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2 . Post-JENDL-3 A c t i v i t i e s 

2 . 1 A Review of JENDL-3 Plan 

T. Asasmi 

Nuclear Data Center 

Japan Atomic Energy Institute 

Japanese Evaluated Nuclear Data Library, Version 3, JENDL-3 has 

planned to be used mainly for development of fusion reactors and studies 

of radiation shieldings as well as researches of fast breeder- and 

thermal reactors. Its compilation is now in progress, aiming at its 

completion in March 1987. 

The outline of JENDL-3 plan and the features of JENDL-3 data are 

presented together with its historical passages of JENDL-3 plan. 

1. Introduction 

In the next paper, the problems on the post-JENDL-3 are discussed. 

The purpose of this paper is to show in advance the general futures of 

JENDL-3 plans which are now in progress. A plan of JENDL-3(Japanese 

Evaluated Nuclear Data Version 3) have been described by several 
l)-3) authors elsewhere. Therefore, only brief summary is given as well 

as its historical passages in this paper. 

2. History of JENDL 

The first version of JENDL(JENDL-1) was compiled in 1977, aming 

mainly at the uses for design calculations of fast reactors. The second 

version, JENDL-2 T?as compiled in 1982 to use not only for fission 

reactors but also for fusion researches which had been developed 

rapidly. 

In JENDL-2, the range of the neutron energy was extended from 15 to 

20 MeV, and the evaluated data were improved mainly for structural and 

fissile materials. In JENDL-2, however, the data of some nuclides 

important for fusion researches have not been compiled, and some data 

for high energies around 14 MeV were not satisfactory particularly for 

uses in fusion neutronics. Thought of such situation, Japanese Nuclear 

Data Committee (JNDC) started early a task force in March 1980 to 

- 1 -
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examine the JENDL-3 plans, although JENDL-2 had not yet been released at 

that time. The task force collected the requests for JENDL-3 mainly from 

the JNDC members by the questionaries. On the basis of those requests, 

the task force gave the essences of the JENDL-3 pJan, taking account of 

the manpower and costs as well as the uses in wide fields for 

nuclear-energy researches. These are roughly divided into the following 

items. 

1) to keep the upper limit of neutron energy at 20 MeV. 

2) to hold the number of additional nuclides in minimum. 

3) to adopt newly the nuclear data for photon production. 

4) to improve the data on high-energy neutrons. 

However, the task force was not able to give definite conclusiions for 

both covariance data and special purpose files. 

In JNDC the work on data evaluation for JENDL-3 started in 1981 to 

meet the demands mentioned above, aiming at the completion in 1987. 

3. General Futures of JENDL-3 

An outline of the JENDL-3 plan is summarized as follows. 

1) Nuclides stored in JENDL-3 

Only about 10 nuclides which were requested with high priorities in 

the questionaries are added to JENDL-2 as new ones. Table 1 shows the 

nuclides which will be stored in general file of JENDL-3. Table 2 also 

shows the nuclides of fission products stored in JENDL-3. The comparison 

of the nuclides stored in JENDL-3 between other large files in the world 

is made in Table 3, classifiing in six mass-regions. From Table 3 it is 

found that the number of nuclides in JENDL-3 is almost equal to that of 

ENDF/B-V, and JENDL-3 has more nuclides with the mass lower than 30, in 

comparing with that of ENDF/B-V. The latter due to the fact that JENDL-3 

deal with the data of stable isotopes as well as the ones for element 

and ENDF/B-V compiles mainly the data for natural element. Similarly 

KEDAK-4 has comparatively more nuclides with low masses, because of 

having the data for isotopes. 

2) Adoption of the data for photon production 

The nuclear data for photon production, i.e. the ones for the 

mulitiplicity(or the transition probability), the cross sections, and 

the angular-and energy-distributions for gamma-rays emitted secondarily 

are evaluated newly for JENDL-3. Twenty-seven nuclides will have the 

- 2 -
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evaluated data for photon production in JENDL-3, as shown shown by the 

asterisks in Table 1. 

In order to examine the way for evaluating the photon-production data 

and for making these files, the working group on nuclear data for photon 

production has been organized in JNDC. 

3) Improvement of the data for high-energy neutrons 

The JENDL-2 data were improved largely for inelastic scattering and 

threshold reactions. In the evaluations of JENDL-2 data, however, the 

direct process in inelastic scattering was ignored for almost nuclides. 

Although this ignorance have not caused trouble for the cases to deal 

with neutrons with rather low energies, some tests for high-energy 

neutrons indicated that it gave a large effect. 

In the data evaluations for almost all nuclides in JENDL-3, the cross 

sections and angular distribution for the direct process are calculated 

in the basis of either DWBA or coupled-channel model. All the data for 

threshold reactions significant below 20 MeV are evaluated in taking 

account of precompound effects, including the data of (n.n'p),(n,n'a), 

etc.. 

4) Double Differential Data 

In the JENDL-3 data evaluation, we have made much efforts for the 

double differential data which play an important role in fusion 

neutronics. In the data evaluation, the recent measured data from both 

Osaka University and Tohoku University have been used effectively. 

5) Data Refinement 

In the data evaluations of JENDL-3 the calculations with theoretical 

model have been used in many part. Therefore, the model parameters such 

as optical potential, level density and so on have been examined in 

large extent. Almost all data of JENDL-2 have been looked over again and 

reevaluated as a whole. For example, the simultanous evaluation was made 

for the fission cross sections of 2 3 5U, 2 3 8U, 239Pu, 240Pu and 214Pu and 
107 91ft /^ 

the capture cross sections of Au and U . 

4. Preliminary Version of JENDL-3 

As described above, the JENDL-2 data, in particular the double 

differential cross sections deduced from JENDL-2 were insufficient for 

requirements from fields of fusion neutronics. In order to response an 

- 3 -
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urgent requests from the fusion neutronics group in JAERI, we decided to 

evaluate early for some nuclides important for fusion neutronics before 

the compilation of JENDL-3. 

The evaluated data for Li, Li, Be, C, 0, Cr, Fe and Ni were 

reevaluated and compiled in the end of 1983. This temporary file is 

called JENDL-3PR1 (JENDL-3 Preliminary Version 1) ' '. After that these 

data were further revised and are referred as JENDL-3PR2. Furthur 

revisions will be made for a few data in JENDL-3PR2. 

5. Futute Problems 

As described above, there are some items which we were not able to 

adopt in JENDL-3 plan. That are covariance data and special purpose file 

including dosimetry data, activation cross section and so on. A part of 

these will be taken into account as tasks for the post-JENDL-3 plan 

which are discussed in'the next paper. 

- 4 -
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2.2 Proposals on Post-JENOL-3 Activity Programme 

for Japanese Nuclear Data COBB it tee 

Working Group on Post-JENOL-3 Activity Programme, 

M.Nakazawa, A.llasegawa, J.Katakura, M.Mizunoto, 

T.Nakagawa and T.Yoshida** 

Japan Atonic Energy Research Institute 

Tokai-«ura, Naka-gun, Ibaraki-ken 

The working group has aade both survey on the present status of and 

future requirenents to the Japanese nuclear data evaluation activities, and 

their recoaaendations as the post JENDL-3 activity are 

(1) developaents of special purpose file, 

(2) start of new evaluations of high energy and charged particle data, and 

(3) publications of useful data book. 

1. Introduction 

Production works of JENDL-3 (Japanese Evaluated Nuclear Data Library 

-3) are planed to be coapleted at the end of FY 1986 and will be open in 

the next year. What should be the next goal of Japanese nuclear data 

activities is the aain concern for the steering coaaittee of JNDC to aake 

the working group on " Post-JENDL-3 activity progranae" to answer such 

Questions. 

Between Dec.25,1985 and Aug.20,1986, the working group has got 8 

aeetings aainly to aake survey in the following subjects, 

(1) check and review of the present and previous nuclear data activity in 

Japan, 

* Univ.of Tokyo 

** NAIG 
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(2) research trends and nuclear data requirements in relating nuclear 

technology fields, and 

(3) soie other basic conditions supporting the nuclear data activity. 

I.Survey on Nuclear Data Needs 

The working group has had many and Meaningful discussions with 

respective researchers of many fields, where research trends of each fields 

and requirements to the JNDC have been discussed. 

Summary of nuclear data requireients is given in Table 1, where it is 

clear what kind of nuclear data is thought necessary in each fields. 

Another kind of requirements and/or comments to the JNDC activity have 

been given in the following points of 

(1) improvements of the availability of JENDL by prepairing the standard 

group constants, 

(2) easy use of JENDL or JNDC FP Decay Data File by publishing the data book 

or numerical table, and 

(3) increase of the younger researchers of nuclear data measurements and 

evaluations. 

I.Proposals & Recommendations 

Proposals for the Post-JENDL-3 activity of JNDC have been summarized on 

the three subjects, 

(1) the near term goal should be recommended as the developments of special 

purpose files for mainly two application fields of nuclear fuel cycle 

technology of fission energy systems and fusion reactor technology, also 

should be included the preparation of standard group constants and the 

publication of data book. 

-10-
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(2) As the long ten goal, new activities of nuclear data evaluations should 

be started in the area of neutron reactions in the high energy region,ch

arged particle reactions and atomic S molecular reactions. 

(3) Additional and practical efforts should be increased to improve the base 

of nuclear data activity, such as reinforcements of nuclear data 

measurements activity , easy utilization of nuclear data. 

Follow-up discussions of the present proposals on the Post-JENDL-3 

activity in JNDC are expected on how to realize above-mentioned subjects, 

espeally on the practical process to organize corresponding working group. 

References 

(1) "Survey of Research Trends in Nuclear Data relating Fields for Post-

JENDL-3 Activity ", H.Nakazawa, T.Yoshida, j.Katakura, A.Hasegawa, 

H.Hizumoto and T.Nakagawa, JAERI-memo 61-330, Oct. 1986 

- n -



JAERI-M 87-025 

_ <o < j 

<D 
C 
O 

co 
<J 
as 
ft 
eo 
0> 

( B O " ) 

JCZ 4-» CD 

o 
J=» 

K 
=3 

— 

CJ 

a 
CO 
t 

GO 
CO 

o 

C3 
< j 

CO 

£_ 

^ 1 3 CO 
1= CD 

c c a — 

• o ez as — 

« cj 
a> 

If £ 
t o ra 

O 4-* C= 
ca o » > — 

o — *-> 

« - • « - > & . 

o CD 

CO «*— 

e_ 
0 ) 

o 
u 
ca 

o 
c 
o 
4-» 
CO 

O Q C 
t _ 4-» ( _ 
ft CO CD 

• — c j * a 
co o c= 

— CO 
*-> -o e ez 
— c o o 
e . co • 
O ( O P 

c t o u 
H - © • — CO 
o — m <u 

4-» O « -
> i CJ 
4-* =3 > . — « 
CD - O CO C 

•P- o e- -
CO t _ I X 

c= o » o 
o — e 

•—JC= CO 

CO C O 
CO O S— 
o — 
c - p ra 
<J CO P 

> CO 
c — - o 
O 4-* 

— O O) 
* -» CO — 
o o 
5 T ) — 
XJ C 4-> 
O CO C 

< j o 
+-» 

c o 
O CO 

•o 

^—' 
—' 
e 

• o 

CD 

>> 
? 
J=» 

c: 
CO 
m 
s O J= 

CO 

to 
CO 

C J 

=5 
CO 

£= 

•o 
£= 
CO 

CO 

CO 

fc-
a> 

o •-» 
— CO 

ez 
o 
ft 

cz 
o 
M 

o 
c-
ft 

CO O O 
I 4-» ~ 

CO CO 
CO I E > . 
o — > 
« - CO 
o — cs 

ft CJ CJ 

C= CO CO 
O I 
t - CO CO 
«-> CO CO 
S3 O O 
C) £ . C 

z o o 

c j 
a> 
CO CO 
I S i 

CO O 
CO *-> 
o ca 
t -

- o - o 
co a> 

CO 
• o 

4-» 

. C 
CO 

cu ft 

o 

CO 

*-* 
o 
X 
a> 
i 

CU 
O - C J 

.— CJ 
X 
<L> 

H— 

o 
o 

ca 

I 

ca e_ 
(_> S J 

. — 4-» 
4-» CJ 
O ZZf 
CO f— < - *-> 
a . <o 

* o 
4-» « J * — 
— X — 
= > CD — 

c j c j 
CD S3 

- 12 



JAERI - M 87 - 025 

CO 

CO 

o 
OL. 

o 
o 

CO 

o 

o 

CD 

> 

CM 

cu 

CO 
CD 4-> 

CO o a. o 
O 

(O 

CO 
• o 
a> 
a . 

* a> 

£= 
o 

™ » 

a t 
a> 
ce 
Sx 
O l 
C-
cu 
<= UJ 

J = 
O l 

3 = 

CO 
4-> 
CO 

C3 

a> 
CJ 

4-^ 
e-
CO 
a. 
• o 
as 
ot 
c_ 
CO 

. e 
o 

CO 
4-» 
CO 

£ 3 

CU 
• — • 

3 
O 
a> 

o 
3 : 

as 

O 
4-> 
<6 

• o 
o 

j = 

4-< 
CU 

3C 

tz 
o 
4-» 
co 
3 

CO 

> U J 

* 05 
as 

co 
+-» 
CO 

o 
§ 

I 

o o 
C O 

CO * - » 
CO 

o 
c 
o 

as 

CU 
CO 
CO 

• o 
CU 

CU 

ce 

cu 
00 

o 
CU 

- 1 3 -



JAERI - M 87-025 

2.3 NEUTRON EMISSION FROH (a , l t ) REACTION IN NUCLEAR FUEL 

T.HURATA 

NAIG Nuclear Research Laboratory. Kawasaki, Japan 

Nuclear fuels emit neutrons originated in spontaneous fission of heavy 

elements and in ( a . n ) reactions of light elements contained in the fuel . 

These neutron emission data are required in the fields of radiation shielding 

design of various nuclear facilit ies and non-destructive measurement of nuclear 

materials concerning with the process control and safeguarding nuclear materials 

The requested ( a . n ) data in these fields are thick target neutron yield and 

energy spectrum of emitted neutrons.The present status of the experimental data 

are reviewed briefly. As an example, thick target neutron yield and emitted 

neutron energy spectrum are calculated for the 0-18(a,n)Ne-21 reaction,which is 

the most significant (a ,n) reaction in oxide fuels. 

1 . Introduction 

Neutrons are emitted from nuclear fuels originated in spontaneous fission of 

heavy elements and in ( a . n ) reactions of light elements with a-particles 

from a-decay of heavy elements. 

These neutron emission data are required in the fields of 

* neutron shielding design of nuclear fuel facilities such as enrichment, 

conversion,fabrication and reprocessing, and the design of transport 

casks between them. 

* non-destructive assay of nuclear materials such as spent fuel burn-up 

determination,Pu/MOX fuel management,highly enriched UF6 detection and 

so on,concerning the nuclear material safeguards and process control of 

the facilit ies. 

* study of safety start-up of nuclear reactor without neutron source. 

The requested ( a . n ) data in these fields are thick target neutron yields and 

energy spectra of emitted neutrons. 

2 . Present status of the data 

Review of the data were made by R.NAKASIHAO) in 1982.Scinee then no versatile 

data were published.So,brief summary according to the report are described below 

for the experimental (a .n) cross sections and thick target neutron yields. 

- 1 4 -
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The (ar,n) cross section measurements were reported by many authors for light 

and aediua weight nucleus. Host of them aiied to study the resonance structures 

of the compound nucleus in the low energy region.Some of then are shown in Fig. 1 

In the energy region below few HeV, cross sections show isolated resonance 

structures, and composite resonance structures in the energy region above that. 

Thick target neutron yield measurements were made by BAIR and GOHEZ DEL CAHPO 

(2) for Li-6,Li-7,Li(nat.).Be-9,B-10,B-11 ,B(nat.). Pb«F2. Zn* F2,Hg(nat.), 

AI-27,Si-28 and Si-28- 02 in the energy region of Ea=3 ~ 9 HeV. 

HESF and SHERH00D(3) measured thick target neutron yields for Be,Be-0, B-N, 

C, U'C, U• 02,Hg.AI,Si,Fe and stainless steel in the energy range of Ea=3.6 ~ 

10MeV. They compared their data with that of BAIR and GOHEZ DEL CAHPO and show

ed 10 ~20X discrepancies at most. 

Examples of thick target neutron yields are shown in Fig.2 and Fig.3 for C and 

U '02,respectively. 

3 . Calculation of thick target neutron yield and energy spectrum of neutrons 

The eiitted a-particles are slowed down by the collision with constituent 

atoms of the fuel and aake (a ,n ) reactions with light elements during the slow

ing down. So,the thick target neutron yield Yn is given by 

rR rfao 

Yn - I / aj(Ea) dx = I / a j (Ea) / ( -dEa /dx) dEa neutrons/ a 

j h j Jo 
where aj(Ea) is the (a ,n ) cross section of nuclide j for a-particle of 

energy Ca,which depends on distance x froi a-decayed nucleus.R is the range of 

a-particles of energy Eao.The integral variable x is changed to Ea in the 

second equation and (dEa/dx) is the stopping power of medium for a-particles 

of energy Ea. 

As an exaiple,thick target neutron yield of (1*02 caused by the 0-18(a,n) 

Ne-21 reaction are calculated and the results are shown in Fig.3. In the calcu

lation, the cross sections measured by BAIR et al.(4) and revised in ref. (2) were 

used below Ea=5.2 HeV. Above that energy.no experimental data with reasonable 

accuracy are not available,so,the experimental data of Ea<5.2 HeV were extrapo

lated with the statistical model calculation using ELIESE-2 (5) .The stopping 

power was calculated using the semi-empirical formulae given in the book edited 

by ZIEGl.ER(6). 

Eiitted neutron energy spectrum are calculated by summing up the neutrons 

leaving the residual nucleus in ground and each excited states, taking into 

account'the kinematical relation between emission angle and neutron energy,and 

- 1 5 -
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given by 

rEao 

dNn/dEn = I / dffij(Ea,tn)/dEn / (-dEa/dx) dEa 

ij k 
where dcrij/dtn is the neutron emission cross section of nuclide j which was 

left in state i after emission of neutron,of which energy is between En and 

En+dEn. The emission cross section is not available presently. So,the term is 

changed as follows, 

dcrij/dEn = (daij/dQ) x(dQ/dEn) *= I K sine (dOMEn) (daij/dQ) 

where daij/dQ is the angular distribution, 0 emission angle,and dd/dEn 

given by the kinematics of the reaction. 

As an example,neutron energy spectrum of the 0-18(a,n) reaction in thick 

U • 02 was calculated.The angular distributions in the region of Ea<5.2 HeV were 

calculated with the BLATT-BIEDENHARN's formula using the resonance parameters 

obtained by analysis of the experimental cross sections of BAIR et al. The 

result of resonance analysis is shown in Fig.4 with some examples of calculated 

angular distributions. In the energy range of Ea>5.2 HeV,angular distributions 

were obtained by the statistical model calculations. 

The result is shown in Fig.5 with solid line. For comparison, spectrum calcu

lated with isotropic angular distributions is shown in the figure. Calculations 

were also made using the statistical cross sections in all energy range, and the 

results are shown in Fig.6. 

4 . Conclusion 

For the experimental data of thick taget neutron yield,there are some discrep

ancy up to 10 ~20X between different measurements, however, the large discrep

ancy is localized in the energy region below few HeV,and it would not be a prob

lem in practical use. 

Experimental data of neutron energy spectrum are quite scarce,so,measurements 

of thick target neutron spectrum are required. 

In neutron energy spectrum calculation,angular distribution data are not so 

important than excitation function of cross sections, for target nucleus which 

shows composite resonance structure. 

For neutron energy spectrum.it should be studied how precise is precise enough 

in practical use. 

As data file, thick target neutron yield and neutron energy spectrum are re

quested 'to be given in simple formulae. 

-16-
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2.4 Actinide Nuclear Data for Nuclear Fuel Cycles 

T. Yoshida and K. Hida 

NAIG Nuclear Research Laboratory 
Nippon Atomic Industry Group Co., Ltd.. 

Roles of the neutron reactions in actinide-nuclide 
transmutation are reviewd briefly as well as the status of 
measured and evaluated data. Special attention is paid on 
the threshold reaction (n,2n), which is one of key 
reactions linking the actinide transmutation chains. Need 
for improving accuracy of the (n,2n) cross sections of 
Pu-239 and Np-237 is stressed. 

1. Introduction 

Generation of minor -but often unwelcome- actinides such 
as U-232, Pu-238, or Cm isotopes is of primary importance 
when we think about the problems of nuclear fuel cycles. 
Therefore the nuclear data related to formation and 
transmutation of these nuclides are essential to neutronic 
calculations which constitute the basis of planning, 
realization and control of nuclear fuel cycles. In the 
following, we review the status of the nuclear data needed 
in these calculations and try to find a way to improve the 
accuracy of the actinide transmutation calculations. 

2. Actinides in Nuclear Fuel Cycles 

First of all we try to make a brief summary of each minor 
actinide nuclide. The formation chains of these nuclides 
are shown in Fig. 1. 

(1) Uranium-232 : One of the most "unwelcome" actinides 
because of the high energy gamma-ray emitted by its far 
descendant Tl-208. Generated mainly via Fu-236 and via 
Pa-232. A small portion produced by U-234(n,3n) reaction 
(ref.1) . 

(2) Uranium-236 A representative neutron poison which 
deteriorates the neutron economy in LWR core. Accumulated 
considerably by repeat of fuel recycling (ref. 2). 

(3) Plutonium-236 A parent of hazardous (1-232 above 
mentioned (alpha-decay) 
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(4) Plutonium-238 A strong alpha-emitter. Produced by 
the reactions Np-237(n,r) and Pu-239(n,2n) and by 
alpha-decay of Cm-242. The emitted alpha-particle causes 
radiolysis of the organic solvent which is essential in the 
reprocessing plant. 

(5) Americium isotopes : Alpha-emitters (especially 
Am-241). Also important as the parents of Cm isotopes. 
Formed mainly by the beta-decay of Pu-241 and the (n,r) 
reaction of Pu-242 followed by beta-decay. Am-241 becomes 
an "unwelcome" neutron poison when aged plutonium is 
recylcled to LWRs. 

(6) Curium isotopes Strong alpha-emitters. Spontaneously 
fissioning. Conspicuous as the sources of spontaneous 
fission neutrons and the (alpha,n) neutrons. Formed by the 
neutron capture and the beta-decay of Am isotopes. 

The above explains briefly the origins and the functions 
of the minor actinides from the view point of nuclear fuel 
cycles. As is suggested there and is seen in Fig.l, the 
alpha- and the beta-decays and the reactions (n,r), (n,2n) 
play critical roles in generating the minor actinides. The 
data related to the decays (half-lives, branching ratios) 
are fairly well known compared to the reaction data. We 
review restrictively the reaction data in the next section. 

3. Reactions Leading to Actinide Transmutation 

Important neutron reactions responsible for generation of 
the minor actinides introduced in the preceding section are 
listed in Table I. These are the (n.r), (n,2n) and the 
(n,3n) reactions. 
Fig. 2 is a typical comparison of the (n,r) cross section 

in the actinide region, where the experimental data is 
accumulated rather well. This reaction, Pu-242(n,r), is 
responsible for formation of Am-243. Although the 
reliability of the (n,r) reaction data is not so bad in a 
relative sense, there left several problems. One example 
is the case of U-236. In a very recent Russian report 
(ref. 3) almost 50X reduction of the (n.r) cross section is 
suggested in keV - MeV region in spite of an overall 
agreement seen in old data (Fig. 3). 
The present accuracy of the threshold reactions (n,2n) 

and (n,3n) is far from satisfaction though the importance 
of these reactions compares quite well with the (n.r) 
reaction in transmutation of the actinides. Table II shows 
the fission-spectrum averages of the important threshold 
reactions (ref. 4). For U-238 and Th-232 the five major 
libraries give one-group values quite consistent each 
other. For these two cases the experimental data are well 
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accumulated as is exemplified in Fig. 4. On the contrary 
the (n,2n) reactions of Np-237 (responsible for formation 
of Pu-236) and Pu-239 (Pu-238 as well) differs largely 
among the libraries. The difference reaches a factor of 
three at most. Though there are measured data (ref. 5) 
persistent discrepancy remains in Pu-239 (Fig. 4). The 
apparent agreement in the U-234(n,3n) reaction among three 
libraries seems to be a chance occurrence. This reaction, 
responsible for formation of 0-232 in part, draws little 
attention in any application field other than the nuclear 
transmutation in fuel cycles and there has been no 
extensive study on this special reaction. 
From the status review above it may be concluded that the 

reliability of the threshold reactions represented by 
(n,2n) should be improved further. These reactions give 
rise to key passages linking important actinides in the 
nuclear transmutation. 

4. One Group Cross Sections 

COMRAD and ORIGEN-2 are among versatile nuclear 
transmutation codes widely used in fuel cycle problems 
(refs. 6 and 7). In these two codes the neutron cross 
sections are applied in the form of one-group constants, 
which make compact storage and easy access possible. In the 
case of ORIGEN-2, nearly 50 sets of one-group constants are 
prepared for users, who deal with various types of reactors 
in various operation conditions. By virtue of this 
elaborate one-group cross-section library, ORIGEN-2 
calculates the actinides transmutations fairly acculately. 
Figure 6 compares the ORIGEN-2 result with that of BWR 
lattice code TGBLA (ref. 8) which makes the most use of 
sophisticated physics model and many-group constants. As is 
seen here the overall behavior of actinide inventory is in 
agreement though some inconsistencies are observed, for 
example, in Pu-241 and Cm-244. 
Collapsing of threshold cross sections reveals one 

problem. Figure 7 shows an example of threshold cross 
sections, a typical LWR flux and their product (the 
response). As is seen here, only the low energy part of the 
cross section (6-9 MeV) contributes to the flux-averaged 
one-group cross section. In general the low-energy part of 
a threshold cross section is sensitive to model parameters 
when it is calculated, and suffers often from largo 
statistical error when measured. These factors tend to 
deteriorate the accuracy of the evaluated low-energy 
cross-section in comparison with the higher energy part or 
the plateau. This fact gives rise to substantial lowering 
of accuracy when threshold cross-section data is applied to 
actual reactor problems. One is recommended to keep this 
fact in mind when evaluating threshold, especially (n,2n), 
cross sections. 

- 21 -



JAERI-M 87-025 

5. B r a n c h i n g 

The ground to isomeric-state ratio in the reaction 
product nuclide often plays a decisive role in nuclear 
formation and transfornation. A typical example is the case 
of Np-237, one of the key nuclides, produced by the 
reactions U~236(n,r) and U-238(n,2n). When this nuclide 
undergo a (n,2n) reaction. a portion proceeds to an 
isomeric state and the rest to the ground state. The 22.5 
hour isomeric state decays into U-236 and Pu-236, 
half-and-half. On the contrary the ground state has a very 
long life-time (115000 years) and then the production rate 
of Pu-236, an ancestor of "unwelcome" U-232, is very small. 
In this way the branching ratio determines essentially the 
productivity of Q-232. 
As well as a cross section itself, a branching ratio is a 

function of the incident neutron energy. This dependence 
must be evaluated with a high accuracy. Especially, as was 
mentioned in the preceding paragraph, the low energy part 
just above the threshold play a critical role. Fortunately 
a recent measurement (ref. 9) provided us with a good 
guideline for evaluating the (n,2n) cross section of Np-237 
and the branching ratio. 

6. Concluding Remarks 

From the above discussion it may be concluded that 
improving the accuracy of the (n,2n) cross-section data is 
the most important step toward betterment of the prediction 
accuracy of actinide formation and transmutation. Accurate 
measurement the (n,2n) csoss sections of Pu-239 and Np-237 
are pertinent answers for the above purpose. 
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Table II 
Fission Averaged (n, 2n) and (n, 3n) 
Cross Sections 

React ion 

Th23 2 (n. 2n) 

U - 2 3 4 ( n . 3 n ) 

U-2 3 8 (n. 2n) 

N p 2 3 7 ( n. 2 n ) 

Pu2 3 9 (n. 2n) 

L i brary 

JEF-1 
ENDF/B -5 
ENDL-82 
J E N D L - 2 
KEDAK-4 

J F F - 1 

LNDI/B-5 

L N D L - 8 2 

J F N D L - 2 

J F F - 1 
E N D F/B-5 
E N D I. - 8 2 
J E N D L - 2 
KEDAK-4 

JEF-1 

ENDF/B-5 
E N D L. - 8 2 

J E N D L - 2 

K E D A K - 4 

J E F - 1 
E N D F / B - 5 
E N D L -8 2 
J E N D L - 2 
K E D A K - 4 

F i s s . A v. ( b) 

16. 57-3 
15. 60-3 
16. 71-3 
14. 46-3 
16. 57-3 

16. 11-6 
16.12-6 
3 4. 36-6 
14. 39-6 

15. 37-3 
15. 49-3 
16. 59-3 
15. 37-3 
1 6. 84-3 

2. 37-3 
1. 43-3 
4. 2 0-3 
3. 3 0-3 
3. 83-3 

9. 63-3 
3. 3 2-3 
5. 1 2-3 

10. 63-3 
1 1. 88-3 

Due to H. Takano 
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2.5 Discussion on Post-JENDL-3 Activities 

2.5.1 For the Enhancement of the Utilization of Nuclear Data 

Prepared by JNDC (Comments for the Recommendation of 

the Action for the Post JENDL-3 Project of JNDC) 

Akira HASBGAWA 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken, Japan 

The evaluated nuclear data , typically represented by JENDL-2, 

JENDL-3, has been prepared continuously by the number of enthusiastic 

evaluaters/supporters of Japanese Nuclear Data Committee (JNDC). But 

relatively low priority had been given to the effort for the promotion 

of the utilization of these data. 

Here I comment about how to enhance the utilization of the nuclear 

data prepared by JNDC. Stresses in the discussion are placed on the 

following Points; 

1. preparation of common/standard group constants library, 

2. development of JENDL value added data base, 

3. Bulletine Board System for the feed back information data base of 

the experiences of JENDL, 

4. Utilization of communication net-works system, 

5. nessecity of organization of users, of holdind a meeting / confe

rence for the communication between users and evaluators. 
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1. Preparation of common/standard group constants library 

Considering the technical trends in the atomic energy industry for 

the forthcoming 10 or 20 years, the big user of the nuclear data would 

be still the fields of the design calculation of core or shielding of 

the nuclear reactors ( FBR, LWR, AWR, HCLWR, QCR, Fusion). Though the 

application filelds of the nuclear data will spread continuously to 

non-energy fields, such as medical therapy or activation analysis etc., 

it is hardly to think these fields become the majority of the users. 

Thus the nuclear data prepared by JNDC(Japanese Nuclear Data 

Committee ) are meaningfull when they are used in the above stated 

design fields. 

For the design calculation, nuclear data are generally used as in 

the form of group constants. Following characteristics are picked up 

for the usage of group constants in the design stage. 

* The change of group constant library should be evaded whenever 

possible to maintain the consistency between chronological design 

history. The assigned group constants libray are always used 

whenever some big defects are not found. Thus the catchfrases ' the 

newest evaluations or revised data " are not strong reasons for 

users to change the library. 

* The method used in the design stage gains the long life once the 

method is established. It is used repeatedly as the standard design. 

Therefore, changing the method used in the design stage is very 

difficult as it has a large inertia. 

* The library can be used as easily as possible, otherwise it will 

be avoided to use. 

* The library passed by the assessment or much popurarity gained are 

preferably used by the user. Thus the newcomer is not always well-

comed even if it is the latest and the best one. New one is always 

handicapped. 

* Completeness is requested for the library, for example a wide 

coverage of materials or completeness of covered energy. 

* At the adopting stage of the library, it will be adopted very 

smoothly as the library when the super-power such as authority, 

government or orderer, orders to use. 

* The data (library) and the method (program) does not stand indepen

dently, in the design stage, in onother word method and data is very 

tightly coupled. 
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From the characteristics stated above, following strategies will be 

recommeded to enhanse the utilization of JENDL data. 

Coupled JENDL group constants library and the programs should be 

timely introduced to the design calculation of some specific reactors. 

For the adoption of the library, the authority's suggestion to use 

JENDL would be very helpfull. The group constants and method to be 

adopted should be very common / standardized one considering user's 

cost. And the library should be very easily manipulated by users, for 

example, only necessary thing is to change the library. Or code system 

with JENDL group constants should be offered. When the library is 

used, the applicability or problems in the library should be clear for 

the users. To this point, the later described 'feed back information 

data base of JENDL' will be enough. 

For the high grade users or specialists, it is also necessary to 

offer a standard processing code system for group constants produc

tions . 

To summarize, It is inevitable to supply the group constants library 

commonly used for the users in the core/shielding design calculations 

based on the JNDC data. For example, JFS-3-J2 type library /l/ in FBR 

application or VITAMIN-E libray / 2 / in Shielding application for Sn 

code (ANISN, DOT). These group constants libraries should be supplied 

as soon as possible when the JENDL file is available. For the high 

grade users, it is also recommended to open the standardized processing 

code system for the production of group constants of their-own. 

2. Development of JENDL value added data base 

For some users, it may not be worth-while when they receive all 

data of JENDL stored in MT. From the experiences, we know that the data 

are hardly used unless the requesting data are easily to get in the 

requesting media for the users. 

For the enhancement of the utilization of JENDL, development of a 

data base is inevitable so as to be able to supply any data requested 

by users. At the same time this data base should also retrive some 

deduced values by processing of the original data , such as 

* average cross sections weighted by some specific weights in 

0.5 lethargy widths, 
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* resonance peak value or minimum value of Fe-natural elastic cross 

sections, 

* thermal (2200 m) value, Maxwellian averaged value, 14 MeV value, 

resonance integral etc. 

And at the same time requested data should be output to required media 

of the users , such as, to terminal, to the printer, to the graphic 

plotter and to the graphic display. 

Thus for the general users, a value added data base of JENDL is the 

most requested one. By using this data base, they can retrive not only 

any information stored in the data base but also some deduced values 

from their desk top computers whenever they need. In this data base, 

the data should be available via information net-work system connected 

to the telecommunication line. For the moment, it takes relatively long 

time to communicate by the telephone line due to very low data transfer 

speed (300 bps), however, it will be greately improved if digital 

packet communication net-work is available. At the same time, it is 

very important for the value added data base to equip the capability of 

connecting to the usual personal computers. 

For the big users to use the data continuously, data transfer by 

media is also necessary. We can list up for the media for example 

floppy disk, magnetic tape, optical disk (CD-ROM),... etc. Especially 

the last one is very attractive future media for the nuclear data due 

to it's enormous capacity of the storage. If we have a 30 cm optical-

disk, there is still enough space to remain even if we store all of the 

JENDL data and the utility program for handling. We are convinced that 

in the future this media will play an important role for the nuclear 

data fields. For all about JENDL data, such a day will come soon only 

an optical-disk is enough, into which all data and software are packed. 

As already stated, the data services requesting to the data center 

via telephon, telex, letters will be out of date soon, because the time 

delay should be unavoidable. We would like to insist here that the 

value added data base is inevitable so as to serve promptly all data to 

users whenever they requested. The prototype version is already ready 

to open, i.e., EDFSRS /3/ (Evaluated Data Files Storage and Retrieval 

System). Starting from this system, it is rather easy to make up full 

system in a short time. Introduction of the value added data base will 

also contribute significantely to ease the man-power shortage of the 

nuclear data center. 
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3. Bulletine Board System for the feed back information data base of 

the experiences of JENDL across the application fields 

Before opening of the JENDL file to the publics, applicability is 

always cheched by some integral tests by the JNDC . But it is not 

possible for data supplied side (JNDC) to check data against all 

application fields. Thus this data base is planned to share all 

experienced results / informations obtained from the nuclear data 

utilized by users. Because of the extension of the application fields 

and of the users, such feed back information data base of the JENDL is 

necessary. This data base will work as follows; For the user he can get 

information beforehand about the data which he intend to use. For the 

evaluaters who evaluate the data they can get informations across the 

fields, so as to provide the indication to the problems of the data or 

to know the necessity for the re-evaluation work. Thus it is expected 

to play a role like a hot-line between the evaluater and users. 

This system will be realized by a bulletine board system / electric 

conference system using computer comunications net-work linked with 

personal computers. The data in this data base will be constructed from 

the following entries, nuclide, MAT number (material id.), reaction, 

energy range, application field, results or feed back information, 

problems and recommendations, and name of entered persons for responsi-

bilty. This data base is furnished with the following functions, 

accumulation of the information with relevant indexes, retrievals of 

these informations, resisteration of new entries or some answers to the 

existing informations. This system is now investigating in the Working 

Group on Integral Tests for JENDL under Subcommittee of Reactor Con

stant of JNDC( Japanese Nuclear Data Committee). 

4. Utilization of communication net-works system 

The data bases stated previous sections, JENDL value added data 

base or the feed back information data base of the experiences of 

JENDL, are thought to be operated via tele- comunication net work 

services implicitely. If we suppose not to be able to use the net

works, the merits of the utilization of these data bases will be 

greately reduced for the public users. The users scattered over the 

whole country of JAPAN must come to JAERI to use these data bases. In 

such a case the demerits are inestimably large comparing the opposite 
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case such that they can use the data from their desk top computers. 

Up to now the JAERI's main frame computers operated in the comput

ing center cannot connect to the outside(cornertial tele-communication) 

net-works. This will be a big problem for these data base services. We 

want to say here to connect them to the net-woks immediately. When the 

JAERI's computers cannnot connect to the net-works even in the future 

due to the institutional codes, keeping the secrecies or budget pro

blems .. etc., it is recommended to start the services directed to the 

net-work oriented by Nuclear Data Center itself installing a new mini 

computer. When it is not feasible either, the third plan is to set up a 

new organization (company) like a third sector to serve the nuclear 

data. 

The trends of the present days, the services via communication 

net-works like LAN(local Area Net-works), VAN(Value Added Net-works), 

FAX, are very common to the nations. Why we cannot get such good 

harvests by using thesenet-works? 

5. Nessecity of organization of users, or of holdind a meeting / 

conference for the communication between users and evaluators 

An organization of users may be necessary to promote the utiliza

tion of the nuclear data. It is requested for the data center to grasp 

the users fields and using form of the data or to send a news for new 

release etc. Evidently this is not considered for the purpose of 

controlling the users. For the data base services the registeration of 

users are inevitable to the security of the data base. 

A meeting or a conference organized by users and evaluators is also 

necessary in order to discuss and to clarify the problems found from 

the screening of the discussions on the bulletins board system of the 

feed back information data base. The selection of attendants for the 

meeting will be performed quickly according to this data base. Diffe

rent from the mechanical and cold discussions presented on the bullet-

ine board of computers , it is also necessary between users and evalua-

ters to comunicate and to conclude the discussions on the round table 

presented by themselves. 
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2.5.2 Some Comments on Post JENDLE-3 Activity Program 

- A t the Point of Safety Evaluation of Fuel Cycle Facilities — 

Yoshitaka NAITO 

Japan Atomic Energy Research Institute 

Tokai-ituira, Naka-gun, Iharaki-ken 

At the point of safety evaluation of fuel cycle facilities, some 

important problems to be taken into account are discussed, and some proposals 

are also offered to obtain more accurate isotopic compositions in fuel cycle 

systems relating with improvement of the computer code COMRAD. 

1. Introduction 

Safety evaluation of fuel cycle facilities becomes very important 

recently according to the realization of high burn-up of LWR fuel and burn-up 

of MOX fuel in ATRs and FBRs. One of the important problems is to obtain 

reliable isotopic compositions of fuel cycle systems. For calculating 

generation and decay of isotopes, the computer code COMRAD has been dwvwloped. 

To obtain reliable computed results by COMRAD on isotopic compositions in 

spent fuel, more accurate data are required. 

In this report, will be shown some problems on safety evaluation of fuel 

cycle facilities and some proposals to improve COMRAD. 

2. Problems on safety evaluation of fuel cycle facilities 

1) Due to high burn-up of LWR fuel and burn-up of MOX fuel in ATRs and 

FBRs, neutron shielding from spent fuel will become an important 

problem. To evaluate neutron source intensity, accuracy evaluation 

on the quantities of 238 Pu, 2 4 4Cm etc. is very important. 

2) For utilization of depleted Uranium and Plutonium produced by 

reprocessing plants, it is important to evaluate accurately isotopic 

composition of Uranium and Plutonium. Estimation of 2 3 2 U which is 
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strong radiation source, is desired to be more accurately. 

3) As for waste disposal of reprocessing plants, it is important to 

understand the characteristics of TRU, especially, 2 3 7Np. 

As shown in Fig. 1, many of actinides which are important for safety 

evaluation of fuel cycle facilities, are produced by (n,2n) or (a,n) reaction 

whose accuracies have not been taken so much care formerly. 

3. Proposals to improve the COMRAD code 

Generation and decay of isotopes are often calculated with the ORIGEN-2 

code. The accuracy of the code is not so completely evaluated. The COMRAD 

code has been developed to take into account of Japanese evaluation work on 

nuclear data. Calculational flow diagram for COMRAD is shown in Fig. 2. 

Following tasks are required to improve the code. 

1) Modification of the decay data library JDDL of COMRAD by adapting data 

which are not in ENSDF. 

2) Production of one enrgy group neutron cross sections with JE.NDL-3. 

3) Evaluation of accuracy and calculation model for (n,2n) and (a,n) 

reactions. 

