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The Second IAEA Advisory Group Meeting on Fission Product
Nuclear Data (FPND) was a follow-up meeting of the first Panel
on the same subject which had been organized by IAEA/NDS in
Bologna, Italy, in November 1973; the Proceedings of this Panel
are published as IAEA-report in three volumes, IAEA-169 (1974).

The main purpose of the Second AGM on FPND was to re-convene
users and measurers of FPND in order to review the present state
of requirements for FPND as well as the development and progress
in FPND research since the Bologna Panel.

Fifteen review papers were presented at this meeting, which
covered the full scope of FPND and their applications, and which
formed the basis for the subsequent discussions.

The principal results of this meeting were:

- detailed comparisons were performed between the accuracy
status and the current requirements for FPND;

- those user areas were clearly delimited which still require
an improvement in the status and accuracy of FPND;

- many detailed recommendations for future work on FPND,
including coordinating activities to be performed by the
IAEA, were formulated.

The meeting was attended by 52 participants from 13 Member
States and 3 international organisations. Appendix A contains
the list of participants, ApendLx B the meeting agenda and
Appendix C the working groups which were formed after the present-
ation of the review papers in order to discuss specific subjects.

Selected contributions to review papers are published separate-
ly as INDC(NDS)-87 report.

The scientific secretaries wish to thank the participants of
the meeting for their efficient work, and ECN Petten and its staff
for the hospitality and the excellent organization.
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INTRODUCTION

G. Lammer, IAEA Vienna

1. Ob.jectives and scope. of the meeting

The importance of fission products rests on the fact that
practically all stages of the nuclear fuel cycle are affected by
their presence. Their behaviour in the reactor as well as at the
storage sites, in the processing plants and in the environment must
therefore be known as accurately as possible. In addition, fission
products are often used for industrial, medical and other scientific
purposes.

For the assessment, prediction and control of the effects of
fission products, in many cases an accurate knowledge of fission
product nuclear data (FEND) is required, the kind of data to be
known (and their accuracy) varying with the application area for
which they are needed.

A Panel meeting on FPND had been convened by the IAEA in
Bologna, Italy, in November 1973, which reviewed for the first time
the requirements of FPND in the various application fields and com-
pared them to the status of the data.

In the four years since this Panel, not only a considerable
improvement of the knowledge and accuracy of FPND has been achieved,
but also new requirements for FPND have emerged, partly as a result
of sensitivity studies which have been performed in the meantime,
partly because the accuracy limits have been changed, and partly
because new nuclear technologies have been conceived or developed.

In order to review all the development in the field of FPND
since the Bologna Panel, the IAEA convened the present "Second
Advisory Group Meeting on Fission Product Nuclear Data". The
specific aims of this meeting are:

- to assess the development of the applications of FPND as well
as of the status of the data themselves;

- to clearly define the importance of individual fission products
in the various fields of applications and for the different
existing calculational methods;

- to issue a list ofwell defined FPMD requirements reflecting
the present status of knowledge;

- to agree on the priorities of the requirements and to issue
technical recommendations about how to fulfill the requirements
according to their priorities; and
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- to find out and recommend wakys of appropriate cooperation
and satisfactory intercommunication between data users,
measurers and evaluators.

The fission product nuclear data to be reviewed for these
purposes comprise

- fission yields;

- decay data; 

- delayed neuiron data;

- neutron cross section data.

2. .Review of the recommendations of the Bologna Panel

(i) A large number of detailed recommendations concerned the per-
formance of sensitivity studies and the improvement of FPND accura-
cies by new measurements or evaluations. The progress made in this
respect will be reviewed in the corresponding review papers.

(ii) The Panel recommended to solicit measurers and evaluators for
publication of all details of their work which are relevant for the
interpretation and judgement of the results. In accordance with
this recommendation, IAEA/NDS had asked several evaluators of FPND
to list all the experimental details which they require for a care-
ful evaluation. These lists were included in a circular which
IAeA/NDS distributed to measurers of 'FPND.

(iii)In order to simplify the evaluation procedures, and for inter-
comparison of different evaluations, the establishment of a common
computerized experimental data base was recommended as well as the
use of a common computer format for evaluated data, preferably
ENDF/B. It may be discussed at this meeting whether the situation
with respect to computer formats has improved, and if it is now
satisfactory.

(iv) The decay heat emission after reactor shutdown was considered
as one of the most serious problems in connection with safety mea-
sures. In order to eliminate existing discrepancies between after-
heat measurements and calculations, and to establish a data base
sufficiently accurate for safe-y requirements, the performance of
coordinated international benchmark experiments and calculations
was strongly recommended by the Bologna Panel. The International
Nuclear Data Committee (INDC) however noted that a number of after-
heat experiments were already in progress at that time, and proposed
to await and evaluate their results before deciding 'about a stimula-
tion of new experiments.
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In RP 15, R.E. Schenter and T.R. England are reviewing all
afterheat experiments and calculations which have been performed
to date, and with this information it should be possible to draw
conclusions about the presently obtainable accuracies and about
further needs for FPND or afterheat experiments,

(v) It was suggested that IAEA/NDS initiate an international
request list for FPND, which should include a detailed justifica-
tion for each requirement, so that the requirements identified by
the Bologna Panel would be updated regularly and completed. The
INDC proposed however to include all FPND requirements in the
existing "World Request List for Nuclear Data" (WRENDA). I would
like to invite the meeting participants to discuss this question
further in order to find a solution which may satisfy both users
and 'producers' of FPND,

(vi) An international newsletter containing information about all
activities concerning FPND had been recommended by the Bologna
Panel. Consequently IAEA/NDS initiated the annual report "Progress
in Fission Product Nuclear Data". So far, 3 issues have been sent
to measurers, evaluators and users of FPND, the distribution list
including at present about 350 names. I would like to ask the
opinion of the meeting participants about usefulness and possible
improvements of these reports.

(vii)Finally, the Bologna Panel had recommended that the list of
FPND compilations and evaluations, which was presented as RP 1b
at Bologna, should be continuously updated and published regularly.
This had so far not been done, but the RP 1 presented to this
meeting should partially fulfill the recommendation. If requested
by this meeting, IAEA/NDS may in future update and complete the list
of evaluations, and publish it periodically, either in the FPND-
progress report or separately.

