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1. Introduction

The importance and needs of fission product (FP} nuclear data are
rising more and more in the whole fields relating to nuclear power.
Responding to these demands, evaluation work of the FP nuclear data for
fast reactors has been powerfully performed in JINDC (Japanese Nuclear
Data Committee) over several years. Capture cross section is one of
the most important FP nuclear data. Accordingly, as a part of this
evaluation work, compilation of the experimental data on capture cross
section was requiréd in order to examine the'systematic trends of mass
number and eneryy dependences of capture cross section, and to increase
the reliability of evaluation.

In this éompilation work, the experimental capture data in keV and
MeV range were surveyed for 100 FP nuclides which selected according to
the order of contribution to the capture effect in fast reactor cores.
As a result of compilaﬁion work, many experimental data were collected
for about 50 nuclides. The compiled data were plotted in the figures,
and used to normalize the capture cross section obtained by theoretical
calculation.

The FP nuclear data evaluated in the present.work were compiled in
JENDL-1 {Japanese Evaluated Nuclear Data Library, Version 1) which has
been completed recently. This document gives a description of compilation
of the measured capture cross sections performed in order to prepare
the fission product nuclear data file for JENDL-1.

In Section 2, the procedure of data compilation is briefly
described. In Section 3, the FP nuclides compiled in this document
are shown on the basis of the classification of FP nuclides. 1In
Section 4, the status of the ekperimentai capture data is described
for the compiled nuclides. In Section 5, a descriptidn ocn the contents
of Tables attached in Appendix I is given. In the last Section 6,
some remarks are given for preparation of this document.

Appendix I consists of the above Tables, the abbreviations used in
these Tables, and the expefimental references. In Appendix II, the

Figures of capture cross section are shown for 24 FP nuclides.

_1_...
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2. Procedure of literatures and data compilation
Survey on the measurements of capture cross section for FP nuclides

b ang its Supplement 76/772), and the recent

was done using CINDA 76/77
literatures. The contents of measuremenfs were surveyed for the collected
literatures over the following items.

neutron energy and its resolution, neutron source, accele-

rator, method of the measurement, used detector, standard

cross section, flux monitor, measured or used f-and y-ray

data and their branching ratio, and measured crogs section
The used standard cross section or monitor.reaction cross section,
and the branching ratio of the decay mode by § and/or y decay are
especially important guantities, because the discrepancies between.the
cross sections measured by different experimenters might be caused by
the differences of these guantities,

The measured capture cross section data were compiled on the

basis of the collected literatures and the recent NEUDADA.

In a few cases, the data plotted in the figures of BNL-325, Supple-

ment3), or the numerical data described in the comments of CINDA 76/77
were compiled when the numerical data are not given in the original

papers and NEUDADA, or the original papers could not be obtained.

There are some differences between the original data and NEUDADA on

!
{

neutron energy and capture cross section in a few nuclides. It is

supposed that the original data were revised when they were compiled
in NEUDADA. Thén, in such a case, the data compiled in NEUDADA were

adopted in present compilation.

3. PP nuclides compiled in this document

The FP nuclides are classified into some categories according to

their contribution to the capture effect in burn up of fast reactor.
This claSSificétiOn is given by 5. Iijima4). In this document, 38 im-
4 portant FP nuclides classified into "Class I" to "Class III" wefe
picked up, and their experimental éapture data in keV and MeV range

were searched by the procedure as mentioned in the previous section.

e | -2-
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2. Procedure of literatures and data compilation

Survey on the measurements of capture cross section for FP nuclides

was done using CINDA 76/771) 2)

and its Supplement 76/77°°, and the recent

literatures. The contents of measurements were surveyed for the collected

literatures over the following items,
neutron energy and its resclution, neutron source, accele-
rator, method of the measurement, used detector, standard
cross section, flux monitor, measured or used 8-and y-ray
data and their branching ratio, and measured crogs section
The used standard cross section or monitor.reaction cross section,
and the branching ratio of the decay mode by 8 and/or y decay are
especially important quantities, because the discrepancies between.the
cross sections measured by different experimenters might be caused by
the differences of these gquantities.
The measured capture cross section data were compiled on the
basis of the collected literatures and the recent NEUDADA.
In a few cases, the data plotted in. the figures of BNL-325, Supple-
ment3), or the numerical data described in the comments of CINDA 76/77
were compiled when the numerical data are not given in the original
papers and NEUDADA, or the original papers could not be obtained.
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supposed that the original data were revised when they were compiled

in NEUDADA. Thén, in such a case, the data compiled in NEUDADA were

adopted in present compilation.

