(140.8x)-(2/&[) , o = 4.0 (mb) ,
-1/3 P

E, = 80-A , By =20 (Mew)

. = 5.0 Ty = 10 (Mem)

where parameter values of the pygmy resconance were determined so as to
reproduce the eV neutron capture gamma-ray spectrum measured by John and
Orphang). This functional shape is used commonly to all the isotopes in the
calculation, though it is not cleér that such anomolous gamma-ray transitions
may occur in the reactions other than the radiative capture,

The gamma-ray transmission coefficient for each isctope is normalized to
the observed one at the neutron separation energy which is measured by the low
energy neutron capturezo). This normalization is important because 1t affects
the competition between gamma-ray and neutron emission.

Fission Competition
In GNASH, the cross section of emitting a particle i from a nucleus is

calculated according to the Hauser-Feshbach theory27) as
Ty
0; = O » ———— (13
i R '
Trl + Tg

where i means neutron or gamma-ray only. Og is the formation cross section
and Ty is the transmission coefficient of the particle i.

In urder to take account of the fission competition, we simply added the
fission transmission coefficient Tf to the denominator of the right hand side,
Then, Eq.(13) is modified as

T3
G; = Oy - . (14)

Tn + Tg + Tf

Aceording to this equation, we have revised GNASH so that it gives the gamma-
ray production cross sections due to all the reactions other than fission,

which are corrected for the fission competition,

Although Eq.(14) can afford to provide the fission cross section if Tf is
substituted into the numerator of the right hand side, we alternatively
calculated it as

Onf = Og = (ong + 6t + Opoy + °n3n + onun) . (15)
In order to generate the gamma-ray production cross section for the fission,
the fission cross section thus obtained is multiplied by the experimental
gamma-ray spectrum from the thermal neutron induced fission of 235y as
discussed in section 3.2.2.
The fission transmission coefficient Ty was calculated by the double-

humped fission barrier theory28). In this theory, Tgp is expressed as
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] TraTrp
- s
T T+ Teg
where Tey and TfB are those for the inner and outer barriers, reSpeotlvely
The transmission coefflclent e.g., for the inner barrier TfA (E ) at the
excitation energy E with spin J and parlty X can be calculated by
e dE ppy? (E)
Tes (E)zf - : a7
0 1 + exp{-27(E -EfA-E)/th)

where EfA is the barrier height and ﬁwA is the barrier penetrability
parameter, PfA (E) is the level density at the saddle point and can be
expressed by the constant temperature model:

peal (B = (2041) - exp(-(I+1/2)2/262) ¢ - eF/T (18)
where parameter values were determined experimentally depending upon the
excitation energy E. Analogous expressions hold for the outer barrier B.

Parameter values required in calculating Tp, and Ten by Egs.(17) and (18)
28)

(16)

are taken from Bjgrnholm and Lynn
3.3 Calculated Gamma-Ray 3pectra

Calculated gamma-ray spectrum from the radiative capture of eV neutron is
compared with the experimental oneg) in Fig.12., Agreement is excellent
between them except for the high energy gamma-rays fto the low lying discrete
levels of 239U; this difference may be due to the non-statistical effects such
as direct or valence capture.

In this figure, calculated gamma-ray spectrum in the absence of the pygmy
resonance is also shown. The pygmy resonance could be successfully introduced
in ecalculating the neutron capture gamma-ray spectrum. While the parameter
values are determined by trial and error to reproduce the experimental
spectrum in the present evaluation, some systematic trends are known.

Available data29} on the pygmy resonance parameters for the various
nuclei are summarized in Figs.13 and 14, In Fig.13, the peak energy and width
of the pygmy resonance are plotted as a function of the neutron number of the
cdmpound nuclei. It is seen that the peak energy of the pygmy resonance
inereases as the neutron number increases but declines sharply at the neutron
magic numbers. Similar trends is seen in Fig.14 for the logarithms of the
fractional intensities of the pygmy resonance to the E1 sum rule. It should
be mentioned, however, that no physical interpretation is made yet on the
existence of the pygmy resonance.

The experimental spectrum shown in F1g12 is multiplied by a facter 0,85
to obtain good agreement with the calculdted one, If this spectrum is
extrapolated to the low energy gamma-ray region without such correction, it
decreases as the gamma-ray energy approaches to zero in order to meet the
energy conservation law, However, such tendency of the gamma-ray spectrum
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would be inconsistent with our knowledge, suggesting that the absolute
9)

intensities of the gamma-ray spectra measured by John and Orphan are subject
to some normalization errors.

Calculated gamma=-ray spectra from the nonelastic scattering for 1.09,
5,0 and 14,8MeV neutrons are compared with the experiments by Nellis and
Morgan10) in Figs.15 through 17. In these figures, contributions from the
individual decaying nuclei to the gamma-ray spectra are separately shown.

For 1.09MeV neutron, most gamma-rays are from the radiative capture and
those from the inelastic scattering are found only below 1MeV, Calculated
spectrum in the absence of the pygmy resonance is alsc shown, indicating that
agreement with the experiment is better when the pygmy resonance 1is
introduced,

The fission begins to contribute to the gamma-ray production for the
neutrons above 1MeV, but its contribution is small compared to the cther
reactions up to 5.,0MeV., In this intermediate neutron energy region, agreement
between the calculated spectrum and the measurement is not so good in the
gamma~ray energy region from 1MeV to 2MeV, where the inelastic scattering is
dominant, It is not appropriate to introduce the pygmy resonance in the
gamma-ray transmission coefficient at least of 238U.

For 14.8MeV neutron, most gamma-rays are from the fission., Good
agreement between the calculation and the experiment suggests that adopting
the gamma-ray spectrum of 235U and neglecting its neutron energy dependence
are reasonable approximations,

Calculated neutron cross sections are compared with those of JENDL-2 in
Figs.16 and 17. Agreement of the neutron cross sections is not good in
contrast to good agreement of the gamma-ray spectra between the calculation
and the experiment, The reason for this may be that the gamma-ray spectrum
from the fission is not so different from that from all the other reactions
and therefore agreement of the total neutron cross section resulted in good
agreement of the gamma-ray spectra.

4 Concluding Remarks

In this report, we have shown how the gamma~ray production nuclear data
are evaluated and stored in ENDF/B format for 238U. For such a heavy nucleus,
the statistical theory of nuclear reaction was successfully used for
evaluating these data induced by thermal through 20MeV neutrons,

Introduction of the pygmy resonance in the gamma-ray transmission
coefficient of the compound nucleus did improve agreement of the radiative
capture gamma-ray spectra between the calculation and the experiment, but
introduction of it in those of the other nuclei did not. However, we have no
reason that the pygmy resonance should be introduced in the compound nucleus
only as far as we consider that the anomalous gamma-ray transitions observed
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in the radiative capture are due to the gamma-ray transmission coefficients.

While the fission is one of the most important phenomena in the neutron
interaction with the heavy nuclei, most of the currently available computer
codes do not take account of it, Therefore, we tentatively employed in GNASH
the double humped fission barrier theory to calculate Tg. With the assumption
that the fission gamma-ray spectrum depends neither on the fissioning nucleus
nor on the incident neutron energy, calculated gamma-ray spectra from the high
energy neutron interaction with 238U agreed fairy well with the experimental
ones, but calculated fission cross sections did not. Another method to
calculate the fission transmission coefficient is to use the experimental
neutron cross sections as

Tf/Tn s Onf/(dR-dnf-Ong).‘
Though this method cannot give the spin dependence of Tf, calculated fission
cross section will reproduce well the experimental one,

The internal conversion competes with the gamma-ray emission when the low
excited state of the heavy nuclei de-excites. Though we have neglected this
process in the present evaluation, the total energy released per reaction is
conserved because the low energy gamma-rays as well as the conversion
electrons spend their energies immediately in the surrounding materials.

The light nuclei are beyond the scope of the statistical theory of
nuclear reaction, because most levels are well resolved and because the non-
statistical effects are prominant. We have no definite method to evaluate the
gamma-ray production nuclear data for the light nuclei. Furthermore, even if
these data are evaluated somehow, it is very difficult to store them in ENDF/B
format taking account of the strong neutron energy dependence of these data.
This is also true for the heavy nuclei in the neutron resonance regiocn,
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Table 1 Structure of ENDF/RB Format

FILE1?
Option 1: Multiplicities
Eg & (En,yK(En)) for Discrete Gamma-Ray
FILE15 & (En,yk(En)) for Continuous Gamma~Ray
Option 2: Transition Probability Arrays
FILE13: Gamma-Ray Production Cross Sections
Eg & (En,dgk(En)) for Discrete Gamma-Ray
FILE15 & (En,ogk(En)) for Centinuous Gamma-Ray
FILE1Y4: Gamma-Ray Angular Distributions
FILE15: Continuous Gamma-Ray Energy Spectra  f(Eg;En)
FILE16: Gamma-Ray Energy-aAngle Distributions

Table 2 Gamma-Ray Multiplicities for Inelastic Scattering

isj 140 231 342 433 50 5+1 61 692 T4 Total
Eg(MeV) .OWU49 .1035 .1588 .2106 ,6801 .6352 .6870 .5835 .2579

MT = 51 1.0 1.0
MT = 52 1.0 1.0 2.0
MT = 53 1.0 1.0 1.0 3.0
MT = 54 1.0 1.0 1.0 1.0 4,0
MT = 55 0.54 - - - 0.46 0.54 1.54
MT = 56 1.0 0.42 - - - - 0.58 C.42 2.42
MT = 57 1.0 1.0 1.0 1.0 - - - - 1.0 5.0

Table 3 Level Density Parameters and Observed Gamma-~Ray Transmission Coefficients

compound 3, Dobs i a T ¢ Ex s2(0) Tg(Sn)
(MeV} (eV) (MeV) (/MeV) (MeV) (/MeV) (MeV)

235 5.305 0.69 10.6 31.37 0,404  27.3 .5 14.6 0.0237
236 6.546 1.18 0,438 30.43 0.388 3.72 4,5  13.4 0.5021
237 5.125 0,69 16.2 31.31 0.39 18.5 §.2 9.40 0,0089
238 6.143 1,12 3.5 36.19 0,383 3.47 4.3 13.4 0.0628
239 4.804 0.69 24.8 32.23 0.384% 20.6 b2 6.31 0.0060
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CAPTURING STATE

3
4\
GROUND STATE

>

W

N

= —

= K=1

< K=5:CONT!INUUM

GAMMA—RAY ENERGY
Fig.1 Illustration of the radiative neutron capture gamma-ray spectrum,

K=1 and 2 designate the primary gamma-rays to the low lying discrete levels,
and K=3 and Y4 designate the secondary gamma-rays between them, The rest forms
a continuous spectrum, K=5,
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In Gamma-Ray Production Nuclear Data Files :

10™2eV Ec 20MeV

(n,g) b—— y(En) —

(n,n") T.P. Data have nc information on En

(n,x) — og(En) ——|

In Neutron Cross Section Data Files :

10%eV  Eth 20MeV

(n,g) = |

(n,n') ' !

Gamma-Ray Production Cross Section og(En) = y{En) on(En) :

10°eV  Eth Ec 20MeV

(n,g) ', !
rooTTTTTT T a

(n,n") } E !
! !

(n,%) | |
b o imme—— 4

Redundant
Fig.2 Generation of the gamma-ray production cross sections from the

multiplicities in file 12 and from the neutron cross sections in file 2 or 3.
Redundancy may occur when the transition probability array data are stored in
file 12 with option 2.
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8271 keV
10+ N © 7757
—_r 0D
3-— o o < © 7319
—y— O <
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4 14841
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238y
Fig.6 Observed transition probability array of 238072),
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Fig.11 (a) to(e) Determination of the constant temperature level density parameters
for 235U through 239U. Cumulative plots of the observed discrete levelsm}
are fitted by N(E)=CTeE/T-d (solid lines) and by N(E)=CTeE’/T (dot-and-solid
lines). In the respective inserts shown are the spin distribution of the
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Fig,12 Calculated eV neutron capture gamma-ray spectrum is compared with
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4.4(a) Activities of NEANDC Task Forces

238U and 56

on Resonance Parameters of Fe

Yutaka Nakajima
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-11, Japan

Two NEANDC Task Forces carried out much work to solve the discrepa-
ncies of the resonance parameters of 238U and 56
In this review activities of the Task Forces to solve these discrepancies

Fe for two years,

are presented focusing on presentations and discussions in the joint Task
Froce meeting held in October 1984.

1. Introduction

Two Task Forces(238U and 56Fe) were set up by Nuclear Energy

Agency Nuclear Data Committee(NEANDC) at its 23rd meeting in Chalk River,
Canada in September 1982 to undertake a coordinated program of work and
analysis aimed at solving (1) the long standing 238U nuclear data
discrepancies in the neutron widths of the resolved resonances above 1.5
keV and the capture cross section in the keV energy region(4 to 100 keV)
and (2) the discrepancy(about 20 %) between the neutron widths of 56Fe

1.15 keV resonance derived from the transmission and the capture data. The
members of the Task Forces are listed in Table 1. The work has been
carried out by the correspondence.

At the NEANDC 24th meeting held at JAERI Tokai in March 1984, the
Jjoint Task Force meeting was arranged to summarize the work performed until
then and to discuss the analysis of transmission data. The meeting was
held at NEA Data Bank on the 9th and 10th of October 1984,

In this paper the activities of the Task Forces are presented focusing
on presentations and discussicns in the joint Task Force meeting.

2. The 56Fe 1.15 keV Task Force

It was found at CBNM Geel 1982 that the neutron width of the
1.15 keV resonance deduced from capture data was larger than that from
transmission data by more than 20 %. For this resonance the capture width

56Fe
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is 10 times larger than the neutron width and therefore transmission experi-
ments can yield the accurate capture areas AY=grnrY/r. There is no room for
doubt that the capture areas derived from the transmission measurements are
more accurate than those from the capture measurements and the discrepancy
was due to the capture measurements.

Within the framework of the Task Force transmission and capture
experiments were performed at ORNL and CBNM. Transmission data were
analyzed by the other Task Force members (ORNL data by Moxon and CBNM data by
Perey).

3. The 238U Task Force

Below 1.5 keV the values of the neutron widths obtained from different
experiments are consistent within a few percent. Above 1.5 keV,
however, the results show systematic differences which increase with neutron
energy to 10 to 20 % above 3 keV. Figure 1 shows the neutron width
discrepancy in terms of average neutron strength functions over 0.5 keV
1nterva1s1). On resonance-by-resonance basis the systematic discrepancies
are larger then those shown in Fig.l.

1t has been known that the origin of systematic discrepancies in

2)

neutron widths can be determined by shape analysis methods Therefore

it was decided to perform reanalysis on all recent transmission
measurements using the same shape analysis codes. The data of CBNM3),
JAERI4) and ORNLB) have therefore been collected by the NEA Data Bank
and distributed to Task Force members for analysis. The analysis has been
performed over the limited energy ranges of 1.45 to 1.76, 2.5 to 2.8 and
3.82 to 4 keV by Olsen]) and M. C. Moxon.
4. The joint Task Force meeting

The proceedings of this meeting will be published in NEANDC-report
before soon. The participants in this meeting are Tisted in Table 2. In
the meeting (1) various resonance analysis codes were explained by their
authors, and (2) measurements and analyses of the transmission data of

26 235U were presented.

Fe and
4.1 Resonance analysis codes

The resonance analysis codes which were explained at the meeting are. .
1isted in Table 3 along with the rescnance formalism and analysis methods
used in the codes. In the table, R-M means the Reich-Moore multi-level
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formula, B-W the Breit-Wigner multi-Tevel formula, BAYES the Bayes' theorem
which is the constrained lTeast-squares method, and L-S the conventional
lTeast~squares method. The shape analysis method was employed in these
codes. Asymmetric resolution functions can be used in these codes.
Features of each code are given below.

The SAMMY codeﬁ) fits the experimental data using the Bayes' theorem
and the covariance matrix. Capture data can be also analyzed with SAMMY,
but the multiple scattering effect was not included in the calculation.

The SIOB code’’
data of the heavy elements and its application to the analysis of the
medium- and light- elements and the nuclei near the closed shells is not

was written for the analysis of the transmission

valid.
The features of SACLAY code8)
but it is likely that many recent codes have the better features.
FaNAL®) and Fanac'®
nearly magic nuclei, e.g. structural materials like iron, nickel, ---- or

were quite in advance 20 years ago,
were written for light- and medium-mass or

lead. Doppler broadening is neglected for s-wave levels, and Tevel-level
and resonance-potential interference are neglected for 1 = 0 levels., While
FANAL was written for the analysis of the transmission data, FANAC was
written for the capture data.

The code REFIT11) will adjust multi-level R-matrix resonance param-
eters and experimental paramerters such as delay time, flight path Tength,
background etc. so that the calculated transmission and/or capture yeild
and/or self indication agree with the observed data within the 1imit of the
errors,

238

4. 2 U Resonance Parameters

Three transmission measurements of 238U made at ORNL, JAERI and CBNM
were presented by Olsen, Nakajima and Poortmans, respectively.

Reanalysis of their data with SIOB]) was presented by Olsen. The
analysis was restricted to the followig three regions: Region 1, 3820 to
4000 eV, Region 2, 2470 to 2749 eV, and Region 3, 1460 to 1820 eV,

In the first place, the optimum resolution functions for each
measurements were determined by testing several different resolution
functions. The resulting functions which give best fits to the experi-
mental data have long tails. This asymmetry tends to increase the
resulting neutron widths. The results of these analyses are shown in Fig.

2. Except the JAERI neutron widths in Region 1 which are 8 % smaller than
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those of ORNL and CBNM, the systematic differences between the three sets
of neutron widths have been substaintialy reduced with the SIOB fits. The
following conclusions can be drawn from these analyses and discussions in
the meeting:

(1) If the three data sets are analyzed by the same shape-fitting
code and if the data were allowed to choose their own resolution-
function parameters, then much of the neutron width discrepancy 1s
removed.

(2) The best fit resolution functions are highly asymmetric and wider
than one would have initially assumed.

(3) With reanalysis and reasonable assumption, the systematic neutron
width discrepancy between the three measurements would be Tess than
2 to 4 %.

(4) Further steps of analysis should be decided in the 1ight of
accuracy requirements for these data.

(5) New transmission measurements with the accuracy and instrumental
resolution of ORNL data will improve the accuracy of the neutron
widths.

{6) A high resolution 100- to 200-m capture measurement is probably
the most important new measurement to improve the data.

(7) Any measurements which better separate the small resgnances into
p-wave and s-wave populations is of value,

56Fe 1.15 keVY resonance

4.3

Two transmission experiments and two capture experiments were
presented at the meeting.

Two transmissions at room temperature and one transmission at liquid
nitrogen temperature were measured on the 80 m flight path of ORELA by
Perey et al. A neutron detector was a 1.27 cm thick 17.1cm diam, 6L1
glass scintillator. Special attention was payed to the background
measurements. The background for each component was measured saparately.
The transmission data were analyzed with SAMMY by Perey and with REFIT by
Moxon and the consistent results were obtained.

Two transmission data at room temperature were also measured on a 49 m
flight path of CBNM with 108- Nal detectors by Brusegan et al. They were
analyzed with SIOB by Brusegan et al. and also with SAMMY by Perey. The
consistent resonance parameters for 56Fe 1.15 keV resonance were

obtained.
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2) were presented by

Capture measurements made at ORNL by Macan1
Perey. The measurements were performed with a pair of C6F6 detectors
at 40 m flight path of ORELA. The capture data were normalized using the
4.9 eV saturated gold resonance efficiency ratio calibration and were
fitted using the LSFIT Teast-squares program13).

Capture experiments have been made at CBNM by Corvi et al. The
measurements were carried out at 90° and 120° with respect to the
direction of the neutron beam by use of Moxon-Rae type detectors with
converters of Bi, Bi+C and C. The sample of 8 cm diameter consists of 0.5
mm thick metallic iron enriched tc 99.87 % 56Fe, "sandwiched" between two
gold foils of thickness of 20 and 30 microns, respectively. Use of such a
composite sample can eliminates most of systematic errors. The yields of
the 56Fe capture were normalyzed by the saturated resonance technique

using the }97Au resonance at 4.9 eV. The capture data of 56

14)

Fe were
analyzed with the TACASI program
The results of these measurements are summarized in Table 4. From

these values and discussions the following conclusions were aobtained:

{1) The results derived from the transmission measurements are
consistent, and independent of detectors and facilities used in the
measurements and method of analysis.

(2) The resonance parameters cbtained from the transmission data measured
at ORNL are most reliable.

{3} There is still discrepancy between the neutron widths of this resonance
deduced from the transmission and capture data.

(4) The response functions of the capture detectors should be measured
accurately and the measured capture areas should be corrected by the
measured response functions.

{5) The capture measurements should be performed with the total absoption
type detectors such as large 1iquid scintillation detectors and BGO

detectors.

5. Concluding Remarks
In spite of much work of the measurements and analyses, the discrep-
ancy about the neutron width of 56Fe 1.15 keV resonance was not solved.
The Task Force will continue the effort to solve this discrepancy.
Since the neutron-width discrepancy of 238U is now understood, the
Task Froce will put increased emphasis on the problem of the capture cross

section after the joint Task Force meeting.
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Table 1 Members of the Task Forces.

238 Task Force

H. Derrien -CEN Cadarache

G. de Saussure -0RNL

Y. Nakajima -JAERI Tokai

D. K. Olsen -0ORNL

F. Poortmans : -SCK/CEN Mol

M. G. Sowerby(Chairman} ~AERE Harwel]
*0Fe Task Force

G. Rhor -CBMN Geel

M. C. Moxon -AERE Harwell

Y. Nakajima -JAERI Tokai

F. G. Perey(Chairman) -ORNL

Table 2 Participants in the NEANDC Task Force meeting.

A. Brusegan -CBNM Geel

F. Corvi -CBNM Geel

F. Froehner -KFK

M. C. Moxon -AERE Harwell
Y. Nakajima -JAERI Tokai
D. K. Olsen -0ORNL

F. G. Perey -0RNL

F. Poortmans -SCK/CEN Mol
P. Ribon -CEN Saclay
G. Rhor -CBNM Geel

M. G. Sowerby -AERE Harwell
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Table 3 Resonance ané]ysis codes.

Lab Code Formula Method Ref
ORNL SAMMY R-M Bayes &)
ORNL SIOB B-W L-S 7}
HARWELL  REFIT R-M L-S 11}
SACLAY SACLAY . B-W L-S 8)
KFK FANAL R-M L-S 9)
KFK FANAC R-M L-S 10)
56

Table 4 Resonance parameters of the “"Fe 1.15 keV resonance. The assumed
values are parenthesized. The underlined values were directly

obtained from measurements.

Lab. Method Detector Analysis code pn(meV) r (meV) gr,T /r(meV}
Y Y
ORNL Trans. CLi-glass SAMMY 61.7 « 0.9 574 + 40 55.7 + 0.7
CBNM Trans. 'OB-Nal(T1)  SIOB 58.9 + 2.0 (610) 53.7
ORNL Cap.  C,F¢ LSFIT 77.3 £ 1.7 (615 + 16) 68.7 £ 1.5
CBNM Cap.  Moxon-Rae TACAS! 70.5 (574) 62.8(90°)
71.7 (574) 63.7(120°)
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4.4(b) 1Introduction to New GNASH Code and Some Modifications in JNDC

Masayoshi KAWAT
NAIG Nuclear Research Laboratory
Nippon Atomic Industry Group Co., Ltd.

4-1 Ukishima~cho, Kawasaki-ku, Kawasaki-shi

The preequilibrium, statistical nuclear code GNASH developed at LANL
provides a useful device to evaluate secondary gamma-ray and particle emis-
sion cross sections. The new version (2/17/84 version) has been converted
into FORTRAN-77 language in FACOM-M380 and ACOS-1CCO0. It was improved in
LANL by adopting master equation model for preequilibrium process and adding
new input formats for level density parameters and gamma-ray strength
functions. Additionally, we improved it by adopting the recent works for
nuclear level density by Gruppelaar et al. and Yamamuro. The code runs after
the spherical optical model calculation by ELIESE-3 to obtain the particle
transmission coefficients. It is found that the calculated results for
sample problem are sensitive to nuclear level density parameters of daughter
nuclei. In the paper, future scope of the code is also described.

1. Introduction

MeV neutron cross sections such as (n,xn), (n,xp), (n,xw) and (n,;7)
reaction cross sections are important to neutronics calculation of fusion
reactor, shielding design of nuclear reactor and accelerator, nuclear
dosimetry, radiation damage and biomedical application (kerma factor).
JENDL-3 7 is specified by improvement of MeV neutron cross sections d
addition of gamma-ray production cross section, compared to JENDL-2%7.
Reactions with high energy neutron take place with equilibrium and pre-
equilibrium processes as well as direct reaction process. The eguilibrium
process goes through cascade transitions of the compound nucleus with
emitting particles and photons till the excited nucleus reaches stable
state. GNASH code developed by Young-Arthur-’ of LANL treats both of the
equilibrium and the preequilibrium processes and calculates the reaction
cross sections %ﬁp used for the evaluation of neutron cross sections for
ENDF/B-IV and -V7°.

There are three kinds of cross section evaluation code:

Hauser-Feshbach®) code ELIES%S), CAsTHg7),

Evaporation model -— GROGI ), NGROGI ), )

Multi-step, Hauser-Feshbach code --- GNASH, § aPRE 19, HAUSERTDY,
and TNG 127,

The first Hauser-Feshbach codes were employed for JENDL-113) and -2 evalua-
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tion. The latter CASTHY can also evaluate the capture gamma-ray spectrum.
However, this code is limited in the lower energy range below about 1C MeV,
because it can treat neither the preequilibrium process nor charged particle
emissions. The second evaporation model ccde which adeopts experimental yrast
levels in stead of the discrete levels is useful to the evaluation of gamma-
ray production cross sections for intermediate weight and heavy nuclei, and
especially, NGROGI can take account of preeguilibrium process. The third
codes stand on an intrinsic nuclear model and explicitly treat the nuclear
transition between discrete levels and can calculate the cross sections
accurately although it requires the many kinds of nuclear model parameters.

The (n,2n) and (n,3n) cross sections for mapy nuclei contained in
JENDL-1 were evaluated by Pearlsten's procedure ), and (n,p) and (n,00
cross sections for some important nuclei were evaluated by eye guide method
or calculated by ELIESE-3. The results by the former two methods have a weak
point to be lacking in consistency for energy balance. During evaluation
for JENDL-2, the first version of GNASH (hereafter called as "old GNASH™)
was obtained from NEA Data Bank. Accordingly, threshold reaction cross
sections for elements such as Nb and Mo of JENDL-2 were evaluated >) with
this code, while secondary neutron spectra were given in the form of
evaporation spectrum. In the integral test of JENDL-2, it was found that
approximation for secondary newggon spectra led the problem in application
of JENDL-2 to fusion neutronics /. Accordingly, JENDL-3PR1 was compiled
for analysis of fusion bl?g§et experiments at FNS, by us%g% the reevaluated
data for light elements'!’/ and structural materials'“/. 01ld GNASH was
employed to the evaluation of doubly differential data for cromium, iron and
nicke1,1a%d the code reproduced well the experimental data obtained at
OKTAVIN by considering preequilibrium process effects. GNASH has also
been used for preliminary evaluation of gamma-ray production cross sections
for Nb, Gd and Pu-239. Through these experiences of GNASH calculation, we
reach the following opinions:

1) GNASH is highly applicable to calculation of particle emission and gamma-
ray production cross sections and their spectra, although

2)some modifications were desired to use our own evaluated nuclear model
parameters, which will be stored in common data base.

Recently, new version (2/17/1984 version) of GNASH has been sent us from
LANL. It has been converted intc the FORTRAN-77 language of computer FACOM-
M380 and ACOS-1000 with additive modifications for parameter input.

The followings are described about the basic formulae employed in the
code, comparing between the old and the new versions, and sample calcula-
tions and the future scope of the code system for GNASH are also given.

2. Basic Formula

The GNASH code is a preequilibrium, statistical nuclear model code
which calculates reaction cross sections, level excitation functions, isomer
ratios and spectra of neutron, gamma-ray and charged particles resulting
from particle-induced reaction. The code empolys Hauser-Feshbah theory to
calculate complicated sequences of reactions such as illustrated in Fig. 1
and includes preequilibrium correction for binary channels. The code treats
decay sequences involving up to 10 compound nucleus and a maximum of 6 types
of radiation such as neutrons, gamma-rays, protons, alphas, etc can be
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emitted from each decaying compund nucleus. The formalism of the code 1s
written in detail in Refs. 3 and 10. Here, only the fundamental formulae are
described briefly.

(1) Multi-step Hauser-Feshbach's Formula

Population of the first compound nucleus (CN(1)) formed by incident
particle is given by

CT&N(UJID

T 2J+1

p M s

R L L T8 £ HU-B) (1)
K2 (2T+1)(2i+1) s 1 1 1

where k is a relative-motion wave number, I and i are the spins of the
target nucleus and projectile, JOD is the total angular momentum and the
parity of the compound system, T,(€) is the transmission coefficient having
orbital angular momentum 1, £ is a center-of-mass-system energy of the
incident particle. The quantity f, is a parity operator, B is a binding
energy and H is a Heaviside function whic? eﬁgresses energy conservation.

The population of continuum bins P'"*'/(UJI) in the (n+1)th compound
nucleus resultant of disintegration emitting particle ™" from n-th compound
nucleus is given according to Hauther-Feshbach theory by

(nz
A T. (UJ''— UJTD
o Dy = Jde¢§:.P(“%quwu) > P (@)
J'U TU'I'R"
and energy spectrum of the particle b is given by
(n)
0% A T (U — UI
2o L 2L My —® P 3
')Eb J J INGARES &)

wherelﬁ(n%LﬂJ'ﬂD is the population of continuum energy bins in the n-th

compound nucleus after gamma-ray cascade has been considered, T(U'J'T) is
sum of the transmission coefficients for 2ll open channels for n-th compound
nucleus, U is excitation energy and ? is nuclear level density.

(2) Preequiliblium Correction

In the GNASH code, preequilibrium correction is adopted for bin§6¥
reaction §?§ording to the frame work of the "exciton model" of Griffin
and Blann®'’/, Starting from a simple configuration the composite system is
assumed to equilibrate through a series of two-body collisions and emit
particles from all intermediate states. The state of composite system are
classified according to the number n of excitons or more specifically to
the numbers p and h of the excited particles and hole degrees of freedom
(n=P+h). Cross section for (a,b) reaction through preequilibrium process is
written by
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pre . - . o
g’a,b (E_; Eb) = o’CN(Ea) I (E; Eb) ; E=E +B_ (4)

where E; and &, are energies of the incident and the emitted particle,
respectively, CTCN(Ea) is a compound nucleus formation cross section and By
is a binding energy of particle "a". No distinction is made between neutrons
and protons. Thus, the preequilibrium contribution Ib(E; £tg is given by

5}
T(E; €)=, WinE; €£€)T (E) (5)
ré-é b b n

where Wy(n,E; £ ) is the average rates for emittion of the particle "b" with
energy gy and ¢, is life time in state in n excitons. Quantity n is a
number of exitons attained when equilibrium is reached and calculated with
7. =/28F; g is the average single particle level spacing from Fermi gas model.

In the oldzgyASH, the following simplified expression formulated by
Braga-Marcazzan is adopted:

n=¢

28p+1 1 (n+1){(n=1} (U 2
W (n,E;f) = ——=—2m¢ T7 (E) - — (6)
b b 72 béb inv b y72p2 ok r 3,
2
2 o, g(gE)
VT = —~—~ | M| — (7)
np 2(n+1) ,
U=E- Q- &y (8)
where m, and gj are mass and inverse cross section for the particle "b".

