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This report is the Proceedings of the Specialists' Meeting on the 

Nuclear Data for Fusion Neutronics. The meeting was held in July 23-25 

1985 at Tokai Research Establishment of Japan Atomic Energy Research 

Institute, under the participation of twenty-odd specialists who were 

the members of Working Group on Nuclear Data for Fusion in Japanese 

Nuclear Data Committee and a part of the members of Subcommittee on 

Fusion Reactor in Japanese Committee on Reactor Physics. Review papers 

were presented for the evaluated data in JENDL-3PR1 and -3PR2, the data 

needs in the fusion reactor blanket design, the status of experimental 

and evaluated data for fusion neutronics, and the analyses of integral 

experiments. In a final stage of this meeting, the discussions were 

made in three working groups and the recommendations were reported from 

these three groups. The outlines of the discussions and the 

recommendations are also included in the Proceedings. 

The texts are reproduced directly from the Author's manuscripts 

without any editing. 
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Scope of the Meeting 

S. Igarasi 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 

Study of the nuclear data pertaining to the fusion reactors has 

grown to be one of the smart and interesting fields. It is due to many 

fruits of studies obtained by engineers in the fusion reactor blanket 

design, reactor physicists making the computer codes for fusion 

neutronlcs calculations and group cross-section sets, evaluators of the 

nuclear data, and experimentalists concerned. 

Nuclear data required by the engineers in the fusion reactor design 

field are diverse, and the requirements have become severe. To satisfy 

them, many measurements and evaluations for the nuclear data have been 

performed in the various countries. In Japan, measurements of the 

nuclear data have been made at Osaka University, University of Tokyo, 

Tohoku University, JAERI, etc. Nuclear data evaluation for JENDL-3 is 

now in progress, and is planned to complete by the end of 1986 fiscal 

year. 

Prior to completion of the JENDL-3, the JENDL-3PR1 was tentatively 

prepared for analyses of the Japan-US cooperative experiments in 

simulated fusion blanket assemblies using the JAERI Fusion Neutronics 

Source (FNS). It was used successfully for the analyses not only of the 

integral experiments in JAERI but of the double differential neutron 

emission cross sections measured in the Universities. 

Many reports related to the subject of the fusion neutronics 

experiments and analyses have been presented in the various meetings, 

such as annual meeting of Atomic Energy Society of Japan. Researchers 

used the JENDL-3PR1 in most cases in their calculations, when they 

compared their results with the theoretical calculations. They showed 

various questions about the nuclear data, and stimulated the evaluators 

to advance their work. Communications between nuclear data suppliers 

and users seem to be fairly good in this field. 
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Through discussions, however, it was sometimes found that they had 

misunderstanding or disagreed with each other about utilization or 

process of the nuclear data. There are, in particular, some anxieties 

in the connection between evaluated data files and data processing 

method for group cross sections, group cross-section sets and transport 

calculation codes, etc. These must be solved by spending enough time of 

discussions. Fortunately, knowledges of the experimental and evaluated 

data, of the merit and defect of the present evaluated data formats, and 

of the design calculations of the fusion reactor blanket are so 

accumulated recently that they can discuss these matters in detail. 

Hence, it is reasonable time to convene such a meeting as it focuses 

discussions on the boundaries between different aspects of researches. 

This specialists' meeting aims to discuss problems concerning the 

nuclear data of the JENDL-3PR], to make any vague points such as those 

in data formats, data utilization procedures, etc. clear, and to make 

recommendations for future studies of the related matters. Lectures and 

discussions in this meeting will be applied to the JENDL-3. 

The meeting consists of lectures and group discussions. The latter 

is made in the following three working groups: 

(A) Data Request for the JENDL-3, 

(B) Problems of JENDL Encountered in the Experimental Analysis, in the 

Processing of Group Constants and of the Format Specifications, 

(C) Feedback of Information from Neutronics Experiments and Their 

Analyses. 

The summaries cf the group discussions as well as the lectures are 

presented in this Proceedings. 

- 2 -
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I. Nuclear Data Evaluation 

1. Review on Nuclear Data for Fusion Reactors 

Yukinori KANDA 

Department of Energy Conversion Engineering 

Kyushu University 

Kasuga, Fukuoka 816, Japan 

Abstruct 

Present status of fusion nuclear data is briefly reviewed 

taking account of the relation ammong differential experiment, 

evaluation, and integral experiment. It is emphasized that 

covariances should be introduced to the comparison between 

calculations and experiments and that model calculation should 

be effectively used in the evaluation of the fusion nuclear 

data. Preparation of reference data set is proposed to improve 

model calculation for neutronics. 

- 3 -
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1. Introduction 

Recent development of plasma confinement technique 

stimulates experiments and plannings on blankets of fusion 

reactors. Neutron nuclear data are essential for these 

studies. In a D-T fusion reactor which is a first target 

in the program of fusion reactor development. Demand of 

tritium breeding from lithium in the blanket is one of the 

most marked characteristic of the D-T fusion reactor. 

Important data are the cross sections for r>Li(n,a) and 7Li 

(n,n'a) and for double differential cross sections of struc­

tural materials. The latter are used in calculation of 

neutron transport in the blanket. 

In these studies, the computer codes developed for 

fast reactor calculation are applied to estimate neutron 

flux and tritium breeding ratio. However, nuclear data 

compiled for the fast reactor studies are insufficient to 

divert them to the fusion reactor calculation. Although 

typical data to be urgently improved for this application 

are ones described in the last paragraph, the elements of 

interest in fusion reactor technology are enumerated as 

showing in Table 1. 

- 4 -
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2. Improvement of Evaluated Nuclear Data 

In the program of the fast reactor development, it has 

been recognized that the nuclear data are fundamental data 

base. For thermal reactors, they do not appear directly in 

planning of the system; briefly speaking, the four-factors of 

reactor physics are basic data. They are measured in integral 

experiments. Table 2 shows relation between the reactors and 

the nuclear data. 

Nutronic studies for the fusion reactor have followed 

the manner of the fast reactor. It is seen in Fig. 1. 

Differential experiments and nuclear model calculation are 

refered to evaluate the nuclear data which are compiled as 

an evaluated nuclear data file such as JENDL or ENDF/B. 

Neutronic calculations are compared with integral experiments. 

The comparison indicates the poiits to be improved. In the 

integral experiment for the fusion reactor, relation of both 

the results is simple than for the fast breeding reactor, 

because fissile and fertile nuclides are not included and a 

neutron source is outside of the assembly in the former. 

This makes it easy to find how neutron cross sections should 

be modified in order to improve the ratio of calculation to 

experiment (C/E) for the integral experiment. 

Absence of radionuclides in the integral experiment for 

the fusion reactor is favourable for experimenters because of 

easy sample handling. This is one of the reasons why the 

experiment is actively conducted in Japan. Especially, present 

works are concentrated on measurements of Tritium breeding 

ratio and neutron spectra in assembers simulating the blanket 
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of the fusion reactor. Majar neutron nuclear data in regard 

to these subjects are the tritium production cross section of 

Li and energy-angle differential neutron emission cross section 

(or called double differential cross section, DDX) an, em(E: 

E',9) of structural materials. However, there are many kinds 

of the neutron cross-section data demended in the design 

applications for the fusion reactor. They are presented in 

Table 3 cited from Jarvis1 report . Their data available 

at present have not always sufficient accuracy to use in 

design of the fusion reactor. Status of tham are summarized 

in Table 4 

The evaluated data will be gradually improved by these 

studies. However, target accuracies for the data should be 

considered on the basis of the present method which is per­

formed qualitatively comparing calculations and experiments. 

There are three elements, the differential experiment, 

evaluation, and integral experiment. Their results must be 

consistent. Scince they have proper uncertainties, reasonable 

data must be determined by taking account of them. An appli­

cation of covariances in these procedures is an useful way to 

solve the problem, although estimation of the covariances for 

the data is very hard practically. The covariances for the 

evaluated data are given for some neutron data: for example, 

those of 15 nuclides are presented in ENDF/B-V. 

The evaluated data have been revised refering comparison 

between the calculation and the integral experiment; the 

result depends on models of the neutronic calculation. In 

order to examine validity of the model, the evaluated data 
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having small uncertainties should be used in analysis of the 

integral experiment. For the purpose, it is intensively 

suggested to prepare a reference nuclear data set for a 

nuclide which has small variances for every cross section. 

Carbon-12 is to be a candidate nuclide for this proposal. 

International fusion data meeting was held at Santa Fe 

on May 18, 1985. The scientists attending the meeting dis­

cussed and recommended that cooperation =hould be increased 

through evaluator-to-evaluator contact. A meeting synopsis 

was written by F. M. Mann. One can find the present 

activities for the fusion nuclear data in the world in his 

report. 

- 7 -
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3. Next subjects in fusion nuclear data 

As presenting in the last section, there are many kinds 

of nuclear data demanded in application to design of the 

fusion reactor. Available differential experiments for them 

are scarce because of insufficiency of experimental facitilies. 

It is the most severe condition to have no intense neutron 

source. It can not be expected to be improved the experimental 

condition in the near future. Therefore, the evaluation of 

the fusion nuclear data should be conducted using nuclear 

model calculation. Fortunately, the computer codes of the 

sophisticated model have been developed and also resonable 

parameters used in the calculation have been studied. They 

can sufficiently compliment the scarcity of the experiment. 

Examples are the calculations of neutron induced reaction 

3) cross section for Cu, Ni and Cr by D. M. Hetrick et al. 

and of DDX by Y. Klkuchi et al. . 

Application of the covariances for the nuclear data and 

experiment should be promoted in this field to obtain the 

efficient nuclear data. 

A proposal to evaluate the reference nuclear nuclear 

data set is presented in the last paragraph. It will be 

valuable to improve the model of the neutronic calcualtion. 

The author deeply appreciate the menbers of the f is ion 

nuclear data working group in Japan Nuclear Data Committee 

for their discussion. 
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Table 1 A list of the elements of interest in fusion reaction technology. 

T Breeder 6Li, 7Li, 1 0B, 1 XB, 3He, 9Be 

Neutron Multiplier Be, Mo, Pb 

Coolant He, Li, F, Be, Na, Pb 

Structural Material Nb, Mo, v, Fe, Ni, Cr, Al, Ta, 

Si, C, Ti, Zr 

Reflector C, Fe, Ni, Cr, Be, Al, 0 

Shielding Material H, 0, 1 0B, Ca, Pb, Fe, C, Ta, W 

Magnet Al, Cu, Nb, Ti, Sn, V, Ga 

Fission-Fusion Hybrid Th, U, Pu 

> 



Table 2 Correlation of nuclear data and experiments for types of reactors. 

Reactor 
Differential 

Experiment 
Evaluation 

Integral 

Experiment 
Cross Section 

Thermal Reactor 

Fast Breeding 

Reactor 

Thermal neutron, 

Resonance region 

Many nuclides, 

Wide range of En, 

Extreme expectation 

(early stage) 

World Value 

at 0.025 eV 

Many studies.. 

Discrepancy of 

experimental data, 

Cifficalty of 

4-factors 

Utilization of 

14 MeV neutron as 

an intense source, 

Reaction rate 

Cn.fj, 

Resonance integral 

(n,f), (n,y), 

Scattering 

JA
E

 R
I-M

 

00 

-02 

experiment 

Fusion Reactor Can be expected 

more measurements? 

Hard experiments. 

Extrapolation of 

works. 

14 MeV neutron 

itself, 

Tritium breeding 

ratio 

T- production, 

Anisotropy, 

Gas production, 

y production, 

Activation 
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o 
Table 3 Neutron cross-section data for CTR design applications. 

, , 

Reaction Cross-Section 

Total 
Absorption 

Differential elastic 
Total elastic 

Energy-angle diff. inel. 
Energy diff. inel. 
Angular diff. inel. 
Total inelastic 3) 

Capture 
Photon prod, in inel. scatt. .. 
Energy-angle diff. photon prod 
Energy diff. Photon prod. 
Total photon prod. ?, 
Photon prod, in reactions 

6Li(n,oOT, 7Li(n,n'a)T 

Energy-angle diff. neutron 
emission^) 

Energy-angle diff. neutron prod. 
(n,2n) 
Cn,3n) (heavy elements] 

Charged particle emitting 
reactions^) 
Energy-angle charged particle 

Neutron and charged particle 
emitting reactions^) 
Energy-angle n + chgd. particle 

1 Fission 

Formulation 

VT(E) 
°n,A(E) 

CTn,n(E;0) 
VnCE) 

Vn.CE;n'.e) 
cn,n'(E;E') 

°n,n>(E;°) 
onjn,(E) 

on,Y^E^ 
a,(E;EY) 
aYiem(E;Ey,0Y) 

°Y,emfE;EY^ 
/aY,em(E;EY)dEY 
an,x.fE;EY' 
anin'x(E;EYi 

an,em<E;E'>0) 

on;2n(E;E')0) 

°n,2n(E) 
an,3n^ 

an,xCE) 

anjX(E;EX)0) 

°n,n'x^ 

Vn'x^M 

°n,f(E) 

TRANSPORT 

TRITIUM 

z 
c 
H 
CJ 
•a 
a 
o <* D-

/ 

/ 

/ 

/ 

z 
o a: • 
SS 
01 3 
Z S 

/ 

/ 

/ 
/ 

/ 

/ 

CJ 

H 
CO !S 
<c a. 
C5 < 
<c a. 

/ 

/ 

/ 

/ 

u 
z 
H 
< U) 
a: 

/ 

/ 

/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 

/ 

/ 

/ 

/ 

m 
C do 

s! + 
< a a p. 
-o 

/ 

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 

/ 

/ 

/ 

2 
C 

H 
< > 

£ c_ < 

/ 

/ 
/ 
/ 

/ 

/ 

/ 

/ 

2; 
t — 1 

Q 
J 
PJ 

•x. 
CO 

/ 
/ 

/ 

/ 

/ 

/ 
/ 

/ 

/ 

/ 

H 

HH 
CO 
o Q 

/ 

/ 

/ 

/ 

— . 

Note: 1. The emission cross-sections are not reaction-type specific 
2. x =p,d,t,a or 3He 
3. Isomeric states only 
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Table 4 Materials versus Transport Calculation Data Needs and Status. 

H S. 
D S. 
T U. 

He S. 
6Li S. 
7Li S. 
Be S. 

I0B S. 
U B S. 
C S. 

N S. 
0 S. 
F S. 
Na S. 

Al S. 
Si S. 
K S. 
Ca S. 

Ti S. 
V S. 
Cr U. 
Mn S. 
Fe S. 
Ni S. 
Cu S. 

Zr S. 
Nb S. 
Mo A. 
Sn S. 
Ta S. 
W A. 
Pb S. 
Bi S. 

232Th S. 
238U S. 

o (E;E',0) 
n,em 

S. 
U. 
U. 

S. 
U. 
S. 
C 

u. 
u. 
s. 

* s. 
S. 
u. 
u. 

s. 
s. 
u. 
u. 

A. 
u. 
u. 
u. 
u. 
u. 
s. 

u. 
s. 
u. 
u. 
u. 
u. 
u. 
u. 

u. 
u. 

V2n°^ 

s. 

u. 

s. 

s. 
s. 

u. 

s. 

u. 
u. 
u. 
s. 
s. 
u. 
s. 

s. 
s. 
u. 
u. 
u. 
u. 
u. 
u. 

u. 
A. 

V Y C E ; E Y ) 

s. 
s. 

s. 
s. 

y , era 

S. 

S. 
S. 

A. 
A. 
S. 

s. 
U. 
s. 
s. 

S. 
S. 
U. 

s. 

S. 
s. 
s. 
s. 
s. 
s. 
s. 

u. 
s. 
s. 
s. 
u. 
s. 
s. 
u. 

s. 
s. 

Legend: Blank - no data needed 
S - present data appears satisfactory 
A - acceptable data anticipated soon 
U - uncertain; data inadequate, no work known in progress 
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2. Status of JENDL-3PR1 and 3PR2 

Tetsuo ASAMI 

Nuclear Data Center 
Japan Atomic Energy Research Institute 

Abstract 

The compilation of JENDL-3PR1 and -3PR2 was made urgently to use 

their evaluated data for analyses of integral experiments for fusion 

neutronics. These files include the evaluated data for eight nuclides 

important for fusion neutronics, i.e., Li, Li, Be, C, 0, Cr, Fe 

1 fi 

and Ni. The data for these nuclides except for 0 were obtained by 

revising the JENDL-2 ones temporarily, and the 0 data were evaluated 

newly. The outline and special features of these evaluated data are 

described briefly. 

1. Introduction 

1-2) 
The compilation of JENDL-2 was completed in April 1983. From 

the benchmark tests and several analyses, the JENDL-2 data have been 

confirmed to be applicable to calculations for cores and shieldings of 

3) 
fission reactors . For the use in fusion research, however, it was 

pointed out that some data in JENDL-2 were generally not so good in the 

neutron energies higher than 5 MeV. In particular, the double 

differential cross section (DDX) deduced from the JENDL-2 data were 

insufficient for requirements from fields of fusion neutronics. In 

addition, JENDL-2 did not include the data of some nuclides which are 

important for fusion researches. In order to response an urgent 

requests from the fusion neutronics group in JAERI, we decided to 
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evaluate early for some nuclides important for fusion neutronics before 

the compilation of JENDL-3. 

The evaluated data for eight nuclides ( Li, Li, Be, C, 0, Cr, 

Fe and Ni) were compiled in the end of 1983. This temporary file is 

called JENDL-3PR1 (JENDL-3 Preliminary Version 1). The data for 6Li, 

7 9 12 16 

Li, Be and C were reevaluated wholly aside of JENDL-2. The 0 data 

were newly evaluated for this file. The some data for Cr, Fe and Ni 

were revised. Moreover, a part of the data for Li, Li and C were 

revised based on recent experimental data. These data are referred as 

JENDL-3PR2. Table 1 lists the nuclides of which data are stored in 

JENDL-3PR1 and 3PR2, and their evaluators. The status of the evaluated 

data included in these JENDL-3PR1 and -3PR2 is described briefly except 

for Li and Li. The description for the latter two nuclides will be 

given by S. Chiba in this meeting later. 

Table 2 through 7 show the changes of the contents for the 
q 

evaluated data from JENDL-2 to JENDL-3PR1 and -3PR2 for Be through Ni, 

respectively, using the definition of the ENDF/B format. 

9 
2. Evaluated data for Be 

9 7) 
Since the Be data in JENDL-2 were estimated mainly from 

experimental data, some important data of which experimental ones did 

not exist and scarce, for example the evaluated data for the inelastic 

9 
scattering, were not given in the file. The data of Be in JENDL-3PR1, 

as shown in Table 2, were reevaluated by Shibata . The inelastic 

scattering cross sections and its angular distributons were estimated 

with the statistical model code CASTHY. The cross-section data for the 

(n,p), (n,d), (n,t) and (n.a,.) reactions were sharply modified based on 

the recent meaurements. The evaluated data of the photon production 

were also given. 

-16-
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Q 
The DDX data deduced from the evaluated data of Be in JENDL-3PR1 

were compared with the experimental ones at OKTAVIAN in Osaka 

University and with that of Tohoku University , as shown in Figs. 1 

g 
and 2, respectively. Generally the Be data in JENDL-3PR1 reproduce the 

measured spectra in the lower energy region of secondary neutrons. 

12 
3. Evaluated date, for C 

The whole reevaluation of the C data was made by Shibata for 

12 121 

JENDL-3PR1, since the inelastic scattering data of C in JENDL-2 ' 

were insufficient for applications to fusion neutronics. Generally the 

data evaluation was made mainly based on the experimental data asking 

for help of theoretical estimations. The data for inelastic scattering 

leading to three discrete levels of A.44, 7.65 and 9.63 MeV were 

estimated from the experimental ones. The total cross section in the 

range of 10 eV to 4.8 MeV and the angular distributions for elastic 

scattering were obtained based on the R-matrix theory using the RESCAL 

code. The angular distributions for inelastic scattering with the 

excitations of the 2nd and 3rd levels were obtained from the 

calculations with DWBA. 
13) In order to fit further to the measured data of Osaka University , 

inelastic scattering with the excitation of the 3rd level (9.63 MeV) 

were revised, and the elastic scattering cross sections were modified to 

keep the evaluated total cross sections constant. The angular 

distributions for inelastic scattering leading to the 2nd and 3rd levels 

9 13) were also revised based on the measured data of Osaka University ' 

These data were compiled in JENDL-3PR2. 
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4. Evaluated data for 0 

The 0 data in JENDL-3PR1 were newly evaluated by JNDC Working 

Group on Nuclear Data for Fusion. The total and elastic scattering 

cross sections below 3 MeV were evaluated with R-matrix theory using 

RESCAL code. Above 3 MeV, the total cross section was estimated from 

the experimental data. The inelastic scattering cross sections exciting 

the discrete levels and their angular distributions were calculated with 

the statistical model code CASTHY. Only for the 2nd level the angular 

distribution was estimated with the coupled-channel calculation. The 

(n,p), (n,d) and (n,a) reaction cross sections were estimated based on 

the experimental data. The capture cross section was assumed to follow 

a 1/v law. 

The evaluation of the photon production data are now in progress 

and the angular distributions for inelastic scattering with the 

excitation of the discrete levels are going to revise referring to 

recent measured data. 

5. Evaluated data for Cr,Fe and Ni 

As described above the high-energy data of the inelastic scattering 

cross sections of Or, Fe and Ni in JENDL-2 were insufficient, in 

particular for the applications to fusion researches, because of the 

ignorance of the direct process. Therefore, the inelastic scattering 

data above about 5 MeV were revised and some related ones were changed 

somewhat. The data modifications were made in about the same way among 

14) these nuclides . For urgent and temporary modifications, this 

52 
processes were done for their principal isotopes, namely Cr(83.79%), 

Fe(91.7%) and Ni(67.76%), and the figures in the above parentheses 

denote their abundances in the elements. These isotopic data were used 
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as their elemental ones. The direct process in inelastic scattering was 

estimated from the calculation with a coupled-channel optical model 

using the ECIS code. The pre-compound effect for a whole of the 

discrete levels was estimated using the GNASH code and its contribution 

for each level was shared equally. The double differential neutron 

emission cross sections reproduced from these revised data were compared 

with the data measured at OKTAVIAN in Osaka University, as shown in 

Figs. 3, 4, and 5 for Cr, Fe and Nl, respectively. In general, the data 

in JENDL-3PR1 were fairly improved comparing with that in JENDL-2. The 

Cr data of JENDL-3PR1 are also fairly good compared witli the ENDF/B-IV 

data. The Ni data in JENDL-3PR1 are somewhat good than that of 

ENDF/B-IV. The Fe data have a nearly same trend between JENDL-3PR1 and 

ENDF/B-IV. For Cr, Fe and Ni for JENDL-3, the more detailed evaluations 

are now in progress. 

6. Conclusions 

The status of the evaluated data in JENDL-3PR1 and -3PR2 was 

described above. The special features of these data are summarized 

briefly as follows: 

1) Rivised the data for high-energy neutrons whose leading parts are 

14-MeV neutrons. 

2) Evaluated the nuclear data for light nuclides in detail. 

3) Taking account of the double differential cross sections (DDX) for 

neutron emission, in the data evaluation. 

The data evaluations for JENDL-3 are now going on mainly in JNDC 

Working Groups aiming at the accomplishment in March 1987. Before the 

compilation of JENDL-3, some modifications will be also given for the 

data in JENDL-3PR1 and -3PR2. In JENDL-3, the data for photon 
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production will be newly given for some important nuclides, and DDX data 

also will be examined in detail to give a good fitting to experimental 

data. 
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Table 1 The nuclides instored in JENDL-3PR1 and 3PR2 

and the data evaluators. 

JENDL-3PR1 

(July 1984) 

-3PR2 

(March 1985) 

Li 

Li 

Reevaluated by 

K. Shlbata4)'5) 

Li Revised by 

7Li J S. Chiba6) 

Be Reevaluated by 

K. Shibata7^ 

12„ Reevaluated by 

12) 
K. Shibata ' 

12, Revised by 

K. Shibata 11) 

16„ Newly Evaluated by 

JNDC WG on Nuclear 

Data For Fusion 

Cr ) 

Fe 

Ni 

Revised by 

> Y. Kikuchi et al 
U) 
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9Be 

Table 2 The contents of the Be evaluated data for JENDL-2, 

JENDL-3PR1 and -3PR2 in the ENDF/B definitions. 

JENDL-2 JENDL-3PR1 & -3FR2 

MF MT MF MT 

3 1 I I 
2 2_ 

16 ± 

102 6.-9. 

103 1_6 

104 7A_ 

105 46-4£ 

107 jH 

01 
102 

103 

104 

105 

107 

740(n,t0) 

741^,^) 

4 2 4. 2. 

16 6-£ 

16 

24 

46-49. 

11 

01 

5 16 I 16 
24 

46-49 

11 iPJL 
741 

Ik 191 
741 

The underlines show some change or addition in the evaluated 

data in the course from JENDL-2 to JENDL-3PR1. 
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12 
Table 3 The c o n t e n t s of the C eva lua ted da ta for JENDL-2, 

JENDL-3PR1 and -3PR2 in the ENDF/B d e f i n i t i o n s . 
1 2 c 

J E N D L - 2 

MF MT 

3 1 

2 

4 

51 

91 

102 

107 

JENDL-

MF 

2 

4. 

-3PR1 

MT 

J, 

2 

4_ 

11(4, 

52.(7. 

H(9. 

li 
102 

103 

104 

107 

2_ 

li 
52 

11 
91 

.44) 

.65) 

.63) 

JENDL 

MF 

2* 

A* 

-3PR2 

MT 

2* 

2* 
A* 
11 
12 
53,* 

ii 
102 

103 

104 

107 

2 

H 
_52* 

11* 
91* 

2 

5 1 

91 

5 9 1 1 z l i 1 JLi 

1 1 l i 12 51 

102 102 

U 51 14 51 

102 102 

The underlines show some change or addition in the evaluated data 

in the course from JENDL-2 to JENDL-3PR1. The asterisks show further 

modifications. 
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Table 4 The c o n t e n t s of t he 0 eva lua t ed da ta for 

JENDL-3PR1 i n t he ENDF/B d e f i n i t i o n s . 
1 6 0 

JENDL-2 JENDL-3PR1 & -3PR2 

MF 

none 3 

4 

5 

- 2 5 -

MT 

\ 
2_ 

4. 

1k 
5W9. 

11 
102 

103 

104 

107 

2̂  

Ik 

_91 

Ik 
91 
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Cr 

Table 5 The contents of the Cr evaluated data for JENDL-2, 

JENDL-3PR1 and -3PR2 in the ENDF/B definitions. 

JENDL-2 JENDL-3PR1 & -3PR2 

MF MT MF MT 

3 1 1 ! 
2 2 

4 4_ 

16 16 

28 28 

51-90 51_-9£ 

91 91. 

102 102 

103 103 

107 107 

4 2 k_ 2_ 

16 16 

28 28 

51-90 1I-M 

91 91 

5 16 1 Ik 
28 ^8 

91 91. 

The underlines show some modification in the evaluated data 

in the course from JENDL-2 to JENDL-3PR1. 
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Fe 

Table 6 The contents of the Fe evaluated data for JENDL-2, 

JENDL-3PR1 and -3PR2 in the ENDF/B definitions. 

JENDL-2 JENDL-3PR1 & -3PR2 

MF MT 

3 i 

2 

4 

16 

51-83 

91 

102 

103 

107 

2 

16 

51-83 

91 

16 

91 

The underlines show some modification in the evaluated data 

in the course from JENDL-2 to JENDL-3PR1. 

MF 

_3 

± 

_5 

MT 

Z 1 

2_ 

_4 

16 

28 

l i-M 
!i 
102 

103 

107 

2̂  

16 

11-83 

91 

!§. 
28 

91 
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Ni 

Table 7 The contents of the Ni evaluated data for JENDL-2, 

JENDL-3PR1 and -3PR2 in the ENDF/B definitions. 

JENDL-2 JENDL-3PR1 6. -3PR2 

MF MT MF MT 

3 1 _3 1 

2 2_ 

4 ± 
16 16 

17 17 

22 22 

28 28 

51-90 li-£0 

91 91. 

102 102 

103 103 

107 107 

4 2 A A 
16 16 

17 17 

22 22 

28 28 

51-90 11.-1° 
91 91 

5 16 1 ii 

17 17 

22 22 

28 .28. 

91 91. 

The underlines show some modification in the evaluated data 

in the course from JENDL-2 to JENDL-3PR1. 
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Present work 
---JENDl-2 

ENDF/B-IV 

<>. Takohosh i et a l . ( 1983 I 

0.00 2 .00 4 .00 6 .00 8.00 10.00 12.00 14.00 16.00 

S e c o n d a r y N e u t r o n E n e r g y ( eV ) 

Fig. 1 DDX o f B e - 9 ( 3 2 d e g . ) (Ref(8)) 

10 
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P r e s e n t work 

- - - JENDL-2 
ENDF/B-IV 

$ Babo et a l . ! 1 9 7 9 ) 

1 IMM. 
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Fig.2 DDX o f B e - 9 ( 2 5 . 9 d e g . ) a t 7 . 0 5 MeV (Ref(8)) 
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10 
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JENOl-2 
ENDF/B-IV 

10 1-
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3 . Revision of the Neutron Nuclear Data of Lithium 

Satoshi Chiba 

Japan Atomic Energy Research Institute 

Abstract 

Neutron nuclear data of 6Li and 7Li stored in JENDL-3PR1 were 

revised, mainly on the basis of the double differential cross sections 

measured at Osaka and Tohoku Universities. Results of the analyses of 

some integral experiments were also taken into consideration. The pre­

sent revision was restricted to the neutron emitting reactions. The 

revised data reproduce well the measured double differential cross sec­

tions . 