3, FP nuclides compiled in this document

The FP nuclides are classified into some categories according to
their contribution to the capture effect in burn up of fast reactor.
This classificétion is given by S. Iijima4). In this document, 38 im-
portant FP nuclides classified into "Class I" to "Class III" wefe

picked up, and their experimental capture data in keV and MeV range

were searched by the procedure as mentioned in the previous section.
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In addition, the capture effect by these 38 nuclides occupies about
93% of that by the whole FP nuclides. As the result of survey, the

38 nuclides were divided as follows.

Nuclides with the Exptl. Data No Data Nuclides
Class I 97Mo, ?°Tc, '°?Rh, '°°Pd, 101gy, 1%7pg, '*%cs, '“7Pm,

133C5, lhssm . ISISm

Class II| °°Mo, °®Mo, !°’°Mo, 1ozRy, 93gp, 103py, 1281, 131%e,
104py, 109y, lvlpy, 15049 132y, 183G, 14 Sng
153py

class IIT]| %%2r, '%fpd, '271, '*’La, 1osRy, 153y
t¥20q 196Ng, 148Ng, 1% 7gm
lSZSm

Although a reports) on measurement of the capture cross section has
been published for '*7Pm in the energy range 20 eV to 10 keV, yet the
numerical data have not been published. On the 24 nuclides with the
measured capture cross section, Tables showing the contents of the
experiments and Figures of their capture cCross sections were prepared,

and attached in Appendix I and II, respectively.

4. Status of the compiled experimental data

As mentioned in the previous section, the measured capture cross
section data wefe obtained for 24 nuclides from among 38 important
nuclides. Although, many data were collected in this compilation,
most of the collected data concentrate on_’“Mo,IlGUMo, 103py, 1271,
1930g, 3915, !%lpr, and '®*?Eu. The data for these nuclides are very
abundant and distribute densely over the energy range from eV -to MeV.
However, it is noticed that there are large discrepancies among the
data measured by different experimenters for these nuclides.
Particularly, remarkable systematic discrepancies are observed over

the wide energy range for the data of $8Mg, 19°Mo, 7?71, '?*3cs, and

153Eu.-
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~In addition, the capture effect by these 38 nuclides occupies about

933 of that by the whole FP nuclides. BAs the result of survey, the

38 nuclides were divided as follows.

Nuclides with the Exptl. Data No Data Nuclides

class I 7m0, %Tc, 1°%Rn, !°°pd, 101y, 197pg, !35cs, '“7pm,
IEBCS’ IHBSm : ISISm

Cclass II| ®%Mo, ?%Mo, !°°Mo, '?ZRu, s3gy, 109Ry, 1297, 13lxe,
104py, 19%g, 1lpp, 15049 132y, 1%3ng, 1%°NG
153py,

Class III| *fzr, '°°pd, '?271, '?’La, 196Ru, 1$5Eu

luzce’ lhsNd, 14Bng, 1a7gm
152gn

Although a reports) on measurement of the capture cross section has
been published for 147py in the energy range 20 eV to 10 keV, yet the
numerical data have not been published. " On the 24 nuclides with the
measured capture cross section, Tables showing the. contents of the
experiments and Figures of their capture cCross sections were prepared,

and attached in Appendix I and II, respectively.

4. Status of the compiled experimental data

As mentioned in the previous section, the measured capture cross
section data were obtained for 24 nuclides f;om among 38 important
nuclides. Although, many data were collected in this compilation,
most of the collected data concentrate on YiMo, '°'Mo, '°’Rh, '27I,
1330g, 13915, 1%lpy, and '°?Eu. The data for these nuclides are very
abundant and distribute densely over_the energy range from eV-to Mev,
However, it is noticed that there are large discrepancies among the
data measured by different experimenters for these nuclides.
Particularly, remarkable systematic discrepancies are observed over

the wide energy range for the data of 98Mp, 10°Mo, !'271, '%3Cs, and

153Eu
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Next, there are some data in the limited enerygy range for °°Mo,
97MO; QQTC, IOSPd; IDSPd’ 109Ag: lfiBNd’ ISONd' 147Sm, .and IHQSm- 1t
is also pointed out that there are remarkabie sysﬁematic discrepancies
amony the data of 199ag in the energy range from 10 to 150 kev.