4) Evaluation of adequacy of generation and decay chains of actinide. 

5) Evaluation of average number of neutrons emitted by spontaneous 

fission. 

U 2 3 2 U 2 3 6 U 2 3 8 

N P 2 3 7 

_4r_ 
P U 2 3 8 P U 2 4 1 

A M 2 4 1 

C M 2 4 2 

Fig. 1 Important chain for safety evaluation 

of fuel cycle faciIi ties 
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(Decay Data Library) 

(JDDL 

c Burn-up dependent \ 
one group constants / 

/Spontaneous fission\ 
•^library / 

Neutron emission 
by spontaneous fission 

SFCA 

Isotopic 
composition and 
radiation source 
intensity 

Initial condition 
Irradiation history 

Print out 

F i g . 2 Flow digram for the COM RAD code 
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2 . 5 . 3 D o u b l y - d i f f e r e n t i a l Reac t ion P r o d u c t Data 

fo r High Energy N e u t r o n s 

M.Baba 

D e p a r t m e n t of Nuc lea r E n g i n e e r i n g , Tohoku Un ive r s i t y 

Aramak i , S e n d a i - s h i , Miyag i -ken 

A comment i s p r e s e n t e d on t h e n e e d s and s t a t u s of e n e r g y - a n g u l a r 

d o u b l y - d i f f e r e n t i a l d a t a for high e n e r g y n e u t r o n s in r e l a t i o n with t h e 

n e u t r o n i c c a l c u l a t i o n s and r a d i a t i o n e f f e c t s a s s e s s m e n t f o r fus ion 

r e a c t o r and a c c e l e r a t o r - b a s e d high e n e r g y n e u t r o n s o u r c e . 

1. I n t r o d u c t i o n 

Nuc lea r d a t a fo r high e n e r g y n e u t r o n s (En > 10 MeV) will be of 

g r o w i n g i n t e r e s t a s t h e b a s i s f o r d e v e l o p m e n t of fus ion r e a c t o r , and 

a c c e l e r a t o r - b a s e d high e n e r g y n e u t r o n s o u r c e 1 ' . The l a t t e r i s e x p e c t e d 

to find a v a r i e t y of a p p l i c a t i o n such a s m a t e r i a l i r r a d i a t i o n t e s t 

f ac i l i t y , medica l a p p l i c a t i o n , and a c c e l e r a t o r - b r e e d e r a n d / o r 

i n c i n e r a t i o n s y s t e m 1 ' . T h e r e f o r e , f u t u r e n u c l e a r d a t a p r o g r a m shou ld 

c o v e r the high e n e r g y r a n g e up to GeV a s well a s fus ion r e l a t e d a r e a s 

below t e n s MeV. 

F o r t h e d e v e l o p m e n t of the s y s t e m s , c o m p r e h e n s i v e n u c l e a r d a t a a r e 

r e q u i r e d inc luding c h a r g e d p a r t i c l e induced r e a c t i o n 1 - 2 ' . Among them, 

t h e n e u t r o n e m i s s i o n s p e c t r a and s c a t t e r i n g c r o s s s e c t i o n s a r e the m o s t 

b a s i c q u a n t i t i e s c h a r a c t e r i z i n g the n e u t r o n f i e ld . The n e u t r o n e m i s s i o n 

s p e c t r a a r e s t r o n g l y a n g l e - d e p e n d e n t a t h i g h e r e n e r g i e s , and doub ly -

d i f f e r e n t i a l t ype c r o s s s e c t i o n (DDX) d a t a a r e i m p o r t a n t 3 " ' . One of the 

c r i t i c a l f e a t u r e s of high e n e r g y n e u t r o n field i s the high r a t e of 

r a d i a t i o n - i n d u c e d m a t e r i a l - d a m a g e , which i s c aused by compos i t e e f f e c t s 

of a t o m i c d i s p l a c e m e n t , g a s p r o d u c t i o n and n u c l e a r t r a n s m u t a t i o n . 

T h e r e f o r e , t h e n u c l e a r d a t a p e r t a i n i n g r a d i a t i o n d a m a g e a r e of g e n e r a l 

i m p o r t a n c e in high e n e r g y r e g i o n . The n e u t r o n DDX are i m p o r t a n t a l s o 

fo r t h e a s s e s s m e n t of r a d i a t i o n damage and n u c l e a r h e a t i n g b e c a u s e they 

d e t e r m i n e t h e e n e r g y d i s t r i b u t i o n of p r i m a r y knock on a tom (PKA) due to 
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neutron emission react ion. The energy and angular distr ibution data of 

charged particle emission react ions a re also necessary for the a s s e s s 

ment of radiation e f f e c t s 5 ' . These data a re not provided, however, by 

the exist ing data file, and "conventional" assumptions are applied 

result ing in unreasonable resu l t s such as negative KERMA v a l u e s 5 ' . 

Thus the DDX data of secondary neutrons and charged part icles a re 

of g r ea t importance in high energy neutron field. In addition, DDX data 

a re useful to examine the model pa ramete r s in theoret ical calculations 

for nuclear data evaluat ion. 

2. Neutron DDX Data. 

The neutron DDX data around 14 MeV showed marked improvement 

recently as the resu l t of active effor ts in measurements and theoret ical 

model r e f inement 3 - 4 ' , although they are st i l l unsa t i s fac tory . However, 

for neutron energies o the r than 14 MeV, the experimental data containing 

continuum neutrons are very few due to scarcity of appropr ia te neutron 

source . This is j u s t the case for 8-13 MeV region, where special 

appara tus or techniques are required to obtain the DDX data . At LANL, 

the H( t ,n) reaction has been used to obtain mono-energy neutrons 

a t 10 MeV, and provided precious data , although they are limited to 

light e l e m e n t s 6 ' . At Geel7 ' and ORNL8', a combination of "white" 

neutron beam and spectrum unfolding technique has been applied. This 

method has deficiency of limited energy resolution in both primary and 

secondary neu t rons . Anyway, in this region, the evaluated data have not 

been examined in detai l , and more effor ts a re needed including technical 

developments and integral exper iments . 

Above 15 MeV, the T(d,n) reaction can be applied for DDX measurement 

using MeV range deuteron beam. Fig. l i l lus t ra tes the experimental 

neutron DDX of iron a t 18 MeV" together with the corresponding values 

by the evalua t ions . In this energy, there ex i s t s marked discrepancy, 

while the evaluat ions provide very good description for 14 MeV neutrons 
3 - 4 > . Such a deficiency in evaluated data may cause uncer ta int ies in 

both neutronics and radiation damage calculations. This example 

sugges t s the needs of experimental data a t severa l incident energ ies . 

In higher energy region, much larger discrepancies up to factors to 
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decade a r e reported between the experiments and calculations 

for recoil s p e c t r a 1 0 ' and neutron emission s p e c t r a 1 1 ' . Fig. 2 shows the 

comparison between the experiment and calculation for the neutron 

emission spec t ra by the (p ,n) react ions a t -300 MeV1 1 ' . 

3. Secondary Charged Particle Data and Damage Calculation 

The neutron induced charged part icle emission react ions such as 

( n , p ) , ( n , u ) , ( n , n « ) react ions play important role in calculation of 

radiat ion damage and heat ing. For the calculation of PKA due to these 

reac t ions , energy dis t r ibut ion and reaction kinematics a re to be known, 

especially for (n ,a ) reaction because of large recoil energy. For 

example, the recoil energy of 5 t F e in the 58Ni(n, r) 59Ni (n, a ) 5 6 Fe 

reaction which is used for helium production in the rmal - reac to r 

irradiation t e s t , produces additional -20% atomic d i sp l acemen t 1 2 ' . 

Several s tud ies have shown tha t the energy and angular dis tr ibut ion 

of the reaction have significant effect on PKA and damage energy. 

However, due to lack of such information in the evaluated data , and to 

insufficient s t a t u s of experimental da ta , the energy and angular d i s t r i 

bution a r e assumed r a t h e r conventionally without sound bas i s . Fig. 4 

i l l u s t r a t e s the a - spec t ra for 5 8 Ni(n , s ) reaction calculated by dif ferent 

models 5 ' ; this indicates large uncer ta in t ies associa ted in modeling the 

spectrum. These modeling does not necessari ly prove the energy conserv

ation and leads to non real is t ic r e s u l t s . Of course, r - ray production 

cross sec t ions and spec t ra are indispensable to sat isfy the energy 

conservat ion. MacFahren & F o s t e r 5 ' have reported an "exact" calculation 

using DDX type and energy-balanced data obtained by a theoret ical calcu

la t ion: they showed significant change from "conventional" calculation 

in damage energy and d ras t i c improvement in nuclear heat ing. Takahashi 

e t a l . 1 3 ' also proposed a method for real is t ic calculation of PKA based 

on the neutron DDX. 

Thus the energy-angular DDXs for secondary charged part icles are 

also required in high energy region. It is noted tha t the charged 

part icle data even a t thermal energy are not well known and to be 

improved for es tabl ishment of "simulation rule" of material t e s t i r radi

a t ion. 
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4. Summary 

The high energy (g 10 MeV) nuclear data a re to be one of the 

principal a r e a s in future nuclear data program, for the development of 

fusion reac to r and acce le ra to r -based neutron sys t ems . These high energy 

region is an unexplored field and will provide various new items in 

experimental and theoret ical a r e a s of nuclear data works . Recent 

ac t iv i t ies in Japan for fusion nuclear data a re thought to be favorable 

fac tors for the program. 

Among various data needed, the DDX type ones of reaction products 

will be of prime importance as the basis for neutronics calculation and 

radiat ion effects a s s e s s m e n t . The experimental data a re the primary 

source of the information, then fur ther act iv i t ies in experimets a re 

expecetd. It should be noted tha t sui table neutron gene ra to r s 

based on tandem acce le ra to r or cyclotron a re indispensable to promote 

the ac t iv i t i e s . The DDX data a re not represented correctly in the 

s ingle-di f ferent ia l format using file-4 and 5, then appropr ia te data 

formating such as file-6 or pseudo-level method is also important for 

the improvement of the evaluated data file. 
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2 . 5 . 4 Comments from the view poin t of fusion n e u t r o n i c s experiments 

T. Nakamura 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 

Some comments are presented for the post-JENDL3 activities from 

the view point of fusion neutronics experiments. 

A number of experiments, both differential and integral, have 

been conducted recently in Japan for the verification of the nuclear 

data for the design of fusion reactors; some data in the JENDL3 pre

liminary versions have been examined by using these experimental 

results. 

Some comments and proposals are stated for the activities after 

the release of JENDL3, referring to the works at FNS as examples for 

explanation. 

1) Testing of JENDL3 by integral neutronics experiments. 

A well-planned integral experiment provides good means to test 

nuclear data for elements of interest. The recent experiment on the 

angle-dependent leakage neutron spectra from Be slabs by Oyama et 

al.is referred as a typical example . As is shown in Fig.l, the 

calculated values with different nuclear files show deviations from 

the measured one in different ways, indicating the necessity of the 

re-examination in the evaluation of this element. 

Benchmark experiment data have been and being accumulated for 

important elements other than Be at FNS and at other facilities. Using 

these data, an activity should be encouraged to make the systematic 

testing of nuclear data files putting a prime priority on JENDL3. The 

information extracted through the study is to be fed back to the 

JENDL3 revision or incorporated in the post-JENDL3 file. 

- 4 8 -



JAERI-M 87-025 

2) Provision for sensitivity/uncertainty analysis 

Sensitivity/uncertainty analysis is a powerful tool both in 

planning experiment and interpreting the results obtained in regard to 

nuclear data base. Recently Ikeda et al. performed a two-dimensional 

senitivity/uncertainty analysis on FNS experimental systems in the 
(2) 

geometry shown in Fig. 2 . This is to assess uncertainty in tritium 

production rate distribution due to the current cross-section 

unceirtainties by using ENDF/B-V, File 33. One of the results is given 

iin Fig.3. 

The corresponding error file in JENDL is is not incorporated yet. 

But it is keenly requested for the sensitivity/uncertainty calculation 

to make best use of the domestic nuclear data file both for nuclear 

design research and the analysis of the integral experiments. 

3) Provision for gamma-ray production cross section 

Nuclear energy deposition in a fusion blanket is the important 

neutronic quantity next to tritiumm production. Substantial experimen

tal efforts are directed to this area. Hence, reliable cross section 

data on gamma-ray production is needed for the analysis of integral 

experiments. They are also indispensable in nuclear design works to 

make a consistent prediction of neutron and gamma ray doses using a 

single file. 

4) Activation cross section data 

At FNS a program is in progress to measure activation cross 

sections around 14MeV systematically for the various nuclides used in 

fusion reactor materials covering over 200 reactions. A part of the 
(3) results is presented in this seminar by Ikeda . As there is no other 

activity as exhaustive as this one, these data are strongly 

recommended to be incorporated in JENDL activation and dosimetry files 

in due course. 
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2.5.5 Some Comments on Post-JENDL-3 Activity Programme for 

Japanese Nuclear Data Committee 

Atsushi Zukeran 
Energy Research Laboratory, Hitachi ltd. 

1168, Moriyama-cho, Hitachi-shi, Ibaraki-ken, Japan 

I . INTRODUCTION 
Fourty-three years have past since the first nuclear 

reactor CP-1, a graphite moderated critical assembly at Ar-
gonne National Laboratory(AND,was critical. But, scientists 
and engineers are still in a situation of evaluating 
nuclear data for nuclear energy production. Certainly 
nuclear data evaluation is a difficult and time consuming 
task. 

The ad hoc committee for the post JENDL-3 program has 
made a presentation of proposals. Then, this report gives 
some comments from a quite different view-point i.e., con
sidering the circumstances surrounding nuclear data evalua
tion, including a historical review. While these are my per
sonal comments, I hope others will find some merit in then. 

II . NATURE OF NUCLEAR DATA 
Nuclear data, at present, are mainly for neutron in

duced reactions covering an energy range cold neutron ( 
about 10 - a eV) to fast neutrons (around 14 NeV) providing 
the fusion neutron sources as shown in Fig. 1. In this 
figure typical neutron spectra in the core of the fission 
reactors and in the first wall of fusion torus are shown. As 
evident from the figure, the nuclear data given to the 
evaluators cover a wide range (13 cycle in logarithmic 
scale), and there are severe requirements for data accuracy 
from reactor designers. Then, nuclear data must be recog
nized as key quantities for constructing a reactor with high 
safety and core performance, although their evaluation task 
is difficult. 

In the lower energy region (below a few eV), nuclear-
molecular interactions affect the neutron population and 
thus not only nuclear properties, but also a molecular bind
ing effect are important issues in order to evaluate physi
cal behavior of neutrons. As a historical example, the in
elastic scattering of slow neutrons in ZrH crystal might be 
an important phenomenon which ensures the inherent safety of 
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the TRIGGER reactor. 
Nuclear data for critical fission reactors, for which 

the neutron spectra are schematically shown in Fig.l, have 
to achieve a neutron balance. Therefore, from a practical 
viewpoint, the simultaneous grade-up of nuclear data, with 
a consistency between nuclei and their reactions seems to be 
an effective approach. Simultaneous evaluations being 
carried out by the heavy nuclei nuclear data evaluation 
group are* expected to be promising, in the sense mentioned 
above. 

However, for the fusion reactor with a neutron flux 
due to leakage of neutrons from the neutron production 
region, the nuclear reactions are only weakly correlated be
tween the blanket and the neutron source region of plasma. 
Thus, the need for balance in nuclear data does not seem so 
great as for fission reactors. Rather, high energy (14Nev) 
induced reactions such aa gas productions reaction, secon
dary particle induced activity, and the nuclear data for 
damage evaluation of the first wall are emphasized for fu
ture engineering requirements. 

Nuclear data including charged particle induced reac
tions by GeV particles have been excluded in the current 
nuclear data evaluation. These data are potentially needed 
for accelerator breeders based on spallation reactions. 
Therefore, propose such pioneering work should be promoted 
by specialists. 

Ill . SITUATION OF NUCLEAR DATA EVALUATION 
Consider the number of different nuclei to be 

evaluated, such a "giant" task should be undertaken as a 
world-wide task for evaluators, experimenters and 
theoreticians. Fortunately, international collaboration in 
the field of nuclear data is well established and informa
tion has been efficiently exchanged. Although there are many 
national evaluated nuclear data files such as JENDL, 
ENDF/B, UKNDL, KEDAK, JEF, CENDL and SOKRATOR, no 
"international nuclear data file" exists. Such a file may 
be considered in the future as the goal of a world-wide 
evaluation task. It might take the form of an unified files 
based on current domestic data and a file including 
evaluated data based on the international division of tasks. 

However, considering current activity for nuclear data 
evaluation, it seems that working scientists and student are 
not interested in the nuclear data evaluation, since it is a 
laborious and less glamorous than other areas of nuclear 
physics. The current situation for nuclear data evaluators 
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is as subcontractors in nuclear energy development although 
nuclear data have been a key issue. Thus, a new, better ap
proach must be developed positively as the result of great 
need to apply nuclear data and encourage young people to un
dertake evaluation work. As a historical example , the so-
called "high a -value" problem comes to mind. This involved 
why the realization of the fast breeder reactor depended 
upon whether the magnitude of a3°Pu a -value was higher or 
not. Recently,for a high compact lattice light water reac
tor the same situation has arisen in relation to void reac
tivity prediction. 

ID . HISTORICAL REVIEW 
A graphic chronology for evaluated nuclear data files 

is depicted in Fig.2. The first version of the American 
evaluated nuclear data file ENDF/B-I was completed in 
1968. After 9 years from ENDF/B-I , The first version of 
Japanese Evaluated Nuclear Data Library JENDL-1 was compiled 
in 1977. Evaluations for the third version are now in 
progress and it should be completed around Nay 1987. Among 
seven national files listed, the ENDF/B files have gone 
through the largest number of versions. The usable lifetime 
of each version seems to get longer with each succeeding 
one. Defining "file-life" as the time between the incep
tion of the file and the next new version, and "cumulative 
life " of a particular evaluated file like ENDF/B as a 
staircase plot of these file lifes. then cumulative file 
lifes for ENDF/B and KEDAK are shown in Fig.3. Although this 
is a rough plot, there seems to be a systematical trend 
which can be approximated by a parabola. Then, a "eye-guid 
line" indicates that the next version ENDF/B-VI , beginning 
in 1986, would be viable up to the beginning of the next 
century 2003. In general, file life tends to get longer as 
reliability or data accuracy are improved. 

In Table 1, U235 fission cross sections, chosen as a 
typical nuclei, are processed from ENDF/B and JENDL-2 files, 
and the other one (ABBN) of Bondarenko cross section set 
which was the first cross section set used in Japan before 
the first version of ENDF/B, are shown. The deviation from 
JENDL-2's are also shown as a percent. From this comparison 
the following trends can be obtained. 

1) A significant difference between the oldest data 
of the Bondarenko set and other data exits in the KeV 
region. The most recent data agree within several per-
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cent against the maximum 31 % deviation in the oldest 
one. 

2) Another difference is found around 21.5 eV to 
2.15 eV. There is about a 13% difference between 
ENDF/B's and JENDL-2's. 

3) In general, the mutual differences have 
decreased with time or version-up of files as shown in 
ENDF/B's and JENDL-2's. 

As can be deduced from the above example, by repeating 
(i.e.,refining) the evaluation of data, the locations of 
data is seemed to go to some limited region which means one 
of saturation phenomena. In this sense, a statistical 
treatment such as simultaneous evaluation using covariance 
matrix will be welcome. 

In order to quantify Japanese activities in nuclear 
data, the number of oral presentations at biannual Japan 
Atomic Energy Meetings is used. Oral presentations can give 
an indication of overall activity better than the publica
tions since the former includes preliminary results before 
formal publication at the end of task. 

The number of oral presentations in the meetings are 
shown in Fig.4. The presentations are categorized into to
tal number, the presentations from companies and institu
tions , national and private universities, Japan Atomic 
Energy Institute and the others. In order to indicate the 
man power contributing to nuclear data activities from ex
perimental, theoretical analysis and evaluation areas, the 
total number of authors listed for presentations are also 
shown in the figure. This figure points up the following 
tendencies. 

1) Nuclear data activity, as measured by the total 
numbers of presentations and persons, have increased 
with passing time. 

(2) In analyzing the sources of contributions, ac
tivity in institutions is dominant, in particular, 
university activities have become gradually larger, 
while company activities have been nearly constant. 

As shown in Fig.4, the total number of persons at the 1986 
meeting was 127 men as obtained by a double counting 
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method, i . e . , i f the same person was l i s t e d for two ar
t i c l e s , the number i s two. In the 1967 f a l l meeting (20 
years ago) , no s e s s i o n for "Nuclear Data", however a few 
presenta t ion r e l a t e d to nuc l ear d a t a . These a c t i v i t i e s 
f o c u s e d on an a p p l i c a t i o n of n u c l e a r data to r e a c t o r 
a n a l y s i s , such as a c a l c u l a t i o n a l model of resonance in 
tegral using the resonance parameters. However, 

(3) recent presentations tends to be for the nuclear 
data r e l a t e d to higher energy (14 MeV) neutron induced 
r e a c t i o n s such as double d i f f e r e n t i a l cross s e c t i o n , 
threshold and/or gas production cross s e c t i o n s , which 
are aimed forwards fusion reactor i n t e r e s t s . 

But overa l l , i t i s unfortunately true that 

(4 ) p r e s e n t a t i o n s r e l a t e d to the n u c l e a r d a t a 
" e v a l u a t i o n s " are much fewer few than expected , or 
des irab le . 

The last point i s part icu lar ly serious when viewed in terms 
of the amount of work being extended to complete JENDL 
f i l e . This tendency.should be examined by a l l of us,working 
as evaluators or related areas. 

VI . CONCLUDING REMARKS AND COMMENTS. 
I have given some comments for Post JENDL-3 a c t i v i t i e s 

which are q u i t e d i f f e r e n t v iewpoints from jus t t echnica l 
c o n s i d e r a t i o n s . These are my own p r i v a t e op in ions , but I 
f ee l they are v a l i d t a l k i n g p o i n t s to determine f u t u r e 
d irec t ions and tasks . 
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Fig. 4 Numbers of Oral P r e s e n t a t i o n s and P e r s o n s 

contributing to Nuclear data A c t i v i t i e s 

in the Biannual M e e t i n g s of Japan Atomic 

Energy Society. 
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2.5.6 Comments to JENDL-3 

Hiroshi Tochihara 
Mitsubishi Atomic Power Industries, Inc. (MAPI) 

Experience of JENDL-2 application and comments 
to JENDL-3 were reported from standpoint of an 
user in water reactor nuclear design field. 

I am not directly engaged in nuclear cross section data evaluation work. 
Following comments are those from standpoint of a nuclear design engineer, 
that is, an user of JENDL. 

In MAPI nuclear cross section data library are needed mainly for nuclear 
and shielding design of PWR, APWR, HCPWR, FBR and fissile material storage 
facilities. 

As to PWR, there are many startup physics test data and operating data of 
real PWR plants. Using these data, we can totally verify our nuclear de
sign calculations (ENDF/B based LEOPARD code) and recently there is rather 
good agreement between measurement and prediction. 

Several important isotopes JENDL-2 library data were used to replace our 
original library data to check the reactivity difference in benchmark prob
lems between both library data. 

There are rather small difference, so we think that it is not necessary to 
replace our library data right now. 

The detailed results will be reported in the next poster session by 
Mr. M. Sasaki of MAPI. 

But according to the recent trends towards longer cycle operation, high 
burnup operation, Plutonium recycle and new type reactor development such 
as HCPWR, there are increasing necessity for transuranium higher isotopes 
and fission products cross section data based on the originally evaluated 
library data such as JENDL-3. The merit of Japanese library data is its 
easiness to access. But in the user's standpoint, the problem is that 
preparation of the new library data is very time and money consuming work 
but the benefit is not so much. Easy to make but much benefit is our aim. 

Preparation of JENDL standard library data set for several standard nuclear 
design codes such as MUFT and TEMPEST are very useful for many industry 
nuclear people. Also preparation of automatic computer system for easy 
access to JENDL library data is important to users of JENDL. Many people 
will use JENDL library according to increase of reliability and easiness 
to use JENDL library. 
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3. Topics 

3.1 Fast Neutron Scattering in the Energy Range between 10 and 40MeV 

Y.Yamanouti 

Department of Physics, Japan Atomic Energy Research Institute 

Tokai.Ibaraki 319-11, Japan 

Abstract: The neutron scattering cross sections in the energy range 

from 10 to 40MeV are reviewed. The theoretical analyses in terms of 

the phenomenological global optical potential and the microscopic 

optical potentials are disccussed in this report. 

1. Introduction 

During the last ten years, fast neutron facilities and programs have 

been established for systematic studies of neutron scattering over a 

wide energy range, so that the differential neutron scattering 

measurements in the energy range from 10 to 40MeV have been made in 

several laboratories. The accumulated scattering data have been 

reported mainly with neutron energies up to 26MeV. Scattering cross 

sections above 26MeV are available only for five, target nuclei at 30 and 

40MeV. These data were measured by the now-terminated MSU neutron 

facility . The availability of facilities for carrying out various 

types of experiments including neutron elastic and inelastic scattering 
2) 

was summarized by Zafiratos . In the following sections the status of 

the measured scattering cross sections and the recent optical model 

analyses of the elastic scattering cross sections are presented. 

2. Measured cross sections 

For neutron scattering data, all presently available neutron 

scattering cross sections measured with the neutron energies above 20MeV 

have been surveyed and graphical tabulation of scattering and reaction 
3) data has been presented by Rapaport . And Hansen has reported 
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measurements and calculations of neutron scattering angular distributions 
4) 

over a wide mass and energy range . The neutron scattering data have 

been measured mainly in TUNL(10 to 17MeV), Ohio University (11,20 to 26MeV) 

, Livermore(14.6 and 24MeV) and Michigan State University(30 and 40MeV). 
208 

The elastic scattering cross sections of Pb at incident neutron energies 

between 7 and 40MeV are shown in fig.I as a typical examle in neutron 

scattering from heavy nuclei in this energy range 

3. Global optical model potential 

The measured angular distributions for the elastic scattering are 

usually analyzed in terms of the optical model, and the individual best 

fit optical parameters are obtained for each angular distribution. 

The optical model provides the basis not only for the analyses by nuclear 

reaction theories but also for the technological calculations in which 

nuclear data are used for applications. 

From the elastic scattering cross sections information for the 

phenomenological global optical model can be obtained. Global optical 

model potentials assuming macroscopic approach with Saxon-Woods and 

derivative Saxon-Woods radial shape have been proposed by Wilmore and 

Hodgson , Becchetti and Greenlees , Rapaport , and Walter and Guss . 

In the most recent work of the global optical potential by Walter and 

Guss, A spherical optical potential for neutron scattering has been 

parametrized for the mass region larger than 53, and the energy range 

between 10 and 80MeV. Although some of the results are still tentative, 

reasonable fits have been achieved in the restricted mass and enery 

range by this global optical potential. The quality of the fits for 

A>53 and 10<E<26MeV is shown in fig.2. 

4. Microscopic optical model potential 

Different approach to the optical model potential from a more 

fundamental microscopic theory based on the nucleon-nucleon interaction 

has been investigated, i.e. the nuclear matter aproach of Jeukenne, 

Lejeune and Mahaux ' , and the folding model of Brieva and Rook 

Hansen has reported the results of the test of the microscopic optical 

potentials over a wide mass range from Be to Bi. The predictions of 
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both JLM and BR microscopic potentials were compared with the elastic 

cross sections at 14.6MeV. 

For the test over the energy range from 8 to 26MeV the measured neutron 
54 elastic cross sections for Fe were compared with calculations with 

the microscopic optical potentials. Comparison between the microscopic 

optical model and measured cross sections are shown in fig.3. 

Predictions of the two microscopic models are remarkably good. The JLM 

model gives better agreement with the neutron scattering cross sections 

over the whole mass range. 

5. Conclusions 

The neutron scattering data were reviewed and the theoretical 

predictions in terms of the global optical potential and the microscopic 

optical potentials were presented. The neutron scattering data seem to 

be well described by the recent global optical potential in the 

restricted mass range A>53. The microscopic optical potentials also 

well predict the scattering data at 14.6MeV. 

Although untiring efforts have been devoted to accumulate nuclear data 

in a wide mass range, neutron scattering data are still sparse and 

there are many target nuclei which remain to be measured. 

Neutron scattering measurements at higher energies up to 40MeV should be 

made in order to obtain the best global optical potential for describing 

neutron scattering, test the microscopic optical potentials as a tool to 

predict neutron scattering cross sections, and respond to the nuclear 

data needs for technological applications hereafter. 
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0 20 40 60 80 100 120 140 160 1B0 

<Wd«0> 

Fig.l Differential neutron scattering cross sections for 
208 

the Pb(n,n) reaction at incident neutron energies 

between 7 and 40MeV. Data are from the following 

sources: 7,20 22 and 26MeV-present measurement; 

9,11 and 25.7MeV-Rapaport et al.(N.P.A296,95(1978)); 

30 and 40MeV-DeVito et al.(MSUCL-363,(1981)). 

Ref.5). 
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60 120 60 120 

Fig.2a Differential neutron scattering cross section data 

and global optical model calculations for 

neutron-nucleus scattering in tne mass range from Fe 
120 

to Sn. Ref.9). 
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(deq) 

I7M»V 

Fig.2b Differential neutron scattering cross section data 

and global optical model calculations for 

neutron-nucleus scattering in the mass range from n a Sn 
209 

to Bi. Ref.9). 
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3.2 Nuclear data related to accelerator applications 

Motoharu Mizumoto 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 

The use of particle accelerators for applied purposes becomes 

very common in recent year. The measurement and evaluation for 

nuclear data related to these applications are expected as one of the 

main activities after the evaluation works for the JENDL-3 file will 

be completed. In this report, some of the aims of accelerator 

applications will be discussed and the characteristics, in particular, 

of neutron data in the high energy region will be briefly described. 

As an example of such nuclear data needs, residual radio activities in 

the accelerator due to the operation of the JAERI Electron Linac will 

be presented. 

1. Introduction 

Since particle accelerators were first developed about 50 years 

ago, they have been exclusively used for fundamental researches such 

as nuclear physics, particle physics and material sciences. But 

accelerators are now used for many applied purposes, because the 

maximum beam energy and current have been increasing very rapidly and 

various kinds of particle beams have become available with 

sophisticated beam operation. It is also expected that the 

accelerator technology will be used in the field of energy productions 

in future. Recent advanced technologies, including electronics, new 

materials, high frequency and superconduction, make it possible to 

construct accelerators more economically and efficiently. 

The development of intense neutron sources is considered to be 

one of the most important accelerator applications, where 

comprehensive nuclear data will be required. Nuclear data needs range 

from several MeV to 1 GeV with respect to the neutron energy, and 

include many charged particle reaction data. But at present, various 

existing techniques for data handling and calculation may be partly 

applicable to those regions; The research fields related to the 
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accelerator applications will stimulate activities both for nuclear 

data evaluations and experiments. 

2. Fields for accelerator applications 

Table 1 shows the various fields in the applications where 

particle accelerators are used. These fields may be classified into 

two groups: one has already been put to practical use and another 

needs more researches for future uses. Medical and industrial uses 

have been already widely spread'*'. More than 400 small electron 

linear accelerators are used for medical applications and 100 are used 

for radiographics all over the country. About 10 cyclotrons are used 

in hospitals for the radiation therapy and radioisotope productions 

for medical treatments and diagnostics. On the other hands, proton 

(or deuteron) accelerators of large scale are still under development. 

In addition to the intense neutron sources, they are expected to be 

used for various future applications such as transmutation of 

radioactive wastes, breeding of fissile fuels and irradiation test of 

fusion materials. These research fields have close relationship to 

the nuclear energy researches, of which existing activities can be 

easily expanded for these purposes. 

Table 2 shows the regions where data are necessary to evaluate 

for accelerator applications. These are categorized into four main 

items: determination of source properties, source and accelerator 

shielding, safety and maintenance, and radiation damage and dosimetry. 

As apparently known from this table, the necessary properties of the 

data are very similar as those required for the fission and fusion 

reactor developments. As already pointed out, the only differences 

are that the energy regions are high and the various charged particle 

reactions have to be considered 

3. High energy neutron data 

The purpose of this chapter is to review high energy neutron 

cross section data above 20 MeV. But this review is not comprehensive 
and is only intended to show the main characteristics of the data in 

this energy region. There have been many review works which described 

the data status in more detail*2-6'. There are still very 
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insufficient data available between 20 to 50 MeV and practically no 

data above 100 MeV except total cross sections. In spite of the 

immediate data need, the increase of the references in CINDA*'' is 

slow because the number of the experimental facilities, which are 

capable to do this kind of high energy neutron experiments, is limited. 

The Davis cyclotron, Electron Linac at ORNL(ORELA) and KFK 

cyclotron have obtained total cross section data in the 10-50 MeV 

range for several elements. In addition to these laboratories, the 

WNR facility at Los Alamos have provided total cross section data 

above 100 MeV region using the 800 MeV spallation neutron source. 

They constructed the new facility in 1986 by adding PSR (Proton 

Storage Ring) and are expected to produce new data of better quality 

with more intense neutron source. Figure 1 shows the example for Fe 

total cross sections where a significant discrepancy exists among the 

Davis, ORELA and KFK data. The only 10-15 % accuracy was obtained so 

far and additional work is necessary to satisfy the required need of 

about 5 %^3'. Figure 2 shows the comparison of the Cr data^4'. When 

the conventional optical model parameter sets are used for the 

calculation, predicted total cross section values are found to be 

quite different from the experimental results. 

The elastic and inelastic scattering cross sections have been 

extensively measured in Ohio and TUNL University. The present status 

and systematic studies of optical model calculation were reviewed by 

Yamanouti in this seminar'8'. The reasonable optical parameters are 

required to fit also total cross sections, proton induced cross 

sections and analyzing power as shown in Fig. 3. 

The examples of neutron emission data such as (n,2n) and (n,3n) 

cross sections are shown in Figs. 4a and 4b, which were measured at 

Los Alamos'^'. For the light element, the cross section value 

increases only in the high energy region while for the heavy element 

the cross section rises in the lower energy region due to the mass 

dependence of neutron binding energies. The statistical model 

including preequilibrium effects can predict reasonably well these 

data. 

Activation cross sections are also very important in the high 

energy region but there are no convenient monoenergetic neutron 
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sources. Therefore the d-Be source, which is not fully monoenergetic, 

was used at Julich'^) to obtain such data as shown in Fig. 5. Double 

differential cross sections for emitted charged particles (proton, 

deuteron, triton, helium-3 and alpha) were measured at Davis'6' using 

27.4, 39.7 and 60.7 MeV neutrons from the p-^Li reaction. These data 

on human tissue elements (H, C, N and 0) are very useful to know the 

energy dissipation in the body (kerma) for the neutron therapy. In 

Fig. 6, data for 60.7 MeV neutrons on Carbon are shown. The gamma-ray 

production cross sections have been measured for many elements below 

20 MeV for fusion application using the 0RELA white neutron source. 

They extended their energy region up to 40 MeV and provided the data 

for calculations of gamma-ray heating and radiation shielding. Figure 

7 shows the recent discrete gamma-ray data for Cr'*1'. 

In many laboratories, much efforts have been made to obtain high 

energy data. Several neutron sources for this purpose are being 

investigated.*^2'. 

Theoretical calculations of high energy neutron data have been 

also carried out below about 50 MeV in order to supplement the 

insufficiency of experimental data. They are generally based on the 

multi-step Hauser Feshbach model combined with preequilibrium and 

direct reaction model. Those models utilize optical potential 

parameters, average level densities and discrete level information. 

Figure 8 shows the example of the 59Co evaluation calculated with the 

Los Alamos computer code GNASH'13', where a large number of reactions 

were taken into account. 

4. Intense neutron source 

The main types of nuclear reactions, which can be used for 

neutron production, are given in Table 3.'**' The numbers of neutrons 

per particle or reaction and the heat deposition per source neutron 

are shown. The shape of the emitted neutron energy spectrum is also 

important for each purpose of usage. The d-T neutrons and photo 

neutrons (W(e,n)) can be used only for the basic researches because of 

the low neutron intensity and difficulty to cool the target. The 

fission neutron is not suitable for the high energy neutron 

experiments due to the thermal neutron spectrum. The D-T fusion 
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neutron may possibly be used in future as very intense neutron sources 

after fusion reactors will be realized. 

Figure 9 shows the energy distribution of neutrons emitted at 

various angles when 40 MeV deuterons hit a thick Li target'"), From 

deuteron break-up reaction, the neutron with an energy of about half 

that of the incident deuteron is emitted in the forward direction. 

Figure 10 shows the emitted neutron flux shapes from the spallation 

reactions of 590 MeV protons incident to Pb and 2 ^ U target'16'. Low 

energy part below about 10 MeV is due to neutron evaporations which 

have an isotropic angular distribution, while high energy part is due 

to knock-on reactions with a strong forward peak. Because of intense 

high energy neutrons, these two sources can be suitable for 

investigation of radiation damage in the first wall of a D-T fusion 

reactor. An exposure of 14 MeV neutrons are needed for this test with 

a flux of the order of 1014ncm~2s-1. 

Table 4 shows the comparison of the nuclear data requirements 

between the break-up neutron of d-Li and the spallation neutron 

source. With regard to the accelerator technology and the 

availability of nuclear data, the construction of deuteron 

accelerators may be easier than high energy proton accelerators. But, 

as already mentioned, spallation sources have possibilities for many 

other applications. Moreover, spallation reactions provide the 

highest number of neutrons per proton (up to 40 n/p) and cause the 

smallest heat deposition per neutron. In recent year, several 

projects of large scale for spallation neutron sources have been 

proposed and several new facilities have started operation. 

The nuclear reaction mechanism in the high energy region above 50 

MeV is not fully understood, but to some extent, this reaction can be 

described by multiple collisions between the incident particle and 

free nucleons in the target. This is called an intranuclear cascade 

model. This process is too complicated to be calculated by analytical 

methods. Therefore, Monte Carlo technique is applied in combination 

with the transport calculation of the cascade and particle evaporation 

from target nuclei. Figure 11 show the comparison between the 

experiment and such calculation at the incident proton energy of 800 

f4gy(17)t j n e g00(| agreement was obtained between the calculation and 
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experiment at this energy. 

5. Residual activities at the JAERI electron accelerator 

Accurate information and reduction (if possible) of residual 

radio activities in the accelerator structure and shielding material 

are important for operation and maintenance of particle accelerators. 

The calculations to estimate such activities were carried out, for 

example, in the case of the FMIT (Fusion Material Irradiation Test 

Facility) project^1**'. But up to now such estimations have been 

scarcely done because accelerator components are very complex and 

radio activities are difficult to be generalized due to the strong 

dependence on each arrangements of each facility. 

At the JAERI electron linear accelerator, neutron time-of-flight 

experiments have been carried out for more than 15 years. Schematic 

arrangement of the accelerator is shown in Fig. 12. Residual radio 

activities were accumulated in the accelerator structure, beam 

transport system and neutron target. At the high energy electron 

linac, activities are produced mainly by photo reactions such as (y.ri) 

and (f,p) due to bremsstrahlung and neutron absorptions due to 

secondary emitted neutrons. Components activated are stainless steel, 

aluminum, copper and concrete shield. 

Measurements of gamma-ray activities were made with i portable Ge 

detector at several positions along the accelerating tubes as shown in 

Fig. 12. The electron energy, which causes activations, increases 

along the accelerating tube from 2 to 120 MeV. Observed gamma-ray 

spectrum at position #5 is shown in Fig. 13. Induced activities in 

the figure have relatively long lives because measurements were made 

48 hours after the accelerator operation was stopped. Table 5 shows 

the major reactions to be considered with ratios of intensities to the 

^Co gamma-rays. The FMIT estimations are also shown for reference. 

Though they were calculated for deuteron induced reactions, it was 

found that similar activities were produced. Figure 14 shows the 

dependence of gamma-ray intensities on the measured positions, which 

should be correlated with accelerated electron energies. It is 

necessary to calculate these activations based on the intensity and 

energy of the accelerated particle and evaluated reaction cross 
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sections of structural and shielding materials of accelerators. But 

it should be also noted that these data are strongly dependent on the 

operation condition of the particular period. The accumulation of 

this kind of information from various accelerators is very important 

and useful to construct new accelerator and facility. 

6. Summary 

The data evaluation related to accelerator applications is the 

new field for nuclear data activities. The nuclear model calculations 

are in general only methods to produce data for evaluations in the 

high energy region. However they are often based on assumptions which 

cannot be fully justified. Therefore, model predictions must be 

checked from comparisons with reliable experimental data. Productions 

of new experimental data are urgently needed using advanced techniques 

and new facilities. Collaboration between experimentalists and 

evaluators among many laboratories will be effective to improve the 

data status. 
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Table 1. Fields for accelerator applications 

Accelerator Fields for use 

Proton Neutron source, Transmutation of radioactive waste, 

(Deuteron) Breeding of fissile fuel, Material irradiation, Meson 

production, Muon catalyzed fusion, RI production, 

Medical use, Material analysis 

Electron Free electron laser, Synchrotron radiation, Inertia! 

confinement fusion, Food irradiation, RI production, 

Material irradiation, X-ray source, Medical use 

Heavy ion New material developments, Biology, Inertial 

confinement fusion, Medical use, RI production 

Table 2. Nuclear data related to accelerator applications 

(1) Source reaction Particle and mass yield (incident of proton, 

deuteron, electron, heavy ion), Emitted neutron 

intensity, spectrum, angular distribution, 

Charged particle reaction cross section, 

Neutron cross section. 