1. Introduction 

Since the evaluation for JENDL-3PR1, the first preliminary version 

of JENDL-3, was finished, many differential and integral neutron experi­

ments have been done so far and JENDL-3PR1 has been compared with them. 

There are many evidences that the data in JENDL-3PR1 are superior to the 

JENDL-2 data. With regard to the data of lithium1'-2', however, several 

problems were pointed out3' -4-5': 

! ) Some higher levels not considered in the JENDL-3PR1 evaluation 

should be treated as discrete levels. 

2' The elastic scattering cross section of 'Li is overestimated as 

much as 10" at high energies. 

3} The energy distributions of the continuum neutrons emitted from the 
6Li(n.n'd'!a. 7Li(n,n't)a and G-7Li(n,2n) reactions are not appropri­

ate. 

4 1 The cross section of the 6Li(n,2n) reaction is also overestimated. 

These suggestions should be highly reliable, because they were 

commonly made from both of the differential and integral experiments. 

Therefore we decidec to revise the data of fjLi and 'Li. The revisic was 

mainly based on the double "differential cross sections DDX measured at 

Osaka'' and Tohoku1' Universities. 

This paper describes the procedure and the results of the revision 

work for both nuclei. The evaluated data were compiled in the ENOF B V 

format. 
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2. Elastic and Inelastic Scattering to Discrete Levels 

For each nucleus, two discrete levels ( 4.31 and 5.71 MeV for 6Li, 

and 6.68 and 7.467 MeV for 7Li) were newly considered. The excitation 

functions and angular distributions of neutrons for these levels were 

calculated with the coupled-channel model, except the 7.467-MeV level of 
7Li. The coupling schemes and the optical potential parameters of Chiba 

et al.'! were used in this calculation. The parameters are listed in 

Table 1. 

The calculated excitation functions of the newly considered levels 

were normalized to the experimental data4'-6'. The 7.467-MeV level of 7Li 

was assumed to have the same excitation function as that of the 6.68-MeV 

level. 

The angular distribution for the 5.71-MeV level of 6Li was assumed 

to be isotropic in the center-of-mass system. 

For the first (0.478 MeV) level of 7Li , the angular distributions 

were calculated with the R-matrix theory adopting the parameters of Knox 

and Lane8' below 10 MeV. Above 10 MeV, the coupled-channel calculation 

was performed. For the second (4.63 MeV) level, the R-matrix calculation 

was used below 8 MeV. The experimental data of Hogue et al.9) were 

adopted in the energy range between 8 and 14 MeV. Above 14 MeV, the 

coupled-channel calculation was adopted. The angular distribution for 

the 7.467-MeV level was assumed to be isotropic in the center-of-mass 

system. 

The angular distributions of the elastically scattered neutrons 

were also replaced with the calculated values above 14 MeV. 

The elastic scattering cross section of 7Li was reduced by 5% at 14 

MeV. This reduction caused decrement of the total cross section by 3.5% 

at this energy. 

The angular distributions of the elastically and inelastically 

scattered neutrons from 'Li around 14 MeV were displayed in Figs. 1 and 

2. Fig. 3 shows the total cross section of 'Li between 10 and 20 MeV. 

3. hLi<n.n'd)« and 'Li(n.n't)a reactions 

In the evaluation for JENDL-3PR1. the cross sections of the newly 

considered discrote levels were included in those for the 6Li;n,n'd )a 

and 'Li'n.n't)a reactions. Therefore the cross sections for the 
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'Li;n,n'd/(i and 'Li n.n't n reactions were reduced by the contribution? 

of the newly added levels. 

The energy-angle distributions of the continuum neutrons were eval 

uated with the model of Holland et al.-"': 

c/Ec/Q 
<* Cz • p . <.\) 

_ 2 T / L 
exp ;2-.7 1 

7.2'/.se-

(2) 

'3 : 

p ••= ' . E ' E ^ E:' '•'- . 4 

where E is the energy of the secondary neutrons in the center-of--ir,ass 

system and E ^ is its kinematically allowed maximum value. Subscript 2 

means d for l,Li and t for 7Li, and 3 means a. V23 is the relative velo­

city of particles 2 and 3 in the final state, p stands for the three 

body phase space distribution adopted in JENDL-3PR1. Eq. (1 } gives a 

spectrum softer than p. 

In the present evaluation, pseudo levels were used to express Eq. 

(1 ) . The excitation energies of the pseudo levels were given by 0.5 MeV 

intervals. Cross section for each level could be calculated by integrat­

ing Eq. (I} in corresponding energy interval, because E is directly 

related to the excitation energy. Sum of the cross sections of these 

levels were normalized to the eLi :.n.n'd)a and 7Li(n.n't)o reaction cross 

sections. 

For the angular distributions of the pseudo levels of 7Li , that of 

the continuum neutrons measured by Chiba et al.*! were given. For sLi . 

they were treated as isotropic in the center-of-mass system. 

4. The (n,2n) Reactions 

The energy distributions of the secondary neutrons from the 

'' 'Li'n,2n' reactions were evaluated by the conventional evaporation 

model. For the evaporation temperatures, the data of Chiba et al.4 were 

adopted. The angular distributions of neutrons emitted from these reac 

tions were also replaced by the data in Ref. 4. In addition to these 
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modifications, the GLi'.n,2n) reaction cross section was reduced by 20** 

in the whole energy range so as to reproduce the experimental 

data*' •-"•'-) . Fig. 4 shows the r'Li(n,2n) reaction cross section. 

5. Double Differential Cross Sections (DDX) 

In Figs. 5 to 7, the DDX reproduced from the present evaluation are 

compared with those from JENDL-3PR1, ENDF/B and the experimental 

data4'-61. The lines representing the evaluated data were calculated from 

the data in the MT numbers of 3, 4 and 5. As seen, the present evalua­

tion reproduces the measured data very well. In the present evaluation, 

the energy-angle correlation of the continuum neutrons was easily taken 

into account, because of introduction of pseudo levels. 

6. Concluding Remarks 

The neutron nuclear data of 6Li and 7Li stored in JENDL-3PR1 have 

been revised. The revision was restricted to the neutron emitting reac­

tions. The present work has been performed taking account of the meas­

urements of the differential and integral data available at March, 1985. 

With regard to discrete levels, the results of the R-matrix and 

coupled-channel calculations were utilized. Consideration of the two 

higher levels for both nuclei remarkably improved the evaluated data. 

Concerning the continuum neutrons, cross sections and energy-angle 

distributions of the secondary neutrons were expressed by the pseudo-

levels spaced by 0.5 MeV interval. 

The energy distributions of the G'7Li(n,2n) reactions were eval­

uated with the conventional evaporation model. The cross section for the 
6Li(n,2n) reaction was reduced by 20% in the whole energy range. 

The elastic scattering cross section of 7Li was reduced by 5% at 14 

MeV. This reduction caused decrement of the total cross section by 3.5% 

at 14 MeV. This total cross section might be underestimated, as seen in 

Fig. 3. This problem is left for future work. 
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TABLE 1 O p t i c a l p o t e n t i a l and deformation parameters 

V(MeV) r(fni) a (fin) W (MeV) 
s 

r1(fm) a^fm) 

6Li 
7Li 

45.08 1.188 0.5734 0.4432E-1.163 
49.62-0.3622E 1.280 0.6198 1.8797E-13.24 

1.611 0.2674 1.1395 
1.338 0.1039 0.9521 

E™Incident neutron energy in the laboratory system (MeV) 
V =5.5 MeV, r =1.15 fm, a =0.5 fm 
BO 80 SO 

Coupling Schemes: . . . 
^ i ; 1 (G.S.) - 3 (2.185) - 2 (4.31) - 1 (5.7) 
7Li; 3/2~(G.S.) - 1/2 (0.478) - 7/2 (4.63) - 5/2 (6.68) 

Fig.l 

Differential elastic and inelastic 

(Q=-4.63MeV) scattering cross 

sections of 7Li around 14 MeV 

ang I e( cos 
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4 . On the Format of JENDL 

Tsuneo Nakagawa 

Japan Atomic Energy Research Institute 

Tokai-mura. Naka-gun, Ibaraki ken 

The ENDF, B format is adopted for JENDL. In this paper, the basic 

things of the ENDF/B format are explained and differences among recent 

versions of the ENDF/B format are summarized. 

1. Introduction 

After evaluation, the evaluated nuclear data must be compiled in a 

suitable format so as to be used with various computer programs in 

their application fields. Among several formats developed so far, the 

ENDF/B format is most commonly used for many evaluated nuclear data 

libraries and many processing programs have been made. Japanese Eval 

uated Nuclear Data Library, JENDL, is also compiled by adopting the 

ENDF/B format. This format has several versions. The ENDF/B IV format 

was adopted for JENDL-1 and JENDL-2. JENDL-3PR1 and JENDL-3PR2 were 

compiled in the ENDF/B-V format. 

Since the purpose of this summary was to give fundamental knowl­

edge on the format of JENDL to the attendance of this specialists' 

meeting, basic things of the ENDF/B format were explained by referring 

to Ref. 1. 

2. Basic Formats 

In the ENDFB format, both of card-image and binary formats are 

defined. However the card-image format is more often used than the 

binary one. Each record of the card-image format consists of 80 

columns. In the columns from 67 to 75, three identification numbers are 

stored as follows; 

Columns 67 - 70, MAT (14) = an identification number of material. 

For final data of each version of JENDL, MAT numbers were deter­

mined as \ZZV. V stands for a version of JENDL, e.g. V=2 for 

JENDL-2. ZZ is an atomic number. Y is an isotopic order in the 

same atomic number. In the case of natural element, V is zero. For 

example, the data of 6Li and 7Li are stored in JENDL-2. Therefore 

-41-



JAERI-M 86-029 

the MAT numbers of 2031 and 2032 were assigned to 6Li and 7Li . 

respectively. In the case of preliminary data like those in JENDL 

3PR! or JENDL 3PR2. MAT numbers are simply given as {atomic number 

' 100 i last, tvo digits of mass number . 

Columns 71 72. Ml' 12/ -- an integer to classify evaluated data into 

several 'files . 

Table 1 gives meaning of MF numbers to be used for JENDL-3. In the 

case of J END!. 1 and JENDL 2. MF numbers from 1 to 5 were used, 

because fission yield data could be stored into Ml7 1 of the 

ENDF B IV format. In JENDL 3. higher MF numbers will be used for 

storing energy angular distributions, gamma ray production data 

and covarianee matrices of cross section data. 

Columns 73 7b. MT 13 • a type of reaction. 

Frequently used MT numbers for JENDL are listed in Table 2. 

From 7Gth column to the last, sequential numbers of records for 

each material are stored. Columns from 1 to 66 are divided into six 

fields. An example of data in the ENDF.-B format is shown in Fig. 1. The 

smallest group of data has the same MAT, MF and MT numbers and it is 

called 'section'. A record with MT 0 always follows each section, and 

it is called 'SEND record'. The last record of data with the same MF 

numbers is 'FEND record' with MF=0 and MT 0. The data for each material 

is ended by 'MEND record' with MAT-0, MF 0 and MT 0. 

The ENDF B format is constructed from the following basic formats. 

1 ) CONT record 

This is a record with two floating numbers and four integers and 

is written as follows in this paper. 

CONT CI, C2. LI, L2, Nl. N2 

MAT, MF and MT numbers are not explicitly written in this manner. The 

first record of each section has the same structure as CONT record, and 

is called HEAD record. 

HEAD ZA, AWR, LI, L2. Nl, N2 

ZA = atomic number x 1000.0 •*• mass number 

AWR - weight of material in the ratio to the neutron mass 

2) LISTT record 
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Stored in this record is a string of floating numbers such as 

coefficients of Legendre polynomial expansion. 

LIST / CI, C2, LI, L2, NP, N2 

(P.I *, I l.NP) 

NP number of parameters 

3) TAB1 record 

One dimensional functions such as cross section data are stored in 

this record. 

TAB1 ' CI, C2. LI, L2, NR, NP 

iNBT.l .,INT(I),L-1,NR; 

(X.I .•.Y.n.M ,NP) 

NR number of interpolation ranges 

NP number of data points 

NP data points given in the TAB1 record and interpolation scheme speci 

fied in NBT I , INTMi. I -1 . NR > represent one dimensional function. 

Shape of the curve is obtained by method of interpolation defined in 

the ENDF B format is so called 'section paper interpolation'. The data 

users have to pay attention to the interpolation schemes because the 

shape of the curve is very dependent on them. 

4) TAB2 record 

Two-dimensional functions, y(x,z), are represented with TABS 

records. 

TAB2 / CI. C2, LI, L2. NR, NZ 

(NBT.:I;.INT(I),I = 1,NR; 

NR - number of interpolation ranges 

NZ -- number of values of secondary variable z 

This TAB2 record is followed by NZ times of TAB1 or LIST records which 

represent y>x,Z| \ y(x,z? ) • and so on. 

3. Format of each MF 

Evaluated data are represented with combinations of the above 

mentioned basic formats. Some examples are given below. 

3.1 MF-̂ 1, MT 451 (Descriptive Information) 

This section must be the first one of data for each material. 

Descriptive information and some important characteristics of the 
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material are given as follows in the ENDF. B V format.. 

HEAD / ZA , AWR , LRP , LFI , NL1B, NMOD 

CONT / ELIS, STA , LIS , LISO, 0, 0 

CONT /• 0.0 . 0.0 , 0, 0, NWD , NXC 

NWD records of descriptive informaLion 

CONT . 0.0 , 0.0 , MF , MT , NC , NMOD 

(repeated NXC times as index of stored data ) 

LRP -- flag, for resonance parameters 

LFI flag for fissionable material 

NMOD mod i f i ca t i on number 

ELIS excitation energy of target material 

STA flae, for stability of material 

LIS state number of target material 

L1S0 isomeric state number 

In the case where some part of data is modified. NMOD's of HEAD 

record and corresponding index record CONT record arc increased by 1. 

The user should refer to the data with their MAT number and NMOD. 

3.2 MF 2 (Resonance Parameters) 

Resolved and unresolved resonance parameters are stored in the 

MT 151. In the evaluation for JENDL. the multi level Breit-Wigner 

(MLBW; formula is very frequently used. However, the value of total 

spin J was assumed sometimes to be the same as the target spin in the 

case where J was unknown. For such cases, the use of RESENDD-' is 

strongly recommended for reconstruction of pointwise cross sections. 

This problem will be solved in JENDL-3 by assuming physically correct J 

values to all resonances. 

3.3 MF=3 Cross Sections) 

Cross sections. a:E). are represented in the following very simple 

format. 

HEAD ZA . AWR . LIS . LFS , 0, 0 

TAB1 S . Q , LT , LR , NR , NP 

:NBTI>, INT!.r>, 1 = 1 .NR > 

(E'l ;. a:E(I.M. 1 = 1.NP; 

LIS LFS - initial/final state numbers 

S = temperature or break up energy 

Q = reaction Q value 
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LR :• emitted particles after the 'ji.n' • reaction. 

In this format, a LR flag is important for light nuclides. Exam 

pies of LR flags are given in Table 3. By using Ml' numbers and LR 

flags, break up reactions are represented, for example, as follows, 

Li 6 n,nj Li 6 d<\ MT 51 LR 32 

LI 7.n.n, Li 7,tn MT 91 LR 33 

B 10 n.riu B 10 d2u ' MT 62 LR 3b 

In the case where resonance parameters are given in MF 2. back 

ground cross sections arc given in the resonance energy region for the 

total, elastic scattering, fission and capture cross sections. Actual 

cross sections arc sum oC pointvise cross sections calculated from the 

resonanee parameters and those in MF 3. If the data are also given for 

the nomlustio scattering, n.f .. absorption and or neutron disappear 

ance cross sections, they must be also modified by resonance cross 

sections. 

3.4 MF A Angular Distributions of Secondary Nriit.i oris 

Angular' distributions arc always given as the following normalized 

function. 

/ : p ;/./.' :di< 1. 

dfi 2.- f ' •'' • 

Two ways of representation of fr/i.E; exist by specifying the flag LTT. 

If LTT 1. p /)./•' is expanded into the Legendrc polynomials. 

^ 2/.1,, 
p „.„, 1 . ^ ^ h E P r v 

2 ^ 2 

The coefficients, fi'.E;. are stored in LIST records. If LTT 2. p )i.F. > 

are represented with TAB1 records. 

3.5 MF 5 Energy Distributions of Secondary Neutrons 

Energy distributions are also given as the following normalized 

function. 

/ ' P 7'." -/•;• <.(!•;• - i 

By using this function, actual energy distributions are calculated as 

fol Lows'. 
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LP : 

LF 

LF 

•- 5 

7 

9 

do ft" -£' ) ..,, .„ ,,. rpr. = mo h'P'E -E :•. 

where multiplicity t« is imp] ictly given, cross section o E is given in 

MF--3 and the normalized distribution p /•' -/*." in Mi-' b. Five kinds of 

spectrum can be used depending on the control flag of IP. 

LF = 1 Tabulated fuctions 

General evaporation 

Fission spectrum 

Evaporation spectrum 

LF 11 Energy dependent Watt spectrum 

In the ENDF B IV format, LF 10 'energy indopenrl -n! Walt spectrum is 

defined in the place of LF 11. For JENDL. IP's Y and 9 are most fre­

quently used. 

3.6 MF 6 Energy Angular Distributions of Secondary Neutrons 

Energy angular distributions, so called doubl" differential cross 

sections DDX . are also given as a normalized function. {>•/•" -/•"' ,/i 

DDX are written as follows by using the normalized function. 

daE •!•'.' .ii • a'E i , r ,-. 

—doUf: '"-zTph -'•• •" ' 

It is also possible to give them in the form of Legendre expansion. 

iVV. 

p E -/•.-.>r £ -^—fi-E-E- I', i< . 

In both cases, angles must be given in the laboratory system. 

This MF is not often used in JENDL. In the case of JENDL 2. only 

the data of D has DDX. 

4. Differences among Recent Versions of ENDF B Format 

The formats are different more or less among versions of the 

ENDF, B format. For example, the format of MF 1, MT 451 is as follows in 

the ENDF B-IV format. 

HEAD ZA . AWR , LRP . LFI , 0. NXC 

CONT 0.0 , 0.0 , LDD . LFP , NWD , 0 

--• - NWD records of descriptive information 

CONT 0.0 , 0.0 , MF , MT , NC , 0 

'repeated NXC times) 

LDD = flag for decay data 

LFP - flag for fission product yield data 
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This format, is different from the ENDF, B V format described in Section 

3.1. In the FA'DF B VI format1' , further improvement will be made as 

follows; 

HEAL") ZA , AWR . LRP . LP"I , NLIB. NMOD 

CONT El .IS. STA . LIS , LISO, 0, NFOR 

CONT AWKI. 0.0 . 0. 0, NSUB, NVER 

CONT TIM\ 0.0 . LDRV. 0, NWD , NXC 

NWD records of descriptive information -

CONT 0.0 . 0.0 . MF , MT , NC , NMOD 

•repeated NXC times' 

Nl'OR format number :4. 5 or 6 

NSUii sublibrary number \ 10 for neutron data file: 

NVER version of library 

TEMl' temperature 

AWR1 weight of incident particle 

LRP flag for resonance parameters. If LRP 2. resonance 

contributions should not be added to cross sections. 

LDRV flac for derived libraries 

The following are other important differences. 

Decay.and fission product,yields 

They are stored in MF 1 until the ENDF. B IV format. From version 

V, they are moved to new MF 8. 

Resonance parameters 

Use of the Reich Moore formula is not allowed in the ENDF, B-V 

format, but allowed in the ENDFVB-IV and VI formats. From the ENDF. B 

V format, widths of competing reactions can be taken into account. 

The format of energy dependent scattering radius is newly introduced 

for the ENDF B VI format. 

Angular.distributions 

A simple format for isotropic distributions were introduced from 

the ENDF. B V format. 

Energy distributions 

The energy independent Watt spectrum is no longer used from the 

ENDF, B Y format, and the energy dependent Watt spectrum is available 

instead. Furthermore, the Madland-Nix type spectrum is allowed in the 

ENDF B VI format. 

Energy, angular distributions 

The format is completely changed from the ENDF.-B VI format. 
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Covari an r < • ma L r i (-e.s 

Thi- formal, of cova r i ancc m a t r i c e s were c l e a r l y def ined in the 

ENDF B V format.. 

5. Con -1 nsion 

It. is very important, that Ihe both of nuclear data evaluat.ors and 

users und--ssL-md well the format, of the evaluated nuclear data library. 

Otherwise. Uie evaluated data mie.ht not be. properly u-.od. In this lee 

ture. tii- base- things of the FI-IDF B format, were explained, and some 

di fferen. •(•;• of I lie [-T-1DF B V] , V and VI formats were summarized. 

We IK.v.- already decided that JKNDL 3 will be compiled in the 

FM>F B V foMicit However, the M ) F B VJ will be releaser! in almost, the 

same yi.u ,,;. J[-j;|)|. 3. Therefore JI-ND1. Compilation Croup is now invest.i 

Kelt in;-, tli- • possibilities of adopt inc. the FNDK B VI format for JFNU. 3. 

Refer.-n- - •:•; 

1 Kevis.-.l by Kins.-y: "Data format, and Procedure;; for the Fvaluated 

Nuclear D..la File. FNDF , BNl. NCS bO-196 FNDF 10? . 19Y9 . 

? Nak..j.,.v... T.: Program RFSFND!) -Version S1 07 '. JAFRI M 84 19? 

19SM . 

3 Private communication 1981 > 
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Tabic 1 Definition of MP Numbers 

MI"' Descriptions 

1 Goiii-ia] information anil son!'1 f ission qirnt. i t ios 

? Resonance parameters 

3 Noiitrun cross sections 

4 Angular distr ibut ions of secondary neutrons 

b ["Iner;>,y distr ibut ions of secondary neutrons 

6 Kner&y angular distr ibut ions of neutrons 

V Thermal neutron seattor inn law 

8 Radioactive decay and f ission product yields 

\'r> Plmton production mul t ip l i c i t ies and transit ion 

[iroliabi 1 i t ies 

13 Photon production cross sections 

14 Photon angular distributions 

lb Photon cnercy spectra 

31 Covariano.es of " 

3£ Covarianecs of resonance parameters 

33 Covaricinc.es of neutron cross soot ions 
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Tabic 2 D e f i n i t i o n of F requen t ly used MT Numbers 

MT Descriptions 

1 Total 

2 Elastic scattering 

4 Total inelastic 

16 n.2n 

17 n.3n> 

18 Total fission 

22 n.n'o 

28 n. n' p 

51 90 n.rf ; to the 1st to 40th levels 

91 n.n' to the continuum level 

102 Radiative capture 

103 n.p 

101 n.d, 

10b < n . t 

107 n.<i 

151 Resonance parameters 

251 m 

451 Descriptive information 

452 <• 

454 Independent fission product yields 

455 Delayed neutrons from fission 

45G Prompt neutrons from fission 

Table 3 Definition of LR Flags 

LR Particles 

22 

23 

24 

30 

32 

33 

34 

35 

36 

u 

3n 

nn 

n2a 

d 

t 
3He 
d2a 

t2o 
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7 

0 
1 
0 
3 
3 
3 
4 
4 
4 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 

0 
1 
0 
4 
4 
4 
4 
5 
5 

4 
1 
1 
1 
5 
2 

3 
5 
3 

0 
0 
5 
2 
8 
4 
1 
4 
1 
4 
1 
4 
3 
5 
5 
5 
5 
5 
5 
5 
5 
9 
1 
9 
9 
1 
1 

1. 
3. 
4. 
5. 
7. 
9. 

.23000-

.26000+ 

.40200+ 

.42100+ 

.60000-

.20000-

.38000-

.70000-

.71000-

.0 + 
0 + 
00000-
00000-
04000-
21000-
99000-
30000-
20000-
60000-
60000-
10000-
60000-
02000-
53000-
56000-
47000-
39000-
55000-
62000-
S8000-
67000-
00400+ 
98000-
99000-
20400+ 
22400+ 

02925 
202925 
02925 
12925 
02925 
0292S 
02925 
12925 
22925 
2925 
2925 

02925 
102925 
02925 
12925 
12925 
12925 
2925 
292 5 

02925 
832925 
02925 
02925 
02925 
52925 
52925 
52925 
5292S 
42925 
42925 
32925 
32925 
22925 
22925 
12925 
12925 
12925 
12925 
12925 
12925 
12925 
12925 
12925 
12925 
02925 
12925 
12925 
0292S 
02925 
292S 
2925 

02925 
912925 

10000-
42000-
81000-
70000-
96149-
91008-

02925 
12925 
12925 
12925 
12925 
12925 
12925 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
T, 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
0 

17 
17 
17 
17 
17 
17 
17 
0 

18 
18 
18 
IB 
18 
IB 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
0 

51 
51 
51 
51 
SI 
51 
51 
51 
51 

312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
354 
355 
356 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 
370 
371 

F i g . 1 Example of da ta i n t he ENDF/B format 
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II. From the Standpoints of Nuclear Design 

1. Nuclear Data and Integral Experiments 

Required for Fusion Reactor Nuclear Design 

Yasushi Seki 

Japan Atomic Energy Research Institute 

Naka-machi, Naka-gun, Ibaraki-ken 

Nuclear data required for the nuclear design of fusion reactors are 

described very briefly. The 7Li cross sections in the GICX40 library 

which had been derived from ENDF/B-3 were replaced by those derived from 

JENDL-3PR1. The effects of the replacement on tritium breeding ratios of 

two types of blankets are shown. Integral experiments useful for the 

validation of the data and methods used in the nuclear design are described. 

1. Introduction 

Major tasks of the nuclear design of a fusion reactor are as follows: 

i) Acnieve the net tritium breeding ratio greater than one, 

ii) Estimate nuclear heating in the components, 

iii) Protect radiation sensitive components, e.g. superconducting magnet 

(SCM), 

iv) Protect public and personnel from irradiation during reactor opera­

tion and at shutdown, 

v) Analyze fusion neutrons for plasma diagnostics. 

The target accuracy and the estimation of the presently achievable 

accuracy of the quantities related to the above tasks are presented in 

Table 1 with some comments on the limiting factors of accuracy and the 

cause of uncertainty. It should be noted that there is still a large dif­

ference between the target accuracy and the estimated uncertainty. 

To improve the accuracy of tritium breeding ratio, the nuclear data 

improvement and the heterogeneity treatment of the breeding blanket com­

position are requested. Especially the improvement of energy and angular 

distribution data of secondary neutrons for the constituent nuclides of the 

blanket is in need. 

In the calculation of neutron transmission through bulk shielding, the 

accuracy of neutron transport cross sections seems to be the limiting factor. 
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The gamma-ray production data should be improved for the calculation if 

nuclear heating in superconducting magnets and cryopanels. 

For the induced activity calculation, the accurate activation cross 

sections are needed not only for the major component elements but also for 

impurity elements. 

2. Li Cross Section Replacement 

In the nuclear design of fusion reactors in Japan, the GICX40 cross 

section library is widely used. The 7Li cross sections in the GICX40 
(31 library were derived from the ENDF/B-3 in 1975. These cross sections 

were replaced by those derived from the newly evaluated JENDL-3PR1^ . 

The effects of the replacement on the tritium breeding ratios in the two 

types of blankets, namely Li20 blanket and Li blanket are shown in Fig. 1 

together with the calculational models of the blankets. Figure 1 shows 

that the effect of the replacement results in the decrease of the tritium 

breeding by the 7Li(n, n'ct)t reaction, T7 of about 20% for both 

blankets. But due to the difference in the absolute values of T7, the 

reduction of the total tritium breeding ratio, T is about 7% for the Li 

blanket and 3.4% for the Li20 blanket. 

3. Integral Experiments Required for Nuclear Design 

Integral experiments conducted mostly in the Fusion Neutronics Source 

Facility (FNS) which are useful in the validation of the data and methods 

used in the nuclear design of fusion reactors, are listed in Table 2. The 

experiments which are desired from the nuclear design are also listed in 

the table. 
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Table 1 Target accuracy and the e s t ima ted u n c e r t a i n t y 

of the q u a n t i t i e s r e l a t e d to n u c l e a r design 

Quantity Target Estimated Major limiting factors 
accuracy uncertainty and cause of uncertainty 

a. Tritium breeding ratio 

b. Nuclear heating rate 

1% 10% Nuclear data, 
heterogeneity 

c. 

d. 

e. 

Vacuum vessel 
Tritium breeder 

Bulk shielding 
Superconducting magnets 

Biological shield 

Streaming effect 
SCM(Cu, insulator) 
NBI(Insulator) 
Instrumentation 
(window, semiconductor) 

Cryopanels (heating 

Induced activity 
NBI 
Instrumentations 
Dose rate distribution 

20% 
5% 

10% 

50% 

10% 
20% 

10% 
20% 

50% 
50% 
50% 

100% 
50% 

100% 

350% 

500% 
100% 

100% 
100% 

200% 
200% 
500% 

Transport calculation 
Heterogeneity 

Nuclear data, design 
criteria 

Nuclear data, skyshine 

Transport calculation 

Gamma-ray production 
data 

Activation cross 
sections 

Impurity content 
Transport calculation 
Corrosion products 
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Table 2 Integral Experiments Required for Nuclear Design 

of Fusion Reactors 

Quantities and Objective 
Experiments conducted mostly 
at FNS 

Tritium breeding ratio 

Nuclear heating 

Radiation damage 

Li20-C Sphere
(5\ Li20 Slab, ^ 

Engineering Benchmark Experiment 

Measurement using TLD ? 