The data of °%zr, '°2Ru, '?*Ru, !'*2ce, '"®Nd, and !°2Sm are poor and
obtained for only three to nine energy points.

Generally speaking, the data for most of the nuclides exist most
abundantly in the enerygy range arcund 25 keV. However, it is pointed
out that the discrepancies among the data are also most remarkable
around 25 keV, as shown in the attached Figures. It is necessary to
investigate the cause of these discrepancies and to examine the
reliability of the data in order to use these data in evaluation or
as a normalization ywint of caleculated cross section.

In this compilation, many new.data are collected for 15 nuclides.
These new data have been published afte: 1973 in which FP Nuclear Data

6)was held at Bologna. ‘The recent measurements for Mo-isotopes

)

Panel

have been performed by A. R. de L. Musgrove et al.7 in the energy

range from 1 to 90 keV in 1976. Their data show good agreement with
the data by Kapchigaéhev et al.8) for ?5Mo and ®7Mo, although they
deviate from the latter data in some energy intervals for *°Mo and '°’°Mo.

The 25 keV data for °®Mo and !'®°Mo have been also presented by R. P.

Anand et al.g)in 1974. Their data are in'agreement with the data by

Musgrove et al. and Kapchigashev et al. for **Mo, while the data for
100po are considerably lower than those by Musgrove et al. R. P. Anand

et al. presented also the 25 keV data for '°"Ru. Their data show good

10) 11)

agreement with the 24 keV data by Murty et al. and Macklin et al.

12)

R. W. Hockenbury et al presented a number of data in the energy range

from thermal to 300 keV for !°3®Rh, '°°pPd, and !°**Eu in 1975.

The abundant data for '®3*Rh have been also presented by C. Le Rigoleur

et al.lB)in the same energy range as Hockenbury et al. in 1975.

The first measurements for 105pq have been performed by R. L. Macklinl4),

and Hockenbury et al. in 1975. The data by Macklin show the maximuam

and minimum values around 2.6 keV.
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The recent measurements in keV region for !'27I have been performed

15}

by N. Yamamuro et al. at 23.7 keV and K. Rimawils)at 24.3 keV in 1975.

Both data show very good agreement. The measurements in MeV region

17) 8}

at 14.4 MeV and F. Rigaud et al.l
19)

have been done by J. Vuletin et al.
at 14.6 MeV in 1974, and by 0. Schwerer et al. at 14 Mev in 1976.
Their data are in agreement with mutually within the experimental errors.
vYamamuro et al. presented also the 24 keV data for l.“Cs in 1976.
Their data are consistent with the data by Popov and Shapirozo)(1962),
and show a lower value than the data by KOmpeZI)(1969). Vuletin et al..
Rigaud et al., and Schwerer et al. presented also the 14 MeV data for
1%1py  for '°?Rh and '3°pa, and for !*%ra and !*?Ce, respectively.

The most recent measurements for '*’sm, '"’Sm, and-'°®°Eu have
been performed by B. N. Kononov et a1.22) in the energy range from 5.5

147

to 342.5 keV in 1977. Their data for Sm and '"%*8m show considerably

23)

hiyher values than the data by Macklin at 30 keV. Their data for

153, show also systematically higher values than the data by Konks

and Fenin24), Hockenbury et al., and M. C. Moxon et al.zs)

However.,
they are in good ayreement with the values derived from the data by
Czirr25)for natural Eu and °!Eu. The data by Moxon et al. show the
lowest values compared with other data in the energy range from 0.1

to 400 keV, but are in agreement with the data by Konks and Fenin, and

Hockenbury et al. within the experimental errors.