(2) Shielding Total, Scattering, Nonelastic, Gamma-ray 

production cross sections (Double differential) 

(3) Maintenance Radiation cross section (induced by proton, 

deuteron, neutron), Reaction yield 

(4) Damage and Dosimetry DPA, Gas production, Transmutation, Radiation 

cross section 
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Table 3. Neutron producing reactions 

Reaction 

T(d,n) (0.2MeV) 

W(e,n) (lOOMeV) 3 

Li(d,n) (40 MeV) 6, 

Fission (235U) 

D-T Fusion 

Pb spallation (lGeV) 

2 3 8U Spallation (lGeV) 

Yield 

n/particle 

or event 

8 x 10_5n/d 

.2 x 10-2n/e 

.7 x 10-2n/d 

1 n/fission 

1 n/fusion 

20 n/p 

i 40 n/p 

Deposited 

Heat 

MeV/n 

2500 

3100 

600 

200 

3 

23 

50 

Type of 

Spectrum 

14 MeV 

evaporation 

d-break-up 

fission 

14 MeV 

evap.+cascade 

evap.+cascade 
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calculations for proton-nucleus scattering (Ref. 5) 
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Fig. 9. Energy distribution of neutrons emitted at various 
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Fig. 14. The dependence of gamma-ray intensities on the measured 

positions, which should be correlated with accelerated 

electron energy. 
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3.3 Charged Particle Induced Reactions 

CStandard Reaction) 

RIKEN A. Hashizume 

Since 1984, we made the compilation of the cross section 

data of charged particle induced reactions useful for production 

of radioactive isotopes in biomedical use. Our primary interest 

is in the reaction cross sections which are concerned with 

production of the following isotopes: 
11C, 13N, 18F, 28Mg, $2Ie, 67Ga> 67Ga> 74-ASj 

7?Br, 77Kr> 81Rb> 82mRb> 111In> 123Xe, 127Xe> ^231^ 

1 2^I, and 1 2 5 I . 

In general, these integral cross sections of charged 

particles are obtained by the foil activation method. In the 

experiment, one have to determine the energy and numbers of 

incident particles on a target and also to determine the induced 

activities. The uncertainties of stopping power and straggling 

of incident energy in the target assembly are also the factors 

which affect the accuracy of measurements. In charged particle 

induced nuclear reactions the accuracies of experiment are not 

always good. It is usual case that the experimental values 

obtained independently shows some discrepancies. A example is 

shown in Fig.1 which indicates the reaction cross section of 
123Xe by 127I(p,5n). The daughter of 123Xe, 1 2 3 I , is considered 

one of the best radionuclides for in vivo diagnostic nuclear 

medical studies using single-photon emission computed tomography. 

At the enrgy of 51 MeV where the cross section become maximum, 

the values are distributed about 60 %. These situation is can be 

pointed out for other reactions. One way to avoid these 

discrepancies is to use the standard reaction and dtermine 

relatively the cross section. 

The use of these monitor reactions have also advantage where 

Faraday cups for beam flux monitoring is difficult to use in case 

of using internal beam such as high energy accelerator machine. 
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Idealy the monitor reactions used for standard should satisfy the 

following factors: 

(1) The absolute cross section should be known precisely in 

wide range of energies of incident particles. 

(2) The cross section should change rather smoothly as 

incident particle energies increase. It is not desiable to have 

sharp resonances. 

(3) Other reaction channels should be small 

(4.) The effects of secondary particles due to primary 

reaction should be small. 

(5) The half-life of reaction product should not to be too 

short compaired to irradiation time. 

(6) The quantitiative determination of activity can be 

easily made. 

(7) Target material and foil should be obtained without 

difficulty. 

(8) The target shoud be stable during the irradiation. 

Though there are lots of reactions, there exist very few 

reactions which can be adopted for standard monitor reactions. 

One of the restriction comes from the criterion (7). If one 

looks for the isotopes which have natural abundance more than 98 

%, there are 28 isotopes in nature in which 6 isotopes are in gas 

phase at normal temperature. If one examines further the other 

criterions one realizes that the ' 2C(p,pn)1 'C reaction can be 

used as a primary standard for the proton induced reactions. 

Specially the absolute cross sections of this reaction have been 

measured in wide range of incident energies. For other reactions 
27Al(p,3np)2^Na, 63cu(p,2n)62Zn, 65Cu(p,n)65Zn, 65Cu(p,pn)6^Cu, 

are used for the monitoring. For deutron induced reactions 
2'Al (d,x)2^Na is used. For alpha induced reactions, aluminum 

target is also used by making the reaction 2 'Al(o(,x)24-Na. 

The cross sections of C(p,pn)' C are summarized in Fig 2. 

Typical errors are distributed between 3 to 5 % in the energy 

range between 20 MeV and 28 GeV. In Table 1, an example of the 

cause of errors in the measurement of °-'cu(p,pn) is shown. The 

errors of other reactions are summarized in Table 2. 
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Table 1. An example of indicative and systematic errors in 

the Cu(p,pn) Cu reaction. 

Randum error ±% 

3 0 
Chemical yxeld 

Activity measurements 2.5 

Live time estimations 1.5 

Pipeting, dilution,weighing 1.0 

Decay curve analysis 1.0 

Photopeak areas 3.0 

Uncertainty 5.0 

Systematics ±% 

Number of protons 1.0 

Standard calibration 1.6 

Counter efficiency 1.5 

Decay Scheme 1.0 

2.6 

Table 2. The errors of cross sections of the standard and/or 

monitor reactions. 

Reactions 

C(p,pn)i:LC 

27Al(p,x)24Na 

65Cu(p,pn)64Cu 

27 24 
'Al(d,3p2n)^Na 

27Al(cx,x)24Na 

27.,. ,22„ Al(a,x) Na 

Energy range 

20 MeV - 28 GeV 

30 MeV- 28 GeV 

23 MeV - 102 MeV 
13 MeV - 23 MeV 
40 MeV - 88.5 MeV 

60 MeV - 156 MeV 

60 MeV - 156 MeV 

Errors 

3-5 % 

*^5 % 

6 % 
8-10 % 

<3 % 

6 % 

6 % 
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4. Group Constants and Sensitivity Analysis 

4.1 Uncertainty analysis of neutron transport calculation 

Y.Oka,*K.Furuta and *S.Kondo 

Department of Nuclear Engineering, 

^Nuclear Engineering Research Laboratory 

University of Tokyo 

Hongo, Bunkyo-ku, Tokyo. 

Abstract 

A cross section sensitivity-uncertainty analysis code, SUSD was 

developed. The code calculates sensitivity coefficients for one and two-

dimensional transport problems based on the first order perturbation 

theory. Variance and standard deviation of detector responses or design 

parameters can be obtained using cross section covariance matrix. The 

code is able to perform sensitivity-uncertainty analysis for secondary 

neutron angular distribution(SAD) and secondary neutron energy 

distribution(SED). 
6 7 

Covariances of Li and Li neutron cross sections in JENDL-3PR1 

were evaluated including SAD and SED. Ccvariances of Fe and Be were also 

evaluated. 

The uncertainty of tritium breeding ratio, fast neutron leakage 

flux and neutron heating was analysed on four types of blanket concepts 

for a commercial tokamak fusion reactor. The uncertainty of tritium 

breeding ratio was less than 6 percent. Contribution from SAD/SED uncer

tainties are significant for some parameters. 

Formulas to estimate the errors of numerical solution of the 

transport equation were derived based on the perturbation theory. This 

method enables us to deterministically estimate the numerical errors due 

to iterative solution, spacial discretization and Legendre polynomial 

expansion of transfer cross-sections. The calculational errors of the 

tritium breeding ratio and the fast neutron leakage flux of the fusion 

blankets were analysed. 

1. Introduction 

The solution of the transport equation has the errors associated 

with the cross section uncertainty and also with the computational 
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method. We have developed-the method for the cross section sensitivity 

and uncertainty analysis of the nuclear performance of fusion reactor 
1-3 

blankets . We have also studied the errors of the numerical solution 

of the transport equation . 

2. Cross-sec fcion sentivity and uncertainty analysis 

2.1 Theory 

The relative variance of response R such as tritium breeding ratio 
1 2 

can be evaluatated from the following relation. ' 

RVAR(i!)«£Z>/RCOV(o/, a/)P*. 
*v «* 

, where RCOV(o/, o£) is the relative covariance matrix for 

the nultigroup cross sections of reaction x and y. P is the relative 

sensitivity coefficient, and g and h are indexes for energy groups. The 

sensitivity coefficient is calculated based on the first-order perturba

tion theory. 

The uncertainty of secondary neutron energy and angular distribu

tion (SED and SAD) is very important for fusion neutronics problems. 

Methods and formats to express SAD/SED uncertainties in nuclear data 

files such as ENDF/B have not yet been standardized. The only effort so 

far to specify SED uncertainties quantitatively is the work done by 
7 

S.A.W. Gerstl . He has introduced a spectral shape uncertainty parameter 

which means the relative standard deviation of integrated area of SED 

function below or above the median energy of secondary neutrons. 

Every SAD/SED uncertainty cannot be expressed exactly with a 

spectral shape uncertainty parameter. As an example, Fig.1 shows the 
6 6 

composite SED of Li(n,n') reaction to the continum level and Li(n,2n) 

reaction at an incident neutron energy of 14.2 MeV. The SED function is 

underestimated below 2.1 MeV, overestimated between 2.1 and 7.3 MeV, and 

underestimated again above 7.3 MeV by the JENDL-3PR1 evaluation. This 

uncertainty pattern cannot be expressed with a spectral shape uncer

tainty parameter. 

To overcome this drawback of a spectral shape uncertainty 

parameter,the authors have introduced a covariance matrix for integrated 

area of SAD and SED. The intervals of integration can be determined for 

each reaction type. For example the SED uncertainties shown in Fig.1 are 
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described in table 1. The relative standard deviations (RSD) in this 

table have been evaluated by the following formula: 

|//»t(£-£')d£'-/><!(£-£')d£' 
RSDm - \± *= 

f Pe(£->£')d£" 

where P and P are measured and evaluated SED function respectively. 

Fully correlated and fully anticorrelated offdiagonal elements in the 

correlation matrix of Table 1 are required to maintain a normal SED 

function. 

In the case of SAD, given by Legendre polynomial expansion, a 

covariance matrix for Legendre coefficients is also used. This new ex

pression of SAD/SED uncertainties is more flexible than the previous 

method and exact enough for most purposes. 

The relative variance of response R, for an incident energy group 

g, is calculated with the SAD/SED relative covariance matrix 

RCOV (f ,f ) by the formula: g m n 

RVAR.W-EE^RCOV/,,, f.)r.g. 
m n 

where P is the SAD/SED sensitivity coefficient consistent with the 

SAD/SED covariance matrix, and f is an integrated probability for the 

m-th integration interval or a Legendre coefficient for the m-th order. 

As for correlation between different energy groups, only full-

correlation or non-correlation have been assumed in the present study, 

because there is little knowledge of the energy correlation of SAD/SED 

uncertainties. SED data in JENDL3-PR1 has been applied to SED covariance 

matrices. On the other hand, non-correlation has been applied to the 

covariance matrices of SAD represented by Legendre expansion, because 

Legendre coefficients determined by fitting experimental data have weak 

correlations between different energy groups. SAD/SED sensitivity coef

ficients are also calculated based on the first-order perturbation 

theory. 

2.2 Computational procedures 

We have developed the code system, SUSD for the sensitivity and un-
2 

certainty analysis including SAD/SED effect. The structure of the code 

system is shown in Fig.2. The forward and adjoint flux are calculated by 

ANISN, BISON and D0T3.5. BISON is the one dimensional tranport and bur-
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nup calculation code developed by us. GROUPR and ERRORR are the module 

of NJOY code system. They are used for the gelation of group cross sec

tions and group covarriance matrix respectively. PUFF-2 is the module 

similar to ERRORR. We have newly developed GROUPSR and SEADR for gener

ating SAD partial transfer matrix and multigroup SAD/SED covariance 

matrices respectively. The code stores the moment matrix and the sen

sitivity cefficients and the calculation can be restarted using the 

data. 

2.3 Cross-section and covariance data 
1 o 1 / 1 f\ 

While only three nuclides, C, N and 0, have a covariance file 

in ENDF/B-IV, cross-section covariance data of several nuclides are con

tained in the latest version, ENDF/B-V. ENDF/B-V is unavailable in Japan 

except for some tapes for special purposes. Even if all tapes of ENDF/B-

V were available, however, covariance data of some important nuclides 
7 Q 

for fusion reactors, such as Li or Be, are for limited distribution. 
6 7 9 

The authors have evaluated covariance data for Li, Li, Be and Fe 

based on the evaluation for JENDL-3PR1. Details of the covariance 

ev 
9r 

6 7 
evaluation for Li and Li are described in ref.[3J. The evaluation for 

Be and Fe has been based primarily on the comparison of evaluated and 

experimental data. This method is simpler than for lithium isotopes, but 

is expected to give conservative results because strong correlations be

tween different neutron energies have been assumed in the evaluation. 

Covariance data of SAD and SED for lithium isotopes have been evaluated 

by comparing the evaluated curves with measured SAD or SED data. 

Table 2 shows the reference of cross-sections and covariance data 

used for the present study. 

2.A Errors of nuclear performance of commercial tokamak 

fusion reactor blankets 

The analysis has been carried out on four types of blanket concepts 

for a commercial tokamak reactor with a plasma major radius of 7 m. The 

one-dimensional cylindrical models used are shown in Fig.3. The models, 

except for the Li20/Be/H„0 concept, have been based on the Blanket Com

parison and Selection Study by Argonne National Laboratory. Short 

descriptions of these models follow. 
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Li/Li blanket 

Liquid lithium is used as both a tritium breeding material and 

coolant. The blanket comprises a 1 cm thick first wall, a tritium breed

ing zone, and a reflector which is followed by a shield 30 cm thick. The 

thickness of the tritium breeding zone and the reflector are 4.0 cm and 

20 cm inboard, and 60 cm and 30 cm outboard. 

Li/Li + He blanket 

The inboard blanket of the Li/Li blanket is replaced with a non-

breeding blanket cooled with helium. This concept has been proposed to 

avoid serious MHD problems expected in maintaining lithium flow through 

the inboard blanket. Another merit of this concept is the high thermal 

efficiency which may be attained by producing superheated steam using 

high temperature helium from the inboard blanket. 

Li^O/H^O blanket 

In this blanket, lithium oxide cooled with water is used as tritium 

breeding material. A double-wall coolant tube is adopted in order to 

reduce tritium leakage into the water. The blanket comprises a 1.2 cm 

thick first wall, a tritium breeding zone, and a plenum or a hot-shield, 

followed by a shield 30cm thick. The thickness of the tritium breeding 

zone is 28.8 cm inboard,50.8 cm outboard. 

Li^O/Be/H^O blanket 

A neutron multiplier of beryllium is installed instead of the 

second tritium breeding bank of the Li-O/HLO blanket. The 0.9 cm thick 

tritium breeding bank is left between the first wall and the neutron 

multiplier to capture neutrons backscattered from the beryllium layer. 

The atomic components of materials used are listed in Table 3. A 

ferritic steel, HT-9, is used as structural material for all of the 

blanket models. 

The design parameters investigated in the analysis include the 

tritium breeding ratio, the neutron heating and the fast neutron leakage 

flux from the inboard shield. The details of the results described in 

reference[1]. 

Relative standard deviations in the total tritium breeding ratio 

(TBR) are shown in Table 4. If the cross-section data of different 
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nuclides are uncorrelated, collective RSD are equal to the square root 

of accumulated square of RSD for each nuclide, which is listed as total 

in the table. If they are fully correlated, on the other hand, collec

tive RSD is simple sum of RSD for each nuclide, which is listed as sum. 

The real values of collective RSD will exist between these two limits, 

total and sum. 

As can be seen in the table, collective RSD of the TBR is 2-4%. In 

the Li20/Be/H20 blanket, beryllium contributes most to RSD, but in the 

other blankets iron has the largest contribution to RSD. Lithium-7 also 

has a large contribution, especially in the blankets with liquid 

lithium. 

Table 5 shows the reaction types which have a large contribution to 

TBR uncertainties. Neutron multiplying reactions, such as Li(n,n' )T, 
9 C 

Fe(n,2n) or Be(n,2n), and their competitive threshold reactions, such 

as Fe(n,He) or inelastic scattering of iron,have a large impact on the 

TBR. Threshold reactions of iron, as well as lithium, seem to be impor-

tant for an accurate TBR assessment. The direct effect of Li(n,n'He)T 

reaction is also significant, especially for the blankets with liquid 

lithium breeder. In Table 6, RSD, due to uncertainties in excitation 

functions, are compared with those for SAD/SED. As for some reactions of 

Li, more contribution comes from SAD/SED uncertainties than from ex

citation function uncertainties. It is essential to include the SAD/SED 

uncertainties for the analysis of fusion reactor blankets. 

3. The errors of transport calculation by the deterministic 

method 

The numerical solution of the transport equation has the errors as

sociated with the computational method. As for deterministic methods to 

solve the transport equation, the primary sources of such errors include 

(1) incomplete convergence of iterative solution, 

(2) discretization of space variables 

(3) Legendre polynomial expansion of the transfer cross 

sections 

(4) discretization of angular variables 

(5) multigroup approximation. 

Emprical estimation of the errors is very cost and time consuming, where 

calculation is repeated varying the order of approximations and the 
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results are compared with each other. We have developed the method for 

estimating the errors . It is based on the perturbation theory and is 

applied to the first three sources of the errors. 

We have estimated the errors of the discrete ordinates transport 

calculation such as ANISN for fusion neutronics problems. The details of 

the study are described in the reference 4- and 5« The blanket models are 

the same as those for the cross section sensitivity uncertainty 

analysis. The errors of the tritium breeding ratio and the fast neutron 

leakage flux from the inboard shield have been analysed. 

The results are listed in Table 7. The errors associated with 

iteration, round-off, spacial discretization and PT expansion of the 

transfer cross sections has been calculated using the perturbation 
—3 —3 

theory. The convergence criterion was 10 (point) and 5 x 10 (volume). 

The mesh spacing was 1 cm and the diamond difference scheme was used. 

The order of PT expansion was P_. Those errors are generally small. The 

errors of tritium breeding ratio associated with the P_ expansion of the 

scattering cross sections is found to be less than 1 %. Direct repre

sentation of the angular dependence or the use of the DDX is not neces

sary for the estimation of the tritium breeding ratio. The errors as

sociated with the cross section uncertainty is the largest as for the 

tritium breeding ratio. 

The errors attributed to the multigroup approximation has been es

timated by comparing the calculations by BISON and MCNP. BISON is one-

dimensional transport and burnup calculation code developed by us. The 

transport calculation scheme is the same as that of ANISN. Three types 

of multigroup cross sections for BISON have been generated from ENDF/B-4. 

using NJOY code system. They are the infinite dilution 4-2 group cross 

sections of the GICX-40 structure, 171 group cross sections of VITAMIN-C 

structure and the 42 group cross sections with space dependent self-

shielding factors. They are denoted 42 group, 171 group and S42 group in 

the next figure. For MCNP, the continuous energy, point-wise cross sec

tions have been used. 

The ratio of the total neutron fluxes of the multigroup BISON cal

culation to the point-wise calculation by MCNP, G/P is shown in Fig 4. 

In the blankets the multigroup calculation agrees well with the point 

calculation. However, the flux is underestimated by the multigroup cal

culation in the reflectors and in the shields, where iron is the most 

abundant component. Neutrons are slowed down by water in the plenum and 
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removed from the resonance region of iron, so that comparatively a good 

agreement is obtained in the outboard shield of the Li„0/H„0 blanket. 

The fast neutron leakage flux from the inboard shield has also been 

greatly underestimated by the multigroup calculation as shown in Table 

7. The energy group structure and the self-shielding factors take a very 

important role for the accuracy of multigroup calculation. 

4. Summary 

1. We have developed SUSD code system for the cross section sensitivity 

uncertainty analysis including SAD/SED effect. 
6 7 9 

2. We have evaluated covariance data for Li, Li, Be and Fe based on 
the evaluation for JENDL-3PR1. SAD/SED uncertainty is evaluated for 
6 7 
Li and Li. 

3. The error of the tritium breeding ratio associated with cross section 

uncertainty is about 6 percent for the commercial tokamk fusion 

reactor blankets. SAD/SED uncertainty has the same order of 

contribution to the error as that of the excitation function. Types 

of the reactions contributing the error have also been clarified. 

4. We have derived the formulas based on the perturbation theory to 

estimate the errors due to iterative solution, spacial discreti

zation and Legendre polynomial expansion of the transfer cross sec

tions. The errors of the tritium breeding ratio using the PT expan

sion method is less than 1 % for the commercial tokamak fusion reac

tor blankets. 

5. The leakage flux through the fusion reactor reflector and shield are 

largely underestimated by the multigroup calculations using the 42 

group GICX-4-0 type infinite dilution cross sections. The energy 

group structure and the self-shielding factor take a very important 

role for the accuracy of the multigroup calculation. 
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Table 1 
SED uncertainties for 6Li(n, n'c) and 6Li(n, 2n) reactions at 14.2 MeV incident neutron energy 

Interval (MeV) 

0.0 - 2.1 

2.1 - 7.3 

7.3 - 14.2 

SEDa> 

0.197 

0.667 

0.136 

RSD(%)b> 

13.3 

18.7 

5.4 

Correlation Matrix (X100) 

100 -100 100 

-100 100 -100 

100 -100 100 

a) Integrated SED probability for the interval. 

b) Relative standard deviation of the integrated SED. 

Table 3 
Material composition 

Table 2 
Nuclear data file used 

Nuclide 

*B 
6Li 
7Li 
9Be 

12c 

1 60 

Fe 

Ni 

Cr 

Mo 
55Mn 

File 

ENDF/B-V 

JENBL-3PR1 

JENDL-3PR1 

JENDL-3PR1 

ENDF/B-V 

ENDF/B-IV 

JENDL-3PR1 

ENDF/B-IV 

ENDF/B-iV 

ENDF/B-IV 

ENDF/B-IV 

Covariance 

ENDF/B-V 

Evaluated 

Evaluated 

Evaluated 

ENDF/B-V 

ENDF/B-IV 

Evaluated 

None 

None 

None 

None 

Mater ia l N u c l i d e 
Li 

Li 20»> 

H20 

B e r y l l i u m 
HT-9 

Fe l422 

°Li 
7 Li 
6 L i 
7 Li 

O 

H 

O 

Be 

Fe 

Ni 

Cr 

Mo 

Mn 

C 

Fe 

Ni 

Cr 

Mn 

Pena l ty ( 1 / b cm) 
3 . 4 3 0 - 3 

4 . 286-2 

4 . 8 1 6 - 3 

6 . 0 1 0 - 2 

3 . 2 4 6 - 2 

6 . 6 8 6 - 2 

3 . 3 4 3 - 2 

1 .236 -1 

7.058-2 
3.950-4 

1 .070 -2 

4.833-4 
4 . 6 4 3 - 4 

7 . 7 2 2 - 4 

6 . 9 5 3 - 2 

1.580-3 
1.848-3 
1 .219-2 

AT 

a) Read a* 3 .430 X 1 0 - 3 . 

b) 80 % of T.D. 

Table 4 
Relative standard deviation (%) in the tritium breeding ratio due to uncertainties in crou-section data 

Nuclide 

* U * ' 

»li»> 

!H 

"o 
Fa 

»B. 

Total 
Hum 

Li/Li 

0.435 

1.15 

neg.b' 

nag. 

1.15 

-

1.7 

2.7 

Li/Li+He 

0.372 

1.01 

nag. 

nag. 

1.47 

-

1.8 

2.9 

Li30/H20 

0.156 

0.795 

0.012 

0.646 

1.27 

-

1.6 

2.9 

Li2O/Be/H20 

0.109 

0.426 

0.017 

0.405 

0.942 

1.73 

2.1 

3.6 

a) MD/UD contribution la included. 

b) Laaa than 0.001 % 
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Table 5. 
Reactions which have a large contribution to uncertainties in the tritium breeding ratio 

Reaction 

'Li(n,n'He)T•' 

Fe inelastic 
7Li(n,n'c) SBD 

Fe(n,Ha> 
7Li(n,n'c) 

Fe(n,2n) 
6H(n,nc) 

Li/U 
RSD (%) 

1.3 

0.75 

0.66 

0.63 

0.60 

0.44 

0.40 

Sensitivity 

3.225-11" 

-5.795-2 

1.758-lc) 

-2.463-2 

-6.807-2 

4.395-2 

-1.132-2 

Reaction 
7Li(n,n'He)T*' 

Fa(n,He) 

Fe<n,2n) 

Fe inelastic 
7Li(n,n'e) 
7Li(n,n'c) SED 
6Li(n,n'c) 

Li/Li+He 
RSD (») 

1.2 

0.83 

0.75 

0.70 

0.56 

0.51 

0.38 

Sensitivity 

2.903-1 

-3.151-2 

7. 529-2 

-5.423-2 

-6.446-2 

1.427-lc) 

-1.066-2 

Reaction 

Fe(n,2n) 

Fe(n,Re) 
7Li(n,n'Ha)Ta) 
160(n,He) 

Fe inelastic 
7Li(n,2n) 

Li20/H20 

RSD (t) 

0.88 

0.77 

0.71 

0.62 

0.43 

0.37 

Sensitivity 

8.846-2 

-2.856-2 

1.799-1 

-5.360-2 

-3.300-2 

1.866-2 

Reaction 
9Be(n,2n) 

Fe(n,He) 

Fa inelastic 
7Li(n,n'He)T•, 

Fe(n<2n) 
160(n,He> 

Li,O/B«/H,0 

RSD (t) 

1.8 

0.60 

0.57 

0.40 

0.36 

0.35 

Sensitivity 

2.142-1 

-2.231-2 

-4.751-2 

1.004-1 

3.651-2 

-3.231-2 

a) Direct effect only. 

b) Read as 3.225 X 10"1. 

c) Values listed are the total gain terms. 

Table 6. 

Comparison of RSD ($) in the tritium breeding ratio due to uncertainties in excitation functions and SAD/SED 

Reaction 
bLi elastic 
6Li(n,n'c) 
7Li elastic 
7Li(n,n'2) 
7Li(n,n'c) 

Li/Li 

Exci.Func. SAD/SED 

3.7-2a) 4.4-3 

0.40 0.18 

0.11 0.14 

0.31 0.17 

0.60 0.66 

Li/Li+Hs 

Exci.Func. SAD/SED 

4.1-2 4.9-3 

0.38 0.14 

0.14 0.13 

0.28 0.18 

0.56 0.51 

Reaction 
bLi elastic 
6Li(n,n'c) 
7Li elastic 
7Li(n,n'2) 
7Li(n,n'c) 

Li20/H20 

Exci.Func. SAD/SED 

5.3-3 9.4-4 

8.9-2 0.10 

1.7-2 3.7-2 

7.8-2 4.5-2 

0.14 0.36 

Li20/Be/H20 

Exci.Func. SAD/SED 

3.1-3 4.9-4 

7.3-2 6.2-2 

1.3-2 2.5-2 

7.6-2 2.6-2 

1.2-2 0.26 

a) Read as 3.7 X 10 . 
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Table 7- Comparison of errors and uncertainties (in %) of 
two design parameters estimated for fusion reactor blankets 

Design parameter 
Blanket type 

Cross-section 
uncertainty*' 

Iteration and 

round-off 

Spacial 

discretization 

Angular 

discretization 

Pj. expansion 

Multi-group 

approximation 

TBR 
Li/Li 

±5.4 

0.003 

-0.19 

<0.1 

0.67 

1.6 

Li20/H20 

±5.8 

0.02 

-0.14 

<0.03 

0.31 

-0.8 

Leakage 
Li/Li 

±26 

0.04 

3.5 

<0.5 

6.1 

factor 
3~4 

flux 
Li20/H20 

±34 

0.02 

3.2 

<0.3 

9.1 

factor 
2~3 

Order of 
approximation 

Point convergence 
< 10"3 

Mesh spacings 

£ 1 cm 

S6 

P3 

42-groi;= 

a) Twice of the standard deviations 
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6Li(n,n')cont.»(n,2n) 
U.2 MeV 

5 10 
SECONDARY ENERGY (MeV) 

Fig. 1. Secondary energy distribution of 6Li(n, n'c) and 
6Li(n, 2n) reactions at 14.2 MeV incident neutron energy. 
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•VARIANCE OF 
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Fig.2. SUSD code system 
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Fig.3. Blanket models used in the analysis 
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Fig. 3. Continued. 
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4.2 Comparison of Multigroup and Pointwise Cross Sections Used in 

Transport Calculations 

H i r o y u k i HASHIKURA and Shunsuke KONDO 

N u c l e a r E n g i n e e r i n g Resea rch L a b o r a t o r y 
F a c u l t y of E n g i n e e r i n g , U n i v e r s i t y of Tokyo 
T o k a i - m u r a , Naka-gun, I b a r a k i 

N e u t r o n t r a n s p o r t c a l c u l a t i o n s h a v e been made 
u s i n g t h e compute r codes of d i s c r e t e o r d i n a t e me thods . The 
e v a l u a t e d n u c l e a r d a t a a r e n e c e s s a r y t o be p r o c e s s e d i n t o 
t h e m u l t i g r o u p d a t a f o r t h e s e c a l c u l a t i o n s and t h e e n e r g y 
b o u n d a r i e s a r e d e t e r m i n e d i n o r d e r t o r e p r o d u c e w e l l t h e 
o r i g i n a l n u c l e a r d a t a . A n u m b e r of m u l t i g r o u p d a t a 
l i b r a r i e s s u c h a s GICX40, J S D - 1 0 0 and VITAMIN-C h a v e been 
made f o r t h e n e u t r o n t r a n s p o r t c a l c u l a t i o n s . There a r e some 
u n c e r t a i n t i e s i n t h e r e s u l t s of t h e n e u t r o n t r a n s p o r t 
c a l c u l a t i o n s . The u n c e r t a i n t i e s ma in ly come from (1) e r r o r 
of n u c l e a r d a t a , ( 2 ) e r r o r of m u l t i g r o u p c r o s s s e c t i o n and 
(3) n u m e r i c a l e r r o r . The r e s u l t s t h a t a r e c a l c u l a t e d by t h e 
p o i n t Monte C a r l o code , MCNP, u s i n g p o i n t w i s e and m u l t i g r o u p 
c r o s s s e c t i o n s a r e compared . The d i s c r e p a n c y depends on t h e 
use of p o i n t w i s e or m u l t i g r o u p c r o s s s e c t i o n s . Because t h e 
code u t i l i z e s p o i n t w i s e and m u l t i g r o u p d a t a of t h e r e a c t i o n 
c r o s s s e c t i o n s w i t h t h e s a m e a n g u l a r a n d e n e r g y 
d i s t r i b u t i o n s of t h e s e c o n d a r y n e u t r o n s . The e n e r g y 
b o u n d a r i e s u s e d f o r m u l t i g r o u p c r o s s s e c t i o n s a r e 4 2 , 100 
and 171 g roups which c o r r e s p o n d t o t h o s e of GICX40, JSD-100 
and VITAMIN-C d a t a l i b r a r i e s , r e s p e c t i v e l y . 

1. I n t r o d u c t i o n 

D i s c r e t e o r d i n a t e t r a n s p o r t c o d e s a r e w i d e l y u s e d f o r t h e 

n u c l e a r c a l c u l a t i o n s of f a s t r e a c t o r s h i e l d i n g and f u s i o n r e a c t o r 

d e s i g n s 1 - 2 ' . They a d o p t t h e m u l t i g r o u p c r o s s s e c t i o n s t h a t a r e 

g e n e r a t e d by t h e n u c l e a r d a t a p r o c e s s i n g codes such a s SUPERTOG 

and N J O Y ^ - ^ ' . The m u l t i g r o u p d a t a a r e c o m p i l e d f o r d a t a 

l i b r a r i e s s u c h a s GICX40, JSD100 and VITAMIN-C t h a t a r e 4 2 , 100 

and 171 e n e r g y g r o u p s t r u c t u r e s , r e s p e c t i v e l y 5 - 7 ' . T h e r e a r e 

s o m e t i m e s l a r g e u n c e r t a i n t i e s i n t h e r e s u l t s of t r a n s p o r t 

c a l c u l a t i o n s . They come from 1) t h e e r r o r of n u c l e a r d a t a , 2) t h e 

n u m e r i c a l e r r o r a n d 3) t h e e r r o r of t h e m u l t i g r o u p c r o s s 

s e c t i o n s . S i n c e t h e u n c e r t a i n t i e s caused by t h e e r r o r s of n u c l e a r 

d a t a and n u m e r i c a l m e t h o d s h a v e been a l r e a d y r e p o r t e d i n t h i s 

m e e t i n g 8 ' , t h e u n c e r t a i n t y of t h e c a l c u l a t e d r e s u l t s c a u s e d by 

t h e e r r o r of t h e m u l t i g r o u p c r o s s s e c t i o n s a r e d i s c u s s e d . For 

- 112-



JAERI-M 87-025 

the purpose of this study, it is necessary to remove the 

uncertainty caused by the errors of the nuclear data and 

numerical methods from the calculated results. So we have not 

carried out the analysis of the experiments and the comparison of 

the calculated results by different transport codes but numerical 

experiments us>ing the Monte Carlo code, MCNPy'. The advantage of 

MCNP is to utilized the pointwise nuclear data and the multigroup 

cross section data with the same angular and energy distributions 

of the secondary neutrons. The calculated result by pointwise 

data is compared with that by the multigroup data. The dicrepancy 

between two results depends on the use of pointwise or multigroup 

data. 

2. Data and calculational geometry 

Iron nuclear data of ENDF/B-IV are processed by NJOY code 

system '. The flow of generating cross sections for MCNP is 

shown in Fig.l. The iron nuclear data are converted to the 

pointwise data. The pointwise date are directly processed into 

data format for MCNP. The multigroup data are generated from the 

pointwise data by GROUPR module of NJOY code system and processed 

into data format for MCNP. Infinitely dilute and Bondarenko self-

shielded sets of 42, 100 and 171 group cross sections are 

generated using the 1/E and 1 / S"t» E weighting functions, 

respectively-*--^. The nuclear data of iron are processed into one 

pointwise and six multigroup data sets for MCNP. 

The pointwise data and infinitely dilute 171 group cross 

sections are shown in Fig.2 and Fig.3, respectively. 171 group 

cross sections reproduce the peak and valley structures of the 

pointwise data. 

The calculational geometry is shown in Fig.4. 14.1 MeV mono-

energy neutrons are emitted isotropically in the sphere center. 

The thickness of the iron is 40cm. The neutron fluxes are counted 

at the inner surfaces (No.l-No.5 as shown in Fig.4) using surface 

crossing estimator in the energy range from 14.1 MeV to 10 keV. 

3. Calculational results and discussions 
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The ratios (G/P values) of the calculated Integral fluxes 

(E>10keV) using pointwise and multigroup cross sections are shown 

in Fig.5. The solid and dashed lines are obtained by the 

calculated results using infinitely dilute and Bondarenko self-

shielded sets, respectively. G/P values increase within the iron 

sphere and decrease around 1.0 at the iron surface. G/P values 

become close to 1.0 when the group numbers increase. But the 

sensitivety of the weighting function to the G/P values is larger 

than that of the group numbers. The comparisons of the calculated 

energy spectra using pointwise with these using infinitely dilute 

and Bondarenko self-shielded 171 group structures are shown in 

Fig.6 and Fig.7, respectively. In Fig. 6, the discrepancy becomes 

large at the peak that corresponds to the valley of the nuclear 

data. Bondarenko self-shielded factors are shown in Fig.8. The 

self-shielding effects of 171 energy group structures are large 

in the energy range between 0.1 and 1.0 MeV. The better 

improvement is found in the energy range between 0.1 and 1 MeV 

when the spectra are calculated by Bondarenko self-shielded cross 

sections. 

Neutron transmission in the resonance region has been already 

discussed by Kawai1^'. Fig.10 shows the angular flux in the 

vicinity of 24 keV resonance valley. At 27 keV resonance peak, 

the flux is almost isotropic but in the valley at 24 keV strong 

anisotropy is found. The anisotropy of the neutron flux varies in 

the energy region and is very large at the valley. This 

indicates that fine energy structures should be incorporated in 

the valley of the resonance region when the multigroup cross 

sections are generated. 

4. Summary 

The results of this study are summarized as follows: 

1) The choice of the weighting function is more important 

than that of group numbers. 

2) The valley structures of nuclear data should be 

incorporated well in the multigroup structures. 

3) G/P value is 1.14 at maximun in the iron sphere when 
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the Bondarenko self-shielded 171 group cross sections 

are used. 
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Fig.l Flow of the generation of cross sections 
For MCNP. 
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Fig.7 Comparison between the calculated results using pointwise 
and infinitely dilution cross sections. 
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Fig.8 Comparison between the calculated results using pointwise 

and Bondarenko self-shielded cross sections. 
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4.3 Group Cross Sections of Fission Products and Minor Actinides 

Hideki Takano, Hithoshi Ihara and Hiroshi Akie 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 

Group cross section library for fission products and minor actin

ides has been generated with the TIMS-PGG processing code on the basis 

of the evaluated nuclear data file JENDL-2. 

For fast reactor calculations, the lumped group cross sections of 

fission products for mother nuclides U-235, U-238, Pu-239 and Pu-241 

were generated by taking into account burnup dependence and fission gas 

release. This group constant library is called JFS-3-J2/FP2. 

For thermal reactor calculations, the fission product chain model 

in which the 65 nuclides are explicitly treated have been studied and 

the pseudo group cross sections with the 107 energy group structure 

were generated. The group constant library generated is called SRACLIB-

JENDL2. 

Resonance self-shielding effect of fission products on burnup 

reactivity loss has been investigated by using the SRACLIB-JENDL2 

library in high conversion light water reactors. 

The effect of nuclear data uncertainties of fission products and 

minor actinides on the burnup reactivity change has been examined by 

comparing the results obtained with four evaluated nuclear data files; 

JENDL-2, JEF-1, ENDF/B-IV and -V. The effect of the minor actinides 

such as Am and Cm on burnup reactivity loss has been also examined by 

performing the burnup calculation for the HCLWR lattice. 

1, Introduction 

Recently," to improve effective utilization of uranium source, much 

efforts are made to raise burnup and conversion ratio in advanced light 

water reactors, tight lattice light water reactors and fast breeder 

reactors. Fission product and actinide nuclides have an important role 

in predicting burnup characteristics in design study of these power 

reactors. The prediction accuracy primarily depends on the quality of 

nuclear data for these nuclides, the calculational methods of group 
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cross sections and burnup chain models. 

Burnup calculations of fast reactors are conventionally performed 

by using group cross sections lumped for all fission product nuclides 

for each mother nuclides." The lumped cross sections were generated 

without considering capture reaction when build up of fission product 

nuclides are calculated by solving decay chains.2"3' It is assumed that 

the burnup dependence of the lumped cross sections is negligibly 

small.2"3' In this report, the lumped cross sections are generated on 

the basis of the FP data of JENDL-2 which have been evaluated by the FP 

Working Group of Japanese Nuclear Data Committee, and the burnup 

dependence of the lumped cross sections is examined by considering 

capture chains in burnup calculation. 

In burnup calculations of thermal reactors are normally used the FP 

chain models in which several FP nuclides are explicitly treated and 

one pseudo FP nuclide is generated.*' In high conversion light water 

reactors(HCLWR), reactivity change with burnup is very flat as compared 

to that for conventional LWRs. The reactivity loss is caused predomi

nantly by fission product absorptions, being about sixty percent of the 

total loss, with the relatively low consumption of fissile materials 

being of minor importance. Discrepancies between nuclear data of 

fission product nuclides are more remarkable than those for fuel 

materials. Large discrepancies are observed for the primary data, such 

as the cross sections at 2200 m/s and resonance integrals for many 

fission product nuclides obtained from large evaluated nuclear data 

libraries, JENDL-2, RCN-3, ENDF/B-V and JEF-l.'In the present report, 

the effects of the nuclear data uncertainty for the fission products on 

burnup reactivity change are examined by performing cell burnup calcu

lations for an undermoderated hexagonal fuel pin lattice. 

The fission product absorptions are calculated conventionally by 

using infinitely dilute capture cross sections without taking into 

account for resonance self-shielding effects, because atomic number 

densities of.fission products accumulated with burnup are much less 

than those of resonant fuel materials. However, a number of fission 

product nuclides have very large resonance capture cross sections in 

the intermediate neutron spectrum region. In the present report, the 

resonance self-shielding effect on the reactivity change with burnup is 

studied by calculating the self-shielding factors of Bondarenko scheme 

Uncertainties of nuclear data of minor actinides such as Am and Cm 
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are more larger than those of major actinides such as U-235 and 

Pu-239 . The minor actinides contribute considerably reactivity loss in 

the burnitp calculations of HCLWRs and FBRs. The effects of the nuclear 

data uncertainty of these minor actinides on the burnup reactivity loss 

are studied in this report. 