Organic(Inorganic) insulators 

Copper dpa at 4°K 

(7) 

Validation of streaming calculation Concrete bent duct in FNS 

Gap streaming 

Duct Streaming 

(8) 

Induced activity 

Skyshine dose 

SUS-316(11), Al alloys(12), 

shutdown dose 

OKTAVIAN1- J ; 
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Lithium Oxide Blanket Liquid Lithium Blanket 

Plasma Plasma 

200 

220 
Scrape-off layer 

221.5-
First wall SS(0.9) H20(0.1) 

200 

220 -

220.5-

Scrape-off layer 

First wall V{1.0) 

Breeder 

265 

270 

Li20(0.623) 

SS(0.024) Hz0(0.044) 

End wall SS(0.9) H20(0.1) 
275 

280 

Breeder Li{0.925) 

V(0.075) 

End wall V(1.0) > 
33 

Shield Shield 

Local Trit ium Breeding Ratio Local Tr i t ium Breeding Ratio 

GICX40 

GICXNEW 

T6 

0.809 

0.835 

T7 

0.343 

0.278 

Total 

1.152 

1.113 

+3.2% -19.0% -3.4% 

GICX40 

GICXNEW 

T6 

0.844 

0.876 

T7 

0.631 

0.493 

Total 

1.475 

1.370 

+3. -21.9% - 7 . 1 % 
7 T , Fig.l Change in Tritium Breeding Ratios by the Replacement of Li Cross Sections 
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2. A High Tritium Breeding Ratio (TBR) Blanket Concept and 
Requirements for Nuclear Data relating to TBR 

Koichi MaKi 

Energy Research Laboratory, Hitachi Ltd. 
1168 Moriyama-cho, Hitachi-shi, Ibaraki, 316 Japan 

Abstract 

Significance of developing a blanket having a sufficiently larger 
tritium breeding ratio (TBR) than 1.0 is discussed. For this purpose, a 
high TBR blanket with a front breeder zone just before the multiplier is 
introduced together with conventional blankets. From discussion of TBR 
characteristics in these blankets, the necessity of improving on nuclear 
data, i.e. reducing uncertainties is presented as follows; os, onp and onj 
of structural and coolant materials, and on2n of the multiplier at higher 
energies above several MeV, and cnV of these materials and onaT of Li at 
energies from several hundred keV to thermal energy. 

1. Introduction 

In calculation of a tritium breeding ratio (TBR), neutron transport 
codes and nuclear cross-sectional data are used. The uncertainties of 
these nuclear data bring about an uncertainty in the TBR. The purpose of 
the present paper is to require the nuclear data to be improved in their 
own uncertainties so as to reduce the TBR uncertainty. 

In order to determine the nuclear data to be required, the present 
paper takes the following approach. At first, the importance of increasing 
the TBR above 1.0 is emphasized and the required value of a local TBR is 
predicted. Then, a high TBR blanket concept presented by Maki ' is intro­
duced. The effects of cooling channels and SVS for spacers in the neutron 
multipliers on the TBR, and characteristics of the TBR are discussed for 
the blanket. Moreover, nuclear data relating to, and having large effects 
on, the TBR are discussed. Based on these discussions, the requirements 
for reducing uncertainties in nuclear data are presented. 

2. Importance of Tritium Breeding and Local TBR 

Tritium consumption rate Gp by D-T burning in a plasma is represented 
as, 

CT = Pf-fd/17.6>l.6O21*10~19 (n/s) 

= 0.0557 pf-fd (kg/yr! (1) 

where Pf is fusion power in megawatts and f(j is load factor. The amount 
of tritium consumed during one year's operation is estimated for the 
following two cases. 

Case 1. A proto type fusion reactor with Pf=2500MWt and fd=0.8: 
If TBR=0, the tritium consumption in one year is 111 kg. Even if TBR=0.9, 
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the consumption is 11 kg. 

Case 2. The FER2' (Fusion Experimental Reactor being developed by JAERI) 
with Pf=440MW and f<j=0.25: If TBR=0, the tritium consumption in one year 
is 6 kg. For TBR=0.9, the consumption is 0.6 kg. 

When TBR=0.9 in Case 1 and TBR=0 in Case 2, the amounts of tritium 
consumption can be supplied by existing facilities, such as light water 
reactors for lithium irradiation, listed in Table 1J'. But, comparing the 
fusion powers with the powers of these facilities, we see easily that the 
powers in the latter need to be larger than 10 times of those in the former 
to supply the tritium for consumption by the former. This means that the 
share of electric power by fustion reactors cannot be increased to more 
than 1/10 of that by fission reactors. In other words, the significance of 
developing fusion reactors is lost, if it is impossible to increase the TBR 
sufficiently above 1.0. Therefore, one of the most important requisites 
for deciding success or failure of D-T fusion reactors is whether blankets 
having a TBR sufficiently larger than 1.0 can be developed or not. 

The TBR calculated by a one-dimensional model corresponds to a local 
TBR. The local TBR must exceed the value including margins due to doubling 
time and nuclear data uncertainties, and effects by divertors, shell coils 
and several ports. 

Maki ' derived the TBR margin, ATBR, due to the doubling time in 
consideration of the tritium inventory, fusion power and the tritium 
reduction by G decay, as follows, 

NT _,t, -: 
ATBR = —-- [l - e ' 2] . (2) 

pf 

where A means a decay constant (=0.05653 (yr~ )); N T, tritium inventory 
(in kilograms); Pf, fusion power (in megawatts); and t2, doubling time 
(in years). Values calculated by Eq. (2) are shown in Fig. 1. When we 
used the doubling time of 2 to 10 years assumed by Abdou ', a mean TBR 
margin of about 0.05 was obtained from this figure by assuming N'T/Pf~0.01. 

Tobias and Steiner5' estimated the TBR uncertainty due to nuclear 
data uncertainties as about 0.05. According to recent estimations, 
uncertainties due to nuclear data are higher and depend on the blanket 
concepts6'7'. Considering these predictions, we assumed the TBR un­
certainty due to nuclear data uncertainties of about 0.05 as a conservative 
value. 

The TBR margin due to divertors and shell coils has been estimated as 
about 0.12 for the FER reference design of Ref.l. We applied that value 
to the TBR margin. The TBR margin due to several ports has also been 
estimated as about 0.071' for the FER. We also applied that value to the 
TBR margin. 

Consequently, the four margins had a summed value of about 0.29. 
Therefore, the local TBR was assumed to be 1.3. 

3. High TBR Blanket Concept 

Most methods proposed to increase the TBR have been based on using a 
neutron multiplier in the blanket region nearest the plasma 
In these methods neutrons are multiplied by the (n,2n) reaction of 
beryllium, lead, etc., before reacting with lithium. There is no increase 
in the TBR above the local value of 1.3 in the blanket separated from the 
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first wall such as shown in Fig. 2. 
In the blanket, shown in Fig. 2, however, back scattering neutrons 

from the multiplier are absorbed by the first wall structural materials, 
for instance SUS, in the low energy absorption range. Ehe neutron multi­
plying effect is, therefore, compensated by this absorption. Consequently, 
to prevent neutrons from being absorbed and to increase the TBR, we re­
commended a blanket with a thin breeder zone (designated the front breeder 
zone) on the plasma side just before the multiplier '. 

A suitable thickness for the front breeder zone is about 1 cm for °Li 
enrichment of 50% , while a suitable thickness of the beryllium neutron 
multiplier is ten odd centimeters. 

Considering these factors, a blanket with the front breeder zone and 
beryllium multiplier was designed as shown in Fig. 3. Then, we investi­
gated the following two items which have large effects on the TBR. 

3.1 Ccoling channels in the multiplier 

The actual multiplier has cooling channles, which consist of S" ~! 
cooling tubes and H2O coolant. In this section, the effects of SUS and H,0 
effective thickness on the TBR were estimated. Their effective thickness 
is from 0 to 0.6 cm to allow for the cooling channels. The TBRs are 
estimated as a function of SUS and H2O effective thicknesses in Fig. 4. 
Sensitivities of the SUS thickness to the TBR are obtained as -0.35 and 
-0.15 ATBR/cm for 10- and 15-cm- thick beryllium multipliers, respectively. 
Sensitivities of the H2O thickness to the ratio are obtained as -0.2 and 
-0.12 ATBR/cm for the same respective thicknesses. 

The average nuclear heating density in the beryllium multiplier is 
several watts per cubic centimeter. One line of cooling channels arranged 
every 6 cm is equipped in the multiplier to remove the nuclear heat. 
The 0. 25-cm-thick tube has a 1-cm inner diameter. The effective thick­
nesses of both the SUS and H2O in these channels are estimated to be about 
0.15 cm. From Fig. 4, the effects of 0.15-cm-thick SUS and K2O on the TBR 
are -0.1 and -0.05 ATBR for 15- and 10-cm-thick beryllium multipliers, 
respectively. Therefore, the TBRs are predicted to be reduced by the 
cooling channels in the multiplier from 1.72 to 1.62 and from 1.60 to 1.55 
for 15- and 10-cm-thick beryllium, respectively. 

These effects of SUS and H2O for cooling channels on the TBR are due 
mainly to a decrease of the Be(n,2n) reaction by their neutron-showing-
down cross-sections. 

3.2 Structural materials for spacers in the multiplier 

In the previous discussion, only the cooling channels in the multiplier 
were taken into consideration for the effect on the TBR. In the actual 
multiplier, however, structural materials for spacers such as SUS are used 
to support the cooling channels and the multiplier itself, when the effec­
tive thickness of both the SUS and H2O for the cooling channels is 0.15 cm 
in the multiplier, the changes of the TBRs are described as a function of 
the changes in thickness of the beryllium multiplier, including various 
compositions of SUS, as shown in Fig. 5. In this figure, SUS 0% corresponds 
to the multiplier taking only the cooling channels into consideration as 
mentioned previously. From this figure, as the SUS composition becomes 
larger, the beryllium multiplier thickness giving the maximum TBR is re­
duced. The thickness is 16 cm for an SUS composition of 0%, 13 cm for 2%, 
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11 cm for 5% and 10 cm for 10%. Also, the maximum TBR is reduced to 1.62, 
1.52, 1.45 and 1.38 for SUS compositions of 0, 2, 5 and 10%, respectively. 
Therefore, it is necessary to decrease the SUS composition in the multi­
plier by improving the blanket concepts. 

Also this TBR reduction by increasing the SUS composition are due 
mainly to a decrease in the Be(n,2n) reaction due to its neutron-slowing-
down cross section. 

Even if the previous effects are taken into consideration, the blanket 
with the front breeder zone is shown to have a larger TBR than the local 
TBR of 1.3. 

4. Nuclear Data Relating to TBR 

In discussing the behaviors of neutrons, produced by D-T fusion 
reaction, flying from the first wall to the tritium production region, 
we present nuclear data having large effects on the TBR in this section. 

4.1 Neutrons through first wall to the multiplier 

In order to enhance the TBR, it is necessary to increase the neutrons 
multiplying reaction. From the first wall to the neutron multiplier 
regions, it is si.fficient to take the neutrons having higher energies than 
the threshold enorgy of the (n,2n) reaction into conside ration. Makinci the 
slowing-down of neutrons as small as possible and preventing neutrons from 
being lost by a charged-particle production reaction are indispensable to 
increasing the neutron multiplying reaction. Therefore, nuclear data 
having large effects on the TBR in these regions are the slowing-down 
cross-sections, such as Oj_n and oei, and charged-particle production 
cross-sections, such as onP and ona. 

4.2 Neutrons in the multiplier before (n,2n) reaction 

Before the neutron multiplying reaction, it is necessary to make the 
slowing-down of neutrons as small as possible and to prevent neutrons from 
being lost by a charged-particle production reaction, just as cited in the 
previous subsection. In this region, therefore, the nuclear data having 
large effects on the TBR are slowing-down cross-sections, such as Oj_n and 
oe-±, and charged-particle production cross-sections, such as onp and o'na. 
In addition to these, the neutron multiplying cross-section, an2n, is 
important to reduced the TBR uncertainty. 

4.3 Neutrons in the multiplier after (n,2n) reaction 

After the neutron multiplying reaction, not slowing-down, but absorp­
tion of neutrons must be taken into consideration. Neutrons having the 
energy from several hundred kilo-electron-volts to thermal energy play an 
important part for the TBR. In the multiplying region, therefore, absorp­
tion cross sections in the energy range described above have large effects 
on the TBR. 
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4.4 Neutrons from the multiplier 

Some of the neutrons from the multiplier are absorbed before the 
tritium production reaction. As this absorption decreases the TBR, 
blanket concepts must be devised to reduce it. Therefore, capture cross 
sections, ony, of structural materials, between the multiplier and the 
tritium production region, and in the tritium production region have large 
effects on the TBR. 

The TBR contribution from neutrons of less than lOOeV is more than 
70% as shown in Fig. 6. From this, the tritium production cross-section, 
anaT °f Li' which has a large thermal value of 940 barns and 1//En energy 
dependence, is important. On the other hand, the tritium production cross-
sections of 7Li have little importance; their contributions to the TBR is 
only several percent especially when using beryllium is used as a neutron 
multiplier. Even if lead is used as a neutron multiplier, tritium produc­
tion by 7Li makes a contribution to the TBR of less than 10%. 

5. Requirements for Nuclear Data 

In this section, materials proposed for blankets are listed and dis­
cussed. Considering the nuclear data having large effects on the TBR 
investigated in Sections 3 and 4, the requirements for improving nuclear 
data by reducing their uncertainties are presented. 

5.1 Materials proposed for blankets 

Material of SUS, the most commonly used material in reactors, was 
proposed for the first wall materials and its protectors. In addition to 
this, a molybdenum alloy and a vanadium alloy were proposed for the first 
wall materials. A ceramic SiC was proposed for the protectors. 

For the structural materials of the blanket vessels, SUS is used in 
most blanket designs. A molybdenum alloy and a vanadium alloy were further 
proposed for the materials of the blanket vessels. 

For the neutron multipliers, beryllium and lead, the most commonly 
used species, were employed in the blanket design (cf. section 3). 
In addition to these, their oxides or alloys were proposed for the neutron 
multipliers. 

Lithium metal, LijO, LiA103, Li2Si03 etc. were presented for the 
tritium production materials. Material of Li20 was used in the blanket as 
shown in Section 3. 

For the cooling channel tube materials, SUS, molybdenum alloy, 
vanadium alloy etc. were presented. And for the coolant, H2O, helium gas 
etc. were proposed. 

For the other structural materials, SUS, a molybdenum alloy, vanadium 
alloy etc. were presented. 

The above materials are listed in Table 2. 

5.2 Requirements for improving the nuclear data 

In Section 3, the slowing-down of neutrons by cooling channels and 
the spacers in the multiplier was shown to reduce the neutron multiplying 
reaction. Therefore, the slowing-down cross-sections of the materials in 
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the multiplier were suggested to have large effects on the TBR. 

In Section 4, the slowing-down and charged-particles production of 
neutrons at energies higher than several million-electron-volts of thres­
hold energy in the (n,2n) reaction were suggested to be important for the 
TBR before the multiplying reaction. And, the neutron multiplying reaction 
itself was shown to be important. After the multiplying reaction, the 
absorption and tritium production reaction were suggested as important for 
the TBR. 

In Subsection 5.1, materials proposed for blankets were listed in 
Table 2. 

Considering these discussions, requirements for nuclear data to lower 
their own uncertainties are clarified as follows. 

5.2.1 Higher than several MeV 

The slowing-down cross-sections, such as Oj_n and oei' °f first wall 
and structural materials, for example SUS, SiC, H 20, molybdenum alloy, 
etc., should be improved in their uncertainties. And the charge-particle 
production cross-sections, such as o n D, o n a etc., of these materials are 
rrquired to be improved. Further, the nuetron multiplication cross-
srctions, on2n, °f beryllium and lead should be improved. 

For blankets without a neutron multiplier, the tritium production 
cross-section, 'Jnn'aT' °f ^Li should probably be added the list of required 
nuclear data. 

5.2.2 Several hundred keV to thermal energy 

The capture cross-sections, ony, of structural materials, coolants 
and tritium production materials must be improved. The tritium production 
cross-section, o n ai" °f 6Li should be improved. 

6. Conclusion 

A blanket having a sufficiently larger TBR than 1.0 must be developed, 
in order to make D-T fusion reactors significant as electric power plants. 
For this purpose, a high TBR blanket having a front breeder zone just be­
fore the beryllium neutron multiplier was introduced together with con­
ventional blankets. Based on these blankets, requirements for improving 
nuclear data were discussed. From this discussion, we drew the following 
conclusions. 

(1) At higher neutron energies than several raillion-eiectron-volts, 
showing-down cross-sections, such as o i n a aei , and charged-particle pro­
duction cross-section, such as a and ona, of structural and coolant 
materials, for instance SUS, Mo alloy, SiC.and H2O, must have their un­
certainties reduced. Further, on2n

 o f beryllium and lead should be 
improved. 

(2) At neutron energies from several hundred kilo-electron-volts to 
thermal energy, capture cross-sections, cny, of structural, coolant and 
tritium production materials should be improved. Moreover, o n a T of 6Li was 
also required. 
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Tatle 1 Amount of tritium produced by various fission facilities 

facility 

light water reactor 

reprocessing facility 

heavy water reactor 

moltonsalt reactor 

] ithivim i rradintion 

by light water 

reactor 

amount of 
production/year 

l-3g/lGWe 

13Og/15O0fU 

20g/550MWt 

700g/lGWe 

450g/lk<j-6Li 

comments 

produced by ternary fission 

for reprocessing capacity of 5t/day 

produced by thermal neutron 

capture of deuterium 

prodviced by reaction of neutron 

and litliimn 

4*tOl3(n/cm?*s) and Joad factor OCn 

Table 2 Materials proposed for blankets 

items 

first wall 

blanket vessel 

neutron multiplier 

tritium breeder 

cooling channels 

the other structural materials 

materials 

SUS, Mo alloy, V alloy, SiC, etc. 

SUS, Mo alloy, V alloy, etc. 

Be, Pb, Be alloy, Pb alloy, etc. 

Li, LizO, LiA103, Li2SiOj, etc. 

SUS, Mo alloy, V alloy, H 20, He (gas), etc. 

SUS, Mo alloy, V alloy, etc. 
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0 [_j, 
0.5 1 5 10 50 100 

doubling time t2 (yr) 

Fig. 1 Relationship between doubling time and TBR margin. i) 
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lanket vessel 

Ceramic tile 
(SiC) ~~ 

Cooling p 

First wall 

tube(Blanket) 

ing material 

(Li20) 

Cooling tube 

fFirst wall) 

Pin joint 

Fig. 2 Blanket concept with first wall separated from breeder zone and 
using a lead neutron multiplier. 
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effective thickness in the 
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> 
to 

~First wall 

Fig. 3 Blanket concept with front breeder zone and beryllium neutron 
multiplier. 
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1.7 

1.0-

0.9 

|SUS 2% | 

|sus 5%| 

Jsus io% 

J_ 
0 10 20 

Be neutron multiplier thickness (cm) 
Fig. 5 Relationship between the beryllium multiplier thickness and the 

TBR for various SUS compositions in the multiplier besides the 
cooling channels (cooling channel: 0.15-cm SUS effective thickness 
and 0.15-cm H2O effective thickness). 
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Fig. 6 Neutron energy dependency contribution to the TBR for the blanket 

with a 1-cm-thick front breeder zone and a 15-cm-thick beryllium 

multiplier. 
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3. On the Processing of the Nuclear Data File and the 

Problems of the JENDL 

Akira HASEGAWA 

Japan Atomic Energy Research Institute 

Tokai . Ibaraki, Japan 

Summary 

Brief outlines about the processing of the nuclear data flies are 

described. Particularly stresses are placed on the problems encount 

ered on the processing of the JEND1.2, JENDL 3PK1 and PR2 Japanese 

Evaluated Neuclear Data File version 2. version 3 preliminary 1 and 2 

files. Some recommendations to resolve the problems are also made. 

Contents 

1. Relation between Processing and the Design Concepts of Evaluated 

Nuclear Data File 

2. Evaluated Nuclear Data Files and Processing Codes Available in 

JAER] 

3. On the Details of the Processing of the Nuclear Data File and 

Encountered Problems of JENDL 2, -3 PR1 and PR2. 

4. Miscellaneous Comments on the JENDL 

5. Conclusions 
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1. Relation between Processing and the Design Concepts of Evaluated 

Nuclear Data File 

What should be considered for the convineanc.es of the users of the 

evaluated nuclear data files at the processing stage such as group 

constants production or general utilization of their data? They are 

expressed as 'completeness' and 'compactness' of the data. 

'Completeness' 

The data file should cover all nuclides MAT., all data categories 

(MF! and all reactions ,MT .• with no energy range deficite. If an 

evaluater evaluates the data of one nuclide, he should give the data 

of all reactions in all energy range, i.e.. even if no experimental 

value exists, the data should be rupplicd using the systematics or 

theoretical calculations. And the value should be defined in a unique 

way and if deduced value data exist they should be existent in a 

consistent way each others. 

In JENDL 1. it happened several times that elastic cross section 

data ;MF 3,MT 2) are given but their angular distribution data 

(MF-4.MT-2 •' are not supplied. This incomplete dat > presentation is 

completely forbidden. For such a case, the process ig code cannot 

process the group to group transfer matrices. 

Completeness: 

All MAT 

All MF 

All MT 

All Energy Range 

material, 

data category, 

reaction, 

energy. 

'Compactness' 

The data represented in a evaluated data file should be given as 

practical/simple as possible, i.e., don't give the data in a compli 

cate way. 

For examples, the resonance cross-sections are usually given as 

resonance parameters. This is just the case for the 'compactness'. If 

the data are presented as point-wise basis, the data points required 

to represent the shape of each resonances easily exceeds 100,000 

points for heavy nuclides such as U-238, Pu-239. In contrast to this, 

at most handreds of resonance parameteres are sufficient for the exact 
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representations of these cross sections. 

However, sometimes it may happen that this practical and simplest 

representation causes some ambiguities for the constructed cross 

sections due to the intervention of the resonance construction pro 

cessing code. In this mean, the point data representation is unique 

but the resonance parameters representation is not. Therefore some 

differences are inevitably associated in the generated cross sections. 

We cannot be free from these differences as far as the resonance 

parameter representations are taken. 

For another example of simple data presentation, the manual of 

ENDF.'B V says that the presentation of angular distribution of 

inelastically scattered neutron should be given as anisotropic data 

when the anisotrpy exceeds 5 %, others the data should be givn as 

isotropic. 

As soon from these examples, it is not always the best to give the 

data as detail as possible. The data should be given as the simplest 

way considering the accuracy of the original data and the required 

accuracy when the data are applied. For this point I want to draw 

attention of the evaluators of the data. Recently the evaluated data 

issued have the tendency of the expansion both in their volume and in 

the complicateness due to the utilization of the theoretical calcula­

tions in the evaluation steps. Sometimes it happened that almost 

isotropic data very slight anisotropy') are given as anisotropic ones 

in the. angular distribution data by using the direct output from the 

theoretical calculations. These data are inutile, it results in the 

wast of computer resources for the processing or in the confusion of 

the data. 

Based on these two conception i.e., 'copleteness' and 'compactness' 

of the nuclear data file, the nuclear data processing procedure can be 

realized. 

2. Evaluated Nuclear Data Files and Processing Codes Available in 

JAERI 

Available evaluated nuclear data files in JAERI are listed in 

Table 2.1. 
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Table 2.1 Avilable Evaluated Nuclear Data Files in JAERI 

File Name Release Date Country FORMAT 

--
1 

2 

3 

4 

5 

6 

7 

8 

9 

' ' ~ " 
UKNDL 2 1981 

KEDAK 4 19S3 

ENDF, B-IV 1974 

+ ENDF.'B V 1979 

JENDL 2 1983 

ENDL 82 1982 

JENDL 3 PR1/2 1983 

+ JEF (1982 

t EFF (1983 

N.B.. + : partial fj 

U.K 

F.R.G 

U.S 

U.S 

JAPAN 

U.SLLNL' 

JAPAN 

NEA OECD 

EC 

les only. 

+ : not yet available. 

• : now under development. 

UK 

KEDAK 

ENDF B 

ENDF B 

ENDF B 

TRANSMITTAL 

ENDF B 

ENDF. B 

ENDF. B 

Above data files except JEF and EFF, we can easily manipulate all 

of these data using EDFSRS: Evaluated Data File Storage and Retrieval 

System) /]/. 

Available processing codes for the evaluated nuclear data files in 

JAERI are listed in the followings; 

(1 ) Codes Developed in JAERI 

There are two main flows for the development of the processing 

codes, one is a PROF-GROUCH series and the other is a RAD-HEAT series. 

The former is developed for the preparation of the 'JAERI-Fast Set' a 

group constants for the FBR core neutronic calculations. The latter is 

developed mainly for the shielding calculations. 

A: PROF-GROUCH series 

1. 

2. 

3. 

4. 

5. 

6. 

PROF-GROUCH-M 

PROF-GROUCH-G 

PROF-GROUCH-G/II 

PROF-GROUCH-G/II' 

PROF-DDX 

PROF-GROUCH-G/B 

S.Kasturagi 

T.Tone 

A.Hasegawa 

Y.Ishiguro 

M.Nakagawa 

A.Hasegawa 

JAERI 

JAERI 

JAERI 

JAERI 

JAERI 

JAERI 

{--1968; 

M970} 

(1974) 

(1981) 

•'-1981 ) 

(1984--) 
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B: RADHEAT s e r i e s 

1. RADHEAT V.3 

2 . RAD! {EAT V.4 

Imported Codes 

1. NJOY 

2 . MINX 

3 . AMPX 

4. ETOE MC2 ? SDX 

5 . ETOX 

6. ETOG 

7. suri-Kixx; 

K.Koyama 

N. Yamano 

R.E.MacFarlam 

C.R.Weisbin 

N.M.Green 

H.Henryson I I 

R.E.Schenter 

D.E.Kusnor 

R.Q.Wright 

JAER1 , 

JAER1 

: LANI. 

LAN1. 

ORNL 

ANl. 

BattL 

Westing lie 

ORN1, 

1977, 

1983 

1982 

1974 

1976 

1970 

e Northwest. 1 

'Use E l e e t r i e 

1969 

,ab 1969 

1969 • 

General comments for the processing code. 

a. Process inc. code and the evaluated data file are now tight coupled. 

It is evident that the processing code depends on the format system 

adopted in the evaluated files, i.e.. EMDF. B. UK. KFDAK and TRANS 

MITTA1. one. But it is not always possible that a processing code 

designed for an evaluated data file could correctly work for the 

other evaluated file of the same format system. For example, NJOY 

processing code is widely used in the world for the ENDF/B V /IV 

processing, but it could not be applied to JENDL 2 file due to the 

special definition for the contents of resonance parameters. That 

is. the processing code and the evaluated data file becomes tight 

coupled ones. In this mean, there is no almighty code now. The 

creation philosophy of the evaluated data file is different from 

file to file. And the method of the data presentation is somewhat 

dependent on the file itself. 

For example: special data definition in the evaluated data file; 

JENDL-2: 

There are three resonance region, i.e.. 2 resolved and 1 

unresolved range for Fe. 

J-unknown state assignment data presentation is taken in the 

resolved resonance parameters. 
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In File 5 many partial sections are used but no co energy mesh 

data presentation is taken. 

File 6 energy angle correlated data data presentation and 

double definition by File 4 and File 5 data. 

ENDL 82: 

No resonance parameters data presentation method is taken. 

TheiTore no possibility for Doppler coefficients calculation 

in the unresolved resonance energy range. 

Energy distribution data are given roughly both of the incident 

energy mesh and the exit energy mesh. 

3. On th<- Oftciils of the Processing of the Nuclear Data File and 

EncoiwU-n-d Problems of JfcJOl. 2. 3 PR1 and V\i\ 

Here I describe the details of the processing method taken in our 

laboratroiy stressing the encountered problems on the processing of 

J ENDL ? .JENDI. 3 PR1 or PR2. In Fig.3.1. our processing system is 

shown. The processing can be divided into two parts, pre processing 

and processing. The former is for the preparation of energy dependent 

cross section and the latter is for the group averaging process of the 

pre processed one. 

Outlines of the processing 

A. pre processing 

The pre processing step is introduced in order to generate energy 

dependent point cross sections prior to the next averaging step. For 

this purpose, as shown in Fig.3.1. we use following codes. 

;l ; LINF.AR 2 

This code is used to select out one nuclide from the evaluated 

file and to give the linear linear interporable i'INT-2 * cross 

sections file3 data ) from general interpolation data as 

defined in ENDF/B. This process is always necessary because the 

processing code PROF-GROUCH G B 3 accepts only linearly 

interporable cross sections'INT-2 . 