5, Descriﬁtion on the attached Tables (Appendix I)
The main contents of the measurements on capture cross section
are given for 24 FP nuclides in the Tables attached in Appendix I.
The items and contents described in the Tables for each nuclide are
as follows. '
Column 1 : Reference
| The literatures cited in the present compilation are given in
chronclogical order by the abbreviations combinning the
year in which the experiment was done and the name of the

teading author. These abbriviations are given in

1
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The recent measurements in keV region for '27I have been performed

15}

by N. Yamamurc et al. at 23.7 keV and K. Rimawile)at 24.3 keV in 1975.

Both data show very dgood agreement. The measurements in MeV region

17) 18)

have been done by J. Vuletin et al. at 14.4 MeV and F. Rigaud et al.

at 14.6 MeV in 1974, and by O. Schwerer et al.lg)

at 14 Mev in 1976.
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Rigaud et al., and Schwerer et al. presented also the 14 MeV data for
8lpy  for '°3Rh and '*°La, and for !*%La and !*?ce, respectively.

The most recent measurements for '*’Sm, '*"sm, and '°’Eu have
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to 342.5 keV in 1977. Their data for Sm and '"%8m show considerably

23}

hiyher values than the data by Macklin at 30 keV. Their data for

153, show also systematically higher values than the data by Konks

and Fenin24), Hockenbury et al., and M. C. Moxon et al.25)

However.,
they are in yood ayreement with the values derived from the data by
Czirr25)for natural Eu and ‘°!Eu. The data by Moxon et al. show the
loﬁest values compared with other data in the energy range from 0.1

to 400 keV, but are in agreement with the data by Konks and Fenin, and

Hockenbury et al. within the experimental errors.

5. Descriétion on the attached Tables (Appendix I)
The main contents of the measurements on capture cCross section
are given for 24 FP nuclides in the Tables -attached in Appendix I.
The items and contents described in the- Tables for each nuclide are
as follows. '
Column 1 : Reference
| The literatures cited in the present compilation are given in
chronological order by the abbreviations combinﬁing the
year in which the experiment was done and the name of the

teading author. These abbriviations are given in




i
i

Column 2

Column 3

Column 4

Column 5

Column &

Column 7

Column 10
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"Experimental References" of Appendix I.

Energy

The energy range in which the measurement was performed

is given in keV unit. The energy resolution is also shown
if it was given by the author,

N

This means the number of data points measured.

Measured Cross Section

The measured capture cross section is given in milli-barn
unit. The error of cross section is also shown 1if it was
given by the author. However, they are omitted in case of
many data points more than 5 points existing.

Neutron Source

The neutron source is shown in the form of radioactive
material, or nuclear reaction and/or accelerator used.

Method

The method of measurement is shown with the detectors used.

Standard or Flux Monitor

The standard cross section which was used in ‘relative measure-

ment, or the reaction cross section which was used in
determination of the absolute value of neutron flux is
given in milli-barn unit with the nuclear reaction form.
The reaction form is omitted in some cases, if it is (n,y}

reaction.

column 8 and 9 : Thermal Cross Section

These columns are only used in case of "double-
ratio comparison" technique applied in activation
measurement. The thermal cross sections of the
standard and target (sample) nuclides are given in
. parn unit in Column 8 and 9 respectively.
Comments
Appropriate information which is not given in the previous

columns is described in this column. Especially, the data

)
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on B-ray and/or y-ray emitted from the residual nucleus,
and their branching ratio are important in order to
compare and renormalize the cross sections obtained by
various methods and techniqueé.

Tn this Table, many abbreviations are used for the simplicity, and

in order to give many information. Explanation on these abbreviations

is given in the annexed papers of Appendix I.

6. Remarks

This document was prepared as a preliminary one in order to
investigate the compiled experimenfai data and methods, and to promote
the evaluation work of the FP nucleér data for JENDL~1. Accordingly,
it is expected that this is not complete, but includes considerable
defects. The revision of this document will be done in the next step
of evaluation work. ‘At the next step, the format of Tables and the
abbreviations used in Tables will be modified to be more complete,
effective and simple.

The purpose of this document is to clarify the status and
problems of the experimental data, and to provide'the subject matter

of data evaluation.