3. Outlook

The review papers which will be presented in the meeting show
that a considerable amount of research work has been performed since
the time of the Bologna Panel. A lot of new data have accumulated,
especially in the fields of fission yields and decay properties of
short lived fission products; theoretical approaches and semi-
empirical systematics have been developed, and methods for and
results of adjustments of differential quantities with the help of
integral data will be reported. There are, however, still a number
of data which are either not measured or for which higher accuracies
are required, and the meeting will have to define the justification
and urgency for further measurements and/or evaluations.
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A number of studies concerning the sensitivity of bulk pro-
perties to FFPND accuracies have been performed since the last
meeting, particularly for afterheat problems, which should enable
the formulation of well defined requests.

In conclusion, it can be expected that the meeting will be
in a position to establish a list of detailed and well justified
requirements and to recommend ways how these requirements could
be fulfilled. Finally, this meeting should stimulate further im-
provement of the intercommunication between users, measurers and
evaluators, as to facilitate the solution of problems still
existing or open to development.
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Review Par 1

REVIEW OF EXISTING COMPILATIONS AND EVALATIONS OF

FISSION PRODUCT NUCLEAR DATA

G. Laaner

Nuclear Data Section
IAEA, Vienna, Austria

Abstract

The intention of the present paper is to give a survey of all
FPND libraries that have been published or have become available
after 1970. As such, it is a complement to RP lb of the Bologna
Panel which listed all compilations and evaluations of FPND that
existed in 1973.

For each library, the kind and number of data and the evalua-
tion procedure are briefly described, which may help the user to
find the most suitable library for his purpose. No attempt is made
in this review to judge or compare the qualities of the different
evaluations.

I. Introduction

This is a survey of nuclear data libraries which have become
available after 1970 and which include the following data types:

- fission product yields;

- neutron cross sections of fission products;

- fission product decay data;

- delayed neutron data.

The description of each library includest an artificial name
of the library, composed of two figures denoting the Lear of the
last publication (or update) and a five characters abbreviation of
the library's original name or of the name of one of the authors;
the titles of and references to the publications related to the
library; a short description of the evaluation procedure applied or
of other special features; a brief enumeration of the contents,
either of the whole library or of each publication; occasionally
the deadline of literature coverage and a remark if the data are
available on tape.
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The following Sections are each devoted to one of the above
mentioned data types. Within a Section, the libraries are arranged
in decreasing 'last publication year* order, and then in increasing
alphabetic order.

II. Review of fission yield evaluations

_I.1. List of libraries and publications

'Name" b Publication (year) Author (comments)

77Crouc

77Madla

77Meek

76BIBGR

76Ford

76Madla

75Amiel i

i

ADNDT 1) 1 (5) 419 (1977)

(AERE-R-8152 (1976))

(AERE-R-7680 (1974))

(AERE-R-7394 (1973))

(AERE-R-7209 (1973))

(73 Paris,vol.1 393
= IAEA/SM-170/94)

LA-6783-MS (1977)

NEDO-12154-2 (1977)

(NEDO-12154-1 (1974))

ZJE-188 (1976)

LA-6129 (1976)

LA-6595-MS (1976)

LA-6430 (1976)

Pbys. Rev. C11,845 (1975)

E. A. . Crouch

I" (all superseded
by the above
publication)

same data as AERE-R-7209

D.G. Madland, L. Stewart
(ternary light charged
particle yields)

M.E. Meek, B.F. Rider

It ft

(superseded)

J. Hep, V. Valenta

GP. Ford, A.E. Norris
(radiochem. measured yields)

D.G. Madland, T.R. England
(indep. yields to isomeric

states)

D.G. Madland, T.R.
(pairing effects)

England

S. Amiel, H. Feldstein

73Rochester, vol.2,
= IAEA/SM-174/25

65 11 it

1) ADNDT . .. Atomic Data and Nuclear Data Tables
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"Name" Publication (year) Author (comrents)

74Daroc

74Wolfs

73Lame

73Netha

73Walke

IAEA-169, III, 281 (1974)
(- Bologna Panel Proceedings)

LA-5553-MS (1974)

73Paris,505 (=IAEAA/S-170/13)

UCRL-51458 (1973)

AECL-3037, Part II (1973)

RG-report 2143 (R) (1972)

S. Daroozy, P. Raics, S. Nagy
(14 NeV U238 yields)

KL Wolfsberg
(fract. indep. yields)

M. Lamer, O.J. Eder

D.R. Nethaway, G.W. Barton

W.H, Walker

E.W. Sidebotham72Sideb
^f

II.2. Description of the fission ield libraries 2)

77Crouc: a) At. Data and Nucl. Data Tables 19 (5) 419 (1977),
E.AC. Croucht "Fission product yields from neutron-
induced fission".

This paper replaces and makes obsolete the references b) to e).

Literature eoveredt up to 1975.

Availabilitt the compilation is updated continuously; compiled
and evaluated data are available on tape, evaluated data in ENDF/B-IV
format.

2) abbreviations: A
CRY
g
IY
m
ms

rms
UCD
w.a.
Yy
z

aO

* *0@

00

' 0*

a. *

a.-

atomic number
chain yield
subscript referring to ground state
independent yield
subscript referring to mdtastable state
mass spectrbmetric
'root mean square'
unchanged charge distribution
weighted average
yield
element number
most probable charge
Gaussian width
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Evaluation procedure:

Li) Recommended cumulative and indeendent zields:

'ill published experimental cumulative and independent yields are
renormalized when necessary and possible. An uncertainty is attached
to each value,which isin most cases the uncertainty given by the authors,
or an estimate when no error is given in the publication; in a few
cases, the quoted uncertainties are adjusted to comply with statistics.