General interpolation data defined in ENDF B 
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INT Interp.SCHEME CROSS SECTION vs ENERGY 

1 

2 

3 

4 

b 

constant 

lin lin 

lin log 

log lin 

log log 

constant 

linear 

logn 

linear 

logn 

'2. RECENT J 4 

We use this code for the reconstruction of energy dependent 

neutron total. elastic, capture and fission cross sections from a 

combination of resonance parameters and tabulated floor cross 

sections. Thes four reaction cross sections are replaced in the 

output file from input file. 

RECENT.J 4 is a slightly modified version of RECENT 5 . The 

modifications arc made because of the acceptance of JENDL 2 eval 

uated nuclear data file as input file . J unknown resonances in 

Multi level Bright Wigner formula! and the preparation for the 

calculation of self shielding factor of unresolved resonance region 

by PROF.GROUCH G B. 

In this step, cold TO. degree in Kelvin cross-sections are 

generated. 

Resonance formulae defined in EMDF B. 

a. Resolved Resonances 

1. SLBW : single level Breit Wigner 

2. MLBW : multi level Breit Wigner 

3. Reick Moore : R matrix 'Reich Moore' multi-level 

4. Adler: Adler Adler multi level 

b. Unresolved Resonances 

1. SLBW : single-level Breit Wigner 

An example of the processing in this step is shown in Fig.3.2 and 

3. the former is floor cross sections defined in File3 and the 

latter is resonance reconstructed cross sections ( floor + generated 

cross sections from resonance parameters '•> of natural Iron of 

ENDFB--IV MAT-1192). That is, the former is input data for the code 

RECENTJ and the latter is the output ones. In these figures. 
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t o t a l (MT--1 ), e l a s t i c s c a t t e r i n g (MT=2), in.gamma i.MT-102; and t o t a l 

i n e l a s t i c ( M T - 4 ) c r o s s s e c t i o n s a r e d i s p l a y e d . 

( 3 ; SIGMA1 . 6 

For the preparation of the temperature dependent cross sections, 

we use SIGMA1 6 code. The method taken in this code is kernel 

broadening method and it is regarded as fully accurate method for 

Doppler broadening. Usually required data points for representing 

cross sections are greately reduced when temperature increases as 

seen in Table 3.1 for the case of Na 23 -.n. gamma). An example of 

Dopplor brodened cross sections is shown in Fig.3.4 for Na 23 

n.gamma of ENDF B IV MAT 1156: at temperatures 0. k; cold . 300. 

k. and 2100. k. 

But only for the unresolved range, this code can not be applied. 

Therefore we had to use other code for the effective cross section 

calculations for this unresolved energy range. 

Table 3.1 Generated data points for Na 23 n.gamm: cross 

sections of ENDF B T"' (MAT 1156 

temperature 

1 0. k 

2 300. k 

3 600. k 

4 900. k 

5 2100. k 

points 

4320 

2399 

1930 

1805 

1629 

ratio t 

1 .00 

0.55 

0.45 

0.42 

0.38 

4. UNRESR 7/ 

For the self-shielding factor calculations of unresolved 

region, we adopt UNRESR code of NJOY ,7,'. In the averaging process 

of PROF GROUCH-G/E, processing for the self-shielding factor calcu 

lation in this unresolved range is not intended at the first stage 

of the development. Because for this energy range, TIMS-1 code has 

been used. But it consumes a lot of computing time and the results 

shows some odd behaviour for heavy elements of JEMDL-2. Thus ve had 

to abondon that code and decided to import the UNRESR. And for the 

conveneance of the one-through calculation, this code is directly 
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coupled t o PROF GROUCH G B In evade the s e p a r a t e run and r e s u l t i n g 

da t a merge p r e •< . : s . 

B. Processing 

5 IH)F GROUCH G B 3 

Thus coili- is used for the cress so Lien averaging process 

using any weight specified by Lhe use! . Processing will be per­

formed for the following quanti Lies for- each file categories: 

Fild: nu. delayed ehi . 

File?: unres-ilveo range effective cross sec Lions by UNRTNR . 

Filc-3: resolved range and smooth cross sec Lions. 

Filcl: enei gy transfer matrices in PI expansion 

and avcage of PI coefficients for scattering reactions. 

Filob: energy transfer matrices in PO order for scattering or 

fission reactions. 

Filed energy transfer matrices in PI expansion 

This code output group averaged cross sections in ENDF B Format. 

The calculated quantities are infinite dilution cross sections, 

effective cross sections, self shielding facLois. average weights, 

energy transfer matrices in PI expanded form, average of PI coeffi 

cients and group average of fission spectrum. These data are 

sufficients not only for the usual anisotropic transport code ANISN 

or DOT but also for the transport code of direct integration method 

such as PALI AS or BERMUDA. 

Problems encountered for the processing of JENDI. ?. JENDL 3 PR1 and PFK 

l SelecLion of Lhe energy dependent point wise cross section genera 

tion code 

For the resonance cross section construction process, the quality 

of the generated cross sections depends on the code used. In order 

to improve the quality of the processing code for the resonance 

reconstruction, a benchmark test was performed by IAEA ,8'. And the 

results were presented at the sixth international conference of 

radiation shielding held in Tokyo May. 1983 . 

Summary results are shown in Table 3.2. Where the comparisons are 

made for the following conditions. At first point energy cross 

sections are generat'-d at cold (O.k - temperature for the ENDF B V 
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dosimetry files, next their values arc recrotiped to G'-t) jyoup 

SANO 11 energy structures in flat veij'.hfs. Thus obtained values are 

compared to the reference ones. The acceptable crrot limit is 

thought as O.b "•, in every eneri'.y groups. From this table, at 

initial stai',e great di v> •! ymii-s are found in most, of the codes and 

after this bench mark test tin- results ate remarkably impioved. Now 

the codes l-NTUSAN. KIM-NT. RKSI-M)!) e 1 ear the (.est. and the ,-,,de; 

AMPX. MINX. NJOY follows. When iisin;; those codes, it is vei y 

important to cheek the version number of the code intcndi'ii,. to use. 

Otherwise you can g,et. wrontj, cross sections of more than bO times 

larf-.ei values in the worst, ease. An exani|>les of the comparisons 

br-twee,, RK'.INT. RFSl-NUD and RI-MITll) 9 is shown in l-'w, 3.'.) and G. 

the IOIIIH'I us the cross section ratio and the latter is t h- • ,",eiiei 

a ted c-r n; s sect inn;; of each coif •:: between 1 to 4 keV I oi I'll W.i' 

n.i'.ani!1, i cross sections of I-NDI-' b V. So many resonaiies ,u e 

involved m this energy rani'.e. the differences can not find ••..! 

from the resonance shape comparison as in hi,", 3.G. 

In Table CV'5. an example of cost, performances of the C M r.v 

point cross see I ion gene-ration codes is shown 0 . As clearly known 

from U IKW c^si-. required opu time and e,oriei\,ted points number 

depend on the code; significantly. Original RK'JHND requires nearly P 

hours even if usin;-. 10 \ error1 torelable limit. RHG1-NT genoi ates 

more than P30000 points and it. takes 40 m m . 

Even by this benchmark test all of the problems hidden m the 

code are not revealed. Some problems miijht still exist in the 

codes. Under the other conditions for example for the other objec 

tive file other than ENDF B V DOSIMETRY KILE the different conelu 

si oris might come. Especially in the benchmark test so performed 

only limited combinations between resonance formulae SLBW. Ml BW 

and floor cross sections had been made. That is. for other fornm 

lae. Adler Adler. Reich Moore, conclusions are still the status of 

'open question-. 
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Table 3.2 Summary of initial and current maximum 

per cent differences for each code 

corlt 

EN'i'OSAN 

RESKNU 

RKC.r-.NT 

FOURAOKS 

RESCAI . 

RESENI>:) 

FElxaion!' :< 

Fl-lX;K';!Ji' C 

NJOY U K ! 

NJOY I KM 

AMPX 

MINX 

initial maximum 

difference 

3 

2000 

6 

2700 

113 

5000 

187 

27 

18 

100 

24 

15 

% 
% 
% 

% 

% 
'J 

o 

% 
% 
% 

t f 

+ f 

T 

+ 

+1 

no 

no 

current maximum 

differrence 

ag. eeinent 

abandoned 

agreement 

1135 ?„ 

80 °„ 

agreement. 

16 '„ M 

23 % t-

additional result 

18 % 

1.6 % 

additional result 

this ignores large per cent differences for small cross sections 

near threshold. 

comparison based on only a portion of ENDF B V dosimetry library 

B.l 

code name Participants 

ENTOSAN Petten, Netherlands 

RESEND BNL, U.S.A. 

RECENT N.D.S. , IAEA 

FOURACES Bologna, Italy 

RESCAL. Greenwood, ANL. U.S.A. 

RESENDD JAERI, Japan 

FEDGR0UP 3 CRI, Budapest, Hungary 

FEDGR0UP C US, Ljubljana, Yugoslavia 

NJOY CDC; LANL, U.S.A. 

NJOYJBM NEADB, Saclay. FRANCE 
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AMPX 

MINX 

ORNL. U.S.A. 

ORNL, U.S.A. 

N.B.2 This table was borrowed from reference ,8 

Table 3.3 Running, performance of processinc codes. 

CPU time and generated data points. 

CPU time (see) 

No. Nuclide MAT RECENT RESENDD RESENDD 

'ORIG. ) (REV 2) 

Generated P o i n t s Number 

RECENT RESIiNDl) RESI-NDD 

(ORTG. i :REV 2 ; 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Na 23 

Np 237 

Au 197 

Th 232 

U 235 

U-238 

Pu-239 

Sc-45 

Fe 58 

Cu 63 

In-115 

. 

6311 

6337 

6379 

6390 

6395 

6398 

6399 

6426 

6432 

6435 

6437 

7 

145 

601 

1685 

50 

2353 

110 

204 

40 

8 

201 

10 

146 

440 

724 

55 

960 

89 

186 

32 

10 

131 

11 

141 

519 

938 

48 

1275 

90 

200 

35 

11 

168 

5155 

a3066 

106530 

216435 

13000 

231798 

33485 

45462 

20535 

5836 

62391 

3973 

32308 

54439 

67167 

13422 

74069 

23892 

27573 

13082 

5356 

34637 

4438 

32897 

71515 

104116 

12982 

118914 

25498 

32146 

14776 

5428 

44205 

Running conditions: 

RECENT: LINEAR: 0.1 % ERR: 0.1 % 

RESENDD (ORIG.): ERR: 0.1 % AVERR: 0.0 LSIG: 1.0E-10 

RESENDD (REV-2): ERR: 0.1 % AVERR: 0.0 LSIG: 0.0 

N.B.I This table was borrowed from reference /9,'. 
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i i Si'--.-i,i 1 t r ea tmen t s for J1\ND1. ? [-'lie in t he I't-soiiiinco range 

a S|''-.-i,il treatment, of J unknown s t a t e for J!-N!)l. '?. f i l e 

Jn t.h-- Jl-N!)i ? f i l e , for the index of ' J unknown s t a t e ' 

un .ill"-,-..] ) v.ilii'- i s a.s:;i[',ri'-d in tin- inulti love] Brei t Wigner 

foil ' , . ' .I 'llii:; convent ion i s r e s t r i c t e d lo JI-J-1DI ?. Therefore usual 

coil -.- a:,.;ii'Mil;', M-iiii-' B < -iiiivoti I i on ni i fih I. cause s e r i o u s problems. For 

the- | ' t " - . : , i n , , (')i t h i s ' J unknown slat. .- ' resonance l e v e l , the 

pi'"' ••:•:-• -I 11 •:-.-:!!:: (jy the | >roc -,vss i rig code.-; a r e s i rami, i r i zed as Co) 

low:. 

1. ' •• 11' IIK.! !"!i i s performed c o r r e c t l y hy tin- J1-ND1. 7. convent ion ; 

KK;I :::;.. M-C.I-NT.I. 

y. '..1 II' i1 i"ii stopped hy pi odn-'i rig soul-- error messages; 

MiliX. KI-fl-NI'. 

3. i al' -u! -i! i on is per for in.-d with no message usin;', invalid J 

V.J In--.-.. thus flu- result is wrong and th" valu.-s are not guaran 

feed; NJUY. 

Th' mi' lid.:-: list of JfNDL. <? whose re-sonar:-:. • parameters of MLBW 

mult.i level l-'i.-it Wigner contain J unknown states is shown in Table 

3.A. From this Table, it is seen that relatively important nuclides 

for the fusion neutronies are concerned. At present for these 

nuclide;; y.. • hav.- not many choices for the processing code. And in 

some end.-;, lik" NJOY, the results cannot be guranteed even if no 

error ni<\ssag-- generated in the processed output. Thus the user should 

pay attention for the processing, of these J unknown state assigned 

nuclides. 
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Table 3.4 Nuclides list of JENDL 2 whoso resonance parameters of 

MLBW multi level Breit Wigncr con Lain J unknown 

sLaLes 

Nuclide MAT Tape Resolved Res Ratine Unresolved Range 

21 Sc 45 2211 201 1 .0E 5 eV Lo 90. KeV not. given 

23 V 51 2231 201 1 ,0K 5 eV Lo 100. keV not. :M v.-II 

26 Fe 0 2260 202 1 .OK b eV Lo 250. k.-V not given 

26 Fe 57 2263 202 1 .OK b eV Lo 200. keV not given 

27 Co 59 22YI 202 1 ,0K b eV to 100. ki-V noLgiv.-n 

28 Ni 0 2280 202 1.0K b cV Lo 600. keV not. given 

28 Ni 61 2283 202 1.0E 5 eV lo 61.52kcV not. giv.-n 

29 Cu 0 2290 203 l.OKbeVLo 35. k.-V nol given 

29 Cu 63 2291 203 1 .OK 5 eV Lo 3b. keV nol given 

29 Cu 65 2292 203 1.0E 5 eV Lo 3b. keV noL given 

41 Nb 93 2411 203 1.0E 5 eV Lo 7. keV Lo 50. keV 

42 Mo 0 2420 203 1,0E 5 eV Lo 50. keV Lo 100. keV 

42 Mo 95 2423 203 1.0E-5 eV Lo 2. keV Lo 100. keV 

42 Mo 97 2425 203 1,0E 5 eV Lo 1.8 keV Lo 100. keV 

72 Hf 177 2723 204 0.5 eV Lo 250. eV Lo 50. keV 

72 Hf 179 2725 204 0.5 eV Lo 250. eV to 50. keV 

73 Ta 181 2731 204 1.0E5eV Lo 1. keV Lo 50. keV 

94 Pu 239 2943 206 1.0 eV Lo 598. eV lo 30. keV 

95 Am 241 2951 206 1.0E-5 eV to 150. eV to 30. keV 

95 Am 243 2954 206 1.0E 5 eV to 215. eV to 30. keV 
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!iii) Problems of the UNRESR /7/ for the processing of unresolved 

resonance range 

In the course of importing of UNRFSR module 7 in PROF GROUCH G/B 

/3 code, several problems are revealed. 

fl; Floor cross sections definition for fission cross section. 

For the floor cross sections of fission reaction, UNRESR treats 

MT 19 1 st chance fission reaction ) data only. Therefore if the 

floor cross section of fission is given by MT 18 total fission 

reaction - as the case for JENDL 2, no floor cross sections are added 

for the fission cross section. This produce serious problems for the 

generated fission cross sections for JEMDL 2. Thus we had to clung' ' 

the origin.il flow to add the MT 18 floor contributions to the fission 

cross sections. 

:2. Selection of energy grids in the generation of the unresolved 

resonance cross sections 

The energy points of the cross sections generations in the unre 

solved range should be defined as the same energy nodes as given in 

the unresolved resonance parameters with the same cros.s section 

interpolation law defined in the resonance parameters. Thus the 

cross section values between the energy grids are defined by the 

interpolation of th grids cross sections generated at these points and 

never defined by the interpolation of the resonance parameters them­

selves . 

For the UNRESR code, when the node energy points are relatively 

distante ; i.e. E >- 3.0 E', E & E' are node energy:, the code gener 

ate finer mesh grids cross sections by the interpolation of the 

resonance parameters. This processing is completely forbidden as 

already stated above. An example of wrong treatment is shown in 

Fig.3.7 for the case of Eu-153 ENDF/B- IV (MAT 1291 . And at the same 

time generated cross-section is given in Table 3.5. 
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Table 3 . 5 Ca l cu l a t ed i n f i n i t e d i l u t i o n c r o s s s e c t i o n s of 

Eu-153 cMAT=1291) ENDF/B-IV by UNRESR code 

TEMPERATURE = 300.0 KELVIN 

SIGMA 0 =• 1.0E(50 BARN 

I ENERGY CEV) 

1 97.220 t 

1 121.52 

1 151.91 

1 189.88 

1 237.35 

I 296.69 

I 370.86 

I 463.58 

1 579.48 

1 724.34 

1 905.43 

[ 1000.0 + 

1 1250.0 

I 1562.5 

I 1953.1 

I 2441.4 

| 3051.8 

1 3814.7 

1 4768.4 

| 5960.5 

| 7450.6 

1 9313.2 

| 10000.0 + 

* 

+ -

TOTAL (BARN i 

114.8 

103.7 

93.73 

84.84 

76.89 

69.78 

63.42 

57.73 

52.63 

48.07 

43.98 

42.30 

38.82 

35.70 

32.90 

30.39 

28.14 

26.11 

24.29 

22.64 

21.16 

19.81 

19.41 

THIS POINT IS ENE 

RESONANCE PARAMEI 

+ - -

ELASTIC (BARN, 

25.84 

25.42 

24.98 

24.53 

24.05 

23.56 

23.05 

22.53 

21.99 

21.44 

20.89 

19.50 

19.03 

18.55 

18.07 

17.58 

17.09 

16.60 

16.10 

15.61 

15.12 

14.63 

14.47 

:RGY NODE POINT WI­

RE IS GIVEN IN FI 

i - - - t 

CAPTURE vBARN; | 

88.92 | 

78.23 | 

68.74 | 

60.31 | 

52.84 | 

46.22 | 

40.37 | 

35.20 | 

30.64 | 

26.62 | 

23.10 | 

22.81 | 

19.79 | 

17.15 | 

14.84 | 

12.81 | 

11.05 | 

9.515 | 

8.185 | 

7.033 | 

6.040 | 

5.186 | 

4.940 | 

ERE UNRESOLVED 

LE-2. 
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The code had to bo changed to follow the correct processing indica 

tions. Thai is. firstly the code generate the cross sections at the 

nod'- energy points, and the next if the generated ones are not 

1 in. ,11 1 v i n tei polable according In the interpolation code assigned to 

this en.-ti," rang'- then it generate the linearly interpolable cross 

seel inn.; using the generated cross sections at the- first step. 

3 l-u'l.ii e HI;; between the node energy points of the resonance para 

Hi' I., i.; and the energy points of the floor cross sections 

The cri'-rgy points of the cross sections generated in the unresolved 

r .ii i; •.. • ,u.' fli.- sain • as the node energy points in principle, although in 

sum'- eases finer mesh cross sections might be genera led as stated in 

the pi evii HIS section. For the case when the node energy points and 

fleet cross section energy points are coinside. this is tor the case 

of KNUF 1'. fli.i c are no problems. But, when they are not coins icle 

this may happen frequently in the case of JTNDI.. we found a big 

problem. In JINDI. library, to represent the fine structure of unre 

solved range cross sections, detailed structured data are usually 

defined by the flooor cross sections. Thus the coincidence between the 

unresolved resonance energy nodes and the floor corss section grids is 

nol always expected, more over it is better to think that the two 

grids are defined independently in JFNL)!.. For such a cae. the code 

UNRKSR could not treat the floor cross sections correctly. UNRESR add 

floor cross sections only at the unresolved resonance energy node, and 

neglect other energy points data of the fine floor cross sections. An 

example for this case is given in Fig.3.8 for the total cross sections 

of U 23b of JENDl. ? MAT 2923 . In this figure. UNRESR generated 

cross sections are shown by a line with circular marks and the 

RECFNTJ's ones are shown by a line with triangular marks. Obviously 

UNRF.SR generated ones have a lesser points and it comes from neglect 

of the finer floor cross sections as seen in Fig.3.9 and 10. Thus We 

changed the processing logics of the UNRESR at this point. 

•4 Energy range problem of the individual nuclides for the natural 

elements. 

For the natural elements for which several nuclides are contribut 

ing. especially Mo 0 of JENDL 2 data, the different unresolved energy 

range definition of each nuclides produces a large difficulty for the 

processing by IJNRESR. 
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Table 3.6 Fnergy range defined for unresolved resonances of each 

nuclides for Mo 0 natural •• of JFNDL. 2 

Isotope Unresolved Fnot g.y Range 

Mo 92 

Mo 9-1 

Mo 9b 

Mo 9G 

Mo 9f 

Mo 98 

Mo 100 

bO keV 

20 keV 

2 keV 

19 keV 

18 keV 

32 keV 

26 keV 

100 keV 

100 keV 

bO keV 

100 keV 

bO keV 

100 k<V 

100 keV 

For such case, UNRIvSR treats as the unresolved range for the fjrst 

encountered one. i.e.. in this case bO to 100 keV. this produces 

miss constructed cross sections. But such data representotion is also 

forbidden in FJNDF B convention. It is highly requested to represent 

the same energy range for the resonance range, i.e.. lower limit of 

the resolved range and upper limit of the unresolved range should 

coincide. For this case upper limit of each nuclides should be the 

same, in this sense the data is not valid. 

In any way. it does not produce correct cross sections. For such 

nuclides, we have to calculate each isotope separately and to sum up 

them with their abandances after the processing. 

iv Problems of the JEMDL 2. 3 PR1 and PR2 encountered for the 

processing by PROF GROUCH G B code 3 . 

Here main discussions are placed on the processing for the 

energy transfer matrices. 

1 . too much precise Filed angular distribution data 

In the cross section evaluation for the energy range where the 

experimental data are not available, theoretical calculation is 

usually applied. Some times evaluator use the direct output from the 

theoretical code not considering the output quality. In such a case, 

very slight anisotropic data are introduced as the file4 data. These 
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data are not useful but rather harmfull for the actual data. Because 

in effect they are not so different from the isotropic one but the 

processing code could not recognize it and the code process them as if 

anisotropic case. As a result relatively large amounts of the computer 

resources are thrown away for the anisotropic treatment. 

Thus it is recommended in inelastic case that if anisotropy is 

less than 5 %, give them as isotropic one. That is, it is requested to 

use the simple expression considering the data quality. 

:2/. wrong data representation for File5 energy distributions 

JENDL 2 data sometimes violate the ENDF B format regulation for 

FILES: energy distribution data. Thus it resulted in the unacceptance 

of the JENDL file for the usual ENDF, B processing code like MINX or 

NJOY other than PROF GROUCH G B. 

a. Consistency between the energy mesh in the partial sections 

In JENDL file, the energy distribution data an1 frequently repre 

sented by several partial sections, and the energy mesh for each 

partial sections is given rather arbitrary. But such definition of the 

energy mesh is not supported by the regulation. That is, it is 

requested that the same energy mesh should be used in each sections. 

JENDL violate this law several times. 

b. Representation for the exit neutron energy distribution function 

All secondary energy distribution must start and end with zero 

values for the distribution function in order to define the distri 

bution in a consistent way. JENLL file sometimes violate this regula 

tion. and this leads to miss interpolation of exit function between 

the incident energy meshes and thus normalized exit function is no 

more guaranteed. 

(3). problans relating to the adoption of File8: energy angular 

co related distributions 

In JENDL 2. -3 PR1 and PR2 files the adoption of FILE6 data is 

actualized for the first time in the world. For the processing of this 

data, a module of FILE6 processing has been developed for PROF-GROUCH 

G, B ,3 . Up to now. there are very few of the code available for FILES 

processing. This is one of the problems. Even if the data are prepared 

in JENDL. no processing code for this data results in the same result 

as no evaluation for this data. The avairable data in the world for 

FILE6 format is shown in Table 3.7. 
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Table 3.7 Avairable data of FILEB energy angular distributions 

in the evaluated data files in the world 

Evaluated File MAT Z-A MT 

1 

2 

3 

4 

5 

6 

7 

ENDL 82 

J ENDL 2 

JliMDI. 3 PR1 

" 

JENDI. 3 PR2 

9003 

2012 

306 

306 

307 

307 

306 

1H2 

1112 

3L.i6 

3L.i6 

3Li7 

31 17 

31 .i6 

16 

16 

16 

91 

16 

91 

16 

:n.2n 

;n.2n 

.n .2n 

< n . n ' 

;n,2n 

i n. n' 

•;n.2n 

As seen from above table, very few data are available. Probably it 

will not produce the strong intention for the development of file6 

processing module from such a scarse file6 data in the world. 

Instead of the adoption of FILES, product data presentation by 

FILE4 and FILES was usually taken for this purpose up to now. But by 

using this FILE6 format, rigorous treatments are now possible for the 

many body break up process of light nuclides such as Li 6 (n.2n. case. 

From the situation of the present possibility for the un availability 

of the FILES processing code, JENDL gives also the FILE4 and FILE5 

data at the same time for the reactions to which the FILE6 data are 

given. 

But this is a violation to the rule of data uniqueness. Which one 

should be used FILE6 or FILE4 & FILES for thisreaction? In some 

processing code, the possibility for double counts comes out for the 

reactions where FILE6 and FILE4 & FILES data are given. Therefore if 

the FILES data are given for some reactions, no data should be given 

for FILE4 and FILES. 

4. Miscellaneous Comments on the JENDL 
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Here 1 g ive soni'' comments on the JENDI. f i l e . 

1 MT r c i i Lien assignment, fel. L.i 6 n . a lpha I c r o s s s e c t i o n s 

In JIM),', f i l e , [.l 6 n.alph.i t r e a c t i o n s i s ass igned to MT 10Y. but 

i t i s reeomii" -tided to be ass igned MT 10b for t h a t r e a c t i o n , i . e . . 

L.i 6 n . l a lpha . This i s the r e s u l t from the f ac t t h a t the r e a c t i o n 

produc ts should be ordered as ascend i ng mass number by I.XK0R r u l e . 

kxair.pl--.s of c u r r e n t MT assignment for l.i 6 n . t a lpha r e a c t i o n s in 

the eva lua t ed nuclear da ta f i l e s a r e l i s t e d in Table 3 . 8 . 

Tablf 3 H Cur len t MT assignment for l.i 6 n . t alpha r e a c t i o n s 

111 th' eva lua t ed nuclear da ta f i l e s 

l-'.valualed f i l e MT 

1 

y 

3 

4 

b 

6 

7 

8 

Jl-NU. ? 

JI-NDI. 3 I'Rl 

JI-MDI. 3 \A& 

1-MDI- B 4 

KN0I-" B b 

L-Ni)l. 78 

ENDI. 8V 

UKNDI. 

107 

107 

107 

107 

10b 

10b 

10b 

107 

As se(-n from above table, newly evaluated ones except Jl-JJDL are 

adopting MT 10b assignment for l.i 6 n.t plplia reaction. 

?. . MAT number assignment procedure for JI-JNUI. 3 PR1 file 

After the opening of the JrNDL 3PR1 data. Li 6 or 7 data MAT 306. 

307 have bec-n revised several times up to now but no explicite trace 

for the revision are assigned. Thus is is very difficult to identify 

what version was used especially for the already processed data as the 

group constants. 

To evade such confusion it is recommended to assign another MAT 

number for the every revised one or to assign a special index for the 

trace of the revision. 

;3'. Mixed use of FILES and FILE4 X FILES for the same reaction data 
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Mixed use of F1LK6 ard FILF/t X. FILl-b for the same reaction is 

compleLely forbidden by the violation of the uniqueness of the repre 

senLation of Liu- process. But in JFNDI. 3 PRl and Pit-', this mixed use 

is taken. This may comes from the problem of the scarce availability 

for the- FIL.tB process inc. code. In this mean it ho;; the reason. But in 

seme case double counts problem may come oul for the code with the 

capability of FII.F6 processing. 

It is reeoiii:::. nded that mixed use should be avioded. For the con 

vcneaneo for no FIIJ'B processing capability code, two version of 

JKNDI, 3 Ph'l and PIJ-' should be supplied, one is a forma! version with 

FII.FC data and the other is a supplementary version without FIIH> 

i.e.. composed from FILM X Fll.lO) data. 