Acknowledgement

The authors wish to cordially thank Dr. S. Iijima for his
advice, discussion, and encouraéement for this work. They are grateful
to Dr. A. Asami and Pref. N. Yamamuro for their discussion and comments
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for introduction of a new literature on nuclear data evaluation, and

to Mr. T. Nakagawa for his effort on retrieval of the data file.
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Abbreviations used in Table (Appendix I}

Column 1 ' Reference

References of abbreviations used in this column are given in
Experimental References,

Column 4 Measured Cross Section
.m : Cross section to the meta-stable state
g : Cross section te the ground state
Column 5 Neutron Source
BARC Bhabha Atomic Research Centre, Trombay .

CASCD-GEN : Cascade generator _
C-W : Cockcroft-Walton type accelerator
ELA, or : electrostatic accelerator
ELST-ACLTR ' ' i
ELST-GEN : electrostatic generator
Fe-FILT-N : Fe-filtered neutron
HAR : Harwell, AERE
KUR : Kyoto University Research Reactor Institute
1 LINAC : electron linear accelerator
| LRL : Lawrence Radiation Laboratory
‘ nat. U : natural uranium
n-booster : neutron booster
NUCL EXPL : underground nuclear explosion
ORELA : Oak Ridge Electron Linear Accelerator
ORNL : Oak Ridge Natiocnal Laboratory
PHOTO-N : Photo—neutron
RPI : Rensselaer Polytechnic Institute
SDT-N : slowing-down-time neutron
THR-N : thermal neutron .
VDG : Van de Graaf accelerato
Column & Method
- (ABs) : absolute measuremént
| ACT : activation method (technique)
! Anth. S8C : anthracene scintillation counter
10BF 4 ~LC : !%BF; long counter
'"B-NaI - : !9B-Nal detector *

CegFg—-SCINT CsF¢ scintillator

! DRC : double-ratio comparison
i EW-G-M : end-window G-M counter
; EW-PC : end-window proportional counter "
; EW*B : end-window B counter
: GAS-DIS-PC : gas-discharge proporticnal counter
i Ge (Li) : Ge(lLi) spectrometer
i G-M, GM : Geiger-Miller counter
i LIQ-SCINT : licquid scintillator
| LIQ-SCINT-T : liquid scintillation tank
i or SC-T
LONG-C : long counter
M-R '+ moxon—-Rae counter
Nal : NaI crystal (scintillator}
| NaI(Tl) : NaI{Tl) crystal, (scintillation y-spectrometer)
i Ph-SDTS : Pb slowing-down-time spectrometer
‘ PROP-C, oY : preportional counter
PROP i
SCINT, or : scintillation counter
sC




TOF
TSG,Or RG—TRANS
zssU “FC
a-DTCTR
R~counter
B-=PROP-C
y=PC
¢n

Column 7

Allen &
Henkel {'58)

Anth, SC
Davey's data or

a4y 28 we as

.
H

bavey's eval.'66

Diven '58
Diven (p.c.}
Hughes, or
Hughes et al.
'60

Johnsrud

.

JP/A5, 1262('72)

Li glass 5C
Sowerby, or
Sowerby's data

White's of; or
White '65

Column 8 & 9

BNL-325 '58
BNL-325 '65

BNL-325 '66

Column 10

BNL=~325, 2nd,
Suppl. ('66)
72 Budapest,
p. 220 ('72)

Data : Fig, 3

Data:NEUDADA

En

En & @ :data
R

compiled in

NEUDADA

JAERI-M 75638

time of flight method (technique)
transmission sphere geometry(ring geometry)
2355 figsion counter {chamber)

o particle detector

B-ray counter

B-ray proportional counter

vy-ray proportional counter

Neutron flux (beam)

Standard or Filux Monitor

Allen, W, D. and Henkel, R, L. :
Prog. Nucl, Ener., Ser. I, Vol 1I (1958)

anthracene scintillation counter
Davey, W, : Nucl. Sci. Eng. 26, 149 (1966}

Diven, B. C., Terrell., J., and Hemmendinger, A. :

Phys. Rev. 109, 144 (1958) .
This is cited in {60 Weston] as " private communication”
from Diven and Terrell. ‘
Hughes, D. J., Magurno, B. A,, and Brussel, M. K. :
Neutron Cross Sections, BNL-325, 2nd Edition (1960)

Johnsrud, A. E., Silbert, M. G., and Barschall, H. H.
Phys. Rev. 116 927 (1959)

Lakshmana Rao,A.and Rama Rao,J.: Jour. Phys.A5, 1262(1972)
Li glass sc1nt111atlon counter

Sowerby, M. G., Patrick, B. H., Uttley, C. A., and
Diment, K. M. :

Proc. Symp. Neutron-Standards and Flux Normalization.