2. Generation of Lumped Group Cross Sections of Fission Products 

for Fast Reactor Calculations 

The JAERI-Fast Group Constant Sets JFS-2 and JFS-3-J2 include the 

lumped group cross sections 2~3' for fission products based on the 

JENDL-1. The 100 fission product (FP) nuclides have been evaluated by 

the FP Working Group of Japanese Nucloar Data Committee and they have 

been adopted in the JENDL-2 file. To generate the lumped group cross 

sections based on the JENDL-2 FP data, group cross sections for each FP 

nuclide were required. They were calculated for the 100 and 55 nuclides 

of JENDL-2 and ENDF/B-V with the TIMS-PGG 5) codes. These FP nuclides 

are shown in Tables 1 and 2. The energy structure was the 70-group one 

used in the JFS-3-J2 set6' . 

Concentrations of the 155 nuclides are obtained by using the DCHAIN 

code7' which solves build up and decay chains for the 1170 nuclides. 

The summation of the fractional concentrations for the 155 nuclides is 

99.95 percent to the total concentration at the burnup time of 360 

days. The DCHAIN code7' was modified so as to treat capture chains for 

the these nuclides with the 70-group capture cross sections. The 

capture chains are shown in Fig. 1. The calculations were performed on 

the basis of the following input parameters: the 70-group neutron 

spectrum obtained for a typical large fast reactor, constant flux of 

3.5 xlO15 n/cm 2 /s and burnup time of 30 - 1800 days. 

The lumped cross sections for capture, elastic scattering, inelastic 

scattering, (n,2n) and total reactions were generated corresponding to 

the fission ' products due to four mother nuclides of U-235, U-238, 

Pu-239 and Pu-241. These cross sections were calculated for the burnup 

time of 30, 60, 180, 360, 540, 720, 1080, 1440 and 1800 days. 

The dependence of the lumped cross sections on burnup was examined 

by calculating one group cross sections collapsed with the 70-grcup 

neutron spectrum. The burnup time dependence of the one group cross 

sections calculated for the four mother nuclides are shown in Fig. 2. 

The difference between the one group cross sections for the burnup of 
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400 and 1800 days is about 5 percent. 

The burnup time dependence of the one group cross sections calcu

lated by taking account of various chain models are compared in Fig. 3. 

The model ac<p = 0 shows the results calculated without considering 

capture chains for the FP nuclides. This was the same model as the one 

used in Refs. (2) and (3). The one group capture cross sections 

obtained with this model increase with the burnup time. The model 

(Xe=0) assumes that all the Xe gas are released at each burnup stage. 

The model(Xe=0, Cs=0.5) assumes that all the Xe and the half of Cs gas 

are released at each burnup stage. We can observe from this figure that 

accurate treatment for fission gas release should be considered for 

burnup calculations. 

3. Burnup Characteristics in HCLWRs 

3.1 Production of Group Cross Section Library for Thermal Rector 

Analysis Code SRAC 

Infinite dilute cross sections and self-shielding factors for 

actinides and fission products were calculated with the TIMS-PGG system 
5) . The self-shielding factors calculated were tabulated as a function 

of background cross sections and temperatures. In cell burnup calcula

tions, effective cross sections are calculated by using the self-

shielding factors interpolated by background cross sections: 

a0.i= TrE NjOt,j+Oh 
/v' i-j 

where A/; is the atomic number density of fission product nuclides i 

considered for calculating self-shielding factor, Ot,j the total cross 

section of nuclide j included in fuel region and ot, the heterogeneity 

effect obtained by using Dancoff factor and mean chord length. This 

calculation is called " Table-look-up " method. 

The four different libraries have been generated on the basis of the 

ENDF/B-IV, JENDL-2, ENDF/B-V and JEF-1 files, and these are called 

SRACLIB-ENDFB4, -JENDL2, -ENDFB5 and -JEF1, respectively.8' 

3,2 Fission Product Chain Model 

Several FP chain models have been prepared in the SRAC code. 9) The 

model proposed by Garrison and Roos ,0) is a very simple one which 
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consists of 3 lumped FP groups ( rapidly saturating, slowly saturating 

and non-saturating) and two explicit nuclides of Xe~135 and Sn-149. 

This model is available to low burnup calculations. A more accurate 

model with 45 explicit and one-pseudo nuclides have been proposed by 

Iijima et al. 4) for BWR burnup calculations and been accepted in the 

SRAC system. The FP chain scheme of this model is shown in Fig.4. 

However, the HCLWRs have intermediate neutron spectra and are consid

erably different from those of current LWRs. Therefore, it is useful to 

examine that this model is enough applicable to the HCLWRs burnup 

calculations. 

Burnup calculations were performed by using the cell burnup routine 

in the SRAC system. A following typical tight hexagonal lattice of 

HCPWRs was selected : the diameter of fuel pin is 1.0 cm, the thickness 

of cladding with stainless steel 0:04 cm, the volume ratio of the 

moderator to fuel region 0.74 and the enrichment of Pu-fissile 8.0 

percent. The temperatures for the fuel, cladding and moderator are 900, 

600 and 600 K, respectively. A linear power rating 160 W/cm was 

assumed. 

Figure 5 shows the orders of importance for the fractional absorp

tion rates calculated for individual FP nuclide using the 45 FP chain 

model. The order of the pseudo FP shown by PSD is very high and the 

absorption rate is 0.8 % at the burnup stage of 50 GWD/t. The capture 

cross sections for three pseudo FP are compared in Fig.6. The pseudo 

cross section(PSD) used in the SRAC code was generated conveniently so 

as to conserve the resonance integral of 10.6 barns recommended by 

Iijima et al. Those for SRACLIB-JENDL2 and -ENDFB5 were produced on the 

basis of the FP data of JENDL-2 and ENDF/B-V, respectively. 

The cell burnup calculations were performed with the 45 FP chains 

and three different pseudo FP cross sections in Fig. 6. The reactivity 

changes are compared in Fig.7. The PSD cross section used in SRAC 

considerably overestimates the reactivity loss by about \%Bk comparing 

the result obtained with ENDFB5 at the burnup stage of 50 GWD/t. It 

should be noticed that the resonance integrals for the FJNDFB5 pseudo 

cross section is 10.7 barns and is almost equal to that of the PSD 

cross section. It is moreover observed at the burnup 50 GWD/t that 

there is the difference of 0.5 %&k between the results calculated with 

the pseudo cross sections of JFJNDL2 and ENDFB5. Furthermore, the pseudo 

cross sections for the 45 FP model contains another problem for reso

nance self-shielding effect by several FP nuclides such as Zr-93, 
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Mo-95, In-113 and so on as shown in Fig.9. 

Therefore, the 45 FP chain model was improved by considering several 

reasons described above. The new model explicitly treats 65 FP nuclides 

and one pseudo nuclide as shown in Fig.8. Figure 9 shows the comparison 

of the pseudo cross sections calculated for the 45 ami 65 FP models. 

It is observed from this figure that some large resonances for several 

nuclides are excluded from the pseudo cross sections of the 45 FP 

model. The pseudo resonance integral for the 65 FP model was 4.1 barns. 

Figure 10 shows the comparison of the burnup reactivity loss calcu

lated with the different pseudo cross sections of the 65 FP model. 

These pseudo cross sections were obtained on the basis of the JENDL-2 

and ENDF/B-V data. The effect of the nuclear data uncertainty on the 

burnup reactivity loss is not observed from this figure. 

3.3 Resonance Self-Shielding Effects of Fission Products 

In the cell burnup calculations, the effective cross sections for 

the 65 fission products which are explicitly treated in the burnup 

chain are calculated at each burnup stage by using the self-shielding 

factors described in Section 3.1. The dependence of fractional absorp

tion rate for fission products on burnup is studied in this section. 

The contribution of individual fission product nuclide to the total 

reaction absorption rate is shown in Fig.11 at the burnup stage of 50 

GWD/t. It is observed from this figure that the self-shielding effects 

of Xe-131 and Cs-133 are remarkable in comparison with those of the 

other nuclides. 

The dependence of the multiplication factors on burnup is compared 

in Fig. 12. The reactivity loss by burnup is reduced considerably by 

taking into account for the self-shielding effects of the fission 

products. As seen in Fig.13, the effect of the fission products causes 

the differences*of about 0.6 percent on the effective multiplication 

factor at the burnup stage of 50 GWD/t. In this figure, another example 

of the moderator to fuel volume ratio of 1.4 is also shown, where the 

zircaloy with 0.064 cm thickness is used as the cladding material. 
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3.4 The Effects of Nuclear Data Uncertainty on Burnup Reactivity 

Changes 

Fission Products 

Discrepancy among nuclear data of fission products are more 

remarkable than those for fuel materials. Table 3 shows the comparison 

of the primary data, the cross sections at 2200 m/s and resonance 

integrals for several fission product and minor actinide nuclides 

obtained from the evaluated nuclear data files, JENDL-1, JENDL-2, 

ENDF/B-V and JEF-1. Large discrepancies for these primary cross 

section data are observed from this table. The nuclear data uncer

tainty of the fission product nuclides is striking especially for 

resonance cross section data. As typical example, the resonance cross 

sections for Eu-155 and Ru-103 are compared among the four evaluated 

files in Figs.14 and 15 . From these figures, it can be observed that 

the discrepancies among the evaluated capture cross sections for 

Eu-155 and Ru-103 are incredibly large. 

In order to examine the effects of the nuclear data uncertainty 

for the fission products on burnup reactivity change, the cell burnup 

calculations were performed with the SRAC code system for a undermod-

erated hexagonal tight lattice described in Section 3.2. 

The contributions of fractional absorption rate of the individual 

fission product nuclide to the total one were calculated for the three 

evaluated files, JENDL-2, ENDF/B-V and JEF-1. They are compared with 

each other in Fig. 16. The differences between the absorption frac

tions are observed for several nuclides, in particular being remarka

ble for Tc-99, Pd-108, Cs-135, Ru-103 and Eu-155. 

The burnup reactivity changes were calculated using these diffe

rent evaluated files. The relative values of multiplication factor 

calculated with the other files to that obtained with JENDL-2 are 

shown as a function of burnup in Fig. 17. Significant discrepancy 

between the reactivity changes obtained with JENDL-2 and ENDF/B-V is 

observed, while the discrepancy between those for JENDL-2 and JEF-1 is 

very small . This is due to an accidental cancellation as seen from 

Fig. 16. 

Minor Actinides 

In the burnup routine of the SRAC code, minor actinides such as Am 

and Cm were not taken into account the actinide chain model.9' 
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However, this model remarkably underpredict the reactivity loss for 

high burnup reactor calculation such as APWR and HCLWR. Therefore, 

this model was improved and Am and Cm chains were added as shown in 

Fig. 18. The effects of these minor actinides on the burnup reactivity 

loss are studied by performing the cell burnup calculation for the 

HCLWR lattice described in Section 3.2. 

It is observed from Fig.19 that the contribution of Am-241 and 

Am-243 on the burnup reactivity loss is very large and about 2 %ak at 

the burnup 50 GWD/t. This effect is almost equal to reduce the burnup 

rate of 10 GWD/t. There are considerable nuclear data uncertainties 

for these nuclides as seen in Table 3. The capture and fission cross 

sections of Am-243 are compared respectively in Figs. 20 and 21. 

Remarkable discrepancies are observed among the data for the four 

files, JENDL-2, JEF-1, ENDF/B-IV and -V. Several fission resonances in 

the low energy region are evaluated in the JENDL-2 and JEF-1 files. 

Therefore, it is important that the effect of the data uncertainty on 

the reactivity loss is examined. 

Figure 22 shows the comparison of the fractional absorption rates 

calculated for the minor actinides of the four files. The difference 

between the Am-243 absorptions obtained with JBNDL-2 and ENDF/B-IV is 

lager than 0.2 %. However, the results obtained with JENDL-2, ENDF/B-V 

and JEF-1 are in good agreement with each other. It is only observed 

from Fig. 23 that the multiplication factors calculated with the minor 

actinide data of ENDF/B-IV become lager than those obtained with the 

other data. 

4. Concluding Remarks 

For burnup calculations of fast breeder reactors, the lumped group 

cross sections for four mother fission nuclides of U-235, U-238, 

Pu-239 and Pu-241 have been generated on the basis of the JENDL-2 FP 

data. The burnup dependence of the lumped cross sections has been 

studied by considering the transfer to another beta-decay chain by 

neutron capture reaction. It was showed that the burnup dependence 

was considerably observed at high burnup stage. The effect of fission 

gas release for Kr, Xe, Cs and I on the lumped cross sections has 

been also examined and was remarkable. In the near future, the 

effects of the burnup dependence and fission gas release on burnup 

characteristics in fast reactor will be investigated by core burnup 
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calculations. 

For thermal reactor calculations, the group constant library 

SRACLIB-JENDL2 has been generated on the basis of the JENDL-2 file. 

Using this library, fission product chain and actinide chain models 

have been studied for burnup calculations. In order to predict 

accurately burnup performance in high conversion light water reac

tors, the 45 FP chain model proposed for BWR calculation was improved 

by deriving the 65 FP model. 

Resonance self-shielding effect of fission products on burnup 

characteristics has been investigated in high conversion light water 

reactors. The self-shielding effects caused the differences of about 

0.6 and 0.75 percent on the effective multiplication factors at the 

burnup stage of 50 GWD/t for the cases of the moderator to fuel 

volume ratios of 0.74 and 1.4, respectively. The self-shielding 

effects of Xe-131 and Cs-133 were remarkably. 

The effect of nuclear data uncertainties of fission products on 

the burnup reactivity change has been examined by comparing the 

results obtained with four evaluated nuclear data files; JENDL-2, 

JEF-1, ENDF/B-IV and -V. Fractional absorption rates for individual 

fission product nuclide were considerably scattered among these 

files. Although significant difference between the reactivity changes 

calculated with JENDL-2 and ENDF/B-V was observed, the discrepancy 

between those obtained with JENDL-2 and JEF-1 was small due to an 

accidental cancellation. 

The simple at., .ade chains used in the SRAC code was improved to 

treat minor actinides such as Am and Cm. The cell burnup calculation 

for the HCLWR lattice showed that the effect of these minor actinides 

on the burnup reactivity loss was remarkable. The effect of nuclear 

data uncertainty of the minor actinides on the reactivity change was 

also studied. It was shown that the result calculated with the 

ENDF/B-IV- data was scattered by comparing the results obtained with 

the other data of JENDL-2, JEF-1 and ENDF/B-V. 

Anyway, a consistent reevaluation work will be needed to the 

nuclear data of the fission products and minor actinides for a better 

estimate of the HCLWR burnup characteristics. 
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Table 3 Co&ipnrison of thermal capture cross sect ions 
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4.4 Sensitivity Analysis of HCLWR 

Toshikazu TAKEDA 

Department of Nuclear Engineering , 

Faculty of Engineering , Osaka University 

Suita-shi , Osaka-fu 

The sensitivity coefficients of neutronic performance 

parameters in high-conversion LWR cells have been calculated 

by means of the SAINT code. The difference bstween 

sensitivities was investigated for cells with different 

moderator to fuel volume ratios and different Pu enrichment. 

The burnup dependence of the sensitivities was also discussed 

with an emphasis on the effect of fission products on the 

cell parameters. 

We have performed the sensitivity analysis for the 

PROTEUS core. The effect of the difference between the group 

cross sections obtained by SRAC code*1' from JENDL-2 and 

ENDF/B-IV on the cell parameters ke£f, reaction rate ratio 

and coolant void worth was estimated by considering the cross 

section changes in the resolved and unresolved resonances of 

main heavy nuclides, separately. This work was performed as 

the activity of Working Group on Integral Test for JENDL 

in JNDC. 
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1. INTRODUCTION 

Much efforts are now being devoted to the design of the 

high-conversion light water reactors(HCLWR) J 2 ̂  3 * The 

neutronic performance parameters are, however, difficult to 

predict since the HCLWRs have intermediate neutron spectra, 

and the calculated results strongly depend on the utilized 

method and data. Therefore the sensitivity analysis is very 

useful to assess the accuracy of the utilized cross section 

data. 

In this paper we first describe the specific features of 

the sensitivity coefficients in HCLWRs. The HCLWR cells 

differs from conventional LWR cells for its tight pitch and 

higher Pu enrichment. Therefore we discuss the effect of the 

change in moderator to fuel volume ratio (Vm/Vf) and Pu 

enrichment on the sensitivity coefficients, separately. The 

sensitivity coefficients are calculated by the SAINT code' ' 

which is based on generalized perturbation theory and can 

treat the cell performance parameters by means of the 

collision probability method. As sensitivity we concern here 

the cell parameters in HCLWR cores: keff/ reaction rate 

ratio, and coolant void worth. The burnup dependence of the 

sensitivity coefficients was also investigated because some 

actinides and fission products play an important role in the 

prediction of the neutronic properties. Particularly the 

coolant void worth is very much dependent on burnup and this 

dependence is investigated using the sensitivity 

coefficients. 
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Next, we perform the sensitivity analysis in the PROTEUS 

cores' '. To investigate the library difference between 

JENDL-2 and ENDF/B-IV we compare the group cross section 

obtained by the SRAC code from the two libraries. The effect 

of the group cross section difference on the cell parameters 

was discussed using sensitivity coefficients. 

2. SENSITIVITY COEFFICIENTS 

To see the features in HCLWR cells we compare the 

sensitivities in five cells, shown in Table 1 as cases 1~5 

with different Vm/Vf ratios of 0.5,1.0 and 2.0 and different 

Pu fissile enrichment of 8.0,5.0 and 3.0%. We considered 

sensitivity coefficients of ^effi conversion ratio defined by 

the ratio of (238U + 2 4 0Pu ) capture rates to ( 2 3 5U + 2 3 9Pu 

+ 'Pu ) absorption rate, and coolant void worth. The 

sensitivity of coolant void worth strongly depends on the 

void fraction, then we considered two void patterns, one is 

the void fraction change from 0% to 90%, and the other is 

from 0% to 50%. 

Table 2 lists the energy integrated sensitivity 

coefficients of keff. The keff sensitivity on the 2 3 8u 

capture cross section in the HCLWR cell (case 1) is almost 

same as the conventional cell (case 3). However from the 

comparison of the cases 2 and 4 and the cases 1 and 4, it is 

seen that the tight pitching increases in negative sign the 

sensitivity because of the spectrum hardening and the 
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increace in the Pu enrichment decreases the sensitivity 
O *3 Q 

b e c a u s e of t h e d e c r e a s e of t h e i J O U a t o m i c number d e n s i t y . 

The s m a l l change i n t h e s e n s i t i v i t i e s be tween t h e c a s e s 1,2 

and 3 i s due t o t h e c a n c e l l a t i o n of t h e above two e f f e c t s . 

However , t h e e n e r g y d e p e n d e n c e of t h e s e n s i t i v i t y i s 

remarkably d i f f e r e n t for the cases 1 and 3 as shown in F ig .1 . 

For the case 1 the s e n s i t i v i t y in the resonance energy range 

becomes l a r g e r . The s e n s i t i v i t y of k e f f i s a l s o l a r g e to the 

v - v a l u e and f i s s i o n c r o s s s e c t i o n s of Pu and Pu. 

Table 3 l i s t s t he energy i n t e g r a t e d s e n s i t i v i t y c o e f f i c i e n t s 
O *3 O O O Q 

of c o n v e r s i o n r a t i o . The " ° u c a p t u r e , J 3 P u f i s s i o n and 

c a p t u r e and Pu f i s s i o n c r o s s s e c t i o n s h a v e l a r g e 

s e n s i t i v i t y in the HCLWR c e l l s , while the 2 4 0 Pu cap ture c ross 

s e c t i o n has l a r g e s e n s i t i v i t y in the convent ional c e l l . 

The e n e r g y - i n t e g r a t e d s e n s i t i v i t y c o e f f i c i e n t s of t h e 

c o o l a n t vo id wor th a r e l i s t e d i n Table 4 and 5 fo r t h e two 

d i f f e r e n t void p a t t e r n s . The void worth s e n s i t i v i t y i s l a r g e 
p o o 7"iQ 

to the iJUU capture, scattering, fission, Pu capture, v -

value, fission, 240Pu capture and fission, Pu fission and 

Pu capture cross sections. The sensitivity coefficients 

for the cases 2 and 3 do not show great variations for the 

two void patterns, while that of the case 1 differs 
T O O 

remarkably. For instance the sensitivity to the 'iJOU capture 

cross section for the void pattern 1 is 2.4 times that of the 

void pattern 2, and this large difference is not seen for the 

case2 cell where the ratio of sensitivity coefficients for 

the two void patterns is 1.2. The large difference for the 

case 1 is caused by the small coolant void worth, and the 

absolute void worth variation due to the cross section change 

is almost the same for all the cases: The 1% increase in the 
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9 o Q 

U capture cross section leads to the decrease of the void 

worth by 3.23x10~4 dk/kk' and 1.92x10"4 dk/kk' for the void 

patterns 1 and 2, respectively. The ratio of this absolute 

void worth change is 0.59 and it is almost the same for other 

cases (cases 2~5). The energy dependence of the sensitivity 
nop 

coefficient is shown in Fig. 2 to the "°U capture cross 

section. For the case 1 the sensitivity is negative below 

about 100eV. This is because the neutron spectrum is harder 

and the cross section change below 100eV has only small 

effect on keff when coolant is voided ( .see Fig 3 ), and when 

coolant is nonvoided kef£ dereases by the increase of the 

cross section. Therefore, the difference, keff (voided)-

ke£f(nonvoided),increases by the cross section change. The 

coolant void worth is negative, then the sesitivity becomes 

negative below 10OeV.For other cases ( cases 2 ~ 5 ), the 

sensitivity is positive because spectrum becomes larger above 

about 1 eV when coolant is voided. Next we consider the 

burnup dependence of the sensitivity coefficients. Table 6 

lists the sensitivities of keff and coolant void worth at 0 

and 50 GWD/t, respectively. With the void worth we considered 

the void pattern 2. As the burnup the sensitivities to the 

U, Pu and Pu capture cross sections decrease and 
i oi 101 10"} those to the fission products such as Xe, Ru, JRh, 

iii 14Q 

JCs, Sm increase though in negative sign. 

The sensitivity coefficients of coolant void worth 

change in sign with burnup because the void worth is 

negative at 0 GWD/t but positive at 30 and 50 GWD/t. Using 

the sensitivity we interpret the increase of the coolant void 

worth. With the burnup (0-50GWD/T) 2 3 8U, 239Pu and 242Pu 

number densities decrease by 5.8, 12.2 and 18.8% and 2 °Pu 
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and Pu number densities increase by 3.7 and 5.0% 
O o o 

respectively. The total sensitivity coefficients of J OU, 
2 3 9Pu, 2 4 0Pu, 2 4 1Pu and 2 4 2Pu at 0 GWD/t are 4.53, -0.23, 

-4.47, -0.73 and -0.80, respectively. Thus the burnup of 

these heavy nuclides increase the void worth by 1.42x10 

dk/kk'. Furthermore, the sum of sensitivity coefficients of 

fission products is about 2.0.Therefore the void worth is 

increased by 11.8x10 dk/kk'. As a result the coolant void 

worth increase by 13.2x10-3 dk/kk' from 0 to 50 GWD/t which 

shows a good agreement of the real void worth change of 

10.9x10-3 dk/kk'. Thus, the fiss ion products have a large 

effect on the coolant void worth change with burnup. 

Lastly we consider the sensitivities to 2 3 9Np, 2 1Am, 
2 4 2Am, 2 4 3Am and 244Cm, which were added recently to the SRAC 

burnup chain. The sensitivity coefficients are listed for the 

case 1 in Table 7. The capture cross sections have a larger 

sensitivity than fission cross sections: 3Am and Am have 

a. large sensitivity of -0.009 and -0.006 for k e f f, 

respectively. If these nuclides are neglected in the burnup 

calculation, the k e f f at 50GWD/T is over-estimated by 1.5%. 

This reveals that the accurate treatment of these actinides 

is required for the evaluation of the burnup properties in 

the HCLWR cell. 

3. SENSITIVITY ANALYSIS IN PROTEUS CORE 

In this section we estimate the effect of the group 

constants on the cell parameters of the PROTEUS core using 
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the sensitivity coefficients. 

We calculated the group constant in 86 groups using the 

SRAC code from JENDL-2 and ENDF/B-IV. Figures 4 and 5 show 

the comparison of the " ° U capture and the " J P u fission 

cross sections obtained from the two libraries. Table 8 shows 

the effect of the difference on the k , 3 8 U capture to 
2 3 9 P u fission rate ratio (28c/49f) ,and coolant void worth. 

As the void worth, we considered the void franction change 

from 0 to 42.5%. Table 9 shows that the effect becomes 
nop o OQ 

large for the " ° U capture and J 3Pu fission cross sections. 

The difference in the 2 3 8 u capture has a large effect mainly 

in the resolved resonance range and this effect is almost 

same for the 0 and 42.5% coolant voiding core. For 'Pu 

fission, however, the effect becomes large for the 42.5% 

voiding core, especially in unresolved resonance range. This 

produces the large change in the void worth due to the 
O T A 

difference of the J 7 P u fission cross section. The sum of 

both effects produces the 0.8-1.0% change in k 00 , 2.5~2.8% 

in 28c/49f and 6% in void worth. 

4. CONCLUSION 

Sensitivity coefficients of cell parameters in fuel 

cells with the different V m/Vf ration and different Pu 

enrichment. It revealed that the tight-pitch cell with a 

small V m/Vf has a large sensitivity, especially for the 

coolant void worth. The burnup dependence of the sensitivity 

coefficients was also discussed, and the increase of the 

coolant void worth with burnup was interpreted using the 
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s e n s i t i v i t y c o e f f i c i e n t s t o f i s s i o n p r o d u c t s . S e n s i t i v i t y 

c o e f f i c i e n t s of t h e c o o l a n t v o i d w o r t h v a r i e d r e m a r k a b l y w i t h 

b u r n u p . 

U s i n g t h e s e n s i t i v i t y c o e f f i c i e n t s we d i s c u s s e d t h e 

e f f e c t of c r o s s s e c t i o n d i f f e r e n c e b e t w e e n JENDL-2 a n d 

ENDF/B-IV on t h e c e l l p a r a m e t e r s of t h e PROTEUS c o r e . The 
2 3 8 U c a p t u r e a n d 2 3 9 P u f i s s i o n c r o s s s e c t i o n s h a v e l a r g e 

e f f e c t s on c e l l p a r a m e t e r s . 
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Table 1 Cells used in the sensitivity calculation 

Case No* 

1 
2 
3 
4 
5 

V Vf 
0.5 
1.0 
2.0 
0.5 
2.0 

Pu enrichment(%) 

8.0 
5.0 
3.0 
5.0 
5.0 

* Plutonium fissile enrichment 

Table 2 Energy-integrated sensitivity coefficients of keff 

Case 

Vm/Vf 
Pu-enrichment(%) 

keff 
238y 

235u 

239pu 

240pu 

241pu 

242pu 

* 
c 
s 
f 
c 
s 
f 
c 
V 
s 
f 
c 
s 
f 
c 
V 
s 
f 
c 
s 
f 

1 

0.5 
8.0 

1.0902 

-0.259 
-0.045 
0.074 

-0.003 
-0.000 
0.008 
-0.143 
0.635 
-0.001 
0.383 
-0.077 
-0.001 
0.020 
-0.021 
0.186 
-0.000 
0.116 
-0.017 
-0.000 
0.003 

* crcapture v: v-

2 

1 .0 
5.0 

1.0401 

-0.259 
-0.024 
0.066 

-0.004 
-0.000 
0.009 
-0.195 
0.691 
-0.000 
0.353 
-0.116 
-0.000 
0.010 
-0.024 
0.166 
-0.000 
0.092 
-0.021 
-0.000 
0.002 

3 

2.0 
3.0 

1 .1505 

-0.219 
-0.008 
0.041 
-0.004 
-0.000 
0.009 

-0.230 
0.748 

-0.000 
0.333 
-0.119 
-0.000 
0.003 
-0.027 
0.151 
-0.000 
0.071 
-0.015 
-0.000 
0.001 

value s:scattering 

4 

0.5 
5.0 

0.9648 

-0.312 
-0.049 
0.095 
-0.004 
-0.000 
0.012 
-0.150 
0.630 
-0.001 
0.375 
-0.088 
-0.001 
0.015 
-0.020 
0.172 
-0.000 
0.108 
-0.018 
-0.000 
0.003 

5 

2.0 
5.0 

1.1731 

-0.192 
-0.009 
0.038 
-0.003 
-0.000 
0.006 
-0.229 
0.746 
-0.000 
0.336 
-0.123 
-0.000 
0.005 
-0.028 
0.160 
-0.000 
0.077 

-0.018 
-0.000 
0.001 

f .'fission 
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Table 7 Sensitivity coefficients of higher actinides 
( case 1 after 50GWD/t burnup ) 

s e f f Coo lan t vo id wor th 

239 
241 

Np 
Am 

22>m 

244 
Cm 

c 
c 
f 
c 
c 
c 
f 
c 

-0.000 
-0.006 
0.001 

-0.000 
-0.000 
-0.009 
0.001 

-0.002 

0. 
0. 
0. 
0. 
0 . 

- 0 . 
0 . 
0 . 

001 
115 
011 
002 
000 
139 
013 
028 

Void p a t t e r n 2 ( d k / k k 1 ) 

Table 8 

238U capture 
Fast 

Unresolved 
Resolved. 
Thermal 
Total 

23"pu fission 
Fast 

Unresolved 
Resolved 
Thermal 
Total 

T i n 

" J P u capture 
240Pu capture 

Total 

Effect 
from 

k 
0%void 

-0.09 
-0.06 
-0.38 
0. 
-0.53 

-0.11 
-0.31 
0.25 
-0.08 
-0.25 

0.04 

0.04 

-0.70 

of difference between 
ENDF/B-IV 

42.5%void 

-0.10 
-0.11 
-0.35 
0. 
-0.56 

-0.18 
-0.45 
0.19 
-0.05 
-0.49 

0.01 

0.08 

-0.96 

and JENDL--2 
group constants 
( % ) 

28C/49F 
0%void 

0.28 
0.27 
1.42 
0. 
1.97 

0.21 
0.57 
-0.36 
0.10 
0.52 

-0.01 

0.02 

2.50 

42.5%void 

0.16 
0.25 
1.41 
0. 
1.82 

0.31 
0.84 
-0.29 
0.09 
0.95 

0.01 

0.00 

2.78 

Void worth 
(0->42.5%void) 

0.08 
1 .02 
0.23 
0. 
1.33 

1.06 
3.25 
0.75 
-0.45 
4.61 

0.32 

-0.69 

5.57 

Same data i s used for both l i b ra ry in t h i s range. 
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4 .5 Comments from Nuclear Data Side 

OQO 

4.5.1 Resonance Parameters of U 

Tsuneo NAKAGAWA 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 

The present status of experimental and evaluated resonance 

parameters of U are briefly reviewed. The parameters stored in 

JENDL-2 are accurate enough for low lying levels. At high energies, 
238 

activities of NEANDC Task force on U discrepancies are summariEed. 

For JENDL-3, the resonance parameters will be evaluated up to 10 keV, if 

possible, by taking into account new values of parameters obtained by 

Olsen. Tentative calculation from the Olsen's parameters is shown. 

1. Introduction 

The IAEA consultants' meeting on uranium and plutonium isotope 

resonance parameters was held at Vienna in 1981 and the following 
1) 

accuracy requirements were confirmed. 

(1) For thermal reactors 

Radiative width 1 meV. 

Neutron width 2 % for the 6.67-eV resonance, 

3 % for the 20.9-eV resonance, 

5 % for the 36.7-eV resonance. 

(2) For fast reactors 

Average resonance parameters (S , S , D, <T >) 5 %, 

Capture cross section (100 eV - 100 keV) 3 %. 

These requirements seem to be achieved for thermal reactors and not to 
238 

be satisfied for fast reactors. The evaluation of U resonance 
parameters is in progress for JENDL-3. In the present evaluation, some 

modifications will be made to the resonance parameters evaluated for 

JENDL-22). In th 

reviewed briefly. 

2) 
JENDL-2 . In the following, status of the resonance parameters are 
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2. Low Energy Region 

In the energy region below 100 eV, the first three s-wave 

resonances are paticularly important for thermal reactors. Table 1 

shows the relative absorption rate of low lying resonances to the total 
poo o\ 

absorption by U in PWR . It is seen from the table that the 

contributions from the first three resonances is about 55 %. Therefore, 

accurate vaxues of these resonance parameters are strongly required. 

Figure 1 shows measured neutron and radiative widths of the 6.67-eV 

resonance. The accuracy requirement is drawn with dashed lines around 

the values evaluated for JENDL-2. The measured values of T have 

converged upon 1.5 meV since the measurement by 62Jackson+ . The 

accuracy of 2 % is satisfied for this resonance. On the radiative 

width, the accuracy requirement of 1 meV seems to be achieved since 

1977, while the values by 77Liou+ and by 82Block+ are somewhat lower 

than JENDL-2 evaluation. In the case of the 20.9-eV resonance, the 

measured values satisfy the accuracy requirements since 1977, except the 

value of T by 82Block+ . From these figures, we may conclude that the 

low lying resonance parameters of JENDL-2 are accurate enough to fulfil 

the requirements from thermal reactor designers. However, it is needed 

to do further study on the discrepancy of r values among 82Block+ and 

others. 

On the capture cross section at 0.0253 V̂, Poenitz et al. 

reported the new measured value of 2.68010.019 barns which is about 1 % 

lower than ENDF/B-V and JENDL-2 evaluation of 2.7 barns. Another recent 
8) 

value is 2.72110.016 barns by Bigham et al. In the NEANDC-INDC Joint 
9) 

Discrepancy File, de Saussure suggested that Bigham et al.'s value 
235 

became 2.792 barns after renormalization with the new U absorption 

cross section. Therefore, the discrepancy among recent measurements is 

rather large. This discrepancy should be resolved. 

The most recently measured capture cross sections in the low 

neutron energy region are those by Liou and Chrien at BNL. Figure 2 

shows the comparison of JENDL-2 and the experimental data in the energy 

range from 1 to 25 eV. The solid curve calculated from the resonance 

parameters of JENDL-2 reproduces well the data of Liou and Chrien 

between 6.67-eV and 20.9-eV resonances. At energies below the 6.67-eV 

resonance, JENDL-2 is slightly larger than the experimental data. 

- 175-



JAERI-M 87-025 

The values of capture resonance integral are listed in Table 2. 

The measured data are scattered from 265 to 282 barns. Recently 

Kobayashi reported the value of 277±12 barns, and Mughabghab 

recommended that of 277±3 barns. The values of resonance integral 

calculated from ENDF/B-V and JENDL-2 are very consistent with these 

experimental values. 

As for the elastic scattering cross section at 0.0253 eV, the 

following values are recommended in BNL-325 and by Mughabghab , 

respectively. 

BNL-325 (3rd) = 8.90 ± 0.16 barns 

Mughabghab = 9.38 ± 0.09 barns. 

The evaluations for ENDF/B-V and JENDL-2 are almost the same as the 

recommendation of BNL-325 (3rd). The subthreshold fission cross section 
13) 

was measured at 0.0253 eV by D'Hondt et al. with the Grounoble High 

Flux Reactor. Their value of 11±2 ub is larger than JENDL-2 (2.3 ub) 

and ENDF/B-V (5.28 yb). The (n,a) cross section of 1.5 ub at 0.0253 eV 
14) 

was reported by Wagemans et al. which is consistent with 1.3+0.6 pb 

measured by Asgher et al. No evaluated data files store the (n,cx) 

cross section at present. 

From the above-mentioned status of JENDL-2 and experimental data, 

it is seen that the parameters in JENDL-2 are accurate enough and, if 

modification is needed, the elastic scattering and the subthreshold 

fission cross sections will be increased a little around the thermal 

neutron energy. 

3. Resolved Resonance Region 

In the resolved resonance region, large systematic discrepancies 

have been found among neutron widths measured so far. Figure 4 shows 

the local s-wave strength functions calculated in the 500-eV intervals. 

Those obtained from JENDL-2 are written also in the figure. Below 1.5 

keV, the discrepancies are relatively small. Above 1.5 keV, however, 

the large discrepancies are found. In order to satisfy the requirements 

from fast reactor designers, these discrepancies should be resolved. 

The NEANDC organized the task force on this problem at its 23rd 

meeting in Chalk River, Canada in September 1982. The activity of the 

task-force was reported by Nakajima at the Nuclear Data Seminar in 

1984, and by Sowerby ' at the Santa Fe conference in 1985. 
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The NEANDC task force reanalysed transmission data measured at 

Geel18\ JAERI19) and ORNL20) with the shape analysis, because Derrien 
21) 

and Ribon proposed that the shape analysis removed discrepancies 

among resonance parameters obtained with the area analysis. The 

reanalysis was performed in three energy intervals of 1460 to 1820 eV, 

2470 to 2740 eV and 3820 to 4000 eV. 
22) 

Figure 5 illustrates the results by Olsen who did the reanalysis 
23) 

with the shape analysis code SIOB . From Fig. 5, it is seen that 

discrepancies among new parameters are smaller than those among reported 

values, especially in Region 2. It is also evident that reanalysis 

gives neutron widths larger than originally reported ones in every 

energy region. The evaluated values in ENDF/B-V and JENDL-2 are also 

shown in Fig. 5, and they are smaller than the reanalysis. 

It was found from the reanalysis that the main reason of the 

discrepancies was incorrect resolution functions assumed by 

experimenters, and that the correct resolution functions were wider and 

more complex than the assumed ones. 

The task force decided reanalysis of the resonance parameters in 

wide energy region. The upper energy was selected to be 10 keV based on 
24) 25) 

the recent requirements . Olsen has performed the reanalysis of 

ORNL transmission data with SIOB in the energy range from 1 to 10 keV. 

Moxon also did reanalysis of the same data with REFIT in the energy 

range from 7.4 to 8.4 keV. Their reanalyses were completed just before 

the Santa Fe Conference. However, significant differences were found 

again in the large values of r , and they might be due to resolution 

function differences. 

Sowerby concluded as follows in his report Lo the Santa Fe 

Conference; 

1) Discrepancies are due to experimental resolution function. 

2) Presently published r values are in error. Reanalysis is 

necessary. 

3) All existing evaluations of resolved resonance parameters are in 

error. Ideally reevaluation must wait for the reanalysis to be 

completed. 

4) Improvements are required to resonance analysis codes. 

5) Etc. 
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However, the reevaluation for JENDL-3 will be done on the basis of 
25) these new data by Olsen . Olsen obtained the parameters of 676 

leve ls . Figure 6 shows a s ta i rcase plot of the number of resonances. 

The lower s t ra igh t l ine i s the number of s-wave resonances estimated 

from 

Dn = 20.9 eV. No levels were missed at least for s-wave resonances. On 

trial, pointwise cross sections were calculated from the Olsen's 

parameters, by assuming that all resonances were s-wave ones, the 

average radiative width 23.5 meV, the effective scattering radius 9.66 

fm, and by using the multi-level Breit-Wigner formula. The pointwise 

cross sections were averaged in suitable energy intervals, and compared 

with JENDL-2. 

Figure 7 is a comparison of the capture cross seoc'.un. Olsen's 

parameters give the capture cross section smaller than JENDL-2 above 

about 2.5 keV. This underprediction is mainly due to level-missing of 

p-wave resonances. In the case of JENDL-2 evaluation, the level-missing 

of p-wave resonances was found also in the energy range from 1.5 to 4.0 

keV as is shown in Fig. 8. Therefore, the background cross sections in 

Eq. 1 was given to compensate the p-wave level missing. 

Aa = 0.0032/ET- 4.8126 - ^ , (1) 

where E is neutron energy in eV. If this background cross section is 

adopted up to 10 keV, the modified capture cross section becomes very 

similar to JENDL-2. This result shows that the new parameters obtained 

by Olsen can be adopted up to 10 keV by correcting with the suitable 

background data. As for the total cross section, p-wave assignment is 

important. Therefore, the present calculation gave too large values at 

the higher neutron energies. 

4. Conclusion 
238 

The present status of U resonance parameters was reviewed 

briefly, and following conclusions were obtained for JENDL-3 evaluation. 

1) The resonance parameters of low lying s-wave resonances can be 

takan from JENDL-2 after slight modification. 

2) The energy region of resolved resonances should be extented up 

to 10 keV by adopting the parameters obtained by Olsen. 
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3) At high energies, the background correction due to p-wave 

level missing is necessary. 

It is suggested frequently that large background correction should 

be avoided, because they give unresonable shielding factors in the cases 

of large potential cross sections. And, it was also pointed out that 

if large number of p-wave resonances are missed Doppler effect cannot be 

calculated properly. Detailed studies are required for these problems. 

From the result of adjustment study of JENDL-2 data, it was 

found that smaller capture cross section than JENDL-2 is preferable in 

the resolved and unresolved resonance regions. On this point, however, 

the present evaluation has not yet been completed for the resonance 

parameters. Fore investigation is needed to get final results for 

JENDL-3. 
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Table 1 

Absorption Rate in the First Resonances 

of Uranium 238 Relatively to the Total Resonance Absorption 

102.6 

Resonance eV 6.67 20.9 36.7 66 80.7 116.4 

1 189.6 

Absorption % 27.7 .' 5.2 11. 