To obtain recommended chain, cumulative and independent yields,
w.a. of the renormalized experimental values are calculated.. Those 
independent yields for which no experimental data are available are
obtained by interpolation, assuming a Gaussian charge dispersion model
and unchanged charge distribution for the determination of Zp(A) and
o(A).

tii)_.Adjusted chain cand independent ie1lds:

For some important fissioning systems, consistent sets of FP chain
and independent yields are calculated. With the recommended chain
and independent yields (see above) as input data, a least squares fit
of the whole mass distribution curve (72< A < 161) of a fissioning
system to some "physical laws is performed. The following conservation
rules are used: the normalization rule, C( . the .

;A GHYh).^L3(Y'?, t.lie mass

conservation rule, A.CHY(A).A = (Afissile+l-v) x 100, and the charge

conservation rule,ZA CHY(A).Z(A) ZfissileZ(A) being the mean atomic

number of the decay chain with mass A.

Contents:

(i)_ all experimental cumulative and independent FP yields found
in the literature, and the deduced recommended values and uncertainties.
The following neuiron-fission systems are included:

Ac227 : fast Pu239 : thermal, fast, 14MeV
Th227 : thermal Pu241 : thermal
Th229 : " Am241 : "
Th232 : fast, 3MeV, 11MeV, 14MeV Am242 "
Pa231 : fast, 3MeV,14MeV Cm245 "
U233 ~ thermal, fast, 14MeV Cm249 :
U235 : " " " Cf251 "
U238 : fast, 314eV, 14MeV Es254 "

Np237 : fast, 1.1Me, 14MeV Fm255 "

(ii) adjusted chain and fractional independent yields and their
uncertainties in the mass range 72< A < 161 a.n from the following
fission reactions:

0



Th232 : fast, 14MeV
U233 s thermal, fast, 14MeV
U235 : " " "
U238 : fast, 14MeV

PA239 : thermal, fast
Pu240 : fast
Pu241 : thermal, fast

The following publications are superseded by the above:

b) AERE-R-7209 (1973), E.A.C. Crouch: "Fission product chain
yields from experiments in thermal reactors". (= paper IAEA/SM-170/94,
Proceedings of the Symposium on Nuclear Data in Science and Technology,
Paris 12-16 March 1973, vol.I, p.393)

o) AERE-R-739 4 (1973), E.A.C. Crouch: "Fission product chain
yields from experiments in reactors and accelerators producing fast
neutrons of energies up to 14MeV".

d) AERE-R7680 (May 1974), E.A.C. Crouch: "Assessment of known
independent yields and the calculation of those'unknown in the fission
of 232Th, 2 33U, 2 35u, 2 38U, 239pR, 240pR and 2 4 1pu".

e) AERE-R-8152 (Jan. 1976), E.A.C. Crouch: "Chain and independent
fission product yields adjusted to conform with physical conservation
laws. Part 2". (= improvement of part 1, AERE-R-7785).

77Madla: LA-6783-MS (1977) (ENDF-247), D.G. Madland, L. Stewart:
"Light ternary fission pr:oducts: probabililies and charge
distributions".

Evaluation procedure:

(i)_ emissionprlobabilities: experimental results for N=number
of light charged particles per 1000 fissions are collected. The
general dependence of N from the fissioning compound nucleus and from
the excitation energy is estimated by fitting linear functions of
(4Z-A)compound resp. of c, the excitation energy with respect to the
outer fission barrier, to the data.

ii)_c_arge distribution: relative data compiled by Halpern 3)
have been normalized with values for N from the compilation described
above. Resulting absolute light charged particle.(Z<4, A< 10) yields
are listed.

3) I. Halpern,"Three Fragment Fission", Annual Review of Nucl.Sci.21,
E. Segre, Ed. (Annual Reviews Inc., Palo Alto, Calif. 1971),p.245.
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Contents:

iil _egis4 on_ 2babjiljt®e:» evaluated f-values and uncertain-
ties for neutron-induced fission, at various incoming energies, of
the following fissionable nuolidess

Th232, U233, U235, U238, Pa239, Pa241,

and formulae for interpolation with respect to fissioning nuclide
and excitation energy.

jii)_charg distriibution: absolute yields and uncertainties
of light charged particles TZ_4, A(10) for thermal fission of U233,
U235 and spontaneous fission of Cf252.

7t ekt EPDO-12154-2 (1977), NE. Meek and B.F. Riders "Compilation
of Fission Product Yields" (supersedes NEDO-12154-1 (1974)).

.Availability: the compilation is continuing; the data are
available on tape in intermediate ENDF/B-V format.

Evaluation procedure: w.a. of corrected and renormalized experi-
mental independent and oumulative yields is calculated. Resulting
independent and cumulative yields, complemented by calculated ones
where experimental data are missing, are evaluated in a common treat-
ment which takes into account the 'odd-even effect' and the isomeric
yield distribution (76Madla), and which is similar to the maximum
likelihood method. The resulting values are finally adjusted in
order to give Z CHY (light) - 2 CHY (heavy) - 100%. The adjusted
yields are given as the recommended values.

Contentst

Beoommended independent and cumulative yields in the mass range
66( A < 172 and from the following fission reactions:

Th232 s fast, 14MeV
U233 s thermal, fast, 14MeV
U235 s " " "
U236 : fast
U238 s fast, 14MeV

Np237 " 
Pu239 : thermal, 14MeV
Pu240 S fast
Pu241 i thermal, fast
Pu242 s fast

(Cf252 : spontaneous)
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76BIBGR: . JWE-188_ ( ), J. Hep, V. Valenta: "Group library of
fission products - BIBGRFP".

Availability: the data are available on tape.

The evaluation procedure is not given in the document, reference
is made to an internal report (in Czech): Ac-3771/Dok-Zpr.ZVJE about
a "YIELDF'"-library, where more ii formation may be contained.

Contents:

Evaluated(?) independent yields in the mass range 71< A < 165
from the following fission reactions:

U235 : thermal, 1MeV
U238 : 1MeV
FP239 : thermal, 1MeV
uP241 : thermal, 1MeV

76Ford: LA-6129 (Feb.1976), G.P. Ford, A.E. Norris: "A compilation
of yields from neutron-induced fission of 2 32 Th, 235U, 23 6U
2 3 7Np, 238U, and 239Pu measured radiochemioally at Los
Alamos".