\

The equation 8{513 simplified closed form expression and the adjustable
parameter is introduced in the absolute gquare of the average matrix element
of residual two-body interactions [ M |-

New GNASH calculates Tn by solving master equation as follows:

(2 W + WHT -Lw T =3 (9)
m n=m n n m Mm-»n-m n,1
where W is average rate for internal transitions with a change of the

m—n
exiton nuﬁ%er from m to n, and W, is particle emission rate calculated by

W =% Sd €, W, (E; £

8 . (10)

Expression of the particle emission rate Wy(n,E; £4) is derived from
detailed balance consi%ﬁsations as described inzg?f. 23 with a combinatorial
factor method by Cline and Oblozinsky et al. as

Y 28b+1 ?r
W (mEsE) = b 753 o o Ol €1 By T (1
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where §, = $(p,n,E), §,. = (178)-§(py,0,E-U) ¥ (p-py,h, 1),

Rb(p) is combinatorial factor for neutron-proton combinations, and \Yb is a
probability of p particle excitons turning particle ™b™. :

The internal transition rates from n exciton state of (p,h)-configura-
tion to the n-2, n and n+2 exciton %%?tes due to two~body interaction are
related By)the formulas of Williams<“’, corrected for the Pauli principles

by Cline to the absolute square of the average effective matrix element M
of residual interactions:
Wosn+o(E) = ==~ 1M12 pelyhe] (12)
A 2(n+1) y
2 g(gk - C. . }(n=-1)
- 2 p,h
Hppn () = —= IM] - | (13)
wn_,n_z(E) = ? |M| ——é""-" ’ (1)
2 2
Cp,h = {p +h}) /2. (15)

For the dependence of | M l2 on mass number A and excitation energy E the
expression

| M I2 =K A‘3 E"1 (K is g normalization factor) (16)

proposed by Kalbach—Cline28) is used.

(3) Additional Improvement from Old GNASH

The 18%&% density is calculated with the Gilbert-Cameron's composite
type formula which consists of the formulae due to Fermi—gas-@? el and
the constant temperature model. GNASH uses Cook's parameters as a
standard values, and permits parameter modification by imput such as level
density parameters M"a" and number of discrete levels to normalize the con-
tinuum level density at the maximum energy of discrete level region. In new
FNASH, pairing energy , joint energy of composite formulae Ex, nuclear
temperature T and the normalization energy for constant temperature model
level density Eo can be input additively. In the past JENDL evaluation works
using other nucleaf Fodel codes such as CASTHY and NGROGI, the Gilbert-
Cameron's parameter 9) were used as a initial parameter and many parameter
sets were determined. Accordingly, we modifyed the code to treat the
Gilbert-Gamerog%; parameters and the new procedures adop%g? by
Gruppelaar et al. for spin cutoff factors and proposed by Yamamuro for
partial level density fitting to the level scheme in the constant tempera-
ture model., The spin cutoff factors of nucleus of mass A at excitation
energy U are given by

a2 = ¢, /al A%/3 7)
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where

0.0888 for Cook's parameter or Gilbert-Cameron's parameter,
0.146 otherwise.

The spin cutoff factor at zero energy is determined with maximum likelihood
method from observed level and the factor between zero energy and the joint
energy Ex are expressed with linear equation.

If the code takes the Yamamuro's procedure, the level density is calcu-
lated by
exp(2/al) 1

? (U,Jd) = 5 (2J+1) expl=(J + - )2 / 2¢%] for E > Ex,
C U | 2
g | (18)
E-Ex 1 2
Sw,0 = exnt ) (25+1) expl-(J + =) / 2021  for E < Ex

T 2

where C_ and Cq are normalization factors of level density. The latter is
determined together with nuclear temperature T so as to fit the partial
level density $(U,J) to the experimental level scheme for selected spin
state J. Example for Au-198 is shown in Fig. 2.

Gamma-ray strength function is expressed with eithfﬁ the Weiskopf
approximation or the Brink-Axel giant dipole resonance form”-‘, In the code,
gamma-ray cascades through E2, E3, M1, M2 and M3 transitions are permitted
also as well as E1 transition. New version permits the splitted giant
resonance for deformed nucleus, modification of giant resonance tail by
step-wise reduction or a constant and Pigmy resonance lying below main giant
dipole resonance.

Competition with the fission procegﬁuﬁre newly considered by using
the double humped barrier model by Hida

3. Caleculation Example

The old GNASH has been already usq%fEW'the evaluation of threshold
reaction cross sections of Nb and Mo for JENDL-2 and of inelastic
soatterin%83ross section and the secondary neutron spectrum of structural
materials for JENDL-3PR1. Figure 3 shows the emission neutron spectra
from Fe-56 for 14 MeV neutrons calculated with and without pre-equilibrium
process. Preequilibrium process enhances the high energy neutron emissions
and improve the double differential cross section of natural iron as shown
in Fig. Y4 where the JE¥&}—3PR1 data agree well the experimental data
measured at the OKTAVIAN'?/, while the JENDL-2 data on the basis of only the
Hauser-Feshbach theory deviates downwards by some orders of magnitude in the
energy range between § and 13 MeV. -

Figure 5 shows the comparison of (n,2n} cross sections for Nb-93
between the evaluated values and the experimental data. JENDL-2 data were
evaluated on the basis of the calculation by old GNASH with the adjusted
level density parameters, considering preequilibrium process, and agree well
with the experimental data. The figure also shows that the new GNASH results
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which have been calculated by Young35) according to the NEANDC benchmark
specification of an intercomparison of statistical nuclear models and codes
with preeqilibrium effects 1is excellent.

The GNASH code was tested to evaluate gamma-ray production cross
sections. Figure 6 shows the gamma-ray spectrum for Nb-93 due to 14 MeV
neutron. In the calculation by old GNASH, any parameters were not adjusted:
Cock's level density parameters and Brink-Axel giant dipole gamma-ray
strength function were used. Above 4 Mev, inelastic scattering gamm-rays are
dominant and an agreement between the calculations and the measurements is
observed., However, old GNASH results are underestmated in the lower energy
than 3 MeV. New GNASH gave also the similar results. Since the nuclear model
parameters used for this caloulation were not examined so carefully, the
sbove-mentioned discrepancy between the calculation and the measurement may
come from the inconsistency between the parameters. For example, sensitivity
study was made by means that the level density parameters according to the
NEANDC specification were substituted with the Gilbert-Cameron's or the
Cook's parameters. Figure 7 shows the results that the change of the level
density reflects to the large change of cross sections, while as for neutron
emission processes, the difference of both the level density for daughter
nuclei and cross sections are small.

4, Concluding Remarks

GNASH code is a much useful device to evaluate reaction cross sections
and emitted particle spectra. The code is based on an intrinstic model of
multi-step Hauser-Feshbach theory with preequilibrium correction and is
available in FACOM-M380 and ACOS-1000 together with the spherical optical
model code ELIESE-3 to calculate particle transmission coefficient as shown
in Fig. 8. The calculated results are considerably sensitive to the input
nulear model parameters. One had better choose the parameters which is
determined by the physically accurate background such as level scheme than
by only reproduceness of cross sections of interest. Since the code requires
many input data for level scheme data as well as reaction specifications,
level density parameters, etc. future code system will be expanded to have
the common data base which contains the data for nuclear model parameters
and the level schemes. The latter will be converted from Evaluated Nuclear
Structure Data File (ENSDF) and supplemented with gamma-ray transition data
which will be theoretically estimated for the levels without gamma-ray
transition data. The data base will be used for the other ccdes.
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SESSION 5 TFission Phenomena

5.1 MEASUREMENTS OF FAST NEUTRON INDUCED FISSION CROSS SECTIONS

Kazutaka Kanda, Osamu Sato, Kazuc Yoshida

Hiromitsu Imaruoka, Naohiro Hirakawa

Department of Nuclear Engineering, Tohoku University

Aoba, Aramaki, Sendai 980, Japan

235

Neutron incduced fission cross section ratios relative to U were measured for

2:)'z‘l'h, 233U, 234U, 2385 and 237Np with a parallel plate type double ionization

232Th

U were also measured in the energy range from 13.5 to

chamber in the energy range from 0.5 to 6.8 MeV. Fission cross section ratios of ’

238U and 237Np relative to 235

15.0 MeV, The estimated errors in the present values are 2 to 3%.

1. INTRODUCTION

Neutron induced fission cross sections are very important for reactor calculation,
Especially for studies of fast breeder reactors, actinide burning reactors and thorium
loaded reactors accurate fission cross sections for many kind of isctopes are required.
The current world requests for the accuracy of neutron cross sections are summarized
in WRENDAU. The current status of fission cross section accuracy is not sufficient to

fulfill these requirements,

In this study, neutron induced fission cross section ratios relative to 235 U will be
232Th, 233U, 234U, 238U and 237

232 233

reported for Np in the energy range from 0.5 to 6.8

Th, U and 237Np relative to 235U were also
measured in the energy range from 13.5 to 15.0 MeV.
The 232Th, 2334} and 234

measured data for these isotopes are not so abundant compared to isotopes utilized in

MeV. Fission cross section of

U are important fuels in the thorium fuel cycle. However

the U-Pu cycle. Many measurements have been reported on the. fission cross section of

238U from many laboratories, since it is very Important for nuclear reactor

calculations. Therefore it would be a good test to measure the fission cross section

ratio of 238U in checking the validity of the present measurement. The fission cross

23 7Np is not so important in ordinary reactor calculations, but the accuracy

section of
required for this isotope is very high since it is frequently used in neutron dosimetry.
In recent years, fission cross sections relative to 235, were measured for these
nuclides by Behrens et al. and Meadows. Their agreement is generally good in their
overlapping energy range, however there are certain ranges where they do not agree,
This report will compare the fission cross section ratios obtained in this study ‘with

2) 3)

other measurements and evaluated data files JENDL-2"" and ENDF/B-47".
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2. EXPERIMENTAL METHOD
a) Neutron Sources
Experiments were carried out with the 4.5 MV Dynamitron accelerator at Tohoku
University. Source neutrons were produced by the following four couples of targets and
reactions. For neutron energies from 0.5 to 2.9 MeV, a metallic tritium-titanium target
was used to produce neutrons via a T(p,n)BHe reaction. From 3 to & MeV and 4 to 6.9
MeV a metallic deuterium-titanium target and a deuterium gas target were used
respectively to produce neutrons by the E(d,n)BHe reaction. Neutrons from 13.5 to 15.0
)

MeV were obtained via the T(d,n)"He reaction by bombarding a metallic

tritium-titanium target with 750 KeV of d; beam, In the case of D-T neutron source,
energies of neutrons entered into the fission sample were varied by changing the
irradiation angle. Neutron irradiations were carried out at 0°, 70° and 150° to the
beam axis. Average neutron energies at each angle were determined by measuring
activation rate ratio of zirconium and niobium foils. Measured average neutron energies
at each angle agreed very well with those kinematically expected.
b} Fission Chamber

The fission chamber used in this study, shown in Fig.l, is parallel plate type
ionization chamber containing 90% Ar and 10% CH,. The 233y sample and another
sample whose fission cross section ratio to be measured were placed back to back in
the fission chamber. The distance between the sample plate and the collector electrode
was set to 2 cm to get a good property of alpha and fission fragment separation and
the applied voltage was 500V. The samples including 235y were electroplated on
platinum plates of 36 mm in diameter and 0.3 mm in thickness, then they were sintered
into oxides to fix on the plates. The diameter of the deposition was 2.5 cm,
c) Quantitative Analysis of Samples

The quantitative analysis of the samples is one of the most important part of the
experiment in determinating the fission cross section ratio. In this study, tree methods
were used to determine the number of atoms in the samples. The first was the use of 2
thermal column, the second was the low geometry alpha counting technique and the
third was the 2J alpha counting technique. The first method was applied to the 235U

sample, since this is suitable for the nuclide which undego thermal fission and the

alpha activity of the sample is not high enough to apply the low geometry alpha

235

counting technique, The analysis of the U sample was carried out at the DZO

thermal column of Kyoto University Research Reactor Institute, The cadmium ratio of

235

the D.O thermal column was 5000:1. The number of atoms in the U sample was

Z 235

determined by the thermal {fission rate of U and the activation rate of gold foils
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which was placed in front of the fission plate. The fraction of other isotopes contained

in the 235U sample was determined with the data reported by the mass spectroscopic

analysis,
The second method, utilization of a low geometry counter, was adopted for the
233 234, and 237

, Np, since alpha activities of these isotopes were
appropriate to determine by this method. Alpha rays from the sample were measured

analysis of

. - . 2 .
with a silicon surface barrier detector of #50 mm” of surface area, and counting rate

of alpha particles from the isotope in question was determined by analyzing alpha

specirum.
The third method, 2JCalpha counting technique, was utilized for the quantitative
analysis of 232Th and 238[.1. In this experiment, total alpha activity of the sample was

determined. The number of atoms in question was reduced from alpha spectrum analysis
with a high resolution silicon surface barrier detector.

23 5U and capture

In the present analysis, data used for the fission cross section of
cross section of gold at thermal energy and half-lives of actinide were taken from the
IAEA publication® 5)

data in the Tabie of Isotopes ( 7th edition were used for the analysis of alpha

and also the data of Westcott”’ were used for non-1/v factors. The

\6)
spectra. The result of the quantitative analysis are shown in Table 1,
d) Experimental Procedure

The experimental arrangement of the fission cross section ratio measurement is
shown in Fig.2. Fission samples, placed perpendicular to the neutron beam, were
irradiated at the locations from 6 to 12 c¢m from the target. Distances between the
target and the sample plates were changed depending on the counting rates of fission
chambers. Neutron energies at an angle of 0° were measured by the TOF method with
a 2 in. by 2 in. cylindrical NE213 liquid scintillator located approximately 15 m from
the target. Data acquisition at each energy point were composed of two runs of
approximately equal dose changing the sample position by 180°% This procedure
eliminated the need for data corrections due to anisotropic behavior of fission
fragments, neutron attenuation in supporting plates and small differences in sample to
target distances. To measure the background counts caused by room returned neutrons,
an iron shadow bar of 50 cm thick was placed between the target and the fission
chamber. Fission events measured by this background run were subtracted from gross
counts obtained by foreground runs. A BF3 detector surrounded by borated paraffins
was placed at 150° relative to the beam direction to monitor dose rates of source

neutrons, and it was also used to normilize the background counts to those of

foreground,
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3. DATA PROCESSING AND UNCERTAINTIES

a) Basic Data Processing Procedure
For a fast neutron irradiation run, two pairs of fission counts are obtained by

rotating the fission chamber 180° at its center relative to the neutron direction. These

are expressed as follows;

C.. = G‘XNX C;Dl(l+sx)(l-d)(1-a), (1)

’

2 0?25 25‘?51(1-525)(l+d)(l+a), {2)
= O‘xNx ¢2(1—5x)(1+d)(l+a), (3)

(4)

25 2 - 0}5N25¢(1+525)(1 -dX1-a),

where notations 25 and x indicate the 233y and the sample
= count rates of the sample for the lst and the 2nd run, respectively,

c_.,C =
x,177x,2 235
C C count rates of the U for the Ist and the 2nd run, respectively,

25,17725,27
g = microscopic fission cross section,
N = number of atoms,
901,9?2 = neutron fluxes at the middle plane between two samples for the ist
and the 2nd run, respectively,
= correction factor for anisotropy of fission fragments
d = correction factor for small differences in distances between the target

and the fission plates,
correction factor for flux attenuation by supporting plates and inscattering

a =
by the chamber materials.
By using above four equations, above mentioned correction terms are almost canceled

and we obtain the following basic equation.

0.5
Oy /05 = (Nps/NXC, 1€y 5/Co51C05,2) ()

we can easily obtain the fission cross section ratio without

By using Eq.(5),
neutron attenuation in supporting

considering the anisotropy of fission fragments
plates and differences in the distance between- the sample plates and the target
However we must make some corrections to measured raw data before they are used in

Eg. (5).
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b) Background Corrections

Background counts due to room returned neutrons, obtained by background runs
mentioned above, were subtracted from those of foreground runs. Fraction of
background counts changes with the distance between the target to the sample, energy
and angular distribution of source neutrons and the fission Cross section of the sample.
In the present measurements, they varied from 1 to 5 % for samples which undergo
thermal fission and almost 0% for threshold isotopes. The errors in the fission cross
section ratios due to the background subtraction were no more than C.5%.
c) Extrapolation to Zero Pulse Height

In the fission fragment detection with an ionization type fission chamber, a small
part of fission fragment signals exists under the pulse height of alpha pulses due to
the geometrical effect of the detecticn system. To determine the true fission rate, it
is necessary to estimate the fission events under the alpha signals. In this study,
fission counts under the alpha signals were estimated by extrapolating the pulse height
spectrum of the fission events to zero pulse height. An exponential function was used
for measurements of 232Th, 238 and 237

233U and ZBE‘LU since activities of latter isotopes were so high that

Np and a linear function was used for the

measurement of
fairy large amounts of fission fragment signals were assumed to be piled up with alpha

pulses. Extrapolated counts were about 3 to 4% of the total fission counts for 233U

23!‘LU and were about 1% for other samples. The error associated with the

and s
extrapolation was taken to be 50% of the estimated count,
d) Correction for Low Energy Neutron and Impurities

The fission counts obtained after background subtraction and extrapoiation to zero
pulse height still include fission events caused by the lower energy neutrons produced
by parasitic reactions in the target and the fissions of minor isotopes included in the

samples, The fission count ratio including these counts is written as follows;

N, Ty 2 VLI
q k

cx,lcx,z X *k (95 9 (6]
B £ .04,
C25,1%25,2 N3s Zc;Dgr 2 f,5 ;Y10
g J Guz 5,0
where
‘?% = fraction of incident neutrons in energy group g
ka = atomic ratio of the isotope k to the principal isotope x, k=0 shows

the principal isotope

(]"; g = fission cross section of the isotope k at energy group g.
?
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Equation (6), instead of Eq. (5), is used to calculate fission cross section ratio GB O/
055,0’ since this equation includes corrections for fissions due to low energy neutr’ons
and minor isotopes. The neutron spectrum measured at 0° by TOF method was used for
¢ in Eq. (5). Fission cross section ratios for minor isotopes 01‘<,g/ 0‘;25,0 were taken
from JENDL-2. Errors in fission cross section ratios due to fissions caused by minor
isotopes in the samples and lower energy neutrons were considered to be smaller than
0.5%, since fractions of principal isotopes were more than 99% except the 235U sample,
and the fraction of lower energy neutrons was 4% for the most significant case of 6.8
MeV.

e) Inscattered Neutrons

Fractions of inscattered neutrons which come into the samples after the lst
collision with fission chamber materials were estimated by the Monte Carlo
calculations. Calculated result, differed with neutron energy incident to the fission
chamber and the sample location, gave values from 1.8 to 3.9% of the direct neutron
flux. However energy degradation of them were very small since most of them were
elastically scattered neutrons. The ratio of the nonelastic scattering cross section to
the elastic scattering cross section of the fission chamber material was no more than
1/10. Therefore’ corrections for the spectrum shift by inscattering effect were
neglected. The need for corrections to elastically scattered neutrons could be avoided
by using the averaging procedure in Eq, (5).
f) Self Absorption

The samples used in this study were rather thin ~100 ug, and differences In
thickness among samples were small. In the measurement of fission cross section ratio,

correction for self absorption can safely be neglected if thicknesses of two samples

are similar and thin enough.

4, RESULTS AND DISCUSSION

Fission cross section ratios obtained in this study are listed in Tables 2~7. The
energy spread in Tables 2~é6 indicates the FWHM of source neutrons measured at 0° by
the TOF method. Errors in fission cross section ratios are root mean squares of all
identified errors mentioned above. Dominant sources of errors in this study are the
number of atoms in the 235y sample of 1.7% and estimating counts under the alpha
signals in the measurements of 233U and 234U of 1.5%.
2) 2324 |
The fission cross section ratio of 232'I'h relative to 235U is compared with other
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7)

data in Fig. 3. The present data is very close to that measured by Behrens et al.”" and

Meadowsg), their data gave excellent agreement in their overlapping energy range.
Although the present data is slightly low compared to those of Meadows and Behrens
et al. at the threshold of 2nd chance fission, this is due to the energy spread of source
neutrons at sample plates. The fission plates were placed close (~6 cm ) to the target
in the experiment of 232y, to overcome low fission cross section of 232Th. Therefore
neutrons emitted at rather wide angles entered to the sample. If this effect were
taking into account, average neutron energy would decrease by about 50 KeV around 6
MeV of neutron energy and this difference may be improved, however this procedure
was not tried yet. The fission cross section in JENDL-2 is almost the same as the data
of Behrens et al. since their data was evaluated based on that of Behrens et al. The
fission cross section in ENDF/B-4 is lower than above mentioned data and close to the
Henkeim) data. The fission cross section ratio from 13.5 to 150 MeV range is
compared in Fig.4. The present data is about 2% lower than that of Behrens el a17).
b) 233

Figure 5 shows the result obtained for the relative fission cross section of 233y, and

11), Lamphere et a1.12),

it is compared with data measured by Carlson and Behrens
Meadowsl3) and evaluated data files ENDF/B-4 and JENDL-2, The present data is very
close to that of Meadows and Lamphere et al. The Behrens and Carlson's data also
follows the same basic shape as the present result, but from 3 to 5 MeV their data
points are consistently lower by about 3%. The JENDL-2 alsc has the same basic shape
as the present result but is consistently lower 3 to 6% than the present result. The
data in ENDF/B-4 is lower than that of JENDL-2 and the shape is extremely different
from others at around 6 MeV. The difference in shape at around 6 MeV may be due to
the difference in the slope of fission cross sections near the threshold of 2nd chance

fission of each isotope.
234U

The fission cross section ratio of 234 relative to 235y is compared in Fig, 6. The

c)

present result is higher than those of other measurements. In the energy range below 3

14) and Behrens and

MeV the present data is 2 to 4% higher than that of Meadows
Carlsonlj). Above 3 MeV range, the present data is higher 4 to &% than that of
Meadows and approximately 8% higher than that of Behrens and Carlson. The
difference between the present data and other data increases suddenly at 3 MeV. The

cause of this rapid change in our fission cross section has not been identified, but in
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the present measurement, we changed the neutron producing reaction from T(p,n)BHe
to D(d,n}BHe at that energy.
d) 238,

The fission cross section ratio of 233 relative to
range from 1.5 to 6.0 MeV and from 13.5 to 15.0 MeV. The result from 1.5 to 6.0 MeV s

235y was measured in the energy

compared in Fig. 7 with other measurements and evaluated data. Many data have been
reported on the fission cross section ratio of 23y relative to 235U in this energy
range and the agreement of recent measurement is very good. Therefore the
measurement on the fission cross section ratio of 23g’U relative to 235U in this energy
region becomes a good test to check the validity of the experiment. Though the
accuracy of the present result is not so high compared to recent measurements, the
present data agreed very well with recent data within error bars. The fission cross
section ratio of 2335 in the energy range of 13.5 to 15.0 MeV obtained in this study is
shown in Fig. 8. The present data is 2 to 4% lower than other data shown in Fig. &

e) 237Np

The fission cross section ratio of 237Np relative to 235y s compared in Fig., 9

with data of Behrens et al.23), Meadowsza) and evaluated data ENDF/B-4 and
JENDL-2. The present data is close to that of Meadows and ENDF/B-4, and 4 to 10 %
higher than Behrens et al The difference between the present data and the Meadows
data was 0 to 4% below 3 MeV and 4 to 8% above 4 MeV. The fission cross section
ratio of 237Np relative to 235U in the energy range from 13.5 to 15.0 MeV is compared
in Fig. 10 with other measurements and evaluated data files. The present result agreed

very well with the Behrens data and JENDL-Z.

5. CONCLUSIONS

The fission cross section ratio relative to 235U were measured for 232

Th, 23y,

23mU, 238, and 237Np. Errors in the present measurement were 2 to 3%. The accuracy

of the data obtained in this study was limited by accuracies in number of atoms in the
233 234
U and U. The

cause of differences in the fission cross section ratios between many of measured data

samples and in the extrapolated counts for the measurements of

are considered to be in the determination of number of atoms in the sample, since
basic shape of fission cross section ratios reported by many authors are very similar.
Therefore quantitative analysis of the sample is very important.

The present study is now in progress. The further study will diminish the uncertainty in

our measurements.
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Table I Isotopic composition of the samples

SAMPLE 2327h 233y 234y 218 238y 237y
CONTENTS
2221p 100 - . - - -
233y - 0.8ppm 0.g0z7 - - -
233y . . 99.47 §.00% - - -
22ey - 0.166 99.97 0.774 - -
235y - 0.064 0.08 92.549 - -
236y - 0.015 0.055 0.269 . -
ELY - 0.282 0.789 6.208 100 -
237y, - - - - - 100
TOTAL
ATCM No. 18.89 14,19 13.51 13.06 11.45 9.961

{=1017)

Table I The fission cross section ratio of 232Th:235

MATERIAL | ENERGY & WIDTH FISSION CROSS SECTION
( Mev ) RATIO TO 235y
1.50 £ 0.06 0.0658 = 0.0026
1.52  0.12 0.0703  0.0028
1.61  0.07 .0870 0.0034
1.7¢  0.07 0.0601 0.0024
2.04 0.10 0.0961 0.0036
3.50  0.19 0.1182  0.0051
4.32  0.25 0.1266  0.0053
232y | 4-99 017 0.1356 0.0057
5.23 0.17 0.1425 0.0033
5.51 0.14 0.1316 0.0055
5.73 0.1 0.1426  0.0033
5.82  0.13 0.1276 0.0052
6.06 0.12 0.1440 0.0033
6.11 0.12 0.1445  0.0059
6.51 0.1 0.2087 0.0048
6.89 0.10 0.2529  0.0059
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5.2 Theoretical Analysis of Fission Cross Sections for Actinides

Takaaki Ohsawa, Masac Ohta and Kazuhiko Kudo
Department of Nuclear Engineering, Kyushu University

Hakozaki, Higashi-ku, Fukuoka 812, Japan

Abstract

Neutron-induced fission cross sections of 24 actinide nucleil were
analyzed in terms of the double-humped fission barrier model to deduce the
barrier heights. Systematic trends were observed in the obtained barrier
heights; especially linear correlation was observed between the second-
barrier height and the liquid-drop model prediction of the fission barrier.
By decomposing the barrier heights into the liquid-drop and shell
correction componénts, the anthors deduced the value of the surface energy
coefficients which was consistent with the existing values deduced from
nuclear mass systematics. This result gives support to the theoretical
estimate that the shell correction is damped at larger deformations
corresponding to the second barrier. Near constancy of the fission barrier
heights for actinides was interpreted in terms of the three-component
analysis.

For thorium isotopes, for which both the first and second barriers are
mass-asymmetric and axially symmetric, an assumption of the existence of an
additional mass—-symmetric and axially asymmetric barrier C was found to

give better account of the behavior of the fission cross section.
1. Introductiaon

The study of the systematics in fission barrier heights of actinides

is interesting because it provides information on the bulk properties (such
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as surface tension) of a nucleus in its strongly deformed configuration.
Besides, knowledge of the barrier systematics is useful in estimating the
fission cross sections of actinide isotopes for which no measurements have
been made,

As is well known, the fission theory began with the classical work of
Bohr and Wheeler(l} They presented a theoretical description of the fission
phenomena within the framework of the liquid drop model (LDM), and this
work plotted the course of research for many years to come. Later, A, Boh§2)
presented a new model on the basis of the unified model of the nucleus. In
this model it is assumed that most of the excitation energy of the nucleus
at the saddle point is used up as deformation energy, so that the internal
excitation energy of the nucleus is relatively low, i.e., the nucleus is
"egld"., Therefore we have several well-defined discrete transition states
just above the barrier top, the nature of these states being similar to
those obsérved at the equilibrium-deformation state. These saddle-point
statesactasexit channelsto fission.

This model has been applied to the analyses of fission cross section
and other fission-related quantites such as fragment angular distributions.
One of the successful applications of the model is the work of Kikuch£3)
who used this model for the analysis of spin- and energy-dependence of the
fission width of four fissile isotopes of uranium and plutonium in the
energy region less than 400 keV,

In the late 1960's, detailed calculation of the deformation energy
surface led to the concept of double-humped barrier model, first proposed
by Strutinsky(q). One of the possibilities to be examined is to extend the
idea of the channel analysis to the case of double-humped barrier.
However, simple extention of the channel-analysis technique to the double-

humped barrier model encounters a difficulty, since this introduces too

many parameters in terms of spin, parity and energy for each of the many
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fission channels at the two barriefs. The difficulty is more augmented
when we try to apply the methed to the analysis of odd-mass compound nuclei
for which quasi-particle states as well as collective states appear just
above the barrier top, and/or to the fission cross section calculation in
the MeV-region where a great number of fission channels are open.

In the last decade, the development of the fission theory has come
into the phase of more sophisticated study of the deformation energy

(s)n(e)

surface These studies have revealed that for most of the actinide
nuclei the first barrier is axially asymmetric, i.e., gamma-deformed,
wherecas the second barrier is axially symmetric but mass-asymmetrically
deformed,

Another important progress in relation to the theoretical analysis of
the fission cross section is the development of the method of taking into
account of the collective enhancement of the level density. Bjgrnholm et
alﬂg) have derived the level density formulas that allow for the increase
of levels owing to the rotational motion of the nucleus, when the nucleus
has lost some symmelric properties,

The recent progress in understanding the detailed properties of the
fission barriers and fission transition states has made it possible to
reduce the number of adjustable parameters and to deduce the heights of the
two barriers from analyses of the fission cross sections. Thus the primary
aim of this study is to perform systematic analysis of the fission barrier
heights for actinides ranging from protactinium to californium. It has
been known that the general trend of the fission barrier heights for heavy
nuclei as a function of the fissility parameter is roughly explained with
the LDM with the surface energy coefficient equal to 17 MeV(loz However,

those for actinides are deviated from the LDM prediction and shows only

weak dependence on the fissility parameter. Tt is interesting to lock into
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this peculiarity (so called "fission barrier anomaly") and to find a closer
relationship between fission barrier systematics and the surface energy
coefficient of the LDM.

We intentionally excluded thorium isotopes from the systematic study,

because thorium is known to have anomalies in some respects of the fission

2. The Model and the Methods
2.1 Double-Humped Barrier Model

The fission barrier is represented as a sum of macroscopic and
microscopic compenents ; the former is described by the LDM, and the latter
is obtained by detailed calculation of the shell effect as a functicn of
deformation. By superimposing the shell correctioh term on the LDM
potential, we have a double-humped fission barrier (Fig.l). From detailed
calculation of the deformation energy surface, it is known that the
fissioning nucleus is mass-symmetric (MS) and gamma-deformed (GD) at the
first barrier A, whereas it is mass—-asymmetrically (MA) deformed at the
second barrier B. This model includes many phyéical parameters such as
barrier heights E, , Ey , barrier curvatures hw,, fiwg, the energy, spin and
parity (Ef Ji,ﬂi) of the discrete transition states at the barrier tops, -
and the level densities of the continuum transition states.

The basic idea of the present work is to try to reduce the number of
adjustable parameters by making the best use of the physical information
available from the present knowledge on the fission barriers.

First, the barrier curvature parameters fw, can be determined from the

(11)

analysis of fission probability data by means of direct reactions , and
(12)

ﬁum's have been deduced from the data on the fission-isomer half-lives

These values were fixed as follows:
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hwy = 1.0 MeV, huwy = 0.70 MeV for doubly even nuclei,
= 0.8 MeV, = 0.55 MeV for odd-A nuclei,
= 0.6 MeV, = 0.42 MeV for doubly odd nucei.

Second, knowledge on the discrete transition states can be obtained
from the channel analyses of the fission fragment angular distribution; or
from the theoretical estimation of quasi-particle levels at the saddle-
point configurations.

Third, the continuum transition states can be reﬁresented by the
level density formulas with appropriate collective enhancement factors
corresponding to the nuclear shape at the saddle points.

With all these parameters fixed, the remaining ad justable parameters

are only the heights of the two barriers,

2.2 Fission Cross Section .

The formula used to calculated the fission cross section is the

(13)

conventional Hauser-Feshbach type :

32 T+3  ite (2J+1)T¢
Op (By) =—————1 T (E) ) ) S, (1)
2(2I+1)L=0 Te+ Ty + T+ Tho £
j=iT-3 =54

where the symbol I is the target spin, 7 the parity of the compound
nucleus, j the channel spin and Sf the width fluctuation correction factor.