X 

5.2 2.8 6.7 

(taken from Ref.3) 

Table 2 Resonance integrals of 
238,, 

Reference Values (barns) 

Macklin 

Hardy 

Sampson 

Baumann 

Steinnes 

Linden 

Underhill 

Kobayashi 

Mughabghab 

ENDF/B-V 

JENDL-2 

10) 

11) 

JNE, 2, 243 (1956) 

NSE, 14,358 (1962) 

GA-3069 (1962) 

DP-817 (1963) 

JIN, 34, 2699 (1972) 

JRC, 20, 695 (1974) 

DA/B, 34, 6027(1974) 

281 

282 

265 

281 

267 

265 

269.4 

277 

277 

279.5 

279.1 

± 20 

± 8 

+ 5 

± 21.8 

± 5 

± 12 

± 3 

This table was mainly based on Ref.28 
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6.67-eV Resonance 

Ref. 
rn(mev) 

1.0 
~1— 

2.0 

55Harvey+ 

55Lynn+ 

55Lynn+ 

56Levin+ 

5 7Bollinger+ 

57Radkevich+ 

62Jackson+ 

66Asghar+ 

72Rahn+ 

77Liou+ 

7701sen+ 

77Poortmans+ 

78Haste+ 

78Staveloz+ 
82Block+ 

JENDL-2 

Py (meV) 
20 30 

1 X i 

i !• 

i '—•— 

i — r ~ • 

-*- i 
; • • • 

: • • • ! 

; o : 

Fig.l. Comparison of r and r values of the 6.67-eV resonance 

The required accuracies are shown with dushed lines around the 

evalualed values for JENDL-2. 
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20.9-eV resonance 

Ref. 

55Harvey+ 

55Lynn+ 

55Lynn+ 

56Fluharty+ 

56Levin+ 

57Bollinger-

57Radkevich-

66Asghar+ 

72Rahn+ 

77Liou+ 

7701sen+ 

77Poortmans-

78Haste+ 

82Block+ 

80Nakajima 

JENDL-2 

rn(meV) 
8 9 10 
1 ' ' ( i 
— • — ; 

—^ 

—•— 

f- 'm 

K 6.35 ; 

w 

> • 

j • i 

• : 

: • ' 
; O ' 

Q (we.\j) 

20 30 

1 

— • 

• 

• 

• 

•A 

o: 

r ' ' 

X 

36 —* 

33.8—> 

Fig.2. Comparison of V and r values of the 20.9-eV resonance 
n y 
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a: i c o 
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a> 

2 3 
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4 . 5 . 2 Pu-239 Nuclear Data 

M. Kawai 

NAIG Nuclear Research Laboratory 

Nippon Atomic Industry Group Co., Ltd. 

Ukishlma-cho, Kawasaki-ku, Kawasaki-shi 

Some remarks on the nuc lea r data of Pu-239 are presented from 

viewpoint of HCLWR study. Resolved resonance parameters for JENDL-2 are 

on the b a s i s of the data e v a l u a t e d by Ribon, with the s i n g l e l e v e l 

Breit-Wigner formulas . I t i s , however, pointed out t ha t the i n t e r 

ference effect between resonance l e v e l s upon the fission cross section 

i s s i g n i f i c a n t and m u l t i - l e v e l formalism must be adopted to fu ture 

e v a l u a t e d data f i l e . Recent exper imental data for f i s s i o n c ross 

s e c t i o n s and m u l t i p l i c i t i e s of prompt f i s s i o n neutrons are a l s o 

compared with the JENDL-2 data. The simultaneous evaluation of fission 

cross sections for main important actinides shows that Pu-239 fission 

cross sections in 50 keV - 1 MeV become smaller by 1 - 5 % than JENDL-

2. This r e s u l t may be discrepant with the requirement for JENDL-2 data 

modication, proposed from the i n t e g r a l t e s t . The discrepancy between 

the d i f f e r e n t i a l and i n t e g r a l data may be reduced to some degree by 

s l i g h t l y l a r g e r va lue s of r e c e n t l y measured m u l t i p l i c i t y of prompt 

fission neutrons below 100 keV. 

1. Introduction 

For nuclear design of HCLWR (High Conversion Light Water Reactor), 

neutron cross sections of Pu-239, particularly the data in the reso

nance energy region, are more important than LWR. For example, Pu-239 

fissions in the resonance energy region show large contributions to 

neutron balance in the case of HCBWR, while the fissions of LWR are 

determined by thermal fissions of U-235 and Pu-239.(1^ After the 

JENDL-2 evaluation^ , several cross section measurements have been 

reported for Pu-239, and some discrepancies between the experimental 

data and JENDL-2 data become perceptible. In this report, the author 

gives some comments about the present status of Pu-239 nuclear data 
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such as resonance parameters, fission cross sections and prompt 

fission neutron numbers, which play the most important role to predict 

the HCLWR core characteristics, comparing the JENDL-2 data with the 

recent experimental data. 

2. Resonance Parameters. 

The resonance file (MF=2) of Pu-239 in JENDL-2 contains the 

resolved reonance parameters up tp 660 eV and unresolved resonance 

parameters in the energy range from 660 eV to 30 keV. The former is 

expressed with the Breit-Wigner's single level formula and based on the 
( O N 

analysis of Ribon and LeCoq^'. I t i s accompanied by smooth background 
cross sections in the f i l e 3 (MF=3), so as to reproduce Blon's fission 

(U) cross section data^ ' at energies off resonances by adding them to the 

resonace c ross s e c t i o n s c a l c u l a t e d from the resonace parameyters . 

U n r e s o l v e d r e s o n a n c e p a r a m e t e r s are energy-dependent and were 

determined by the ASREP c o d e ^ \ by f i t t i n g to the t o t a l , fission and 

capture cross sections. 

However, there are following problems in the resonance parameters 

on the basis of the single level formula: 

a) Single l eve l formalism i s unsatisfactory to correc t ly describe the 

fission cross sections which are influenced by interference effect 

between the l e v e l s having the same spin. ' 

b) The smooth background cross section given in the f i l e i s independ

ent to t emera tu re . I t b r ings about misaccount of the Doppler 

effect, in reactor ca lcu la t ions . 

M u l t i l e v e l formalism due to R-matrix theory i s a key to s o l v e the 

problems tnentione above. However, a v a i l a b l e data before 1985 were 

l im i t ed in the energy range; the maximum energy was 214 ev at the 

highest. Recently, Derrien et a l . '' have made resonace analysis with 

the Reich-Moore's mul t i l eve l formula. In the analysis , recent experi

mental data of fission cross section and transmission data were used, 

and the parameters for 375 l e v e l s were determined as a r e su l t . 

Figure 1 compares the fission cross sections calculated from their 

parameters , denoted by ORNL86 with the JENDL-2 and the experimental 

data . Derr ien ' s r e s u l t shows b e t t e r agrrement with the experimental 

data even a t of f - resonance energ ies than JENDL-2. Table 1 and Fig. 2 

also compares the energy average fission cross sections over the 10- to 
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1000-eV energy range and ratios to JENDL-2 data. JENDL-2 deviates from 

the recent experimental data of Weston-Todd'8' and Wageman et al/°^; 

this means that JENDL-2 data must be modified anyhow. On the other 

hand, the result by Derrien et al. agrees with the experimental data up 

to 1 keV, which is the highest analyzed for Pu-239 resolved resonances. 

Accordingly, it can be said that the multilevel parameters of Derrien 

et al. is the most useful for new evaluation of Pu-239. However, the 

following problems let the evaluator hesitate to adopt them. First, it 

is a question whether he accepts the Reich-Moore's multilevel formula 

for his reactor analysis code system, since reactor analyst is used to 

employ the Breit-Wigner's (single- or multi-level) or Adler-Adler's 

(multilevel) formulas for convenience of calculation of resonance self-

shielded effective cross sections. Second, it is a problem that Reich-

Moore's formula is not prepared in the ENDF/B-IV and -V format. 

3. Fission Cross Sections 

JENDL-2 data were evaluated on the basis of the experimental 

data before 1979. In the evaluation, mainly adopted were the ratio data 

of Carlson-Behrens' , the absolute measurement by Gwin et al. ''' and 

the shape measurement by Gayther et al/ 2' The shape measurement data 

were renormalized to the Gwins' data, with consideration of the 

requirement to fission cross section, proposed from from the integral 

test1 •", so as to reproduce the criticality and fission rate ratios in 

the fast critical assemblies. As a result, JENDL-2 fission cross 

sections were determined to be considerably higher than JENDL-1. 

Table 2 gives a list of new measurements for Pu-239 fission cross 

section, reported after the JENDL-2 evaluation. Figure 2 shows that the 

expermental data agree with each other up to 1 keV, but that discre

pancy between different measurements becomes prominient above 1 keV. 

Compared with the recent experimental data in 1980 years, overpredict-

ing trend of JENDL-2 is obvious and some modification is needed. 

Weston-Todd's data^°' are generally the lowest in the high resolution 

experiments above 1 keV. It is, however, questionable if their data, 

which were adopted in the resonance analysis by Derrien et al/' , is 

the most reliable. Judging data reliability may be made by simultaneous 

evaluation of fission cross sections and ratio to U-235 fission cross 

section, because agreement of ratio data between different measurements 
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i s bet ter than that of absolute data. 

Above 50 keV, s imul t ane ius e v a l u a t i o n s of f i s s i o n and capture 

cross sections for heavy isotopes important to f i s s i o n r e a c t o r s were 

pre l iminar i ly made(1 ' for JENDL-3. I t was based on the l eas t squares 

method, taking account of covariance matrices of the experimental data. 

Covariance matr ixces were obtained using the p a r t i a l e r r o r s and the 

es t imated c o r r e l a t i o n c o e f f i c i e n t s . Evalua ted q u a n t i t i e s are as 

f o l l o w s : f i s s i o n c ross s e c t i o n s for U-235, U-238, Pu-239, Pu-240 and 

Pu-241; r a t io to U-235 fission cross sections for U-238, Pu-239, Pu-240 

and Pu-241 f i s s i o n and forU-238 cap tu re ; capture c ross s e c t i o n s for 

Au197, U238 and Pu240; and r a t i o to Au-197 cap ture c ross s e c t i o n s for 

U-238 and Pu-240 cap tu re . The r e s u l t s for Pu-239 are shown in F igs . ' 3 

and 4. The evaluated r a t i o of Pu-239 to U-235 fission cross section i s 

in good accordance with the exper imental da ta , as shown in F ig . 3. 

Evalua ted f i s s i o n cross s ec t ion i s s m a l l e r by 0 - 10 % than JENDL-2 

below 1 MeV, a l though i t i s l a r g e r than Westons1 data which were not 

considered in the evaluation. Above 1 MeV, evaluated data general ly 

agree with Kari's data ( , except for the energies above 7 MeV. 

F ina l ly , i t i s summarized that the recent data of Pu-239 fission 

cross section are several percent smaller than JENDL-2. The r a t io i s as 

follows: 

10 eV to 1000 eV 

1 keV to 100 keV 

100 keV to 1 MeV 

1 MeV to 20 MeV 

0.87 to 1.02, 

0.89 to 1.04, 

0.92 to 1.00, 

0.98 to 1.06. 

The smaller fission cross section w i l l decrease neutron mult ipl icat ion 

of HCLWR with some degree. The e f fec t may be s eve r e r for f a s t breeder 

r e a c t o r than HCLWR, because smal l r a t i o s in the energy range below 1 

keV are mainly observed a t the energy i n t e r v a l s where f i s s i on c ross 

s ec t ion i s s m a l l . Below 50 keV, fu r the r i n v e s t i g a t i o n by means of 

simultaneous evaluation method i s needed. However, the r e su l t that w i l l 

gives smaller values than JENDL-2 may s t i l l remain and produce a severe 

discrepancy with the requirement from the reactor analysts on the basis 

of the in tegra l t e s t of JENDL(13»16»17). 
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4. Mult ipl ici ty of Prompt Fission Neutrons. 

JENDL-2 data are e s s e n t i l a l l y same as JENDL-1 ^ 1 ®\ except for 

standard values of Cf-252 spontaneous fission numbers (3.756 for JENDL-

1 and 3.757 for JENDL-2). Accordingly, the base data used for JENDL-1 

evaluation are those measured before 1974. Table 3 l i s t s new data after 

JENDL-1 e v a l u a t i o n . F igures 5 and 6 compares JENDL-2 and new e x p e r i 

mental da ta . The recen t data of Gwin e t a l , ' 1 ^ ' 2 0 ^ and the r ev i sed 
(pi) 

data of Solei lhac et a l . v ' show a signif icant difference from JENDL-

2 data. The following points are noted about the experimetal data: 

0.1 eV to 50 eV: The exper imental data are about 0.6 % lower than 

JENDL-2. 

50 eV to 100 keV; The experimental data show unaccountable s t ructure 

and are s l i g h t l y l a r g e r than JENDL-2 at the 

energies between 50 eV - 300 eV and 1 keV - 3 keV. 

Above 1.5 MeV: Experimental data are within 3 % lower than JENDL-

2 in the energy range 1.5 and 8 MeV. 

Gwin's experiment i s only one which reported the s tructure of Pu-239 

f i s s i o n m u l t i p l i c i t y in the energy range below 100 keV, and the 

va lue l a r g e r than JENDL-2 may give one of the l i g h t s to s o l v e the 

discrepancy between the d i f f e r e n t i a l and i n t e g r a l da ta , which i s 

described in the preceding section. 

5. Concluding Remarks 

The data status of resolved resonance parameters, fission cross 

sections and multiplicity of prompt fission neutrons, which play 

important roles to predict nuclear characteristics of HCLWR is surveyed 

in the present work. The following results are made clear. 

a) For resolved resonance parameters, multilevel formalism is required 

for describing correctly fission cross sections. At present time, the 

parameters analyzed by Derrien et al. ' with Reich-Moore's formula are 

the most useful. However, it is a question whether reactor analyst will 

use the Reich-Moore's formula, which should be treated in a different 

manner as that for Breit-Wigner's formula for calculation of resonance 

self-shielding effect. 
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b) The recent data of Pu-239 fission cross section show good agreement 

with the old data below 1 keV, but large discrepancy in the energy 

range between 1 keV and 50 keV. They are several percent smaller than 

JENDL-2. Cross section reduction amounts to about 10J in maximum. The 

smaller fission cross sections preliminarily derived by the simultane

ous evaluation1 ' must be contradictory to the requirement from the 

reactor analyst on the basis of the integral tests, because they will 

decrease neutron multiplication of reactor with some degree. These 

discrepancies are problems to be solved hereafter. 

c) As for fission neutrons, Gwin's data are within 2 % smaller than 

JENDL-2 in the MeV energy, while they are slightly larger in the whole 

energy below 100 keV where some unaccountable structures are observed. 

The change of evaluated data due to these data may bring about some 

significant effects on the HCLWR characteristics: it may act on 

reduction of the dicrepancy between the differential and the integral 

data, to some degree. 
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Table 1 Comparison of average f i s s i o n c ro s s s e c t i o n va lues 

over the 10- t o 1000-eV energy range . 

En 

10 

20 

30 

40 

50 

60 

80 

100 

200 

300 

400 

500 

600 

800 

(eV) 

- 20 

- 30 

- 40 

- 50 

- 60 

- 80 

- 100 

- 200 

- 300 

- 400 

- 500 

- 600 

- 800 

-1000 

JENDL-23 

98.5 

31.8 

4.05 

28.5 

79.2 

59.3 

51.5 

18.7 

17.2 

9.09 

9.65 

15.70 

5.48 

6.37 

Derrien+ 

(Reich-Moore) 

98.8 (1.00b) 

31.t (0.99) 

3.09 (0.76) 

24.7 (0.87) 

72.0 (0.9D 

58.6 (0.99) 

46.5 (0.90) 

17.95(0.96) 

17.37(1.01) 

7.91 (0.87) 

9.19 (0.95) 

15.00(0.96) 

4.65 (0.85) 

6.31 (1.00) 

Weston and 

Todd (1984) 

100.6(1.02) 

31.5 (0.99) 

3.05 (0.75) 

25.6 (0.90) 

72.8 (0.92) 

57.6 (0.97) 

47.4 (0.92) 

17.98(0.96) 

17.23(1.00) 

8.06 (0.89) 

9.25 (0.96) 

15.04(0.96) 

4.76 (0.87) 

6.43 (1.01) 

Blons 

(1973) 

-

-

-

28.6 (1.00) 

76.8 (0.97) 

60.5 (1.02) 

49.7 (0.97) 

18.93(1.01) 

17.79(1.03) 

8.91 (0.98) 

9.71 (1.01) 

15.51(0.99) 

5.29 (0.97) 

6.84 (1.07) 

Gwin et al. 

(1976) 

105.1(1.07) 

31.6 (0.99) 

3.09 (0.76) 

25.7 (0.90) 

71.1 (0.90) 

59.3 (1.00) 

46.6 (0.90) 

17.96(0.96) 

17.90(1.04) 

8.48 (0.93) 

9.«0 (0.97) 

15.16(0.98) 

4.95 (0.90) 

6.47 (1.02) 

Wageraans et al. 

(1980) 

103.8(1.05) 

32.2 (1.01) 

2.58 (0.63) 

25.4 (0.89) 

73.5 (0.93) 

60.1 (1.01) 

48.8 (0.95) 

18.31(0.98) 

17.67(1.03) 

8.56 (0.94) 

9.60 (0.99) 

15.14(0.96) 

4.88 (0.89) 

6.45 (1.01) 

1 
N.B. a) JENDL-2 data below 660 eV are on the ba s i s of Brei t -Wigner ' s s i n g l e l e v e l 

parameters analyzed by Ribon-LeCoq, together with background cross sections so as 

to reproduce the f i s s i o n c ross s e c t i o n s measured by Blons (1973) at the off-

resonance energies, 

b) The value in parenthesis are a r a t io to JENDL-2. 
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T a b l e 2 F i s s i o n c r o s s s e c t i o n measurements 

a f t e r JENDL-2 E v a l u a t i o n s 

Category Author Energy 

Absolute measurement 

Rat io t o U-235 

f i s s i o n s 

Weston-Todd (1984) up t o 100 keV. 

Wageman e t a l . (1980) up t o 30 keV. 

Gwin e t a l . (1984) up t o 30 eV. 

Meadows e t a l . (1983) 100 keV t o 10 MeV. 

Adamov e t a l (1979) 11.7 MeV. 

A r t e t a l . ( 1 9 7 9 ) 14 .7 MeV. 

Li e t a l . ( 1 9 8 2 ) 14 .7 MeV. 

Zhou e t a l (1982) 1.0 t o 5.4 MeV. 

Varnagy e t a l (1982) 13.5 t o 14.8 MeV. 

Gar lea e t a l . (1983) 14.8 MeV. 

T a b l e 3 Measurement of m u l t i p l i c i t y of promt f i s s i o n n e u t r o n s 

a f t e r JENDL-1 e v a l u a t i o n . 

Author Energy range measured 

Nurpeikov et al. (1975) 

Khokhlov et al. (1976) 

Soleilhac et al. (1980) 

Soleilhac et al. (1980) 

Freaut (1980) 

Zhang et al. (1980) 

Gwin et al. (1984) 

Gwin et al. (1986) 

Thermal to 4.9 MeV. 

1.1 and 1.8 MeV. 

0.3 to 1.4 MeV (revision for data in 1970) 

1.5 to 15 MeV (revision for data in 1969) 

22.8 to 28.8 MeV. 

0.19 to 1.44 MeV. 

0.005 ev to 10 eV. 

up to 10 MeV. 
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3Pu Vp(En) for En > 1 MeV 

o • Gwin et al. 

V Soleilhac et al. (revised) 

• Walsh-Boldeman 

0 Volodin 

4 Nurpeisov+ 

JENDL-2 
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New Data are 0.5 ^ 3% lower 

than JENDL-2. 

10 15 

En (MeV) 

Fig. 6 Comparison of multiplicity of prompt fission neutrons for Pu-

239 in the energy range 1.5MeV to 15 MeV. 
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4.5.3 Plans for JENDL-3 Fission Product Data File 

JNDC Fission-Product Cross Section Evaluation W.G. 

Presented by Shungo IIJIMA 

NAIG Nuclear Research Laboratory 

Nippon Atomic Industry Group Co., Ltd. 

The scope of the ongoing evaluation of fission-product neutron cross 

sections for JENDL-3 is presented. The number of nuclides is extended to 

170 compared to 100 in JENDL-2. New featrures of evaluation are presented. 

JENDL-2 fisssion product data file1^ was completed in 1981 with 

primary emphasis on the application to fast rectors. It contains just 100 

nuclides ranging from Kr to Gd. Evaluation was made taking account of 

recent neutron capture data uy to 1984. Integral test and the cross 

section adjustment based on integral data are underway especially for 

nuclides for which differential cature data are not available or are very 

discrepant. These are Xe-132, 134, Pm-147, Eu-152 and 154. 

The evaluation for the fission-product data file of JENDL-3 has 

recently started. New features are as follows. 

(1) Number of nuclides is extended to 170 in all, ranging from As to Gd. 

It was aimed that the file should be applicable to thermal and epi-

thermal reactors as well as fast reactors, and also to other possible 

general applications. Nuclide list is given in Table 1. 

(2) Recent data for capture and resonance parameters since 1984 are taken 

into account when possible. Integral test results on JENDL-2 file would 

be reflected on JENDL-3. 

(3) Direct and semi-direct capture cross sections will be included, using 

the formula of Benzi and Reffo. 

(4) For imporatant neutron scattering nuclides, the direct inelastic 

scattering cross sections will be incorporated using DWBA calculation. 
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(5) Also for important n u c l i d e s , the p reequ i l lb r ium and m u l t i - s t e p 

evapora t ion theory w i l l be used to genera te the neutron emission 

s p e c t r a , (n ,p) , (n ,a lpha) and (n,2n) c ross s e c t i o n s . PEGASUS2' code w i l l 

be used for th i s calculation. 

References : 

1) JENDL-2 Fission-Product Data F i l e , edited by T. Nakagawa (1984) 

2) Presented at the poster session of t h i s seminar. 
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Table 1. List of Nuclides of JENDL-3 Fission-Product Cross Section File 

Nuclides marked with asterisk are those included newly in JENDL-3. 
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5. C o n c l u d i n g R e m a r k s 

Yuji SEKI 

m && 
FBR Engineering Co.,Ltd. 

The two main themes of this seminar, "Post-JENDL-3 activity" and "Sensitivity 

analysis", attracted both nuclear data evaluators and users; There was a large 

attendance of 78 yesterday and 63 today, who took part in active discussions. 

In his presentation on "Post-JENDL-3 activity program", Nakazawa stressed 

that nuclear data activities be coordinated with national development projects 

and he noted that key elements for the success in the past development of JENDL-

1 and 2 were "good timing ", "need ", and "feedbacks" between the JENDL activity 

and the JUPITER project. I would like to add a remark. The JASPER project, FBR 

shielding experiments started last year, now provides a good opportunity to start 

to promote mutual feedbacks between JENDL and FBR shielding activities. We 

encourage JASPER people to use the JENDL file in their analysis and succeeding 

FBR designs. 

Sensitivity analysis is now playing a role of a bridge between reactor 

designers and nuclear evaluators, providing very important information for both 

of them; It tells the uncertainty of nuclear characteristics to reactor analysts 

and gives suggestions to evaluators how to improve nuclear data. The audience 

enjoyed very vivid discussions, sometimes an exchange of bluff, between reactor 

analysts and evaluators. 

1. tt b » IC 

%\t. F B R ^ f t ^ S T * © J E N D L 0-?iJffl#T"-f OX . 4 B C l ' t a - | ) ; © 

4 @ © $ t . r * - * 0 f S f c £ © - - 3 © r - ^ , r J E N D L - 3 J£t M J t r ^ S S i i S S 

WJ « , mmm*$\%tttf£^T-vX£-,&=.£&*><!) , &)££*>#< & £ - e * ofc 

i l P J t , B^B*<78A ()I0fft34A, A-8B44A) , #Bf i63A (/I0Fl*327A. fl-gB36 

A ) ©£»©;5©Sl ! tb J£*Ki , ffiS&ttltlfttffrfctt* ltc0 * H « , M&<®mbftft 
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P . l Usage of Nuclear Data L ib ra ry and Proposal to JENDL 

M. S a s a k i / 1 ^ , S. I i j i m a ^ 2 \ Y. K a w a i ^ 

H. Matsunobu*- ' , and A. Z u k e r a n W 

ABSTRACT 

A usage status of nuclear data libraries and proposals to the JENDL 
library are briefly reviewed. 

1) Data bases used in plant design and fuel cycle design fields are 
summarized. JNDC evaluated data and JENDL are not utilized 
so much than expected in these fields. 

2) Performances between JENDL-2 and ENDF/B-IV are compared in the 
FBR nuclear design field. JENDL-2 shows good characteristics. 

3) Usages of JENDL-2 are shown in the LWR nuclear design field. 
JENDL-2 isn't always superior to the licensing library. 

4) Usages of JENDL-2 are shown in the FBR shielding R&D field. 
JENDL-2 underestimates measured spectra in case of the deep 
penetration experiment. 

5) Based on the above usage status of JENDL-2, proposals to 
future JENDL and Nuclear Data Center are tabulated. 

(1) MAPI, 4-1, Shibakouen 2-chome, Minato-ku, Tokyo 
(2) NAIG, 4-1 Ukishima-cho, Kawasaki-ku, Kawasaki-shi, Kanagawa 
(3) SAIG, 6-1, Kajicho 2-chome, Chiyoda-ku, Tokyo 
(4) HERL, 1168 Moriyama-cho, Hitachi-shi, Ibaraki 
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1. General View of Osage Status of Nuclear Data Libraries 

Usage status of nuclear data libraries in a plant design field is 
shown in Table 1. In this table the mark 0 means that a library is 
used for a licensing design, and the mark A means that a library is 
used only for a R&D calculation and so on. 

JENDL-2 and JNDC decay data and so on are not always used in a 
LWR core design field. The licensing libraries based on ENDF/B are 
principally used for convensional plants, and JENDL-2 was only used 
to make benchmark calculation for HCR Chigh conversion r_eactor) as 
mentioned below. JENDL-2 is neither used in the ATR nor the fusion 
design fields. In these fields, the licensing libraries and 
ENDF/B are adopted. JENDL-1 and -2 are used only for R&D calculations 
and plant design studies of DFBR (demonstration f_ast breeder reactor) 
from 1977 in the FBR design field.- ~~ ~ 

Usage status of nuclear data libraries in a fuel cycle design 
field is shown in Table 2. As shown in this Table, foreign data 
libraries are especially used in this design field. To our deep 
regret, JENDL and other JNDC evaluation data are hardly used in 
this field. So, we hope usage of data based on JENDL in the future 
of this design field. 

2. Usage Status in FBR Nuclear Design 

JENDL-2 was released in time for starting of the JUPITER (Japa
nese-USA Program of Integral Tests and Experimental Researches) ex
perimental analysis, because there is strong motive power for 
standarization of data base in the Japanese DFBR (Demonstration FBR) 
nuclear design field. Hence, JENDL-2 is greatly utilized in the 
JUPITER experimental analysis and the DFBR nuclear design study by 
the Japanese makers, PNC and JAERI. 

Core compositions of the JUPITER-I and II mockup experiment ana
lysed with JENDL-2 are shown in Fig. 1. JUPITER-I was planded to a 
homogeneous DFBR core design and JUPITER-II was planed to a radially 
heterogeneous one. 

Fig. 2 shows comparison of performance on keff between JENDL-2 
and ENDF/B-IV. The keffs calculated with JENDL-2 show good 
agreement with the measured values for all core configurations, dif
ferent from the calculated one with ENDF/B-IV by ANL. The C/E values 
with JENDL-2 hold especially a stable position in the both core 
configurations. 

Fig. 3 shows comparison of C/E values between JENDL-2 and ENDF 
/B-IV for 2-"(j fission reaction rates on the ZPPR-13A assembly, as 
an example. A performance (discrepancy between measured and cal
culated reaction rates, radial dependency of C/E values and so on) 
of JENDL-2 on reaction rate calculations is nearly equal to that of 
ENDF/B. 
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Fig. 4 shows comparison of C/E values between JENDL-2 and ENDF 
/B-IV for control rod worths on the ZPPR-13 assemblies. Japan and 
ANL use different Beff value, respectively. Kinetic parameters as 
Beff are not evaluated by JNDC. The Beff value used in the calcula
tion with JENDL-2 was evaluated by Tuttle's yield data^2) and Saphier's 
delayed neutron spectra^) f an(j the Beff value used in the calcula
tion with ENDF/B-IV was evaluated by the delayed neutron data con
tained in ENDF/B-IV. The use of these two values causes about 5% 
difference into calculated values on the control rod worth. In either 
case, JENDL-2 makes underestimation on the control rod worths, com
paring with ENDF/B-IV. Table 2 shows present accuracies obtained with 
JENDL-2 and required ones for cost reduction (on DFBR core design cal
culation) . From this table, JENDL is required more better performance 
on DFBR core design. 

As shown above, JENDL-2 has good performances, comparing with 
ENDF/B-IV. However, JENDL is only used in DFBR core design field, to 
our deep regret. 

3. Usage Status in FBR Shielding Design 

JENDL has never been used in FBR shielding design field, only 
used for benchmark calculations. 

The banehmark experiment for neutron transport in thick sodium^' 
as shown in Fig. 5 was performed in ORNL Tower Shielding Facility 
(TFS). DOT-3.5 calculations with JENDL-2 100 group P5-S48 approxima
tion gives good C/E values, comparing with ENDF/B-IV, as show in 
Fig. 6.(7) 

The axial shielding mockup experiment for CRBR was performed in 
ORNT TFS(8) a s shown in Fig. 7. Comparing with ENDF/B-IV calculations 
with JENDL-2 give good C/E values as far as 30cm depth in the carbon 
steel region, where epithermal neutron flux has main contribution. 03© 
The result of this analysis proves a good evaluation of Fe total cross 
section. However, beyond the above depth, calculations with JENDL-2 
make underestimation due to the misevaluation of fast neutron flux in 
the sodium region. 

4. Usage Status in LWR core design 

Fig. 10 shows an example of keff tracking of operating LWR with 
the revised licensing library in which data of some isotopes are sub
stituted by JENDL-2. The uncertainty of this library is less than 
0.2%Ak and has good performance. 

Fig. 11 shows the C/E values of the U or UO2 benchmark thermal crit-
icals(10) with the library in which some main isotopes are substituted 
with JENDL-2. From this results, it is guessed the performance of 
JENDL-2 is better than ENDF/B-IV, and is not superior to the licensing 
library. 

Fig. 12 shows comparison of keff and conversion ratio (C.R.) of 
HCLWR (Vm/Vp=0.8) between JENDL-2 and UKNDL.(ll) JENDL-2 gives keff 
by 2.3% Ak and C.R. by 0.025 larger than UKNDL for the clearn core. 
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5. Conclusion and Proposal to JENDL 

JENDL-2 and JNDC data are used only in the R&D calculation and 
the design studies for DFBR core, as mentioned above. In other design 
field, these data are not used in a general way, because 

° group constants made from these data are not prepared, 
o performances of these data are not so good compared the 

licensing data, 
o these data are not authorized and published. 

and so on. 

If it will be hoped JENDL and JNDC data are widely used, the follow
ing are proposed to the future JENDL. 

(1) Perfection of JENDL ; o Extension of isotopes, reactions 
o Preparation of covariance data 
and so on. 

(2) Data evaluation for 
usage of accelerator; ° high energy neutron data 

° proton data 
o photo-reaction data 

(3) Accomplishment of COMRAD system 

(4) Authorization of JNDC data and JENDL 

(5) Publication and 

announcement ; o one-g1 oup cross section 
o group cross section 
o V(E) and Vd(E) or £ 
o x(E) and xd(E) 
o K£ 

o af25 (E) 

o decay-heat data 

and so on. 

(6) Production service of group constants 

(7) Standardization of nuclear data evaluation method 
(8) Preparation of code system for integral test and data base 

(including with measured and calculated data) 

(9) Perfection of computer network and consalting services 
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Table 3 Present and Required Design Accuracies 

on DFBR Core 

(2o reliability) 

Items 
Present 
Accuracy 

Required 
Accuracy 

Needs of Resalution 

1. Multiplication Factor 
(keff) 

2. Burn-up Reactivity 

3. Power Distribution (P) 
core 
blanket 
C/R 

4. Control Rod Worth 
total worth 
backup rod 
differential worth 

5. Sodium-void Reactivity Worth 

6. Doppler Reactivity Worth 

7. Material Sample Worth 

fuel 
structure 
coolant 

±0.75%Ak/k 

±8% 
±13% 

±12% 

±50% 

±30% 

±20% 
±20% ̂ 30% 
±50% 

±0.30%Ak/k 

tl0%Ak/k 

±5% 
±10% 
±15% 

±7%^ I 10% 

±30% 

±20% 

±10%^ 20% 
±10%^ 40% 
±30% ̂ 40% 

data is unavailable 
by mock-up experi
ment, so confirma
tion with data 
obtained from pre
ceding reactors is 
required. 

radial dependency 
of C/E values 

radial dependency 
of C/E values 

Table 4 Analysis of Shielding Benchnark vith JEHDL-2 

Systea 

Fe (la Thickness) 
Na (3a Thickness) 
Carbon (SOca Thickness) 
Na/Fe Multi-layer 

C/E Values 

0.6 ~ 1.3 
0.8 ~ 1.4 -» Fig. 6 
0.7 ~ 1.0 
0.12— 0.8 -> Fig. 8 
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(1) JUPITER-1 ; Hockup experieent for heaogeneous DFBR 

• CRF 

^ iLAHKST 

I f f R - l » A i ! • • 

(2) JUPITER-11= Hockup expri»ent for radially heterogeneous DFBR 

ZPPR-13 A 
{=} CONrROL "OD roSITIQ 
0 tLAMKer 

ED "Cft-BCTO* 
G AUTCKNATC CHF 

Fig. 1 Core Configuration of JUPITER Experiment 
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P.2 JENDL Special Purpose Data Files 

S. Iijima (NAIG), J. Katakura (JAERI), M. Nakazawa (Tokyo Univ.). 

M. Kawai (NAIG), T. Asami (JAERI), and T. Nakagawa (JAERI) 

JNDC Ad-hoc Committee on Special Purpose Data File 

An ad-hoc JNDC committee on special purpose data file discussed 

the general and specific features of the JENDL Special Purpose Data 

Files. And several special purpose data files were proposed. Brief 

sketch of the proposed files and the stitus of the some selected data 

are described. 

1.Introduction 

JENDL has been directed to the so-called "general purpose files", 

which should contain complete cross section set. However, there have 

been increasing requirements for "special purpose data files" which 

contain only specific nuclear data of interest to the evaluation of 

fuel cycle, radiation damage, radioactivities, etc. It is known that 

these special purpose data files are defined in ENDF/B. 

An ad-hoc JNDC committee was setup in spring, 1985 to discuss the 

general and specific features of the JENDL Special Purpose Data Files. 

A rough scope of the files was designed, and the questionaires were 

sent to the JNDC members as well as to the experis of related fields 

concerning the applications of interest, the data source currently 

used, the quantities to be included in the planned files, and the 

possibility for participation to the file-making activity. Based on 

the answers recieved and the further discussions, the committee 

reached to the conclusion that the plan is feasible, and the scope of 

the special purpose data file was finalized. The report was published 
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as JAERI-memo for internal use of JNDC. 

In the present paper, brief sketch of the proposed files and the 

status of the some selected data are described. For details the 

readers are requested to refer to the JAERI-memo report. 

2.Contents of the Special Purpose Data Files 

The following nine categories are considered as the JENDL Special 

Purpose Data Files. 

(A) Activation cross section and decay data file 

(B) Actinide cross section and decay data file 

(C) Decay data file (not included in files (A) and (B)) 

(D) Dosimetry cross section file 

(E) Gas production cross section file 

(F) Kerma factor and DPA cross section file 

(G) (a,n) cross section file (including thick target yields) 

(H) Photo-reaction data file 

(I) Standard data file 

The point wise total cross section data will be included in Files (A) 

and (D) to facilitate the calculation of the self-shielding factors. 

The data for natural elements, concrete and alloys of practical 

interest will be included. Detailed list of the data types to be 

included in the files is given in JAERI-memo, through these should be 

further examined and elaborated by the responsible working groups when 

the work starts. A general rule was proposed that the data of Special 

Purpose Data File must be identical with that of General Purpose File 

if the MAT number and the reaction number MT are the same. 

The contents of each file is briefly described below. 

(A) Activation cross section and decay data file 

This file contains the nuclear data needed for estimation of 

residual radioactivity in reactor and for activation detectors except 

for actinides and fiusion-product nuclides. It is planed to include 

the decay data of 191 nuclides and the neutron induced reaction data 

of 138 nuclides. The number of the reactions amounts to 369. About 60 

percent of the reactions are covered with JENDL3 file. To facilitate 
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the calculation of the self-shielding factors, the pointwise total 

cross sections will be stored at the same time for nuclides having 

strong resonances. 

(B) Actinide croSo section and decay data file 

This file contains neutron cross sections and decay data relating 

to the nuclide generation and depletion of actinide nuclides from Tl 

to Fm. The reactions to be included in this file are neutron capture, 
232 233 235 238 

(n,2n) and fission. The reaction data of Th, U, U, U, 
239 240 241 

Pu, Pu and Pu are not included because the self-shielding 

factors are needed for these nuclides. 

The number of nuclides are planed to be 127 for decay data and 73 

for reaction data. The total number of the reactions is 219. The 

JENDL3 file covers 50 percent of the reactions. 

(C) Decay data file 

This file contains the decay data of the nuclides produced by 

neutron induced reactions from stable nuclides. The number of nuclides 

amounts to 562. 

(D) Dosimetry cross section file 

The purpose of this file is to be used for neutron dosimetry of 

reactor and acceralator. The nuclear data in this file include total 

cross section to be able to calculate the self-shielding factors. The 

number of nuclides is 44 and the total number of reactions amounts 56. 

The JENDL3 file covers about 80 percent of the reactions. 

(E) Gas production cross section file 

This file contains the cross section data of the neutron reactions 

resulting in radiation damage by gas production. The number of 

nuclides needed for this purpose is 27 and that of reactions 66. The 

JENDL3 covers about 80 percent of the reactions. 

(F) Kerma factor and DPA cross section file 

The purpose of this file is to prepare the basic data needed for 
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calculating Kerma factor and DPA cross section. The number of nuclides 

in this file is 49, but that of total reactions amounts over 700. 

(G) (a,n) reaction data file 

This file contains the data to estimate the neutron production 

rate by (a,n) reaction. Natural elements such as Li, Be, B, C and so 

on are beeing planed. 

(H) Photo reaction data file 

The reaction data induced by photons are included in this file. 

The reaction types considered now are (y,xn), (y,£), (y,Y') and (y-P) 

(I) Standard data file 

This file contains the standard data which are used as basic data 

for measurement and evaluation of nuclear data. They are planed to be 

limited to the reactions reported in IAEA Technical Reports Series No. 

227 (1983) and that of ENDF/B-V standard data file. 

3.Examples of the special purpose nuclear data 

3.1.Actinide cross section and decay data 

Figure 1 shows the main actinide chains leading to the production 

and deplation of strong a emitters and Y - r a v emitters which are 

important for fuel cycle evaluation and waste disposal considerations. 

The threshold reactions like (n,2n) and (n,3n) become important for 

estimating the nuclide generation and depletion. In this case, the 

data at the energy region near the threshold must be evaluated 

carefully because of the little overlap between the reaction range and 

the neutron spectrum. A reaction branching ratio to the metastable 

state and the ground state, for example, Am(n,y) Am and 
241 242 

Am(n,y) Am, is also important and must be evaluated carefully. 

The examples of the evaluated reaction data are shown in Figs.2 

and 3 for Np(n,2n) and Am(n,y), respectively. 
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3.2.(a,n) reaction data 

The quantities of interest are the thick target (fli.n) neutron 

yields (n/a-particle) and the neutron spectrum. Figure 4 shows the 

calculated neutron yields in various light element materials per atom 

as a function of the initial a-particle energy. In case of oxide 

fuel, the calculated neutron yield is shown in Fig. 5 together with 

experimental data of West and Bair and the evaluated data of Liskien 

and the old and new evaluations by Bell. The neutron spectra are 

shown in Fig. 6. For details of the calculation readers are referred 

to the paper by T. Murata presented at this seminar. 

3.3.Kerma factor and DPA cross section 

The Kerma factor and the DPA cross section are defined by : 

KF(E ) = f dE dQ a (E ,E ,fl)(T+E ), 
n - x n,x n x x 

<*„!>» <E ) = / <3E d£2 a (E ,E ,Q)V(T). DPA n J x n,x n x 

Here, a = the double differential (n,x) cross section, 
n,x 

T=T(E ,E ,JJ) : primary knock-on atom (PKA) kinetic energy, 

V(T) : displacement per PKA. 

The calculated DPA cross section for natural iron using JENDL-3PR1 and 

ENDF/B-IV are shown Fig. 7. Figure 8 shows the DPA cross section for 

natural nickel and its reaction components calculated with JENDL-2 

file. It is noted that the (n,p) and (n,a) reactions contribute 

significantly to the total DPA cross section in the case of nickel. 

All calculations were made by using TENJIN-1 code developed by T. 

Ariga, JAERI. The evaporation spectra were assumed for the proton and 

a-particle spectra in the code since these spectra have not been 

defined in JENDL nor ENDF/B-IV. The charged particle spectrum data 

and the double differential neutron spectrum data are to be 

incorporated in JENDL-3 for important structural materials. 