Evaluation: the evaluation consists in converting the measured
relative yields to absolute yields, after a consistency check by the
2-mode-of-fission hypothesis (YJi = aiYj,111 + biYj,99; ai' bi ...constant

j ... fissioning nucleus, i ... FP) and careful investigation of the
reasons for inconsistencies.

Contents:

R-values (based on mass 99 yield from U235 thermal fission) and
their uncertainties, and the chain yields, for those fissioning nuclei
given in the title and for different neutron sources.

T6 Madla: a) LA-6595-MS (Nov. 1976), D.C. Madad, TR. Engllcanld:
"Distribution of independent fission product yields'to
isomeric states".

b) Nucl. Sci. and Fnmg. 64 (1977)859, iG. Ma.dland,
T.R. Eng3land: "The influence of isomeric states on indepen-
dent fission product yields".

Calculation method: 'ne simplifying assumption is made that the'
ratio IY(metac)/IY(ground) is only dependent on the differences between
the angular momentum parameter Jrms of 'the initial fragment and Jm and
Jg respectively; and that Jrms = const. x L' (incoming neutron-energy),
where 'const.' refers to both actinides and fission fragments.
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Contents:

Calculated R =IY (meta) for isotopes in the mass range

IY (ground)

69< A < 170 and for the incoming energies: < 0.5 MeV, 14MeV (valid for
all actinides); compared to the very few experimental values available.

c) LA-6430-MS (July 1976), D.G. Madland, T.R. England:
"The influence of pairing on the distribution of independent
yield strengths in neutron-induced fission".

Evaluation procedure: From an analysis of the U235 thermal fission
yield data from 75Amiel, the average fractional enhancements relative
to the "normal" yield due to proton and neutron pairing, X and Y res-
pectively, are derived.

By comparison and analysis of different studies of other fission
systems, an empirical (simple) relation between excitation energy and
X,Y is proposed.

Contents: X and Y values (and uncertainties) for neutron-induced
fission in 17 nuclides are tabulated:

Th229,232; U233-238; Pu238-242,244; Cm242,244,249.

75Amiel: a) IAEA-SM-174/25 (1973), S. Amiel and H. Feldsteint
Proceedings of the Symposium on Physics and Chemistry of

Fission, Rochester, 13-17 August 1973, vol.2 p.65:
"A systematic odd-even effect in the independent yield
distributions of nuclides from thermal-neutron-induced
fission of 2 3 5U".

Evaluation procedure: published experimental fractional

cumulative and fractional independent yields are compiled. Best
values for fractional independent yields and missing data are chosen,
respectively calculated according to Wahl's Gaussian distribution
multiplied by an odd-even factor (which was derived from available
experimental element or isotopic independent yield distributions).

Contents:

"Corrected" fractional independent yields and their uncertain-

ties in the mass ranges 83< A < 97 and 130< A < 145 from thermal
fission of U235; compilation of experimental data in the same mass-

range.

b) Phys. Rev. 011, 845 (19752, S. Amiel, H. Feldstein:
"Odd-even systematics in neutron fission yields of 33
and 235U".
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Evaluation procedure: similar to a) above.

Contents:

"Corrected" fractional independent yields and their uncertain-
ties for U235 thermal fission as in a), for U233 thermal fission
and 83< A < 94, 131< A < 143, and for a few mass chains from U235
fast fission.

Daroc: IAEA-169. vol.III. 2Q1 19l4), S. Daroczy, P. Raics, S. Nagy
(Proceedings of the Bologna Panel): "Compilation of fission
product yields of U-238 for 14MeV neutrons".

Literature covered up to 1972.

Evaluation procedure: After evaluation (w.a.) of the Mo99 and
Bal40 yields, experimental values for chain (or cumulative) yields
are renormalized to these standards, where possible. Missing data
are obtained from exponential interpolation.

Contents:

Complete set of evaluated chain yields and uncertainties in the
mass range 66< A < 172 from 14MeV fission of U238. Compilation of
experimental cumulative and independent yields.

,74Wolfs: LA-55 MS (May 1974, K. Wolfsberg: "Estimated values of
fractional yields from low energy fission and a compilation
of measured fractional yields".

Estimation: A Gaussian charge dispersion with 0=0.56 + 0.06 is
assumed f.r all primary nuclides .onsidered, and Zp is calculated
according to 2 different formulae for A7 = UCD - Zp. Odd-even
factors are taken from 75.Amiel or extrapolated.

Conten s:

ET stimated fractional independent yield.s and. their uncertainties
in the mass range 74< A < 161, and comparison to compiled experimental
data, for the foll owing fission reactions:

U233 : thermal
U235 : thermal, 14MeV
U238 : fast, 14MeV

Pu239 : thermal, fast, 14MeV
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73Lan ne: i-AA-Sl-1 70/13 (j1Fl, M. Lamier, O.J. Eder, Proceedings
of the Symposium on uclear Data in Science and Technology,
Paris, 12-16 March 1973: "Discussion of fission product
yield evaluation methods and a new evaluation".

Evaluation procedure: Published experimental yields were checked
carefully and corrected for more recent nuclear data, where possible.
Yields suffering from uncertain or wrong corrections were rejected.
Relative isotopic yields from mass-spectrometric (ms) measurements
are calculated first, then linked by element yields, to establish the
yield curve. Non-ms yields are used for the final normalization to
make the sum of chain yields in each mass peak 100%.

Contents:

Experimental cumulative and recommended chain yields for the
following fissioning systemst 

U233 
U235 thermal
Pu239

and Th232 : fast (revised in IAEA-169, Vol.111, 245 (1974)).

73Rethat UCRL-'51458 (Oct. 1973), D.R. Nethaway, G.W. Bartont
"A compilation of fission product yields in use at Lawrence
Livermore Laboratory".

Procedure: Data fronm rEDO-12154 (1972) (see 77Meek) are used
as far as available. Other data are compiled and averaged (w. a),
the errors had often to be assigned arbitrarily. Fractional yields
are calculated from Gaussian charge dispersion with a o 0.56, with
a simple account for odd-even effect.