The quantities Tg, T T, and TY represent the transmission coefficients

n
for fission, compound elastic scattering, inelastic scattering and gamma-
ray emission channels from the compound nucleus state at excitation energy

E, respectively. The neutron transmission coefficients were calculated by
means of the spherical optical model using the potential parameters of
(1s)

Murataoq)for nuclides in the Pa - Pu region, and those of Igarasi’ for

nuclides in the Am — Cf region. The gamma-ray transmission coefficients
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were determined so as to reproduce the experimental gamma-ray strength
functions,
The fission transmission coefficients were calculated on the basis of

(1e)

the Hill-Wheeler formulal for the quantal tunnelling through an inverted

parabola:

-1
Ta =) [ 1+ expl(27/1w,)(E, + B, - E)}]

E-EA-B (A+1)(E —Ep-gg, J)
¥ f A de, (2)
o 1+ exp(-2me, /Aw, )
where E, is the energy of a discrete transition state, A, the upper limit
of the discrete state region, OA“+J)(U,J) the level density of the
continuum state with spin J at excitation energy U above the barrier 4,
£ the kinetic energy available to the fissioning nucleus, and the sum over
L is performed considering the conservation of angular momentum and parity.
The quantity T, for the barrier B can be calculated in the same way. Thus

the transmission coefficient for the fission decay through the double-

humped barrier is expressed as

T, =T, Tg /(Ta + Tp ) (3)

When the excitation energy E is less than the two barriers, the
coupling between the class-I and class-II states should be taken into
account., This effect manifests itself as an intermediate structure in the
fission cross section. Explicit treatment of this effect requires
additional parameters in terms of the energy, spin and parity for .each of
the class-II states. However, since this is not a primary aim of this
study, we instead take into consideration of this effect by employing the

(

17
Lynn-Back formula )for the fission probability averaged over the

intermediate resonances distributed equidistantly:
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Tn+Tn'+TY2
P, (EJT) = [1 +( )
Tr

T +T'+T -
+ 2( " . Y)c:oth {(r, + TB)/Z}l ’ (4)
Tr

It can readily be seen that eq.(4) asymptotically reduces to T¢/(Tg + Ty

+ T, + T,+) in the limit of Ty, + Tp > 1.

2.3 Level Density of the Deformed Nucleus

One of the essential quantities in the analysis of fission cross
section is the level density, since the loss of rotational invarience of
nuclear shape at the barrier deformations leads to the occurence of some
rotational degrees of freedom, This gives rise to the so-called collective
enhancement of the level density.

The level density for spherical nuclei with spin J can be written as

2J+1 J(J+1)
O () = ——= W(E) exp{- —23_} (5)

where o is the spin cut-off factor and w(E) is the total intrinsic state

density. For nuclei with axial and reflection symmetry, the level dénsity

is given by (771%01%)
2J+1 J(J+1)
o (B,J) = ———— u (E) exp{-——— (6)
V81 Gu(E) { 25,.4E) }

The nuclear shape at the barrier B is axially symmetric but mass-asymmetric,
thus eq.(6) multiplied by a factor 2 was used for the transition states at
the barrier B.

For a shape without axial symmetry, the level density is expressed

a5 (2,18,19)
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(7

J{J+1)
QnS(E,J) = (2] + 1) w(E) exp{f }

25%E)

It has been known(g)that if the nuclear shape has a point group rotational
symmetry, the number of states in the rotational bands are reduced from
eq.(7) by a factor representing the number of elements in the
corresponding point group. The gamma-deformed nucleus possesses the D,
(dihedral) symmetry whose order of the rotational point group is 4. Thus
the eq.(7) divided by 4 was used for the transition states at the barrier A,

The level density at the ground-state deformation has been foundao>t0
be well described by eq.(6), which thus has been adopted for the
calculation of neutron and gamma-ray channels.

The intrinsic state density w(E) and spin cut-off parameter on? for

(21) (22)

228 nd Back , and the wvalues

°3% and **®Cm was calculated by Britt

Ra,
" for other nuclei was cobtained by interpolation. The parameter 0. was

assumed to be constant and an average of the experimental data 5,45 as had

been used by Gavron et alﬁlg)was adopted in the present work.

2.4 Discrete Transition States at the Saddle Points
(a) Doubly even fissioning nuclei

For doubly even nuclei, quasi-particle excitations are suppressed
below the pairing gap, thus only collective excitation states appear in
this region. Possible vibrational states are the gamma-vibrational band
with KT=2%, the mass—-asymmetric vibration with K" =07 and bending
mode of vibration with K7 = 17, Each vibrational state acts as a band-
head, and a rotational band is build up on it. As a typical set of values
for the energies of the vibrational states the following values were chosen
from previous works(za’zq% 0.3 MeV for mass-asymmetric vibration at barrier

A, 0.7 MeV for gamma-vibration at barrier B, and 0.9 MeV for bending mode
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at both the barriers. It is known that the barrier B is unstahle toward
mass—asymmetric deformations, which would lower the vibraticnal energy
associated with K" = 07, whereas the barrier A is unstable toward gamma-
deformations, which would reduce the energy of the states with KT = 2+(23?
With these facts in mind we assigned an energy 0.05 MeV for the gamma-
vibration at barrier A and for the mass-asymmetric vibration at barrier B.
(b) Odd-A fissioning nuclei
The quasi-particle state spectra at the barriers A and B for odd-A

11
nuclei were calculated according to the method of Back et alﬂ ), using the

equation

Ejz/(gj )+ A% - A (8)

where Ej is the single-particle energy for spin j and orbital angular
momentum %, A the pairing energy and A is the Fermi energy. This
cqnversion of single-particle energies into the quasi-particle energies
results in remarkable "condensation" éf the states. Figure 2 shows some
examples of the discrete state spectra at the barriers A and B.

(c) Doubly odd fissioning nuclei

For this type of nuclei there is no pairing gap. We thus assumed no

discrete transition states.

3. Results and Discussion
3.1 Cross Section Analysis

Analysis of the fission cross section consists of searching a set of
values of E, and E; that give the best fits in the sense of least squares
to the ekperimeﬁtal data. Special attention was placed on reproducing the
cross section values in the plateau region, since the cross section at
these energies are free from the near-threshold structures arising from the

coupling of class-I and class- Il states. The results are shown
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in Figs. 3. The barrier parameters obtained are summarized and compared
with the values reported by Lynngq)in Table 1. There are differences in
two respects in the method of analysis: (a) Lynézq)adopted as a crude
approximation an energy-independent level density with empirically
prescribed parameters for the estimation of transition state spectra below
the pairing gap for doubly-even and odd-mass nuclei, and (b) Lynn(25%sed
fission probahility data from charged-particle induced direct reactions as
well as neutron-induced fission data, while we used only the latter.
Despite these differences, the agreement between the two sets of results is
good, especially for nuclides lighter than americium. Rather larger
discrepancy is observed in the value of Ej for heavier actinides, such as
curium, berkerium and californium. This is because the calculated cross
section is less sensitive to a change in Eg for these nuclei, since the
second barrier is considerably lower than the first barrier for the heavy

actinides, and hence the uncertainty in the deduced value of Ep is greater

for these cases.

3.2 OSystematic Relations for E, and E,

Correlation between the obtained barrier heights and other physical
parameters, such as neutron number N, mass number A, and fissility
parameter x was looked for. Here, x is defined as (29)

2 Z* /A

3 e
X == = ] (9)
5" ga,[1 - k{(N-2)/A 1Y)

where e is the electron charge, ry the nuclear radius parameter, a, the
surface energy coefficient of the LDM, and « is a factor describing the
isopin~-dependence of the surface energy. The adopted values for these
parameters are: vy = 1.2249 fm, a, = 17.9439 MeV and k = 1.7826, as were

(28)

given by Myers and Swiatecki .

— 246 —



JAERI-M 85-035

It was found that the first barrier heights E, tend to be peaked at
the neutron number 147 (Fig. 4). In contrast to E,, the barrier heights Eg
were found to increase linearly with (1—x)3. This function describes the

fissility-dependence of the LDM definition of the barrier height:

E), = (98/135)a, (1-x)°A . (10)

The neutron number 147 is very close to the region (N=146-148) where

& (v,

figsion isomers have the longest half-lives  ". Strutinsky lso reported
that there is a subshell region around N =146, where the shell correction
to the deformation energy surface deepens the second well and raise the

height of the first barrier.

3.3 Three-Component Analysis of Fission Barrier Heights

With the aim of obtaining a better systematic relation for fission
barrier heights, an attempt was made to interpret the barrier heights in
terms of a three-component approach. This approach assumes that the
barrier height is composed of a smooth macroscopic (LDM) component E ,, and
an oscillating microscopic (shell correction) component ; the latter is
subdivided further into two components: the shell correction at the ground-
state deformation 6E$i” and at saddle points SE:&” . Thus the observed

barrier heights are decomposed as

3p. A

38
as sP. B
E, = Epy + Eopen T+ OE hori . (11b)

While the exact estimation of the shell correction at saddle points is

rather difficult, the shell correction at the ground-state deformation can
28

be deduced from an analysis of the nuclear mass( 2 As a step toward

isolation of the LDM component, we subtracted ground-state shell correction
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from the observed barrier heights, and plotted them as a function of (1~x)a
A%E. The results are shown in Figs. 5. It is observed that good linear
correlation exists between the quantities Ej - 6E§;H and (1—x)3A%5. This
is in contrast with the case for barrier A, where, although similar linear
correlation is seen, the data points are more scattered. Good linearity
for barrier B implies that the LDM component of the barrier height is well
isolated, in spite of the fact that the saddle-point shell correction has
not yet been taken into account. This, in turn, means that the saddle-
point shell correction has only small contribution to the height of the
barrier B, whereas it has an appreciable contribution at the barrier A.
This result is consistent with the theoretical prediction that the shell
correction is damped at larger deformations.

Tt is interesting to try to consider what is the implication of the
slope of this correlation line.. From eq.(10) it can be seen that the slope
is proportional to the surface energy coefficient a; of the LDM, So we
tried to deduce the surface tension coefficient from the slope. This is
not straightforward, since the fissility parameter x itself includes a: in
its definition, eq.(9). Thus we resorted to iterative procedure, assuming
an initial guess for the coefficient a; , deducing the a;-value that gave
best fits to the barrier height data, comparing the obtained value with the
initial guess, and repeating the procedure until good agreement is obtained
between the two values. Thus we obtained the value 17.55 MeV. In Table 2
we compare this value with those adopted by different authors, and see that
the present value is in good agreement with previous data. This implies
that the LDM component is well separated, even without correcting for the
shell effect at the barrier B. This fact supports the above conclusion
that the shell correction is damped and small at large deformations
corresponding to the second saddle point.

Another interesting point to be noted is that an explanation of the
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"fission barrier anomaly" is provided from the present analysis. The
ground-state shell correction increases in negative direction with
increasing mass number (Fig. 6) and this compensates the decrease of the
LDM component of the barrier height for heavier actinides (Figs. 5). As a
result, the fission barrier heights defined as the energy difference
between the bottom of the ground-state sag and the top of the potential
barrier remain approximately constant. This relation is schematically
shown in Fig. 7. Note that, generally speaking, barrier B is higher than

barrier A for lighter actinides, and vice versa for heavier actinides.

4. Thorium Anomaly

It is known that thorium isotopes are peculiar and differs from other
actinides in two respects:

First, there is a considerable discrepancy between theory and
experimental data for the first barrier height of the thorium isotopes,
although the agreement is good for heavier actinides (Fig. 8). This
anomaly is interpreted in terms of a triple-humped barrier modeﬁ7). That
is, for thorium isotopes, the first barrier becomes very low and the second
barrier splits further into two humps, thus altogether we have three humps.
It is considered that the experimental fission barriers refer to either of
the latter two saddle points which are higher than the first one. This
picture offers a simple resolution of the thorium anomaly. This
interpretation has been supported by a recent data on the inertia parameter
n?/29 equal to V2,5 keV for the class-II vibrational resonances of 2327Th,
this value being far below the ~3.3 keV value corresponding to measured
uranium and plutonium fission isomers(zgg

Among the three barriers, the first barrier is so low that it
practically does not play any role in determining the fission cross

section, Therefore, effectively, we have only two barriers, and the
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formulas used in the above calculations can also be applied for this case,
Only one significant difference is that, in this case, the nucleus at
barrier A is not axially asymmetric but mass-asymmetric,

The second peculiarity of thorium isotopes is that a possible
existence of gamma-deformed, mass-symmetric saddle point in parallel with
the second and third saddle points is suggested. Gavron et alﬁan)showed
from their calculation of the deformation potential map that there may
exist an additional saddle point for light actinides besides the ordinary
mass-asymmetrically deformed saddle points (Fig. 9). This barrier, called
barrier C hereafter, is schematically shown with a broken curve in Fig. 10.

The results of calculations are shown in Fig., 11, Tt should be
noticed that, as noted in sec.2.2, the near-threshold structure was not
explicitly taken into consideration in the fitting procedure. The solid
curves represent the calculation without assuming the existence of barrier
C. These results tend to be peaked at the energy just above the threshold;
when we try to reproduce the.cross section value in the plateau region, we
have too high a peak, which is in disagreement with the experimental data,
When we assume the existence of the barrier C, we have the results shown
with the dash-dot curves, which is in better agreement with the
experimental data. Thus the presence of the barrier C is borne ocut by the
analysis of the fission cross sections of thorium isotopes.

There are two experimental evidences supporting the probable existance
of a mass-symmetric barrier C.

First, a distinct symmetric fission peak is observed in the mass
distribution of fission products for 232Th(“)(Fig. 12). This suggests that
there are distinct fission channels leading to symmetric mass division in
addition to the ordinary mass-asymmetric channels,

Second, the fission probability data obtained by means of the direct-
2,33)

reaction-induced fission revealed that the symmetric fission component
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began to rise at an energy about 1 MeV above the threshold for asymmetric
fission (Figs. 13). This is consistent with the present result that the
fission cross section can be better explained by assuming the existence of
mass—symmetric barrier C at an energy 1.1-1.6 MeV above the mass-—asymmetric
barriers A and B.

Taken together, the present knowledge indicates both experimentally
and theoretically, that the mass-symmetric barrier C makes an appreciable
contribution in the fission of thorium isotopes. It must of course be
remarked that the mass division of the fissioning nucleus is not completely
determined at the saddle points ; dynamics of the descending process from
the saddle point to the scission point may play some part in the mass
division. This situation makes difficult the direct interpretation of the
fission fragment mass-asymmetry in terms of the mass-asymmetry of nuclear
shape at the saddle point. However, considering that the angular
distribution of fission fragments can be interpreted well in connection
with the properties of the transition states at the saddle point, it is
believed that the saddle-point states the fissioning nucleus has passed
through have some relevance to the mass division at the last stage of the

fission process.

5. Conclusions
(1) Systematics in the fission barrier heights deduced from the
fission cross sections for 24 actinides ranging from Pa to Cf were studied,
and it was found that:
a) Good systematic relations were extracted by taking into consideration
of the ground-state shell correction;
b) Better correlation was observed for the barrier height E; than for
the barrier height E, ;

¢) The surface energy coefficient a, = 17.55 MeV deduced from the
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systematics of the barrier height E; was in good agreement with the

previously reported values deduced from the nuclear mass analysis.
The above facts corroborate the theoretical estimation that the shell
correction is damped at larger deformations corresponding to the second
barrier.

(2) The near—constancy of the fission barrier heights for actinides
("fission barrier anomaly') was interpreted as due to the compensation of
the lowering of the LDM barrier by the deepening of the ground-state sag
with increasing mass number.

(3) For thorium isotopes, an assumption of the existence of an
additional axially asymmetric and mass-symmetric barrier C was found to

give better account of the behavior of the fission cross section.
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Tabls 1 Tission barrier parameters obtained from fissicn
cross-section amalysis. Present results are
compared with the results of Lynni{ref. 24 )
Compcund -Na) B Present results Lynntzm
nucleus B Ea EA‘ﬁEEL“ Ey Es_éEfi” E, Eg Reactions™
MeV MeaV MeV MeV MeV MeV MeV
Pa-232 o=-0 5.58 6.20 5.04 £.14 .98 .25
U-234 a-a 6.84 5.25 3.68 5.57 3.39 5.6 5.5 n
U-235 e~ 5.31 6.27 4.68 5.74 4,15 6.15 5.9 a
U-236 e-ge 6.33 5.86 4.48 5.70 4.32 5.63 5.53 n
U-2327 e-qg 5.12 5.38 4,85 5.85 4.42 6.28 6.08
U-239 e-0 4.80 6.31 5.31 5.75 4.75 5.46 £.16
Np-238 o=0 5,48 6.31 4.33 5,79 3.81 .19 5.8 n
Pu-239 a=0 5.98 5.85 3,36 5.68 3.18 6.26 5.68
Pu-240 a-g 6.53 5.9% 3.84 5.22 3.07 5.57 5.07 n
Pu-241 a-0 5.24 5.63 3.46 5.87 3.50 6.14 5.54 n
Pu-242 e-a 6.30 5.60 3.79 5.23 3.42 5.53 5.05 n
Pu-243 a-Q 5.04 5.72 3.88 5.65 3.81 5.04 5.44
pu-245 e-0 4.72 5.42 4.05 5.48 4,11 5.86 9.26
Am-242 o-0 5.33 6.61 3.90 5.56 2.85 6.5 n
Am—243 o—e  6.38  6.17  3.84  4.75  2.42 {ggg 25
Am=—244 o=C 5.36 6.42 4.00 5.43 3.07 6.37 .57 n
Cr—-244 e-e 6.80 6.20 3.33 5.14 2.27 5.8 4.5
Cm-245 e=o0 5.52 6.15 3.12 5.80 2.77 65.32 5.02
Cm-2446 e-e 6.45 6.00 3.31 4.38 2.29 5.65 4,35
Cm-247 e—0o 5,16 6.15 3.45 5.33 2.63 6.186 4,88
Cm—-248 e-a 6.21 5.61 3.26 4.25 1.580 5.7 4.8
Cm-24%9 e=0 4.71 5.81 3.48 5.03 2,90 5.66 4,38
Bk-250 o-oc 4.97 6.20 3,48 5.31 2.59 6,12 4,12
cf£-253 e-0 4.79 5.52 2.97 4,44 1.89 5.43 3.6
MeV MeV MeV MeV
curvature ©O+-¢ 0.8 0.42 0.65 0.45
parameters o-A 0.8 Q.55 g.8 G.52
{huw) a—g 1.0 0.70 1.04 0.6

a)

bl

c)

Even-odd character of % and N numbers.

& E shait

The values were taken from ref.2s.

The reactions of the data used in the analysis.

for charged-particl induced reactions, such as (d,pf},

n stands for (n,f)

reaction, and c+n their combinaticn.

— 2565 —
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is the ground-state shell energy correcticn shown in Fig.6.

The symbol c stands
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Table 2 Comparison of surface energy coefficients employed

by differnt authors

Authors a, (MeV) T, (fm) Remarks Ref.

Present 17.55 1.2249 Fission barrier systematics —

Vandenhosch 17.64 a) 1,1999 SFIb)lifetime systematics 34
(17.28)

Myers 20,69 1.18 Droplet model of nuclear mass 28
(19.93)

Metag 17.8 1.2049 SFI lifetime systematics 27
(17.51)

Bohr- 17.0 1.24 Fission barrier systematics 10

Mottelson {(17.2)

Myers- 17.9439 1.2249 Nuclear mass analysis 26

Swiatecki

Green-Englen 17.23 1.24 Nuclear mass analysis 35
©(17.44)

a) As can be seen from eq.(9), the fissility parameter depends on the
product of nuclear radius parameter r, and surface energy coefficient
a; . In order to be sure that a,'s are compared on the same basis,
the renormalized values based on r,=1.2249 are shown in parentheses.

b) Spontaneously fissioning isomers.
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Schematic diagram of the fission potential barrier as a function

of deformation in the fission mode. Double-humped barrier (top)

is obtained when one superimposes the shell-correction (bottom)

on the LDM potential. The nuclear shape at barrier A is mass-

symmetric and gamma-deformed (GD), whereas at barrier B it is

mass—asymmetric (MA). The potential shape near the saddle point

B as a function of mass-asymmetric deformation is shown to the

right. |

Quasi-particle states at barrier A and B employed in the calcu-

lation for even-Z odd-N fissioning nuclei U-235, Pu-239 and

Cm—245.

(a)v(d) Fission cross sections for even—even target nuclei
J-234, U-236, U-238 and Pu-238.

(e)v(h) Fission cross sections for even-even target nuclei
Pu-240, Pu-242, Pu-244 and Cm-244.

(i)~(f) Fission cross sections for even-even target nuclei
Cm-246, Cm-248, Cf-252 and odd-odd target Am-24Z.

(m)~(p) Fission cross sections for even-even target nuclei
U-233, U-235, Pu-239 and Pu-241.

(qg)(t) Fission cross sections for even-even target nuclei
Cm-243, Cm-245, Cm-247 and odd-even target Pa-23l.

(u)«(x) Fission cross sections for odd-even target nuclei
Np-237, Am-241, Am-243 and Bk-249.

Systematics of fission barrier heights for actinide naclei:

(a) E, vs. N, (b) Ep vs. (l—x)3XI02. Open symbols denote odd-A

compound nuclei, closed symbols even-even nuclei, and hatched

symbols odd-odd nuclei. The curves were obtained by least-
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squared fitting to the barrier heights of the nuclei with the
same even-odd character.

Systematics for corrected fission barrier heights,

Ground-state shell correction (ref. 28} as a function of
(1-x)2A% .

An interpretation for the slow variation of the observed fission
barrier heights.

Theoretical predictioﬁs of the first (left) and second (right)
barrier heights from shell correction calculations based on
different single-particle potentials., Measured data are also
shown [taken from ref. (33)].

Calculated potential-energy surfaces as a function of axial-

and mass-asymmetric deformations in the vicinity of the second
saddle point for Ra-228 (top) and U-238 (bottom). This figure
shows the probable existence of barrier C which is more distinct
for light actinides [taken from ref. (30)].

Probable existence of a mass-symmetric and gamma-deformed
barrier C in parallel with the two mass—asymmetric barriers A
and B for thorium isctopes,

Fission cross sections for Th-228, Th-230 and Th-232.

Mass-yield curves for neutron-induced fission of Th-232 showing
third peak at symmetry [taken from ref. (31)].

Fission probabilities and fragment anisotropies versus
excitation energy in the fissioning nuclei Th-227, Th-228 and
Th-229, for the symmetric and the asymmetric mass component

separately [taken from ref. (33)].
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5.% Measurements of Fragment Mass Distribution and l/f(m)
for Thermal Neutron Induced Fission of 235y and 233y

Yoshihiro Nakagome and Tkuo Kanno
Research Reactor Institute, Kyoto University

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

Preliminary experiments for measuring the number of emission neutrons
as a function of fission fragment mass, L)f(m), for thermal neutron
induced fission of 235U and 2330 were carried out., The preneutron
(initial) fragment mass distribution was obtained by measuring the
velocities of the both fragments (light- and heavy-fragments) simultane-
ously, and M g(m) was deduced by comparing the initial fragment mass
distribution with the fission product distribution reported by many
researchers. The fragment velocity was measured by using the TOF method.
The start time of the fragment was obtained from a very thin plastic
scintillator film detector (TFD) which was placed near the uranium target.
The stop signal was generéted by a silicon surface barrier detector placed
at a point about 40 cm apart from the target.

The results of the fragment mass distribution aﬁd l)f(m) have been

compared with other experimental data.

1. Introduction
Number of prompt neutrons in fission is one of the important nuclear

data for reactor design.

—

Average total number of-prompt neutrons, l)p, is generally obtained

by measuring the fission events and the emitted neutrons simultaneously.L233)

P

Also, L)p is obtained by averaging the total number of prompt neutrons
emitted from light and heavy fission fragments, l)p(m). Since 1954
measurements of l)p(m) have been performed for 252¢f spontaneous
fission%#:3) neutron induced fission of uranium and plutonium isotopesﬁjn
Method of measuring l)p(m) is classified in direct and indirect

measurement. The direct measurement method is of measuring the velocities
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of the both fission fragments and the emitted neutrons simultaneously.6)

Whereas the indirect measurement method is of comparing the pre-
neutron emission (initial) fragment mass number with the post-neutron
emission fragment mass number, and deducing )/p(m) from the mass
difference,

We have been measuring the number of prompt neutrons as a function of
fission fragment mass with the indirect measurement method. As the first
step, we have deduced the number of emission neutrons Yg(m) for the
thermal neutron induced fission of 2357 and 233U by comparing the
initial fragment mass distribution with the fission product mass distri-
bution obtained by radiochemical method. In this method A/f(m)
obtained includes prompt and delayed neutrons. We present the preliminary

experimental results.

2. Fundamental for Measurement of Initial Fragment Mass Distribution
Tnitial fragment mass is obtained by measuring the velocities of the
both fragments simultaneously, which is called "Double-Velocity Measure-~

ment'". The fundamental is as follows.

A fissioning nucleus, mass number A, splits up two fragments in
fission. Fach mass number is ml* and mz*, and the velocity is
Vl* and vz*. In this section mi* or Vi* (i =1, 2)
denotes preneutron emission fragment mass or velocity, respectively.

From mass and momentum conservation,
my* + mp* = A (1)

and

ml*V1* = mp¥vy® (2)

are given. Then we can calculate ml* and mz* when we could know
Vl* and vz* simultaneously.

Assuming that prompt neutrons are emitted isotropically from fully
accelerated fragments, the fragment's velocity does not change before and
after neutron emission., Consequently Vi* = vi, where v; denotes

postneutron emission fragment velocity. The velocity vy of the fission
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fragment is measured by the time-of-flight method.

The relation between flight path L and v; is
vi =L/ Ty (i=1,2) (3)
where T; is the flight time of the fragment. Then,
m* / T] = mo* / To. (4)

T; is measured as a pulse height x; from a time-to-pulse-height

converter. T; is given by
Ti = ajxj + bi (5)

where aj and b; are time calibration constants.

Fragment kinetic energy Eki* is given by
Fii® = (1/2)mi™(L / (azxy + by))? (6)

In experiment, the both pulse heights x] and x7 are accumulated as an
array N(x1,x2). N(x1,x7) are transformed to N(ml*,Ek*) by
X1 X9
N(mp™ B ™) = N(xp,%x9)J (7)

ml* Ek*

where Ek* is total fragment kinetic energy, Ek* = Ekl* +

Ekz*, and
X1 X2 VX1 2% Xl DX
J = -
my* B Pm* v EB* DR Pm*
Consequently,
Nm*) = 2L N (8)
F*

is obtained,
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3. Experimental

The experiments of double-velocity measurements for the thermal
neutron induced fission of 2357 and 233U were carried out at the
graphite thermal column facility of the Kyoto University Reactor (KUR).
The experimental arrangement is shown in Fig.l.

To know the start time of the fragment, a very thin plastic scintil-
lator film detector (TFD) was used. It was defined that time was zero
when the fission fragment passed through the TFD. The TFD was placed at 3
cm apart from the uranium target on the fragment path. The outline of the
TFD is described later.

As a stop detector we used a silicon surface barrier detector (SSB)
which was placed at 29 cm (for 235U) or 39.45 cm (for 233y) from TFD.

TFDs, SSBs, and the uranium target were installed in an evacuated
flight tube. The vacuum was -~ 10~% Torr.

The thermal neutron was collimated to a 2 cm square and the flux at
the target position was 7 x 106 n/em2/sec.

The target was made from a very thin nitrocellose film in which
organic uranium compound was dissolved. The uranium contents of the
target was ~~ 70 pg/cm2 for U-235 and ~ 7 pg/cm2 for U-233, and the
diameter was 8 mm. The isotopic abundance of the uranium samples are
listed in Table 1. These super-highly enriched uranium samples were
purchased from the Oak Ridge National Laboratory of the United States.

The outline of the TFD is illustrated in Fig.2. TFD is developed by
Muga et al,8) in 1970. The TFD used as a start time detector in this
experiment comprised a thin plastic scintillator film (NE-102), two lucite
light guides and a photomultiplier. The plastic film was sandwiched in
two light guides. A hole of 1 cm diameter was bored in the light guide
for fission fragments passing through the hole.

The pulse height distribution of the TFD for fission fragments is
shown in Fig.3. In case of the thickness of more than 200 pg/cmz,
light and heavy group peaks are clearly identified. Whereas the thickness
is 30 to ~ 60 pg/cmz, heavy group peak disappear. Therefore it is
noted that the start signal is only produced for light fragments when a
thin TFD is used. To obtain complete fragment start signals we used two
TFDs which arrangements were shown in Fig.l.

The block diagram of the electronic circuits is shown in Fig.4. The

start signal summed up was fed into a time-to-pulse-height converter
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through a 100 MHz fast discriminator. The SSB signal was fed into a time-
to-pulse-height converter as a stop signal through a timing amplifier and
a constant fraction discriminator. To assure that the signals were
produced in the same fission reaction, a coincidence circuit was used.
Two pulse heights corresponding to flight times were accumulated in a 64 x
64 channels MZ2-80B personal computer and were stored into a floppy disk.

A typical fragment TOF spectrum measured in this experiment is shown
in Fig.5. This example is for 235U(n,f) with a 29 cm flight path. Time
calibration was performed with normalizing the light and heavy group peaks

to the data of Milton and Fraser.g)

4. Results and Discussion

The initial fragment mass distribution for the thermal neutron
induced fission of 233U obtained is shown in Fig.6. The error is caused
from counting statistics. As comparing our result with the Milton-
Fraser's data,9) the present distribution is a little broader. It is
supposed. that the broadening is caused from large energy loss of the
fragments in the thicker uranium target and the thick (~ 200 pg/cmz) TFD
used in the 235y experiment,

The initial fragment mass distribution is also compared with the
radiochemical mass distribution (Fig.7 (a)).l10)} The shape of the
distributions is quite different. From these mass distributions we can
deduce the number of neutrons &/¢(m) by using a method of comparing
cumulative mass distributions, which method has been introcduced by
Terrel1ll) in 1962.

The results of A/g(m) for 239U(n,f) is shown in Fig.7 (b).

Though it is considered that J/¢(m) includes delayed neutrons, the
present data is disagreed with the 1)p(m) results of direct measure-
ments.?+12) This differnce may be caused from the broader initial
fragment mass distribution.

The initial fragment mass distribution for the thermal neutron
induced fission of 233U is shown in Fig.8. The error is caused from
counting statistics, In this experiment of 233y, we measured the
fragment flight time with 39.45 cm flight path and thinner TFDs (30~ 60
pg/cm?).

As comparing the results with the data of Milton and Fraser,g)

there are small differences in the mass number of near 90 (144) and 110

—272—



JAERI-M 85-035

(124).
The initial fragment mass distribution for 233U(n,f) is also
compared with the radiochemical mass distribution(Fig.9 (a)).lo) The
results of ))f(m) deduced with the same method as 235y is shown in
Fig.9 (b). The present result is not agreed with other data?:12) in
the mass region of below about 90 and above about 148,
We have tried to deduce the average total number of emission neutrons

for 233y(n,f). It is calculated by
Vp= 2.¥(m) Yo / 23¥(m) (9)

where Y(mj) is the yield of fragment mass m) and l/T(ml) =

)ff(ml) + l/f(mz). In Fig.9 (b) LJT(ml) is shown as a

function of heavy fragment mass, and l:T = 2,59 is obtained. The
recommended value of Z;p for 2330 is 2.492 £ 0.008.13) Our result

of )/ 7 is about 4% higher than the recommended value. Delayed neutron
yield is negligible in comparison with prompt neutron yield. Therefore

the difference is not explained by the delayed neutron yield.

5. Summary

As the preliminary experiments of measuring ))f(m) for thermal
neutron induced fission of 235y and 233U, we deduced the number of
neutrons emitted from a fission fragment by comparing initial fragment
mass distributions with fission product mass distributions obtained by
radiochemical method. The initial fragment mass distributions were
measured by the fragment TOF method, |

In the measurement of }/f(m) for 235U(n,f), we could not obtain
satisfactory data because of using a thick 235y target and thick TFDs.
For 233U(n,f) experiment using a thinner target and very thin TF¥Ds,
a preliminary result of l)f(m) was obtained. From the resu%&_of
233y(n,f) we deduced the average total number of neutrons }/T = 2.59,
This is about 4% higher than the recommended value.