Therefore, there are much work to be done concerning this file when 

JENDL-3 is completed. 
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Fig. 6 Calculated (a,n) neutron spectra in oxide fuel for a-particle 
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Fig. 7 Calculated DPA cross sections for natural iron using 

JENDL-3PR1 and ENDF/B-IV. Calculation was made with TENJIN1 

code of T. Ariga, JAERI (1984, priv. comm.). 
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P.3 A Plan for Post JENDL 3 Project 

Tsuneo NAKAGAWA, Tadashi YOSHIDA'. Akira HASEGAWA, 

Masaharu NAKAZAWAM , Motoharu MIZUnOTO, Jun ichi KATAKURA 

Working Group on Post-JENDL-3 Activity Program 

Japan Atomic Energy Research Institute 

JENDL 3 project is in progress, and will be completed by the end 

of this fiscal year. Japanese Nuclear Data Committee has investigated 

the various possibilities of nuclear data activities by organizing ad 

hoc committee on the post JENDL-3 project. Conclusion obtained by the 

ad hoc committee was reported as an internal report, and also presented 

in the oral session" and in the poster session at this Nuclear Data 

Seminar. In the poster session, the stress was put on the standard 

group constants and data books made from JENDL 3. Because Hasegawa2) 

gave the comment on the standard group constants, only the outline of a 

plan for making data books is given below. 

The wide range and long term activities of the JNDC have almost 

completed the evaluated neutron data file JENDL 3 and the JNDC FP Decay 

Data File version 2. These comprehensive files are expected to be uti

lized widely for nuclear calculations in the form of the computer data

base. These files, however, contains enormous pieces of valuable 

information useful not only for the computers but also for individual 

nuclear scientists and engineers if they are supplied in an appropriate 

form. An effective means is to edit good data books from these data 

files. One example is JEARI-M 97153) which carries yield and decay data 

of more than 1000 fission-product nuclides. Because of extensiveness of 

the data and clearness of display, this data book is widely used in 

laboratories and industries in and out of Japan. Here we try to list 

necessary conditions of good data books on nuclear data for application 

purpose. 

* NAIG Nuclear Research Lab., Nippon Atomic Industry Group Co., Ltd. 

** University of Tokyo 
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1) Completeness: A data book should cover all the quantities belonging 

to the category treated there. Lacking information should be 

filled up by theoretical means, for example. 

2) Clearness: It is desirable that tables and graphs therein are self-

explaining. Or, at least, the meaning of the quantities contained 

there should be understood with minimum reading explanations. 

3) Well processing: Detailed data are not always required. Engineers 

and scientists often want processed data for specific purposes 

such as averaged one-group cross sections, resonance integral 

values, or rough idea on energy released by one fission or ' one 

decay. 

The following are the data books which seem to be useful and can 

be easily made from JENDL-3 and the JNDC FP Decay Data File Version 2. 

1) One group cross-section book: Comprehensive tables of one-group 

cross sections for as many as possible. Selection of appropriate 

averaging spectrum (FBR, LWR, LCLWR and so on) may be a key issue. 

Resonance integrals and the 2200-m/s values should be included. 

2) FP decay and yield data book: Lives, averaged energies, fission 

yields (both independent and cummulative) should be included as 

well as illastrative display of decay chains. 

3) Actinide data book: A comprehensive collection of actinide nuclear 

data may be worthy making. Effective cross sections, decay chains, 

lives and branching ratios, released energy associated with decay 

or fission should be included. 

The above are only three of possible candidates of data book. A 

small task-force is planned to be formed to steer activity toward 

publication of data books on the basis of JENDL-3 and JNDC FP Decay 

Data File. 
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P.4 A Program of Activation Cross Section Measurements on Fusion Reactor 

Structural Components for 14 MeV Neutrons Using FNS Facility 

Y. Ikeda, C. Konno, K. Oishi*. K. Kawade**, H. Yamamoto**, 

H. Miyade**, T. Yamada**, T. Katoh** and T. Nakamura 

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

More than one hundred neutron activation cross sections on the fusion 

reactor structural components have been measured for the energy range from 

13.3 to 14.9 MeV utilizing the FNS facility in order to meet the nuclear data 

needs in the fusion applications. To achieve the high quality experimental 

data in terms of accuracy, reproducibility and reliability, considerable 

cares have been taken into the data taking and their process by introducing 

the sophisticated measuring technique to reduce significantly the overall 

experimental time. The data measured showed much improvement in the accuracy 

in comparison with previous data. The new compilation based on the present 

data will be helpful for the new evaluation of the activation and the 

dosimetry files. 

1. Introduction 

In recent years, there have been strong needs for activation cross 

section data in terms of the induced activity and safety design analysis of 

the D-T fusion reactor. A plenty of experimented data around 14 MeV have 

been previously reported and great effort were taken place on their 

compilation and evaluations. However, we often meet the severe discrepancy 

among those data and difference between the evaluations for almost all 

reaction cross sections. As for a user, it is a very serious problem that 

which data is reliable to be used to estimate the quantity associated with 

the activation in the fusion reactor. It is expected that the main source of 

the discrepancy in the experimental data may arise from the difference of the 

experimental conditions (the neutron field characterization, radiation 

measuring technique, neutron monitor and standard data) and nuclear data used 

* Shimi3u Construction Company 

** Nagoya University 
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to deduce the final data. 

Recently, Bernard*) has reported the compilation and evaluation of 14 

MeV neutron activation cross sections on the selected reactions to solve the 

problem and showed the useful method to confirm the range of the accuracy of 

the available data. However, if we concern the more wide data assessement, 

more systematic experimental approach is required. 

On this point of view, a program of activation cross section measure

ments on fusion reactor structural components for 14 MeV neutron has been 

conducted using the FNS 2) facility since 1983. In this experimental 

program, first of all we intended to measure the cross sections as many as 

possible and a emphasis was placed on the systematics and consistency in all 

data measured. 

To achieve the systematic measurements on many reactions in the short 

time range, we introduced the new sophisticated y~ray measuring technique 

employing multiple Ge detectors. And great concern was put on the source 

characteristic for the irradiation, which was very important to determine the 

incident neutron energy. 

In this report, we describe the present status of the program. First, 

the categorization of the half-life of the activity is presented regarding 

with measuring conditions. Secondly, the irradiation field and its 

characteristics is given. And a brief note of the experimental configuration 

is described. Finally, some results are shown together with the previously 

reported data 

2. Category of Activity 

The radioactivities produced by the activation reactions are categorized 

in accordance with length of their half-lives regarding the measurement 

technique of radiation. The summarized categories are given in table 1 with 

associated impacts of these activities on the reactor parameters. In order 

to measure the activities with half-lives shorter than a minute, it is 

expected that there is some difficulty in the sample transportation in short 

time and the accuracy in the sample positioning during irradiation. Another 

difficulty arises in the category 4 where the long lived activity with 

half-life longer than years are concerned, because the activity level can not 

be expected to be enough to get satisfactory statistics of radiation. Thus, 

in this program, we focused on the reactions in the category 2 and 3. The 

activities in the category 3 can be measured by adapting the ordinary 

procedure : there is enough time to transport the sample manually to be 
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measured. On the other hand, in the category 2, we employed the pneumatic 

sample transfer apparatus because of the rather short half-lives of the 

activities. 

3. Irradiation field and sample preparation 

The D-T neutrons were generated at the tritium target mounted on the 

target assembly at the end of the 80° beam line. The target assembly, as 

shown in Fig. 1.1, was newly fabricated for the purpose of the cross section 

measurement designing to keep the structural material around the target as 

small as possible and to be able to measure the sample at 165° with respect 

to incident d+ beam direction. The incident d+ ion energy and nominal 

intensity were 330 keV and 1.5 mA, respectively. The neutron yield was about 

2 x 1011 n/s at the target. Irradiation time ranged 2 min to 6 hr depending 

on the half-lives of the activities. 

Basically, we used the separated isotopes to measure the independent 

reaction cross section in order to identify the contribution from the 

competing reactions which occured in the adjacent isotopes. The samples were 

deployed around the D-T target at the distance of 10 cm centered the target. 

The angles of the samples with respect to the d+ beam direction covered 0° to 

165° so that the neutron energies ranged 13.3 to 14.9 MeV. Usually, the 

samples were placed at the nine positions of angles 2.8°, 45°, 60°, 80°, 

100°, 115°, 135°, and 165°. When the irradiation materials were powder, the 

samples were prepared by wrappng them of about 50 mg in a cartridge paper, 

the effective area being 1 cm2. As the neutron flux monitor, we employed the 

reaction of 93Nb(n,2n)92mNb because the reaction nas properly high and 

constant cross sections around 14 MeV neutron energy region and the product 

of 92mNb has the considerably long half-life which enables rather lengthy 

y-ray measurements of them. For the measurements of the category 3 

activities, two niobium foils of 10 x 10 x 0.1 mm were attached to the front 

and rear surfaces of the samples. The samples were supported by the holder 

made of foam styrene shown in Fig. 1.2. 

For the measurements of the category 2 activities, a pneumatic sample 

transport system shown in Fig. 1.3 was introduced. The system enabled the 

measurement of y-rsys s 0 efficient in a short time getting enough counting 

statistics. The angles of the irradiation position to the d+ beam were 5°, 

45°, 65°, 95°, 135° and 165°. The samples were put in the sample holders 

(outer dia. 18 mm, length 40 mm) shown in Fig. 1.4 and were sent to the other 

end of the pneumatic tube through the thick shielding wall between the target 

-246-



JAER1-M 87-025 

room and the work room at the M S facility. The neutron flux at the sample 

position was determined with use of the associated a-particle counting, the 

relation to which was obtained from the flux value measured absolutely by the 
27Al(n,a)21fNa activation. Thus there was no need to measure the monitor 

activity. 

4. y-ray measurement and data analysis 

After the irradiation, gamma-rays emitted from the produced activities 

were measured by Ge detectors. In this series experiment, we employed five 

Ge detectors two of which served as standard detectors, the others of which 

played as the relative detectors. This detection system made the overall 

measuring time short. Consequently, we could manage the many different 

measurements so efficiently. The irradiated samples were placed just in 

front of the relative detector head and the y-rays were measured one by one. 

The short distance between the source to the detector made the detection 

efficiency higher by a factor of about 10 to 20 than that at the usual 

position of the source at several cm. One more sample with the same form as 

the other samples was irradiated with rather strong neutron flux. This sample 

was used in the calibration between the standard and relative detectors. 

This procedure also showed its efficiency in the measurement of the 

monitor foils of Nb. Regarding the large number of Nb to be measured, the 

two Nb monitor foils for one sample were measured simultaneously with one 

relative detector. Moreover, we adopted the total counts of the y-ray from 

the Nb foils as the relative counts because there is no interference activity 

except 92mNb produced by the monitor reactions. This method could signifi

cantly reduce the over-all measuring time. In the case of the category 2, 

the samples were measured as soon as possible after they were returned to the 

outside through the pneumatic tubes. The source for the detector calibration 

was prepared by irradiating the sample using a special pneumatic channel end 

of which located near the target. 

All cross section values were obtained as the ratio to the standard 

reaction cross sections of 27Al(n,a)21,Na or 93Nb(n,2n)92mNb. The reaction 

rate was deduced from the measured activity by performing appropriate 

corrections which included the time of irradiation, cooling and measuring, 

the sample weight, the counting loss due to the sum peak, the self-absorption 

of the y-ray in the sample, t&e difference of the effective sample position 

due to the finite thickness of the sample from the position of the calibra

tion sample and the neutron flux fluctuation during irradiation. The 
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absolute y-ray detection efficiencies of the standard detectors were obtained 

by using the standard calibration sources. The terms to deduce the reaction 

rate are shown in Table 2 together with their estimated errors. The main 

error sources were due to the detector efficiency and the counting statis

tics. 

The reaction rate is given as the integrated products with the incident 

neutron flux and cross section over the sensitive energy range. The incident 

neutron usually has the energy spectrum and the neutron energy spreads below 

14 MeV whenever any target assembly is used to support the target. In other 

words, the neutron spectrum is not monoenergetic. The kinematics of the 
3T(d,n)'*He in the target layer also yield somewhat distributed energy 

spectrum of the emitted neutron. 

On the other hand, almost all reactions have their threshold energies 

and react with the neutrons above the thresholds. A difficulty is expected 

in the determination of the mean reaction neutron energy from the integrated 

reaction rate. In order to solve this problem, we calculated the neutron 

spectra emitted from the target with the Monte Carlo code, MORSE simulating 

the structure of the target assembly precisely. The neutron spectra for 

corresponded angles of the sample position with respect to the incident d+ 

beam direction are show in Fig. 2. In order to estimate the contribution of 

the low energy neutrons to the reaction rate, the fractional reaction rates 

due to neutrons below 10 MeV were calculated by using the neutron spectra and 

well known reaction cross sections as a function of their Q values. By using 

these results the contribution of neutron lower then 10 MeV was subtracted 

from the measured reaction rate regarding its Q value. Fortunately, all 

neutron spectra have deep valley around 10 MeV. We assume the 10 MeV as the 

cut off energy to analyze the mean neutron energy. 

5. Results and Summary 

The list of reaction types measured are shown in Table 3 with associated 

nuclear data used. Some of the results are shown in Fig. 3.1 to 3.4 together 

with data previously reported and evaluated. As shown, the present data as a 

whole cover the wide energy range and show the smaller experimental errors in 

comparison with other data. The systematics among the present multiple data 

indicates the reliability of the measurements. We are now compiling all of 

data in a report including all informations about experimental conditions. 

We hope the present experimental data to be helpful in the new evaluation of 

the activation and the dosimetry files. 
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Table 1 Categories of the a c t i v i t i e s and their impacts on the reactor 

parameters 

Category Range of H a l f - L i f e Assoc ia ted impact 

1 

2 

3 

4 

Tl/2 < min 

min. < Tl/2 s hr. 

hr. < Tl/2 i year 

year < Tl/2 

accident gas production 

maintenance T waste 
1 transmutation 

Table 2 Items needed to deduce the reaction rate and the cross section 

Items Estimated error (%) 

1. Statistics of y-ray counts 

2. Detector efficiency 

3. Sample weight 

4. Time for irradiation, cooling and 

measuring 

5. Self-absorption of y-ray in the sample 

6. Half-life (decay constant) 

7. y-ray emission probability 

8. Correction factor about mean source 

position 

9. Fluctuation of neutron flux during 

irradiation 

10. Counting loss due to sum peak of y-rays 

11. Monitor reaction cross section 

0.3 <v 5 

2.0 -\, 3.0 

< 0.1 

< 0.1 

< 0.5 

0.1 x 2 

0.5 T, 2 

% 0.5 

< 0.1 

< 0.1 

% 3. 
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Table 3 L i s t of the r e a c t i o n types measured and a s s o c i a t e d nuc lear data 

No.l 

T a r g e t 

N u c l e u s 

1 9 p 

2 3Na 

2 " M g 

2 5 M g * 

2 ' A l 

2 8 S i 

2 9 S i * 

3 ° S i 

3 5 C 1 

3 9 K 

m K 

" C a * 

" 3 C a 

•**Ca * 

- 8 C a * 

" 5 S c 

" 6 T i * 

" T i * 

•*8Ti * 

t 9 X i * 

5 0 T i * 

R e a c t i o n 

( n , 2 n ) 

( n , 2 n ) 

( n , p ) 

( n , n p ) 

( n , p ) 

( n , p ) 

( n . p ) 

( n , n p ) 

( n , a ) 

( n , 2 n ) 

( n , 2 n ) 

( n , p ) 

( n . a ) 

( n , p ) 

( n , p ) 

( n , p ) 

( n , n p ) 

( n , a ) 

( n , 2 n ) 

( n , 2 n ) 

( n , 2 n ) 

( n , a ) 

( n , 2 n ) 

( n , p ) 

( n , p ) 

( n , n p ) 

( n , p ) 

( n , n p ) 

( n . n p ) 

( n , p ) 

P r o d u c t 

1 8p 

2 2Na 

s ^ N a 

" N a 

2 7 M g 

2BA1 

2 9A1 

2 « A 1 

2 7 M g 

3 m n c l 

3 B K 

^ A r 

3 8 C 1 

*2K 

" 3 K 

t " K 

" 3 R 

" l A r 

* 7 C a 

t ^ S c 

t t g S c 

" 2 R 

1.5X1 

* 6 S c 

" S c 

* 6 S c 

t B S c 

" S c 

* 8 S c 

5 0 S c 

H a l f - l i f e 

1 0 9 . 7 2 m 

2 . 6 0 2 y 

1 5 . 0 3 h 

1 5 . 0 3 h 

9 . 4 6 2 m 

2 . 2 4 m 

6 . 5 6 m 

2 . 2 4 m 

9 . 4 6 2 m 

3 1 . 9 9 m 

7 . 6 1 3 m 

1 . 8 2 7 h 

3 7 . 2 9 m 

1 2 . 3 6 h 

2 2 . 2 h 

2 2 . 1 5 m 

2 2 . 2 h 

1 . 8 2 7 h 

4 . 5 4 d 

2 . 4 4 2 d 

3 . 9 2 7 h 

1 2 . 3 6 1 h 

3 . 0 8 h 

8 3 . 8 d 

3 . 4 2 2 d 

8 3 . 8 d 

4 3 . 6 7 h 

3 . 4 2 2 d 

4 3 . 6 7 h 

1 . 7 1 m 

G a m m a - r a y 

E n e r g y [ k e V ] 

5 1 1 . 0 

1 2 7 4 . 5 5 

1 3 6 8 . 6 

1 3 6 8 . 6 

8 4 3 . 7 6 

1 7 7 8 . 7 

1 2 7 3 . 2 

1 7 7 8 . 7 

8 4 3 . 7 6 

2 1 2 7 . 6 5 

2 1 6 7 . 5 

1 2 9 3 . 6 4 

1 6 4 2 . 1 6 

1 5 2 4 . 3 

6 1 7 . 8 

1 1 5 7 . 0 

6 1 7 . 8 

1 2 9 3 . 6 4 

1 2 9 7 . 0 

2 7 1 . 2 4 

1 1 5 7 . 0 

1 5 2 4 . 6 

5 1 1 . 0 

8 ^ 9 . 2 5 

I s . ? . 3 8 

8 8 9 . 2 5 

9 8 3 . 5 

1 5 9 . 3 8 

9 8 3 . 5 

1 5 5 3 . 7 1 

B r a n c h i n g 

R a t i o [ % ] 

1 9 3 . 8 

9 9 . 9 3 

1 0 0 

1 0 0 

7 3 . 1 

1 0 0 . 0 

8 9 . 1 

1 0 0 . 0 

73 

4 2 

9 9 . 8 

9 9 . 1 6 

3 1 

1 8 . 8 

6 4 . 8 

5 8 

6 4 . 8 

9 9 . 1 6 

77 

8 6 . 6 

9 9 . 8 9 

1 8 . 8 

1 7 0 . 0 

1 0 0 . 0 

6 8 . 5 

1 0 0 . 0 

1 0 0 . 0 

6 8 . 5 

1 0 0 . 0 

1 0 0 . 0 
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Table 3 (Continued) 

No.2 

Target 

Nucleus 

5iy 

5°Cr * 

52Cr * 

55Mn 

5-Fe * 

56 F e 

57 F e * 

59CO 

5 8 N i 

63CU 

65CU 

90 Z r * 

9iZr * 

92 Z r * 

9"»zr * 

Reaction 

(n»a) 

(n,p) 

(n,a) 

(n,2n) 

(n,2n) 

(n,p) 

(n,2n) 

(n,p) 

(n,a) 

(n,P) 

(n,np) 

(n,2n) 

(n,p) 

(n,a) 

(n,2n) 

(n,p) 

(n.np) 

(n,2n) 

(n,2n) 

(n,p) 

(n,2n) 

(n,2n) 

(n,p) 

(n,a) 

(n,p) 

(n.np) 

(n,p) 

(n,np) 

(n,p) 

(n.a) 

Product 

*7Ca 

si T i 

"8Sc 

-9Cr 

51Cr 

5 2 V 

51tMn 

5"Mn 

5 1Cr 

5 6 M n 

5 6 M n 

5 8 C o 

5 9 F e 

5 6 M n 

5 7Ni 

5 8m+g C o 

5 7Co 

6J!Cu 

6"Cu 

6 5 N i 

8 9ni2r 

asm+gzr 

9 OHly 

8 7mg r 

9 1 my 

9 0 my 

92y 

9 1 my 

9"ty 

9 1Sr 

Half-life 

4.54 d 

5.8 m 

43.67 h 

41 .9 m 

27.701 d 

3.746 m 

312.2 d 

312.2 d 

27.701 d 

2.5785 h 

2.5785 h 

70.78 d 

44.56 d 

2.579 h 

35.99 h 

70.78 d 

271.65 d 

9.730 m 

12.699 h 

2.52 h 

4.18 m 

78.43 h 

3.19 h 

2.805 h 

49.71 m 

3.19 h 

3.54 h 

49.71 m 

18.7 m 

9.48 h 

Gamma-ray 

Energy [keV] 

1297.03 

319.7 

983.5 

152.93 

320.08 

1434.06 

834.83 

834.83 

320.03 

846.75 

846.75 

810.76 

1099.22 

846.75 

1377.59 

810.76 

122.06 

511.0 

511.0 

1115.84 

587.8 

909.2 

479.51 

388.4 

555.57 

479.51 

934.5 

555.57 

918.8 

1024.3 

Branching 

Ratio[%] 

77.0 

93.4 

100.0 

29.07 

10.2 

100.0 

100.0 

100.0 

10.2 

98.87 

98.87 

99.44 

56.5 

98.87 

77.6 

99.44 

85.6 

195.6 

38.6 

15.134 

89.5 

99.01 

91.0 

87.0 

94.9 

91.0 

13.9 

94.9 

56.0 

33.0 
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T a b l e 3 ( C o n t i n u e d ) 

N o . 3 

T a r g e t 

N u c l e u s 

" z r * 

" N b 

9 2Mo * 

9 "Mo * 

9 5MO * 

96Mo * 

97Mo * 

"MO * 

i o o M o * 

1 1 2 S n * 

i ^ S n * 

I 1 6 S n * 

H 7 S n * 

R e a c t i o n 

( n . n p ) 

( n , 2 n ) 

( n , 2 n ) 

( n , a ) 

( n , 2 n ) 

( n , p ) 

( n , a ) 

( n , a ) 

( n , 2 n ) 

( n , p ) 

( n , p ) 

( n , p ) 

( n , p ) 

( n , n p ) 

( n , n p ) 

( n , p ) 

( n , p ) 

( n , n p ) 

( n , p ) 

( n , n p ) 

( n . n p ) 

( n , 2 n ) 

( n , a ) 

( n , 2 n ) 

( n , n p ) 

( n , 2 n ) 

( n , p ) 

( n , p ) 

( n , p ) 

( n , p ) 

( n . n p ) 

P r o d u c t 

93y 

9 5 Z r 

9 2 m Nb 

9 0 my 

9imM o 

9 2 m Nb 

8 9m Z r 

8 9m+g Z r 

9 3mMo 

91 ,mNb 
9 s m N b 

9 5 g N b 

9 6 Nb 

9 5 m Nb 

9 5 g N b 

9 7 n N b 

9 7m+gNb 

9 6 Nb 

9smN b 

S7mSb 

9?m+gN b 

99Mo 
9 7 Z r 

1 1 ! S n 

' " I n 

l l 3 S n 

i m m I n 

n s m I n 

U 7 m I n 

H 7 g I n 

i i 6 m I n 

H a i f - l i f e 

1 0 . 2 5 h 

6 3 . 9 8 d 

1 0 . 1 4 d 

3 . 1 9 h 

64 s 

1 0 . 1 4 d 

4 . 1 8 m 

7 8 . 4 3 h 

6 . 9 5 h 

6 . 2 6 m 

8 6 . 6 h 

3 4 . 9 7 d 

2 3 . 5 5 h 

8 6 . 6 h 

3 4 . 9 7 d 

60 s 

7 2 . 1 m 

2 3 . 5 5 h 

5 1 . 3 m 

60 s 

7 2 . 1 m 

6 6 . 0 2 h 

1 6 . 9 h 

3 5 . 0 m 

2 . 8 3 d 

1 1 5 . 0 7 d 

4 9 . 5 1 d 

5 4 . 1 2 m 

1.93 h 

4 2 . 3 m 

5 4 . 1 2 m 

Gamma-ray 

Ene rgy [keV] 

2 6 6 . 9 

7 5 6 . 7 2 

9 3 4 . 5 1 

2 0 2 . 5 3 

6 5 2 . 9 

9 3 4 . 5 1 

5 8 7 . 8 

9 0 9 . 2 

2 6 3 . 0 6 

8 7 1 . 0 

2 3 5 . 6 9 

7 6 5 . 7 8 

7 7 8 . 2 2 

2 3 5 . 6 9 

7 6 5 . 7 8 

7 4 7 . 0 

6 5 7 . 9 2 

7 7 8 . 2 2 

7 8 7 . 3 6 

7 4 7 . 0 

6 5 7 . 9 2 

7 3 9 . 4 

7 4 3 . 3 6 

7 6 1 . 2 

1 7 2 . 1 

2 5 5 . 0 6 

1 9 0 . 2 4 

4 1 6 . 8 6 

3 1 5 . 3 

5 5 2 . 9 

4 1 6 . 8 6 

B r a n c h i n g 

R a t i o [ % ] 

6 . 8 

5 4 . 6 

9 9 . 2 

9 8 . 0 

4 8 . 1 

9 9 . 2 

8 9 . 5 

9 9 . 0 1 

5 6 . 7 2 

0 . 4 7 

2 5 . 5 4 

9 9 . 8 2 

9 6 . 8 

2 5 . 5 4 

9 9 . 8 2 

9 7 . 9 

9 8 . 2 

9 6 . 8 

9 3 . 2 

9 7 . 9 

9 8 . 2 

1 2 . 6 

9 2 . 8 

0 . 6 6 

8 7 . 6 

1.82 

1 5 . 6 

2 7 . 8 

1 6 . 9 

9 9 . 7 

2 7 . 8 
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Table 

Target 
Reacti 

Nucleus 

l l e S n 

l 2 0 S n 

1 2*Sn 

13 *Ba 

135Ba 

136Ba 

137Ba 

138Ba 

i8iTa 

ieow * 

ie*w * 

1 8 6W 

197Au 

2 0^pb 

* 

* 

* 

* 

* 

* 

* 

(n,2n) 

(n,a) 

(n,a) 

(n,2n) 

(n,2n) 

(n,p) 

(n,2n) 

(n,p) 

(n.np) 

(n,2n) 

(n,p) 

(n,a) 

(n,2n) 

(n,2n) 

(n,p) 

(n,a) 

(n,2n) 

(n,2n) 

(n,2n) 

Separated isotope 

JAERI -M 87- 025 

3 (Continued) 

Product Half-life 

117">Sn 

117">Cd 

1* 7SCd 

i2 3m S n 

l 3 3m B a 

lssmcs 

13 5m B a 

1 3 6 C s 

1 3 6 C s 

13 7m B a 

i3 8m+g C s 

i3s m+g X e 

l8 0mf a 

i7 9m+g w 

istmxa 

1 8 3 H f 

i9 6m A u 

1 9 6SAu 

2 0 3 p b 

14.0 d 

3.31 h 

2.42 h 

40.08 m 

38.9 h 

53 in 

28.7 h 

13.0 d 

13.0 d 

2.5513 m 

32.2 m 

9.104 h 

8.0 h 

37.5 m 

8.7 h 

64 m 

9.70 h 

6.183 d 

52.02 h 

No.4 

Gamma-ray Branching 

Energy [keV] Ratio[%] 

158.6 86.4 

564.4 15.2 

273.28 29.0 

160.33 85.5 

275.6 17.5 

781 99.7 

268.24 16 

818.5 99.7 

818.5 99.7 

661.65 89.9 

1435.86 75 

249.79 90 

93.0 5.0 

133.9 0.106 

111.19 24.3 

783.73 65.0 

188.23 37.84 

355.65 87.6 

279.18 81.0 
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Fig. 1.1 Photograph of the target assembly specially fabricated for the 

purpose of this activation cross section measurement program 

Fig. 1.2 Photograph of the sample holder to support the samples around the 

target 
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Fig. 1.3 Photograph of the pneumatic sample transfer system for the activity 

of the category 2 

Fig. 1.4 Photograph of the sample holder for the pneumatic system 
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l O 

Incident d+ beam energy: 330 keV 

1 3 - O 3 . 4 . O 1 5 . O 

N e u t r o n E n e x - g y ( M e V ) 

Fig. 2 Source neutron spectra calculated with the Monte Carlo code MORSE 
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P.5 Measurement of the fast neutron cross sections 

at the JAERI tandem accelerator facility 

S. Chiba, Y. Yamanouti, M. Mizumoto, M. Sugimoto, 
* ** 

M. Hyakutake , S. Iwasaki and Y. Kawarasaki 

Japan Atomic Ene; ̂ y Research Institute, 

Tokai-mura, Naka-gun, Ibaraki-ken 

The fast neutron time-of-flight and (n.xy) spectrometers installed 

at the JAERI tandem accelerator can provide the neutron nuclear data, 

between En = 5 and around 30 MeV region. This paper presents an over

view of the facility and methods of the fast neutron cross section 

measurements there. Some preliminary results of the recent experiments 

are also described. 

1. Introduction 

The JAERI tandem accelerator can provide 2.5 to 35 MeV proton and 

deuteron beams. With the aid of these beams and the D(d,n) and Li(p,n) 

reactions, neutrons of about 5 to 30 MeV can be utilized in the neutron 

nuclear data measurements. Except around 14 MeV, the neutron nuclear 

data of this energy range are very poor, because there are no suitable 

neutron sources with small accelerators. The neutron scattering cross 

sections and neutron induced gamma-ray spectra of some isotopes have 

been measured using i.he fast neutron time-of-flight (tof) spectrometer 

and (n,xY) spectrometer installed in the neutron target room of the 

tandem accelerator facility. In the following sections, simple 

descriptions of these spectrometers and some preliminary results 

measured with them will be presented. 

2. Fast neutron time-of-flight spectrometer 

A schematic layout of the fast neutron time-of-flight spectrometer 

is shown in Fig. 1. This spectrometer was designed so as to measure the 

* : Faculty of Engineering, Kyushu University 

** : Faculty of Engineering, Tohoku University 
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neutron scattering cross sections between En = 5 and 40 MeV. 

A proton or deuteron beam bombards the neutron producing target. 

The charged particles can be extracted from both of the negative ion 

source ( tandem mode ) and in-terminal ion source ( single Van de Graaff 

mode ). Because the measurement is based on the time-of-flight method, 

these beams are usually chopped and bunched to produce pulsed beams. 

The pulse duration is typically about 1 ns at FWHM. The beam current is 

as much as 2 uA at a repetition rate of 2 MHz. 
3 7 

The D(d,n) He reaction with gaseous D target and the Li(p,n) 

reaction with metallic lithium target are used as the neutron sources. 

The latter is used in the energy region of 30 MeV, because in this 

energy range it produces nearly monoenergetic neutrons. 

Fig. 1 shows a setup with the D(d,n) neutron source. The D gas 

target is contained in 2 gas-cell of 3 cm in length and 1 cm in diame

ter, with a pressure of 2 atm. The scatterer is located at about 12cm 

from the center of the gas target. 

Scattered neutrons are detected by an array of four VLD ( very 

large detector ) style NE213 liquid scintillation detectors. They are 

similar :o that developed at OHIO university except their sizes. 

However, the time-compensation can be done by both of the hardware and 
(2) 

software method . The flight path is about 8 m long. Angular range 

covered with this normal setup is 15 to 140°. But with a modified 

setup, the scattering angle is extended up to 160°. 

Two monitor detectors view the neutron generating target directly 

for run-to-run normalization. Each monitor detector is a 5 cm diameter 

and 1.3 cm thick NE213 scintillator. 

With this setup, we have measured the neutron scattering cross 
OO 07 lift 

sections of Si and Al at En = 13.0 MeV, Sn at En = 14.9 and 18.0 

MeV, 7Li at En = 11.0 and 13.0 MeV and 208Pb at En = 12.0 MeV. 

118 
3. Measurement of the neutron scattering cross sections of Sn 

at En = 14.9 and 18.0 MeV 

As an example of the data measured at the fast neutron tof 
118 

spectrometer, the results with Sn target is presented. The scatter
ing sample was loaned from the isotope division of Oak Ridge National 
Laboratory. 
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Typical tof spectra, after background subtraction, are shown in 

fig. 2. They were obtained at angles of 60° with 14.9 MeV and 70° with 

18.0 MeV neutrons, respectively. Three prominent peaks can be noticed 

in this figure. The peaks corresponding to elastically scattered 

neutrons and inelastically scattered ones to the first 2 state ( 

Q=-1.23 MeV ) can be assigned undoubtedly, as seen in this figure. The 

remaining one contains contributions from many higher levels. But at 

most of the angles it is excited more strongly than the first 2 state 

which is a quadrupole one phonon vibrational state. Hence we temporally 
7T — 

assigned J = 3 level ( Q=-2.32 MeV, octupole vibrational state ) to 

this peak. 

Yields of these peaks were determined by fitting skewed gaussian 

functions to these spectra. After applying detector efficiency and 

absolute normalization, effects of the finite sample size were correct

ed by the Monte-Carlo method. 

In figs. 3, 4 and 5 shown are the presently measured angular 

distributions. Solid lines show results of theoretical calculations. 

Fig. 3 shows the angular distributions of elastically scattered 

neutrons. The solid lines represent the results of the spherical 

optical model ( SOM ) calculation. They were calculated by the code 

ECIS79. The optical model parameters were adjusted to reproduce the 

presently measured values. Agreement between the measured and calculat

ed results is very good. 

Figs. 4 and 5 show that the differential cross sections of the 

inelastically scattered neutrons are very strongly forward peaked. Thus 

the direct reaction process is dominant in these reactions. This is 

verified by a Hauser-Feshbach ( H-F ) calculation made by the code 

ELIESE-3. Contributions of the H-F process was found to be less than 
118 

0.1 % of the total yield of each level. Because Sn is an even-even 

nucleus of medium weight, an incoming nucleon will strongly excite 

nuclear surface oscillation. Hence we performed a DWBA calculation 

assuming vibrational model with the same optical potential parameters as 

fig. 3. The DWUCK-4 code was used for this purpose. The solid lines in 

figs. 4 and 5 show the results of this calculation. The present calcu

lation reproduces the measured data very well. Deduced quadrupole 

deformation length ( deformation parameter times the real part radius ) 
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agrees with that of Flnlay et al. y but systematically lower than the 
(4 5) 

(p.p') ' results. This difference shows the extent to which the 

closed proton core is inhibited from vibration. 

4. Measurement of the emitted gamma-ray spectrum of Al at En = 8.0 MeV 

Using the (n.xy) spectrometer, spectrum of the emitted gamma-rays 

from Al at the incident neutron energy of 8 MeV was measured. Fig. 6 

shows the schematic layout of the spectrometer. Source neutrons were 

3 

generated by the D(d,n) He reaction with a gas target. The main detec

tor was a Nal(Tl) scintillator of 7.6 cm in diameter and 15.0 cm in 

length. An annular Nal(Tl) scintillator surrounded the main detector to 

suppress the Compton background. A 5 cm diameter by 1.3 cm thick NE213 

scintillator was used as a neutron flux monitor. The pulse height 

spectrum was converted to the gamma-ray energy spectrum by the FERDO 

code. 

Circles in fig.7 show the presently measured results. The trian

gles show the data measured by Morgan et al. at ORELA . Though the 

present results are only preliminary, the resolution of them is superior 

to those of Morgan et al's. 

5. Conclusion 

Using the JAERI tandem fast neutron tof facility, the fast neutron 

scattering cross sections have been measured in the energy range of 10 

to 20 MeV. We have also measured the spectrum of emitted gamma-rays 

from Al at En = 8.0 MeV. The neutron nuclear data of this energy range 

are very important for fusion reactor development. They are also very 

important to study the reaction mechanisms and nuclear structures 

through the optical model potentials and deformation parameters, etc. 
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P.6 Measurements of Fast Neutron Inelastic-Scattering 

and Fission Cross Sections 

S. Itagaki, M. Baba, T. Iwasaki, N. Hirakawa 

and K. Sugiyama 

Department of Nuclear Engineering, Tohoku University 

Aoba, Aramaki, Sendai 

Recent experiments performed at Tohoku University 4.5-MV 

Dynamitron accelerator are described briefly: 

(1) measurements of double-differential neutron emission 

cross sections of Ti, Fe, Ni, Cu and Zr, 

(2) measurements of inelastic scattering cross sections 

determined from Cr(n,n')|') reaction, and 

(3) measurements of fission cross section ratio of actin-

235 
ide nuclei, and absolute value of U. 

The results obtained are compared with experimental results of 

others and evaluated data in JENDL-2, -3PR and ENDF/B-IV. 

1. Introduction 

The fast neutron cross section for inelastic-scattering 

plays an important role for neutronic calculation of fusion and 

1 2) fission reactors ' ; In previous measurements, however, the 

agreements among the experimental data are insufficient. 

In order to improve the data reliability, more experimental data 

with definite experimental conditions are required. Fast neutron 

cross sections of stainless-steel is of special importance for 

the fusion and fast reactor design. 
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At higher neutron energies than several MeV, the slowing-

down cross sections of structual materials are required to be 

3) improved . Chromium is the second constituent of stainless 

steel. For this reason, the behaviors of fast-neutron inelas

tic scattering cross sections of this element is of interest. 

Finally, accurate data of fast neutron induced fission cross 

sectio.u' are required for the reactor calculation and radio

active waste management including actinide burning fast reactor. 

The present report explains each of these experiments and 

discusses the results of these exoeriments. 

2. Liouble-Differential Emission Cross Sections 

A series of double-differential neutron emission cross 

sections(DDX) measurements have been continued. Experimental 

details and previous results have been described elsewhere ' . 

Recently we have obtained the results for 

1) iron and nickel at 18 MeV incident energy ' , and 

2) copper, titanium, zirconium and carbon at 14.1 MeV. 

The measurements at 18 MeV are thought to be useful beccause no 

DDX data are practically available at neutron energies other 

than rs^ 14 MeV. Figure 1, 2 illustrates the 18 MeV results 

for iron and nickel together with the evaluated values. The 

experimental spectra show strong angle dependence and marked 

disagreement with the evaluation, especially at backward angles. 

The JENDL-3PR1 data for iron, while it reproduces the 14 MeV 

data fairly well, looks to over emphasize the pre-compound com

ponents of continuum neutrons at higher incident energy. 
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The 14.1 MeV DDX data for copper at 45° is shown in Fig.3. 

71 
The present values are in good agreement with those at OKTAVIAN 

while they show apparent discrepancy with those by Hermsdorf et 

8) 
al ' The evaluation by ENDF/B-IV largely underpredicts the 

pre-eguilibrium part of the neutron continuum. Recent theo-

9) retical calculation by Yamamuro using the code GNASH and DWUCK, 

provided consistent interpretation of spectra arid "cross^sections 

of emission particles. As shown in Fig.4,the present angle-

integrated neutron emission spectrum is nicely traced by the 

calculation. 

The DDX results for titanium are shown in Fig.5 together 

8) 
with those of Hermsdorf et al. 'and ENDF/B-IV. While the 

agreement between the experiments is not good enough, the evalu

ated values show marked disagreement with the experiments. The 

results of zirconium and carbon will be reported later. 

The DDX measurements will be continued as well in coming 

years. The 18 MeV measurements with better energy resolution 

and counting statistics will be interesting to obtain new infor

mation not available from the existing data. 

3. Inelastic Scattering Cross Sections Determined 

from Cr(n,n'j') Reaction 

Neutron inelastic scattering from individual levels in the 

region E n <4 MeV has been studied by a number of investigators 

using either fast-neutron spectrometers or the (n,n';f)techniques . 

At higher neutron energies than 4 MeV, the cross sections/of 

(n,n'tf) reaction are not well known. 

Having used a natural chromium sample, we therefore report 
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here inelastic neutron excitation functions inferred from our 

(n,n'2f) gamma-ray production measurements at incident energy 

intervals of 200 KeV from 4.4 to 5.1 MeV. The sample was 

a 3.5-cm-high x 2.0-cm-diam. cylinder of high purity metallic 

( 99.98% ) chromium. The particular apparatuses and details of 

the methods are described elsewhere ; 

Typical uncertainties can be summarized as 3 % for the HP- Ge 

detection efficiency, 6 % for the absolute neutron flux, 3% for 

the finite sample corrections, and 2% for the calculated conver

sion factors. In addition, statistical and background uncer

tainties arise in the extraction of gamma-ray peaks, and these 

are often the dominant uncertainty for weak lines. For inferred 

neutron cross sections, the uncertainty is estimated by taking 

all the above effects into account and adding effects due to 

feeding transitions, summed gamma-ray decays, and branching 

ratio uncertainties. The estimated accuracies of the resulting 

cross sections were generally 10 to 20 %. 

The level schemes in Fig.6 is based on the present experimental 

results obtained by using the Ritz combination principle and on 

12) the previous studies . Absolute total inelastic neutron 
52 scattering cross sections for excited states in Cr are listed 

in Table 1. Some typical results are shown in Figs.7 and 8, 

together with the results obtained Karatzas et al. for E s4 

MeV (open circle) and JENDL-3PR cross sections (solid curve). 