Contents:

Cumulative yields, R-values (rel. Mo99) and 'Q-values'

(Q(A)- Yi (A) i ... fissionable nucleus under consideration)

Ystandard (A)
of the 111 most important nuclides between Ni6 6 and yb175 , and the
respective uncertainties, from the following fission reactionas

1T232
U233
U235 thermal, fast, 15MeV
U238

Pa239
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73Walke: CL-30 art. 2 ri( 19 W.H. Walker: "Fission
product nuclear data for thermal reactors".

Literature covered up to 1970 (1971).

valuation procedure: similar to 73Lamme, but taking w.a. of
isotopic yields.

Contents:

Compilation of experimental cululative yields and recommended
mass yields and uncertainties in the range 77< A < 160 from the
following fission reactions:

U233
U235
Pu239 thermal
Pu241

J2Sideb: 'R?-report 2143 (R) (1972). W. Sidebotham: "Fission
product vield data extrapolated for some actinides".

Literature covered: (used as basis for extrapolation) up to
1969.

,tr.apolation: the mean masses of heavy and light pre-neutron
emission frcaments are calculated according to empirical formulae
and the mass conservation law, and the mean masses after neutron
emission ( - peak-positions) are derived from the (energy + mass)-
conservation rule and empirical values for parameters involved
(v, ,, etc); yields of actinides with unknown yields are then
derived from the assumption that the shape of their distribution is
the same as for the closest actinide with known yields.

Content.s:

"Known" chain yields (ie. taken from other compilations) in the
mass range 72< A < 162 for the fission reactions:

U233 : thermal
U235 " , fast
1J238 :fast

Pu23Q : thermal, fast
Pi241 : thermal

and extrarolaterd chain vields (in the same mass range) from:

Th232 : fast Pa 2 40 thermal, fast
U234 : fast RP2 41 : fast
U236 : fast Pu242 : thermal, fast
11237 : thermal, fast Am241 : " "

ND27 : " " An243 : fast
Np238 : fast m242 : "
Pu238 : fast
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I.3. Survey of fission yield libraries (compilationr and evalutions

sorted by actinides:

t ... thermal neutrons f ... fission neutrons h .,. high energy =
14 MeV neutrons

I ... 'medium' energy = MeV neutrons

t Ac227 f 1Th227 t 'Th229 t Th232 t ' Th232 f Th232 M Th232 h
_______. _______. ______. _____. __4__ ____-------_4-- ---------- t------- 

'F

I

1
I

77Crouc

Pa231 f

77Crouc

Pa231 M

77Crouc

Pa231 h

73Netha

U233 t

77Crouc
77Meek
76Ford
73Netha
73Lamme
72Sideb

U233 f

77Crouc

U233 h

77Crouc
77Meek
73Netha

U234f 

72Sideb 

l l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

77Crouc

U235 t

77Crouc

U235 M

77Crouc

U235 f

77Crouc
77Meek
75Amiel
74Wolfs
73 Lamme
73.Netha
73Walke
72Sideb

U235 h

77Crouc
77Meek
73Netha

U236 f

77Crouc
77Meek
73Netha

I

U237 t iU237 f

77Crouc
77Meek
76Ford
76BIBGR
75Amiel
74Wolfs
73Lamme
73Netha
73Walke
72Sideb

76BIBGR

U238 f

77Crouc
77Meek
75Amiel
73Netha
72Sideb

U238 M

77Crouc
77Meek
74Wolfs
73Netha

U,238 h

77Meek
76Ford
72Sideb

237 tiNp237 t

72Sideb

Np237 f

72Sideb

N237 

, Np237 MU238 t
_ _1 % _ _ i _ _ _ _ _ _ _ _---------- l~,,-----------nc-------~------------------ _-

_____-----------------

73Netha 77Crouc
77Meek
76Ford
74Wolfs
73Netha
72Sideb

77Crouc
76BIBGR

77Crouc
77Meek
74Wolfs
74Daroc
73Netha

_

76Ford
72Sideb

77Croic
77Meek
76Ford
72Sideb

_.

-�-r

77Crouc
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Pu 238 fND 237 h Np 238 f

77Crouc

i

72Sideb 72Sideb

Pu239 t 1 u239 f

77Crouc 77Crouc
77Meek 76Ford
76Ford i74Wolfs
76BIBGR 72Sideb

Pu239 M ,Pu239 h

77Crouc 77Crouc
76BIBGR 77Meek

74Wolfs

l l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1

74Wolfs
i73Lamme
73Netha
73Walke
72Sideb

-n5.5An M-. AtI .

i

'O- n A ) A. 
i

rh- I'S A & , '-1'J~l IT ..^ A I.--h^A 4 
ru4uLV i ru-e I rur0u n a rluc44 i, r1l i U rc in riU c 

______¢______.-----------------------------
77Crouc 77Crouc 77Crouc 77Crouc 77Crouc 76BIBGR ! 72Sideb
72Sideb 77Meek 77Meek 77Meek

72Sideb 76BIBGR 72Sideb 
73Walke
72Sideb

Pu242 f AmL241 t AAm241 h Am242m t Am243 f Cm242 f Cm245 t____---…- -- e------------- --- --- ______

77Meek 77Crouc 72Sideb 77Crouc 72Sideb 72Sideb 77Crouc'
72Sideb 72Sideb

Cf249 t Cf252 spon Es254 t Fm255 t -

… -'- …~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- …~~ ~~ ~~ ~~ ~~ ~~ ~~~~~~~~~~~~~~

1

77Crouc 77Meek 77Crouc | 77Crouc

III. Review of evaluations of FP cross sections

I1I. 1. List_ of libraries and Pblications
m ~ ~ ~ - - - - - - -'m m~ m, m m 

"Name" Publication (year) Author (oomments)

77Benzi

77JENDL

77RCN-2

(INDC(NDS)-75,p.44 (1976))

J. Nucl.Sci. Tech. 4,161(1977)

NBS-Spec.Pub. 425 (=75 Wash.),
p. 320

JAERI-M-6001 (1975)