To obtain L/b(m) by indirect method, we have been measuring

the velocities and kinetic energies of the both fragments simultaneously.
This study was partially supported by Special Project Research on
Energy under Grant-in-Aid of Scientific Research of the Ministry of

Education, Science and Culture.
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Table 1 Isotopic abundance of uranium samples

233U Assay ( % )

U - 232 0.8 ppm
U - 233 99.47

U - 234 0.166

U - 235 0.064

U - 236 0.015

U - 238 0.282

235  pssay ( %)

U - 233 < 1 ppm
U - 234 0,0298
U - 235 99,912

U - 236 0.0165

U - 233 0,041y
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SFSSTON 6 Utilization of Nuclear Data in Other Fields

6.1 Utilization of Nuclear Data for Safeguards

K. Kaieda
Japan Atomic Energy Research Institute
Tokai-mura Ibaraki-ken Japan

Abstract

This paper is a review of utilization of nuclear data for
safeguards. The review is focused on nondestructive assay techniques
(NDAT) which are mostly, extensively applied for verification of
nuclear materials on the site under the IAEA inspection. The applica-
tion of NDAT are mentioned, from the IAEA safeguards point of view,
and discussed on the relationship between nuclear data to be required
and NDAT principle fundamentally. Nuclear data to be used for NDAT
in order to verify fresh fuel, spent fuel, and dissolved fuel which
are a large part of nuclear materials inspected by the IAEA inspectors
are surveyed through the author's experience of the development of
NDAT as well as that of the IAEA inspection activities.

1. Introducticn

Soon after the potential hazards associated with the diversion of fission-
able material from authorized uses in the growing field of nuclear energy had
been recognized, a worldwide system for the detection and prevention of such
diversion was developed which is now generally referred tc as nuclear materials
safeguards. The effective control of proliferation on a global scale should
reguire an unprecedented multinational cooperative effort imvolving both
nuclear supplier and recipient ("customer") nations. The implementation of an
effective international or multinational safeguards regime must include a
stringent, yvet workable, materials control system incorperating proven safe-
guards technology and conforming to some minimum consensus standards (e.g. set
by IAFA, by mutual agreement between supplier nation, etc) that establish
required levels of performance and assurance against diversion.

In accordance with the basic document (INFCIRC/153) of TAEA safeguards})
"the objective of safeguards is the timely detection of diversion of significant
quantities of nuclear material from peaceful nuclear activities to the
manufacture of nuclear weapons or of other nuclear explosive device or for
purposes unknown, and the deterrence of such diversion by the risk of early
detection”. (para. 28). .

To this end "the Agreement should provide for the use of material
accountancy as a safeguards measure of fundamental importance, with contain-
ment and surveillance as important complementary measures."”" (para. 29) ''The
Agreement should provide that the technical conclusion of the Agency's
verification activities shall be a statement, in respect of each material
balance area, of the amount of material unaccounted for over a specific periced,
giving the limits of accuracy of the amounts stated.'" (para. 30)

An important feature of safeguards practice is the object of safeguards
— the nuclear material. The nuclear materials in the fuel cycle vary
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considerably in physical array and chemical composition, ranging from uranium
and plutonium oxide powders to liquid and solid wasteZ)»3) One of the most
powerful strategy toward an effective safeguards is material measurement and
accountability. The measurement/accountability involves keeping detailed
records ("book inventorv") on the location and quantity of nuclear materials,
and performing the appropriate measurements needed to verify the book iInventory
on a timely basis. The measurement/accountability provides final overall
confirmation that the other strategy of safeguards such as physical protection
and meterial control has indeed achieved its purpose and evidence that material
has or has not been diverted. Thus, an effective measurement/accountability
must update the material inventory ("physical inventory') by accurate measure-
ments and record results of measurements and assoclated uncertainties in an
organized, retrievable fashion. In the sense of the above measurements nuclear
data are essentially needed for the determination of the physical inventory.
This paper reviews the utilization of nuclear data for safeguards.

2. Nondestructive Assay Techniques (NDAT)

2.1 General characteristics and requirements

The most common characteristic of all nondestructive assay techniques is
that they are all based on detection and measurement of specific nuclear
material radiations emitted or attenuated by measured material without
noticeable change of these materials. The radiations (e.g. gamma-and X-rays,
neutrons) are signatures of nuclear materials and their intensities are a
measure of the corresponding quantities. Nondestructive techniques are divided
into two main groupsagr

(1) Passive assay techniques having the common characteristic that the
specific radiations used as the signatures of different nuclear materials are
the result of spontaneous physical processes going on in the nuclear materials,
independent cf the measurements.

(2) Active assay techniques having the common characteristic that the
specific radiations used as signatures of nuclear materials are the products
of reactions with the atoms of the measured material induced by radiation from
an extermnal source particularly for the assay measurements. Assay techniques
based on the external-source radiation intensity measurements before and after
these radiations have passed through the measured material are also active
assay techniques. The value of the external-source radiation intensity attenua-
tion in the measured materials in these case is a measure of the nuclear
material quantity.

From the point of view of the IAEA safeguards practice there are a few
important requirements as follows;

(i) NDAT can be applied on the site under inspection. The instrumentation
should be portable, reliable yet rugged against trasportaticn.

{(i1) The results of NDA are available Immediately after on-site measurements
and they can be checked immediately. NDA can, thus, more easily ensure

timely detection of nuclear material diversion.

{iii) The measurements should interfer as little as possible with normal plant
operation and be acceptable to the operators.

The structure of nondestructive assay techniques is shown in Fig; 1. The
measurement time of NDA analysis is usually significantly shorter than that
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required sampling and conventional destructive assay. In most countries a
large part of the material is in the form of valuable finished products, such
as fuel elements-rods, coupons, assemblies and so on. Thus the nondestructive
assay techniques are a nuclear material safeguards tool of fundamental

importance5
2.2 Safeguards methods that use nuclear data

In practical safeguards application, generally two or more of the methods
are combined for a quantitative determination of the amount of fissile and
fertile isotopes contaired in an inspected nuclear fuel. For verification
purposes, a single method may be sufficient. Table 1 summarizes safeguards
methods with the respective nuclear data that are possibly required.

2.2.1 Fresh Fuel Assay

(1) GCamma-Ray detection

Passive gamma-spectrometry is based on spectrometric intensity measurements
of the gamma radiations emitted by the daughter products of nuclear material
igsotopes following spontanecus alpha and beta decay. The gammas are emitted
at discrete energies and the spectra of different isctopes (energies and
intensities of emitted gammas) are unique and distinct characteristics of these
isotopes. Thus measurements of gamma spectra from nuclear materials (e.g.
uranium and plutonium) can be used to identify the isotopic composition and to
determine the quatities of materials.

Uranium assay --- Fresh uranium fuel has a simple gamma-spectrum which can
readily be measured with Nal detectors. The "window'" of a single channel
analyzer is fixed to accumulate count around the 186 KeV peak of U-235 only.
Background ccrrections are performed with the aid of a fuel-standard of the
same type or by setting a second "window' on_a high-energy portion of the
spectrum, Rather sophisticated instruments’)8) employing this methed are
mostly used in the IAEA inspection.

1f the fissile content of the sample is not homogeneously distributed, the
intensity of gamma rays from different parts of surface will be different and
direct measurements will not be correct. To alleviate this problem the rota-
tion-collimation method has been employed te flatten effectively the emission
rates of gamma from various interior positions of the inhomogeneous cylindrical
sample. Segmented Gamma Scanner (SGS) has been developed on the basis of this
method and used to assay low density 2357 or 2%*°py wast products in 55 gallon
drums, although smaller containers can also be meaSuredgg The signature gamma
rays are observed using a high resolution Ge(l.i) detector and the data are
corrected for sample attenuation by use of a separate transmission source.

Recycled U fuel contains traces of U-232, the daughter products of which
interfere with the U-235 186 KeV gamma-line., The decay properties of U-232 and
its daughter products have to be known to allow corrections for this interfer-
ence with the aid of their undisturbed high energy gamma rays. Alternatively,
high-resolution gamma-spectrometry can be empolyed,

Plutonium Assay —--—— Plutonium is separated from spent fuel in a reprocess-—
ing plant. Its primary uses are for experimental reactor fuel (rods, pellets,
assemblies or coupons) and fuel for fast and thermal reactors. Most plutonium
samples will contain the five isotopes 238py, Z%%Pu, 248py, 2%Ipu, and 242py,
as well as 2*'Am. The amount of each isotope of plutonium present in a sample
depends strongly upon the condition under which it was bred in a reactor: the
time, the magnitude of neutron flux, the neutron energy, etc. Plutonium which
23%py is often called "weapons grade" plutonium. Typical power

has nearly pure
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reactor plutonium will have about 70 % 239py and about 15 % 2%Pu, but the
actual percentage will vary greatly with the condition under which it was
produced. The gamma ray spectrum of a plutonium will depend strongly on the
isotopic ceomposition. 238py, 2%%py, and #*?Pu all undergo spontaneous fission,
and their presence can be measured by a neutron detector which will be discussed
further below.

A total of several hundred gamma rays is emitted by 2385238,280,251py apq

2% 1Am., The best complete compilation of emnergies and intensities is that of
Gunnink and Morrow.l9) Table 2 is excerpted from that report and includes

most of those gamma rays with energies 2 120 KeV, useful in determining isctopic
ratios and/or relative counting efficiencies. The intensities are given here

as a qualitative guide to the possible usefulness of a particular gamma ray.

Two comments are in order. First, “**Pu emits no gamma rays and therefore
cannot be included directly in any gamma-ray measurement of isotopic distribu-
tion. Second, the gamma rays labeled “4lpy (2%7y) are actually emitted by the
2270 daughter of 241py,  Inasmuch as 2°7U has a 6.75-day half-life, the activi-
ties will come into equilibrium in about a month, after which the gamma ray may
be used as a measure of 2**Pu. The total amount of each isotope in the sample
cannot be obtained from gamma-ray spectroscopy alone, but ratios of the isotopic
masses can be determined. There are, of course, the same as the ratios of the
isotopic fractions. 1In principle, three ratics involving the isotopes 2383239
2405 2%1p, are gufficient to determine their relative isotopes.

{ii) Passive neutron detecticn

Neutrons emitted from nuclear materials arise from spontaneous fission of
actinides and (a,n) reactions in certain light isotopes (e.g. 20, Y¥F ) induced
by alpha particles from spontaneous alpha decay of U and Pu. The emission rates
of neutrons from U and Pu isotopes are given in Table 37), where v(8F) is the
average number of prompt neutrons emitted per spontaneous fission and where
SF/g+*s is the number of spontaneous fissions per gram per second. Unfortunate-
1y, the spectra of fission neutrons from different nuclear materials are
essentially the same and they cannot be used to identify these materials.

It is possible to distinguish between neutrons coming from fissions and
neutrons coming from (o,n) reactions and thereby tc obtain more specific
information about the nuclear material being measured. The possibility is based
on the fact that fission neutrons are correlated in time (more than two neutrons
are emitted simultaneously during each fission), while (at,n) neutrons are
randomly distributed in time. The technique that makes use of these phonomena
is known as passive neutron coincidence counting techniques. It is important
to note that the passive neutron assay technique is rarely applied to U-fuel,
as the specific activity (beth alpha-decay and spontaneous fission) of uranium
isotopes is very low. The neutron coincidence counting technique and the
related instrumentation are simple and had been intensively developed for non-
destructive assay measurements of the Pu content in various Pu and mixed U/Pu
fuel materials-powder, fuel elements, scrap, waste.

The portable High-Level Neutron Coincidence Counter (HLNCC) was designed
for plutonium oxide samples in the high-mass range extending up to 2 kg of Pul:
(20 % ZhuPu)ll) The HLNCC basically consists of a sample-counting cavity
surrounded by ‘He-proportional-counter, thermal-neutron detectors embedded in
cadmium-lined polyethylene slabs. Neutrons are abscrbed by the polyethlene or
cadmium of the counter, leak out the sides or ends of the counter, or are ther-
malized by the polyethlene and are captured by the ‘He proportional counters.

The quantity of the even-mass plutonlum isotopes in a sample is often
referred to by its 240py—effective content, which is usually difined as the mass
of 2%%Py which would emit the same number of gpontaneous fission neutrons per
second as the combined 23%Pyu, 2%°Pu, and 2*?Pu in the sample. From the Table 3
the following equaticn can be written for the effective mass of 240py (mé%%) as
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defined above:

m2%Y = 2,43 n?%® + n?*% + 1.69 m?%?,

eff

A . .
Where m  1s the mass of the isotopes with mass number A.

{iii) Calorimetry

Heat generated by alpha-decay of heavy isotcpes in fresh fuel (determina-
tion of fissile content) is measured. This method cannot be used for uranium
assay because of low specific activity. The calorimetric methed is very
accurate and thermal power is measured absolutely. The mass of plutonium in
a sample is related to the measured power through the weighted average of the
product of the isotopic decay energies and the decay constants of the plutnium
isotopes present. The principal radiations from plutonium are alpha particles
and low-energy photons. As a consequence of the low penetration power of this
radiation grater than 99.9 % of the decay energy will be degraded te thermal
energy measurable by a calorimeter. Table & gives the half-lives, speciiic
powers, and errors in the specific powers for the radionuclides contributing
heatizs

Under normal assay conditions, nuclear fuel will contain a mixture of
radionuclides, the principal power producers being 238-242py and *“*Am. Con-
sequently, the sample power may be obtained from

W=M" ZRi - P.=M" Peff

i
where

W = power (mw)

M = mass of Pu (g)

Ry = mass fraction of the radienuclide

P; = specific power of a Pu isctope (mw/g)

Porp= effective specific power of sample (mw/g)

Two techniques are suggested for determining the effective specific
powerlz) Representative samples may be subsequently analyzed chemically to
determine the Pu content. The second technique requires that the isotopic
composition be determined by gamma-ray or mass spectrometry. Determination of
radionuclide abundances by gamma-ray spectrometry 0) as mentioned above has the
advantage of being nondestructive and may be conducted concurrently with a

calorimetric analysis.
The isotopic mass ratios are continually changlng owing to radioactive

decay within the sample. In particular, the beta decay of 241py to 4%'Am,
which is a short-lived alpha emitter, result in an increase in the effective
specific_power with time. Radiocactive decay correction will be essentially

needed=
(iv) Active assay techniques

Active interrogation assay measurement employs an external source of highly
penetrating neutrons or gammas to induce fission in the material under investi-
gation. A typical active neutron assay system consists of a neutron source, a
heavily shielded sample allowing a collimated neutron beam to enter, and meutron
detectors arranged perpendicular to the beam for the detection of sample fission
neutrons.

The method of distinguishing between scurce and sample neutron provides
instruments which have successfully been applied for the safeguards. Such
methods is as follows:

a) Systems to detect only higher energy neutrons using a biased detector.
The active neutron well counter is an example for such an arrangement.
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b) Coincident systems using multiplicity to detect fission. On the average,
10 prompt radiations (neutrons + gammas) are emitted per fission. This
multiplicity is used to distinguish sample from radom soure radiatiom.
Examples of coincidence neutron interrogation systems are:

coincident fuel rod scanner?)

—— neutron coincidence collor for the reactor fuel assemblies

14)

¢) Delayed neutron and gamma-ray detection. This arrangement involves the
periodical withdrawal of the source from its irradiaticn position for
delayed radiation counting. This method is very sensitive for uranium
fuel. For spent fuel assay only neutron counting can be used. A draw-
back of this method is the very low delayed neutron yield. Thus, only
Cf-252 among the isotopic scurces can be applied successfully in this
technique. Well-developed instrument, for example, is "252Cf shuffler?lS)

2.2.2 Spent Fuel Assayl6),17)

For safeguards purposes, one would like to know the amount of unburned
uranjum and bred plutonium in spent fuel. This is impossible to measure direct-
ly by gamma ray analysis because the gamma ray activity due to the fission
products is millions of times greater than that due to plutonium or uranium.
There is direct relationship between the burnup (expressed sometimes as power
produced or megawatt—days per metric tonne of heavy metal) and the amount of
uranium which is left and the plutionium which was produced. This relationship
is different for each kind and enrichment of fuel, and for each reactor, but it
can be found from calculations and destructive analysis.

A variety of nondestructive measurement techniques is avajlable for verify-
ing spent fuel assemblies, depending upon the lebel of verification required.
Table 5 shows the relationship between the various gamma—rag and meutron meas-
urement techniques and the specific levels of verificationld)

(i) Gamma-Ray measurements

Almost all fission product are radiocactive elements. Scome of them are
relatively long-lived. Accumulated quantities of fission products having half-
lives in the range of days/years reflect precisely the dmportant features of the
the operaticnal history of the reactor and the quantities of fissile materials
burnt out and produced. A lot of information about these fission product
isotopes is contained in the gamma-ray spectrum emitted by spent fuel. Gamma
spectroscopy for determination of burnup of spent fuel has been investigated
for a long time. The two NDA methods of gamma-ray assay are the absolute gamma
activity neasurement!9) and the activity ratio measurement. The latter method
was developed during the last several years and 1s still under intense investi-
gation. Both methods measure the gamma activity of some selected fission
products. The methods do not yield the fissile content directly, but it may be
inferred from burnup calculation or frem the isotopic correlation technique.

A radiocactive fission product burnup monitor should have
(1) near equal fission yields for the major fissioning nucleides in the fuel,
(2) low neutron-capture cross sections (including capture by precursors),
(3) long half-life relative to irradiation period,
(4) low migration (including precurscrs) in the fuel,
and
(5) easily resolvable gamma-ray spectra with high energy gamma rays to mini-
mize attenuation.
The radiocactive fission products that satisfyv most of these criteria are
summarized in Table 616) The exposures of spent fuel assemblies are generally
correlated with '%7Cs, '%%Cs/*®7Cs, and '*"Eu/'*’Cs in the high resolution gamma
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spectrum (HRGS) method. The 137cg isotope has a long half-life, similar
fission yields for 2357 and *%*°Pu, and an easily resolvable gamma-ray spectrum.
Changes in the scanning geometry or the distribution of the source can affect
the measured results. Using an isotopic ratic like laqCs/137Cs or lSLFEu/137Cs,
one can correct changes in the source attenuation with an internal relative
efficiency calibration. Some experimenters have attempted to establish correla-
tions between the number of day since discharge and vaious isotopic concentra-
tions and ratios%7)’20 Knowledge of the cooling time is of particular impor-
tance for the 13“Cs/137Cs ratio because of the relatively short half-life of
13%cs, Cooling time is also important in the interpretation cf the passive
neutron measurement of spent fuel assemblies as mentioned bellow.

{ii) Passive neutron measurements

Gamma spectroscopic measurement requires high resolution germanium detector
which should be cooled by liquid nitrogen and multichannel analyzer {MCA), both
of which necessitate well trained personnel to obtain meaningful results.
Though it is foreseeable that MCA with automatic features can be developed,
thus minimizing the need for comprehensive training of the operator, a basic
problem of the gamma assay method remains +++ it is only sensitive to the outer
layers of rods of a fuel assembly.

In addition to the various gamma rays, irradiated fuels also emit neutrons
which arise from spontaneous fissioning of the even isctopes of plutonium and
curium and from the (o,n) reaction in oxide arising from the alpha emission of
the variou isotopes of plutonium, americium and curium. Neutrons are less
subject to self-absorption in the fuel assembly than are gamma rays. From the
calculations it was found that the neutron emission arises mainly from curium
isotopes?l)s22)323) and that the neutrons exhibit very good penetrability of

the assembliesza)

Figures 2 and 324) show the neutron vield for a 12 859 and 26 884 MWD/MTU
burnup fuel irradiated at the TRINO reactor. Curium isotopes are the main
contributors of the passive neutrons for the higher burnup fuel. For cooling
times of less than two vears, the two curium isotopes dominate the neutron
emission with 2%2Cm the major contributor at short cooling times. Only for low
burnup and for long cooling time are the contributions from the Pu isctopes
significant to the neutron emission rate. In the 2%2Cp and 2"*Cm decay,
spontaneous_fission is the major source of the passive neutron emission as shown
in Table 717)  1f all the assemblies have cooling times longer than two years,
then cooling time correction is not necessary because most of the 2%2Cm activity
(T1/2 = 163 days) would have decay away, and the other neutron emitting iscotopes
have half-lives longer than 14 years. For cocling time less than six month
(burnup less than 27,000 MWD/MIU), the neutron emission rate decays with the
163 day half life. Between these two limits, the neutron emission rate depends

on the burnup and cooling time.

Pagsive neutron emisgion rates from irradiated fuel assemblies have been
measured for limited expousres and ccoling timel7)’24)’25)’26) Although these
measurements demonstrate feasibility, questions exist about the interpretation
of the results. To investigate the applicability of such measurements, it is
needed to understant the neutron emission characteristics depending on the
heavy-element actinide inventories. Therefore calculations?23) are used to
predict the build-up, depletion, and decay of the neutron-producing isotopes
and to determine the neutron souce rates from these isctopes. In this point
nuclear data are essentially required such as fission and capture cross-
sections, branching fractions for muliple paths and so on.

The measurement of the neutron yield from spent fuel assemblies is com-
plicated by the very high gamma dose (50,000 to 100,000 R/h) originating from
fission products. Thus any detector used to count neutrons should be insensi-
tive to gamma-ray pile-up problems. High efficiency for counting neutrons is

desirable to reduce measurement times, but the neutron emission rate from spent

—289 -



JAERI-M 85-035

fuel assemblies is large encugh (107 to 108 n/s) that the efficiency requirment
can be relaxed.

Saveral different types of thermal-neutron detectors have been considered
for the application to the measurement of spent-fuel assemblies?2) Table 8
lists some of the detectors that were considered for the present application.
Fission chambers have received most attention because ¢f their excellent gamma
rejection capabilities. Fission chambers with diameters up to 25 mm can be
operated in gamma field of over 10° R/h.

2.2.3 Dissolved Fuel

Implemented NDAT for assay of dissolved fuel in reprocessing plants is
mostly passive gamma-ray NDA such as USAS (Uranium Sclution Assay System) and
PUSAS (Plutonium Solution Assay System). Passive gamma-ray NDA is based upon
the measurement of the intensity of a gamma ray emitted by the radioisotope
of interest contained in the sample being examined. The central problem in the
NDA of bulk samples by this techniques is the correction of the sample self-
attenuation.

Both systems use Ge(Li) detector with standard high resolution electronics,
multichannel analyzers and minicomputers for data collection and analysis. The
plutonium system is primarily designed to measure 23%py over a very wide range
of plutonium concentration (from ~¢.l g/% to the maximum possible at =500 g/ ).
Besides a 2%°Pu assay it also provides a useful measure of 251py, 2%am and to
a lesser extent 2°%Pu. Assays are primarily based on the 129.3 KeV and 413.7
KeV gamma rays of 239py, with the useful gamma rays from the other isotopes
falling between those values. A Pu metal disk is used as a transmission source.

The uranium solution assay system measures the 2357 content in 20 mi sample
with concentrations of 1 gu/% -50 gU/2% by counting the 185.7 KeV gamma ray. A
transmission measurement is made with a 16%yh soure (gamma rays at 177 and 198
KeV) to provide an accurate correction for the sample self attenuation.

A complete plutonium analysis often requires a determination of the Pu
isotopic ratios and the %lam content. A computer-based spectrometer system
has been developed which determine these ratio (excluding 2%2py) by analyzing
select groups of neighboring gamma ray peaks which arise from the various

isotopesl

3. Destructive Assay Techniques (DAT)

The most commonly used method of analysis is isotope dilution mass spectro-
metry. Other methods, which can be applied to thin samples of solid fuel, are
x-ray fluorescence, gamma-ray and neulron resonance absorbtion (transmission),
alpha-counting (for Pu-containing fuel).

In safeguards, DAT are mainly used for a check and better understanding
of NDAT, or in cases where solution of fuel are available (e.g. reprocessing
plants). The advantage of DAT is their high accuracy. It means that nuclear
data for the quantitative measurements require to be more precise. The main
drawbacks are that they are time-consuming require long cooling and samples
analyzed are generally not representative for the fuel investigated. In addi-
tion, mass spectrometry 1s expensive and the equipment is not easily transport-—

able.

4, Concluding Remarks

The measurement of nuclear material provides the evidence that nucelar
material has or has not been diverted. The measurement can be carried ocut on
the site and the results should be available immediately and ensure timely
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detection of nuclear material diversion as correct as possible. To do this,
the extreme important NDAT for nuclear safeguards is being developed more and
more to be easily portable and reliable for instruments as well as for calibra-
tion. On the other hand, extrapolation of current NDAT to an entire nuclear
plant leads logically to a plant-wide network of on-line NDA measurement and
verification instruments interfaced to a computerized materials accountability
and control system such as DYMAC9) {Dynamic Materials Control) or NTR Account-
ancy27 ,28 (Near-Real-Time material dccountacy).

Correspondingly nuclear data for safeguards are extensively required to be
well-assessed by up-to-date evaluations internmationally. The IAEA is promoting
to publish an IAEA handbook of recommended nuclear data for safeguards in near

future.
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FIGURES

Structure of nondestructive assay techniques.

Neutrons per second from 238Pu, 240Pu, 242Cm, 2440m isotopes at a burnup

of 17859 MWD/ MTU. The total includes contributions from the other uranium,

plutonium, and americium isotopes of the Trino reactor fuel.

Neutrons per second from 238Pu, 240Pu, 242Cm, 244€m isotopes at a burnup

of 76884 MWD/MTU. The total includes contributions from the other uranium,

plutonium, and americium isotopes of the Trino reactor fuel.

TABLES
Safeguards methods that use nuclear data.
Gamma rays useful in isotopic determinations.
Spontaneous fission (SF) neutron yields from uranium and plutonium isotopes.
Specific powers of plutonium and americium.
Levels of verification for spent-fuel assemblies.
Radioactive fission isotopes for burnup monitoring.
Principal sources of neutromns in irradiated UO2 materials.

Thermal-neutron detector comparison,
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Table 2 CAMMA RAYS USEFUL IN ISOTOPIC DETERMINATIONS

Half-Life Energy v Intensity
Isotope (yr) (keV) {probability/disintegration)
Z38py 87.78 152.8 1.0l x 1077
766.4 2.40 x 1077
23%py 24,082 129.3 6.20 x 107°
144.2 2.86 x 10°°¢
161.5 1.30 x 1078
171.3 1.09 x 107°
179.2 6.39 x 1077
189.3 7.76 x 1077
195.7 1.07 % 107°
203.5 5.60 x 107°
255.3 8.03 x 1077
197.4 5.00 % 1077
345.0 5.61 % 107°
375.0 1.58 x 107°
413.7 1.51 x 1077
646.0 1.45 = 1077
240py 6,537 160.35 4.20 x 107°
642.3 1.45 x 1077
687.6 3.70 x 10°°
24lpy 14.35 148.6 1.90 x 107°¢
160.0 6.45 x 107°
%ipy 14.35 164.6 4.50 x 1077
(2°7) 208.0 5.12 x 107°®
267.5 1.77 x 1077
332.3 2.80 x 1077
2%1pam 434.1 125.3 3,95 x 1073
169.6 1.68 x 107°
662.4 3.46 x 107°
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Table 3 SPONTANEQUS FISSION (SF) NEUTRON YIELDS
URANIUM AND PLUTONIUM ISOTCOPES

Ty /5 (SF) SE v (SF) N _(SF)
ISOTCPE () G-SEC G-SEC
Z3uy 2.0 x 108 2.8 x 107°% ~2 ~0.0056
235y 1.9 % 10%7 3.0 % 10" ~2 ~0.0060
236y 9 % 108 2.8 % 1073 ~2 ~0.0056
2387 9.9 x 10%° 5.6 x 10-3 1.95 0.109
238p,, 4.9 x 10%° 1100. 2.3 2530.
238p, 5.5 x 10%° 0.01 2.2 0.02
2u0p, 1.2 x 10%? 471, 2.2 1036.
2blp, 5.0 x 10%° 0.01 2.2 0.02
242p. 6.8 » 100 800. 2.2 1760.

Table & SPECIFIC POWERS OF PLUTONIUM AND AMERICIUM

Uncertainty in

Isotope Half-Life (yr) Specific Power (W/g) Specific Power (%, lg)
238py 87.79 5.6716 x 107t 0.10
239 -3
Pu 24,082 1.9293 x 10 0.27
240py 6,537 7.098 x 10°° 0.2
24lpy 14.35 3.390 x 1073 0.06
242py, 379,000 1.146 x 107¢ —
241 Am 434, 1 1.1423 x 107* 0.14
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Specific Level of
Verification
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Nondestructive Technique

Gamma Ray

Neutron

LEVELS OF VERIFICATION FOR SPENT-FUEL ASSEMBLIES

Instrumentation

Physical character—
istics

Indication of irra-
diation exposure

Physical integrity
of fuel assembly

Presence of fis-
sion products and
actinides

Relative concentra=-
tions of fission
products and acti-
nides

Direct measurement
of special nuclear
material

Cerenkov

Presence of gamma
radiation

Cerenkov

Relative intensities of
high-energy gamma rays

Qualitative identifica-
tion of specific gamma-
ray lines

Quantitatijve measure-
ment of %7Cs,
13400/1370g, and
154pu/'%7cg,  Correla-
tion with operator=-
declared information

Indirectly through cor-
relations between NDA
measurements and de-
structive analyses

Presence of neutron
radiation

Relative values of
neutron emission rates

Relative values of
neutron emission rates

Quantitative measure-
ment of neutron emis-
sion rate. QCorrela-
tion with operator-
declared information

Quantitative measure-
ment of induced fis-
sions in special
nuclear material

—301—

Visual inspection

Cerenkov viewing de-
vice

Ion chambers
Thermcluminescent
detectors
Scinrillators

Fission chambers
108 datectors
Carenkov viewing

device

Germanium detectors
Be{y,n) detectors

Fission chambers
LUB detectors

Germanium detectors
Be(y,n) detectors

Fission chambers
1%8 detectors

Germanium detectors

Fission chambers
Yg detectors

Germanium detectors

Neutron source
Fission chambers
1

“B detectors
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Table 7 PRINCIPAL SOURCES OF NEUTRONS IN IRRADIATED UO; MATERIALS
Neutrons Produced per gram-second
Spontaneous
Isotope Half lives (years) {o,n) Reaction Fission Total
235y 7.038 + 0.005%10°  7.21 * 0.72x107%  3.86 + 0.99x107* 1.1l % 0.12x1077
238y 4.4683 + 0.0024x10°  8.43 + 0.84x10°5 1.36 *+ 0.02 1072  1.36 * 0.02x107°
238py 87.71 + 0.03 1.56 + 0.16x10*  2.60 # 0.11x10°  1.82 £ 0.16x10"
433py, 2.4131 + 0.0016x10%  4.25 + 0.43x10° 4.25 + 0.43x10%
240py 6.570 + 0.006%10° 1.56 £ 0.16x102 8.85 + 0.10x10°% 1.04 + 0.19%10°
242py 3,763 + 0,009%10° 2.27 + 0.23 1.743 + 0.015%10% 1.743 * 0.015x10%
2%am 432.0 + 0.2 3.17 + 0.32x10% 3.17 + 0.32x10°
2420 0.4456 + 0.0001 4.48 * 0.45%10° 2.25 + 0.08x107 2.70 + 0.09x107
24t e 18.099 *+ 0.015 §.82 + 0.88x10* 1.081 % 0.007x107 1.090 * 0.007x107
Table 8 THERMAL-NEUTRON DETECTOR COMPARISON
Diam x Fill Operating Max Ya
Length Pressure Voltage Efficiency Dose
Detector Type {mm) {(atm) (V) {cps/nv/cm) {R/h)})
235y figsion chamber 25 x 152 1 400 0.01 102
YHe detector 25 x 152 4 1500 1.1 2
BF; detector 25 x 152 1 1800 0.32 10
9B detector 25 x 152 <1 900 0.10 10°®
1'% detector 12 x 152 <1 700 0.05 0%
10 detector 6 x 152 <1 700 0.02 2 x 10%

a .-
Maximum y dose corresponds
of lead will increase this

to unshielded conditicn.
value 10 times,
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6.2 Nuclear Data for Neutron Radiation Damage Studies for

LWR-PV and Fusion Reactor Materials

M. Nakazawa
Nuclear Engineering Research Laboratory, University of Tokyo

Tokai-mura, Naka-gun, Ibaraki-ken

Nuclear Data required .for neutron radiation damage studies
are reviewed in both fields of Light Water Reactor Pressure-
vessel Surveillance Dosimetry Improvement Program(LWR-PV-SDIP)
of USNRC and Fusion Reactor Material Testing. In the LWR-PV-
SpIP, it is required uncertainty estimations of nuclear data
used in the neutron transport calculations to predict the neutron
fluence in the LWR Pressure-Vessel as well as the photo-reaction
cross-section such as 2°%°%U(y, fission) and the two stage compe-
ting reaction cross-section such as 58Ni(n,p)*®Co(n,y). Neutron
reaction cross-section measurements and evaluations are urgently
required in the higher energy region for the fusion reactor
material irradiations using the intense 14 MeV, simulated 14 MeV
neutron and spallation neutron sources, for which present status

of relating data and their accuracies are discussed.