4 . Necessity for- the i nfoi mat. ion center of the evaluated data 

The evaluation and utilization of JFMDI. 3 PKl and Pl-i? are almost 

perfoi m.-d by private basis and thus the- i nforiii.it i on such as 'when the 

evaluation finished.'' . 'is it revised ana in.'' . 'availability of the 

file '. 'contents and their feature' etc... arc not known to the 

general users outside of the small private community. From these facts 

it is highly r<-commended for Nuclear Data Center of JAFRI to strong 

then tho functions as the information center for the publicity of 

these data and also for giving the information about the status of 

these daia between users and evaluaters. 

b. Conclusions 

Brief outlines about the processing of the nuclear data files were 

described. And at the same time encountered problems on the processing 

of the JFNDIX. JFNDI. 3 PRl and 3 PRf Ja-'anese Fvaltiatcd Neuoloar 

Data File version 2, version 3 preliminary 1 and 7 file were 

discussed. Some- recommendation to resolve the problems were also 

shown. It was stressed that the coupling between the processing code 

and the evaluated nuclear data file becomes very tight and there are 

no almighty code applicable to all evaluated files even if for the 

same format system files. 
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1 - 1 NEUTRON CROSS SECTION "'I /-J2 TOTAL ENERGT 100.001 «VI - I .OOIIc.V) 

Neutron Energy I aV) 

3.9 Total cross sections generated by REIXNTJ and its floor 

cross sections of U 235 (MAT 2323: of JENDL 2 for energy 

range from 100 eV to 1 keV .1 ; 

2 - I NEUTRON CROSS SECTION "'U-J2 TOTAL ENERGY I .OOIk iV) - in.OOl k.V I 

Neutron Energy I eV) 

3.10 Total cross-sections generated by RECENTJ and its floor 

cross-sections of U-235 (MAT=2923; of JENDL-2 for energy 

range from 1 keV to 10 keV (2) 
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4. Double Differential Neutron Emission Cross Sections 

at 14 MeV Measured at OKTAVIAN 

Akito Takahashi 

Department of Nuclear Engineering, Osaka University 

Yamadaoka 2-1, Suita, Osaka-565, Japan 

A review is given for double differential neutron emission cross sections 

at 14 MeV, measured at OKTAVIAN since 1981. Pertaining to fusion reactor 

neutronics, the present status of evaluated nuclear data libraries (ENDF/B-IV 

and JENDL-3PR1) is shown by comparing with the measured data. As a result, 

insufficient secondary neutron data are given in ENDF/B-IV for D, Li, Be, B, 

C, F, Na, CI, Ti, Cr, Mn, Ni, Cu, Zr, Nb, Mo, W and Pb, although the data for 

N, 0, Si, Al and Fe are fairly well evaluated. Significant improvements are 

seen in JENDL-3PR1 & -3PR2. 

1. Introduction 

1-4) 
It has been pointed out that double differential neutron emission 

cross sections are quite useful in fusion neutronics transport calculations 

as well as in re-evaluations of secondary neutron data for fusion-oriented 

nuclear data libraries. At the intense 14 MeV neutron source facility OKTAVI­

AN of Osaka University, double differential neutron emission cross sections 

have been measured since 1981, for 25 natural elements; D, Li, Be, B, C, N, 0, 

F, Na, Al, Si, S, CI, Ti, Cr, Mn, Fe, Ni, Cu, Zr, Nb, Mo, W, Pb and Bi. The 

measured data have been mainly compared with the ENDF/B-IV data. Some of the 
5—8) 

results were reported elsewhere . Tabulated numerical data are available 

in Ref.5 or from the NEA Data Bank, for D, Li, Be, C, 0, Al, Si, Cr, Fe, Ni, 

Cu, Nb, Mo and Pb. 

In the present paper, a brief review is first given for the older works 

as reported in Ref.5-7 and recent results are shown in comparison with the 

ENDF/B-IV data in most cases. The status of the latest evaluated data JENDL-

3PR1 and -3PR2 is shown by comparing with the measured data for Li, Be, Cr, 

Fe and Ni. A plan in future work will be mentioned at the end. 
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2. Experimental 

A ring geometry & TCF method has been used as shown in Fig.l . In order 

to vary scattering angle, a ring sample (2 cm in minor diameter and 20 cm in 

major diameter for most samples) is moved along the accelerator beam line. 

Incident neutron energy changes from 14.8 MeV to 13.5 MeV, corresponding to 

the change of scattering angle from 10 deg to 160 deg. Therefore, neutron 

flight path changes around 9.5 m. 

Pulsed D-T neutrons are generated with 1.5-3 ns width at the air-cooled 

TiT target. Source neutron spectrum and angular dependence of yield are given 

in Ref.6. Pulse repetition rate has been changed from 2 MHz to 125 kHz, 

according to a set bias of a 5" dia 2" NE213 neutron detector. 

Three kinds of bias setting have been tried for the n-r pulse shape dis­

crimination circuits ; i) For the highest bias 2 MeV, single pulse shape 

discrimination was used, ii) for the intermediate bias 0.3 MeV, two parallel 

discrimination circuits having "low" and "high" gain respectively were active 

and ill) for the lowest bias 0.05 MeV, three parallel discrimination circuits 

could cover a wide dynamic range. Energy-dependent detector efficiencies 

were experimentally determined by using a polyethylene scatterer and a Cf-252 

spontaneous fission source, for the highest and the intermediate bias, and a 

30 cm dia graphite sphere was used in addition, for the lowest bias 

Absolute values of double differential cross sections were calibrated by 

the elastic scattering of hydrogen using the polyethylene ring scatterer 

Scattering samples of chemical compounds were prepared for D, N, 0, F, 

Na and CI, while metal samples were available for others. The experimental 

condition of good statistics and high resolution made it possible to apply a 

subtruction method to reduce an emission spectrum at specified angle for a 

pure element from that of a compound molecule. 

For correcting multiple scattering effect, a simple method based on the 

one-point collision probability was used in the older works ' , but the 

method was revised to use the multi-point collision probability . The corre­

ction often encountered with diffculty when the measured spectrum was drasti­

cally different from the used secondary neutron spectrum data (namely, ENDF/ 

B-IV), and became meaningless. However, in most cases the corrections were 

within 10 % differences from uncorrected data, which could already be used 

for comparison with calculated double differential cross sections from, e. g., 

ENDF/B-IV. The revised method of multi-point collision probability gives 

larger corrections at back-ward elastic scattering, while smaller ones for 

low energy neutrons in the 0.3-2 MeV range. 
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3. Brief Review of the Older Experiments ' 

Typical results are shown in Fig.2 through Fig.12, for important elemen's 

; lithium (tritium breeder), beryllium (neutron multiplier), graphite (ref­

lector), lead (neutron multiplier), chromium, iron and nicl.el (structural). 

Natural lithium ; As shown in Fig.2, measured DDX cannot be reproduced 

at all by ENDF/B-IV which ignores the discrete level excitation of 4.63 MeV and 

the kinematics of continuum neutrons from Li(n,n't) reaction. In low energy 

part where (n,2n) neutrons are dominant, experimental data are significantly 

higher than the ENDF/B-IV data, as shown in Figs. 3 and 4. 
9 

Beryllium ; Emission spectra from Be(n,2n) reaction are very different 

from those of ENDF/B-IV, as shown in Fig.5. The excitation of 1.68 MeV state 

is not seen in the experiment. The experimental peak corresponding to the 

b.76 MeV discrete level excitation is very broadened and no distinct peak is 
9) 

seen at 11.28 MeV state. The recent evaluation by Shibata in JENUL-3PR1 seems 

better than that of ENDF/B-IV, but there remains significant discrepancy, as 

shown in Fig.6. The latest reevaluation in LLNL fits our data very well. 
9 

Four sequential processes are taken into account lor Be(n,2n) reaction in 

Ref.10, while only two in the JENDL-3PR1 evaluation. The agreement is consi­

derable in the lower energy part than 0.5 MeV, as shown in Fig.7. 

Carbon ; The ENDF/B-IV data cannot reproduce at all the measured spectra 

except the elastic and the 4.43 MeV state peak, because the 7.65 and 9.63 MeV 

level excitations are ignored. The ENDF/B-V data are much better, but dis­

agreement is seen in the lower energy part than 5 MeV at backward angle, as 

shown in Fig.8. Angle-differential cross sections at 4.43 MeV state (integ­

rated value for the 4.43 MeV state peak in DDX) by experiment are somewhat 

higher than those of ENDF/B-V in forward angles. The newly evaluated data in 

JENDL-3PR1 are as good as ENDF/B-V. 

Lead ; As shown in Fig.9, the ENDF/B-IV data give too soft spectrum for 

the (n,2n) reaction and too high cross sections for the (n,3n) reaction. 

Pb(n,2n) cross sections around 14 MeV should be re-checked since the integral 

multiplication experiments 

calculated ones by ENDF/B-IV. 
12) Chromium; A new evaluation is made in JENDL-3PR1 which reproduces 

nicely the measured DDX, in contrast with drastic discrepancies given by 
12) 

ENDF/B-IV and JENDL-2, as shown in Fig.10 . 

Iron ; The JENDL-3PR1 data (solid curve in Fig.11) as well as the ENDF/B-
1 j \ 

IV data show good agreement with the experiment. ' 

Nickel ; As shown in Fig.12, significant improvement is made by JENDL-3-

multiplicatlon experiments have shown larger multiplication factors than 
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12) 
PR1 , compared with the ENDF/B-IV data which give flat spectrum in the 

4-11 MeV range and the JENDL-2 data which do not include the direct and 

precompound contributions. 

3. Recent Results 

3.1 High Resolution Measurements 

The results of the older measurements have shown that the main causes of 

disagreements with ENDF/B-IV data are attributed to the ignorance or insuffi­

cient evaluation of the direct and precompound processes in inelastic scatter­

ing. Especially, the experimental data have shown that there exist many dis­

tinct excitations of discrete levels in medlun and heavy elements. However, 

identification of levels has been still difficult due to poor resolution and 

insufficient statistics. Hence, the succeeded measurements after the older 

ones have been conducted with the rendition of better resolution and statis-
,. 13) tics 

In order to study the spectral structures of inelasticailv scattered 

neutrons in higher secondary neutron energy range, DDX measurements were 
32 

carried out for pure or nearly pure isotope elements; sulfer (95.02 % S) , 

Al, Iron (91.8 % Fe) , tin, Nb and Bi. Observed isolated peaks were 
14) analyzed by comparing with excitation levels given in Nuclear Data Sheet 

As a result, it has become clear that the observed peak energies are corres-
13) ponding to some particular excitation levels in many given levels 

Examples of measured DDX data are shown in Fig.13 through Fig.16, res­

pectively for S, Al, Fe and Bi. For 32S in Fig.13, 2.23, 4.46 and 5.01 MeV 

state peaks can be corresponded to the 2 state (one phonon quadrupole vibra­

tion) , sum peak of the 2 and 4 states (two phonon quadrupole vibration) and 

the 3 state (one phonon octapole vibration). However, higher peaks (6.58, 

8.27 and 9.20 MeV state) are not identified yet. Probably, all the peaks are 
27 

attributed to collective excitations. For Al, three peaks of 0.91, 2.17 and 

2.99 MeV state can be corresponded to one phonon quadrupole vibrations, i. e., 

3/2+, 7/2+ and 9/2+ state, but higher levels of 4.64, 5.54, 6.64, 7.45, 8.24 

and 8.64 as seen in Fig.14 are not identified yet. Identification becomes 

difficult for odd mass isotopes because of phonon coupling with ground state 
56 

having non-zero spin. For Fe, one phonon quadrupole vibration (0.82 MeV state 

2 ) and one phonon jctapole vibration (4.58 MeV state, 3 ) are taken into 
12) account in JENDL-3PR1 . In addition, peaks can be separated at 3.23, 5.29, 

6.09, 6.49 and 7.94 MeV state. It is interesting that the 3.23 MeV is close to 
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the pairing energy if the pairing vibration is excited. As shown in Fig. 16, 

discrete excitations at selected levels are seen even for heavy nucleus like 
209 

Bi which must have more than handreds of levels by statistical theory. 

Observed peaks at 1.73, 2.68, 4.28 and 6.53 MeV state seem to be collective 

excitations by either surface vibration or rotation of nucleus. 

3.2 Comparison with Evaluated Data for Other Elements 

High resolution measurements have been additionally carried out for 

light elements (Li, B and N), medium ones (Na, CI and Zr) and heavy one (W), 

and compared with ENDF/B-IV, JENDL-3PR1 and -3PR2. 

Lithium ; Measured DDX data are compared with JENDL-3PR1 in Figs. 17 

and 18, respectively for 45 deg and 135 deg. Peak at Q = -2.15 MeV is coming 

from the first excited state of inelastic scattering of Li. JENDL-3PR1 data 

reproduce well the experimental up to the Q = -4.63 MeV .-state of Li (n,n't) 

reaction, below which disagreement is obvious and the experimental shows two 

additional discrete level excitations, i. e., 6.68 and 7.47 MeV level. Hence, 

the continuum spectra of Li(n,n't) neutrons in JENDL-3PK1 should be altered. 

Comparisons with the latest JEND1.-3PR2 data are shown in Figs. 19-a, b, c 

and d. JENDL-3PR2 data are reproducing quite well the measured data for every 

scattering angle, in contrast with the disagreement with the ENDF/B-IV data. 

Boron ; An example is shown in Fig.20. The experiment clearly shows that 

emission spectra are expressed by gathering discrete level excitations; 2.12, 

4.45, 5.02, 6.74, 9.19, 10.6 and 11.5 MeV level excitations by B(n,n') are 

distinguished by the experiment. The ENDF/B-IV data are unreasonable due to 

the statistical model calculation. 

Nitrogen ; To make a ring scatterer, ZrN powder is contained in a ring 

case of thin aluminum. DDX data for nitrogen are ontained by subtructing the 

contributions of Zr and Al, as shown in Fig.21. The results are compared with 

the ENDF/B-IV data, as shown in Figs. 22-a, b and c for three angles. By ex­

periment, 5 discrete-level excitations could be distinguished; 2.3, 3.9, r.-0, 

5.7 and 7.0 MeV state. For these levels, the evaluation of ENDF/B-IV seems to 

be satisfactory, though the experiment gives higher values for the integrated 

values within the energy interval from 8 to 13 MeV at forward angles (see Fig. 

22-a). Below the 7.0 MeV state, disagreement between the experiment and the 

ENDF/B-IV data should be marked. 

Sodium ; An example of measured DDX at 60 deg is given in Fig.23, in 

comparison with the ENDF/B-IV data. Drastic disagreement in the 6-13 MeV range 

is due to the neglection of direct and semi-direct processes in ENDF/B-IV. 
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Chlorine ; A ring sample ol CC1, tontaini'd in a thin Ai CJSV was used. ^ 
By subtructing carbon ])D,\, suf f ic i ent 1 v accurate 1'DX dat;. tor chlorine were 

obtained. An example at 4' • ie->A is shown in Ki.;.24, in comparison with the 

L'NDF/B-IV data which are inisat isfjc lorv excepL t he tldstie peak. 

Zirconium ; An example o! the results is shown in l-"i,;.2.i. Since the 

multiple scattering correction is dilticult in the 8-1 J MeV range, it is better 

to adopt t'ne uncorrected data (black dots) in this range and corrected data 

can lie adopted lor others, riiree distinct peaks (2.18b, 2.748 and 4.04 MeV 

state) in the experimenta1 data seem to be coming from the collective exeita-
-90 

tion oi Zr which is existing bv r>l. i -.- in narural sample. Due to the etlect 
91 92 94 

ol other isotopes like "Zr(ll.2 ..) , Z r (. 17. 1 .-',) and Zr(l/.4 ) , other 

possible peaks than the three are not separable. Evaluation el these collective 

excitations is not done in HNDK/B-1V, which reproduces verv ditterent hltX I rom 

the experimental one as shown in Fig.2i. 

Wo 11 ram ; The result tor wolfram brings us similar discussions to the 

discussions lor z i rcon i urn, as seen 1 rom i-'ig.2b. Since there is no dominant 
, , 182,, , I HI , , , .. 184,, .,, ., 

isotope in a natural wollram sample ( W = 2b. J ,,, W = 14. ! W = 10./ 

.: and ""' W = 28.0 ' ) , no distinct peaks are obvious in the measured spectrum. 

However, it can be predicted from the results of pure isotope samples like 

209 

Hi that the structure ol measured spectrum in the 8-13 MeV range i'fleets 

the superposition of manv collective states ol 4 wolfram isotopes. Hence the 

missing data in ENDF/B-IV in that energy range should be added bv evaluating 

the direct process of collective excitation, rather than the precompound 

process which may contributes a little. 

4. Concluding Remarks 

DDX data around 14 MeV incident neutron energy have been measured for 

25 elements at the OKTAViAN facility. These data have been quite useful to 

point out guide lines for re-evaluating evaluated nuclear data libraries like 

ENDF/B-IV and JENDL-2, although the incident neutron energy varies with the 

change of scattering angle. Through the comparison work with available evalu­

ated nuclear data libraries, we can say the following for the status of 

ENDF/B-IV and JENDL-3PR1; 

Status of ENDF/B-IV: 

a) Sufficient; Al and Fe 

b) Fairly well; N, 0 and Si 

c) Insufficient; D, Li, Be, B, C, F, Na, S, CI, Ti, Cr, Mn, Ni, Cu, Zr, 
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Nb, Mo, W, Pb and B i . 

Status of JENDL-3PR1; 

a) Close to sufficient; C, Cr, Fe and Ni 

b) Fairlv well; Li and Be 

Status of JENDL-3PR2 for Li is satisfactory. 

It lias become clear that the direct and semi-direct processes are import­

ant lor the secondary neutron emission data at 14 MeV. For heavier elements, 

excitations of discrete and collective levels by inelastic scattering should 

lie further investigated. It is expected to collect angular differential data 

tor individual levels at specfied incident neutron energy. For light elements, 

angle-energy correlation data (DDX) are important for continuum neutrons. 

Hence, a high resolution DDX measurement with fixed incident energy will be 

required. A 90 deg 8 m TOF system is nearly completed for this purpose at the 

OKTAVIAN facility. Using this system, re-measurements will be done for some 

of the 23 elements and new measurements will be started for other elements 

than the 2S. 
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5. Measurements of Double-Differential Neutron Emission 

Cross Sections at Tohoku University 

M.Baba 

Department of Nuclear Engineering, Tohoku University 

Aoba, Aramaki, Sendai 

A brief summary is presented for measurements and analyses of double-

differential neutron emission cross sections for fusion reactor materials 

performed at the Tohoku University Dynamitron facility. The experiments 
S -J Q 

and the typical results are described for ' Li, Be, C, 0, Fe, Ni 

and Pb. The experimental results for emission spectra and scattering 

cross sections are discussed in comparison with JENDL-3PR1. 

1. Introduction 

The energy-angular double-differential neutron emission cross 

sections (DDX) of fusion reactor materials are of prime importance 

as the basic nuclear data in fusion reactor neutronics studies, since 

they provide detailed informations for neutron scattering processes 

required for neutron transport calculations. For light elements of 

' Li, beryllium and carbon, the scattered neutrons exhibit strong 

energy-angle correlation, so that precise DDX data are required. However, 

the experimental data are very sparse, and theoretical calculations 

are not successful in predicting either the energy distribution or 

cross section. As for medium and heavy nuclei, while a certain amount 

of experimental data have been reported, the agreements among the 
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experimental data are not satisfactory owing partly to differences 

in experimental condition such as incident energy and its dispersion. 

Therefore, more experimental data with definite experimental conditions 

are required in order to improve the data reliability. 

We have promoted a series of DDX measurement:; for fusion reactor 

candidate materials using a time-of-flighl spectrometer with a 4.5 

HV Dynamitron accelerator as pulsed neutron source. Table-1 presents 

the summary of the measurements performed at the facility: the incident 

energy ranges from several MeV to 20 Mi;V including 14 MeV. 

In this reports, we deal with the experiment:', and results that 

will be ol interest for the JLNDL-3PIU evaluation. 

2. experiment:; and Data Analyses 

The experimental details have been described previously ' ' ' , 

and are only out]ined here. 

The Tohoku University 4.5 MV Dynamitron accelerator provided pulsed 

proton and deuteron beam, about 2-nsec duration and 1 or 2 MHz repetion 

rate, for neutron production. The primary neutrons were obtained via 

the p+T and d+O reaction using a Ti-T and deuterium gas target, 

respectively, at HeV region and the d+T reaction at 14 to 20 MeV. 

In Fig.l, schematics of our experimental setup are shown. The 

upper one shows that used for 14.1 MeV measurements: the sample and 

neutron detector were placed on the plane perpendicular to the incident 

beam axis, the scattering angle was varied by rotating the sample around 

the target. In this geometory, the neutrons incident on the sample 

have well defined energy of 14.1+ 0.15 MeV, which is the mean energy 

of the neutrons emitted from the d-T fusion reaction. The lower one 

is the usual neutron scattering geometory and was employed for measurements 

at energies other than 14.1 MeV. The flight path length was 4 to 8 m. 
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The secondary neutrons are detected by a massively shielded NE-213 

scintillator, 5" in dia. and 2" thick, equipped with a pulse shape 

discriminator (P5D). A standard T-O-F electronics setup was employed 

Tor measurements using a timing, discriminator and a PSD with pulse-height 

dynamic range of 1000 and 400, respectively, to permit measurements 

from 300 keV to 20 MeV in a single run. The T-0-f data were accumulated 

with a two-bias or dynamic biasing method to obtain n smooth detector 

efficiency curve, and improved timming resolution and S/N ratio in 

high energy region. 

The scattering samples were of right cylinder, 4-cm long and 2.3 

to 3.3-cm in diameter. The absolute value of cross section was determined 

relative to the hydrogen scattering cross section. 

The measured T-O-F da I a were corrected for backgrounds, detector 

efficiency and sample-size effects. Tor the background correction,the 

following contributions were taken into consideration: 1) sample-out 

background, 2) background due to parasitic source neutrons, 3) the 

effects of degraded neutrons via the scattering by the target assembly 

and shadow bar. The neutron tartget was designed to be of low-mass 

construction to reduce the neutron scattering at the target; it produced 

negligibly small backgrounds by target scattering. The effects of shadow 

bar scattering proved to be very small from the measurements of the 

emission spectra from hydrogen and carbon which emit no or very little 

neutrons of continuum. The data correctoion for sample-size effects 

•J \ Q\ 

was performed using the Monte-Carlo and analytic method . It was 

noted, however, the simulation based on the currently available evaluated 

data did not necessarily provide realistic results: therefore, it was 

necessary to prepare a data sets on the basis of our or other 

experimental data in order to improve the simulation and correction. 

Finally, partial values of scattering cross sections and spectrum 
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shape parameters were extracted from the emission spectra through the 

data analysis using the spectrum fitting programs RANSER and SALS 

The experimental uncertainty was evaluated considering the 

contributions from 1) counting statistics (2-30?o)> 2) absolute 

normalization (4-5SS), 3) detector efficiency (5?o), and from 4) sample-size 

correction (l-10?o). 

3. Results and Discussion 

In this section, we present typical results of measurements and 

analyses, and compare them with the corresponding values derived from 

the JENDL-3PR1. The present experimental results at 14 MeV were in 

general agreements with the ring-sample data at OKTAVIAN of Osaka 

University. 

(1) 6'7Li 2>4>12> 

The present results of emission spectra and partial values for ' Li 

are illustrated in Fig.2-5, compared with the evaluated values. The 

JENDL-3PR1 evaluation gives much improved reproduction than ENDF/B-IV 

and JENDL-2, however, appreciable disagreements with the experiments 

are still found as the followimg: 1) the evaluated energy spectra at 

14 MeV are markedly harder than the experimental ones, 2) MeV DDXs 

show similar features, 3) the evaluated angular distribution and magnitude 

of inelastic-scattering cross sections are not consistent with the 

measurements, and 4) the experiments indicated excitation of higher 

levels not considered in JENDL-3PR1. 

The continuum emission spectra are composed of neutrons via the 

(n,n'x)a and (n,2n) reactions, and the enhancement of low energy neutrons 

in the experimental spectra is considered owing to (n,2n) reaction. 

In JENDL-3PR1, ordinary phase-space distribution is assumed for the 

neutron spectra of these reaction. As shown in Fig.4, the emission 
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spectra are interpreted much better by adopting a Coulomb distorted phase-space 

model and a evaporation spectrum for (n,n'X)a and (n,2n) neutrons, 

respectively, in place of phase-space model in JENDL-3PR1. The angular 

distributions of inelastic-scattering cross sections were found to be analysed 

successfully with a coupled channel optical model over wide range of incident 

4 12) 
energy. ' The problems cited above will be taken into consideration 

in the new evaluation for JENDL-3PR2, and the evaluation details will be 

described by S.Chiba in this proceedings. 

(2) Beryllium ^ 

The measured DDXs and partial cross sections are presented in Fig.6-8, 

along with the evaluated values. The beryllium emission spectra are 

characterized by a large amount of continuum neutrons due to multi-particle 

decay processes reaching to (n,2n) reaction. As shown in Fig.6, there appear 

discrepancies between the experiments and JENDL-3PR1. 

1) The inelastic-scattering from the "1.7 MeV level" was not observed 

in the experiment, whereas substantial cross section is given to this branching 

in the evaluation, 2) The experiments indicate notable excitation of 3.0 

MeV level, while it is neglected in the evaluation, 3) In the experimental 

spectra at 14-MeV by Takahashi et al , the discrete inelastic peaks from 

levels higher than 4 MeV are greatly smeared compared with the evaluated 

ones. These differences are not attributed to the problem in energy resolution, 

but are likely due to inherent nature of the reaction. Taking accounts of 

level width of these levels and of simultaneous break-up process would lead 

to improvement. The inclusion of level width has been performed in recent 

LLNL evaluation resulting in very good agreements with the experiments. 
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(3) Carbon 1 5 ' 1 6 ) 

The experimental results of DDXs at 14.1 and 18.2 MeV are compared 

with the JENDL-3PR1 and ENDF/B-V evaluation in Fig.9. In lower energy region 

of energy spectra, there appear "continuum" neutrons produced via the break-up 

processes resulting in (n,n')3a reaction. From the data comparison, the 

following problems can be pointed out for the evaluated data. 

1) The low energy parts of emission spectra are not described 

satisfactorily by either JENDL-3PR1 or ENDF/B-V. The problem will be reduced 

to, 2) the cross sections of the second (Q=-7.6 MeV) and third (Q=-9.6 MeV) 

level, and 3) the spectra and cross sections of "continuum" neutrons. Fig.10 

shows the evaluated inelastic-scattering cross sections for the second and 

third levels are in marked disagreements with tine measurements. In particular, 

JENDL-3PR1 evaluation overemphasizes the third level cross section considerably 

at 14.1 MeV. The "continuum" parts of respective spectrum are fitted with 

a evaporation spectrum assumed in JENDL-3PR1. The experimentally deduced 

temperature, however, varies significantly with scattering angle probably 

because of energy-angle correlation. Therefore, pseudo-level presentation 

adopted in ENDF/B-V seems preferable for consistent description of these 

neutrons. 

4) As shown in Fig.11, the present values of the first level cross section 

at 18.2 MeV largely differ from the evaluation, while they are in good 

agreements with those by Thum et al. The coupled channel calculations 

shown in Fig.12 give much better results than evaluation and seems useful 

for cross section evaluation. 5) The present results at 14 MeV for the 

elastic-scattering and first level cross sections, are respectively about 

18) 
10 and 30 % higher than those by Haouat et al. , while they are in fair 

19) agreements with those by Glasgow et al. . The reason for these discrepancies 

has not been well traced, whereas the cross section fluctuation observed 

in the (pjp), (p>p') reactions might be of some concern. 
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(4) Oxygen 1 5 , 1 6 ) 

The results of DDX and inelastic-scattering cross sections are shown 

in Fig.13-14, together with the evaluated data. From the data comparison, 

the fallowing can be pointed out. 

1) In the energy region lower than 2 MeV, the measured DDX are notably 

higher than the evaluated values, probably because of break-up neutrons 

not considered in the evaluation. 

2) Distinct disagreements are seen in the inelastic scattering cross sections 

from the (6.05+6.13) MeV and (6.92+7.12 )MeV levels. The present values 

are considerably smaller especially for (6.92+7.12) MeV levels. In adittion, 

the experimental angular distribution shows forward rise more than the JFNDL-3PR1 

values. The present elastic-scattering cross section is in fair agreement 

20) 
with that of JENDL-3PR1 and Glendinning et al. . 

(5) Fe, Ni 

21) 
For these structual materials, new evaluation of JENDL-3PR1 

provided much improved prediction of DDXs than previous ones. However, 

it showed appreciable disagreements with the data at OKTAVIAN , in 

the angular dependence of emission neutrons. The present results of 

DDX and anglular distribution of emission neutrons are shown in Fig.15,16. 

They are in fair agreements with the data at OKTAVIAN , and show 

similar but a little milder forward rise even for the low energy neutrons. 

Therefore, the present data also show disagreements with JENDL-3PR1, 

although they not final yet and may receive a slight revision. Final 

results and detailed discussion will be presented later. 

(6) Lead 2 2 ) 

Lead is expected to be a major neutron multiplier in fusion reactor 

blankets, so that the cross sections are required to be established 

urgently. In particular, the cross sections and emission spectra of 
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(n,2n) reaction are of interest. As seen in Fig.17,18, the evaluated 

values for lead largely differ from each other, and none of them reproduce 

satisfactorily the experimental cross sections and energy spectra of 

(n,2n) reaction. 

In the present syudy, therefore, DDX measurements and the theoretical 

calculation were performed to determine the emission spectra and cross 

sections of (n,2n) reaction. The calculation was made using the code 

"GNASH" to take the preequilibrium process into accounts. The emission 

spectra by the present measurements and (n,2n) cross sections measured 

by Frehaut et al. were analysed with the calculation. As shown in 

Fig.17,18, the calculation using the optical model potential by Fu 

& Perey and the back-shifted Fermi-gas level density, reproduced 

successfully both the (n,2n) cross sections and the emission spectra. 

It was noted that the calculated neutron energy spectra were sensitive 

to the level density function and parameters. 

4. Summary and Conclusion 

The measurements and analyses of double-differential neutron emission 

cross sections for fusion reactor materials at Tohoku University were 

reviewed and discussed in comparison with the JENDL-3PR1 and other 

evaluations. The double-differential data proved to useful to obtain 

a variety of informations for neutron emission spectra and scattering 

cross sections. The data in JENDL-3PR1 showed several discrepancies 

with the measurements in neutron emission spectra and inelastic-scattering 

cross sections, which should be solved in the new version of the 

evaluation. 