JAERI---5752 (1974)

ECN-13 (1976)

ECN-14 (1977)

V. Benzi et al. (40 PP)

S. Iijima et al. (detailed
description of method)

S. Igarasi et al.

Y. Kikuchi et
nary version)

S. Irarasi et
nary)

IH GOrppelaar

J.W.M. Decker

al. (prelimi-

al. (prelimi-

}(24 nuolides)
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"Name" Publication (year) Author (comments)

76ENDP

75Ribon

74Cook

73RCN-1

72Walke

BNL-NCS-50545(ENDF-243)(1976)

kA-6116-MS(ENDF-223 (1975)

CEA-N-1832 (1975)

AAEC/TM-619 (1972)

AAEC/E-214 (1971)

AAEC/'P[-549 (1970)

AAEC/1E198, Suppl.1 (1970)

(AAEC/,-198 (1969))

RCN-191 (1973)

AECI-3037, Part I (rev. 1972)

P.F. Rose, 'T.W. Burrows
(summary)

T.R. rEnglad, R.E. Schenter
(summary)

P, Ribon et al. (26 nuclides)

E. Clayton (thermal and res.int.

W.K. Bertram et al.
(128-group cross sections)

J.L. Cook (list of nuclides,
no data)

A.R. de L. Musagrove
(res.-Darams, only few FP )

(superseded by Suppl.1)

G. Lautenbach (RCN-1 set, partly
basis for 77RCN-2)

W.II. Walker (thermal and
res. int.)

71Benzi RT/FI(72)6 (=C!.C(71)-9) (1972)

CEC(71)2 (1971

CCDN-NW/10 (1969)

V. Benzi et al.

11 't

1" " (includes detailed
description of evaluation)

III. 2. .rs:c riXpion of FP cro s' section libraries

IIT.2.a. Evaluation methods in general

Most evaluations of neutron reaction cross sections provide
recommended ooint, or group data which cover incoming neutron energies
up to about 15MeV. TTsually, three energy ranges are discerned for
which the evaluation procedures are different:

T'hermal and resolved resonance reaion: the cross section is
calculated from the resonance parameters with a Breit-Wigner formalism
(single or multilevel); then the thermal cross section is adjusted
to the exnerimental value by an additive residual cross section (for
which resonance at negative eneryr may be introduced).

Statistical reton (~ 1 to 500keV): the cross section is. cal-
culated with the stat.istical mol-f in which the penetrability factor
is obtained from a level density forrm.la. Dons, r and S arev
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obtained either from experiments, systematics, theories or other
evaluations (like BNL 325), and often adjus+ed to experimental data.

above about -500keV: the statistical model with width fluctua-
tions is used in which the transmission coefficient is obtained from
the optical model. The result is often checked by inelastic scatter-
ing data.

IIT.3.b. Publications

%77enzi: i INDCDmS)-75, P.44 (_1976), V. Benzi et al; only an abstract
i s given.

Availability: The files for the 63 FP nuclides contained in
the joint "CNEN-CEA Preliminary Evaluation, 1977" (see also 75Ribon)
are available in ENTW'/B-format.

Contents:

The CNFN Bologna evaluation includes evaluated resolved and
mean resonance parameters, total, elastic inelastic, (n,2n), (n,y),
(n,a) cross sections, energy and angular distributions (energy range:
10-5eV to 15MeV) for the following 41 FP nuclides:

Rb85; Y91; Zr91-96; Nb95; Ru100,106; Pd104,106,108,110; Cd111;
In115; Te128; Ba138,140; La139; Ce140-142,144; Pr143; Nd144,146-148,
150; Sm147,150152,154; Su154,155; Gd156,157; T'159.

77J:NDL: a) J. Nucl. Sci. and Techn. 14, 161 (1977), S. Iijima.,
-T. N.akagawa, Y. Kikuchi, M. Kawai, HI Matsunobu, K. Maki,
S. Ir.arasi: "Fvaluation of neutron cross sections of
27 fission nroduct nuclides important for fast reactors".

b) S--Spec.Pbl 425, 30 (1975) (Proceedings of the
Conference on Nuclear Cross Sections and Technology,
Washington, 3-7 March 1976) S. Igarasi, S. i.iima, M. Kawai
T. Nakagwa, Y. Kikuchi, K. Maki, H. Matsunobu: "Evaluation
of fission product nuclear data for 28 important nuclides".

E Ivaluation meithoc: the optical model is also used for the un-
resolved resonance region; special care is given to the connection
between resonance region and statistical region.

Availabeilit: the JTNDIt-1 FPNT) library, which at present contains
data for the 27 nuclides included in the publications a) and b) and
for additional 34 FP nuclides (see below) are available on tare in
EIFIP/}B-TV format, - vsaluation for 2Q other .P nucl.des is being pre-
pared.
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Conten ts:

Total, elastic, inelastic, capture cross sections from thermal
to 15MeV for the followinm nuclides (those marked with * are included
in the publications a) and b)):

Br81; Kr84; Rb85,87; Y80; Q;r90,91,Q2,93*,94,96; NtQ3; Mo95*;
Mo97*; Tc99*; Ru101*,10?*, 104*,106 *; Rh103*;Pd10,105*,107*,108,110;
Ag107,109*; T ee128,130; I127,1?9a; Xe131*; 0s133*,135*,137*; Ba133;
La139; Ce140,142,144*; 1r141; Nd143*,144*,145*,146,148,150; PR147*
Sm147*,148,149*,1,11,1515; 0 ,151*,15, 1; ,15115*,155*; Gd155,156,157.

c) JAERI-M-9-752 (1974), S. Igarasi el. al.: "Evaluation of
fission product nuclear data for fast reactors (neutron
cross sections for 28 nuclides)".
Same cross sections as above, superseded by the above
evalu t ion.

d) JAERI-M-6001 (7), Y. Kikuchi, A. Hasegawa., K. Tasaka,
H. Nishimura, I. Otake, S. Katsuragi: "JNDC Fission Product
Group Constants - Preliminary version".