The 1434-KeV(2 ) level cross section is in good agreementt with 

JENDL-3PR, except for the region near En = 5 MeV. 

Our results for the 2370-KeV(4 ) state are considerably low 

relative to those of JENDL-3PR, which are consistent with those 
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of Karatzas et al. for E _ < 4 MeV. At higher energies, the level 

schemea shown in Fig. 6 is more complicated in comparison with 

13) 
those of "Table of Isotopes (7th,ed.) "used in the evaluation 

of JENDL-3PR. As a consequence, it is suggested that the 

above discrepancy in the cross section is probably due, in part, 

to the difference between those level schemes. 

For the 2768-, 2965- and 3162-KeV state, disagreement between 

the experiment and the JENDL-3PR values should be marked in the 

region 3.5 MeV ̂  E n < 5.2 MeV. 

53 The results of Cr will be reported later. 

4. Neutron Induced Fission Cross Sections 

Measurements of fission cross section ratio relative to 

235 
U are continued; the experimental method and previous data 

have been reported elsewhere ' . In addition, a study of 

235 

U absolute fission cross section measurement was inxtiated. 

Recent results of the ratio measurements are the following; 

1) 2 3 6 U (0.99 - 6.99, ~ 1 4 MeV), 2) 2 3 7Np(0.7 - 6.99,~14 MeV), 
243 

3) " JAm(1.06 - 6.83,~14 MeV), and 

4) 2 3 2 T h , 2 3 3 U , 2 3 4 U , 2 3 8 U and 2 4 2Pu(13.4 - 14.9 MeV). 

The present data are generally in reasonable agreement with 

other experiments and the evaluation. However appreciable 

differences were found for Am, Pu and Np. As shown in 
243 

Fig.9, the present Am data differ by 10 to 20 % from those 
by Behrens & Brown and JENDL-2. The present results are 
in better agreement with recent experiments by Knitter & Budze-

181 19) 242 
Jorgensen and Fursov et al. . The present Pu values 

around ~14 MeV are larger b y ~ 1 0 % than JENDL-2 but agree well 
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with ENDF/B-IV. 

For absolute fission cross section measurement, a proton-

recoil counter-telescope backed with a fission chamber (Fig.11) 

was fabricated and tested using the time-correlated associated 

235 
particle technique. A preliminary results of U fission 

cross sections around 14 MeV are illustrated in Fig. 12. The 

measurements will be extended to lower neutron energy. 

Concluding remarks 

Thus,several nuclear data have been newly obtained,and 

they will be useful in judging and improving the adequacy of 

evaluated data. 
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Table lo Natural chromium cross sections 
52 of levels in Cr (barn) 

1 EH (KeV) J" 

1434.1 

2369.8 

2647 

2768.1 

2965 

3114 

3162 

3415 

3472 

3616 

3770 

i 3947 

4015 

4040 

4563 

4630 

4703 

4740 

4837 

4950 

5049 

2* 

4* 

0* 

4* 

2' 

6* 

2' 

3' 

(3*) 

5* 

2* 

5* 

(4*) 

( 3 ) 

4' 

2-

4.41 (HeV) 

0.333 ±0.031 

0.091 ±0.008 

1 0.061 ±0.006 

0.096 ±0.009 

0.150 ±0.014 

0.006 ±0.001 

0.142 ±0.014 

0.028 ±0.003 

0.052 ±0.006 

0.010 ±0.001 

0.067 ±0.008 

0.009 ±0.001 

0.010 ±0.001 

0.016 ±0.002 

4.64 

0.298 ±0.027 

0.082 ±0.008 

0.054 ±0.005 

0.095 ±0.009 

0.145 ±0.013 

0.007 ±0.001 

0.122 ±0.012 

0.030 ±0.003 

0.059 ±0.006 

0.015 ±0.002 

0.079 ±0.008 

0.019 ±0.002 

0.008 ±0.001 

0.021 ±0.002 

4.84 

0.275 ±0.026 

0.067 ±0.006 

0.044 ±0.004 

0.089 ±0.008 

0.132 ±0.013 

0.009 ±0.001 

0.114 ±0.011 

0.038 ±0.004 

0.056 ±0.005 

0.014 ±0.001 

0.080 ±0.008 

0.023 ±0.002 

0.007 ±0.001 

0.024 ±0.002 

0.033 ±0.003 

0.011 ±0.001 

0.006 ±0.001 

5.11 

0.204 ±0.020 

0.057 ±0.006 

0.031 ±0.003 

0.071 ±0.008 

0.110 ±0.010 

0.008 ±0.001 

0.086 ±0.008 

0.044 ±0.005 

0.006 ±0.001 

0.010 ±0.001 

0.071 ±0.007 

0.027 ±0.003 

0.006 ±0.001 

0.031 ±0.003 

0.045 ±0.004 

C.023 ±0.002 

0.032 ±0.003 

0.023 ±0.002 

0.009 ±0.001 

0.010 ±0.001 

0.011 ±0.001 
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P.7 Study on Capture Gamma-Ray Spectra 

in the keV-Neutron Region 

H. Kitazawa and M. Igashira 

Research Laboratory for Nuclear Reactors 

Tokyo Institute of Technology 

2-12-1 O-okayama, Meguro-ku, Tokyo 152, Japan 

Capture gamma-ray spectra of 0-16, Si-28 and S-32 have been measured to 

investigate the mechanism of the neutron capture on s- and p-wave resonances 

with large reduced neutron width. For heavy nuclei with the neutron number 

N=50-126, characteristic features of the pygmy El resonance were obtained to 

disclose the physical origin of the resonance. Moreover, resonance-averaged 

capture gamma-ray spectra of Fe-56 have been measured at the neutron 

energies of 20-600 keV, which will be utilized as photon-production data of 

the Japanese evaluated nuclear data library JENDL-3. 

1. Valence transitions in 434-keV p3/2-wave neutron capture by 0-16 

Capture gamma-ray spectra of 0-16 have been observed in our expectation 

that the high single-particle nature of the ground state (5/2+;0.0 MeV) and 

the first excited state (l/2+;0.87 MeV) of 0-17 would facilitate the El 

valence transitions from the 434-keV p3/2-wave resonance (fig. 1). The 

results demonstrate that the Lane-Mughabghab valence capture model produces 

successfully the observed partial radiative widths for these transitions 

(table 1). They will furnish typical evidence of the valence neutron capture 

in light nuclei. 

2. Gamma-ray transitions following p-wave neutron resonance capture and 

off-resonance capture by Si-28 

Observations were made for gamma rays from the 565-keV and 806-keV 

p3/2-wave neutron resonance captures by Si-28 and from the off-resonance 

capture at the 485-keV neutron energy. The p-wave resonance capture is 

followed by strong gamma-ray transitions to a small number of low-lying 

states of Si-29. The valence capture model reasonably accounts for the 
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ground-state (l/2+;0.0 MeV) and second-excited-state (5/2+;2.03 MeV) 

transitions from both p-wave resonances, while the transitions to the first 

(3/2+,-1.27 MeV), third (3/2 + ;2.43 MeV) and fourth (5/2 + ;3.07 MeV) excited 

states cannot be understood by this model. Moreover, the off-resonance 

capture is successfully explained by the direct capture model in the 

phenomenological DWBA formalism rather than by the potential capture model. 

3. Particle-vibrator coupling model calculation of partial radiative widths 
2) 

for p3/2-wave neutron resonance on Si-28 

A particle-vibrator coupling model was applied to the calculation of 

partial radiative widths for the Si-28 p3/2-wave neutron resonance. The 

calculation assumed a neutron excitation coupled to one-phonon vibrational 

states of Si-28 and neglected the continuum nature of the resonance state 

wave function in the nuclear external region. As a result, we found that the 

core excitation is quite essential to explain the observed partial radiative 

widths and that these transitions are completely decoupled from the giant 

electric dipole resonance. 

4. Final state correlation in gamma-ray transitions from 188-keV s-wave 

neutron resonance on Si-28 

Pronounced final state correlation between spectroscopic strengths and 

reduced partial radiative widths has been observed for gamma-ray transitions 

from the 188-keV s-wave neutron resonance on Si-28 (fig. 2). Special 

interest was aroused by the enhanced Ml transitions to the ground state and 

the first excited state of Si-29 and by the prominent El transition to the 

higher excited state (3/2-;4.93 MeV). The results show that the valence 

capture model taking the neutron effective charge -Ze/A produces the partial 

El radiative width in reasonable agreement with the observed one, while the 

ground-state transition is well understood by the valence model extended to 

the Ml transition, using the renormalized single-particle g-factor which 

takes into account the core polarization due to the excitation of the 

isovector giant Ml resonance. The 1-forbidden Ml transition to the first 

excited state was described in terms of the tensor component of the magnetic 

dipole operator (table 2). 

These results manifest the core-excitation mechanism and the physical 
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nature of the coupling of the single-particle El(Ml) transition to the giant 

electric(magnetic) dipole resonance. 

5. Core-excitation in 202-keV pl/2-wave neutron resonance capture by S-32 

The effect of the core excitation in the neutron capcure by S-32 was 

investigated with measurements of gamma rays from the 202-keV pi/2-wave 

neutron resonance. Strong El gamma rays have been observed for the ground-

state (3/2+,-0.0 MeV) and first-excited-state (l/2 + ;0.84 MeV) transitions 

(fig. 3). The observed partial radiative widths are in remarkable 

disagreement with the predictions of the valence capture model: they suggest 

some contribution of the core excitation (fig. 4). 

3),4) 
6. Resonance-averaged capture gamma-ray spectra from Fe-56 

Resonance-averaged capture gamma-ray spectra, which include dominant 

contributions of p-wave neutron capture, have been measured at the neutron 

energies of 20-600 keV. Comparison was made between the observed gamma-ray 

spectra and the statistical model calculations based on the Hauser-Feshbach 

theory. Consequently, remarkable disagreement between theory and experiment 

was found, in particular, for gamma rays around 2 MeV and 8 MeV (fig. 5). 

The stressed, calculated gamma-rays at 2 MeV results from a breakdown of the 

statistical assumption of the nuclear level distribution, while the enhanced 

Ml transition from capture states to the ground state (l/2-;0.0 MeV) and/or 

first excited state (3/2-;0.014 MeV) might indicate the coupling of the 

single-particle transitions to the isovector Ml resonance. 

5) 
7. Systematics of pygmy El resonance 

Neutron capture gamma-ray spectra of Nb, Mo, Ag, In, Sn, Sb, I, Cs, Pr, 

Tb, Ho, Lu, Ta, and Au have been measured with an anti-Compton Nal(Tl) 

detector in the keV-neutron energy region, using a time-of-flight technique. 

All observed spectra except for Mb and Mo show the anomalous bump, so-called 

the pygmy resonance (fig. 6). The observed spectra were compared with the 

statistical model calculations which used the Brink-Axel El gamma-ray 

strength function with a pygmy El resonance. The pygmy El resonance 

parameters were extracted from these spectra by a spectrum fitting method, 
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and the systematics of the resonance energy and the El strength exhausted in 

the resonance were obtained as the functions of neutron number. Both the 

systematics show distinct shell effects at the neutron magic number of N=82 

and at the proton magic number of Z=50 (fig. 7). Comparison with both shell 

model and hydrodynamical model predictions for the pygmy El resonance 

indicates that the observed pygmy El resonances, at least in the mass region 

of A=110-210, have a common physical origin, and that neutron-particle 

states decoupled from the giant El resonance would be responsible for these 

resonances. 
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Table 1 Experimental and theoretical partial radiative widths for the 

ground-state and first-excited-state transitions in the 434-keV 

p3/2-wave neutron resonance on 0-16. 

Ex (MeV) Experiment (eV) Valence Model (eV) 

0.00(5/2+) 1.28 ± 0.24 1.76 

0.87(1/2+) 1.86 ± 0.30 2.12 

Table 2 Experimental and theoretical partial radiative widths of the 188-

keV s1/2-wave neutron resonance on Si-28. The valence-model 

calculations use the renormalized g-factor (=6.9g ) and the 

tensor component /3/4TT Kr2 (Y 00) (K=0.8) for Ml transition and 
2 

the effective charge of a unit charge for E2 transition. 

Ex (MeV) Experiment (eV) Valence Model (eV) 

0.00(1/2+) 

1.27(3/2+) 

2 .03(5/2+) 

2 .43(3/2+) 

3 .07(5/2+) 

4 . 9 3 ( 3 / 2 - ) 

3.5 ± 0.7 

2.7 ± 0.7 

0.45 ± 0.16 

2 .3 ± 0.6 

3.55 (Ml) 

2.84 (Ml) 

0.012 (E2) 

0.10 (Ml) 

0.005 (E2) 

1.64 (El) 
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P.8 Recent Measurements of Neutron Cross Section with KURRI-Linac 

Yoshiaki FUJITA, Katsuhei KOBAYASHI, Hiroyuki OIGAWA, 

Shuji YAMAMOTO and Itsuro KIMURA 

Research Reactor Institute, Kyoto University 

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

At the Research Reactor Institute, Kyoto University(KURRl), 

the 46 MeV electron linear accelerator has been used as a power

ful and useful tool to have (1) time-of-flight measurements, such 

as neutron cross section and neutron spectrum for reactor ma

terials, (2) irradiation experiments for isotope production, (3) 

radiation damage studies in a liquid nitrogen temperature, and so 

on. In this paper, in order to assess the evaluated nuclear 

data for 1 8 1Ta or 2 3 2Th in JENDL-2 and ENDF/B-IV, two studies are 

introduced from the recent results concerning (1) the experi

mental check of the self-shielding effects for ^"•'•Ta, and (2) 

measurement of the -^Th resonance parameters, and the integral 

check of the parameters by comparing with the resonance integral 

measured in the standard l/E neutron spectrum field. 

I. Measurement of Self-Shielding Factor of the Neutron Capture 
•I Q-l 

Reaction for ioxTa in Unresolved Resonance Region 

The resonance parameters in the resolved region and the 

average resonance parameters in the unresolved region are the 

most important data for the calculation of nuclear reactors, such 

as High Conversion Light Water Reactors or Fast Breeder Reactors. 

These parameters directly give a large influence on the conver

sion ratio, reactivity worth and Doppler coefficients in the 

reactor calculation. In recent years, there are several 

works^-^- which pointed out inconsistencies between the energy 
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dependen t c a p t u r e c r o s s s e c t i o n and t h e i n t e g r a l d a t a for i J O U or 
2 ^ 2 T h r e s o n a n c e s e l f - s h i e l d i n g e f f e c t s . Some o f t h e p r o b l e m s 

a r e due t o t h e f a c t t h a t t h e a v e r a g e r e s o n a n c e p a r a m e t e r s in t h e 

e v a l u a t e d n u c l e a r d a t a f i l e s a r e t aken from t h e d a t a e v a l u a t e d by 

lower e n e r g y r e s o n a n c e s or from the i n f i n i t e d i l u t e c a p t u r e c r o s s 

s e c t i o n s measured w i t h a wide ene rgy w i d t h . 

I n t h i s e x p e r i m e n t , we h a v e e x p e r i m e n t a l l y d e t e r m i n e d t h e 

s e l f - s h i e l d i n g f a c t o r f o r t h e 1 8 1 T a ( n , y ) 1 8 2 T a r e a c t i o n , and 

c o m p a r e d t h e r e s u l t w i t h t h e c a l c u l a t e d v a l u e s . The n e u t r o n 
•I Q I 

t r a n s m i s s i o n and s e l f - i n d i c a t i o n r a t i o m e a s u r e m e n t s f o r x o l T a 

have been made by t h e t i m e - o f - f l igh t (TOF) method u s i n g t h e 46 MeV 

e l e c t r o n l i n e a r a c c e l e r a t o r ( l i n a c ) a t t h e R e s e a r c h R e a c t o r 

I n s t i t u t e Kyoto Univers i ty (KURRI) . A w a t e r - c o o l e d p h o t o n e u t r o n 

t a r g e t was made o f Ta p l a t e s 5 x 5 cm s q u a r e , and a s m a l l w a t e r 

t a n k 8 cm t h i c k was p u t j u s t b e s i d e t h e t a r g e t t o m o d e r a t e t h e 

n e u t r o n e n e r g i e s . A Pb b l o c k 7 cm d i a m . and 10 cm l o n g , was 

p l a c e d i n t h e n e u t r o n f l i g h t p a t h i n f r o n t of t h e t a r g e t t o 

s h i e l d t h e n e u t r o n d e t e c t o r a g a i n s t t h e i n t e n s e g a m m a - f l a s h from 

t h e t a r g e t . A Cd s h e e t 0-5 mm t h i c k was a l s o p l a c e d in t h e beam 

t o r e m o v e t h e r m a l n e u t r o n s and t o s u p p r e s s t h e o v e r l a p p i n g of 

n e u t r o n s . 

The e x p e r i m e n t a l c o n d i t i o n s of t h e l i n a c and Ta s a m p l e s a r e 

s u m m a r i z e d i n T a b l e 1. The t r a n s m i s s i o n r a t e TgCNj^) and t h e 

s e l f - i n d i c a t i o n r a t i o R (N^) a r e g iven as f o l l o w s , r e s p e c t i v e l y . 

Jg £(E) 0(E) e-Ni°t(E)dE jg e ^ ^ t ^ d E 
T g < N i ) = 8 ( g g(E)0(E)d i * j g 4-dE U ) 

£'CE) 0 ( E ) e " N i ° t ( E ) n o i ( E ) dE 

V ™ 1 ' g £ ' ( E ) 0 ( E ) n Cy(E) dE 

g e;Ni°t<E) oy(E)-L d E 

' < r r ( E ) ^ - d E ( 2 ) 
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where, TgCN^: t ransmiss ion r a t e as a function of t r ansmiss ion 
sample for the neutron energy group g, 

R g( N i ^ : s e l f - i n d i c a t i o n r a t i o as a function of sh i e ld 
ing sample th ickness for the neutron energy group 
g. 

£(E) : d e t e c t i o n e f f i c i e n c y a t n e u t r o n ene rgy E, 
£ '(E) : d e t e c t i o n e f f i c i e n c y a t n e u t r o n ene rgy E fo r 

neutron capture r a t e measurement, 
neutron flux a t neutron energy E, 
t o t a l c ross sec t ion a t neutron energy E, 
cap ture cross s ec t i on a t neutron energy E, 

th ickness of capture sample(atom/barn) . 
Figure 1 shows the t r ansmiss ion r a t e TgCN^ and the s e l f - i n d i c a 
t i o n r a t i o RgCNjJ obtained from the Ta samples. A l e a s t squares 
f i t t i n g was a p p l i e d to t h e s e d a t a p o i n t s to g e t N-dependen t 
f u n c t i o n s of Tg(N) and Rg(N). A f t e r t h e t e rm of exp(-Ncr^) has 
been m u l t i p l i e d t o t h e Tg(N) and Rg(N), t h e f o l l o w i n g c a l c u l a 
t i o n s have been per formed t o o b t a i n i n t e g r a l v a l u e s T (cT ) and 

0(E) 
<rt(E) 
<TY(E) 

n 

V°o> 

Tg(o^) = JTg(N) e"N °̂ dN = J& crt(E) + oj 
_1_ 
E 

dE 

IS E dE 
(3) 

RK((5o> = U„(N) e-N c^dN 
<rtCE) + % E -dE 

(g °HE>-TdE 
(4) 

The s e l f - s h i e d i n g f a c t o r from t h e p r e s e n t measurement i s t h e 
Bondarenko t y p e 5 ' , as defined by 

W> = 
( Qf( 

a-t(E)+c3^ E dE 

fg (̂E)-4-dE y \g - i . 
(5) 

dE 

With t h e r e l a t i o n of e q s . ( 3 ) and ( 4 ) , eq . (5) i s e a s i l y r e w r i t t e n 
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as 

R„ W 

The s e l f - s h i e l d i n g f a c t o r s measured in t h e 0.2 to 22 keV ene rgy 
I Q-l 

r e g i o n fo r x o ± T a a r e d e p i c t e d in F i g . 2. F i g u r e 3 shows t h e 
c a l c u l a t e d s e l f - s h i e l d i n g f a c t o r s from JENDL-2, whose f a c t o r s 
were o b t a i n e d by u s i n g t h e p r o c e s s i n g code PR0F-GRAUCH-G2/B°^ 
from JENDL-2. As seen i n F i g s . 2 and 3 , t h e r e a r e l a r g e d i s 
c repanc ies between the measured and c a l c u l a t e d r e s u l t s , e s p e c i a l 
ly in t h e u n r e s o l v e d r e s o n a n c e r e g i o n from 1 to 50 keV. The 
c a l c u l a t e d v a l u e s i l l u s t r a t e more r a p i d d e c r e a s e as t h e &0 

becomes s m a l l e r , comparing wi th the measurement. The problem 
may be mainly der ived from the fac t t h a t the t o t a l c ross sec t ion 
of ^°*Ta in JENDL-2 i n c l u d e s minus background c r o s s s e c t i o n s . 
An a d d i t i o n a l i n v e s t i g a t i o n i s n e c e s s a r y for the *"*-Ta c r o s s 
s e c t i o n , e s p e c i a l l y in the unresolved resonance energy reg ion , in 
JENDL-2. 

We a r e now doing s e l f - s h i e l d i n g e x p e r i m e n t s for 2 ^ 2 Th and 
•* U samples which have h igher r a d i o a c t i v e background. 

I I . Resonance Parameters and Resonance I n t e g r a l of 2-*2Th 

I t i s s a i d t h a t t h e f i r s t four s-wave r e s o n a n c e s of 2^^Th 
g i v e about 70 X of t h e r e s o n a n c e i n t e g r a l for t h e 2 ^ 2 T h ( n , y ) 
r e ac t i on . These resonance parameters play an important r o l e in 
t h e s a f e and economica l d e s i g n of n u c l e a r r e a c t o r s u t i l i z i n g 
thorium-based fue l s . Never the less , marked d i sc repanc ie s around 
20 % can be seen among the e x i s t i n g da ta for the resonance para 
meters of 2^ Th, e s p e c i a l l y in the lower energy region. 

Transmission measurements of m e t a l l i c Th-samples were made 
by t h e l i n a c t i m e - o f - f l i g h t ( T O F ) method. The e x p e r i m e n t a l 
method i s s i m i l a r to t h a t in the p r e v i o u s work ' ^ . Neutron 
t r a n s m i s s i o n r a t e s from thor ium samples (1 .5 , 2 .9 , 9 . 1 , 18 .4 , 
27.7 x 10~ J a t o m / b a r n ) were measured , and the r e s o n a n c e p a r a -
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m e t e r s were deduced from t h e a r e a a n a l y s i s by the Hughes' 
method**) and the shape a n a l y s i s by the SIOB co de9). The r e s u l t s 
obtained by the area ana lys i s were a l so employed as the i n i t i a l 
va lues used in the SIOB c a l c u l a t i o n . 

The r e s u l t s o b t a i n e d a r e shown i n T a b l e 2 , w h e r e t h e 
eva lua ted resonance parameters in JENDL-2, ENDF/B-IV and ENDF/B-V 
are a l so given. The presen t r e s u l t s agree wel l wi th the recen t 
works by O l s e n 1 0 ' and C h r i e n 1 1 ' , excep t r a t 69.2 eV for t h e 
a rea a n a l y s i s . The 17 s-wave resonance parameters a t energ ies 
from 113 to 401 eV have been a l so obtained by the shape a n a l y s i s , 
and the r e s u l t s a re shown in Table 3. Although the exper imenta l 
u n c e r t a i n t i e s in some of the d a t a a r e up t o be about 50 %, t h e 
va lues are in genera l agreement with those in JENDL-2 and ENDF/B-
IV. 

In o r d e r to make an i n t e g r a l a s s e s s m e n t of the r e s o n a n c e 
0 on 

parameters of J Th, resonance i n t e g r a l s ca l cu l a t ed by using the 
e v a l u a t e d n u c l e a r d a t a f i l e s have been compared w i t h t h a t 
measured in the s tandard l /E neutron spectrum f i e ld . The ca lcu
l a t i o n s of the resonance i n t e g r a l have been c a r r i e d out with the 
code RESENDD ' , which g e n e r a t e s r e s o n a n c e c r o s s s e c t i o n s from 
t h e d a t a f i l e and fo l l owed by the code INTERN1-^). From t h e 
comparison of the r e s u l t s in Table 4, one can recognize t h a t the 
ENDF/B-IV data show good agreement wi th the measurement, and t h a t 
t h e d i f f e r e n c e of about 7.3 % can b e , however , seen be tween t h e 
measurement and the JENDL-2 r e s u l t . Addi t iona l i n t e g r a l checks 
were t r i e d by p a r t i a l l y exchanging the parameters in JENDL-2 or 
ENDF/B-IV for t h e p r e s e n t p a r a m e t e r s ' v a l u e s . We have t e s t e d 
the fol lowing ten s u b s t i t u t i o n cases ; 
1) f i r s t four s-wave parameters from the p resen t measurement 

(shape ana ly s i s ) and the o thers from JENDL-2, 
2) f i r s t four s-wave parameters from the present measurement(area 

a n a l y s i s ) and the o the r s from JENDL-2, 
3) f i r s t four s-wave parameters from ENDF/B-IV and the o thers 

from JENDL-2, 
4) f i r s t four s-wave parameters from ENDF/B-V and the o thers from 

JENDL-2, 
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5) first 21 s-wave parameters from the present measurement and 

the others from JENDL-2, 

6) to 10) cases, in which ENDF/B-IV data, except the relevant 

parameters, were used instead of JENDL-2. 

Resonance integrals from these substitution data are also 

given in Table 4. The resonance integrals from cases 1) to 5) 

are all higher than that from the JENDL-2 data, and the value 

from case 8) is obviously lower than those in 6),7),9) and 10). 

This means that the resonance parameters, especially first four 

s-wave parameters are smaller. The exchanged values for ENDF/B-

IV or ENDF/B-V seem to be in good agreement with the measured 

resonance integral. The present 21 s-wave data show a satis

factory agreement with the measurement. 

A part of the study was financially supported by the Special 

Project Research on Energy under the Grant-in-Aid of Scientific 

Research of the Ministry of Education, Science and Culture of 

Japanese Government. 
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Table 1 Experimental condition for self-shielding measurements 

Transmission 

experiment 

Self-shielding 

experiment 

Thickness of 

Ta-samples 

(x 10"2 atom/b) 

0.873, 1.68, 2.62, 
3.35, 3.71, 4.63, 
5.31, 6.37, 8.63, 
11.0, 13.3, 15.5 

0.263, 0.573, 0.873 
1.11, 1.67, 2.25, 
3.51, 5.26, 6.69 

Detector 10, B + 8 sets of 
BOG scinti. 

Cap. sample: ? 
0.46 x 10 atom/b 

a pair of CfiDg scint i . . 

L 
1 

n 
a 
c 

Pulse width 

Frequency 

Current 

Energy 

10 nsec 

300 Hz 

- 700 mA (peak) 

-30 MeV 

100 nsec 

200 Hz 

-700 mA (peak) 

~30 MeV 

Foreground f i l t e r 

Background f i l t e r 

S, Cd 

S, Cd, A l , Mn, Co 

S, Cd, A l , Co, Na 

Fl ight path 12.55 m 

Time d i g i t i z e r 
Channel width 40 nsec 
No. of channel 2048 

12.97 m 

40 nsec 
2048 

4-

<D (/> 
•a 
rO 

c o 

1.0 i 1—i—r 

0.5 

~A\ 
- I } l 

J L 

{ 

1 — I — I — 1 I—I I 

o Transmission ra t io 

* Sel f - indicat ion ra t io 

J L J 
0 5 10 15 

Ta Sample thickness, N. (x 10 atom/barn) 

Fig. 1 T(N i) and R(Nn-) of Ta-181 at 1.0 to 2.17 keV 
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.217 - 0.467 keV 

U I , I 1 I I I I i n 1 1 • I I I I I 

0.1 1 10 100 1000 

Di lut ion cross sect ion, a0 ( b ) 

Fig. 2 Self-shielding factors measured in this study 

0.1 1 10 100 1000 

Di lut ion cross section, a0 ( b ) 

Fig. 3 Self-shielding factors calculated from JENDL-2 
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232 Table 2 Widths (meV) for the f i r s t four Th s-wave resonances 

Measurement 

or eva lua t i on 

Olsen (80) 

Chrien (79) 

Keyworth (78) 

Oerr ien (74) 

Rahn (72) 

Forman (71) 

Ribon (69) 

B o l l i n g e r (68) 

Bhat (67) 

Asghar (66) 

Haddad (64) 

Palevsky (64) 

ENDF/B-V (80) 

ENDF/B-IV (65) 

JENDL-2 (84) 

Previous work* 

Present work t 

21. 

r n 

2.08+.03 

2.10+.10 

1.97+.05 

2.02+.06 

I .91+.09 

1.96+.08 

2.09+.03 

2.61+.17 

1.88+.05 

2.10+.20 

2.60+.20 

2.02 

2.00 

1.913 

2.07+.14 

2.09+.03 

.8 eV 

Pv 

25.3+0.6 

24.0+1.5 

20.9+11.3 

24.5+2.0 

20.0+2.0 

21.3+3.7 

26.5+1.2 

22.4+2.4 

24.6+1.2 

21.0+5.0 

30.0+2.0 

23.0 

25.9 

20.00 

24.4+2.1 

25.2+0.7 

23. 

r n 

3.82+.06 

3.70+.20 

3.72+.15 

3.88+.40 

3.24+.24 

3.64+.12 

4.11+.05 

4.17+.25 

3.41+.08 

4.00+.30 

3.70+.20 

3.88 

3.74 

3.243 

4.00+.29 

3.88+.18 

5 eV 

F v 

26.9+0.7 

26.0+1.5 

19.0+7.7 

26.6+1.5 

25.0+2.0 

28.2+2.9 

25.2+1.1 

22.0+2.6 

29.9+1.6 

22.0+4.0 

27.6+1.5 

25.0 

25.9 

25.00 

25.0+2.2 

26.1+.1.4 

59. 

r n 

3.86+.07 

4.00+.30 

3.92+.10 

3.90+.15 

3.93+.23 

4.01+.31 

3.93+.08 

3.77+.15 

4.41+.27 

3.34+.09 

4.00+.40 

4.50+.30 

4.04 

4.00 

3.933 

3.86+.27 

3.83+.21 

5 eV 

r v 

24.6+1.0 

25.0+2.0 

20.1+7.2 

23.7+1.0 

25.0+2.0 

22.716.0 

23.6+0.7 

31.7+2.9 

16.2+2.3 

23.2+2.0 

22.0+7.0 

37.0+5.0 

23.2 

25.9 

25.00 

26.0+2.9 

25.0+2.1 

69. 

r n 

43.2+0.5 

41.2+3.0 

44.011.0 

43.2+1.0 

44.0+2.0 

42.5+1.7 

44.0+0.5 

42.0+0.8 

42.9+2.6 

41.4+1.2 

47.0+15. 

38.0+6.0 

44.0 

42.0 

44.00 

41.7+6.6 

42.6+1.3 

2 eV 

PY 

24.1+0.6 

22.6+2.0 

22.9+.1.5 

21.9+0.7 

25.0+2.0 

21.912.8 

20.511.0 

23.511.4 

21.5+4.7 

21.2+1.0 

24.012.0 

26.015.0 

21.9 

25.9 

25.00 

18.3+3.5 

22.911.3 

* Area analysis by the present authors(1983). # Shape analysis by the SIOB code 

pop 

Table 3 Resonance parameters of Th (meV) 
Resonance 
energy 

( eV ) 

21.8 

23.5 

59.5 

69.2 

113 

121 

129 

154 

170 

193 

199 

221 

251 

263 

286 

305 

329 

342 

365 

369 

401 

< average r^ > 

Present 

rn 

2.09+.03 

3.88+.18 

3.83+.21 

42.6+1.3 

13.9+1.3 

24.9+0.9 

3.38+.75 

.205+.044 

61.9+2.8 

17.4+1.8 

10.2+1.5 

26.4+3.3 

29.9+3.9 

22.6+4.0 

29.8+5.0 

23.3+4.5 

73.1+9.6 

35.5+7.0 

23.0+9.3 

24.9+10.2 

12.1+5.2 

values 

FY 

25.2+0.7 

26.1+1.4 

25.0+2.1 

22.9+1.3 

20.4+2.9 

26.5+2.9 

29.6+9.5 

23.0+7.9 

22.1+5.8 

22.1+4.3 

23.9+9.3 

25.1+7.3 

25.7+9.4 

24.1+10.1 

22.4+9.5 

25.8+9.8 

27.4+11.5 

26.2+9.5 

22.6+12.9 

25.4+12.6 

26.6+18.0 

< 24.7 > 

JENOL-2 

r„ 
1.91 

3.24 

3.93 

44.0 

13.5 

24.0 

3.41 

.120 

65.0 

18.5 

12.6 

30.9 

32.0 

24.0 

29.9 

26.0 

76.0 

36.1 

28.1 

25.0 

10.4 

< 

rY 

20.0 

25.0 

25.0 

25.0 

20.0 

22.0 

18.0 

21.2 

26.0 

17.0 

18.0 

22.0 

24.0 

19.0 

20.0 

20.0 

26.0 

19.0 

21.0 

22.0 

18.0 

21.3 > 

EN0F/B-

rn 

2.00 

3.74 

4.00 

42.0 

12.4 

20.5 

3.50 

.120 

60.0 

15.0 

11.0 

29.5 

31.0 

20.7 

29.2 

27.0 

72.0 

37.5 

26.0 

26.0 

10.8 

< 

•IV 

FY 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 

25.9 > 
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232 
Table 4 Resonance in tegra l of Th 

Measurement 
in the 1/E f i e l d 

C/E r a t i o fo r JENDL-2 

C/E r a t i o f o r ENDF/B-IV 

86.2 ^ 3.6 barn 

0.9273 

0.9930 

Calculat ion 

Data used Resonance in tegra l Ratio 

JENDL-2 79.93 1.000 

• i - QJ 

CO 

Measured 4 s-waves 

(shape analysis) 

(area analysis) 

ENDF/B-IV 

ENDF/B-V 

Measured 21 s-waves 

84.36 (case-1) 1.056 

82.87 (case-2) 1.037 

84.03 (case-3) 1.057 

83.47 (case-4) 1.044 

84.94 (case-5) 1.063 

ENDF/B-IV 85.60 1.000 

• i - 03 

3 
oo 

Measured 4 s-waves 

(shape analysis) 

(area analysis) 

JENDL-2 
ENDF/B-V 
Measured 21 s-waves 

85.91 (case-6) 1.004 

84.42 (case-7) 0.986 

81.49 (case-8) 0.952 

85.03 (case-9) 0.993 

85.78 (case-10) 1.002 
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P. 9 THERMAL NEUTRON CROSS SECTIONS: TRANSMISSION 

EXPERIMENTS AND MODEL CALCULATIONS 

J, R. GRANADA 

Centro Atomico Bariloche and Instituto Balseiro 

8400 S.C. de Bariloche, Argentina 

A brief description is presented of some activities relat

ed to measurement and calculation of thermal neutron cross 

sections, currently underway at the Neutron Physics Divi

sion of Centro Atomico Bariloche. Examples are given of 

the application of a Synthetic Scattering Law, with special 

emphasis on the evaluation of quantities of interest for 

(thermal) reactor-physics calculations* Some recent trans

mission measurements at thermal and epithermal neutron en

ergies are also reported. 

I. INTRODUCTION 

The use of thermal neutrons as a probe for the investigation of conden

sed matter has already been established as a very powerful tool, causing 

a major impact on both pure and applied science. The fundamental interest 

on the atomic motions in matter as well as reactor-physics development we

re the basic motivations for extensive studies performed in the past from 

both the experimental and theoretical sides. 

Although fewer groups are now involved in the determination of thermal 

neutron constants, there is still a need for improved data in this energy 

range, as more accurate cross section values are required in many research 

Visiting Research Scholar, Kyoto University Research Reactor Inst. 
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f i e l d s w h e r e n e u t r o n t e c h n i q u e s a r e employed due t o some of i t s u n i q u e f e a 

t u r e s [ 1 ] . M o r e o v e r , i t h a s b e e n p o i n t e d o u t t h a t i n f o r m a t i o n a b o u t some 

f u n d a m e n t a l p r o p e r t i e s o f t h e n e u t r o n i t s e l f , can be o b t a i n e d from h i g h 

p r e c i s i o n t o t a l c r o s s s e c t i o n d a t a on t h e t h e r m a l and e p i t h e r m a l n e u t r o n 

e n e r g y r e g i o n s [ 2 ] . 

I I . MODEL CALCULATIONS 

The b a s i c q u a n t i t y w h i c h d e s c r i b e s t h e i n t e r a c t i o n of t h e r m a l n e u t r o n s 

w i t h a c o n d e n s e d s y s t e m i s t h e s c a t t e r i n g law S ( Q , w ) , a s i t c o m p r i s e s a l l 

t h e s t r u c t u r a l and d y n a m i c a l p r o p e r t i e s of t h e s y s t e m . The Z e m a c h - G l a u b e r 

f o r m a l i s m p r o v i d e s an e s s e n t i a l l y e x a c t f rame f o r t h e r e p r e s e n t a t i o n of 

S ( Q , w ) , b u t t h e r e s u l t a n t e x p r e s s i o n s a r e r a t h e r c o m p l i c a t e d and f u r t h e r 

m o r e , a d e t a i l e d k n o w l e d g e of t h e quan tum m e c h a n i c a l d e s c r i p t i o n of t h e 

s y s t e m i s r e q u i r e d . However , f o r many n e u t r o n - p h y s i c s p r o b l e m s s u c h a d e 

t a i l e d k n o w l e d g e of t h e s h a p e of t h e s c a t t e r i n g l a w , o v e r a l a r g e p o r t i o n 

o f t h e e n e r g y - and m o m e n t u r n - t r a n s f e r s p a c e , i s n o r m a l l y u n n e c e s a r y . 

T h e r e f o r e , m o t i v a t e d by t h e p r a c t i c a l r e q u i r e m e n t s of ( t h e r m a l ) r e a c t o r 

p h y s i c s c a l c u l a t i o n s , a s w e l l a s t h e n e c e s s i t y of a p p l y i n g i n e l a s t i c i t y c o 

r r e c t i o n s t o t h e o b s e r v e d s p e c t r u m i n n e u t r o n d i f f r a c t i o n work on m o l e c u l a r 

g a s e s and l i q u i d s , a s y n t h e t i c s c a t t e r i n g f u n c t i o n T(Q,w;E) h a s b e e n d e v e 

l o p e d , w h i c h a l l o w s a f a s t and r e l i a b l e e v a l u a t i o n of c r o s s s e c t i o n s [ 3 ] . 

The main c h a r a c t e r i s t i c s of t h e m o l e c u l a r dynamics a r e r e t a i n e d t h r o u g h t h e 

i n t r o d u c t i o n of an e f f e c t i v e m a s s , and t e m p e r a t u r e and v i b r a t i o n a l f a c t o r s 

w h i c h d e p e n d on t h e i n c i d e n t n e u t r o n e n e r g y E . A v e r y s i m p l e form i s t h u s 

o b t a i n e d f o r T(Q,w;E) w h i c h y i e l d s a n a l y t i c e x p r e s s i o n s f o r t h e e n e r g y -

t r a n s f e r k e r n e l s and t h e t o t a l c r o s s s e c t i o n [ 4 ] . 

A d e t a i l e d d e s c r i p t i o n of t h e s y n t h e t i c s c a t t e r i n g f u n c t i o n , i n c l u d i n g 

i t s b a s i c h y p o t h e s i s and a p p r o x i m a t i o n s was g i v e n b e f o r e [ 3 , 5 ] , t h e r e f o r e 

o n l y some r e s u l t s a r e p r e s e n t e d h e r e . F i g u r e s 1 and 2 show a c o m p a r i s o n of 

e x p e r i m e n t a l d a t a and mode l r e s u l t s f o r t h e t o t a l c r o s s s e c t i o n s of f^O 

and CgHg [6 ] r e s p e c t i v e l y , o v e r t h e e n t i r e t h e r m a l e n e r g y r a n g e . In e a c h 

c a s e , t h e a g r e e m e n t b e t w e e n t h e two s e t s i s v e r y g o o d , e x c e p t a t t h e l o w e s t 

e n e r g i e s w h e r e a c o l l i s i o n a l r e g i m e d o m i n a t e s t h e dynamics i n t h o s e l i q u i d 

s y s t e m s , w h i l e t h e model a s s u m e s f r e e - t r a n s l a t i o n f o r t h e m o l e c u l a r u n i t s . 
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200 
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I 
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-

I 
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I I I | I 

H20 

I I 1 I 1 

1 1 1 

— 

-

1 1 

O 

10~3 10 2 ^ , ,„ 10"' 10° 
E (ev) 

Fig.l. TOTAL CROSS SECTION OF LIGHT HATER. DOTS: EXPERIMENTAL DATA; SOLID LINE: SYNTHETIC MODEL 

E (eV) 

Fig.2. TOTAL CROSS SECTION OF BENZENE. DOTS: SPREVAK'S DATA; SOLID LINE: SYNTHETIC MODEL. 