1. Introduction

Neutron radiation damage effect for the reactor structural
material is one of the key issuees for the both reactors of
fission and fusion, and relating many research programs are made
in progress. Here are summarized some nuclear data being requi-
red for such material irradiation test and their safety evalua-
tion procedures, especially from a viewpoint of neutron dosimet-
ry.

One typical example of relating research programs is a
USNRC LWR-PV-SDIP (Light Water Reactor Pressure-Vessel Survei-
llance Dosimetry Improvement Program) since 1978, primary con-
cern of which is "to improve, standardize, and maintain dosimet-

ry, damage correlation, and the associated reactor analysis
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procedures used to predict the integrated effect of neutron ex-

(1)

posure on LWR pressure vessels.” Three main tasks of the
program are given as

Task A; Neutron Field characterization for LWR-PV Dosimetry
vValidation and Calibration Studies including the Cf
-252 standard neutron field at NBS, PCA(Pool Critical
Assembly) and ORR-PSF (Pool-Side Facility) at ORNL,
some operating power reactors such as McGuire 1,
Browns Ferry 3 and European benchmarks of VENUS
(Belgium), NESDIP(UK), DOMPAC (CEA) etc.

Task Bj Preparation of a set of ASTM standard methods, prac-
tices, and guides for accurate and approved procedures
for the calculation, measurement, analysis, and pre-
diction of dosimetry and embrittlement in LWR-PV sur-
veillance environments, whose dosimetry part is shown
in Fig. 1.

Task C; Establishments of damage exposure and correlation
procedures basing on reassessed and improved radia-
tion embrittlement data base, where mechanical pro-
perty change data are reevaluated by EPRI and relating
neutron dosimetry parameters by HEDL.

In this program, some characterization works of benchmark
neutron fields are made in progress which requires some nuclear
data improvements described later.

Another example is a fusion reactor material irradiation
test program, one main feature of which is its wide use of
various neutron irradiation fields such as the fission reactor
and the accelerator neutron fields of 14 MeV, simulated 14 MeV
and spallation reactions. 5o, in this program, common dosime-
try works for many neutron fields are essentially required to
compare each irradiation data with the others, and relating
nuclear data for this higher energy neutron dosimetry works
are required. Present status of accuracies of those cross-—
sections are shortly reviewed and recent activities of relat-

ing cross—-section measurements are discussed.

2. Relating Activities and Nuclear Data Needs for LWR-PV-
SDIP
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As the supporting activities of LWR-PV-SDIP, an interes-
ting international intercomparison studies for neutron trans-
port calculations of LWR-PV have been carried out using the
ORNL-PCA intercompariscn study is called as the "PCA Blind
Test", because the dosimetry data have been blind for this

(3))

test participants from eleven laboratories(SRI in Japan
and vendors. A typical example of this blind test results
are shown in Fig. 2 for the Np-237(n, fission), where many
calculational results show some under-estimation of about
10~-25% comparing with the measurements that are found gene-
rally as "non-conservative" through this intercompariSOns.(z)

From these calculational studies on the LWR-PV dosimetry,
the uncertainty evaluation of the calculational results is re-
quired and relating uncertainty file of nuclear data is nece-
ssary to do such uncertainty analysis.

Following to this PCA Blind Test, more practical inter-
comparison work for the LWR-PV-Surveillance procedures has
been made as the "PSF Blind Test“(4)

test of the pressure-vessel embrittlements using the survei-

, that means a prediction

llance capsule data by each laboratories and service companies
(in Japan, special committee of Neutrcon Irradiation Data
Evaluation of Japan Atomic Energy Society). This test
program is in progress and preliminary results will be publi-
shed soon.

Through those practical surveillance dosimetry research
programs, there has been made clear some problems relating to
nuclear data, one is the photo-nuclear reactions, especially
the photo-fission reactions of U-238, Th-232, Np-237 etc. Due
to this effects, the previous data of U-238 fission-rate in the
surveillance dosimetry data have been measured rather high by
about 50%, the nuclear data required for this problem are the
photo-reaction cross-section and the high energy y-ray produc-
tion cross-section and relating constants to its transport
calculations.

Another examples is a two-step neutron reaction cross-
section such as the dosimetry cross-section of Ni-58(n,p) Co-
58, then Co-58{(n,y) reactions should be corrected as the burn-

ing out process of the produced radio-isotopes of Co-58. This
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kind of neutron cross-sections are, however, rarely known
because the target nuclide is not in natural. Relating
nuclear data evaluation to this problems are required espe-
cially for the present and the future high dose irradiations,

such as in the JOYO reactor.
3. Nuclear Data Needs for Fusion Reactor Relating Researches

several kinds of nuclear data are reguested and are
measured for the fusion-reactor relating researches, such as
the radiation damage studies, relating dosimetry works, plasma
-temperature diagnostics and activation cross-sections for the
fusion reactor radioactivation problems.

For the radiation-damage studies, the neutron energy
transfer cross-section to the materials is essentially impor-
tant for the analysis of high energy neutron irradiation test
such as in the 14 MeV, Be(d,n) and/or spallation neutron
fields, because the neutron irradiation effect is thought to
be represented with the unit of dpa{displacement per atom) or
damage energy per atom which can be calculated considering the
knock-on atom's energy dispersion processes in the materials.
The differential scattering cross—-section, that shows more
anisotropy in these higher energy region, is regquired as well
as the other relating inelastic cross—-section.

Proton and helium gas production cross-sections are also
important for the fusion neutron irradiation tests, present
values of ENDF/B-V shows sometimes insufficient accuracies
that the ratios of Calc./Exp. are 2.3 for Ti(n,a}, 0.6 for
Cu(n,a) in the ORR or HFIR neutron fields, which have been

(5}

measured by the HAFM technique. Two Step neutron absorp-
tion cross—section of °®Ni(n,y)°°Ni and 5¢Ni(n,n) *Fe is alsc
important for the gas production reactions of Ni-alloys, which
is also used as the fusion neutron simulated irradiation ex-
periments for such the Ni-alloys in the thermal reactor of
HFIR, where Helium-gas production by 14 MeV neutrons can be
simulated by thermal neutron reactions described above.
Present accuracies of fusion neutron dosimetry cross-—

sections are summarized in Table 1, where many reaction cross-
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sections are expected to be improved for their accuracies.(G)
Some different kind of neutron cross-sections have been re-
cently measured, that are épallation cross-section in the
high energy region. A typical example is shown in Fig. 3.(7)

The D-T plasma ion temperature, as an important para-
meter of plasma diagnostics, can be known through the energy
width measurements of the produced neutrons, where the neut-
ron energy line width is increased depending on the plasma
icn temperature as is shown in Fig. 4. Special activation
reactions are sometimes sensitive to this neutron energy -
width, such as the °“Fe(n,2n)®’Fe reactions that is also
shown in Fig. 4. This kind of dosimetry cros-section is ex-
pected to be well measured and to be improved.(7)

From viewpoints of low activation materials research for
the fusion reactor components, several activation cross-
sections are expected to be well evaluated, for example 2°Al
(7.3x10°y), °°®Mn(3.7x10°%y, decay products of °3®Fe), *°Ni(7.5x
10%y), °°Nb(3.2x107y), °%®Zr{1.5x10°%y), °°Mo(3000y) are consi-
dered as the radio-active nuclide with a long half-1life in the
fusion reactor.

Additional comments are made on the determination of the
D-T neutron energy of some Cockcroft-Walton type accelerator,
where a new technique has been applied basing on the activa-
tion-rate ratio method between the *3Nb(n,2n)?’Nb reaction
and the °*°Zr(n,2n)¥°%Zr reaction, that is given in Fig. 5.
An interesting results of neutron energy determinations are
shown in Fig. 6, where almost the same energy valuesg are

(8)

found independent on each accelerating valtage.

4. Summary and Discussions

Some reviews have been made on nuclear data needs for
neutron radiation damage studies in both fields of light
water fission reactor and fusion reactor. One commcn need in
both fields is the dosimetry cross-sections in some wide mean-
ing of dosimetry, including the calculational dosimetry to
characterize the irradiation neutron fields.

The other common interests are the two step neutron re-
action cross~sections such as °®Ni{(n,p)°%Co(n,yv)”°Co and °*°Ni

(n,v})®°Ni(n,a) > Fe reactions, and the charged particle
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emission reactions such as (n,p) and (n,a) reactions.

Special requirements have Dbeen made in the fusion re-
lating researches on the neutron reaction cross-section in the
high energy region for the 14 MeV, simulated 14 MeV and

spallation neutron fields.
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Table 1 Present Accuracies of Dosimeters Neutron Cross Sec-
tions and Reaction Rate Measurements for Be(d,n),
Ed = 14 - 40 MeV.
(The 90% energy sensitivity limits are given)

Energy Estimated Measured
Range Range of Intepral
Reaction (MeV) Errors (2%) Error (¥%)
115In(n,n”)!1501n 2 - 23 8 - 20
238y (n,f) 2 - 30 6 - 15 4
Ti(n,p)*6sc 5 - 33 15 - 50 14
Ti(n,p)*’Sc 3 - 33 15 - 50 15
%871 (n,p)"*®sc 7 - 27 15 - 50 7
Fe(n,p) > *Mn 4 - 33 10 - 40 6
56Fe(n,p)°®Mn 6 - 23 10 - 30 4
53¢o(n,p)°?Fe 5 - 24 10 - 40 8
58N1i(n,p)>%cCo 4 - 23 6 - 30 9
60N1 (n,p)°%Co 6 - 23 10 - 40 14
27A1(n,a)2"Na 7 - 21 6 - 15 3
S4Fe(n,a)Stcr 6 - 28 15 - 40 36
59Co(n,a)°%Mn 7 - 24 10 - 40 A
455¢(n, 2n)**Mge 13 - 27 10 - 20 14
S8N1 (n, 2n) 57Ni. 13 - 28 20 - 30 14
59¢o(n, 2n)>8co 12 - 27 10 - 20 9
59¢o(n,3n)57Co 22 - 36 20 - 40 28
Zr(n,2n)8%zr 13 - 28 15 - 30 13
93¥b (n, 2n) 22 ™Nb 10 - 22 10 - 20 7
169Tn(n,2n)168Tm 10 - 23 10 - 20 7
169Tm(n,3n) 57 Im 18 - 30 10 - 30 9
187 pu(n,2n) 1 %€Au 9 - 24 10 - 20 9
197 Au(n, 3n)195Au 18 - 29 10 - 30 6
197 pu(n, 4n) 1% Au 27 - 40 15 - 30 11
238y (n,2n)237y 7 - 16 20 - 40 11
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7. Summary Talk
Shunge Iijima

Ladies and Gentleman.

One of the main themes of the seminar of this year was the nuclear
data in the various applied fields of strong international interest. The
fields taken up for this meefing were the fuel cycle, safeguards,
dosimetry and radiation damage, Thorium utilization was also taken up as
a topic because of the extensive activities being done in univerties,
Cther themes were the selected works at JNDC towards JENDL-3 and some
specific works of interest. Also, 1interesting presentaions from
colleagues of Chinese Nuclear Data Committee were scheduled. We regret
greatly that they could not join the meeting at the last moment, Yet, I
think we all agree that the seminar itself was quite fruitful with many
vivid discussions, although some of the transparencies were very
illegible, as in many scientific meetings, to back-seat audience at least.

In the fuel-cycle related session, Matsuura presented an overview as
well as the specific data requirements for assessment of econo mic and
safety aspects of fuel ecycle strategy and the conceptual design of the
facilities, He emphasized the importance of the sensitivity study to
identify the important nuclear processes and the data validation through
experiméntal data. Just along this line Naito presented a newly developed

isotope generation and depletion code COMRAD and its applications to the

%¥)NAIG Nuclear Research Laboratory,Nippon Atomic Industry Goup,Co., Ltd.
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analysis of the isotopic compositicns of spent LWR fuel. The results were
generally in good agreement with experimental data, bul some significant
discrepancies were alsc noted. Concerning this type of code, there is of
course a well-known ORIGEN-2 code, but, users often claim that the nuclear
data built in the code are difficult to medify or up-date on our side.
There has been request for a nice domestic code comparable to ORIGEN-2.
COMRAD could be exactly the one tc meet this requirement.

Kimura has given with passibn and a 1ittle pessimism an extensive
account of physics aspects related to thorium utilization. As Kimura
stated, no generation of trans-uranium isotopes is certainly a very
attractive point of thorium, Although the idea of the full use of thorium
in reactor has not gained popularity at the present moment, its partial
use is always in the mind of reactor designers. 3o, the study of thorium
is of the practical importance.

Tn the session of nuclear data evaluation, the first two talks by
Murata and Matsunobu were concerened with the simultaneous evaluation of
fission cross sections at the JNDC working group, based on the Bayesian
approach. Covariance data were also generated. The result was the low
fission cross sections in agreement with the same type of evaluation by
Bhat at BNL. These low cross sections yield the underestimation of the
eriticality of FBR mockup criticals by about 2 %. There were many
discussion from users and evaluators on these results, It may be togscon
to draw any conclusion from this integral test result, since the capture
cross sections and other relevalnt cross sections have to be also re-
evaluated. But, undoubtedly the evaluation using this methodolgy should
be strongly pursuited.

Hida hasgiven a well prepared talk on the method of evaluation of
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gamma-ray production cross sections including prompt fission gamma-rays.
He also has given a lecture to evaluators how to make up the final data
file, i.e., Files 12 through 16, Based on comparison study, he stated
that GNASH code would be sufficient for calculation of non-elastic as
well aé capture gamma-ray production creoss sections without recourse to
other codes. A4s to GNASH code, Kawai introduced the cutline of the new
version of GNASH recently received from Young at Los Alamos and has
presented some experience of its use and the extension to include the
modified form of level densities. He also reported the parameter data
base system under development by T. Nakagawa, Nuclear Data Center, with
which we can expect the use of codes for evaluation will be facilitated
to a great extent.

Nakajima has given the summary of recent NEANDC task force work on the
discrepancy of S, of U-238 and the 1.15 keV resonance parameters of Fe-56,
the latter being responsible for Doppler reactivity of iron., In case of U-
238, the discrepancy was explained as due to the difference in rescnance
analysis codes. In the case of Fe=56 1,15 keV resonance, the prompt
gamma-ray detection method was found to give different results from the
transmission method which is more relible in this case and gives
consistent results. This seems to have presented another worrying
problem,

In the session of fission cross sections, Kanda presented the
measurement of MeV fission cross sections at Tohoku University, which were
generally in good agreement with other recent data. We welcome and should
encourage this work since to our greatest regret there have bheen
practically no experimental activities on fission cross sections in this

country. Osawa has given an extensive theoretical account and calculation
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of fission cross sections of 24 isotopes ranging from Pa to Cf, using the
double-humped barrier model, Systematics of barvier values was also
presented, These results could be used very effectively as the nuclear
data for COMRAD code of Naito et al. Nakagome presented his measurement
at Xyoto University Reactor on the distribution of prompt fission neutron
yield on fragment mass, which is very elaborate and very time—taking
experiment., As Yamamuro commented, this is an experiment challenging
almost to the 1imit of experimental technique and human patience., The
talk was very impressive anyway. There were many comments and discussions
on this work even at the reception at Akogi Clubhouse,

Kaieda has given a detailed talk on the principles of safeguards
inspection and the nuclear data utilization based on his rich experience
at IAEA and JAERI. The talk was focused on the non-destructive
techniques, and the specific nuclear data were listed, These data should
carefully be noted in our future nuclear data works.

The last talk was given by Nakazawa on dosimetry. The interest of
world nuclear data community on this field is now very intense, An
overwhelming amount of world-wide works were intreoduced, and alsc specific
data needs and discrepancies were stated, The topics covered the use of
nuclear data for estimation of the life of LWR pressure vessels, radiation
damage to fusion reactor materials and the diagnosis of fusion plasma,
The role of cross section covariance data was stressed to diminish the
uncertainty in the dose estimation. Nuclear data activity in this field at
JNDC is still very premature, It should be advanced much more 1in
cooperation with other domestic activities in theory and experiments,
Also, I think it may be very stimulating if we could hear the lecture on

the prediction of mechanical behavior of materials based on the damage
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estimation, hopefully at the next meeting, from Mr, Chairman, Dr. Iwata,

The poster session was devoted to the "commercials" of the various
JNDC data files to users, I think the attempt was generally successful,
although some lecturer enthusiastically fixed me at his poster for half an
hour and I had to miss most of other posters,

To finish this talk, I would like to say our deep thanks to Japan
Atomic Energy Research Institute for inviting us to the seminar and
reception, to the members of p;ogram committee for good organization of
the meeting, and to the members of Nuclear Data Center for every effort
and hospitality. Let us hope that at the next meeting, 1985 Seminar,
the colleagues from China and other East-Asian countries can join us

togrether., Thank you for listening.
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POSTER SESSION Nuclear Data Files Available from JAERI Nuclear Data Center
Poster -1 NESTORZ

Neutron Data Storage and Retrieval System 2

Tsuneo NAKAGAWA
Department of Physics.
Tokai Research FEstablishment, JAERI

Abstract

Fxperimental neutron data ‘are compiled and exchanged by the
A-center network. One can obtain the experimental data from up--to-date
data bases of one of the 4 centers. Since Japan 1s a member country of
the OFCD NFA Data Bank, we receive the data from the NEA Data Bank.
NESTOR? has been developed to store tentatively the experimental
neutron data received from the NEA Data Bank. This system was very
frequently used for evaluation of nuclear data for JENDL, and review

work of various neutron data.

1. Introduction

On neutron data, a number of experiments have been performed.
Results from these experiments have been published in journals, pro-
ceedings of conferences and so on. Therefore, the data users such as
evaluators of nuclear data have to gather the experimental data from
those various sources.

For convenience of the users, an international network called the
A-center network was organized. As shown in Fig. 1, the experimental
data are collected by the four nuclear data centers in the world. Each

center has its own member countries, that is.

13 National Nuclear Data Center, Brookhaven Mational Laboratory, USA
— USA and Canada.

2) OFCD NEA Data Bank, Saclay, France
. OFCD member countries in Western Europe and Japan.

3) USSR Nuclear Data Center, Obninsk, USSR
- USSR.

4y TAFA Nuclear Data Section, Vienna, Austria

. All other countries in Eastern Europe, Asia, Australia, Africa,
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Central and South America.

The data gathered to the data centers are compiled by using the FXFOR
format (EXchange FORmat ;.

After compilation, the experimental data are exchanged among above
mentioned nuclear data centers. Therefore each center has always
up-to-date data files. and these data are available for users on
request. We., the users in Japan, can receive the experimental data
from the NEA Data Bank.

The JAERI Nuclear Data.Center plays a role of a channel of commu-
nication between the NFA Data Bank and Japanese data users. According
to requests from users, the Nuclear Data Center writes requests to the
NFA Data Bank, and the NEA Data Bank sends the experimental data to the
JAERI Nuclear Data Center.

In order to tentatively store the experimental data in the JAERI
computer system, NESTOR? has been developed. The aim of this system is
to store the data from the NEA Data Bank in a convenient form for
users. The data are received many times a year. By using this system,
those experimental data can be gathered in a data base. After stored
into NESTOR?, the data are used by the usres. or are sent to the users
outside JAEFRT.

2. Data Storage
The experimental data sent from the NEA Data Bank are stored on
magnetic tapes in the EXFOR format. An example of data in the FEXFOR
format is shown in Fig. 2. In the EXFOR format, data given in a paper
are compiled as a group vhich is called an entry. Each entry has a
unique Entry number in 5 digits. An entry consists of several sub-
entries which are classified with Sub-entry numbers in 3 digits. Each
sub-entry has following three sections;
13 BIB section
Hollerith information such as reference, title of paper, author
names, laboratory and so on are given by using keywords and free
text . In the example of Fig. 2, information on INSTITUTE, REFERENCE,
AUTHOR, TITLE. FACILITY, METHOD (of experiment;, SAMPLE, DETECTOR.
MONITOR, N SOURCE ‘neutron source). ERR-ANALYS and STATUS are given in
the BIB section of the first sub-entry. The information are written

in the ecolumns from 12 to ©66. Those in parenthesis are machine
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retrievable coded information. A reaction type of data 1is specified
in RIB section of the second sub-entry.
23 COMMON section
Common numerical data for all energy points are given in COMMON
section. In Fig. 2,.a NOCOMMON record is wused in place of COMMON
section hecause no common data are existing.
33 DATA section
Numerical data are given. Columns from | to 66 on a record are
divided into six fields every 11 columns. Each field has heading and
unit information of numerical values.
As is known from the example, this formal is very easy to understand by
eyes, but difficult to handle with computer programs because of many
methods of data compilation.

In NESTORZ, these data are separated into comment and numerical
data, and stored on separate files. The comment is taken from BIB
section, and numerical data from DATA and COMMON sections. In addition
to them, NESTOR? has index files so as to make retrieval easier. The
index files contain the information on atomic and mass numbers, physi-
cal quantity codes, reference, authors, year of publication as wvell as
data position of the first record on numerical data files.

Physical quantity codes have been newly defined for NESTORZ, and
they are stored in fixed columns of index files. The units of numeri-

cal data are unified to those listed in Table 1.

Table 1. Units of physical quantities

quantities unit

energy values eV

cross sections barns

angle degree
angular distributions barns/steradian
energy distributions barns eV

time seconds
length cm

error absolute values
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The index records are arranged in increasing order and alphabetic
order of atomic and mass numbers., physical @ quantity ecodes, year of
publication and so on. Numerical data corresponding to the index
records are stored in the same order as index files and in the binary
form. |

In comment files, information in BIB sections of the EXFOR format

is written in increasing order of FEntry and Sub-entry numbers.

3. Retrieval from NESTORZ2
Retrieval is performed by specifying information stored in the

index files. The following parameters can be used as retrieval keys.

Z Atomic number

A Mass number

Q1 Rasic quantity (Ex. ="TOT",'ELA",...... )
N Reaction type (Fx. =CS8','AD", .. ..... h

Q3 Modifier of quantities

Q4 Factor, etc.

opP Outgoing particle (Ex. ='N",'A",......... )
RS Residual state

LAB Laboratory
YEAR  Year of publication
iD Entry number
1IDS Sub-entry number
E Energy range
The following output can be obtained.
13 List of index data
In Fig. 3, index data of natural iron are shown as an example.
From this list, quantities, entry and sub-entry numbers, year of
publication, name of laboratory, reference, authors, energy range,
number of data points are seen for each data set.
2) List of numerical data
Numerical data are listed on a line-printer, as is shown in Fig.
4.
3) List of comment data
Figure 5 is an example of comment data. They are the same as BIB
section of the EXFOR format.
4% Copy of NESTORZ master files

Small index and data files which contain only requested data are
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newly created by this option.
5) Numerical data in the EBCDIC form.

Numerical data are stored in the binary form as mentioned in the
previous section. The output of coping master files is also in the
binary form. In this option, however, numerical data in the FEBCDIC
form are obtained together with index information. This option is
used to send data to the users outside JAERI.

The NESTORZ master files can be used with other programs than

NESTORZ. As an example, Figure 6 shows a graph of the total cross

sections of natural iron written with the computer program SPLINT, "%

4. How to get Experimental Data

The data stored in NESTOR2 are open for Japanese users. The user
can ask the JAERT Nuclear Data Center to send him experimental neutron
data. If the data are already in NESTORZ, they are sent to the
requesters by means of the FBCDIC format. If they are members of
JAFRI, they can directory use NESTORZ master files.

In the case where requested data are not in NESTOR?, the Nuclear
Data Center asks the NEA Data Bank to send the data in the EXFOR data
base. After receiving the data, Nuclear Data Center stores them into
NESTOR? by changing their format.

References

1) Narita T., Nakagawa T., Kanemori Y. and Yamakoshi H. @ ~ SPLINT @ A
Computer Code for Superimposed Plotting of the Experimental and
Evaluated data ", JAFRI-M 5769 (1974) {inJapanese] .

23 Nakagawa T. : * SPINPUT : A Computer Program for Making Input Data
of SPLINT ~. JAFRI-M S499 (1981 [inJapanese] .
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ENTRY 10084 10084 1
SUBENTRY 10084001 10084 1
BIB 13 10 10084 2
INSTITUTE (1USAANL? 16084 3
REFERENCE (J,NSE,39,361,7003) 10084 4
AUTHCR (W.K.LEHTO) 10084 5
TITLE FISS10N CROSS-SECTION RATIO MEASUREMENTS OF PU239 AND 10084 &
U233 TO U235 FROM 0.24 TO 24 KEV. 1008¢ 7

FACILITY (CCW? 150-KEV COCXCROFT-WALTON ACCELERATOR. 100846 8
METHOD (SLODTY LEAD SLOWING-DOWN-TIME SPECTROMETER. 4-FT LEAD 10084 9
' CUBE. . 10084 10
SAMPLE ALL SAMPLES ELECTRODEPOSITED ON 0.005-IN STAINLESS 10084 11

STEEL FOILS. DEPOSITS 125-MICROGRAM/CMZ. U235 FOILS 10084

93,2648 U235, 5.40¢ U238, 1.042 U234, 0.280 ULZ236. ALL 1C0B4 13
ATOM-PERCENT, AS DETERMINED BY MASS SPECTROMETRY. 10084 14
DETECTOR (FISCH) BACK-TO-BACK PARALLEL PLATE FISSION CHAMBER 10084 15

WITH 0.01-IN THICK ALUMINIUM WALLS. SIX PAIRS FOR U23310084

b—‘)-IHHH!—'HHD—‘HD—‘HHHHHHHHHD*H»H'—'P—‘D—'PU—"—"“P—‘HHO
—
o

MEASUREMENT, TWD PAIRS FOR PU23% MEASUREMENT. ARGON(9010084 17

PERCENT)-METHANE(10 PERCENT) FILLING AT ATMOSPHERIC 10084 18

PRESSURE. 10084 19
MONITCR RATIO OF CALIBRATION CONSTANTS (EFFICINCY TIMES 10084 20

FISSILE ATOM NUMBER) DETERMINED IN THERMAL FLUX. 10084 21

FOLLOWING CROSS SECTIONS AND G-FACTORS USED IN 10084 22

CALIBRATION, U233-525+- 2 BARNS,G=1.000, U235-577.1+- 10084 23

0.9 B, G=0.975, PU239 740.6+-3.5 B, G=1.045. 10084 24
N-SO0URCE ¢D-T) 14-MEV D-T NEUTRON SOURCE. 10084 25
ERR-ANALYS (ERR-5)} ERRORS STATISTICAL ONLY. ERRORS FROM DETECTOR 10084 26

CALIBRATION (APPROX. 0.5 PERCENTINEGLIGIBLE 8Y 10084 27

COMPARISON. 10084 28
5TATUS (APRVD) APPROVED BY AUTHOR 10084 29
HISTORY (701208¢) . 10084 30

¢(811125A) CONVERTED TO REACTION FORMALISM 10084 31
ENDBLB 30 - 10084 32
NOCOMMON ] ] 10084 33
ENDSUBENTRY 32 10084 29$99
SUBENTRY 10084002 10084 2 1
B!B 3 6 10084 2 2
REACTION ((94-PU-239(N,F),,51G)/(92-U-235(N,F),,SIG)) 10084 2 3
SAMPLE PU23I9 FOILS 94.472 PUZ239, 5.254 PU240, 0.261 PU241, 16084 2 4

0.013 PU242. ALL ATOM-PERCENT, AS DETERMINED BY MASS 10084 2 5

SPECTROMETRY. 10084 2 6
CORRECTION 0.4 PER-CENT CORRECTION MADE TO PU-239 COUNT RATE FOR 10084 2 7

CONTRIBUTION FROM PU-241 FISSION. 10084 2 8
ENDBIB 6 10084 2 9
NOCOMMON 0 o 10084 2 10
DATA 4 26 10084 2 11
EN EN-RSL RATIO ERR-S 10084 2 12
KEV KEV NO-DIM NC-DIM 10084 2 13
0.24 0.02 0.94 0.04 10084 2 14
0.26 0.02 0.91 0.04 10084 2 15
0.28 0.02 0.92 0.04 10084 2 16
0.30 0.03 0.82 0.04 10084 2 17
0.33 0.03 0.86 0.04 10084 2 18
0.36 0.03 0.85 0.04 10084 2 19
0.39 0.04 0.8% 0.04 10084 2 20
0.43 0.05% 0.83 0.04 10084 2 21
0.48 0.05 0.81 0.04 10084 2 22
0.53 0.06 0.84 0.03 10084 2 23
0.59 0.07 0.82 0.03 10084 2 24
0.66 0.08 0.81 0.03 10084 2 25
0.73 0.09 0.73 0.03 10084 2 26
0.8%3 0.10 .75 0.03 10084 2 27
0.95 0.12 0.46 .03 10084 2 28
1.1 0.15 0.71 0.03 10084 2 29
1.3 0.19 .77 0.03 10084 2 30
1.6 0.24 0.468 0.03 10084 2 31
1.9 0.31 0.66 0.03 10084 2 32
2.3 0.40 0.62 0.03 10084 2 33
3.0 0.57 0.58 0.03 10084 2 34
3.9 0.81 0.63 0.03 10084 2 35
5.4 1.3 0.64 0.03 10084 2 36
7.9 2.2 0.58 0.02 10084 2 37
12.5 4.3 0.62 0.02 10084 2 38
24.0 10. 0.68 0.02 10084 2 39
ENDDATA 28 10084 2 40
ENDSUBENTRY 39 10084 299999
ENDENTRY 2 100B499999999

Fig. 2 An example of data in EXFOR format
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Poster-2 Fvaluated Nuclear Structure Data File

+
Tsutomu Tamura
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

This report presents main features of Evaluated Nuclear Structure and
Decay Data File (ENSDF): general organization, data structure, and data
contents of ENSDF. Availability of the file and the related programs are

described.

1. Introduction

Evaluated Nuclear Structure Data File (ENSDF) is the base file which
is intended to provide nuclear structure .and decay data information for
wide users in applied and pure science community. This file has been
maintained by the National Nuclear Data Center (NNDC) at Brookhaven
National Laboratory for the International Evaluation Network of Nuclear
Structure and Decay Data. The contents of ENSDF is updated by mass chains
with a present cycle time of approximately 6 years.

The main features of this file have been presented in the 1978 and
1,2)

1979 Nuclear Data Meeting Detailed accounts of the file, which would

be necessary for evaluators and users, are available in the ENSDF

3 . ] , ,
mannual ). This paper summarizes the present status of the file, its
availability, and the related computer programs which were presented in

the poster session in the 1984 Nuclear Data Meeting.

2. ENSDF Standards

For A chain evaluation and compilation, the following standards are

maintained by all evaluators:

+ Nuclear Engineering School, Japan Atomic Energy Research Institute.
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

JAERI-M 85-035

A chain completeness If there exists any experimental data
pertaining to the ENSDF physical quantities, that data are compiled
under the A chain.

Organization of data sets All decay and reaction data sets are
categorized under the A and Z nuclides of which nuclear structure are

1
related: for instance; data sets for 12 e ec decay and 121mTe IT

decay are categorized under 1215b and 121Te, respectively;

1ZZSn(t,u)IZISb reaction under 121Sb.

Completeness of compilation of physical quantities All the physical
quantities specified as common data are compiled completely.