Contents:

70- and 25-group cross sections (total, elastic, inelastic,
capture) weighted by 1/[ flux for energies below 1MeV, by fission
spectrum above 1MeV, based on evaluated data of JAIRI-M-5752.

.jRCN-2: a) L M-13 (1976), I. Cruppelaar: "Tables of RCN-2 fission
. ..product cross section evaluation, part 1" (24 nuclides)

b) CN-14 197), J.W.M. Dekker: "Tables and figures of
ad.justed and unad.-us'ted canture groun cross sections based
on the RCN-2 evaluation and integral measurements in STEK,
part 1".

Availability: the RCN-2 library contains at present point and
26-grouD data for 24 nuclides (see below) in IKDAK-format and will
be available soon; evaluation for other 30 FP nuclides is ongoing.

Contents:

Evaluated total, elastic, capture, inelastic, (n,2n) cross
sections (TCN-13) and capture cross sections adjusted to integral
measurements (ECN-14) up 'to 15 MeV and covariance matrices for the
26-group corstants, for 24 nuclides:

Nb93; Mo92,94,95,9 6 ,97,9 8 ,100; Tc99; Ru101,102,104; Rh103;
Pd102,104,105,106,107,108,110; 1127; Cs133; La.139; Pr141.
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76ENDF: a) BL-NCS- 0545 (DF-24, (1976) P.F.Rose, T.W. Burrows:
-"iNDB Fission Product Decay Data". This report contains
the thermal total and capture cross sections and the total
and capture resonance integrals as extracted from the
ENDP/B-IV files.

b) LA-611&6-MS (I)F-223)(1975), T.R. TIngland, R. B. Schenter:
'TND FB-IV Fission Product Files - Summary of major nuclide
data". IThis report contains the thermal capture cross
sections and resonance intesarals as extracted from the
T'NDF/B-IV files.

Availabilit: The ENDF/B-TV FP cross section data are available
on tape.

Contents:

The ENDF/B-IV library contains evaluated total, elastic, inelastic
an' capture cross sections, and energy distributions of inelastically
scattered neutrons for 181 nuclides, i.e. all stable and some radio-
active fission Products; energy-range: 10- 5 eV to 20MeV.

75Ribon: CEA.-N-1832 _(197),. P. Ribon, E. Fort, J. Krebs, T.Quoc Thuan:
'Evaluation of capture and inelastic cross sections of ?6
fi ssion Droducts".

Availability: -the data for 22 nuclides are available within
the joint "CNEN-CEA Preliminary Evaluation, 1977" (see also 77Benzi),
in ENDF/B-format.

Evalatiaon method: the resonance Darameters are also evaluated
in this work.

Contents:

Recommended resonance parameters and capture cross sections and
calculated inelastic cross sections in the energy range lkeV-1MeV for
the following FPT-isotoDes:

Mo95,97,97,100; Tc99; Ru101,102,103,10A; Rh103; Pd105,107,108;
A109; 1127,129; Cs133,135; La139; Pr141; Nd143,145; Pm147; Sm149,151;
'![159.

JACoo~k: a)_)AATC/TrI-619 (1972), E. Cl7ayton: "'hermal capture cross
sections and resonance inte.rals for the AAEC fission
Product library".

b) (A10C/.. i-1 lO71), W.K. Bertram, F. Clyvton, J.L. Cook,
H.D. ierm:.son, A.P. Musfarove, E.K. Rose: "A Fission Product
Cross Section library". Containing ,ables of 1?8-,roup
cross sections (total, elastic, inelastic, (n,y)).
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c) AAEC/TI'M-^5A (1970), J.L. Cook: "Fission Product Cross
Sections". No data are riven in this reference.

AvailXability: The Australian iT' library has been updated in
1973 and 1971. The updated versions in UKNJI-format, are available
on tare.

Contents:

For 192 FP nuclei. (185 ground states and 8 isomeric states),
comprisin.r almost all sirable isotopes na' -the important; radioactive
ones, the evaluated total, elastic, non-elastic, caDtulre, inelastic
and transport; cross sections are .riven bet.ween 10- 3 eV and 15MeV,
with 223 data points for each reaction.

.7RM-1: RCN-191 (1973), G. Lautenbach: "Calculated neutron absorp-
tion cross sections of 75 fission products".

Evaluation method: the level density formula was applied to the
whole energy region above the resolved resonances.

Contents:

RCN-1 set= 26-group (n,v) cross sections for the following 75
fission products:

Br81; Kr83,84,85,86; Rb85,87; Sr88,9 0 ; Y89; Zr91,92,93,94,9 6 ;
Mo95,97,98,100; Tc99; Ru101, 102, 104, 106; Rh103; Pd.105,106,107,
108,110; Ag109, Cd111,112,113,114; -[n115; Te126,12P,130; I127,129;
Xe131,132,134,136; Cs133,135,137; Ba138; La139; Ce140,142; Pr141;
Nd143,144,145,146,148,150; Pm147; Sm147,14 8 ,149,150,151,152,154;
EGu153,154,155; Cd155,156,157,158; 'rb15.

72Walke: AEC13037, Part 1 (Dec. 1969, revised Jan. 197, W.H. Walker:
~ - '"Fission Product )ata. for Thermal Reactors, Part 1 - Cross

Sections".

Evaluation nrocedure: calcul.tion of w.a 4 of consistent experi-
mental values, eliminnation or correction of 'outlying' data; estimates
for nuclides for which no measured cross sections exist.

Conten I s:

E'xrerimen-tal and recommended (n v) cross sections for 2?00m/sec
neutrons and resonance interrals and their uncertainties for IP with
half-lives , 5h, A = 76-165.
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71Benzi: §rCiGjN-/t1On; p.6 (Dec. 1969), V. Benzi, G. Reffo:
"Fast neutron caoture cross sections of stable nuclei
with 32 < Z < 66".

b, CmIc'0fl 2 fl, V. Beni., Gc. . Panini G. Reffo
M. Vaccari: "An estima;e of (n,n'), (n,2n anm (n,y$
excitat.ion functions for some fission product nuclei".

cl) : LC(71) (1971) (= RT/FI(71)6), V. Benzi, R. D'Orazi,
G, Reffo, M. Vaccari: "Past neutron radioactive capture
cross sections of stable nuclei with 29 < Z < 79".