Figure 3 shows the isotropic energy-transfer kernel for H2O, at three 

well separated incident neutron energies. The resul ts of the analytic for

mula from the synthetic model are compared with GASKET-FLANGE calculations 

which are based on a continuos frequency spectrum. Similar agreement i s ob

tained in the comparison of the f i r s t anisotropic kernels from both calcu

la t ions . 
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E„=0.0025eV 

Synthetic model 

GASKET-FLANGE 

E0 =0.06 lev 

Fig.3 . THE ISOTROPIC ENERGY-TRANSFER KERNEL OF LIGHT HATER. 

•8 

6 -

< -

2 

0 

&r?*Z 

• pulsed neutron experinv 
—Synthetic model 

Q/A 
20 30 

Besides the neut ron t he rma l i za -

t ion f i e l d , the s y n t h e t i c s c a t 

t e r i n g funct ion has been a l s o 

appl ied to the e v a l u a t i o n of 

i n e l a s t i c i t y c o r r e c t i o n s in neu 

t ron d i f f r a c t i o n work [7 ] . Figu

re 4 shows the model r e s u l t s to_ 

ge the r wi th exper imenta l p o i n t s 

[ 8 ] , corresponding to the obsej: 

ved d i f f e r e n t i a l c ross s e c t i o n 

of H2O as measured wi th a p u l s 

ed neut ron sou rce . I t must be 

s t r e s s e d t ha t the t r a d i t i o n a l 

approach for the e v a l u a t i o n of 

the p e d e s t a l in t h i s kind of 

measurements, based on the P l a£ 

zek mass expans ion , breaks down 

F i j . * . THERMAL NEUTRON DIFFRACTION BY HATER, DATA FROM SOPER 

AND SILVER (PULSED NEUTRON SOURCE, ARGONNE, 1982), 

15 10 

• f i w / k B T 

F i$ .5 . DOUBLE DIFFERENTIAL CROSS SECTION OF LIGHT HATER. 

DOTS: EXPERIMENTAL DATA FROM HARLING; SOLID LINE: 

SVNTHETIC MODEL. 
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for molecules c o n t a i n i n g l i g h t atoms. Although the s y n t h e t i c model was not 

in tended to de sc r ibe the a c t u a l shape of the s c a t t e r i n g law, but r a t h e r to 

give a good r e p r e s e n t a t i o n of i t s moments, a comparison between experimen

t a l da ta and model r e s u l t s i s shown in F ig .5 for the double d i f f e r e n t i a l 

c ross s e c t i o n of l i g h t w a t e r . I t can be seen t h a t a reasonable agreement 

i s ach ieved , except a t s m a l l e r angles where the q u a s i e l a s t i c peak cannot 

p rope r ly be desc r ibed by the model. 

Neutron d i f fu s ion parameters can be r e a d i l y obta ined from t h i s model 

by a s imple i n t e g r a t i o n us ing as a weight the Maxwellian funct ion c o r r e s 

ponding to the r e q u i r e d t empera tu re . In the Tab le , the r e s u l t s fo r the d i f 

fusion cons tan t and d i f fu s ion cool ing of H2O a t room tempera ture a re com

pared wi th some r e s u l t s of exper iments and o t h e r t h e o r i e s . Fu r the rmore ,F ig . 

6 shows the decay cons tan t as a funct ion of geomet r i ca l buck l ing ( a ) , and 

the (dens i t y removed) d i f fu s ion leng th as a funct ion of tempera ture ( b ) . 

In a l l c a s e s , the agreement between measurements and model r e s u l t s i s very 

good. 

NEUTRON DIFFUSION 

AUTHOR D0 C 

(cm2/s) (cmVs 

BANSAL ET AL, 35800 3221 

(1979) 

MARTINHO, + 36301 3213 

(1971) +-180 +-110 

DORNING 36068 2973 

(1970) 

GODDARD, + 35620 2800 

(1969) +-230 +-260 

" " 31203 2960 

" " 36820 2920 

COKIHOS, + 36310 3010 
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F i n a l l y , i t i s c o n v e n i e n t t o e m p h a s i z e t h a t t h e r e q u i r e d i n p u t i n f o r 

m a t i o n i s minimum, and t h a t a f u l l c a l c u l a t i o n w i t h t h e s y n t h e t i c model a t 

a g i v e n t e m p e r a t u r e t a k e s a b o u t 3 min of CPU t i m e on a VAX 1 1 / 7 8 0 , i n c l u d 

i n g t h e e v a l u a t i o n of c r o s s s e c t i o n s , s c a t t e r i n g k e r n e l s ( e a c h a m a t r i x of 

80 x 1 5 0 ) , and d i f f u s i o n p a r a m e t e r s . 

I I I . TRANSMISSION EXPERIMENTS 

A LINAC b a s e d p u l s e d n e u t r o n s o u r c e i s employed i n c o m b i n a t i o n w i t h 

t i m e - o f - f l i g h t t e c h n i q u e s . T y p i c a l e x p e r i m e n t a l c o n d i t i o n s f o r t r a n s m i s s i o n 

m e a s u r e m e n t s a r e : 

E l e c t r o n e n e r g y : 25 MeV 

R e p e t i t i o n r a t e : 100 Hz 

A v e r a g e c u r r e n t : 25 U.A 

( a t the t a r g e t ) 

Ta rge t : wa te r cooled Pb 

Moderator: polypropylene 

To ta l f l i g h t p a t h : 18 m 

Detec tor bank: -'He tubes 

© 

T 
Mo 

Activities along this line are mainly directed towards the determina

tion of scattering lengths and incoherent cross sections of elements and 

their isotopes, as well as the characterization of structural properties 

and texture effects in metals. Figure 7 shows the coherent components of 

the total cross section of powdered Molybdenum, as obtained from our mea

sured points[9] and calculated according to the CRIPO [10] computer code. 

Departures from a randomly oriented 

microcrystallites condition (grain 

size, texture), can then be conve

niently studied. 

Examples of two recently mea

sured total cross sections are gi

ven in Figs.8 and 9, corresponding 

to elemental Sulphur and Gallium , 

respectively. Information quoted 

in the literature about these ma

terials (in this energy range) re

veals a large scatter among data 

points. From our measurement, we 

obtained the value: 

\AM^^^^ 

• Experim. 
- CRIPO 

10"' 
E(«V) 

io-

Fig.7. The total cross section (absorption subtracted) of 
Molybdenum in the thermal neutron range. The experi
mental points are from [9] whereas the solid line is 
calculated using the CRIPO computer code. 
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E CeV) 
Fig. 8 

E (eV) 
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( T £ r e e (S) = (0.9745 + 0.0050) b 

for the f ree-atom s c a t t e r i n g cross s e c t i o n of Sulphur . 
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P. 10 Combined Use of Coupled-Channel, DWBA and Hauser-Feshbach 

Codes for the Calculation of Neutron Inelastic Scattering 

Takaaki Ohsawa 

Department of Nuclear Engineering, Kyushu University 

6-10-1 Hakozaki, Higashi-ku, Fukuoka 812, Japan 

Abstract: 

A method is proposed to calculate the neutron inelastic scattering cross 

sections for deformed nuclei taking into account both the direct and compound 

nuclear processes. The inelastic channels were divided into three classes ac

cording to the strength of coupling to the entrance channel. The coupled-

channel, DWBA and Hauser-Feshbach methods were combined for use in the cal

culations for the three classes of channels. This prescription makes it pos

sible to calculate the cross sections accurately without requiring lengthy 

computational time. 

1. Introduction 

Nuclear model calculation of neutron inelastic scattering has been made 

so far on the basis of the Hauser-Feshbach (HF) theory combined with the 

spherical optical model (SOM) (This method is abbreviated as SOM/HF, where 

width fluctuation effects are assumed to be taken into account). However, 

comparison of experimental data and theoretical calculations revealed con

siderable discrepancies, among others for partial inelastic scattering cross 

sections for levels of the ground-state rotational band. In addition, 

measured data on the angular distribution of the inelastically scattered 

neutrons are considerablly deviated from the symmetry about 90 at energies 

above 2 MeV for even-even actinide nuclei. These facts are interpreted as in

dications of probable existence of direct interactions (DI) in the inelastic 

scattering of neutrons on deformed nuclei. Thus the need is evident for a 
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theoretical method that allows for consistent calculation of direct and com

pound nuclear (CN) processes in neutron inelastic scattering. 

This report presents a brief description of a new method of combining 

coupled-channel (CC), distorted-wave Born approximation (DWBA) and Hauser-

Feshbach models for this purpose. 

2. Theoretical Considerations 

The reaction channels of inelastic scattering are divided into three 

classes according to the strength of coupling to the entrance channel(Fig.l). 

Our idea is to use different methods for these three classes of states; 

strongly coupled channels are treated with CC, moderately coupled channels 

with DWBA, and for weakly coupled channels only HF contributions are 

considered. 

2.1 Strongly coupled channels 

These channels include practicaly the members of ground-state rotational 

band of deformed nuclei. The problem of including the effect of direct 

processes into the HF calculations was solved ' by consistent combination of 

CC and HF methods via Satchler's generalized transmission coefficients ' 

('CC/HF method', as we name it1)). 

In the case of SOM, only the diagonal elements of the S-matrix are 

calculated, while in the CC model the non-diagonal elements corresponding to 

the strongly coupled states can also be calculated. The generalized transmis

sion coefficients are given as the 'unitarity deficit' of the average S-

matrix (Fig.2). These transmission coefficients are then used for the 

entrance channel of the HF calculation. 

Here three approximations are introduced: 

(a) Use is made of the SOM transmission coefficients for the exit 

channels. This is justified since the role of the exit channel transmission 

coefficients is just to redistribute the decay probability of the compound 

nucleus according to the principle of detailed balance. 

(b) HF model implemented with the Moldauer formalism ' is assumed to be 

valid for the calculation of inelastic scattering proceeding by way of com

pound nucleus formation. 

(c) The interference of the CN and DI processes are considered to vanish, 
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when average is taken over a suitable energy interval. This condition is suf

ficiently well fulfilled for the case of neutron inelastic scattering on ac-

tinide nuclei. 

2.2 Moderately coupled channels 

This class includes mainly the vibrational states of the actinide nuclei. 

A possible way would be to include these states into channel-coupling. 

However, this choice was not taken, because this would require lengthy com

putational time as well as knowledge of the coupling strength for each of the 

states, for which information is very scarce. We thus used DWBA to calculate 

the DI component for these states. Since the coupling was not supposed to be 

so strong, the effect of loss of probability flux by way of DI was not 

reflected into the transmission coefficient; instead, generalized transmission 

coefficients obtained from CC/HF method (with coupling of strongly coupled 

channels only) was used to calculate the CN component of inelastic scattering 

cross section. 

In applying the DWBA formalism, we adopted the asymmetric distorted wave 

approximation (ADWA), in which a spherical optical potential that reproduce 

the elastic scattering was used for the entrance channel, while a bare optical 

potential was employed for the exit channel: 

Tab = <%lH,|^a> (D 

d) = wave function generated by the SOM potential 

that reproduce the elastic scattering, 

%b = wave function generated by the bare OM poten

tial (=CC-0M potential). 

2.3 Weakly coupled channels 

This includes higher excited states with high spin or with small reduced 

transition probability. 

For these states it was assumed that there were no DI components. Thus 

CN components were calculated by the CC/HF method using the generalized trans-
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mission coefficients obtained from CC calculation for the entrance channel. 

3. Results and Discussion 

3.1 Difference between CC/HF and SOM/HF results 

Figure 3 shows the partial inelastic scattering cross sections for the 

1st and 2nd excited states of Th-232. The optical potential parameters 

adopted are those reported by the Bruyeres group ' , and the coupling scheme 

is 0+-2+-4+. 

The code JUPITOR-15) was used for CC calculation, and ELIESE-36^ was used for 

HF calculation. 

Comparing the results of CC/HF and SOM/HF calculations, we note that 

simple summation of the SOM/HF result and DI component does not reproduce well 

the experimental data, nor agrees with the CC/HF calculation. This is because 

the CN contribution is also altered due to the difference of generalized and 

SOM-transmission coefficients. In fact, the energy-dependent behavior of the 

two kinds of transmission coefficients are significantly changed, as can be 

seen in Fig.4. 

To summarize, the difference between the CC/HF and SOM/HF calculation is 

caused by two sources: 

(1) the existence of additional DI component] <Sa|J>-0a]3| 

^ab ^ <*ue 

to the alteration of the transmission coefficients. 

Incidentally, in recent papers Hodgson et al. ' applied the distorted wave 

formalism also to the calculation of inelastic scattering to the ground-state 

rotational band. They succeeded in reproducing the DI component of the cross 

section by empirically renormalizing the calculated value. However, there 

remained some discrepancies at lower energies; this is because the effect (2) 

above was not taken into account in their method. Thus in order to obtain 

good fits to the experimental data at lower energies where CN process still 

has greater contribution, it is necessary to consider the difference between 

the generalized and SOM-transmission coefficients. 

3.2 Asymmetric distorted-wave approximation (ADWA) 

An asymmetric form of the distorted-wave approximation for inelastic 
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scattering has been proposed and discussed by Satchler8). He found that the 

transition amplitude calculated with the exit channel wave function generated 

by the bare optical potential reproduce the exact result a little more ac

curately than the conventional DWBA ('DW method', according to the terminology 

of Satchler). Figure 5 shows a result of calculations made by the present 

author to test this statement. The code DWUCK9> was used for DW calculation. 

It can be seen that the ADWA gives a result in better agreement with the CC 

calculation in the region of small beta. For larger beta, the CC result 

begins to saturate, because otherwise the unitarity of the S-matrix wpuld be 

violated. On the other hand, in distorted wave approximations, the cross sec

tion continues to increase as 3 if the same distorting potential is used. 

Figures 6 are the results of calculations for 774.1 keV (2+) plus 774.3 

keV (3") and for 785.3 keV (2+) excited levels of Th-232. The jS -values 

deduced from reduced transition probabilities 

BCEAlIiK^IfK^f 

=UrZeR") ^Wr- ' i l i iAW 2
 2fB?c*)* x{ i (2) 

2 if Ki=0, Kf*0 

(3,2=(2X+l)ti/2(B)lCx)
1/2 x { (3) 

1 otherwise 

for vibrational states of deformed nucleus ' were used to normalize the 

DWUCK calculation. 

4. Conclusion 

A method of calculation of the neutron inelastic scattering cross sec

tions for deformed nuclei taking into account the CN and DI processes was 

proposed. It was found that consistent combination of CC and HF methods 

(CC/HF method) gave good fits to the measurements. This is due to two 

effects: existence of DI component, and modification of CN component itself. 

For moderately coupled states, the asymmetric distorted-wave approximation 
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gave good re su l t s without requiring long computational time. 
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Fig.3 Inelastic scattering cross sections for the first and second 

excited states of Th-232. 
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Fig.5 Comparison of strict DWBA, ADWA, DWM and CC calculations for 

neutron inelastic scattering cross section as a function of p2 

In the parenthesis are shown the potentials used for the 

(entrance/exit) channels. The top figure is an enlargement 

of the curves for small |32 . 
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Fig.6 Neutron ine l a s t i c sca t ter ing cross sections for vibrat ional 

s t a t e s of Th-232. 
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P.11 The Multistep Statistical-Model Code TNG 

K. Shibata 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 

Abstract 

Features of the TNG code are presented. Furthermore, recent 

improvements of the code are also discussed. 

1. Introduction 

The TNG code is a multistep statistical-model code based on the 

Hauser-Feshbach theory including width-fluctuation corrections and 
2) 

precompound effects. This code has been used for the evaluations of 

neutron data at the Oak Ridge National Laboratory (ORNL) since 1972. 

The author was engaged in evaluation work at ORNL and used TNG. This 

report describes several features of TNG and its recent improvements. 

2. Basic Features 

Several features are given as follows: 

1) Width-fluctuation correction for discrete and continuum levels 

The width-fluctuation correction is important for the cross-section 
3) calculation at low energies. The GNASH code , which has been 

widely used in Japan, does not have such a capability. 

2) Consistent treatment of level densities in compound and precompound 

calculations 

The particle-hole state density is consistent with the formula used 

in the compound part of calculations. 

3) Angular-momentum conservation 

Angular momentum is conserved in both the compound and precompound 

stages. Thus, spin populations are affected by the precompound 

effects. Calculations for tertiary reactions such as (n,na) are 

quite sensitive to changes in spin populations. 

4) Compound and precompound angular distributions 
4) 

The precompound angular distributions are obtained by using the 

partial random phase approximation. Figure 1 shows the angular 
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distributions of neutrons emitted from Mn at 14.5 MeV . It is 

found that forward peaking becomes more remarkable with increasing 

outgoing energies. 

5) Gamma-ray production cross sections from each reaction are 

available. 

6) Results are stored in the ENDF format. 

3. Recent Improvements 

The original TNG employed a constant binning method for 

outgoing-particle energies. A bin width of 0.5 MeV was usually used for 

incident energies between 10 and 20 MeV. The width was however too 

large to calculate the neutron emission spectra accurately at low 

outgoing energies, particularly near the (n,2n) and (n,3n) reaction 

thresholds. Therefore, it was decided to adopt variable bins, i.e., 

smaller bins at low outgoing energies and larger ones at high outgoing 

energies instead of constant bins. As an example, the neutron cross 

sections of Fe were calculated, and it was found that the neutron and 

proton emission spectra at low outgoing energies are much better defined 

with the variable binning than with the constant binning. 

As for the (n,y) reaction, we have been able to calculate two 

additional quantities: the Y-ray production spectrum and the precompound 

cross section. For calculation of the y-ray spectra, special care was 

taken to estimate the branching ratios for primary transitions from the 

captured state to the discrete levels of compound nucleus. Generally 

speaking, some s-wave branching ratios have been determined by 

measurements but are incomplete, and hence their theoretical prediction 

is required. With the new code, if the sum of the ratios determined 

experimentally is less than unity, the giant-dipole model calculation is 

applied in order to obtain the missing ones. 

The precompound mode of the (n,y) reaction was indispensable not 

only to reproduce the experimental data in the MeV region but also to 

keep consistency with particle emission. The precompound component of 

the (n,y) reaction is represented by 

da /de = a.., I,W (p,h,e) 
n.y CNp,h y 

P(p,h,t)dt, (1) 
0 

where a„M i s the compound-nucleus formation c ro s s s e c t i o n and W ( p , h , e ) 

the y - r ay emission r a t e with an energy e from a nucleus in the 
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p-particle and h-hole state. The quantity P(p,h,t) is the occupation 

probability of a state with p-particles and h-holes at time t, and T is 

the equilibration time when all states in the composite system are 

equally populated. The Y-ray emission rate was derived by Akkermans and 

Gruppelaar : 

2 
w t u \ e - v 1 rio(l>l,e)u)(p-l,h-l>E-e) 
Y P' T T V C 2 ° i n V u(P>h>E> g(P+h-2) +^(1,1,e) 

g(p+h)m(p,h,E-e) , ,„,. 
+ g(p+h) + io(l,l,e)J U ; 

The symbols used in eq.(2) are defined as follows: 

E = the excitation energy in the compound nucleus 

H = Planck constant 

c = light velocity 
a. (e) = the inverse reaction cross section at an energy e 
m v 

g = the single-particle state density 

w(p,h,e) = the state density with p-particles and h-holes at e 

The master equations solved previously in TNG were modified to start 

with the lp - Oh state, because the direct capture corresponds to the lp 

- Oh configuration. There is one scaling factor for the precompound 

(n,y) reaction, and a good fit to experimental data can be obtained by 
93 

adjusting it. The calculated (n,y) cross sections of Nb were found to 

reproduce the experimental data satisfactorily, as shown in Fig. 2. 

In the case of fissionable nuclei, theoretical estimates of the 

fission cross sections are essential for evaluating the neutron cross 

sections, but the original TNG did not have such a capability. We have 

adopted two models to calculate the fission cross sections with TNG: the 

single-humped barrier and the double humped barrier models. In the 

single-humped barrier model, the transmission coefficient is given by 

T ^ = Z[l+exp{-(2Tr/Hw)(E-Ef-E
JTT)}]_1 

°°dep(e,JTr)[l+exp{-(2iT/ha))(E-E -E)}]"1 (3) 
0 

TIT 

where E is the excitation energy, E, the fission barrier energy and E 

the discrete level energy with spin and parity of JTT. The quantity 

p(e,Jir) stands for the level density at e, and "noo represents the 

curvature of the barrier. On the other hand, in the double-humped 

barrier model, the transmission coefficient is given by 

JTT JIT JU , ( Jir JTT. ( . 
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where A and B mean the inner and outer barriers, respectively. The 

quantity T (or T ) is calculated by using eq.(3). Concerning the 

level density for fission transition states, the Gilbert-Cameron's 

composite formula, employed for all other reaction channels, can still 

be used. In general, it is very difficult to determine the parameters 

for the density of the transition states since their direct measurement 

is impossible. Thus, we adopted Bjarrmholm and Lynn's recommended 

vali: 
242„ 

9) 
values as defaults in TNG. The calculated fission cross section of 

Pu is illustrated in Fig. 3. 

4. Concluding Remarks 

Several basic features of the TNG code are described. The code is 

found to be very useful for evaluations of neutron cross sections. TNG 

is now available at JAERI. 
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MeV"'. The solid line represents the TNG calculation. The 

dashed line is the calculation based on the direct and 

collective capture models. 
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Fig. 3 Calculated fission cross section of Pu . The vertical bars 

represent the spread of the available experimental data. 
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P. 12 Program PEGASUS, A Precompound and Multi-step Evaporation 
Theory Code for Neutron Threshold Cross Section Calculation 

Shungo IIJIMA , Teruo SUGI , Tsuneo NAKAGAWA and Takeo NISHIGORI* 

*) Nippon Atomic Industry Group Co.,Ltd. 

**) Japan Atomic Energy Research In s t i t u t e 

$) Osaka University 

PEGASUS, a p reequ i l i b r ium and evaporat ion theory code, was developed 

which calculates 17 neutron reaction cross sect ions, the pa r t i c l e spectra 

and the double d i f f e r e n t i a l c ross s e c t i o n s . The code i s su i t ed to a 

rapid and scoping calculat ion. Theoretical model and the some resu l t s of 

calculation are presented. 

PEGASUS calculates neutron cross sections based on the closed form 

exc i ton model for the p reequ i l ib r ium process and the m u l t i s t e p 

evaporation theory. The spin-pari ty conservation is completely ignored. 

The input data to the code were made minimum making use of the parameter 

data f i l e s . The data f i l e s contain the mass data of Wapstra and Bos^ , 

the l e v e l dens i ty parameters of Gilbert-Cameron type , and the inverse 

r e a c t i o n c ross s e c t i o n s for p ro ton , a lpha, deuteron , t r i t o n and He-3 

calculated with the opt ical model. The neutron reaction cross section 

was given by the Pearls tein 's systematics formula^ . When the mass data 

i s not found in Wapstra-Bos' table , the mass formula of Yamada e't a l . ' ' 

i s used in the code. The b u i l t - i n l eve l dens i ty parameters are those 

evaluated by the FPND and Gas Production Cross Section Evaluation working 

groups of JNDC. When the l eve l dens i ty parameters are not a v a i l b l e in 

the data f i l e , s imple s y s t e m a t i c s formulae are used in the code. The 

b u i l t - i n l e v e l dens i ty parameters are eas i ly modifiable by input data. 

Main features of the code is l i s t ed in Table 1. 

Table 2 i l l u s t r a t e s the input procedure for the PC vers ion of 

PEGASUS. Fig.1 shows the inverse cross sections used to calculate iron 

neutron cross sections. The ENDF/B format output cross sections are shown 

in Fig . 2 for Fe-56. 
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Figures 3 through 5 show the comparison of the ca l cu l a t ed and 

measured p a r t i c l e spec t r a from iron induced by 14 - 15 MeV neut rons . 

The level density parameters have been adjusted to some extent to f i t the 

experimental data. The neutron emission spectra from iron are shown in 

Fig. 3 in comparison with exper imenta l data of Vonach et a l / ^ and 

Hermsdorf et a l . " ' for incident neutron energy of 14.5 MeV. The neutron 

spec t r a from (n.n'a) and (n,an') are not depicted for the sake of the 

c l a r i t y of the figure. 

Figure 4 gives the double di f ferent i al neutron emission spectra for 

iron compared with the OKTAVTAN experimental da ta / 0 ^ A nice qual i ta t ive 

agreement i s ob ta ined . I t i s noted t h a t the neutron spec t r a at l a rge 

angles are almost purely of the s t a t i s t i c a l nature, i t s in tens i ty being 

reduced by the preequilibrium emission. The proton and alpha par t i c le 

emiss ion s p e c t r a i n i t i a t e d by 14.8 MeV neutrons are compared with the 

data of Grimes e t a l . ' in Fig. 5. 

From our experience, PEGASUS is not only a powerful tool for scoping 

c a l c u l a t i o n s p r i o r to a more s o p h i s t i c a t e d c a l c u l a t i o n with e.g. GNASH 

c o d e / " ' , but also i t may be used for a quanti tat ive prediction of cross 

sections at not a too low excitat ion energies. Further effective usages 

may be the application to minor nuclides such as the fission-products, 

and the medium energy (20 - 100 MeV) cross s e c t i o n s whose c a l c u l a t i o n 

with the s o p h i s t i c a t e d code i s very t ime-cosuming. The code may be 

u t i l i zed also to make the double d i f fe ren t ia l cross section f i l e . 

Authors are deeply thankful to Dr. Harada (now at Japan Energy Co., 

Ltd.) for providing us with the tables of the calculated c lus ter pa r t i c le 

formation factors , and to Mr. Ando at NAIG for mass formula code. 
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Table 1 Main Features of PEGASUS 

(1) Preequilibrium (closed form excition model) plus multistep 

evaporation theory, ignoring spin-parity conservations. 

Competition with gamma-ray emission is taken into account at the 

second stage of reactions. 

(2) 17 reactions are treated : 

(n,n'),(n,p),(n,a),(n,d),(n,t),(n,He3),(n,2n),(n,n'p),(n,pn'),(n,n'a)> 

(n,an'),(n,n'd),(n,dn'),(n,n't),(n,tn'),(n,2p),(n,3n). 

(3) The emission of cluster particles from preequilibrium stage is 

calculated with the theory of Iwamoto and Harada/'^ 

(4) The angular distributions of nueleons emitted from the preequilibrium 

stage are calculated with the theory of Mantzouranis et al/'"" with 

•an infinite refraction index at the incident nuclear surface. 

(5) The results are output in ENDF/B format. The threshold energiers are 

automatically inserted in the code. 

(6) Fine mesh calculation (. hZ — u«1 MeV) is possible. 

(7) Computational time for En = 1,2, ,20 MeV (every 1 MeV) is typi

cally 2-3 sec with large computer and 20 min. with microcomputer. 

(8) Main restrictions to the code are : 

(a) Incident particle is restricted to only neutrons at present. 

(b) Competition with fission is not taken into account. 

(c) Discrete levels are not taken into account. 

(d) Neutron capture cross sections are not calculated. 

(e) Gamma-ray emission spectra are not calculated. 
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Table 2. Example of Input to PEGASUS PC Version. 

Input from keyboard are those underlined or framed. 

** PEGASUS FOR NEUTRON THRESHOLD. CROSS SECTION CALCULATION 

USING MULTI-STEP EVAPORATION AND PRE-EQUILIBRIUM THEORY 

REVISED ON AUGUST 10 , 1986 

TARGET NUCLIDE AND 2. A FE-56, 26, 56 

HEADING PRINT OPTION 0/ELSE (CRT/PRINTER) 

LEVEL DENSITY PRINT OPTION 0/ELSE C0*NO PRINT) 

INVERSE CROSS SECTION FILE NAHE 

KALBACH K VALUE KHE (HEV*3) 

ADJUSTMENT PARAMETER FOR CLUSTER EMISSION 

NEUTRON ENERGY INDEX - KEMIN, JEEMAX AND STEP DKE 

SPECTRUM/ANGULAR DISTIRBUTION CALCULATION Y/ELSE 

ENERGY KE FOR SPECTRUM CLACULATION 

ENERGY XE FOR ANAGULAR DISTRIBUTION CALCULATION 

ENERGY STEP FOR SPECTRUM PRINT (1 OR 2 ) 

K NUCL. REACTION AC/MEV) T(MEV) CC/HEV) EXCMEV) 

* 0 

1 

2 

3 

4 

5 

6 

7 

3 

_ 9 

FE-57 

FE-S6 

HN-56 

CR-53 

HN-55 

HN-54 

CR-S4 

FE-55 

MN-5S 

CR-52 

COMPOUND 

<N.N') 

<N,P) 

(N.ALP) 

(N.D) 

(N.T) 

<N,TAU) 

<N,2N) 

CN.PN') 

CN,AN') 

•8.910E+00 

•7.250E+00 

•7.950E+00 

+7.790E+00 

+7.400E»00 

+7.300E*00 

+7.390E*00 

+7.400E+00 

•7.400E+00 

•7.200E+00 

+1.100E+00 

•1.296E«00 

•1.171E+00 

•1.100E+00 

+1.308E+00 

•1.210E*00 

•1.260E+00 

•1.2S4E+00 

•1.308E*00 

+1.225E*00 

•2.230E*00 

•6.507E-01 

+S.9O2E+00 

+1.Q92E*00 

•2.657E*00 

•4.072E*00 

•6.9S1E-01 

•1.588E+00 

+2.657E+00 

+4.638E-01 

•8 

• 1 

• 6 

• 6 

• 9 

+ 6 

• 1 

•a. 

•9. 

•9. 

.638E+00 

-06-2E*01 

.944E+00 

.993E+00 

541E+00 

S55E+00 

009E+01 

936E+00 

541E+00 

269E*00 

** HODIFY LDP DATA 7 Y/ELSE _Y_ 

NUCLIDE NUMBER (0/1/2/ /9) , A AND T VALUES * 3, 7.186. 1.220 

3 CR-53 (N.ALP) +7.186E*00 +1.220E+00 •1.281E*00 +7.872E*00 

** MODIFY LDP DATA 7 Y/ELSE J gR 

1 

1 

INVFE 

60 

0.1 

1. 20, 1 

Y 

15 

15 

1 
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Fig. 1 Inverse cross sections used for iron cross section calculation. 

Inverse cross section for neutrons was assumed as given by Pearl-

stein. Optical model parameters were adopted from Perey for 

protons, Huizenga and Igo for alpha particles, Lohr and 

Haeberli for deuterons, and Bechetti and Greenles for tritons 

and He-3. 
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Fig. 2 Calculated cross sections for Fe-56. 
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10" -I 1 1 r-

rmsdorf 
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0.1 
S 10 1S 

Fig. 3 Neutron emission spectra from iron with 14,5 HeV neutrons. 

Comparison of calculation with experimental data. The curve 

indicated as ( n , 2 n ) ^ i s the spectra of the f i r s t neutrons. 

The same are meant for ( n ,2n r 2 ^ and (n,2n) i<3> 
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Fig. 4 Double differential neutron spectra from iron. 

Comparison of calculation with OKTAVIAM experimental data at 30, 

80 and 159 degrees (the corresponding incident neutron energiers 

being 14.8, 14.25 and 13.35 MeV). 
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\0 

10 15" 

£ , NUT 

Fig. 5 Proton and alpha par t i c le emission spectra from Fe-56 induced by 

14.8 MeV neutrons . Comparison of the c a l c u l a t i o n and the 

experimental data of Grimes et al . 
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P.13 Neutron Cross Sect ions Calculated by GNASH 

N. Yamamuro and K. Hida 

NAIG Nuclear Research Laboratory 

Nippon Atomic Industry Group Company, Ltd. 

Ukishima-cho, Kawasaki-ku, Kawasaki 

Computer codes GNASH and CASTHY have been used for the neutron cross 

s ec t ion c a l c u l a t i o n s . The r e v i s e d items for GNASH and the method of 

evaluation are presented. Calculated good r e s u l t s were obtained for copper 

neutron cross sections. A method of fission cross section ca lcu la t ion i s 

a l so given. 

1. GNASH - a revised version 

GNASH i s a p reequ i l i b r ium, s t a t i s t i c a l nuclear-model code for 

ca lcu la t ion of cross sections and emission spectra developed by Young and 

Arthur, Los Alamos s c i e n t i f i c l abora tory .v ' We have used t h i s code for 

the c ross s ec t i on e v a l u a t i o n s s ince 1984, extending the func t ions of 

ca lcu la t ion and improving the method and output format. The main revised 

items are as follows. 

(1) Options of l e v e l density formulas 

In addition to the defaulted Gilbert and Cameron composite formula, 

the se lec t ions of spin cut-off factor are ava i l ab l e and the pa r t i a l l eve l 

density formula, required from the cumulation of spin-selected l e v e l s to 

determine the nuclear temperature,^ ^ can be used (conducted by M. Kawai, 

NAIG) 

(2) Cross section for a lpha-pa r t i c l e pick-up process 

In the preequilibrium cross section ca lcula t ion , the s ta te density i s 

given by g = (6/'/( )a. Since the l eve l density parameter "a" was calculated 

using the observed mean resonance l e v e l spacing DQ, when a v a i l a b l e , the 

va lue of "g" was u s u a l l y l a r g e r than A/13, which i s the d e f a u l t va lue of 

GNASH. The c ross sec t ion for a l p h a - p a r t i c l e pick-up process i s the 

dominant term of the preequilibrium calcula t ion and depends mainly on the 

va lue of "g" of the r e s i d u a l nuc leus for a l p h a - p a r t i c l e emission. A 

factor, by which the a lpha-par t i c le pick-up cross section i s mult ipl ied, i s 
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introduced to reproduce the experimental alpha-emission spectra. The 

factor 0.5 was used for Co, Ni, and Cu neutron cross section calculations. 

(3) Input of direct inelastic scattering cross section 

The overlapping of the contribution from the direct inelastic 

scattering with the cross sections in the level continuum region became 

available in the calculation of neutron emission spectra. 

(4) Output format of gamma-ray strength functions 

The output format of gamma-ray strength functions was rearranged and 

became simpler and clearer. 

(5) Expansion of particle decay channels 

To treat the decay by deuteron, triton, or He emission in addition to 

the gamma-ray, neutron, proton, or alpha-particle emission, the dimensions 

of data and variables corresponded were increased and the pointers in the 

subroutine LCSPCE were changed. 

(6) Calculation of multi-step neutron emission spectra 

The multi-step neutron emission spectra, first emissions from (n,2n), 

(n,n'p), and (n.n'alpha) reactions, first and second ones from (n,3n) 

reaction, are necessary to compile the files in the ENDF/B format. Because 

we have no process code from the file 12 of GNASH to the ENDF/B format, we 

derived directly the multi-step neutron emission spectra from the 

distributions of the population probabilities of excited states and 

transformed them into the ENDF/B format. 

(7) Calculation of fission cross section 

The fission cross section can be calculated when the transmission 

coefficient Tc for fission process is known. Section 4 will describe a 

method for calculating T£ and the comparison of the calculated iJJU cross 

sections with JENDL-2 evaluation. 

2. Method of neutron cross section evaluation 

Since the code GNASH does not carry out the resonance level-width 

fluctuation correction, the inelastic scattering and radiative capture 

cross sections in the lower neutron energy region should be calculated by 

the code CASTHY/3' which can control the level-width fluctuation 

correction. Total and elastic scattering cross sections can be also 

calculated by CASTHY, where the threshold reaction cross sections obtained 

by the GNASH calculation are inputted as the competitive reactions for the 
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i n e l a s t i c scat ter ing. Cross sections for the i ne l a s t i c scat ter ing through 

the d i r e c t r e a c t i o n process a re c a l c u l a t e d by the code DWUCK,1-*'' and the 

r e s u l t s a r e added to the equ i l i b r i um and p reequ i l i b r ium i n e l a s t i c 

scat ter ing cross sections given by GNASH and CASTHY. 

The p a r t i c l e t ransmiss ion c o e f f i c i e n t s a re c a l c u l a t e d by the code 

ELIESE^5) and a re used in the GNASH c a l c u l a t i o n s . The flow cha r t of the 

neutron cross section evaluation i s shown in Fig. 1. 

3. Example of neutron cross section ca lcu la t ion 

As an example, copper neutron cross sections evaluated by the method 

mentioned in Sec. 2 a r e b r i e f l y presented . P r e c i s e l y measured p a r t i c l e 

emission spec t r a are useful for the de terminat ion of l e v e l dens i ty and 

p r e e q u i l i b r i u m process parameters . By the neutron emission spec t r a a t 

14 MeV,(6)>(7) the l e v e l dens i ty parameters for 63Cu and 6 5Cu, Kalbach 

constant (K = 60), and the di rect i n e l a s t i c scat ter ing cross sections were 

invest igated, r esu l t ing in the good agreement between the ca lcula ted and 

the exper imenta l s p e c t r a , as shown in Fig. 2. Also the charged p a r t i c l ' e 

emission spectra , ' ' Figs. 3, 4 and 5, show the good agreement between the 

ca lcu la t ion and the experiments. 

The e x c i t a t i o n func t ions for l e v e l i n e l a s t i c scat ter ing (Ex = 0.669 

MeV of 6 3Cu), t o t a l i n e l a s t i c s c a t t e r i n g , (n ,a lpha) for 6 3Cu, (n,p) for 
65Cu, (n,2n) for 63Cu and 65Cu, t o t a l gamma-ray production (Eg > 0.75 MeV), 

and r a d i a t i v e c a p t u r e for Cu a r e shown in F i g s . 6 t h r o u g h 13 , 

respect ive ly . Except for b3Cu(n, alpha) cross section, the agreements are 

very good. Considering the good r e s u l t for a lpha-par t ic le t o t a l production 

at 15 MeV, as shown in Fig. 4, there are some problems for a lpha -pa r t i c l e 

emission which should be examined. 

The d e t a i l of the neutron cross section ca lcu la t ions for copper w i l l 

appear in another report. 

4. Method of f ission cross section ca lcula t ion 

At the 1984 Seminar on Nuclear Data, ' ' we presented a method to 

incorporate fission competition into GNASH, where the f ission transmission 

coefficient was calculated with the double humped f i s s i o n b a r r i e r (DHFB) 

m o d e l . ' 1 0 ' The c a l c u l a t e d f i s s i o n c ross s ec t ion of ^3°U, however, was 

fa i led to well reproduce the experimental one. Thus, a revised method i s 
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presented here and applied to the ^ U fission cross section calculation. 

The fission transmission coefficient Tf(Ex) at an excitation energy Ex 

of a compound nucleus can be derived from the fission cross section <: f(En) 

at an incident neutron energy En of the target nucleus as 

Tf(Ex) Cf(En) 

Tn(Ex) 'VEiO - Cf(En) 

where T (Ex) and 'p(En) are the neutron transmission coefficient and the 

reaction cross section, respectively, calculated with the optical model. 

Examples are shown in Fig. 14 for the compound nuclei •" U, "-"U, and ""U 
n o c 

responsible for the •iJJU fission cross section calculation. Since the 

above method is applicable to the excitation energies corresponding to the 

first chance fission region only, the resultant expressions are smoothly 

extrapolated into the second and third chance fission regions. Below the 

neutron separation energy, the DHFB model is used. 

By using these fission transmission coefficients, the J JU neutron 

cross sections are calculated with GNASH and compared with JENDL-2 

evaluation in Fig. 15. The neutron transmission coefficients were modified 

to reproduce the reaction cross section of JENDL-2, since the determination 

of the optical potential parameters were based not on this cross section 

but on the total and elastic scattering cross sections only. Agreement is 

good for the fission cross section, but is very poor for other reaction 

cross sections. The conclusion is pending for JENDL-3 evaluation of " J U 

based on new experimental data for the (n,2n) cross section.'11' 
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Fig. 1 Flow chart of neutron cross section evaluation. 
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1Q i Copper Neutron Emission Spectra (En=l4. lMeV) 
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Fig. 2 Neutron emission spectra for copper calculated by GNASH compared 

with the data of Baba and Vonach et al. 
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n e Ou-63 Proton Emission Spectra 
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F i g . 3 Comparison of c a l c u l a t e d and exper imenta l proton emission s p e c t r a 

f o r 6 3 C u . 
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Fig. 4 Comparison of calculated and experimental alpha-particle emission 
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spectra for Cu. 
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Fig . 5 Comparison of c a l c u l a t e d and exper imenta l deuteron emission s p e c t r a 
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Fig. 9 "^Cu(n,p) cross section compared with experimental data. 
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Fig.10 "^Cu(n,2n) cross section compared with experimental data. 

Cu65(n,2n) Cross Sections 

1400 
- i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — • — j -

c 
o 

o 
CO 

800 

10 

0 mnW^; 
Santry ('65) 
Paulsen ('65) 
Bormann ('69' 
Rwes (' 78 
Csikai '82 
Ikeda '86) 

-J i L i . I . i . I 

12 14 16 18 
Neutron Energy (HeV) 

20 

Fig.11 b->Cu(n,2n) cross section compared with experimental 'ata. 

-357-



o 

O 

10 

JAERI -M 87- 025 

Total Gamma-Ray Production Cross Sections for Copper 
—i 1 r -

18 

10 

t&txxx^u 

Er>0.75MeV 

Dickens ('73) 
Chapman ('76) 

5 10 15 
Neu t ron Energy (MeV) 

20 

Fig.12 Total gamma-ray production cross section with Eg > 0.75 MeV 

compared with data of Dickens et al. and Chapman. Experimental 

data detected at an angle 125° were multiplied by 47t. 
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Fig.13 Comparison of calculated and experimental radiative capture cross 

section for 65Cu. 
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Fig.14 Fission-to-neutron transmission coefficient ratios for uranium 

isotopes. 
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