The DDXs for light elements are characteristic of individual nucleus 

and are difficult to be followed with a unified model; the experimental 

informations are essential. The energy-angle correlation plays an important 
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role and is to be considered exclusively for DDXs for light nuclei. 

Optical model calculations were applied with success to Li isotopes, 

carbon and seem to be useful for high energy cross section evaluation, 

even though the physical ground is not sound for application to light 

nuclei. The angle dependence of emission spectra observed for Fe and 

Ni will be interesting from the theoretical point of view, and will 

be traced in more detail. The measurements and analyses for lead brought 

an improved interpretation;this procedure will be worthwhile for further 

data refinement. 
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I I I . I n t e g r a l Experiments: Experimental Resu l t s and Analyses 

1. Nuclear Data Testing on Integral Experiments of Lithium Spheres 

K. Sugiyama, J . Yamamoto* and T. Iguchi** 

Department of Nuclear Engineering, Tohoku University 

Aramaki-Aoba, Sendai 

Uncertainty on the neutron nuclear data of lithium isotopes is discussed 

concerning with integral experiments using two kinds of lithium spheres, 

40cm and 120cm in diameter. Experimental results of neutron leakage 

spectra and tritium production rates indicate that the cros section of 

Li(n,n'oOT in the data file JENDL-3 PR2 is prefered in compararison with 

the values in ENDF/B-IV, and there are some discrepancies for the (n,2n) 

cross sections of lithium in both files. 

1. Introduction 

Joint study of university faculties in Japan were programed concerning the mesurements 

of the basic blanket parameters for controlled thermonuclear reactor such as tritium 

production rates, nuclear heating rates and so on, using 14 MeV intense neutron source 

facility OKTAVIAN at Osaka university. Results from these experiments provide also for 

testing the accuracy of the cross sections for neutron induced reactions in lithium isotopes 

( Li and Li ) as well as neutron transport calculations. For the purpose, two kinds of 

spherical assemblies contained natural lithium which are 40cm and 120cm in diameter, were 

designed and constructed. The details of the assemblies and the experimental arrangements 
2) 

have been reported elsewhere. Present paper describes the results on the nuclear data 

deduced from the integral experiments such as neutron leakage spectra using neutron 

t ime-of- f l ight and tritium production rates at lithium samples in the sphere. 

2. Experimental Results 

2.1 Neutron leakage spectra from the spheres 

Measurements of neutrons leaked from the each sphere have been carried out using a 

* Department of Nuclear Engineering, Osaka University 

* * Department of Nuclear Engineering, Tokyo University 
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t lme-of- f l ight technique in experimental arrangement as shown in Fig. 1. Experimental 

results are illustrated in Fig. 2 for *tOcm sphere and Fig. 3 for 120cm sphere, along with 

calculational results using transport code NITRAN3 ) with ENDF/B- IVand JENOL-3 PR 2. 

Neutron PoroffIn Heovy 

detector / concrete 

/ 

Li th ium 0OAVIAH 
sphere beam l ine 

Fig. 1. Experimental arrangement for measurements of neutron leakage spectra. 

o 
cr 

3<°° 

tr 

o 

^ 1 0 " 

< 

y io"2 

- i r l i i l | - -1 | p 

f : E x p e r i m e n t 

S\j-: N ITRAN.JENDL-3PR2 

N1TRAN-ENDF/B-W 

I III I 
0.1 0.5 1 5 10 

NEUTRON ENERGY(MeV) 

Fig. 2. Neutron leakage spectra from the <t0cm lithium sphere. 
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Fig. 3. Neutron leakage spectra from the 120cm lithium sphere. 

There are generally agreements between the measured and the c a l c u l a t e d spectra. 

For detailed comparison of these results, it is interested to illustrate the ratio of both values 

as Figs. 4 and 5. It is found that there are some discrepancies between the measured and 

the calculated values at the regions of the elastic and the resonance scattering. For i)0cm 

sphere, the inelastic peak through the 4.63 MeV state of Li which is important for tritium 

production is obiously improved in the JENDL-3 PR1 evaluation, and difference at the low 

energy region would be caused by inadequate cross section for the (n,2n) reaction. Peak 

around 3 MeV is caused by d-d neutrons. For 120cm sphere, large difference are found in 

the region around 8 MeV, 1 MeV and below 0.2 MeV. Although any attempts of 

interpretations for these dicrepancies were made, they are not yet clear. Experimental 

arrangement which has been detected neutrons leaked from limited area in the front of 

sphere by a precollimater, and its calculation by neutron transport code should be cheched. 

The result would be influent on inadequacies of nuclear data such as angular dependence of 

neutrons from the scattering and the (n,2n) reactions. 

143-



J A E R I - M 8 6 - 0 2 9 

1 I 1 1 1 1 1 1 1 

Li 
; i 

1 1 1 1 

iOcm 

i i i : i i i ; i i i 

Sphere 

05 -

:ENDF/B-IV 

•U" 
,-n-f 

i._U L 
0.1 0.5 I 

NEUTRON ENERGY ( MeV) 

l_J._.Li_L J.L I 
5 10 15 

Fig. *t. Calculated / Measured on leakage neutrons from <tOcm sphere. 
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Fig. 5 . Calculated /Measured on leakage neutrons from 120cm sphere. 
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2. 2 A c t i v a t i o n rates in the l i th ium sphere 

A c t i v a t i o n rates have been measured for several kinds of fo i l s and l i th ium 

carbonate pel le ts in the 120cm l i th ium sphere. These samples were embeded at 

the radial posit ions d i rec ted to 0° , 45° and 90° wi th respect to deuteron beam 
2) 

incident in to t r i t i u m target in the assembly. The calculat ions have also been 
M 

made by the Monte Car lo code MCNP wi th pointwise cross sect ion l ib rar ies 

produced f rom ENDF/B-V dosimetry f i l e for the react ions Intn.n1), Al(n,o0, 
9 0 Zr(n ,2n) and 9 3 Nb(n ,2n) , but ENDF/B- IV and JENDL-3 PR 1 for the 6 ' 7Li (n ,n '<*) t 

react ions. In these computat ions, one-dimensional spherical geometry has been 

adopted, where the input source neutron spectrum has been changed depending on 

each d i rec t ion to be compared. Results are i l lusted in Figs. 6(a) to 6{ f ) , as 

reac t i on - ra te ra t io in order to reduce the neutron source anisotropy e f fec ts . It 

reveals that agreements between the measured and ca lcu lated results are f a i r l y 

good except the Li(n,n'o<)t react ion based on ENDF/B- IV cross sections. This 

disagreement on the react ion is improved by using the JENDL-3 PR 1 cross 

sect ions. 

(a) -|_i(n. a)T "Nbln, 2n) Litn n'nlT 1 'Nb(n. 2n) 
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E x p . •: 
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IJ i t ' n i ] 

10 20 30 40 
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50 60 

Fig . 6. Reac t ion - ra te ra t i o in the l i th ium assembly. 
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2.3 T r i t i um breeding ra t io 

T r i t i um breedng ra t io in the 120cm l i th ium sphere has been deduced f rom the 

t r i t i u m product ion rates measured on the l i th ium carbnate pel lets at the radial 

posit ions in the assembly. The calcu lat ions have also been per formed using 

neutron transport codes, ANISN and N I T R A N , associated w i th nuclear data, 

ENDF/B - IV , G I C X - F N S 5 ' and JENDL-3 PR 1. Results are presented in Table 1. 

Table 1. T r i t i um breeding ra t io in the 120cm dia (50cm th ick) l i th ium sphere. 

T-G 

T-7 

Total 

Experiment* 

0.2391 

0.495-

0 .734: 

0.0114 

0.030 

0.050 

Cal-J 

0, 

0, 

0. 

.252 

.526 

,778 

(C/E) 

(1 

(1 

(1 

.05) 

.06) 

.06) 

Cal-2 

0.262 

0.606 

0.S63 

(C/E) 

(1 

(1 

(I 

.09) 

.22) 

,18) 

Cal-3 

0 

0. 

0, 

,249 

,507 

,756 

(C/E) 

(1 

(1 

(i 

.04) 

.02) 

.03) 

* Averaged value of 0 ond 90 deg l i n e measurement 

C a l - I ; GICX-fMS +ANISN 

Cal -2 ; ENDF/3-IV + NITRAN Col-3; JENDL-3PR1 + NITRAN 

3. Conclusions 

Precise coparisons between the measured and ca lcu la ted values have been 

car r ied out on the neutron leakage spectra and the reac t ion - ra te ra t io data and 

t r i t i u m breedng ra t io in the 120cm l i th ium sphere, in addi t ion to the neutron 

spectrum leaked f rom the M e m l i th ium sphere. It is obviously conduced that use 

of nuclear data JENDL-3 PR 1 or PR2 is preferab le t o predict the t r i t i u m breeding 

ra t io in the l i th ium assembly rather than the use of ENDF/B- IV . We expect more 

improvement for the cross sect ion and angular d is t r ibut ions in the elast ic 

sca t te r ing and the (n,2n) react ions in l i th ium nucl ides. 
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2. 14 MeV Integral Experiment at OKTAVIAN 

to Check Differential Data of Secondary Neutrons 

J. Yamamoto 

Department of Nuclear Engineering 

Faculty of Engineering, Osaka University 

Yamadaoka, Suita-shi, Osaka 565, Japan 

-in '7 

Differential dc.a for Fe and Pb in FNDF/B-IV, " C in B-V, and Li in 

B-1V, JENDL-3PR1 and PR2 were checked with regard to secondary neutron 

spectra from (n,n' ) and in,2r) reacLions by 14 MeV neutrons. This 

verification was done by making use of neutron energy spectra measured jri 

14 MeV integral experiments at the OKTAVIAN facility of Osaka University, 

hi comparison with transport calculations by 1-ft Sti code NITKAN, it was 

nointed out that there are some uncertainty in emission spec'ra from tu,2n) 

reaction with high energy threshold. 

1 . Introduet ion 

Integral experiments have been carrying out focusing on two fundamen­

tal measurements: reaction rate and neutron energy spectrum, since fusion 

neutronj.es studies using 14 MeV neutron source OKTAVIAN were started in 

1981. Recent works in the integral experiments will be reviewed in the 

following and the results until the first half of 1984 can be referred in 

OKTAVIAN reports '" . Measurements of neutron spectra and tritium 

production rates in a natural-lithium sphere of 120 cm in diameter have 

(3) 
been performed as a inter-universities program in Japan . Analyses by 

transport codes have been done using the nuclear data files of JENDL-3PR1 

and ENDF/B-IV . Another measurement of tritium production rates has 

been done using a natural-lithium slab with graphite reflector and compared 
(5) 

with transport calculations by the B-IV and the JENDL-3PR1 libralies 

A measurement of neutron energy spectrum in the OKTAVIAN facility has 

been performing by almost using a pulsed neutron source and neutron time of 

flight technique. Some neutron spectra measured in a integral experiment 

with simple configuration give the useful information for the verification 

of nuclear differential data concerning the energy- and angle-distributions 

of emission neutrons from 14 MeV neutron-induced reactions. Such spectrum 

measurements will be introduced in the following chapter and the 

differential data in ENDF/B-IV, B-V, JENDL-3PR1 and PR2 will be discussed 
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in comparison between the measurements and the transport calculations. 

2. Measurements of leakage neutron spectra 

Experimental arrangements for the measurements of leakage spectra are 

shown in Fig.1, where C a) shows the arrangement for a spherical assembly 

and (b) for slab one. In Fig.l-(a), "leakage current spectrum" integrated 

over some emission angles on the surface of the sphere can be measured as 

given in the following equation. 

M(E) = fft) ^ —f<P^. E)ZX/vdis--4-KRz 

where f(R,u,F) is the angular flux spec t.rum or) the surface of sphere, Sd 

the cross-sectional area of the neutron detector, \..Q the flight path length 

from the center of the sphere to the detector, u the cosine of the emission 

angle & , M(E) the energy spectrum measured by the neutron detector. 

Figure l-(b) shows a setup for the measurement of "angular flux spectrum" 

emitted from a slab. 

The leakage spectra measured by the above arrangements generally will 

have the specific structure to be sensitive to energy spectra and angular 

dependences of secondary neutrons emitted from 14 MeV neutron-induced 

reactions, if the TOF measurement will be done under the experimental 

condition as follows: 

(i) Test assembly with simple configuration and single component material, 

(ii) A test layer correponding to the thickness of 0.5 up to 5 times as 

long as mean free path (mfp) for a 14 MeV neutron, 

(iii) Approximately mono-energitic neutron source, 

(iv) Fast neutron spectrometry ranging from the order of keV up to 15 MeV. 

The examples of neutron spectra measured under the condition are 

presented in Figs. 2 and 3, where the secondary neutrons from elastic and 

non-elastic scattering are dominant in measured spectra. Figure 2 shows 

the angular flux spectrum for 0 degree from a graphite slab, of which 

cross-sectional area was 50 cm x 50 cm and 30 cm in thickness corresponding 

to 3.4 mfp. The structure appears as peaks by secondary neutrons from 
12 

discrete level inelastic scattering of C by 14 MeV incident neutrons. 

The peak at 10, 7 and 5 MeV respectively results from secondary neutrons 
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from 4.43, 7.66 and 9.63 MeV excited states. 

Figure 3 shows leakage current spectrum from a natural lithium sphere 

of 40 cm in diameter. Natural lithium is contained with stainless steel 

shell of 2 mm in thickness, and the thickness of lithium layer is 10 cm 

(0.7 mfp). As for the secondary neutrons by discrete level excitations, 
7 

only one neutron peak by 4.63 MeV excited state of Li appears around 10 

MeV. This leakage spectrum is just characterized by the energy 
7 

distribution of secondary neutrons from (n,2n) reaction of Li with 7.25 

MeV threshold energy other than (n.n'l reactions. Spectrometry of low 

energy neutrons will be naturally required in the measurement of secondary 

neutrons with increasing threshold energy. Bulk experiment by a sphere 

witb "thin layer", therefore, will be available to check secondary neutron 

spectra from high-threshold reactions because of the advantage to get the 

good ratio of signal to noise (S-N ratio) in a T0F spectrum even at the low 

energy region by surrounding the neutron source with the sphere. 

3. Comparison between measured and calculated spectra 

Tabie 1 lists the kinds of slabs and spheres used in the TOF 
7 12 

measurements. Some differential data for Li, C, Fe and Pb will be 

discussed respectively by the comparison work between measured and 

calculated leakage spectra from a natural lithium, graphite, iron and lead 

assembly. Transport calculations of angular flux spectra and leakage 
(6) 

current ones have been done by 1-D Sn transport code N1TRAN using 135 

group cross section sets of DDX type. Nuclear data were provided from 

ENDF/B-IV(?) for Fe and Pb, and B-V(8) for 12C. Energy spectra from 

lithium assemblies were calculated with B-1V, JENDL-3PR1 and PR2 

respectively. 

Figures 4 and 5 present the neutron spectra calculated with B-IV in 

comparison with measured spectra. The angular flux spectra are shown in 

Fig.4 for iron slab and Fig.5 for lead slab, of which sizes were 40 cm x 40 

cm and 10 cm in thickness. No obvious angular dependence can be observed 

between the spectra for the emission angles of 45 and 135 degrees in Fig.4 

except elastic scattering peak. Two calculated spectra for 45 and 135 

degrees are in fairly good agreement with measured ones. Slight 

undercalculation, however, can be seen in the energy range from 3 to 10 

MeV, where secondary neutrons contribute from discrete level inelastic 

scattering. Q-value of (n,2n) reaction of Pb is -6.73 MeV, so the 

secondary neutrons from the reaction are distributed in the energy range 

-151-



JAERI-M 86-029 

below 5 MeV on the angular spectra in Fig.5. The energy spectru measured 

at 45 and 135 degrees is respectively harder than calculated one. It can 

be, therefore, pointed out that the nuclear temperature of (n,2n) reaction 

should be estimated to be higher than that derived from the energy 

distribution evaluated in B-IV. The same result can be confirmed by 

another measurement shown in Fig.6, in v/hicb leakage current spectrum from 

a lead sphere is compared with calculated one. Neutron multiplication 

factor by (n,2n) reaction of Pb could be obtained from this TOF measurement 

and the value for the sphere, of which diameter was 38 cm and lead 

layer was 9 cm in thickness, was 1.50 + 0.09. The factor by transport 

calculation with B-IV was valued at 1.29, which undercalculated the 

experimental value by 14 %. As for the differentia] data for lead in 

B-IV, there are much uncertainty in both (he cross section value of (n,2n) 

reaction and the secondary neutron spectrum at 14 MeV. 

Figure 7 shows the angular flux spec Ira from a graphite slab. 

Transport calculations were done by using the ENDF/B-V dat.a instead of the 

B-IV data, in which only the angle-dependent cross section data for 1-st 

excited level (Q--4.43 MeV) are evaluated as discrete level inelastic 

scat tering. Good agreement can be obtained between measurements and 

calculations by the B-V data evaluated in consideration of several branch 
12 

channels for (n,n' 3 alpha) reaction of C. 

The JENDL-3PR2 library, which is a revised version of PR1 , shows the 
7 

improvement for differential data of non-elastic scattering of Li. PR2 

gives the anisotropic angle-dependent cross sections for discrete level 

inelastic scattering of 0.478, 4-,.63 and 6.68 MeV excited states. The 

other levels, that are pseudo levels binned in 0.5 MeV, are almost treated 

as isotropic scattering. Figure 8 shows the ratio of calculated values to 

experimental one for leakage current spectrum from the 40 cm lithium sphere 

as shown in Fig. 3. Drastic improvement can be seen around 10 MeV in the 

leakage spectrum calculated by PR2. Figure 9 shows the comparison among 

measurements and calculations by B-IV, PR1 and PR2. Calculational model 

of angular flux spectra was a natural lithium slab of 20 cm in 

thicknessd .4 mfp). It is assumed that angular dependent cross sections 

for -4.63 MeV in PR2 slightly underestimated at forward scattering angles 

as shown around 10 MeV in Fig.9-(a). Those in PR1 are evaluated as 

isotropic scattering in CM system, so the considerable overcalculation can 

be seen in backward spectra of 135 degrees and undercalculation in forward 

one. Furthermore angular spectra by PR1 overcalculated the measurements 
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below 5 MeV at both emission angles of 45 and 135 degrees. The reason can 

be illustrated with Fig.10, which shows the energy spectra from (n,2n) 
7 

reaction of Li by a 15 MeV incident neutron. The spectrum in PR1 is 

estimated rather harder than that in B-IV. Even the calculated spectra by 

PR2 slightly overestimate the measured ones below 5 MeV as can be seen in 

Figs.3 and 9. 
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Table 1 List of slabs and spheres for TOF measurement 

A s s e s * l jr C Elocflt) Slab Spbera Huclw d i u flH 

Natural Lithiua C ' L I , ' L I (SS. ) ) 

CraphiUi C " C ) 

Iron ( F t ) 

Lead ( P b ) 

0 . 4 5 . 1 3 5 

0 , 3 0 , 4 5 . 1 3 5 

0 . 3 0 , 4 5 . 1 3 5 

0 . 3 0 , 4 5 . 1 3 5 

2 0 , 6 0 ' 

1 5 . 4 5 

P R 1 . F R2 . B-Pf 

B-W . B-V ( P R O 

B-W ( P R 1 ) 

B-W 

( H , C , O . A I . 

S I . C t . F t . t t t ) 

Stainless 3U*1-3I6( C r . F e . N I . t tc. > 

- V C C ) < P R 1 ) 

( a ) 

( b ) 

Fig.l Experimental arrangements for TOF measurement 
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Fig.5 Measured and calculated angular spectra 

for 45 and 135 degrees from a lead slab 
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Fig.9 Angular flux spactra for 45 and 135 degrees from a natural lithium slab 
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J . C o m p a r i s o n b e t w e e n m e a s u r e m e n t s of t h e N e u t r o n 

S p e c t r a f rom M a t e r i a l s u s e d i n F u s i o n R e a c t o r s 

anii C a l c u l a t i o n s u s i n g JKNUL-31'R 1 

n i r o y u k i i i a s h i k u r a , Y o s h i a k i ( Jka , 

an'-. S h u n s u k e Kondo 

N u c l e a r Lug i n e e r i i i g k e s e a r c h L a b o r a t o r y , 

1 .i ! v i_-i s i t y of T o k y o 

' ; : -J \ , I i - r au ra , . \ a k a - y u n , I b a r a k i 

..' >.\ i'!. - i I U ! w h i c h i n c l u d e s v e r y i m p o r t a n t n u c l i d e s f o r 

a n a l y s i s • >'. f u s i o n b l a n k e t e x p e r i m e n t s h a s b e e n a l r e a d y 

i c - i e u s f i . •; hi- a c c u r a c y of t h e n u c l e a r d a t a h a s b e e n c h e c k e d by 

t i n - v'i imp i L i s o n of t h e i n t e g r a l m e u s u r enien t s w i t h t h e c a l c u -

J i i l o n a l r e s u l t s u s i n y JLN1)L,-31'R i. S e v e r a l p r o b l e m s a r e p o i n t e d 

u u ' . 

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

Loufile differential neutron emission cross sections (UDX) 

for riany elements have been recently measured at Osaka and 

Tohoku University. The measured UDX data were compared with 

the calculations based on LNDF/B-IV and JENDL-3PR1.1 ^ Nuclear 

data should be also checked by the comparison between the 

integral measurements and the calculations since there are 

often large uncertainties in the differential cross sections. 

The integral measurements of neutron spectra are very useful to 

detect specific energy range where the data are adequate or 

not. The measurements of neutron spectra can complement the 

differential cross section measurements. 

The pulsed sphere experiments that were carried out by 
? ) • 3 1 

L.F. Hansen et a 1. ' and H. Hashikura et a j.. ' have been used 
4-91 as the cross section benchmark tests. ' These experiments 

measured the neutron spectra emitted from spherical targets 
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bombarded w i t h a c e n t r a l D-T n e u t r o n s o u r c e . In t h i s p a p e r , 

c a l c u l a t i o n s a r e compared w i t h t h e m e a s u r e m e n t s from 2 t o 15 

MeV on C, Li , L i , O, Fe, and Ni. A l l c a l c u l a t i o n s have been 

made w i t h t h e c o n t i n u o u s - e n e r g y Monte C a r l o code MCNl1. ' 

2. Exper iment 

The measurements have been carried out using thj time-of-

f light techniques at LLNL and Osaka University. l.'-T neutrons 

are obtained from the T(d,n) lie reactions. A tritium-titanium 

target was positioned at the center of the spheres. The 

spectra measurements between 2 and 15 MeV were made using NL-

213 scintillators. A tabulation of the spherical issemblies 

which has been analysed for the checking the niic I e.ir data is 

presented in Table 1. 

3. C a l c u l a t i o n 

The c a l c u l a t i o n s were c a r r i e d out by t h e c o n t i n i o u s ene rgy 

Monte C a r l o c o d e , MCNP w i t h t h e f i n e e n e r g y s t r u c t u r e of t h e 

n u c l e a r c r o s s s e c t i o n s . P r o c e s s i n g of J E N D L - 3 P R 1 - f o r m a t t e d 

d a t a i n t o MCNP - format was made u s i n g NJOY ' . The a d v a n t a g e 

of MCNP a r e t h a t t h e m u l t i g r o u p a p r o x i m a t i o n s a r e not r e q u i r e d , 

a l l t h e r e a c t i o n s d e s c r i b e d in t h e n u c l e a r d a t a a r e accoun ted 

f o r and t h e g e o m e t r i e s of t h e s p h e r i c a l a s s e m b l i e s a r e a c c u ­

r a t e l y i n c l u d e d i n t h e c a l c u l a t i o n s . 

4. R e s u l t s and d i s c u s s i o n 

ca rbon 

The measured and c a l c u l a t e d ene rgy s p e c t r a a r e compared i n 

F i g . 1. The good agreement i s shown in t h e energy i n t e r v a l of 

12 t o 15 MeV. The c a l c u l a t i o n s l i g h t l y o v e r e s t i m a t e s t h e 

measured f l u x around 5 MeV which c o r r e s p o n d s t o t h e i n e l a s t i c 

s c a t t e r i n g t o 9.64 MeV l e v e l . The ( n , n ' ) c r o s s s e c t i o n t o 9.64 

MeV l e v e l i s shown i n F ig , 2, w i t h t h e measured da t a . The d a t a 
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of JENDL-3PR1 a g r e e w e l l w i t h t h e measured d a t a by A n t o l k o v i c 

bu t o v e r e s t i m a t e t h e measurement by Baba. ' The a n a l y s i s of 

t h e i n t e g r a l m e a s u r e m e n t s u g g e s t s t h a t t h e m e a s u r e d d a t a by 

Baba i s more r e a l i b l e . 

l i t h i u m - 6 

Comparison between the measurement and calculation is 

given in Fig. 3. The calculation shows good agreement with the 

measurement above 8 MeV but overestimates it below 8 MeV. It 

has been already pointed out that the reason the discrepancy is 

attributed to the secondary neutron distribution from the 

(n,n') continuum and (n,2n) reactions. The lithium-6 of JENDL-

3PR1 lias been revised and released as JENDL-3PR2.13 ' 

lithium-7 

The r e s u l t i s shown i n F i g . 4. The c a l c u l a t i o n a g r e e s 

w e l l w i t h t h e m e a s u r e d f l u x a b o v e 7 MeV and o v e r e s t i m a t e s i t 

b e l o w 7 MeV. T h i s shows t h e same r e s u l t a s t h a t of l i t h i u m - 6 in 

JKNDL-3PR1. L i t h i u m - 7 of JENDL-3PR1 h a s b e e n a l r e a d y r e v i s e d 

and r e l e a s e d as JLNDL-3PR2. 

oxygen 

Comparison between the measurement and the calculation is 

shown in Fig. 5. Calculated result using ENDF/B-IV is also shown 

in Fig. 6. Calculated results overestimate the mesured flux in 

the energy region below 7 Hetf. Cross sections at 15 MeV are 

listed in Table 2. Hansen pointed out6) that, in ENDF/B-IV, the 

total (n,n') cross section was right but distribution of the 

cross sections among 21 levels was incorrect and in particular, 

too much cross section was assigned to the levels between 6- and 

10- MeV excitation energy. In JENDL-3PR1, smaller value of the 

total (n,n') cross section has been assigned but the calculation 

overestimates the measured flux. This indicates that, in JENDL-

3PR1, the distribution of the cross sections is incorrect and too 

much cross section is assigned to the levels between 6- and 10-

MeV. 
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iron 

Fig. 7 shows the comparison between the measurement and 

the calculation. The calculated result underestimates the 

measured flux in the energy region between 10 MeV and 5 MeV and 

an evident peak is observed around 9 MeV. Secondary neutron 

spectra from the (n, n') continuum reaction are shown in Fig. 

8, with those of JKNDL-3PR1 and ENDF/B-IV. The small peak which 

is observed in Fig. 7 corresponds to that in Fig. 8. This 

indicates that the secondary neutron distribution from the 

(n,n') continuum is incorrect. 

nickel 

The r e s u l t i s shown i n F i g . 9. The c a l c u l a t e d s p e c t r u m 

a g r e e s w e l l w i th t h e measurement excep t for t h e energy r e g i o n 

a r o u n d 13 MeV. The d i s c r e p a n c y i s a t t r i b u t e d t o t h e l a r g e 

v a l u e s of t h e i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s t o 1.33- and 

1.45-MeV l e v e l s . 

5. C o n c l u s i o n 

The a n a l y s i s of t h e i n t e g r a l measurements has been c a r r i e d 

o u t u s i n g t h e c o n t i n u o u s e n e r g y Monte C a r l o c o d e , MCNP. Some 

d i s c r e p a n c i e s have been found by t h e compar ison of t h e m e a s u r e ­

m e n t s w i t h t h e c a l c u l a t i o n s . The p r e s e n t r e s u l t s s h o u l d be 

c o n s i d e r e d for t h e f i n a l v e r s i o n of JENDL-3. 

Acknowledgement 

The e x p e r i m e n t of n i c k e l was made a s a c o o p e r a t i v e work 

between Osaka and Tokyo U n i v e r s i t y . The a u t h o r s wish t o thank 

Dr. A. Takahash i and Dr. J . Yamamoto fo r t h e i r a s s i s t a n c e . The 

p r e s e n t work h a s b e e n p a r t i a l l y s u p p o r t e d by G r a n t - i n - A i d , 

M i n i s t r y of E d u c a t i o n , S c i e n c e and C a l t u r e . 

- 1 6 3 -



J A E R I - M 8 6 - 0 2 9 

References 

2) 

3) 

4) 

5) 

6) 

7) 

a) 

9) 

10) 

11) 

12) 

Kikuchi, Y., et al: J. Nucl. Sci. Technol., 22, 499 

(1985). 

Hansen, L.F., et al: UC1D-19604 (1982). 

Hashikura, H., et al: Submitted to J. Nucl. Sci. Technol. 

Hansen, L.F., et al: Nucl. Sci. and Eng., 35, 227 (1969). 

et al: ibid., 51, 278 (1973). 

et al: ibid., 60, 27 (1976). 

e t a l : i b i d . , 72, 35 ( 1 9 7 9 ) . 

e t a l : T r a n s . An.. N u c l . S o c i e t y . , 3 3 , 679 

Hansen, L.F 

Hansen, L.F 

Hansen, L.F 

E s t e s , G.l'. 