One evaluated value Only one evaluated value is taken. The methods
of evaluation depend on evaluators' choice; simply best value,
average, welght average or recalibrated value. These methods are
fully described in comments.

Uncertainty Uncertainties are given for all data if they are
available. Qualitative uncertainties are given: GT{>), LT{<), LE(<),
SY(systematic), CA(calculated). These qualitative uncertainties are
neglected in the calculation of computer programs.

Comments Comments are given for the citation of data from
references, the methods of evaluation, reliability of data and the
other data not cited.

Horizontal evaluation If there exist reliable horizontal data, they

4)

are compiled; QB’ Sn’ S Qa are taken from Wapstra-Bos “; ¥, Q from

Table of IsotopeSS).
Theory values Calculated values are obtained from the method given
under General Policy "Theory" as shown in the front pages of Nuclear
Data Sheets6). Most of these values are obtained directly from ENSDF
data sets by computer programs.
Spins, Parities Assignments of spins and parities are given by the
rule specified as "Bases for Spin-Parity Assigmments' in the front
pages of Nuclear Data Sheets6). They are usually assigned strictly
than the authors.
ID record ID records are used for the compilation and the retrieval
of data sets. Some examples are:

63NT B- DECAY

99NB B- DECAY (2.6 M)

106IN EC DECAY (6.3 M)
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106IN EC DECAY (5.32 M)
166TM{N,G)
177HG(N,G) PRIMARY GAMMAS
65CU(3HE,A) E=15 MEV
181TA(P,4NG) E=40 MEV
(11) References The references are indicated by the reference number
adopted in Nuclear Structure Reference File (the base file for Recent

References),

3. Organization of ENSDF
3.1 General organization

The ENSDF consists of "data sets" which can be categorized in the
following items:
(1) decay,
(2) reactions,
{(3) adopted levels, gammas,
(4) references,
{5) comments.
The data sets in the ENSDF are organized by their mass number for A=l
to A=263. Each mass number contains the following data sets:
(1) Comments ... 1 data set
(2) References ... 1 data set
(3) Data sets belonging to a given nucleus (Z)
(a) Adopted levels, gammas ... 1 data set (for any Z)
this data set contains adopted properties of the levels and
gamma rays deduced in the decay data sets and the reaction
data sets.

{(b) Decay ... as many data sets_as mnecessary

- + + . , by
g, B, B +EC, IT {isomeric transition) spontaneous
fission.

{¢) Reactions ... as many data sets as necessary

(d,P) > (nsY)s .

The general organization of ENSDF is shown schematically in Fig. 1.
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Data sets structure

A data set is composed of records: each record is made up of one or

more card images. Data set structure is shown in Fig. 2 and is described

below:

(1)

(2)

(3)
(4)

A data set begin with an IDENTIFICATION record and end with an END
record (a blank card);
Immediately following the IDENTIFICATION record is a group of records
which contain information about the entire data set (i.e. #1 and #2 in
Fig. 2):
#1 General Comments
Flagged Comments
#2 Q record + Comments
Normalization record + Comments
Parent record + Comments;
Then follows unplaced radiations;
The body of data set (#4 in Fig. 2) is composed of numeric data
records which describe the measured or deduced properties of levels,
gammasg, betas and alphas. Beta and alpha record are associated with

the level which is populated, gamma records are associated with the

level which decays. Thus each LEVEL record is followed by a group of

records describing charged-particle decay into the level and y-ray

decay out of the level (#4 in Fig. 2).

An example for a decay data set is given in Fig. 3.

4.

(1)

(2)

ENSDF FORMATS

The most important information Common data for any record (P, L, G,
B, A ...) can be placed on a single 80-column card. A standard format
has been defined for each one-card record. If a needed quantity is
not included in the standard format or if a value will not fit within
the field defined for the value by the standard format, additional
cards (2nd, 3rd ... records) can be used as described in Sect. 4.2,
The standard one-card FORMAT is shown in Fig. 4. A detailed
explanation for the usage of each field is given in the ENSDF
preparation mannualB).

Records containing more than one card Additional information which

can not be included in the standard one-card format is described fully
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in the continuation cards; i1.e., 2nd and 3rd card. At present these
continuation cards are allowed only for LEVEL, GAMMA, BETA and EC
records. The continuation cards are marked 2, 3, ..., A, B, ... in
the 6th column, while the standard one-card record is blank or 1 in
the 6th column. For the continuation card, the information is given
in free text format:

<quantity> <operand> <value> ¥ <quantity> <op> <value>,
where <quantity> is BEl, EKC, ... which stands for B(ELl), aKexp’
respectively; <operand> is =, >, <, ...; <value> is numerical value.

ex. 121SB2 G KC=9.54 ¥ LC=1.24 ¥ MC=0.244

5. Physical Quantities

The physical quantities to be included in the ENSDF has been

3)

documented in the ENSDF mannal explicitly. These quantities are
categorized into two groups: common quantities and special quantities as
in table 2: The common quantities should be included for all data sets
whenever exist, while the special quantities are compiled when they are
important. Although the description of the record fields are mostly self

explanatory, cautions must be given for the application of the data. -

6. ENSDF Current Contents

The Evaluated Nuclear Structure Data File now contains distinct data

sets of evaluated nuclear information. This includes:

Comments 86
References 263
Adopted Levels, Gamma 2017
Decays 2229
Reactions 3915
Total data sets 8241
Card images 8.2X106 records

7. Computer programs

In ENSDF, 3 categories of computer bprograms are utilized:

(1) Evaluation programs: GTOL, HSICC, LOGFT, DATACK;
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(2) Output programs: NDSLTST, DECAYPNL, LEVELPNL, MEDLIST;
(3) File retrieve programs: FETCH, RETRIEVE.
All these programs are operated on FACOM M series computing system
at JAERI at Tokai. In principle, the input data for these programs are
the ENSDF and the results of the computation and/or data manipulation

are given in various forms, tables, ENSDF format, and graphs.

7.1 Data analysis programs

(1) GTOL (gammas to levels)
This program uses measured gamma-ray energies, uncertainties, and
suggested level assignment to deduce a least-squares adjusted set of
level energies. Inconsistencies are marked in the output matrix which
presents all the energy differences between levels. This program also
calculates gamma + conversion electron intensity imbalance at each
level to deduce beta- and alpha-particle feedings and normalization.
(2) HSICC
This program interpolates theoretical values calculated in the tables
of Hager—SeltzerS)(K-,L—,M—shells) and Dragoun—Plajner—Schmutzlerg)
(N- + higher shells) to obtain partial and total conversion
coefficients the respective gamma-rays contained in the ENSDF listing.
(3) LOGFT
This program calculates logft for each beta- or ec branch, average
beta energy for each beta branch, and partial electron capture
fractions for each electron capture process.
(4) DATACK
This program reads standard ENSDF data sets and verifies that the
ENSDF conventions have been followed. This program checks for errcrs
which commonly occur when new data sets are prepared. Each identified

problem is classified as either an "error" or a "warning”.

7.2 Qutput programs

(1) NDSLIST

This program produces various tables suitable for publicaticn in

Nuclear Data Sheets: Level properties; alpha-, beta-, and gamma-ray

properties. All information contained in the data set appears at
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(2)

(3

(4)

(1)
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least in one of these tables except specified otherwise. The
specification for suppression was adopted very recently in the ENSDF
mannua13). Some examples are shown in Fig. 5.
LEVELNLP
This program produces level diagrams of ladder type for a sequence of
data sets. An example is shown in Fig. 6.
DECAYNLP
This program produces drawings of gamma decay included in alpha-,
beta-decay data sets or in-beam gamma ray data sets. An example is
shown in Fig. 7.
MEDLISTg)
This program produces formatted tables of radiations from radioactive
atoms. Basic nuclear information is combined with the tables of
theoretical atomic yields and ratios to produce a complete summary of
observed radiations in experiments:

{a) Auger electrons

(b) X-rays

(¢) Anninilation radiation

(d) Gamma rays, conversion electrons

(e} Beta rays

(f) Alpha rays
Radiations occurring in atomic processes need second-card information
specifying conversion coefficients and capture coefficients for
respective orbital electrons. These second cards are produced by

HSTCC and LOGFT program. An example of output this program is shown

in Fig. 8.

RETRIEVE

FETCH Data sets retrieve program
This program provides for retrieving data sets from any assembled
ENSDF by using keywords contained in IDENTIFICATION record
preceding all the data sets. Some examples for the keywords are:
(a) A=56, A=56-58, Z=50-55
(b) "56FE", "(N,G)", "DECAY", "ADOPTED"; any character strings
appear in the ID-record.

(c) A=56 "DECAY"; combination of (a) and (b)
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This program has been most effectively used for making subfiles
requested in the field of application. Input and output data media
can be either disk or magnetic tapé. Some operational example is
given in Fig. 9.

(2) RETRIEVE Data items retrieve program
This program provides for retrieving data items contained in data sets
according to the menu. An example of the outputs from RETRIEVE are

shown in Fig. 10.

8, Availability

The entire file of the Evaluated Nuclear Structure and Decay Data
(ENSDF) are contained in a 2400 ft magnetic tape. It is available from
%
Nuclear Data Center , Japan Atomic Energy Research Institute. Also

subfiles made by FETCH program are available. -
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Data Set Structure

Identification Record

General commants
Flagged Commants

~ Q Record
Comment on Q Record

Parant Record
Comment on P Record

Normalization Racord
Comment on Normalization

Unplacad Radiations
{G.B.AE, atc.}

Lavel Record
Rediation recoards

Lavel Record
Radiation Racaords

End Record

Fig. 2 Data set structure for ENSDF
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12158
12188 C
1218824
1218B3C
121S8N P
12158 N
12158 CN
121SB CN
12188 L
12is8 L
121sB B
1218B2 B
12158 CB
1218B 6
12188 (G
121582 G

12138
12158 C
121s8 C
121sB82¢C
121sB CL
1z218B2CL
121S8B CL
1213B2CL
1218B CG
1215B2C6
1215B3CG
1215B CG
1215B2CG
121SB3CG
121TE P
12158 N
121SB CN
12188 L
121SB L
121sB CL
121s582CL
12188 G
121358 CG
12158B C@G
121882 G
121588 L
12188 (L
12158 E
121832 E
12188 G
12188 CG
1213882 &
121SB G
1218B CG
121882 G
12158 L
12188 CL
12158 E
lz1ss22 E
12158 G
12188 CG
1215882C6
1215B2 G
1218B G
12158 C6
121582 G
1218B3 G
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121N B- DECAY (35 YJ 68SN01,78HUOCT7 B3NDS 830228
68SNC1: SEMI G, SCIN & PI BG-COINCIDENCE B SPECTRA

78HUO7: SEMI, SCIN 4 PI BG-COINCIDENCE, DEDUCED

1(B8-)/1¢1T>. IC(L X-RAY)

6.30 8 11/2- 55 ¥ 5 386.6 25
1.0 0.224 201.0
BR FROM I(B-)/ICITY (78HUOY?Y;

ND B- FEEDING 7O G.S. IS ASSUMED
Q.0 S5/2+ STABLE
37.13 L 772+ A2.96 NS 8

100 9.65 5 clu

EAV=120.7 9%
E 254 5 FX-PLOT NONLINEAR DJ=2, YES (685NO1}
37.15 4L 8.26 M1 11.1 c
M FROM EX(C=9.32 37 (&8SNO1), ¥.45 33 (78HUO7)

KC=9.54 ¥ LC=1.24 ¥ MC=0.244 ¥ N+=0.081 ¥

121TE EC DECAY (16.78 D) . 75ME23 B3NDS 830228

75ME23: COMPTON SUPPRESSION SPECTROMETER SEMI G
OTHERS: S$CIN 6 GG, MAGNETIC SPECTROGRAPH CE (64CHO82

“SEMI G (71AU03)

E ECLEVELS) ARE BASED ON A LEAST-SQUARES FIT TO THE

EG OF 75ME23

J SPIN AND PARITY VALUES ARE THOSE GIVEN UNDER ADOPTED
LEVELS .

E FROM 75ME23. THE EVALUATCRS HAVE ADDED 10 EV IN QUADRATURE

TO THE QUODTED UNCERTAINTIES TO ALLOW FOR UNCERTAINTIES IN
CALIBRATION

RI FROM 75ME23. THE EVALUATCRS HAVE ADDED 2X IN QUADRATURE
TO THE QUOTED UNCERTAINTIES 7O ALLCW FOR UNCERTAINTIES IN
EFFICIENCY CALIBRATION

0.0 1/2+ 16.78 D 35 10890 15
0.0803 18 1.0 1.00 4
NR FROM I(G+CE TO G.S.)=100
0.0 : 572+ STABLE
37.133 8 7/2+ 2.96 NS 8
T FROM (470GY(376Y(T), (1102G)(37GX(T) (73BE18);
OTHER: 3.5 NS 2 FROM (1202G)(CE 37G)(T)» (64CHOS8?
37.138 10 1.456 5 M1 11.1 17.7 1
RI FROM TI AND CC
TI FROM INTENSITY BALANCE AT 37-KEV LEVEL
KC=9.54 ¥ LC=1.24 ¥ MC=0.244 ¥ N+=0.081 ¥
507.597 8 372+ 2.0 PS5 3
T FROM RESCNANCE FLUDRESCENCE ¢{63ME13)

18.4 & 6.86 4

CX=0.84%3 ¥CL=0.1194 3¥CM+=0.03137 B¥

LT70.472 13 17.5 4L (E2) 0.0093

EKC=0.0083 SUGGESTS E2 OR M1
KC=0.00790 ¥LC=0.00110 ¥ M(=0.00022 ¥

507.591 11 220 5 M1+E2 +0.29 9 0.0084 3
MR +0.29 9; FROM COUL. EX. AND RESONANCE FLUDRESCENCE (63ME13)
KC=0.0072 5 ¥ LC=0.00089 ¥
573,142 g 1/2+ B.2 PS 10
T FROM RESONANCE FLUORESCENCE (&3ME13)
81.6 6 6.10 4

CK=0.8476 ¥01L=0.1206 4¥CM+=0.03176 11¥
65.548 13 3.23 11 M1+E2 -0.18 10 2.27 17
MR —0.18 10; FROM (66G>{510G) (THETA) A2=0.066 9, A4=0.00015
(64AUCS) o
KC=1.89 ¢ ¥ LC=0.31 % ¥ MC=0.061 17 ¥ N+=0.014 &4 ¥
573.139 11 1000 21 E2 0.0054
M FROM L1/L2/L3=1.00/0.12/0.09 (64CHCB)
KC=0.0046 ¥ L{=0.00061 ¥
BE2W=30

Fig. 3 An example of decay data set
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121 121
Te NUCLEAR DATA SHEETS Te

5¢ 69 ' 52 6%

v1vgy lovels from ‘T'Te « docay (16. 18 a} T5Me23

T5Me23: Comptlon suppression speactrometer semi Y.
Cihers: sctn 7 77, maghelle spectrograph ce {6§4Ch0B)

semi r (T1Au0D).

Ef{lovel) * Jxre Ty Comments
0. 0 572+ stablae
31. 133 3 172+ 2. 96 ns 3 T,,gt from (4707) (371) {v). {1102y (377) (0} (T3Bel18) ;
other: 3 5 ns 2 from (1102r) (ce 377} {t} (64ChD8).
. $07. 597 8 IS+ 2.0 ps 3 T.s,p: from resonance (luorescencs {(63Me 13},
573. 142 9 1/+ 8.2 ps 10 T,s,p: from resonance fluorescence (63Me 3},
» E{levels) are based on & leasi=squaress fit te tha

Er of TiMel2ld.
* Spin and parilty values a2re Lhose given undar adopted

levels,

Ft, 1 data [rom *?'Te ¢ decay (16. 18 &) 75Me23

T75Me23: Complon suppression speclrometer semi T,
Others: scin 7 rr, magmetic spectrograph ce {§4Ch03}
semi v (T1AuDd).
Es i Leg [t Comments

r(P1t8b) from *?!Te & decay (L6, 18 4} T5Me 2

T5Ma23: Compton suppression spectrometar semi T,
Others: scin ¥ 1T, magnelic spectrograph ce (64ChO 8}
semi 7 (T1Audd),
{r—normaliration: fraem [ {r+cs to & s, ) =100.
Ere E(lavel) 17+ §f {r+ce} Mult, L) Comments

37.138 10 17, 13 1. 46 3 1. 7T 1 ML ’ 1L 1 Ty: from | {r+ce) snd

| {r+cne} : from
intensity balance
st 37-keV dlavel.
(K) =9, 54; L) =1, 24
M) =0, 244
N+=0, 031,
65, §48 13 $73, 142 3.2Y 1) M1+E2 -0, 18 10 2.21 117 ¢; —-0. 18 10; (rem

470, 472 12 5§07, 591 17.5 4 (E2) g. o083 (K} axp=

507. 591 11 5071, 597 220 % MI1+E2 +0. 29 9 0. 0084 3 4 +0.29 9 o
Coul, Ex, And
rasonance
fluorestence
(63Meld),
(Kh=0. 0072 53
{Ly ~-0. 30089,
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Fig. 5 An example of NDSLIST ocutput
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PAGE. 5

VISPV SO SUNIPUIIS. SRy SR S SREEEREEST EERSTEE Y FEERY RN
128IN B- DECAY (HIGH-SPIN}

1285H
1285N €
lz8sH C
1285N C
128
11468.80
831.54
91.15
120.54
257.17
321.22
79.28
426.19
546.59
763.12
1054.91
207.46
1261.81
1061.39
457.68
1356.36
1779.97
1867.04
811.78
1573.37
1973.686
2122.11
609.55
1067.25
1264.61

PO TN TP I Y SRRy SRS TR ST EESETER ST BEES SRR U

o THIS IS SAMPLE 4 (6-31

50 128

3.10 26.60
11.10 0.1071
4.40 0.04296
10.50 0.00716
1.80 0.3503
1.60 0.01178

0.46 0.075%6

2.10 0.00988

49
100.00
100.00
85.56
12.28881
4.589024
10.57518
2.43054
1.6185848
0.60
1.10
5.80
0.494941
0.%0
1.50
2.120748
1.49
3.40
32.30
0.87
c.%0
19.50
3.80
0.87
1.30

79FC10

IN

1168.81
2000.35
2091.48
2120.89
2378.06
2412.69
2491.97
2547.08
2959.28
3175.77
3175.77
3383.09
3383.09
3608.48
3633.45
376%.06
3871.46
3958.53
3987.60
4065.35
4065.35
4213.61
4243.01
42643.01
4898.07

|

E(level)i

B_

2+

(&+)
(7-)
(5-)
(6+4,7-)
T+:8,9

|

Iy

HIGH-SPIN

1168.81
2000.35
2000.35
2120.89
2091.48
2612.69
2120.69
2412.69
2412.69
2120.69
3175.77
2120.89
2547.08
3175.77
26412.69
2091.48
2091.48
3175.77
2491.97
2091.48
2091.48
3633.45
3175.77
3633.45

I

E(level)f

Fig.10 An example of RETRIEVE program output
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Table 1 Physical quantities evaluated for the ENSDF

Main properties (common)

Other properties (special)

Cl| El(parent), J7, T1/2 $1 Delayed-n, -p, spont. fission
Q-(G.S.? 2y decay
D |c2| NR, NT, BR, NB S2 Ce exp (if accurate)
E [c3{ E1, J7"(from Adopted levels) |S3 R Shape factor
c T1/2(S,h,eV), Quality(?,8) |S& e/g
A |C4| E (blank if not measured) S5 A2, A4
Y Ig%, Tecr Igtees Kecrooo S6 Auger electromn, X rays
Logft{Gove-Martin), $7 Unobserved radiation
Uniqueness,. Coin., Quality
C5{ Ey, Iy, Mult. §(Steffen)
CC(Hager-Seltzer)
Ce K/L/M+, B(EA), B(MA)
€6 | Eq, Iq, Hind.
E Cl|El S1 o
% C2| 1L $2 Q-values
T lc3 | c2s, g, B(EXA) 33 Parameters relative to reaction
% c4 | gm calculation
Noles | gy, Ty, Malt., 6.....
A IC1 | El S1 Configuration K"(N, ngz, A), ...
g C2 | J7 + (Reasons) S2 Band structure
P |c3|TL1/2 (S, H, eV) S3 TIsomer shift (G.S.)
; C4 | ZIT, %B , %SF S4 Charge distribution (G,S.)
D Ic5 1w, Q $5 Deformation 8,, 8, (G.5.)
Lclc6|Q, sn, Sp, Qu $6 B(EA)+, T1/2
E Ac7 | Ey, Iy(100 for the strongest)| $7 Reduced transition probability
;E Mult., &, CC(H-S),
LA Ce X/L/M+
SS

B(EA), B(MA)
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Poster-3 JNDC FP Decay Data Library

Jun-ichi KATAKURA, Tadashi YOSHIDA, Masatsuzu AKIYAMA,

Hitoshi THARA and Ryuzo NAKASTMA

Decay Heat Evaluation Working Group

Japanese Nuclear Data Committee

The nuclear data of fission products have been compiled for summation

calculation of decay heat of fission products.

1. History of decay heat study

The decay heat of fission producits is of great importance in the safety
analysis of power reactors. The loss-of-coolant accident ( LOCA ) is a major
current issue concerning the safety evaluation of power reactor. At present
the American Nuclear Society Draft Standard ANS 5.1" is widely used for the
specification of decay heat of fission products for the analysis of a LOCA.
The ANS Draft Standard relies upon the work of K. Shure” and the
uncertainties are estimated to be +20 % ., -40 % for the first 10° s after
shutdown.

Since 1973, several new measurements of fission product decay heat were
initiated in the United States® and Japan” to improve the accuracy of
fission product decay heat. These recent accurate measurements enabled one
the examination of the accuracy of the summation calculation of decay heat
and prompted to compiling a new library.

In Japan, the decay heat study had been hardly made except for the work
by K. Tasaka® until 1974. The Working Group on Evaluation of Decay Heat was

organized in 1974 and the study was started intensively. In 1880, the
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working group ccmpiled the first version of JNDC FP Decay Data Library®
including nuclear decay data and fission yields for over 1000 nuclides. Now,
we are preparing the second version of the library to improve the accuracy

for summation calculation.

2. Characteristics of JNDC Library

The nuclear data included in the JNDC library are following.

1 3. Decay constants,
( 2 1. Q-values for beta or electron capture decay.
3 1. Excitation energies. of lsomeric states,
{ 4 . Average beta and gamma ray energies per decay.
. 5 . Branching ratios of each decay mode including delayed neutron
emission.
{6 . Fission yields and

{7 V. Neutron capture cross sections.

The decay data and the fission yield data are for 1172 fission product
nuclides as shown in Table 1 and neutron capture cross section data are for
80 nuclides of mass number from 68 to 172.

The decay heat calculated with the library showed much better agreement
with the measured ones at ORNLY . LANLY and UTTY (University of Tokyo 1n
Tokai’ for short cooling times up to 10* s than the results by the other
existing libraries such as ENDF/B-IV as shown in Fig.l. The agreement does
not depend on fissile nuclides as shown in Fig.2. The agreement comes from
the settlement of ’Pandemonium Problem” by the adoption of the theoretical
values of average FE; and E, by the gross theory of beta decay” for the
nuclides with Q-values greater than 5 Mev® .

However. the discrepancy for gamma decay heat at 300-2000 s cooling

. . . £
times still remains as unresoclved problem* .
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3. Status of JNDC Library

The JNDC library has a total about 8500 receords of card image with 7 or
12 records for each nuclide. The library was diposited at NEA Data Bank and
RSIC{Radiation Shielding Information Center) for world distribution.

For easy application to decay heat analysis. the calculated results
with the JNDC library were fitted by an analytical function with 3l
exponential terms. The integrated decay heat P(t,T) al cooling time t

following an irradiation of T is represented by

31
' oy - 3T,
P, Ti=), Srem (e

T i

wvhere «; and !, are fitting parameters. The fitting errors are very small as

shown in Fig. 3.

4, Utility codes

The following computer codes are available for the use of the JNDC
library.

{1 ). DCHAIN code'”

This is a one-point depletion code which solves the simultaneous
equations of radioactive growth and decay for a large number of nuclides by
the Pateman method. The beta and gamma decay heat. isotope composition and
radicactivity for fission product nuclides are calculated by the code with
the JNDC library.

( 2 ). FPGS code'

This code calculates the decay heat, isotope composition, radicactivity
and gamma ray spectrum of large number of fission products, actinides and
structual materials. The code is able to treat not only JNDC librarj but

also INDF/B library.

In addition to the above mentioned codes, a new code having functions
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like a ORIGENZ code!™  and easy control of input is being prepared now.
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Poster-4 JENDL General Purpose File

Y. Kikuchi, K. Shibata, T. Nakagawa and T. Asami
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

This paper is written as a simple guide for users of JENDL. The
outline of JENDL from its zerofh version to the forthcoming third version
is reviewed. Various processing codes which treat JENDIL data are described
and some cautions in treating the JENDL-Z data are discussed. The scope of
JENDL-3, for which the evaluation is now in progress, is described and its

preliminary results are discussed.

1. Introduction

Japanese Evaluated Nuclear Data Library (JENDL) has been developed as
the standard nuclear data file in Japan by JAERI Nuclear Data Center in
cooperation with Japanese Nuclear Data Committee., Its second version was
released in 1982 and has been widely used in various neutronics
calculations.

This paper is written as a simple guide for users of JENDL. The
current JENDL-2 library consists of a general purpose file and a special
purpose file (fission product nuclear data file). As for the latter,
another paper in the present proceedings should be referred, and this paper
describes the former.

In Chapter 2, the outline of JENDL-project is reviewed. Various
processing codes which treat JENDL data are described and some cautions in
treating JENDL-2 data ate discussed in Chapter 3. The scope of JENDL-3,
for which the evaluation is now in progress, is described and its

preliminary results are discussed.
2. Outline of JENDL-project

2.1 JENDL-0

The zeroth version of JENDL was compiled as an exercise for handling
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the ENDF/B format and fer developing various processing codes. For this
purpose mo nuclear data evaluation was made but the original data of
2)

1
JAERI-Fast set version 17~ were adopted. Table 1 lists the nuclides of

JENDL-0. Details are given in Ref.(3).

2.2 JENDL-1

Evaluation work for JENDL-1 started at about 1970 and completed in
1975. JENDL-1 mainly aimed at fast reactor calculations. Total of 72
auclides including 28 important fission products were selected for this
purpose and are given in Table 2 with their MAT number. Details of JENDL-1
evaluation are given in Ref.(4).

Benchmark tests were performedS) for fast reactor calculations. It
was proved that JENDL-1 predicted various quantities of fast reactors
satisfactorily as a whole. However, the following problems were pointed
out:

1) There exists discrepancy of 0.9% in the keff—values between the Pu- and
U-cores.

2) The fission rate ratio of 2394 to 233y is underestimated by 3%.

3) The Doppler reactivity coefficients are overestimated by about 10%.

4) The control rod worths are underestimated by 4%.

235U and 239Pu are underestimated considerably in

5) The fission rates of
the outer core and radial blanket regions.
6) The negative sodium void reactivities are overestimated, when the
sodium is removed from the ocuter core.
As a whole, most of problems of JENDL-1 seem to be related with the neutron
leakage and the neutron spectrum. Tt was found through the further study
that most of these problems came from too small diffusion coefficients and
too large elastic removal cross sections above 100 keV, which might be
probably caused by overestimation of the total and elastic scattering cross

sections for structural materials in the unresolved rescnance region up to

several MeV,

2.3 JENDL-2
Just after completion of JENDL-1, the evaluation of JENDL-2 started.

JENDL-2 aims at wider applications such as thermal reactors, radiation
shielding, fusion neutronics, nuclear fuel cycle etc. Hence many nuclides

were added and the maximum energy was extended from 15 MeV to 20 MeV. The
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general purpose file containing 89 nuclides listed in Table 3 was released
in December 1982. A final report concerning the JENDL-2 evaluation will be
published as a JAERI-report. At present, a summary report6) is available.
References (7) and (8) are brief reviews for JENDL-2.

Various benchmark tests have been made for fast reactor

calculations7’9), thermal reactor calculationslo)

11)

, shielding problems
and fusion neutronicslz). More satisfactory results than JENDL-1 have been
obtained as a whole for reactor and shielding calculations of fission
reactors. From fast reactor benchmark tests, the following are concluded:

(1) The average C/E values of keff are 0.99920.008 for U cores and 0.997%
0.005 for U cores.

(2) The fission rate ratio of 239Pu to 235U is underestimated by 3% and
the ratio of 238U capture to 239Pu fission is overestimated by 6% .

{(3) The spatial dependence of C/E values is observed for the reaction rate
and the control rod worth, when the reactor size becomes large.

(4) The Doppler coefficients are underestimated by 107%.

(5) The positive sodium void coefficients are much overestimated (30V50%).
This result is much worse than that with JENDL-1. The sensitivity
analysis suggests that the fission and capture cross sections below 1
keV should be further investigated.

From thermal reactor benchmark tests, the following were found:

(1) The criticality is much better predicted (the average C/E of 0.997¢
0.003) than with ENDF/B-IV (0.991+0.005).

(2) The ratio of 238U capture to 235U fission is well predicted.

(3) The other lattice cell parameters are predicted satisfactorily.

The results of the iron shielding benchmark tests were also satisfactory.

The problems encountered for the structural materials in JENDL-l were well

resolved.

On the other hand, it was pointed outlz) that the JENDL-2 data were
not satisfactory for fusion neutronics calculations. This means that the
JENDL-2 data have drawbacks for high energy incident neutrons. This

problem was left for JENDL-3.

2.4 JENDL-3
Evaluation of JENDL-3 is now in progress. JENDL-3 is scheduled tc be
released in March 1987. JENDL-3 aims at a completely multi-purpose nuclear

data file. Applicability to fusion neutronics and inclusion of gamma-ray
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preduction data are essentially required. Hence the main efforts have been
devoted to increase the quality of JENDL-2 data. Nuclides tabulated in
Table & will be added from the viewpoint of fusion and fuel cycle

requirements. More detailed description on JENDL-3 are given in Chapter 4,

3. Guide for JENDL-2 Users
3.1 How to Get JENDL-2 Data

The data of JENDL are completely open for all users. JAERI Nuclear
Data Center, therefore, will send JENDL-2 upon any requests. .Japanese
users are asked to fill an application form prepared by JAERI Nuclear Data
Center. Then, if the users are members of JAERI, they will be permitted to
use JENDL-2 files. In other cases, a copy of JENDL-2 will be sent by means

of a magnetic tape.

3.2 File Construction of JENDL-2
The ENDF/B-IV format is used for JENDL-2. The evaluated data are
mainly given for the following file numbers (MF numbers),
MF  Contents
1 Comment, index, vp, Vq and fission yields for fissile
materials.
2 Resonance parameters.
3 Neutron cross sections.
4  Angular distributions of secondary neutrons.
5 Energy distributions of secondary neutrons.
MAT numbers are determined as
MAT = 2000 + Z x 10 + X,
where the integer of 2000 stands for the second version of JENDL, Z is an
atomic number and N is a sequential number of isotopes starting with zero
for natural element.

In addition to original JENDL-2Z files, pointwise-data files have been
nrepared by using RESENDD13). In the pointwise files, all cross sections

in a whole energy range are given, but no resonance parameters are stored.

3.3 Some Important Processing Codes
a. CRECT.J5!4)
This code was developed to compile JENDL file. It, however, has also

several useful functions to data users. For example, arithmetic operation
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among cross sections can be performed with CRECTJ5. Therefore such special
quantities as ratie data can be calculated. Furthermore, this code can be
used for calculation of average cross sections, construction of natural
element data from its isotope ones, and sc on.

b. RESENDDIB)

Pointwise cross sections in the resonance region are calculated from
regonance parameters and background data given in evaluated data files.
RESENDD can treat all the rescnance formulas defined in the ENDF/B format.
In the case of the multi-level Breit-Wigner formula, if a value of total
spin J of a level is unknown and assumed to be same to the target spin T,
RESENDD calculates cross sections by distributing statistically the
contribution from such J-unknown rescnance to physically possible J states.