AEC Symposium Series 23, p. 151 (1970)

White, P. : Jour. Nucl. Ener. A/B 19, 325 (1965)

Thermal Cross Section

Neutron Cross Section, BNL-325, 2nd Edition (1958)
Neutron Cross Section, BNL-325, 2nd Edition
Suppl. No. 2, Vol. III (1965) '

Neutron Cross Section, BNL-325, 2nd Edition
Suppl. No. 2, Vol. II B (1966)

Commentg
BNL-325, 2nd Edition, Suppl. No. 2, Vol II C (1966)

Irigary, J. L., Rigaud, F., Petit, G. Y., Longo, G.,
and Saporetti, F. H

Conference on Nuclear Structure and Study with Neutrons.
Budapest, p. 220 (1972)

The measured cross sections are plotted in Fig. 3

of the original paper,

This means that the data were adopted from NEUDADA,
because the literature didn't be obtained in present
work, or the numerical data are not given in the
original paper.

neutron energy

This means that En and Gny were adopted from NEUDADA,

because the original values of En and “ny were revised
when the data were compiled in NEUDADA.
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151gy data of : Konks, V. A, and Fenin, Yu. I. :
Konks & Fenin('64) Conference on Interaction of Neutrons with Nuclei.
Dubna, Report No. 1845 (1964) [64a Konks)
4m-geom. Y : 4n-geometry gamma-counting technique
Hughes et al.('60) : Hughes, D. J., Magurnc, B. A., and Brussel, M. K. :
Neutron Cross Sections, BNL-325, 2nd Edition (1%60)
integrated O © fn,y) cross section integrated over the energy of
: emitted y-ray
mon. reac. : o : This means that o particles were measured as a monitor

reacticn.

NDS : Nuclear Data Sheet, compiled by K. Way et al.
Naticnal Academy of Sciences, National Research Council,
Washington 25, D. C.

Norm. : normalization

ORELA : Oak Ridge Electron Linear Accelerator

PR 142, 725('66) : Grissom, J. T., Koehler, D. R,, and Alford, W. L. :

: Phys. Rev,, 142, 725 (1966)

Relative - : relative measurement _

Rev. Mod. Phys.: Strominger, D., Hollander, J. M., and Seaborg, G. T. 3

30, 585 ('58) Rev. Mod. Phys. 30, 585 (1958) ;
Nuclear Data Cards (National Research Council, Washington
25, D. C. )

RP : resonance parameter

T 1/2 : half life .

6th TI : Lederer, C. M,, Hollander, J. M., and Perlman, I

Table of Isotopes, Sixth Edition, (1967)
TICC,or Table : Sliv, L. A. and Band, I. M, :

of ICC Table of I. C. C., Alpha-Beta-and Gamma-Ray
. : spectroscopy, Vol, 2, p. 1638 (L1963}
upper limit . This means that the measured cross section is the upper

1imit only due to insufficient yield.
: R-ray counting
y-ray counting :
: capture cross section to the ground state

a Q< w

H capture Ccross section to the meta-stable state




6)

8}

93

10)

11)

12}

13)

14;

15)

16)

17}

-57

58

58

58

58

58

59

59

59

52

59

59

&0

60

60

50

Macklin

Belanhova

Booth

Kononov

Leipunsky

Pasechnik

Perkin
Bame
Gabbard

Isakov

Johnsrud
Lyon

Vervier

Diven
Schmitt
Tolstikov

Weston

"

‘Isakov, A. I.,
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Appendix II : Figures

(Fig. 1 ~ Fig. 24)

(n,Y) Cross Sections of 24 Important Fp
Nuclides in the Energy Range from 10 eV to 15 MeV
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