( 1979) . 

E s t e s , G . P. 3t a l : i b i d . , 35, 460 (1980 ) . 

Los Alamos R a d i a t i o n T r a n s p o r t Group (X-6 ) , "MCNP - A 

G e n e r a l M o n t e G a r l o Code f o r N e u t r o n and P h o t o n 

T r a n s p o r t " , LA-7396-M, Rev i sed (1981). 

M a c F a r l a n e , R.E., e t a l : "The NJOY N u c l e a r Data P r o c e s s i n g 

System: U s e r ' s Manual" , LA-9303-M. 

Baba, M. : p r i v a t e communica t ion . 

13) Chiba, T. private communication. 

able 1 Assemblies used for analyses. 

Material 

Li-6 
Li-7 
C-Nat 
O-Nat 
Fe-Nat 
Ni 

Radius (cm) 

25. 52 
25. 52 
20.96 
10. 50 
22.30 
16.0 
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Tab le 2 P o i n t Cross S e c t i o n s a t 15 MeV for l b O . 

total 
elastic 
nonelastic 
(n,d) 
(n,p) 
in, x) 
(n, ••) 

inelastic 
o. 049 
b.1300 
o . 91 7 
7.1169 
d . 8 7 2 

9.o3 
9.d47 
10. 3(3 
10. 96 
1 1. 0B 
11. 10 
11. 26 
LI. 44 
11.52 
11.60 
12. 05 
12.44 
i2. 53 
12.80 
12.97 
13. 02 
13. 09 
13. 12 
13. 26 
13. 45 
13.66 
13. 75 
13.87 
13.98 
14. 3 
14. 1 

JENDL-3PR1 

1 . 76281 
1.12148 
b,40929-1 
1.58-2 
3.53-2 
8.500-2 
7.7867-9 
5.08329-1 
2.5616-2 
9.800-2 
7.84403-2 
3. 05039-2 
u.49018-2 
3.28008-2 
2.68705-2 
L.9919-2 
o.8336-3 
L.81005-2 
1.50041-2 

3.629-3 
2.89597-2 
1.98311-3 
5.94501-3 
1.06532-2 
1.27127-3 
5.94993-3 
2.24-38-3 
2.73778-3 
8.37787-3 
8.13476-3 

1.27149-3 

1.05653-3 
1.86-3 
3.0956-4 
1.38015-3 

ENDF/B4 

1 . 759 
1 . 068 

1.222-2 
3.3178-2 
1.0745-1 
9.9133-9 
5.4033-1 
3.900-2 
D.99-2 
2.3604-2 
3.2982-2 
5.1268-2 
2.627-2 
3.336-2 
3.3906-2 
7.0902-3 
3.5178-2 
3.0179-2 
6.6357-3 
3.9814-2 
2.2361-2 
3.3997-2 
2.9088-3 
4.9995-3 
7.0902-3 
9.09-4 

3.36-3 
1.4632-2 

1.1689-2 

7.409-3 

1.7207-3 
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4 . Clean Benchmark Experiments and Analyses at FNS 

Hiroshu Maekawa 

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

Two types ot clean benchmark experiments have been carried out at the FNS 

(Fusion Neutronics Source) facility. They are integral experiments and time-

of-flight experiments. The former Includes integral experiments on cylindri­

cal assemblies with: (1) 60-cm thick lithium oxide (Li20>, (2) 60-cm thick 

graphite, and (3) 40-cm thick Li20 followed by 20-cm thick graphite. Various 

reaction rates such as tritium production rate and neutron spectra were meas­

ured in these experiments. The tlme-of-flight experiments were conducted to 

measure angle-dependent neutron spectra leaking from: (1) Li20, (2) graphite, 

and (3) lithium-metal slab assemblies. These experiments were numerically 

analyzed by making use of the DOT3.5 transport code with newly processed 125— 

group cross-section sets, i.e., .JENDL-3PR1, .IENDL-3PR?, ENDF/B-IV, and 

ENDF/B-V (1ZC only). It was found that the calculations based on JENDL-3PR1 

and JENDL-3PR2 predicted tritium production rates of 6Li and 7Li better than 

those based on ENDF/B-IV. These analytical results are expected to provide 

useful information for the future development of the JENDL-3 nuclear data 

file. 

1. Introduction 

Experimental examinations are required to verify the accuracy of both 

calculational methods and nuclear data which are used in nuclear design and 

analysis of a fusion reactor. The most suitable experiments for this type of 

method/data verification are clean benchmark experiments on a simple geometry 

with simple material compositions. Analyses of the experimental results are 

expected to identify the accuracy as well as the deficiencies in the currently 

available methods and nuclear data. 

In this report the c tlines of integral experiments and tlme-of-flight 

experiments that were carried out using the powerful D-T neutron source FNS 

are described, and comparisons are made with numerical analyses. The numeri­

cal analyses by DOT3.5 utilize multi-group cross-section sets. Upon the 

generation of the group cross sections, two types of weighting spectra, viz, 

1/E and. flat weighting functions, were used. Effects of these two different 

weighting spectra will be also discussed. 
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2. Clean Benchmark Experiments 

The clean benchmark experiments conducted at FNS inc lude : (a) i n t e g r a l 

experiments — measurement of r e a c t i o n - r a t e d i s t r i b u t i o n s and neutron s p e c t r a 

in an assembly, and (b) t l m e - o f - f l i g h t (TOF) experiments — measurement of 

angle-dependent neutron spec t r a leaking from a s l ab assembly. 

The i n t e g r a l experiments have been ca r r i ed out on the following three 

assemb Lies: 

(1) bO-cm thick Li 2 " c y l i n d r i c a l s l ab assembly (Li_>° assembly) 

(2) bo-cm thick graphi'_e c y l i n d r i c a l s l ab assembly (C assembly) 

(3) Ao-cm thick Li20 c y l i n d r i c a l s l ab assembly followed by 20-cm thick 

g r a p h i t e r e f l e c t o r (LijO-C assembly) . 

Measured q u a n t i t i e s and t h e i r methods are summarized in Table i. As the 

exper imenta l r e s u l t s and comparison with pre-exper imenta1 ana lyses were 

p rev ious ly repor ted at meeting (such as the annual meeting of t lie Japan Atomic 

Knergy S o c i e t y ) , the exper imental d e t a i l s are not descr ibed here . Kxperimental 

r e p o r t s inc lud ing d i g i t a l data wi l l be presented in a JAKR1-M p u b l i c a t i o n . ^ 1 ' 

Several obse rva t ions have been made regarding the i n t eg ra l exper iments . 

They are as fo l lows: 

(1) The geometr ies of the exper imental assembl ies were simple enough to 

be a c c u r a t e l y modeled for c a l c u l a t i o n s . 

(2) Measured data were abso lu te va lues ; experimental da ta can be d i r e c t l y 

compared with c a l c u l a t e d r e s u l t s . 

(3) Various measured va lues , such as r e a c t i o n r a t e s having d i f f e r e n t 

energy re sponses , give a lo t of in format ion . 

(4) The experimental data were c o n s i s t e n t to each o the r ; measured da ta 

are r e l i a b l e . 

As with the TOF exper iments , measurements of Li^O, g r a p h i t e and l i t h i u m -

metal s l a b assembl ies have been done. They are summarized in Table I I . The 

work on the Li 20 slabs ' - ' and i t s a n a l y s i s ^ ' using DOT3.5 t r a n s p o r t code1- ' 

with the ENDF/B-IV nuclear data f i l e has been pub l i shed . A repor t on the 

g r a p h i t e s l ab experiment i s in p r o g r e s s . In the case of the l i t h ium-meta l 

exper iment , the lower l imi t of measured energy was extended from 500 keV to 

50 keV and the d e t e c t o r e f f i c i ency below 200 keV was required to process the 
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measured data. An additional experiment is planned in the near future to 

measure the efficiency curve. The final result will be obtained using this 

efficiency curve. 

3. Analyses of Experiments 

In the present analyses for both the integral and TOF experiments, the 

D0T3.5 code was used with the P5-S26 approximation. The cross-section sets 

used were obtained from the nuclear data files of JENDL-3PR1, JENDL-3PR2, 

ENDF/B-IV, and ENDF/B-V (only for carbon data) using the processing code 

PROF-GROUCH-G/B (Ref. 5). These features are shown in Table III along with 

the cross-section sets used in the pre-experimental analyses. As the weighting 

function, a Maxwellian distribution was used for the thermal group (125th 

rfroup) and a 1/E distribution was used for the other groups in the JENGIX and 

ENDGIX sets. A flat distribution was assumed in the .IEKGIX set for 1 ~ 124 

groups.) 

The source neutron spectrum calculated by a Monte Carlo method4' ' was 

adopted in the analysis of the integral experiments. On the other hand, the 

measured source spectra were used in the TOF experiments. The GRTUNCL code 

was used to calculate the first collision source for the succeeding DOT 

calculations. 

4. Results 

4.1 Integral Experiments 

The ratios of calculated-to-experimental values (C/E) for the tritium 

production rate (TPR) of 5Li in the Li20 assembly are shown in Fig. 1. The 

experimental values have been corrected for self-shielding and room-return 

effects. The calculation based on JENDL-3PR1 predicted the experimental 

values very well. The calculated value based on JENDL-3PR2 was a little 

higher than that based on JENDL-3PR1. On the other hand, the result obtained 

with ENDF/B-IV overestimated the experiment due largely to the incorrect 

7Li(n,n'o)T cross section in this data file. The effect of the difference in 

the weighting function between the flat and 1/E was, however, small and within 

%. 

The C/E values for TPR of 7Li in the Li20 assembly are shown in Fig. 2. 

The results calculated with both JENDL files agree very well with those of the 

experiment. It is clearly observed that those with ENDF/B-IV overestimated 

the experiment by about 20%. The result using the spectrum calculated with 
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ENDF/B-IV and the 7Li(n,n'a)T cross section in JF.NDL was close to that using 

JENDL itself. Therefore, the difference in the 7Li cross section has little 

effect in the higher energy region. 

As a typical example of high-energy threshold reactions, the C/E values 

for the ^ Al(n,u) Na reaction are shown in Fig. 3. Results calculated using 

the cross-section set generated with the flat weighting function were smaller 

than that using the 1/E by up to 37.. In the case of 58N:(n,2n)57Ni, the cal­

culation for the flat weighting function was smaller than that for 1/E by 2 ~ 

5%. This f-jct suggests that the D-T source neutron spectrum should be used 

for the weighting function in the higher-energy region. 

The tendency of the C/E curve of •?38U(n,f) is similar to that of 

• A! (n, a) ̂ N.i, t lough the measuring method for them were quite different and 

the data were obtained independent ly. The same tendencies are found in the 

cases of the C and hi jO-C assemblies. The distributions of C/E value for 

energy-integrated neutron spectra also show the same tendency. It can be con­

clude,! ttiat the >xperimental data are consistent to eaih other. 

In the case of 235U(n,f) which has ;i strong sensitivity to low enegy 

neutrons, it becomes clear that the calculated result depends on the weighting 

function. The C/E values for 235U(n,f) in the J and hi 20-C assemblies are 

shown in Fig. 4 and 5, respectively. It is clearly seen that the differences 

between the two cross-section sets are more than 15% in the graphite regions. 

The differences in the l.i 20 assembly are small in the case of 6Li(n,a)T. 

Because the neutron population in the energy range below 250 keV is very small 

in this assembly, the following observations car; be made from the present 

analysis: 

(1) The calculated results using the JENDL-3PR1 and JKNDL-3PR2 data sets 

agree well with the measured tritium production rates of both 6Li and 

7Li. 

(2) The impact of the difference in the weighting spectrum is small 

except some special cases such as 2 3 5U(n,f). The calculation is 

expected to give fairly good values when it is made with a cross-

section set using the weighting function of a D-T neutron source 

spectrum in a higher-energy region, a Maxwellian distribution in a 

thermal region, and a typical fusion reactor blanket spectrum in the 

region between them. 
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4.2 Time-of-Flight Experiment 

Figure 6 shows the measured spectrum for the LI2O slab of thickness 5.06 

cm and 24.9 deg along with the calculated spectra with JENDL-3PR1 and 

ENDF/B-IV. Figure 7 shows the results calculated with JENDL-3PRI and 

JENDL-3PR2. The results with the three nuclear data files are almost the same 

except near the peak at ~9 MeV. The peak corresponds to the first level of 

inelastic scattering for 7Li. tt is clearly seen that the spectrum clculated 

with JENDL-3PR2 substantially improves the accuracy and is almost satisfactory 

in the region corresponding to the first level. The same tendencies are seen 

in the other thickness and angles. There are some discrepancies in the 

regions of elastic peak (14 MeV), near 4 and 1.5 MeV. Further examinations 

should be carried out for the evaluation of these nuclear data. 

For the graphite slabs, experimental results for 5.06-cm thickness and 

2.49-deg angle are shown in Fig. 8 along with the calculated ones for 

ENDF/B-IV and ENDF/B-V, and in Fig. 9 for JENDL-3PR1 and JENDL-3PR2. In the 

case of ENDF/B-IV, there exists only the peak corresponding to the first level 

of inelastic scatterirg for 1 JC due to the lack of data for other levels. 

Even though the spectra calculated by the other three nuclear data files show 

the peaks which correspond to the first, second, and third levels, the values 

of these peaks are slightly different from the experiments. This fact 

suggests that ro-evaluation is required for the nuclear data of these levels 

including tne ;ngular distribution of secondary neutrons. Among the nuclear 

data files used, there are some differences in the calculated spectra below 

2 MeV depending on thickness and angle. Further examination remains to be 

done for the data such as the angular distribution that is important to the 

determination of the spectrum in these energy regions. 

5. Concluding Remarks 

The results of analyses for the integral experiments on the three assem­

blies and the time-of-flight experiments on the two materials were discussed. 

The results shown in this paper, however, cover only part of the data that 

have been obtained. Further evaluations and examinations of all results will 

be very useful for the development of the JENDL-3 nuclear data file. Mutual 

communication between our experimentalists and nuclear data evaluators should 

be profitable to complete the JENDL-3 nuclear data file. 

-175-



J A E R I - M 8 6 - 0 2 9 

R e f e r e n c e s 

( 1 ) Maekawa H. , e t a l . : " F u s i o n B l a n k e t Benchmark E x p e r i m e n t s on a 60-cm 
T h i c k , Li 2 0 C y l i n d r i c a l A s s e m b l y , " JAERI-M r e p o r t ( t o be p u b l i s h e d ) . 

( 2 ) Oyama Y . , Maekawa H . : JAERI-M 8 3 - 1 9 5 ( 1 9 8 3 ) . 

( 1 ) Oyama Y. , Yamaguchi S . , Maekawa H . : JAERI-M 8 5 - 0 3 1 ( 1 9 8 5 ) . 

( 4 ) Rhodes W. A. , Mynat t F . R . : ORNL/TM-4280 ( 1 9 7 3 ) . 

( 5 ) Hasegawa A. : t o be p u b l i s h e d . 

CO Sek i Y. , f t a l . , 1. N u c l . S c i . T e c h n o l . _2£, 686 ( 1 9 8 3 ) . 

- 1 7 6 -



JAERI-M 86-029 

Table I. Measured quantities and their methods for integral experiments. 

(1) Tritium production rates of 6Li and 7Li 

• Liquid scintillation method with 6Li20 and
 7Li20 pellets 

• 6Li and 7Li glass scintillators 

(2) Fission rates 

• Micro-fission chambers (mfc) (235U, 238U, 237Np, 232Th) 

• Solid-state track detectors (SSTD) with 235U, 238U, and 232Th foils 

(3) Reaction rates 

• Foil activation method 

— with Al, In, and Ni foils for Li 20 assembly 

— with Al, Au, In, Nb, Ni, and Y.x foils for C assembly 

— with Al, Au, Co, Fe, In, Mn, Na, Nb, Ni, Sc, Tt, Zn, and Zr foils 
for Li20 C assembly 

(4) Response of PIN diodes 

(5) Response of TLDs (measured in LijO and C assemblies) 

• TLD-600, -700, -100 LiF 

• UD-110S CaSO,, 

• Mg2SiOIl, Sr2Si01 < , Ba2SiOH 

(6) In-sys tem neutron s p e c t r a 

• Small sphere NE213 spec t rometer 

Table I I . Measurement of angle-dependent 
leakage spectrum. 

• Time-of-flight method 

• Thickness: 

5, 20, and 40 cm for Li20 and C slab assemblies 

10 and 30 cm for lithium-metal slab assemblies 

• Angle: 0, 12.2, 24.9, 41.8 and 66.8 deg 

• Energy: 0.5 ~ 16 MeV for L i 2 0 and C s l abs 

0.5 ~ 16 MeV for l i t h ium-me t a l s l a b s 
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Name 

GICXFNS3 

GICXFNSl 

JENGIX 

JEFGIX 

ENDGIXd 

T a b l e 

Group 
No. 

135 

135 

125 

125 

125 

I I I . 

P 

C r o s s - s e c 

r o c e s s Code 

NJOY 

NJOY 

P - C - G / B c 

P - G - G / B 0 

P - G - G / B c 

t i o r s e t s f o r DOT3.5. 

W e i g h t 

F l a t 1 ' 

F l a t b 

I /E and Maxwel l 

F l a t and Maxwel l 

1/E and Maxwell 

F i l e 

ENI'F/B-IV 

ENDP/B-IV 

J -3PR1 & 2 e 

J -3PR1 & 2 e 

KNDF/B-IV 

aC: ENDF/B-5, 7Li(n,n'a)3T: Young's evaluation. 

The t h e r m a l g r o u p c o n s t a n t s WI-MV c a l c u l a t e d by SKAC code 

cPR0F-GR0UCH-G/B. 

d D a t a of c a r b o n i.i ENOF/B-V a r e i n c l u d e d . 

eJENDL-3PRl and JENDL-3PR2. 
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Fig. 1. Comparison of C/E values for tritium production rate 
of 6Li in the Li20 assembly. 
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Comparison of C/E values for tritium production rate 
of 7Li in the Li,0 assembly. 
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Comparison of C/E values for 27Al(n,a)21*Na reaction rate 

in the Li20 assembly. 
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Fig. 4. Comparison of C/E values for 235U(n,f) fisison rate 
in the C assembly. 

LU 

O 

1.2 

1.1 

1.0 

0.9 

0.8, 

1 1 1 1 ' 1 
- o J - 3 P R K I / E ) 
_ A J -3PR2( I /E ) 
. • ENDF/B-

U ( n , f ) 
, i < i 

i i i i i 

X3-3PRUF2at) 

-4(1/E) A A A
 A _ 

i i 

A 

A X 
£G *x 

I i l x i 

'0 20 40 60 

Distance from the surface (cm; 

Fig. 5. Comparison of C/E values for 235U(n,f) fission rate 
in the U^O-C assembly. 
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Fig. 6. Measured and calculated leakage spectra from the 
5.06-cm thick Li20 slab. 
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Fig. 7. Measured and calculated leakage spectra from the 
5.06-cra thick Li20 slab. 
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Fig. 8. Measured and calculated leakage spectra from the 
5.06-cm thick graphite slab. 
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Fig. 9. Measured and calculated leakage spectra from the 
5.06-cm thick graphite slab. 
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5. Fusion Blanket Engineering Benchmark Experiment 

Tomoo Nakamura 

Japan Atomic Energy Research Institute 

1) Introduction 

An ordinary benchmark experiment on fusion neutronics is usually 

so designed as to keep both geometry and composition as simple as 

possible. This is required to make the point of interest, on nuclear 

data or calculateonal methods, to be clear and emphasized, and the 

comparison between the experimental to calculated values as 

straightforward as possible. The breeding blankets in many 

conceptual designs, however, have rather complex configurations. It 

is not so simple to estimate the accuracies of neutronlc parameters 

in a composite system by superposing the data obtained in individual 

simple benchmark experiments. Hence, an experimental effort is 

required to fill up the gap somehow. 

In Fusion Blanket Engineering Benchmark Experiments at the KNS, 

simplified systems of composite configurations are deliberately 

chosen, experimental data are acquired in parametric way, then, the 

comparisons are made with various calculational results to point out 

problems associated with the heterogeneous structure and to assess 
(1,2) 

the overall accuracies of the nuclear calculations. The 

accumulation of the information thus obtained serves to reduce the 

uncertainties in interpreting the TBR and other neutronic quantities 

in the conceptual reactor design, performing a complementary role to 

the basic benchmark experiments. This program has been selected as 

one of the joint activities between JAERI and U.S.DOE. 

2) Experimental Arrangement 

In the arrangement of the Phase-I experiments of the program now 

in progress, the target room ill of the FNS is assumed to correspond 

to the plasma chamber of a fusion reactor and its thick concrete 

shielding wall to a blanket zone, of which a portion is substituted 

b" a test module of breeding blanket as is shown in Fig. 1. The 

rotating neutron target (RNT) of the FNS locates at the center of the 

cavity and simulates the neutron producing plasma. The mixed field 

of direct and room wall-reflected components is assumed to represent 
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the fusion neutron field. 

The blanket test module is installed in a large experimental 

hole prepared in the wall. The size of the module is 63 cm in 

equivalent diameter and 61 cm in length, which allows fill-size 

simulation of radial configuration in breeding blanket. Some 

candidate configurations for the model module arc illustrated in 

Fig.2. 

The test module is composed by assembling blocks of rectangular 

prism; the basic unit length of the side is 3.06 cm. The breeding 

material used in the present experiment is lithium oxide of natural 

abundance, granules of which are cold-pressed to 75 "<• of theoretical 

density and encapsuled in a thin-walled case of stainle.ss steel to 

form a block. The block structure allows modifications of t he system 

readily by placing zones on the front , rear or inside 1 lie breeder 

region. The example for a heterogeneous configuration is shown in 

F i g . t. Neulronic quanlit ies are measured a 1oug the central axis of 

the module; an experimental channel is provided tor this purpose. 

Main efforts are put on the measurement o! tritium production 

rate(TPR) and neutron spectrum. New techniques have been developed 

to meet the requirements of this program on 1mlh on-line type and 

time-integrated type measurements. 

i) Neutron Source 

The neutron source and field characterization was performed in 

the first place. It is the most important part in this program, 

because the experimental arrangement is not so simple as those Jn the 

case of basic benchmark experiments. Measurements have been done en 

neutron yield, angular distribution and neutron spectra for the 

direct component from the RNT. Figure 4 shows the neutron spectrum 

emitted in the direction of test module. The spatial distribution 

and spectrum were measured at the surface plane of the test module to 

obtain the data on the contribution of the reflected component from 

the room wall. 

Source characteristics was also numerically evaluated by Monte 

Carlo calculations in which rigorous configurations of the RNT and 

tha room were represented. Good agreement was obtained between the 

calculation and the experimental value assuring that the Monte Carlo 

results could be used as the input source for the analysis in the 
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Phase-1 experiments. 

i) Experimental Systems 

Three experimental series have been conducted on different 

configurations so far: a) reference system, b) first-wa]led system 

and c) berrylium neutron multiplier system. 

The reference system is a single-region breeder that is made up 

by assembling Li 0 blocks. Since the system is the most simple one, 

it is used as the base in estimating the effects that are introduced 

bv adding or inserting the regions of other materials. 

The first -walled system lias a simulated wall, layer that is 

placed on the front surface of the reference svstem. The changes of 

TPR distribution in the breeder region were systematically measured 

for four different first wall patterns that is shown in Fig.5. 

In the Be neutron multiplier system, a Be layer is added to the 

reference system to examine the impact of the neutron multiplying 

material on the TPR value and its distribution. Three different 

configurations were composed in this series as arc shown in Fig.6 

5) Experimental. Results 

Since the data processing is still being continued, the results 

obtained up to now is briefly described. Figure 7 shows the tritium 

production rate distribution of I.i in the reference system measured 

bv I.i-glass scintillation method. Also given is the cal cu lat ional 

result of DOT 3.5 R-Z model with a nuclear data set Gli'.XFNS I hat is 

based on ENDF/B data file. As is seen, a good agreement is observed 

for the shape of the TPR distribution. The sharp rise in the front 

part is the contribution of the low energy neutrons contained in the 

wal1-reflected component. That in the rear is no to the reflection 

from the back. 

In the first wall experiment, the measurements of TPRs were 

performed successively for the five patterns shown in Fig.ft with the 

detector fixed at a point; then the procedure was repeated for each 

measuring point in the breeder region. Hence, the effects on TPRs 

caused by the insertion of first wall layer were obtained exactly and 

systematically. The ratios of the measured TPRs of the first-walled 

to non-walled systems are given in Figs. 8 and 9 for Li and Li 

along with the calculated results, respectively. The agreement is 
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falrlv gnod between experimental and calculational values as a whole, 

though this calculation underestimates the slowing down effect at the 

first wal1 layer. 

An example is shown in Fig. 10 on the change of the neutronic 

quantities bv the addition of Re neutron multiplier. Here the 

ratios, both measured and calculated, are plotted Cor the TPR of Li 

in the Be system to that in the reference at the same locations in 

the breeder zone. In this .alculation, JENDL-3PR1 was used as the 

nuclear data. The comparison shows that the calculation underesti­

mates considerably I ne effect of berrylium in the breeder region 

following 1 he Be layer. This suggests the nuclear data on Be is to be 

re-examined including secondary neutron emission data. 

n) Summary 

Ihree series of experiments have been carried out in the Phase-J 

ol Fusion blanket Engineering Benchmark Experiment Program. 

Experimental data of high relative accuracy have been obtained for 

Ihreo different configurations. Reasonable accuracy have been 

achieved in assessing '.he absolute values, ?'>d further efforts are 

being paid to narrow the range of uncertainties. 

The cause of the deviation that is found between 'he calculated 

results and the measured one could be concerned with .ne or some of 

the many factors involved in the nuclear calculations, not directly 

related to the nuclear data. T'owever, since the acquisition of a 

large body of data are pursued systematically .n this program by 

various means, it is expected that the results arc effectively 

utilized to assess and discriminate possible hiases in the nuclear 

data or the calculation method used in the analysis. 
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IV. Conclusions 

1 . REPORT OF SUBGROUP A 

"DATA REQUEST FOR THE JENDL-3" 

Group Members: Maekawa H. (leader), Sugiyama K., Baba Y., Maki K., Murata T., 
Takahashl A., (Seki Y.) 

The first item discussed was the priority of nuclear data to be evaluated 

in the JENDL-3 within our limited time and knowledge. This is summarized in 

Table 1. The priority depends on the point of user's field, such as neutron-

ics, dosimetry, damage, etc. As we are primarily engaged in neutronics and/or 

nuclear design fields, Priorities 0 and 1 were classified by such points of 

view. The data of "Priority 0" are already included in the JENDL-3PR1 and 2, 

and being examined by analysis of benchmark experiments. These nuclear data 

need to be checked or re-evaluated by the results of the analyses. The ele­

ments of "Priority 1" are mainly used for structural materials, supercon­

ductive magnets, neutron multipliers, and hybrid reactors. The data 19F are 

included in this group because FLIBE Is pointed out again as a candidate for 

blanket material. 

We also discussed the status of reactions for each element. The status 

"S" means that present data seem to be satisfactory. It is desirable to check 

again, especially for higher energy region. 

The main discussions were as follows: 

(1) Re-evaluation is recommended for 6Li, 7Li, 12C, and 1 60. 

(2) The evaluated data on Pb are required for analysis of a benchmark 

experiment on Pb assembly. The ENDF/B-IV data are inadequate. 

(3) The photon production cross section for Ni, Fe, Cr, and Cu are 

required for nuclear design. 
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(4) In the case of the hybrid reactor, photon production sections for 

high energy are required. 

(5) Many neutron emission cross-section data including angular distri­

bution are inadequate or lacking. 

(6) Activation cross sections for Ca, Ti, Mn, Fe, Ni, Zr, Nb, etc. are 

required for both dosimetry and nuclear design. 

(7) The data of 12C(n,n')3a should be checked. 
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TABLE 1 

Nuclear Data Needs and Status for Fusion Neutronics Study 

Nuclide 

^ 
2D 
3T 

3He 
"He 

6Li 
7Li 
9Be 

10B 

12C 
U N 

160 
19F 

Na 
Mg 

27A1 
Si 
P 
S 

CI 
Ar 

K 
Ca 
Sc 
Ti 
V 

Cr 
Mn 
Fe 
Co 
Ni 
Cu 

Zr 
Nb 
Mo 
*Sn 
Ag 
Cd 
Sb 

Priority 

1 
2 

3 
3 

0 
0 
0 

3 
3 
0 
0 
0 
2 

3 
4 
1 
1 
4 
4 
4 
4 

3 
1 
4 
3 
2 
0 
2 
0 
4 
0 
1 

2 
2 
3 
2 
4 
4 
4 

atot 

S 
S 

C 
C 

C 
C 
C 

s 
c 
c 
c 
c 
c 

s 
c 
s 
s 

s 
s 

s 
s 
s 
s 
s 

s 
s 

s 
s 
c 
s 

°n,em 

S 

c 

c 
C 

c 
c 
u 

u 
u 
c 
c 
u 
u 

u 
u 
c 
u 

u 
u 

u 
u 
c 
(J 

c 

c 
u 
u 
u 
u 
u 

an,2n 

s 

c 
c 
u 

c 

u 

c 

u 

u 
u 
c 
c 
c 

c 
c 

c 
S(C) 

u 
u 

CTn,charge 

C 
C 
C 

C 

C 
U 

U 

c 
c 

c 
C 
C 

c 
c 

c 
c 

c 
c 
c 
c 

°Y,em 

c 

C 

C 
C 
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TABLE I (Contd . ) 

Nuclear Data Needs and S ta tus for Fusion Neutronics Study 

Nuclide P r i o r i t y J t o t 
0n,em a n , 2 n °n , cha rge °Y>em 

Eu 
Hf 
Ta 

W 
Pb 
Bi 

2 3 2 T h 

233u 

4 
4 
4 
2 
1 
2 
2 
2 

S 
C 
C 
C 
S 
S 

U 
U 
U 
U 
U 

u 

u 
u 
u 
u 
u 
u 

Legend 

Priority 0: Included in the JENDL-3PR1 and 2; however, it is 
desirable to check or re-evaluate. 