This program has also a function of Doppler broadening of cross
sections obtained from resonance parameters.

c. SPLINTIS)
This is a program to draw graphs of evaluated data in the ENDF/B

16). By using SPLINT,

format and experimental data stored in NESTORZ
comparison of JENDL-2 data with other evaluated data and experimental data

can be performed very easily.

3.4 Caution in Treating JENDL-2 Data

For many nuclides, the multi-level Breit-Wigner formula was adopted to
avoid negative cross sections in the resonance region. However it should
be noted that the total spin J of some resonances of the following 21

nuclides could not be determined and the same value as the target nucleus

spin was adopted:

4SSC, 51V, Fe, 57Fe, 59Co, Ni, 61Ni, Cu, 63Cu, 65Cu, 93Nb, Mo, 95Mo,

177Hf 179Hf 181Ta 239Pu 241 243Am 2&3Cm.

97
Mo, s N ) s Am, )

This approximation somewhat violates the multi-level Breit-Wigner formula
which requires an exact spin value for each resonance in order to calculate
the interference effects. RESENDD code can treat this approximaticn by
considering the statistical weights as described in the previous section.
On the other hand, the other codes such as RESEND17), RECENTIS) cannot
treat this approximation. Hence it is strongly recommended to use RESENDD
for the 21 nuclides. Many foreign-origin processing codes to produce the

reactor constants such as SUPERTOGlg), ETOXzO), MINXZI), NJOYZZ) and

23)

AMPX cannot treat the present approximation in their original version.
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On the other hand, Japanese processing codes such as TIMS-PGGZQ),

PROF-GROUCH—GBZS), RADHEAT—V326) and RADHEAT—V&ZT), adopt RESENDD and cause
no problems in treating JENDL-2. Please contact JAERT Nuclear Data Center
for more detailed information.

In order to avoid this difficulty, pointwise data files were also

compiled and are available as mentioned in 3.2,

4., Scope of JENDL-3
Fvaluation work for JENDL-3 is now in progress. In the JENDL-3
evaluation, much emphasis is put on the quality of nuclear data rather than

the quantity. We have the following subjects for JENDL-3.

4.1 Gamma-ray Production Data

Gamma-ray production data are important for reactor and shielding
calculations. However, these data were not contained in JENDL-1 nor in
JENDL-2. Hence it was decided to evaluate them for some nuclides. Details

of the evaluation are given in another part of the present proceedings.

4.2 Error File

Naturally nuclear data have uncertainties. For sensitivity analyses
of reactor calculations, it is necessary to estimate the uncertainties and
their correlation among nuclear data. Thus, it has been required to
include variance and covariance data for some nuclides in JENDL-3. This

work is belng dome with relation to simultaneous evaluation described in

next section.

4.3 Simultaneous Evaluation of Heavy Nuclides

Many cross sections have been measured relatively to some standard
cross sections. These relative measurements, of course, should be
consistent with absolute ones. Hence it is preferable to evaluate nuclear
data by taking account of the standard cross sections and the measurements
of absolute and relative values simultaneously. Adopting this method, we
can obtain consistently evaluated data. The simultaneous evaluationzs) is
performed on the basis of the Bayes theorem and the spline-function
fitting. The following cross sections are selected for the present
evaluation: 197A.u(r1,y), 235U(n,f), 238U(n,f), 238U(n,y), 239Pu(n,f),

240Pu(n,f), 240Pu(n,y) and 241Pu(n,f).
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4.4 Fusion Neutronics Application

From the viewpoint of fusion neutronics, the data of JENDL-1 and
JENDL-2 are insufficient for high energy neutrons. Solving this problem is
one of the important subjects in the JENDL-3 project. In addition to such
a situation, at the beginning of 1983, it was requested to prepare the
evaluated data set for the analysis of Japan-USA joint mock-up experiment
on fusion blankets using the FNS facility at JAERI. Thus, reevaluation was

29-33) for the most important nuclides: 6Li, 7Li, 936, 120: 160, Cr,

made
Fe and Ni. This reevaluated data set was referred to as JENDL-3FPRI
(JENDL-3 Preliminary Version 1) and released with restriction in early
1984. The JENDL-3PRl data are also employed for the analysis of fusion
integral experiments under universities cooperation program.

As for light nuclides in JENDL-3PR1, the latest experimental data were
taken into consideration with the aid of the R-matrix theory. Figure 1
shows the evaluated cross section for the 7Li(n,n‘)o.T reaction. As for
structural material nuclides, the direct and pre-equilibrium processes were
taken into account for the inelastic scattering and (n,2n) reaction. The
evaluated data were compared with double-differential cross secﬁions (DDX)
measured at Osaka University34). It was found that JENDL-3PRl gave good

regults on DDX in contrast with JENDL-2 and ENDF/B~IV, as seen in Fig. 2.
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Table 1 PNuclides stored in JENDL-0

10 11
B, B, ¢, 0, Na, Al, Cr, Fe, Ni, Cu,

235U, 238U, 239Pu, 240Pu‘ 241Pu

Table 2 Nuclides stored in JENDL-1

Nuclide MAT Nuclide MAT Nuclide MAT Nuclide MAT
i 1011 NI 1280 100y, 1427 1453 1603
611 1031 Bui 1281 Pre 14m Va7pn 1611
10, 1051 60y; 1282 0l 1441 47gn 1621
124 1061 6lys 1283 1920 1442 1490 1622
Bna 1111 62i 1284 Whpn 1443 Pleg 1623
2701 1 bhyi 1285 1060y 1444 53, 1631
st 1140 Cu 1290 103ch 1451 %, 1632
cr 1240 630y 1201 1055 1461 1Bl 17m
Oer 1241 65 1292 10755 w62 220 1901
ler 1242 s 1381 109, 1411 23p, 1911
Ber 1243 Pze 1401 129y 1531 234y 1921
dher 1244 Mo 1420 Plxe 1501 235y 1922
Sin 1251 o 1421 1336 1551 238, 1923
Fe 1260 Y0 1422 135¢s 1552 P 193
re 1261 Pro 1423 376 1553 239y 1941
pe 1262 Py 1424 Vaboe 1581 2605, 1942
STre 1263 Mo 1425 43ha 1601 28l 1943
Bre 1264 PByo 1426 %4 1602 8 1951
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Table 3 HNuclides stored in JENDL-2 general purpose file

Nuclide MAT Nuclide MAT Nuclide MAT Nuclide MAT Nuclide MAT
Ly 2on1 v 22m Cu 2290 Pb 2820 236p, 2941
2y 2012 ce 2240 %cu 2201 2%pp 2821 2385 2942
611 2031 Vcr 2241 650, 2202 2%pp 2822 239, 2043
TLi 2032 “ler 2242 B 2411 2%7pb 2823 240p, 2944
9pe 2041 lcr 2243 Mo 2420  2O8pp 2824 2815, 2945

10,  ,0s1  Scr 2266 %o 2421 2281 2001 P%Peu 2946
126 2061 ma 2251 o 2422 307h 2002 24 pm 2951
9% 2091 re 2260 Mo 2423 23%m 2003 2%Ban 2952
2302 2111 Yre 2261 %y 2424 233m 2904 4PMam 2953
27,7 2131 PFe 2262 Mo 2425  2%*mn 2905 243,40 2954
si 2140 're 2263 %Mo 2426 2¥ra 2011 28200 2961
ca 2200  BFe 2266 o 2427 233y 20m 28300 2962
W0, aa01 %o 2271 Tme w1 Py 29m 24400 2963
420, 2202 wi 2280 VPup 2722 235y 2023 Scm 2964
83, 003 i 2281 Yme 2723 PPy 2024
4ho ao0n  Oni 2282 8ur 2724 2By 2925
46, 2005 Olns 2283 Y% 2725 PTwp 29m
8. 2206  O2wi 2286 %% 2726 2Pwp 2932
455, 9911 O%wi 2285 !®lra 2731
Table 4 Nuclides to be added in JENDL-3
3y e by, 1l Ly 16, ve v
25y o e Psp Vs e o 3%
33, g 36 a0 Bo Ve Ou ‘
B, 40 Al o W6py Al 4By 49y
30p4 7r Ag cd gp g, 123g, Eu
151, 153, e o 10, 182, 183, 184,
s, 231, 237y eg g, B g, 2%
250, 2495 250p Bl 252
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Poster-5 JENDL-2 Fission-Product Cross Section Data File
Fission-Product Cross Section Evaluation Werking Group )
Jaspanese Nuclear Data Committee

(communicated by S. Iijima, T. Yoshida, NAIG)

JENDL-1 fission-product cross section data file, including an
additional library of Version 1.5, was ccmpleted in 1979. It contains
the cross sections for 67 nuclides in fission-product mass region.
Description of the file and the related informations are given in refs,
(1) and (2).

An extensive integral test was performed using the CFRMF sample
activation data and the STEK sample reactivity data., Results of tests
are described in Refs. (3) and (&),

A complete new evaluation for JENDL-2 was started in 1979 and
completed in October, this year. It is at the stage of the final
critical review., The file contains 100 nuclides as listed in Table 2.
Recent resonace and keV capture data and the integral test results on
JENDL-1 were reflected on the new evaluatiocn. Main aspects of the file
is given in Tablel. The evaluated 2200 m/s capture cross sections and
resonance integrals are listed in Table 2. The evaluated cross sections
for Sm—149 are shown in Figs. (1a) through (1e) as example,

Table 3 gives the values of 30 keV capture cross section times the
Pu-239 cumulative fission yield for long-lived fission products in
decreasing order, representing the rough order of importance of nuclides
for long burn-up in 1large fast breeder reactor. The trend is also
illstrated in Fig. 2. (For details see the explanation of Table 3.) For

nuelides not contained in JENDL-2, the ENDF/B-V one-group cross sections
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in Ref. (5) were used. The nuclides contained in JENDL-2 contribute
about 195 % of total fission Yield from Pu-239 fission, and 99.6 % of
total capture due to fission products.

As to the work for near future, the integral tests and the limited
adjustment of cross sections based on integral data are scheduled. Also,
a further extension of number of nuclides is planned for appliecation to

all types of reactors.
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Table 1 MAIN ASPECTS OF JENDL-2 FP DATA FILE AND FUTURE SCOPE

Number of Nuclides : 100  Z=36 (Kr) - 65 (Tb) except Sn and most of Te.

Energy Range : 107> eV - 20 MeV

Reactions : Total, Capture, Elstic and Inelstic scattering.

Some threshold reactions for Nb and Mo isotopes.

Evaluation Methods :

(1) Adoption of new resonance and capture data up to July, 1984

(2) Complete re-evaluation of reéonance parameters.

(3) Feedback from integral test results on JENDL-1 and -1.5 files.

(4) Thermal cross sections adjusted by introducing the negative resonance.

(5) Unresolved resonance description up to 100 keV by the ''strength func-
tion model' {ASREP code).

(6) Optical model and statistical theory calculation at high enegy
(CASTHY code). New parameterology for optical model parameters and
level density parameters. Re-evaluation of level scheme data,
Garma-ray strength function adjusted to capture data.

(7) Full use of parameter data base system, JCOBSETTER(CASTHY ).

Future Scope :

(1).Extensive integral tests and limited Cross section adjustment based
on STEK, CFRMF and EBR-II data (work started).
(2) Preparation of pseudo FP cross section for application to FBR.
(3) Evaluation for JENDL-3 FP data file.
{a) Extension to about 180 nuclides.
(b) Feedback from integral tests.
(¢) Inclusion of (n,2n), (n,xp) and (n,xet) reactions using simplified

calculational model.
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Table 2 Capture Cross Section (2200m value) and
Resonance Integral
wetide | Gl | tharns) wctide | T | (harns)
Kr- 83 180 147 Pd-104 0.523 22.1
Xr- 84 0.110 3.13 Pd-105 20.3 95.1
Kr- 85 1.660 3.52 Pd-106 0.301 12.3
Kr- 86 0.003 0.0026 Pd-107 1.86 101
Rb- 85 0.480 8.79 Pd-108 8.50 252
Rb- 87 0.173 ! 3.46 Pd-116 0.227 3.03
Sr- 86 1.04 | 3.03 Ag-107 38.6 103
Sr- §7 16.0 | 121 Ag-109 90.5 1470
Sr~ 88 5.78 {—3)% 0.0694 Cd-110 11.0 40,1
Sr- 90 0.900 0.485 Ca-111 23.9 48.8
Y - 89 1.27 0.860 Cd-112 2.19 13.4
Zr- 90 0.0112 0.180 Ca-113 20650 304
Zr- 91 1.24 6.03 Cd-114 0.347 15.0
ir- 92 0.218 0.707 Cd-116 0.0748 1.75
Zr- 93 1.335 28.4 in-115 20 3210
Zr- 94 0.0498 0.320 Sb-121 5.87 202
Zr- 95 5.00 9.47 Sb-123 4.19 125
Zr- 96 0.0228 6.49 Sb-124 17.4 362
Nb- 393 1.182 S.89 Te-128 0.214 1.26
Mo- 92 c.c207S | 0aRL I -127 6.20 148
Mo- 94 0.01311 | 1.43 I- 129 26.6 29.3
Mo- 95 13.99 119 Xe-131 84.2 . | 884
Mo~ 96 0.5%54 e Xe-132 0.448 2.67
M- 97 9100 17.3 Xe~133 190 90.3
Mc- 98 Q.1300 G.56 Xe-134 0.265 0.507
Mc-100 14950 35D Xe-135 2.65 (+6) | 7620
Tc- 99 20.90 297 Xe-136 0.260 0.126
Ru-100 4,96 6.05 Cs~133 298.0 362
Ru-~101 3.40 103 Cs-135 8.70 53.3
Ru-102 1.21 6.26 Cs-137 0.110 0.727
Ru-103 5.00 91.8 Ba-134 2.00 24.8
Ru-104 0.321 7.05 Ba-135 5.80 129
Ru-106 0.146 2.02 Ba-136 0.400 2.05
Rh-103 146.6 1050 Ba-137 5.11 3.83
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Table 2 (cont'd)
NucTide < -2200m  RI
(barns) (barns)
Ba-138 0.359 0.183
La-139 8.93 11.4
Ce-140 0.567 0.275
Ce-142 0.961 1.02
Ce-144 1.00 0.724
Pr-141 11.5 18.3
Nd-142 18.7 6.45
Nd-143 330 130
Nd-144 3.80 4,31
Nd-145 43.8 204
Nd-146 1.40 2.91
Nd-148 2.49 14.8
Nd-150 1.20 15.9
Pm-147 182 2210
Sm-147 61.6 782
Sm-148 2.70 31.9
Sm-149 4.11 (+4) 3510
Sm-150 108.0 326
Sm-151 1.52 (+4) 13440
Sm-152 206 2770
Sm~154 5.51 35.3
Eu-151 9188 3120
Eu-152 2300 2910
Eu-153 390 1370
Eu-154 1646 1180
Eu-155 4046 1.88 (+4)
Gd-155 .09 (+4) 11550
Gd-156 2.19 121
Gd-157 2.54 (+5) |766
Gd-158 2,50 63.9
Gd-160 0.796 12.0
Tb=-159 26.5 467
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Table 3  Fractional Contributions of FP Nuclides to Total Poisoning
(Fast Reactor)

SUM OF SIG-AVERAGE = &15.219  (MB)

SUM OF YIELD = 192.%984 ()

ORDER| MASS NUCLIDE FRACTIOM(X) suMy” Y=gUM
1 145 PD-185 1.158E+at 1.158E+81 5.3808E+68
2 183 RH-182 1.125E+@1 2.282E+a1 1.233E+a1
3 181 RU-181 ?.544E+00 3.247E+91 1.829E+@1
4 =L TC-9% 2.,484E+60 4.895E+81 2.444E+8 1
5 133 Cs5-133 5.924E+00 4.488E+91 3.14%E+81
& 1a7 PD-167 5.278E+88 5.215E+81 3.489E+81
7 147 SM-14% 4,2934E+a9 5.444E+91 3.613E+81
g 7 MO-77 " 2.48Z2E+06 5.993E+4at 4.151E+81
@ 25 MO-95 3.145E+889 é&.3287E+@1 4.440E+@1
18 147 FM-147 3.A&2E+008 &.415E+R] 4,245E+61
11 145 ND-145 2.447E+ED &.882E+a1 S.144E+81
12 151 SM-151 2.464E+08 7.188E+a1 5.222E+81
13 135 CS-135 2.401E+09 7.349E+81 5.944E+at
14 131 XE-131 2.317E+@8 7.S28E+a1 &.251E+@1
15 169 AG-18% 2.192E+88 7.79PPE+81 6.517E+81
14 143 ND-134 2.807E+08 8.B808E+a1 é.P88E+a1

7 182 RU-182 1.864E+89 5.184E+@1 7.583E+61
13 153 Eti=-153 1.492E+@@ 3 .354E+61 7.597E+@1
19 184 RU-184 1.554E+99 | 8.515E+01 8.194E+@1
26 129 1 -129 1. 177E+98 8.433E+61 g.2d4E+B 1
21 168 MO-198 1.8348E+89 8.7238E+81 ,B827E+01
22 R MO-%3 ?.514E-a1 8.831E+81 ?.815E+61
23 188 PD-148 ?.184E-51 8.923E+a1 9.835E+91
24 141 PR-141 2,928E-at 9.B13E+a1. 1.,824E+a2
25 164 RU-184& 4.834E-81 | $.8832E+91 i.888E+82
24 23 ZR-22 &.204E-81 | 9.144E+91 1.118E+92
27 127 1 -127 5.871E-81 9,283E+41 1.123E+82
28 122 XE~-132 5,471E-81 ¢.255E+81 {1, I7BE+a2
29 144 ND-144 4,538E-41 $.300E+81 1.202E+82
26 111 Co-111 4.586E-01 ¥ .345E+@1 1.265E+82
31 87 RB-87 4,.207E-91 ?.387E+81 1.215E+82
32 152 SM-1S2 4.876E-81 ?.428E+81 i.221E+82
33 144 ND~-144 3.994E-81 9.44BE+91 1.25PE+82
34 134 XE-134 3.842E-61 9,.5687E+81 1.335E+a2
35 148 ND-148 3.582E-81 ?.542E+41 1.352E+82
26 13% LA-139 3.4%2E-81 ?.577E+81 1 . 482E+B72
37 155 EL-155 3.335E-81 ?.&611E+81 1.418E+82
38 24 ZR-%& 3.207E-961 $.&443E+01 1.446E+82
39 2 ZR-92 3.182E-81 ?.474E+81 1.4%96E+@2
48 24 ZrR-94 2.833E-a1 9. 702E+@1 1.524E+62
41 85 RE-85 2.798E-81 ?.739E+01 1.548E+02
42 71 ZR-%1 2.512E-01 ?.75SE+81 1 .S&45E+02
43 158 ND—-158@ 2.389E-81 ?,.779E+81 1.57SE+82
44 137 €S-137 2.249E-81 ?.802E+081 1.841E+62
45 157 GD-157 2.021E-81 ?.822E+81 1.642E+62
44 116G PD-118@ 1.712E~a1 ?.841E+61 I.448E+82
47 142 CE-142 1.475E-@1 ?.858E+8 1 1.898E+02
43 es3 KR-83 1.295E-4a1 ?.871E+a1 1.781E+682
49 154 SM-154 1.237E-01 ?.882E+01 1.704E+62
S8 154 GD-15& 1.18%9€E-a1 9.394E+41 1.785E+a2
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Table 3 {continued)
ORDER | MASS NUCLIDE FRACTION(A) SuM¢ * Y-suM 0 *F
|
51 81 BR-81 1.948BE-81 ?,.785E+41 1.7867E+82
o2 112 Ch-1132 ?.44ZE-R2 ¢.71SE+a1 1.787E+8Z
53 1328 BAa-138 &.727E-Q2 7.P23E+48] 1.74BE+82
a4 125 TE-125 &.887E-82 F.730E+61 1.769E+02
39 148 CE-144 4.48¥E-82 ?.937E+A1 1.825E+82
Sé g7 Y -g% &.879E-az2 ?.742E+461 1.84Z7E+@2Z
57 138 TE+138 5.85&8E-92 ?.94%E+81 1.845E+82
=2 15% TB-15% 5.821E-82 Z,.754E+8a1l {.240E+8Z
59 > SR-98 4.893E-62 ?.?5PE+B1 1.884E+02
& 128 TE-128 4,473E-82 ?.744E+81 1.3924E+22
&1 115 IN-115 4.8487E-02 ?.768E+81 1.894E+82
&2 112 co-112 2.808E-82 ?.?7Z2E+A ] 1.878E+82
&3 124 TE-124 3.482E-82 ?.77SE+81 1.898E+82
&9 iz21 SE-121 3.468E-22 F.777E+A1 1.892E+62
&3 136 XE-136 3.341E-82 ?.932E+81 1 .280E+82
&4 g4 KR-84 2.¥81E-82 % .¥8335E+81 1.9&4%E+8Z
57 123 SB-1232 2.531E-82 ¢.987E+81 1.?776E+82
&8 158 GD-128 1.78&E-42 ¥, 73YE+81 1.978E+82
&9 1461 Dy-14&1 1.882E~-82 . 7P1E+81 1.978E+82
78 117 Sh-117 1.264E-@2 ¥.972E+8B1 1.#?71E+62
71 1t4 cD-1t4 1.119E~-62 g.994E+4d1 1.971E+@2
72 2a SE-246 1.681E-9aZ ¥.995E+81 1.972E+82
3 88 SR-88 ?.378E-83 ?.7P4E+B1L 1.9848E+82
74 118 EN-118 &.418E-83 o,y98E+81 1.78&4E+872
7S 114 Chb-114 5.244E-93 P .PP7E+E1 1 .PE7FE+82
74 77 SE-7F7 4.,7232E-63 ?.977E+ 1} 1.987E+82
77 11¢ SN-119 2.407E-93 ?.77RE+81 1.987E+82
73 142 Dy-1&2 3.548E-02 ?,.798E+81 1 .987E+BZ
rad 78 Sg-78 3.1886E-83 ?.993E+101 1.987E+8Z
23 22 SE-82 3.898E-82 ?.997E+41l 1.9895+82
81 128 SN-129 Z.888E-83 ?.999E+81 1.978E+92
82 148 GD-148 Z.4%7E-83 ?.299E+01 1.¥99E+82
83 124 SN-124 2.4680E-83 ¢.99%E+8 1 1.9?1E+82
g4 1£3 DY-143 1 .482E-82 (1@.00G6E+@1 1.991E+82
a3 122 SN—-122 1.564E-82 |19.866E+81 1.991E+82
&a 24 KR-84& 1.220E-83 {16,9080E+81 1.999E+82
87 145 HO-1&5 3.841E-84 |19.900E+61 1.9%9E+82
28 1464 Dy-1é64 1.817E-84 {18.006E+0Q1 1.999E+62
g% 7é GE-74 ?.S12E-85 |18,806E+081 1 . $99E+82
9 7S asS-75 8,347E-95 ;16.888E+01 1.999E+82
21 144 ErR~1484 S.323E-65 ([18.800E+81 1.997E+82
?2 147 ER-1&67 5.848E-85 1.996E+82 1.999E+62
3 74 GE-74 2.928E-85 1.0BBE+82 1.99%E+682
24 73 GE-73 1.482E-8%5 {.8@6E+Q2 {.999E+82
S 72 GE-72 8.8335E-84 1.008E+82 {.999E+82
Fé 79 SE-7% G.066E+00 1.098E+82 1.799E+Q02
Note) The capture cross—sections at 30 keV are taken here as representing

the effective capture in fast reactors. For nuclides not contained
in JENDL-2, the cross sections are from ENDF/B-V (averaged with
a typical FBR sprctrum).

*) as to poisoning **) a5 to fission yield
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Poster-6 Gamma-ray Production Data File

Motoharu Mizumoto
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken
Tadashi Yoshida
NAIG Nuclear Research Laboratory
Ukishima-cho, Kawasaki-ku, Kawasaki

The garma-ray production data file for JENDL-3 is briefly reviewed and
the procedure to use the evaluated file for applications is decribed.

1. Introduction

Gamma-ray production data are needed in such applications as gamma-ray
heating and shielding design calculations for fission reactors, fusion
reactors and particle accelerator facilities. Evaluation works have been
continued to provide gamma-ray data in the general purpose file of JENDL-3
(Japanese Evaluated Nuclear Data Library-3}. The improvements of the data
in  JENDL-3 over those in the existing data files of ENDF/B—Q(I) and
POPOP4(2) are intended through the consideration of the gamma-ray energy
balance. There will be some 29 materials contained in the JENDL-3 gamma-

ray data files as given in Table 1.
2. Evaluation methods

The procedure used for generating the gamma-ray data files is
illustrated in Fig. 1. The data are largely dependent on the recent
experimental results of discrete and continuum  garma-rays. The
sophisticated theoretical techniques such as the multi-step Hauser-Feshbach
calculation with the precompound model are also used to interpolate between
the experimental data and to estimate data in unmeasured regions. Nuclear
model parameters of optical potentials, level densities and gamma-ray
strength functions are carefully reinvestigated 1in some cases. The gamma-
ray data are comprised of many quantities such as multiplicities (Fig. 2),
production cross sections (Fig. 3) and energy spectra (Fig.4) from various
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neutron induced reactions in the energy region up to 20 MeV. These data
are stored 1in the ENDF/B format from File 12 to File 15. The gamma-ray
production data for applications are constructed from these files together
with the neutron cross section files of File 3.

3. Storage of the evaluated data

In the ENDF/B format, the gamma-ray data can be written in the form of
the gamma-ray multiplicity (File 12 option 1), the transition probability
(File 12 Option 2) or the gamma-ray production cross section (Fite 13)
according to the user's choice. In the case of the former two options,
the corresponding reaction cross sections should be taken inte account to
produce the gamma-ray production cross sections as shown in Fig. 5.

The JENDL gamma-ray production file will mainly use File 12 Option 1,
that 1is, the storage of the data in the form of the multiplicity for
discrete gamma-rays. This choice has an advantage that the cross section
data in File 3 can be used consistently both in the neutron and the gamma-
ray source calculations, since these two data are completely separated. In
evaluation of most nuclides, the incident neutron energy is divided into
two regions. In the low energy region, typically from 10'5 eV to nearly
1 MeV, the multiplicity and the related spectrum are provided for every
neutron reactions. In the high energy region, however, the gamma-ray data
are often presented after being summed up over several reactions, since
many open channels make the reaction-wise separation of the gamma-rays
difficult.

4. Application

In most of reactor calculations, the neutron energy range is divided
into a reasonable number of groups, and then the neutron cross sections are
averaged over each group. In the same manner, the gamma-ray energy js also
di#ided into an appropriate number of groups to facilitate the gamma-ray
transport, heat generation or hazard calculations. As shown in Fig. 6, the
gamma-ray production constants are expressed as a N x M matrix, where N and
M stand for the total number of the energy groups for neutron and gamma-
ray, respectively. The ij-th element of the matrix is the cross section of
the i-th neutron group which produces a photon in the j-th gamma-ray group.
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A computer code system RADHEAT developed at JAERI(3) generates this kind
of the gamma-ray production constants from the data stored in the ENDF/B
format such as the JENDL gamma-ray production file. Once a set of the
constants is given, users can easily calculate the absolute values of the
gamma-ray source distribution within and around a nuclear reactor for
application purpose.

References

(1) D.J. Dudziak, LA-4549, ENDF-102, vol 2 (1971}
(2) W.E. Ford, CTC-42 (1970)
(3) K. Koyama, K. Minami, Y. Taji and S. Miyasaka, JAERI-M 7155 (1977)

Tabel 1 Nuclides to be stored in the gamma-ray
production data files for JENDL-3

L9, 7Li, %Be, l2C, 160, 23Na, Mg, 27A1, Si, Ca, Ti
Cr, Fe, Ni, Cu, Zr, 93Nb, Mo, Eu( 151Fy, 153fy), Hf
181Ta, W, Pb, 235U, 238U, 239Pu, 2u0pu

EXPERIMENTAL DATA
Discrete - Gamma-rays

STRUCTURE DATA Continuum- NUCLEAR MODEL
Nuclear Data CALCULATION
Tables and Sheets CASTHY, NGROGI

\H‘"“‘“‘-~_‘H‘_\‘h GNASH
e
EVALUATION

EVALUATED DATA

EVALUATED Branching ratios EVALUATED
Neutron Cross Multipticities F.P. Yields
Sections Photen Production C.S. Decay Data

Spectra /

FILE GENERATION
GAMFIL

IJENDL

Fig. 1 Procedure used for generating the gamma-ray data file.
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Y:Multiplicity (File 12)

or: Gamma-ray Production Cross Section (File 13)

{n.r) : CASTHY calculation
- (n,nr): Table of lsotopes 7th ed.
(n.xr): Takahashi's Evaluation '73
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Fig. 2 Evaluation of 238U gamma-ray production cross section.
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3 o

s —1_  PRESENT -3
Neutron Energy [ eV)

Fig. 3 Comparison of the evaluated non-elastic cross section o(n,x) and the

gamma-ray production cross section o(n,xy). ENDF/B-3 and ENDF/B-13
indicate o(n,x) and o{n,xy), respectively. JENDL-2-3 and present-13
indicate o(n,x) and o(n,xy) of JENDL, respectively. The figure is
produced by the computer program SPLINT.
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Comparison of experimental and evaluated gamma-ray spectra
The figure is produced by the computer

v—ray Production Cross Section
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Storage of gamma-ray production data file according to
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‘ r—ray Production Filtj Produciion
ENDF,/B Format Constants
RADHEAT Ceode Neutron Gamma—ray
available from JAERI {N energy group) (M energy group)
: group | group 1
{T—-ray Production Constant l—— % group 2
group 3 group 3A

Neutron Flux group 4

(N. Groups) group N group M

r—ray Scurce

(M group)
Shielding Cal. Application to
r—Heat Cal. etc. Reactor Calculations

Fig. 6 Gamma-ray production constant for reactor applications.
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Poster-7

DEVELOPMENT OF EDFSRS: EVALUATED DATA FILES STORAGE
AND RETRIEVAL SYSTEMS

A.Hasegauwa
Japan Atomic Energy Research Institute,
Tokai, Ibaraki, Japan

and

K.Kaneko
Japan Information Service Co. Ltd,
Minatoku, Tokye, Japan

ABSTRACT

EDFSRS: Evaluated Data File Storage and Retrieval
System has been developed , which is a complete system for
the service of evaluated nuclear data file of major three
format: ENDF/B, UKNDL and KEDAK. This system intends to
give easy lLoading and maintenance to the data base
administrators and and easy retrievals to the users of
evaluated nuclear data file with best confidences. It can
give users ali of the information available in those major
three format.

This system consists of more than 15 independent
programs and some 150 Mega~bytes data files and index
files (data-base) of loaded data. And it is designed to
operate under on-line TSS (Time Sharing System) mode,
therefore users can get any information from their desk
.top terminals.,

1. Introduction: < What is EWDFSRS 7 >

Needs for the evaluated nuclear data are increasing more and more
continuously in proportion to the spread of application fields of
nuclear data. Nowadays even the medical sciences or new material
sciences are included in this application fields as well as nuclear
energy sciences for fission or fusion reactors., Thus the population of
using those data are definitely increasing.

Access to the evaluated data has been rather difficult up to now
for the users not familiar with the evaluated nuclear data files,

First such users are requested to lLearn the complex and complicated
format specifications of the individual data format which they want to
use. This work is somewhat burdensome and a heavy task for users to
simply see the cross section value or some other nuciear quantites.
Only experts are able to handle huge amounts of data in the evaluated
nuclear data files.

Up to now the evaluated nuclear data files available to us have
been only stored in several tens of magnetic tape files separately or
stored in disk files independently each other. Total amount of records
stored exceeds 1.5 million cards (in 80 bytes records). We cannot
treat such a huge amount of data without a computer. It is difficult
that users who want to know the available nuclear data for the
specified reaction of specified nuclide find out necessary data from
such huge data. From these situations, computerization would be
necessary for the efficient and economic data retrievals for such a
large amount of data using comprehansive data storing technique.