1 

2 

3 

4 

Status S 

C 

U 

Blank 

Evaluations are needed as soon as possible. 

Evaluations are needed within six months. 

Evaluations are needed within one year. 

To be included in the JENDL-3. 

Present data appears almost satisfactory. 

Data checking is required. 

Uncertain; data inadequate. 

No status was discussed. 

There are no plans for this element to be evaluated in JENDL-3. 
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2. Report of Subgroup B: 

WORKiK" tmlli' H CM III!-: I'kOBUriS Or J I W . i'K'Ofi'-iTiJ-IM) IN Till-: KXl'i-KI 

MI-JNTAi. ANAl.Y.liN. IN TIIK n«x;i-^SlN!i ()!•' QiM' QlNSIANTS 

AND oi-' Tin-: I-(!:I;AT s m ; I N CAT K M ; 

(I is'-ii.-.-; i. HI mi -ml)- i .s 

ASAM1 Test no 

IIASi'IiA',.-'-', Ar.iia group leade, 

lU-'Ai'Aolll Sin il i 

IKI-'MA Viijir.. 

KA!:;U Ynknioi-i 

MOKI •|'.,l:.,n;.,s.l 

NAKAfiAWA Tsiinoo 

NAKA/AVA t-L.sahani 

1 . Inl redact ion 

Tin- Woikiii,, (lioiip on the problems of JINDI. i-ii -oiinl'-ri-d in the 

expoi unoiit.i! analysis, in (.ho pr oeessi ng of croup constants and of the 

F'XJRMA'I s|'i-o i i'n-at ions prepared a working group it-poll, ldonti f'y i n;-, Lho 

problem.: tovo.i)od through Lhis nioot.in;-, and identifying Lho rocominiid.i 

Lions in oid'-i to remove Lhos. • problems or to improvo Lho daLa 

qualiLy 

Tho iMa'i-i i.il.s covered in Lho d i sens;, i ens aii- very wido from t.he 

detailed lr. IIM ie.il problems Lo Lhe compi 1 at i on philosophy of JI-MDI. 

And soin-• nialoi lals in Lhe reeoinnic -ndat. ion will affe.-t Lhe fum lion.", of 

Lho boa id of JN1X', Japanese Nuclear Data Gni,:ii i I I. • 

2. Necessity of error assignment in every steps fron nuclear data Lo 

experimental analysis 

Because ei t ors arc inevitable in I'V-IV st'ps in the calculation of 

Lhc exper in> -nt.al analysis. lL is necessary Lo quantify Llio error 

invol Ved I II e.r ll Step. 

exampl > •'. 

stops 

ExpcruiienL experimental accuracy 

Nuclear Data Data accuracy 

Processing of group constants processing ,io uiaoy 

Modelling for the experimemta] analysis Modelling accuracy Trans 
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p o r t c a l c u l a t i o n c a l c u l a t i o n accuracy 

C E p r e d i c t i o n accuracy thus depends on a l l accur ue i e s des 

rr 1 bed ab' JVI 

3. Preparation of common group constants for the c nparisons of 

common basis 

It is requested to prepare common c.i oup constants library so as to 

be used commonly in the fusion community based on .ll-NDl. library i.e.. 

JEND1. ?• 3 PR1 anil 3 Pli:\ For the moment, as s m t'u™ the piesonta 

tion by A-llas> i'.awa. process inf. code and fh" evaluated data file are 

tight coupled, thus it is necessary to pi educe the croup library using, 

the authorised processl nc method or code foi I h. poisons not. available 

these codes. 

Although foi the actual productions, the del,u Is of t.he w.nl: such 

as the man pov. i allocation or the spool fie.il ion of the croup libiuiy 

should be left for the adhoe committee, it. is I e, ommeiided basically to 

make a croup library of about 1̂ !> croups simil.u t.o the CICXIN.'; which 

is frequently used in the fusion community now And at the same time 

there is a suggest, ion to produce two libiaries usinc different 

weighting functions. i Thermal :Maxwel 1 . 1 K or flat. . 14 MoV peak 

li typical realized flux in 1.1,0 assemblies, the former is for the 

experimental analysis and the latter is foi the application oriented 

one such as for the dosicne of blankets. 

4. A handy book summarizing know hows of using the transport code 

It is recommended to summarize know how or utilization technics of 

transport code in a handy book. Especially foi the elementary use of 

these code, it is necessary a handy book describing the experiences 

about the parameters which affect the results considerably such as 

mesh size. PI order, group structure. Sri ordei ...etc in the case of 

actual calculations. 

5. Comments for the processing code 

It is recommended to perform cross cheek of the processing, codes. 

And also it is necessary to quantify the processed errors introduced 

by the numerical calculations. But the. processing, errors except, the 

effect from weighting functions can be quantified up to some extent. 

The group constants production methods, such as selection of 

weighting functions or selection of group structures.... are probably 
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the thci.' • Cot el i i n;il . 

6. P r o b l c e s eru nuntered in the p roces s ! ng of cu r t cn ! JFNDL. f i l e . i . e . , 

JENM. 2 . 3 PRl and 3 PRe. 

The d<'t.a i ] I'd di si'ii.ss mn.s wcii- • •. iv MI in llr |M i .•-;• MI! 'il ion liy 

A.flASKCAV.'. in tli' s e s s ion II lief" only si c • ; v is I.IV.MI 

I Problei.;:; I e l , , t i n g LuKIII-; ' : Resoii in '• p i t a ' '.•,:, 

a. RIHil.Vli; k;.*)f!AM(;i' K'An'dT 

l . J ii:ihi"WN s t . i l " piulil.-m:: I'M MM'.W Mulli l,-vrl I'M < 'i;,lil 

WIIMI'M roninil.il 

S.' ni.iiiy niir I i dr.". 

I I 'I V. , I . '.Si >l v r d I i s u l l a M ' '(• I a r . .. d I n ; ! ' !. 

I-HI I',- na tu ra l of Jl-M)l , ' 

h . \ \ y u - : n VH> ]-?!•. ^MArjt.(•: p.\r;;;K 
I . I-'].I'M f : \ i s f s . f l i i i i i Cut I !.•;:.rn Ml IH d.it.,i for JI-MDI 

UNWhSK a r i v p ' s only Ml' I!) I lu-,i , i . - : . : l i o n s fur Cis 

.si on 

l i . Problem by de t . i i l ed H o n ri oss ::"••! tons d e l l n I 1.1 on Ciri'M 

than the uni'cso] vrd enoi r.y nodi • p>!ii!c 

rx,.nii.b-: I) ?:«> Ji-MDI. ? MAT '^.t'e, 

i n . Sparer energy node p o i n t s |iiolil"Hi lm DiiRK'aR. 

lu sum,i case', l nl.< -i }«>l ;il l • •'] ol t.h" i1 s< Mianeo pat ani'-ters 

i s nude. I t i s Cot hiikd w 

IV . Iv oonanee eriet'i',y range un matching in i so topes compos inn 

of na tu ra l e lement . 

Example: Mo na tu r a l of JI-TIDl. V. 

n . b . in the above expres s ion , i to i n a r e Cor the 

problem oC UNRFNR NJOY . 

2 . Problems r e l a t i n g to FIIT/I : Angular d i sfi i but ions 

i . Too much p r e c i s e F i l c l angular d i s l t i but ion da ta 

I t i s recommended in i n e l a s t i c c r o s s s e c t i o n s that, i f 

an i so t ropy i s l e s s than 5 "-.. give- then, as i s o t r o p i c one. 

3 . Problems r e l a t i n g to FlLEb : Energy d i s t r i b u t i o n s 

i . Consis tency between the energy mesh in the p a r t i a l s e c t i o n s 

In JENDL f i l e , the energy d i s t r i b u t i o n da ta a r e f r equen t ly 
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r ep re sen t ed l>y severa l | u r l i . i ] s e c t i o n s , and the energy mesh 

for each p a r t i a l s e c t i o n s should i> • grviii liy the same energy 

mesh. JKNDi. v i " K i l o s t h i s Kiw in severa l lime:-; 

l i . R. pr >•:••• i.l..it ion f o r t.lio o x i l t i ' -u t to t i energy di .s l i i but ion 

f~1111• I i o n 

All Ki-roiul.uy energy d i s t r i b u t i o n miisl s t a r t , and olid with 

z . i . i valines foi t.h" di.sl i ibul ion func t ion . JhNDI . f i l e 

so:, tun.-;; v i o l a t e t h i s r e g u l a t i o n 

4 I'l. Kl i •;,::: r e l a l i n g I." H 1.1-1 > : Knergy AiiguKu di st i i but ions 

In J! Jl! •: >'. 3 P R 1 . 311^ t i l e s , tin • ML .|>l I on ot HI.Hi da ta a r c 

ai t n .1 i :•• -d (oi tin- f i r s t I. nil" in 1.11- - wm h i . But. mixed use uf 

I-III-:; tl.it... and H1.H4 >; Klll-K d.,la fot tin- sam- r e a c t i o n is takon 

But t l i ic i:. ,i v i o l a t i o n to tin t i l l " of data un I' inotlcss The re lo r e 

il tli. t i l lii da ta iii'- given I or soni. • r CM l ion: . , no data should bo 

giv- u fo, I- IIJvl and H II'K 

7 . Recorr.-.;:-.'id.ition for the pro tocol of JKNDI. 

i A. ' -• | 'I. ir i - • ,i.s JI-NDI 111" for an oval na t ion d.da 

Th' II,I. Ii eva lua ted da ta accepted a.s JkNDI l i b r a r y should bo 

author i : o l by the relevant, boa id of JNIXI japaii'-.se Nuclear Data 

Cnniiii l I t •', (,y i-i HI:; i del in,", the q u a l i t y of Lh<- e v a l u a t i o n s submit ted by 

the au th i i Il| to now. an e v a l u a t i o n performed by the author nominated 

as Jl-H •', f i b i. v a l u a t o r i s a u t o m a t i c a l l y c a l l e d as JRNDL. f i l e wi thout 

any aiifh r i:\iUoii.s by the board. In some case t h e r e e x i s t s the eva lua 

t ion c a l l e d as JI-JIDI. only by the author but not known to the Nuclear 

Data Cento, 

l i . Problem foi the p u b l i c a t i o n of numerical data in a r e p o r t 

I t i s r eques ted to examine the mer i t and the demer i t in the i n t - -

nal board of JN1XI on the; p u b l i c a t i o n of the numerical da t a of eva lua 

t i o n s i . e . . p u b l i s h i n g the l i s t i n g of a f i l e i t s e l f of an e v a l u a t i o n 

in a r e p o r t . Recent ly the eva lua t ed da ta f i l e i s regarded a s s t r a t e g i c 

m a t e r i a l s and t l v a v a i l a b i l i t y of the numerical da t a becomes very 

d i f f i c u l t . According to t h e s e c i rcumstances the numerical d a t a 

exchange becoin-s very d i f f i c u l t i n t e r n a t i o n a l l y as seen in the case of 

ENDF B V. 

Thus fo l lowing r a t h e r r a d i c a l opinion i s put out in the d i s c u s s i o n s . 
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h I I . - -i : l i - - . ! I i n . , I , .i i l . - . v - M p I i n n m i t h - II.-.. ,- l JkNDI . d a t a i n a n y 

p n b l i . . , ! , • ;,. ,,:: l u l l ; ' , . i s JKNPI . d a t a a l - - u s - , ! i n t i n - r e s u l t s 

e . I t i s h I I- i I - , us-- 111.- n.iiii-- e a s i l y und- i s l a i i d a b l e I n b e u s e d t h e 

Jl-I-ii i i l i b - l--i t i n - ! - , t " i i | . c o n s t , n i l s j - . i - n . - u i t - d (Min i JI-NDI. f i b - , f o r 
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i n f . - 1 i,i t l i - iv -n- i . i t , (I l i b r . n y name t o t.h.- C i - n t - i 

8 . Probler.ir, on t he f i l e making and FORMAT 

l . Nt •(•. s s i t. y l. ' i the p h y s i c a l chocks f'ui the op-ninr-. 

As bo th o f JI-IJDI. 3 PR I and PR? a r e nol. 0|i--in-d t h rough the o f f i . - i a l 

rouL i i . p h y s i - a ] chock dnd FORMAT chock wi-n- noL c o m p l e t e l y per formed 

IL i s request., -d Lo be checked c a r e f u l l y boLh i n format, and i n p h y s i c s 

f o r Lhe open in;:, t h rough the o f f i c i a l r o u t e i n JNIX' 

i i . Naming o f JlvNDL 3 PR1 and PR? 

Naminc o f JfvNDI. 3 PR1 and PIC i s f r o z e n f o r Lhe a v a i l a b l e v e r s i o n 
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of the tw<> That is. JIONPI 3 H C is a v.-isi-n . out .11111 n;', I i0. l.iY and 

C an- newly rev 1 S' d • >ri« •;; and the other is the s,,m as in I h« - JI-NPI 3 

PR1 file 

111 Recognition <>f" JI-ND! 3 I'K'I and Hv' file 

Dp to now there aio no explicit. 1 til m 111 d 1 on about Lhi • version 

id> 'lit 1 f 1 at 1 on in Lho file itself. l'"roin now 011 for Hi" recognition of 

these vi-i si on. a mod field modified field 1 ml •:•: 111 fi lei is used 

IV . Utii'ineiioKs of Ihe route for the informal, ion about Jl-NDI. 

All of the 1 informal.ion about. Ihe dat.a opened foi the publ les sueh as 

the status ol the ('valuations. unLicip.it.ed eoraplelion date for the 

evaluation utidoi progress 1 ne,. data ava i labi 1 1 Ly 01 data file name in 

Lho computer, ot.c. should he completely known t.o Llie users utiM|iiely 

through t.ho Center. For this purpose. computet managements for Lhese 

infoi nial ion might bi" required. Although t.hei e exisls a publicaLion of 

NUCI.F.AK DATA NIM", in every A months from Nuclear Dat.a Center bill it 

may not. bo sufficient for the latest 1 nfoi iii.il. ion sources. And the 

current eitualions of under profit essi ng evaluation:; should be care 

fully watched by Lhe world lie, group of file creation of JKNDL. 

9. Recommendations for forthcoming JENDL 3 file 

1 . FORMAT system t.o be adopted 

It is recommended to adopt fcWDK B VI FORMAT system so as to compete 

with other new data appearing in the same form.it.. i.e.. EMDF B VI, JFF 

or EFF. For Lho users nol acceptable of B VI format, it is also 

recommended to produce files of ENDF B V FORMAT system. The former is 

regarded as an official file of JEMIX. 3 and the latter is produced 

only for services to the old users. 

ii .No Mixing use of FILH3 and FILFyl \ Fllfvo for the same reaction 

data 

Mixed use of FILJ£6 and FILE4 X FILES for Lhe same reaclion Laken in 

JENDL dala is now completely forbidden by the violation of the 

uniqueness of the daLa representalion. 

iii . Recommendation for using of FILE6 representation 

It is strongly recommended to use FILE6 energy angular . represenla 
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t ion ins lead of FII.F4 \ FllJ-b one for the toad ions requesti ni>, to use 

i t s rept e.v. -ill.-it i on Rt-i-aiiKi- by usinjj, of FIITI i representat ion, the 

actual ph\.-ae,il process is presented moi e pte- j .sely. But at Uio same 

time foi H i - i i 'MK vlio want to use old pie o.vnv. roik':;. i t i s also 

rf:i-om'i:'i;d'd to prepare a service f ' i ]o with no FI1.F6 data. i . e . . 

composed f'i-,i::! FILM \ PI I .F î representat ion. Thai is two f i l e s are 

prepared, as an o f f i c i a l f i l e where FH.FH rej.i e;;. nt.nt l on is taken wi th 

L-MIF B Vf l-'OUi'AT. as a service f i l e , where rTI.lv! \ Fi lK> representat ion 

is lak.-n with RMDF H V F01S-1AT. This opt ion is tal.en because several 

time delay should be inev i tab le for the accept am e of the FILE6 

pro; -ess 111;;, in a major) fy of the proressinr, codes 

iv . J unknown s la te assignment, in Ml I'•'.>' Hu l l i level Brei t Winner 

r< soiiair • • par aim •fers 

I t JS st ioar. ly I 'ccomiii' <uV d to abandon t h " pi obi'-mat ic adoption of 

J unknown s la te d e f i n i t e n in MI.IW which is a oi i c in of a (yea to 

confusion of the pi oi-ess I Hi', code to be ns' d I oi JITIDI. process) lit', up to 

now. In t i l - evaluat ion for the level of J imkn 'WD s ta les , some value 

should be assigned by the ovaluator to avoid the the ambiguity. 

• v . Rc<|ii'\sl. fot the evaluaters about, the compilat ion of the 

evaluated data 

When an evolu.tter perform the evaluation of sent • mater ials i t i s 

always reuuesled for him to remind the design philosophy of the 

evaluated nuclear data f i l e s of 'completeness' and compactness'. That 

i s . the data represented in the evaluated f i l e should be given as 

p rac t i ca l simple as possible. Don't give the data in a complicate way. 

summarized by A.HASEGAWA •• 
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3. Report of the Working Group C on the Feedback of Information from 
Neutronics Experiments and Their Analyses 

Chiba, H. Nakajima, Y. 
Hashikura, H. Nakamura, T.(chairman) 
Iguchi, T. Oyama, Y. 
Kanda, K. Yamamoto J. 

I. Introduction 

This working group discussed how to feed the information obtained 
in the dif .rential or integral neutronic experiments and their 
analyses back to the data evaluation of JENDL 3. Il is often 
mentioned that the effective communication should be encouraged from 
the users of the data in neutronics to the nuclear data people. So 
far, the communication has been limited rather to the private basis 
and not necessarily well oriented. As the number of experiments, 
hence, the application of JENDL 3PR to them increases, a better 
treatment becomes necessary for the efficient and systematic 
information exchange. The present meeting is ihe first step toward 
the goal. 

II. Proceedings 

Firstly, each member of the working group presented his view 
point on the subject concerned with his speciality, and then 
discussion followed on the issues brought up in it. Naturally 
opinions were diverse and it is not so easy to summarize them as the 
group consensus Major points that were talked over during the meeting 
are summarized in the following. 

1) Double differential cross section 

In the case of DDX experiment and the analysis, the feedback of 
the results is rather straightforward. They are directly to be 
compared with the evaluated nuclear data of interest, and the degree 
of the agreement in energy and in angle provides useful and direct 
measure on the accuracies of the evaluation. In fact, the DDX data of 
Osaka University and Tohoku University had been made most use of in 
the evaluation of JENDL 3PR1 and 2. It was agreed that DDX experiment 
should be encouraged more, in wide neutron energy range. It is 
important, however, to minimize experimental uncertainties; 
measurements around 0 and 180 degrees are especially difficult. It 
would be not practical to cover the whole energy and angle by 
experiment. Rather the DDX data should be utilized to check the 
evaluation at selected parameter points. 
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2) Integral benchmark experiment 

Integral experiment is concerned with a bulk media; incident 
neutrons suffer multiple scatterings and the neutron field of broad 
energy spectrum is formed in the medium. As a matter of fact, the 
interpretation of experiment and their analysis in view of nuclear 
data is not as direct as the DDX case, and so is the feed back. 

a) TOF experiment in a bulk system 

This category of experiments uses the same measuring techniques 
as in 1), but the size of the system is by far larger than DDX 
samples, hence it covers wider and continuous energy range in the 
neutron field. It plays a complementary role to the DDX experiment. 
Uncertainties are introduced, however, relating to the numerical 
method of neutron transport, calculational modeling and processing for 
nuclear data set, if multi-group method were applied, in the 
comparison of experimental results with the analyses. So, proper care 
should be taken in referring the results in nuclear data evaluation. 
Kvaluators consider the data in this category are also helpful. The 
data from the spherical shell experiments at ILL and Oktavian as well 
as the slab geometry experiment at FNS were utilized in the 
preparation of JENDL '3PR1 and 2. 

b) Integral experiment in a bulk system 

Different from the experiment of type a), most of measured 
quantities are integrated ones over neutron energy in this type of 
experiment. The experimental value contains cross section information 
on both the media ,i.e., neutron field and on the detector itself. 
Since nuclear data contribution is folded into one with pertinent 
weight, it has direct meaning regarding to the quantity of interest 
such as tritium production rate; it has better experimental accuracy, 
in general, compared to differential data. In this meaning, the 
results of integral experiments can be used in verification of the 
accuracies in evaluated nuclear data. It is important, however, to 
assess the uncertainties included in the calculated results regarding 
to the factors mentioned above in a) in the comparison. Extensive 
works have being conducted in Oktavian and FNS experiments and their 
analyses. Full utilization of the data in this category is yet to 
come hereafter. 

Most of the discussions were developed on integral experiments. 

It was pointed out that the objectives of integral experiments be 
various. Other than the verification of nuclear data, they include: 

i) examination of calculational method of neutron transport, 
ii) examination of modeling in the calculation, 
iii) establishment of measuring techniques, and 
iv) mock up to assist the nuclear design. 
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It it required, therefore, to clarify the objectives and the degree of 
concern to the nuclear data involved in presenting the results of an 
integral experiment and its analysis. 

To examine nuclear data, pertinent design of the experiment is 
important so as to make the effect of the nuclear data of interest on 
the measured quantity maximum, while the uncertainties associated to 
other factors to be minimum Point Monte Carlo calculation and an 
experiment suitably designed for that was mentioned of as an example. 
It was also emphasized that good accuracies of the experimental values 
be essential. 

Opinion was divided in regard to the usefulness of integral 
experiments for the verification of nuclear data in the area of fusion 
neutronics. Some were positively in favor of integral experiments, 
while one of the members gave limited value on them. He had an 
opinion that accumulation of DDX data be able to solve nuclear data 
problem related with fusion! the information from fission field could 
cover the lower energy range. 

Views were exchanged on the necessity of the systematic analysis 
for integral experiments of various types in different organizations. 
Property common to them can be extracted by doing so excluding 
possible biases associated with individual experiments. Sensitivity 
analysis should be encouraged to interpret them. It is, however, 
questionable whether data adjustment method is as effective in fusion 
neutronics as it was in fission case. 

To make comparisons and evaluations of the data in different 
organizations more convenient, it was proposed that a reference 
nuclear data set be prepared basing on JENDL 3PR2 and be used as a 
common set along with the one characteristic to individual 
organizations. Admitting the convenience brought in by it, there was 
an opinion that its introduction be considered deliberately so as not 
to interfere with the individuality and uniqueness of each 
experimental plan or organization. 

It may occur at times that the same type of experiments in 
different laboratories show somewhat different results and conclusions 
giving a confusion to the evaluator in charge. In that case, it would 
be necessary to examine the data and make an adjustment between 
experimenters themselves prior to leave them to nuclear data group. 

A question was raised ''nether a system be necessary to coordinate 
the communication between groups and manage the issues mentioned 
above. Opinion was diverse and no definite plan was proposed. 

-2 0 5 -



J A E R I - M 8 6 - 0 2 9 

III) Recommendations 

1) As JENDL3 Preliminary Version is still an intermediate stage to 
Nuclear Data File JENDL-3, its users should cooperate to the 
improvement by the feedback of the results obtained through its use in 
order to make the final version more reliable. 

2) In reporting data obtaied by an integral experiment, the nature of 
the experiment, the degree of contribution due to nuclear data 
separated from other factors and the accuracy of the data should be 
explained as clearly as possible. 

3) The feedback of the data is to be made through proper publications 
or t.echnical meetings. By the involvement of other people, the action 
can be Heated more objectively avoiding personal bias and exact 
information transfer can be achieved within the people concerned in 
fusion cross section and neutronics. So, the holdings of technical 
meetings like the present one should be encouraged. 

4) Upon a consensus of a number of groups, a reference cross section 
set is recommended to be settled for major nuclides used in fusion 
neutronics to facilitate the comparison of the results of experiments 
and their analysis in various groups. 

5) Examination of the quality of the data is advisable through the 
discussions with other related neutronics groups before the data is 
supplied to nuclear data group as recommendation or reference for 
modification. 

6) Lastly and most important, every neutronics group should make best 
efforts to provide high-quality data to support the completion of 
JENDL-3. 
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4. Discussion on Summary Reports from Three Working Groups 

Nakazawa, M.(chairman of session) 

Dr. H. Maekawa, the leader of working group on " Data 

Request for the JENDL-3 ", has given their summary tabic on 

" Nuclear Data Needs and Status for Fusion Neutronics Study ", 

where the nuclear data of fusion relating 48 nuclides have been 

classified from two points of view of present uncertainties and 

priorities for re-evaluation. 

Several comments have been made from nuclear data cvaluators 

on the present schedule of re-evaluation of these nuclear data. 

Dr. A. Hasegawa, the leader of working group on " Problems 

of JENDL Encounterd in Experimental Analysis ", has [jointed out 

many problems and recommendations of current JENDL file. General 

discussions for the improvements of comparison procedures between 

experiments and their analysis calculations have been made on 

several points such as (1) necessity of all uncertainty assign­

ments not only in experimental data but also in every calcula-

tional results, (2) standardization of calculational procedures 

basing on common group constants and on common utilization 

techniques of actual neutron transport codes. 

Dr. T. Nakamura, the leader of working group on " Feedback 

of Information from Neutronics Experiments and Their Analysis ", 

has stated that their hot discussions have been made on how to 

extract and transfer useful informations from integral neutronic 

experiments for nuclear data verifications. Two important con­

clusions have been that (1) the discrepancies between integral 

experiments and their analysis should be analysed as clearly as 

possible to seperate the degree of contribution due to nuclear 

data from other factors, and (2) the feedback of these information 
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should be made through proper publications or technical meetings 

like present one in order to avoid systematic error or personal 

bias, when some confusing results have been reported for the 

same type of experiments and their analysis. 

Throughout these discussions, necessity and importance of 

quantitative estimates of uncertainties (accuracies) have been 

strongly impressed in many fields of nuclear data,experiments and 

calculations, and also design goal of fusion reactor blanket 

neutronics. This impression and following actions are expected 

to encourage more efficient and fruitful discussions among relat­

ing researchers. And as a whole, this meeing is concluded to be 

the first step toward the goal and to be a good mile stone also 

for the 1988 International Symposium on Nuclear Data to be held 

in JAPAN. 
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Plenary Discussions 

S. Igarasi and T. Nakamura 

A session for free discussion followed the summary 

reports presented by the group leaders. Many items omitted in 

this meeting and to be discussed in future meetings were 

pointed out. They were problems on neutron spectra in some 

block samples, problems related to the scalar flux, 

dosimetry, activation and gamma-ray. 

Necessity of quantitative presentation for the target 

accuracy of the nuclear data was discussed. Since 

reauirements of the data accuracy were strongly dependent on 

different blanket design systems, appropriate benchmark 

problems should be proposed in order to make sensitivity 

analyses. The meeting suggested that the fusion neutronics 

community should set the benchmark problems to explore the 

nuclear data of which accuracy has influence on the 

calculations. To clarify that the requested accuracy is 

achieved, needed is proper methodoloy with which degree of 

the achievement is definable. Including this, the meeting 

asked the community to define the ways of feedback from the 

benchmark tests to the nuclear data evaluation and 

measurement. 

There was a question about release of the JENDL-3PR1 and 

JENDL-3PR2 as well as their definition. Some confusions had 

been occurred in the data users since the JENDL-3PR2 appeared. 

Definition of the latter was not always clear to many users. 

A reasonable management system is needed in order to avoid 

vain confusion and notify smoothly the community of revision 

of the evaluated data and library. Anxiety was expressed that 

some information was restrained from circulation, if the 

management system bound the exchange and circulation of 

information rigidly. Data and information should be released 

freely, but exchange of data or information between 
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individuals would often cause confusion. The meeting 

suggested that some reasonable rule concerning exchange of 

information, release of data, revision of evaluated data 

library, etc. needed to be established. 

It was stressed that the nuclear data measurements 

should be stimulated further in Japan. Double differential 

cross sections at 7 and 14 MeV have been accumulated. In 

addition the data between these two energy points are 

needed. Experiments with the JAERI Tandem accelerator were 

expected. At present, measurements between 5 and 6 MeV are 

scheduled at JAERI. The measurements will be expanded 

gradually to higher energy region in future. 

This meeting was the first big occasion that the 

specialists of nuclear data and their application in the 

fusion field gathered and exchanged the opinions frankly 

from the various stand points. The meeting worked effectively 

to deepen the understanding of the present status in data 

evaluation, cross section measurements, integral experiments 

and data needs from the design work in relating to the 

JENDL-3. It was generally agreed that information exchange 

and collaboration in this community should be encouraged 

further. This would be promoted by holding meetings like the 

present one, for example. 
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