Thus we have developed a complete system : EDFSRS (Evaluated Data
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File Storage Retrieval Systems) /1/ for the general utilities of the
evaluated nuclear data files of major three format. This system is
intended to offer the easy loading and data maintenance to the data
base administratoers and easy retrievals to the users of evaluated
nuclear data file with the best confidences without any extra labors.
This system is also designed to work primary on TS5 (Time Sharing
System) as well as BATCH using on-Line disk storages. Therefore one
tan get any information about all of the loaded evaluated nuc[egr data
from the desk—top terminal., ;

A brief summary is shown in Fig.l.1,

2. Territory of EDFSRS: < MWhat data are concerned in EWDFSRS 7 >

In general nuclear data are subdivided inte 3 categories, i.e.
————— nuclear structure data,
————— nuclear decay data and
————— nuclear reaction data.
This system treats only nuclear reaction data.
And nuclear reaction data are subdivided to 2 field,
————— experimental data and
----- evaluated nuclear data.
Aamong those this system works only for the evatuated nuclear data
files of major three format: ENDF/B /2/, UKNDL /3/ and UKNDL /4/.
An example of the quantities concerning to this system are shown
in latter part of Fig.2.1for the case of ENDE/B format system, In this
figure, territory of the EDFSRS are aummarized together with above
stated relations in the nuclear data fields.

3. Hierarchy of evaluated nuclear data in EDFSRS

From the analysis of the lLayout of the data in major three format,
hierarchy in EDFSRS is summarized as follows. And the schematic
diagram is shown in Fig.3.1 and 3.2.

1. FORMAT: format system used,
B (ENDF/B), K (KEDAK), U (UKNDL).

2. Evalated Data File Name!: overall;FILE name.
JENDL2, ENDFB4, ENDFBS, ENDL78, KEDAK4, UKNDL....

3. Category: category of sections from full FILE indicating
application fields or special purpose.
G: General Purpose, D! Dosimetry,
F: Fission Products, A: Actinide.....

L. Tape Number?:
Number of identifying one of the tapes within the given
category.
401, 402, .ce.a.-0 411...

5. MAT Number:
Material Identification for one evaluation of a single
isotope.
1192, 26000, 912, .....
Above indicate 26~fe-0 ENDFB4, KEDAK, UKNDL, respectively.

6. I-A Number:
7: atomic number and A: mass number.

7. MF Number:
Identifying the class of the data (quantity) represented in
the entries.
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general information, 2! resonance parameters,

or this classification nethod we adopted ENDF/B conventiens.
P cross—-sections ....

MT Number:
Identifying the reaction type.
In ENDF/B system, 1: total, 2: elastic, 3! non-elastic ....

Energy Range:
Available energy range of incident particle for the reaction
cross—sections.

Functions of EDFSRS and developed programs

Functions of the 'EDFSRS? are summarized as follows:

A. data Lbading,

B. data retrieval,

C. index book production,

D. index information retrievatl,

E. utilities such as graphic display of retrieved
data or for system management.

The programs developped are {isted in Table 1 together with user

categories. Brief descriptions to key programs are given in the
followings.

Table 1 Developed programs and category of users
—————————————— e e bl kbl
x User I BY I AY ¢ b CY» @ I Dy = | EY ¢ i
* cate~ | evaluated | lLoading [ index lindex | other |
x gory | data file | of | book linformation| utility |
pragram % | retrieval | data file | productioniretriaeval I |
—————————————— mm— o mmmmmmfm e m e fm e — e ——— e — e — e ——— == —
1 AKSTREV | | AXX X KK f | I |
2 AKINDXEVY ! | XK KK KK f 1 ! |
-------------- T S e e
3 AKETREV-Y | kkxxxx ! | I | |
—————————————— e —m—fmmmmmm e —m e m e — - —— == m . ——p— ——— m == ——}
4 AKINDXBKL | | | EXEXXKK | | i
S ENDFDATE | ! | kxxxkx¥ | | |
6 FORPR | t | EEXERE | i 1
7 ABBDIC } i | KEKRK KR | } |
—————————————— +——-—-———---+—-———————-——+-----———————+—~---————————+---—————-——+
8 PRTOUT i | ] I LR R L) | 1
¢ PAGEOUT | | | | XKk kR | |
10 MTTAB | | | } EE R XS | 1
11 MFIDILC i I ] ! R EEE S | ]
MFID i I | ! LR EE R | |
12 NUCLIDLC I [ | { FRERRE i !
NUCLID | | | | ¥XXXKX | i
—————————————— fommmmm e m e e e ——————— e mf————————— =t
13 GPLOTX | [ [ i | kxrrxx !
14 EVLTOCMP | | | ! | ¥kKK KX !
15 AKCMPINT | | | | 1 XERKER |
16 AKMANAGE | | [ i | XXEEKE !
—————————————— +—---------———+-—-————--—'--+———-————-—---i-————-———---+——————————-+
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Loading of evaluated nuclear data file of major three format:
ENDF/B, UKNDL and KEDAK onto the pfysical disk. These programs
are permitted to use only by EDFSRS data base administrater.,

Developed programs:

1.

B).

AKSTREV
Locading program of evaluated nuclear data file of ENDF/B.,
UKNDL and KEDAK format.

AKINDXEVY

Index files creation program using the physically loaded data by
AXKSTREV. These index files are used as key access directory for
the retrieval program{see B8) or the dictionary (book—-style)
production programs(see CJ.

Retrieval program for evaluated nuclear data files from all
loaded data on physical disks. This program is open for all
users. '

Developed programs:

3.

.

AKRETREV

Retrieval will be done in any combination of the following items
: evaluated file name and their category, tape id number, MAT
jd(material id), Z(atomic number),A(mass number) MF id{file
quantity crassification number) ,MT id{reaction id number) and
incident energy range. For each item 'inclusive or' operation
is permitted and between items 'and' cperation will be applied.

Dutput avajlable,
a. Driginat format{ ENDF/B,XEDAK,UKNDL ) output,. (DISK,MT,LIST?
b. Computational format output, (DISK,MT,LIST)
Inter-center numerical data exchange format,
c. Cosmetic Listing output, (DISK,MT,LIST)
Fully expanded readable format with data heading.
d. Some integral values. Using INTER /S5/ option.
Thermal cross—section value. Resonance integral,
14 Mev cross—-section value. Fisson spectrum averaged value.
e. Panel display of ¢cross-section data.
Original numerical data display.
Interpolated cross—section data at requested energy grid.
Energy averaged cross-section data.

Index dictienary (index table Listing) preduction program,
These programs are used as producing the photo orignals for the
book of 'INDEX TO LARGE EVALUATED DATA FILES'/46/. These
programs are permitted to use only for the EDFSRS data base
administraters.,

Developed programs!

4.

AKINDXBKL

Index table listing program (making index book) for all entries
of evaluated nuclear data files,

Materjals available:
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a. TAPE-ID index tables.

h. MAT-ID (material id) index tables.

c. I-A (atomic number and mass number) index tables.

d. MT (reaction id) index tables.
For this index(MT), FULL INFORMATION LISTING or CONDENSED
INFORMATION LISTING are available.

N.B. AKINDXBKL is a code using lLower case letters.
(including some greek letters. j.e. theta,sigma,gamma.)

ENDFDATE

Listing program of historical status data for ENDF/B-4 and
ENDF/B-5. This program makes listings of 'STATUS OF
EVALUATIONS' for each evaluations ; i.e. date of evaluation
,date of distribution ,date of correction , laboratory ,author
srefernces.

FORPR

Page reformatting program controlling the header line and line
number in one page. This is a utility program to prepare the

photo ready orignals for the publication of a book 'INDEX TO

LARGE EVALUATED DATA FILES'.

ABBDIC

Abbreviated index listing program for all of the TAPE-1D, MAT,
Z-A, entries. 1-A sorted l(ists or MAT sorted ones are
available.

Index information retrieval.

Any contents of 'INDEX TO LARGE EVALUATED DATA FILES' or dindex
informations obtainable from programs C). will be retrieved.
These programs are open for all users. :

Developed programs:

8.

10.

11.

PRTOUT
Choosing out some special pages in huge amount of index Llisting.
This code is only applied for the user known the exact page to

be output.

PAGEQUT

Retrieval program for all of the information in the INDEX
Listing. Print out utility from the huge output of 'AKINDXBKL'?
and "ABBDIC'.

Materials available
a. TAPE index listing.
b. MAT dindex listing.
¢c. Z-A index Listing.
d. MT reaction FULL INDEX Llisting.
e. MT reactien CONDENSED INDEX LlListing.
For d and e , atomic number retrieval will be possible.

f. Abbreviated Index Llisting.

MTTAB

MT: reaction code dictionary Listing routine.

MT: reaction code for 3 major file formats are given in table
form.,

MFIDLC
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MF: classification of data dictionary listing routine.

12. NUCLIDLC
Nuclide dictionary listing routine.

EY. Other utility programs.
utilities suech as data graphic display, data security or
accountings for the management of the system

Developed programss:

13. GPLOTX
'"GPLOTX' is a plotter program for computational format data

produced by 'AKRETREV')code.

14. EVLTOCMP
Format conversion program from oroginal one to computational

format. EVLTOCMP creates computational format data file from
the evaluated nuclear data file of major three formats.

15. AKCMPINT
Utility code for Lomputational format data. Re-production of
Computational format data file from the data fite obtained by
the programs 'AKRETREV' or 'EVLTOCMP' with addtion of new
interpolated point data. Interpolation scheme is given in the
ariginal computational format data,

16. AKMANAGE
Utitity program for data base security and administrations.
This is designed to check the user attribute against
unauthorized access to the 'EDFSRS' or to record the accountings
of the system user,.

AlLL of the developed program are written by FORTRAN~77 and the
disk organization adopted for storing of evaluated data is FORTRAN
direct access files. File ¢ross references between INDEX file and
DATA file and relations to the original data are shown in Fig.4.1.
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5. Loaded data as of QOct. '84

Loaded data as of Oct. "84 are shown in Table 2.

Table 2 Loaded data as of DOct. 1984

EVAL.FILE CAT. TAPE RECORDS DATA VOLUME FORMAT LOADED?

1 ENDFB4 G 1 218000 17.4 M-BYTES ENDFB YES

2 ENDFB&4 D 1 7500 0.6 " ENDFB YES

3 ENDFB4 F 6 106000 g.5 ENDFB YES

(4 ENDFB4 P 2 15500 1.2 ENDFB NOT YET-1
{3 ENDFB4 C 1 39000 3.1 ENDFB NOT YET-1

6 UKNDL1 G 1 110000 8.8 UKNDL YES

(7> UKNDL1 F 1 © 90500 7.2 UKNDL NOT YET-1

8 KEDAK3 G 1 125000 10.0 KEDAK OBSOLETE
(9) KEDAK3 F 2 161500 12.9 KEDAK NOT YET-1
10 ENDL78 G 10 196000 15.7 ENDFB YES
(11 JENDL1 G 1 115000 9.2 ENDFB OBSOLETE
(12> JENDL1 F 2 90000 7.2 ENDFB GBSOLETE
13 ENDFBS 9 146000 11.7 ENDFB YES
(14> UKNDL1 D 1 5000 0.4 UKNDL NOT YET-1
(15> ENDFB4 R 5 300000 24.0 ENDFB NOT YET-1
16 JENDL2 G 1 205000 16.4 ENDFB YES

17 ENDFB5 F [ 106500 8.5 ENDFB YES

18 KEDAK4 G 1 242000 19.4 KEDAK YES
(19> ENDLB2 G TRANSM NOT YET

TOTAL SUM &2 2278500 182.2 M-BYTES
LOADED: &7 1462000 117.0
LOADED SUM ====> TAPE: = &7
MAT : NUCLIDE = 2375
MT ¢ REACTION = ABQUT 50000

CARD COUNTS 1462000 (120 M-BYTES)

The item in the parenthesis of the first celumn means
'data not yet loaded'.
CAT. means category of the evaluated file.
Last column of ' LOADED ? ' indicates
NOT YET-1: data are not arrived to us,
OBSOLETE : data are out of date,
i.e. new evaluation available.

—394—



JAERI-M 85-035

&. What informations are obtainable through this EDFSRS system 7
I. Through retrieval code AKRETREV:<<< under on-lLine TSS mode >>>

Qutput are available onto any media such as DISK, MT,
LINE=-PRINTER or TERMINAL.

Retrieval tan be made with following key items:

< "EVALUATED FILE NAME' & 'CATEGORY®' > & < TAPE-1ID > &
< MAT-ID > £ < 17 > & < A > & < MF-ID >& < MT-ID > &

< ENERGY=-RANGE > .

where

& : logical AND eperation
< > : logical OR operation
EVALUATED FILE NAME? ex. 'ENDFBS', 'JENDLZ2', .-.-
CATEGORY : ex. 'G Y, ‘F ', 'D ',....
TAFPE-ID : tape volume id.

ex. '401', '511', ....
MAT-ID : material id.

ex. '1196', 12600007, ....
1 : atomic number

ex. 1'%, '28', '94T ...
A : mass number

ex. 'OQ', '54', '239'...-
MF-1ID : class of quantity

ex. "1', '3, 'S*', 337, ....
MT-1D : reaction id.

ex. Y17, '3', 'S', "33', ...
ENERGY RANGE : energy

Examples of retrieval code AKRETREV inquiring panel are shown
in Fig.6.1 and 6.2. for process control and material request

panel respectively.

1. Original format output in ENDF/B, KEDAK or UKNDL FORMAT.

For the general purpose use.
Sample ocutput of listing form is shown in Fig.6.3 for
Li-&é(n,2nYalpha cross sections of ENDF/B-V.

2. Computational format output.
Inter-center numerical data exchange format.
One point data is expanded in one lLine{l134bytes).
For the sake of data exchange through computers.

X. Cosmetic Llisting output.
Fully expanded readable format .with data headings and data

rearrangement for better understandings.

This function is primary used to see what data are given 1in
original format for the person not familiar with the
complicated original format.

An output example is shown in Fig.6.4 for ENDF/B-V Li-=6
(n,2n)alpha cross—sections.

L. Some integral values using 'INTER® option.
A. Thermal cross—-section value( 2200 m valuel.
B. Maxwellian averaged value.
C. Resonance integrals.
D. 14 MeV value.
E. Fission spectrum averaged value.

Tabtes of these vatues are also available as summary
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cutput.
==sz======> 'INTERCOMPARISON OF INTEGRAL EVALUATED
CROSS SECTION DATA ' /77 was produced.

For the person requesting ahbove data or intending to
compare the data quality in different data sources.

An output example is shown in Fig.8.5 far Li=-é6{(n,t}alpha
cross—-sections of different evaluations.

Cross-Section data panel display
Data are available only for full screen terminals.

A. Original numerical c¢ross—-section data.
B. Interpolated cross-sectijon data at requested energy.
C. Energy averaged cross-section data.

Weightt: flat, 1/E, fission spectrum.

For the person requesting simply to see the value of cross-
sections, or energy averaged value.

An output example is shown in Fig.6.86 for Li-6(n,t) cross-
sections of ENDF/B-5.

II. Through index-book creation and index information
retrieval code

A.

D.

Through index-book creatien codei: AKINDXBKL
1. TAPE-ID index tables.
AlLL of TAPE-ID vs EVALUATED FILES.
2. MAT-ID index tables.
AlLL of MAT-ID wvs Z-A nuclides.
3. I-A (atomic-number and mass-number) index tables.
ALL of ZI-A vs MAT-ID EV.FIL CATEGORY.
4. REACTION-ID index tables.
Full information Listing
or
Condensed information listing

An output exampte of REACTION-ID condensed informatien
listing is shown in Fig.8.7 for Li-6 isotope.

Through historical status data Llisting brqgram for ENDF/B-IV
and -V: ENDFDATE.

Listings of 'STATUS OF EVALUATIONS' @

EVALUATED FILE, MAT, 7-A, date of evaluation, date of
distribution, date of correction, laboratory, author,
reference,

Througt abbreviated index Listing program: ABBDIC
Listings of abbreviated index for all of
TAPE-ID, MAT, Z-A entries
1. Z-A sorted Llist
2. MAT sorled Llist

Through index—information retrieval program: PRTOUT,PAGEOUT

1. TAPE-ID index tables
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2. MAT -1ID index tables
3. I-A index tables
4. REACTION-ID index tables
for full index tables
2
condensed index tables
S. Abbreviated index tables

Available quantities are almost overlapped
with the items A. TO C of this section.

111. Through other utilities

A. Throuagh plotter program and auxiliary programs:
GPLOTX, EVALTOCMP OR AKCMPINT.

Plot output for cross-section data.

An output example of GPLOTX
ijs shown in Fig.6.8 for Li-é¢(n,t)alpha cross-sections
in different evaluations,

7. Conclusions

An outline of EDFSRS: Evaluated Data File Storage and Retrieval
System is described. This system is currently in full operations.

From how on, all the evaluated nulear data received by JAERI

Nuclear Data Center will be immediately loaded and routinely
maintained by this system. Up te now, the following files have been
Loaded : ENDF/B-4 /B/, ENDF/B-S (partial files) /9/, JENDL-1 110/,
JENDL-2 #11/, UKNDL-1 /12/, KEDAK-4 /13/ and ENDL-78 /14/ and we are
waiting for the loading of ENDL-82 /15/ and JENDL-3 /167 or JEF/17/.

In future, this system will be Linked to the PROF.GROUCH-G/B: a

processing code system for core and shielding application /18/, for
more elaborate and ftexible manipulation of these data.
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WHAT 185 EDFSRS ¥

EVALUATED DATA FILE STORAGE RETRIEVAL SYSTEMS

[

o A COMPLETE SYSTEM FOR THE SERVICE OF EVALUATED
NUCLEAR DATA FILE OF MAJOR TIHREE FORMAT:
ENDF/B UKNDL AND KEDAK.

o THIS SYSTEM INTENDS TO GIVE EASY LOADING TO THE
DATA BASE ADMINISTRATOR AND EASY RETRIEVALS TO
THE USERS OF EVALUATED NUCLEAR DATA FILE W1TH
BEST CONFIDENCES,

o Tﬂ!S SYSTEM CONSISTS OF MORE THAN 20 [NDEPENDENT
PROGRAMS AND SOME 158 MEGA BYTES DATA FILES AND
INDEX FILES OF THE LOADED DATA.

o TH1S SYSTEM 1S OPERABLE UNDER ON-LINE TSS MODE.

=====> YOU CAN GET ANY INFORMATION FROM
YOUR DESK-TOP TERMINALS. vt

Fig. 1.1 What is EDF3RS ?
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WHAT DATA ARE CONCERNED [N EDFSRS ‘?-,

TERRITORY OF THIS SYSTEM

e NUCLEAR DAT

A

(L5

E

<
ES
"

LUATED

D

13
3
[P

o| NUCLEAR DATA

o

NUCLEAR STRUCTURE DATA ] LEVEL SCHEME

NUCLEAR DECAY DATA l RADIATION & HALF-LIFE

NUCLEAR REACTION DATA CROSS-SECTIONS

F—{EXPERIMENTAL DATA]———'EKFDR ] : 4~-CENTEK
EXCHANGE FORMAT
H
-)—-IJE.NDL 2/3PR1 J : JPN JAERI
JAPANESE EVALUATED NUCLEAR DATA LIBRARY
->—{ENDF/B 1v/.¥ l : USA BNL
EVALUATED NUGCLEAR DATA FILE
-r—|ENDL 187882 J : USaA LLL
0—<|?VALUATED DATA J__Q EVALUATED NUCLEAR DATA LIBRARY
-»—-{KEDAK i J GFR KFK
1
KERNDATENFILE KARLSRUHE i
|
H
-)—FJKNDL 1781 J UK AWRE E
U. K NUCLEAR DATA LIBRARY i
-»—[SOCRATUR J USSR

SOVIET EVALUATED NUCLEAR DATA FILE

3. NEUTRON NUCLEAR_ REACTIGN DATA

o QUANTITY: FI1LE 1: GENERAL INFORMATION

FILE 2: RESONANCE PARAMETERS

FILE 3: CROSS_SECTION

FILE 4: ANGULAR DISTRIBUTION

FILE 5: ENERCY DISTRIBUTION

FILE 12 TO 1%: PHOTON PRQDUCTION
CROSS-SECTION

FILE 51 TO 313: COVARIANCE MATRICES

Fig.2.1 What data are concerned in EDFSRS ?
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JAERI-M 85-035

<< PANEL 1 >>

————————— < PROCESS CONTROL MENU 1 >——--—---—vcceeoeoKAKRETREV> === ——-—m e meeee
PLEASE SPECIFY THE PROCESS CONTROL , THEN HIT 'RETURN' KEY,
IF YOU WANT MORE DETAIL 'PROCESS CONTROL MENU' , THEN HIT 'PF1' KEY.
XXX XX KK EXRE XXX AR X E R KRR XX R XX R X EE X R R XX E R E RN E XA AKX R K E R XXX EXREXRX XX EXE XX R X XN XXX R ER X K
1. PRINT OQUTPUT FILE NAME(SYSPRT)===> J2585.LISTA1.LIST
2. REQUESTER'S NAME AND COMMENT. 80 BYTES ANY CHARACTERS (2A40)

R e e e et At T T P A
=====> test run of 'akretrev' B84-Nov-21
==mR=D
3. DEBUG DPTION (IERR) ==s=z==s=s====) 0
4. INPUT DATA READ OPTIODON :
IREAD == 0 INPUT FILE NAME ==> J2585.INPUTFL1.DATA
5. PRINT OUT OPTION (IDUTP) ========> v}
6. DISK OUT OPTION : IOUTT =========> 1

IDTAPN => 230 QUT FILE NAME

7. COMPUTATIONAL FORMAT OUT OPTION:
IOUTC == 1 QUT FILE NAME ====> J258S5.COMPOUT1.DATA

8. COSMETIC PRINT OPTION (IOUTL) ===> 1
9. SUBMIT OPTION FOR PRINT OUT THE RETREIVED DATA @

ISUBMT ==> 1
10. INTER RUN OPTION :

INTOPT == 0 INTDBG ===> 0 INTPRT ===> -1

INTLIB == 0 QUT FILE NAME ====> J2585.INTOUTL1.DATA
--------- < PROCESS CONTROL MENU 1 >-----—--—-——-—-—-——--<AKRETREV>-----------———-=

Fig. 6.1 Example of process control inquiring panel of retrieval
code: AKRETREV

<< PANEL 2 >~

--------- < REQUEST MENU >-—---——-—tcummcm e e e e e AKRETREV Y - mm e m e e -
PLEASE SPECIFY THE REQUESTING MATERIALS , THEN HIT 'RETURN' KEY.
INPUT FORMAT 1$ FREE FORMAT WHICH IS DEVELOFPED FOR THIS SYSTEM.
( LENGTH OF INPUT AREA IS 70 CHARACTERS FOR 1 7O 7 , 12 CHARACTERS FOR 8.)
IF YOU WANT REQUEST ALL DATA , THE ITEM MUST REMAIN TD BE BLANK.
AR E R RS R KR R R R R R R R A KR KR R R R N A R R R N K R A E K A A A K A AKX E XA TR E XXX TR TR XXX X

1. REQUESTING EVALUATED FILE NAMECEVFNAME) ? EX. ENDFB4G,*D,UKNDL1%

=====>
2. REQUESTING TAPE NUMBER(TAPEND) ? EX. 401,403-4053
B
3. REQUESTING MATERIAL NUMBER(MATNO) ? EX. 1269,1271-1273,1265
=====»
4. REQUESTING IZ NUMBER(IZ) ? EX. 1,3,92-94
=smmz=)> 3
S, REQGUESTING IA NUMBER(IAY ? EX. 26-29,923-928
s====> &
4. REQUESTING FILE NUMBERC(MF) ? EX. 1,3,12-15
=====> 3
7. REQUESTING REACTION NUMBER(MT) 2 EX. 102,51-91,3.,4
s====> 107,105
B. REQUESTING ENERGY RANGE TO SELECT OUT FILE-3 DATA. (ELOW,EHIGH)
LOWER ENERGY(EV)== ( 0.0 MEANS MINIMUM ENERGY )
HIGHER ENERGY(EV)== ( 0.0 MEANS MAXIMUM ENERGY )
--------- < REQUEST MENU >==-=-e-emcccmmrmrme e e e e K AKRETREV S = === mmm o

Fig. 6.2 Example of material request panel of retrieval code: AKRETREV

._404_



RIS A AR ER SR RN R RS 2]
A EA AR ERSE TR R ENANEENUN AR TN NN EANAETINBTARNC N KK

RETREIVED

x
*
]
*
=
-
[
»
L]
]
.
Ed

DATA

MATERIAL 103:MAT=
FILE NOIMF=
ENERGY RANGE : &.31800E+04 TO

3.00600+ 3 3.96340+
0.00000+ 0-3.59800+
42
4.31800+ 6 0.00000+
4.45000+ & 1.40000-
4 .,480000+ 4 3.10000-
4.75000+ & 4.40000-
&.90000+ & &.30000-
5.10000+ 4 8.40000-
$.40000+ 4 1.14000~
5.80000+ & 1.57000-
4.40000+ & 2.21000~
7.00000+ & 2.83000-
7.60000+ & 3.44000-
B.40000+ & 4£.22000-
8.80000+ & A.58000~-
1.00000+ 7 5.561000-
1.08000+ 7 &.25000-
1.20000+ 7 7.10000-
$.35000+ 7 7.75000-
1.50000+ 7 7.87000-
1.45000+ 7 7.79000-
$.80000+ 7 7.63000-
1.95800+ 7 7.44000-
€.00000+ 0 0.00000+

Fig.6.3 Sample output for Llisting form of original

~JAERI-M 85-035

IBLXC(RETRIEVED NQ.)= 3
REQUESTER'S NAME AND COMMENTS

DATA SOURCE:
13503 ATOMIC NO:II=
REACTION NO:MT=

DATE:84-11-12

ENDFBS . TAPE NO: 311
3L MASS NO:IA= -]
24 DUTPUT REC NO:ICKN=

LI-6¢(n,2ndalpha of ENDF/B-V

EVF: 13 ENDFBS

MAT No: 1303

File Ne: 3

Reanction Type No: 24
Format: ENDF/B

Target Residual
Nuclsus Nucleus
State Starela) Q
{a¥)
0 ALl Final -3.698E+08

Fig.6.4 Sample output

2.00000FE+07(EV)

P T I TS P I PR R TR RN R A R R AR A LR LA LR A EL LR b

:llx--ttlunlll-a:lttttt.uIlIttx-l-lt!tltsl-tx---ntalll:--tx---:c.t:--l---lst-t

EEETERNER

25

AR S SN EE NN A AN TR RIS AR KR I E RN AR ST IR VAT TN S AT AAE TN
AEEBENEACIAAEEABRNTANCTRALAND NN

n
.
[
*
-
=
=
.
*
x
L]
[

557
558
559
560
561
562
543
564
545
b1.1
547
568
569
570
371
572
573
574
57%
576
577
578
579
580
581

output

E
Ca¥)

4 .4000E+Q4
4,.550DE+04
£.7000E+08
4£.B500E+0DS
S.0500E+08
5.3000E+04
$.5000E+06
4.2000£E+06
4.8000E+06
7.4000E+08
8.2000E+08
B.6000E+06
9.5000E+08
1.0500E+07
1.1500E+07
1.3000E+07
1.4500€407
1.58000E+07
1.7500E+07
1.9000E+07
0.0

[} o 99 L] 01303 1 24
& 0 0 b 421303 3 24
2 . 1363 3 2¢
0 4.3%35000+ 4 2.00000- & 4.40000+ &6 8.00000~ L1343 3 24
3 4.50000+ 6 2.08000- 3 4.55000+ 6 2.50000- 31303 3 24
3 4.485000+ & 3.45000- 3 4.70000+ & 4,10000- 31303 3 24
3 4. BO000+ 6 5.20000- 3 4.B5000+ & 5.70000~ 31303 3 24
3 5.00000+ 6 7.30000- 3 5.05000+ & 7.90000- 31303 3 24
3 5.20000+ & 9.40000- 3 5.30000+ & 1.05000- 21303 3 24
2 5.50000+ & 1.26000- 2 5.400004 6 1.36000- 21303 3 24
2 6.00000+ & 1.79000~ 2 &4.20000+ & 2.00000- 21303 3 24
2 4.40000+ & 2.42000- 2 A4.80000+ & 2.463G00- 21303 3 24
2 7.20000+ & 3.04000- 2 7.40000+ & 3.24L000- 21303 3 24
2 B.00000+ & 3.83000- 2 £.20000+ & 4.06000- 21303 3 24
2 B.350000+ & 4.31000- 2 B.40000+ & 4.40000- 21303 3 24
2 ©.00000+ & &£.74000~ 2 $.50000+ & 5.19000- 21303 3 2¢
2 1.04000+ 7 5.93000- 2 1.05000+ 7 6.01000- 21303 3 24
2 1.10000+ 7 6.40000- 2 1.15000+ 7 4.74000- 21303 3 24
2 1.25000+ 7 ?,37000- 2 1.30000+ 7 7.40000- 21303 3 24
2 1.40000¢ 7 7.82000- 2 1.45000+ 7 7.87000~ 21303 3 24
2 1.55000+ 7 7.B4000- 2 1.60000+ 7 7.84000- 21303 3 24
2 1.70000+ 7 7.74000- 2 1.75000+ 7 7.4B000- 21303 3 24
2 1.85000+ 7 7.57000- 2 1.%0000+ 7 7.51000- 21303 3 24
2 2.00000+ 7 7.34000- 2 1303 3 24
0 0 o 4] 01303 3 0
format
| Tape Nol 511
| Maceriat: I-Li- &
| Data Class: Heutron Cross Sections
| Reaction Type: (n.2n)Alpha
]
No of Datas Poines: 42
—_—— we—-
Interpolation Scheme batuwewn Energivs
1 a2 tin<Lin
N £ x{E} € n(E}
CaV) (barn) (eV) tharn)
1 4.5180E+06 0.0 4 .3500€+046 2.0000E-04
4 4.4500E+06 1.4000E-03 4.5000£+06 2.0000E-03
7 4,8000E+34 3,1000E-03 %.6500E+408 3.8500E-03
o &4.7S00E+06 4.8000E-0) 4£.BO0ODE+046 5.2000E-03
3 4.5000E406 6.350Q00E-03 %.0000E+06 7.300CE-03
& 5.1000E+084 A,4000E-03 5.2000E406 9.4000E-03
9 S.L000E+06 1.1800E-02 5.5000E+04 1.2600E-02
2 5,8000E+06 1.5700E-02 4,0000E+06 1.7900E-02
5 6.4000E+06 2.2100E-02 4.6000€E+06 2.4200E-02
8 7,0000E+06 2,8300E-02 7.2000€+08 3.0400E-02
1 7.6000E+04 3.4400E-02 4.0000£+08 3.8300E-G2
[ B.4000E+08 &,2200E-02 A.5000E+08 &,3100E-02
7 B.BOOOE+0& &.5800E-02 $.0000E+04 &.7600E-02
0 1.0000E+07 S5.6100€-02 1.0400E+07 S5.73Q0E-02
3 1.0800E+07 4.2500E-02 1.1000E+Q7 4.4000E-02
-] 1.2000E+07 7.1000E-02 1.2500€+07 T.3700€~-02
L] 1.3500E+07 ?.7500E-02 1.4000E+07 T.08200E-02
F 1.5000E+Q? 7,.8700E-02 1.5500E+07 T7.8400E-02
5 1.85Q00E+07 7.7900E-0Q2 1.7000€+07 7.7400£-02
3 1.8000E407 7.4300E-02 1.8500E+07 7T.5700Q€-02
&1 1.9SC0E+0? 7.4400E-02 2.0000€+07 T.3800E-02

of ENDF/B-V

—405—

for

xCE)
(barn}

B.0000QE-04
2.5000E-03
4,1000€-03
£.7000€E-03
7.9000E-03
1.0500E-02
1.3600E-02
2.0000E-02
2.4300E-02
3.2400E-02
&4.,0600E-02
4.4000E~0Q2
5.1900E-02
4.0100E-02
6.T600E~02
7.60Q00E-02
7.8700E-02
7.8400E-C2
7.6B00E-02
7.5100E-02
0.0

of cosmetic Listing output for LI-&(n,2n)alpha
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Fig.6.8 An output example of GPLOTX for Li-6(n,alpha)t cross-section.
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