Contents:

Tables of parameters adopted for calculations, adopted level
schemn's, (n v) cross sections of all stable nuclei with 29 < Z < 79,
(n,nt) and tn,2n) cross sections of some of them; energy range:
lkeV to 10MeV.

IV. Review of evaluations of FP decav data 4

IV.1. List of libraries and publications

Only such evaluations are included that contain at least half-
lives, total decay energies, or radiation energies and intensities.
Some of them are specifically FP-oriented, and only those usually
include the very neutron rich nuclei.

'"ame" Publication (year) Author (comments)

7 7 "obia

76BTBCR

76NNDF

CEGB-RD/B/N4053 (1977)

ZJE-188 (1976)

BlNNCGS-50545( END'F-24 3) (1976)

A. Tobias (library composed of
76ENDF and 73Tobia data)

J. Hep, V. Valenta

P.F. Rose, ' .W. Burrows

4) abbreviations: ADNSDT
Auger e

BR
c. e.
Es
Ti,

Ints
IT
Q
S

w. a.
V

. .

. .

. .

. .

. .

. .

Atomic Data and Nuclear Data Tables
Au,ger electrons
branching ratio
conversion electrons
ener.ies
half life
intensities
internal transi ;ion
total decay energy
seconr /'s)
weighted avera-e
yea.r(s)
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"rName" Publication (year) Author (comments)

76ENDF

76Marti

76Wapst

75Devil

74Bowma

74Legra

74Meixn

73Erdtm

73Tobia

71Sangiu

LA-6116-MS (1975)

ORNL-5114 (1976)

(Nucl. Data Tables A8, 1;
ORL-4923 (1973))

ADNDT 1T, 474 (1976)

(Nuclear Data Tables 2, 267
(1971))

CEA-N-1822 (1975)

(CEA-N-1526)

ADNT U (2-3),204 (1974)

(Nuclear Data Tables 8, 445
(1971))

'Table of radionuclidea'
(Lab. de MEtrol. de Rayonne-
ments lonisants) (1974)

JT-1087-RX (1974)

J~1003-AC (1973)

CEGB-RD/B//M-2669 (1973)

-'Table of y-Rays' (CESWEF,
1971)

T.R. England, R.E. Schenter

M.J. Martin (compilation of
data from Nuclear Data Sheets)

(Superseded by the above)

A.H. Wapstra, K. Bos
(mass evaluation)

(A.L. Wapstra, N.B. Gove.
superseded by the above5

J. Blachot et al (French file)

(Superseded by the above)

W.W. Bowman, K.W. Macmurdo

(M*A.Wakat, superseded by the
above)

J. Legrand et al

Ch. Meixner

G. Erdtmann, W. Soyka

A. Tobias

V. Sangiust, N. Terrani

I1.2. D- escrition of the decay data libraries

IV. 2.a. Evaluation procedures

Recommended values for half-lives, and energies and intensities
of the principal radiations (x, P, V) are mostly obtained either from
the reference considered to be the 'most reliable' one, or as weighted
averages of statistically consistent data.

Other recommended decay parameters, like the Q-values, conversion
electron coefficients, X-rays and Auger electrons etc, are usually
derived from a combination of available experimental data and theore-
tical evaluations (the results of which are often available as numeri-
cal data tables).
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IV. 2. b. Publications

L772obia: GCfGB-RD/B/N4053 (1977), A. Tobias: "An ordered table of
gamma radiation derived from an ENDF/B-IV fission product
data file".

Availability: the data are available in ENDF/B-IV format.

Contents:

The data from the US ENDF/B-IV fission product file (see 75ENDF)
and from the lUK evaluated data file (see 73Tobia) have been combined
into one library in ENDF/B-IV format.

The report includes, for more than 700 radioactive isotopes with
27 < Z < 68 the following parameters:

HL,<E> ,<Ey>,Es+Ints of y-rays.

76BIBGR: ZJE-188 (1976), J. Hep, V. Valenta: "Group library of fission-
products - BIBGRFP". (see also Sect. 11.2.)

Contents:

v-intensities of 13 energy-groups for 500 radioactive FP nuclides
(including 150 metastable states). The data are on taDe.

76ENDF: a) BNL-NCS-50545 (EDI)F-2L43) (Aug. 1976), P.F. Rose, T.W.Burrows:
'-NDFR Fission Product Decay Data".

Availabilitv: the ENDF/B-IV FP decay data are available on tape.

Contents:

For 711 radioactive nuclides of 96 mass-chains (72< A <167) the
following evaluated decay properties and their uncertainties are
included:

HI, Q, BR, <(E>, <Ep>, <Eo>; Es+Ints of various radiations
(y, P, X-ray, c.e., Auger e.) for 180 nuclides.

b_LLA-6116-MS (ENDF-223 (Oct 1975), T.R. England, R.E. Schenter:
TNDF/B-TI Fission Product Files: Summary of Major Nuclide

Data".

This report includes, for the same FP (see above):

HI,, 0, BR, <ER>, total E¥ (including c.e.), <F(>.
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76Marti: ORNL-5114 (March 176), M.J. Martin: "Nuclear Decay Data
for Selected Radionucl.ides".

Availability: the evaluations for the Evaluated Nuclear
Structure Data File (ENSDF) are continuing, the data are available
on tape.

Contents:

Summary of the mass-chain evaluations performed by the Nuclear
Data Project (and published in the Nuclear Data Sheets) listing for
194 important radioactive nuclides, which include about 60 FP, the
following decay properties and their uncertainties:

HL, Es+Tnts of a-, n-, y-rays, c.e., X-rays, Auger e. (K-,L-).

76Wapst: Atomic Data and Nucl. Data Tables 17 (5/6) 474 (1976),
A.H. Wapstra and K. Bos: "A 1975 midstream atomic mass
evaluation".

An interim update of the mass evaluation presented in Nuclear
Data. Tables 9, 267 (1971) by A.H. Wapstra and N.G. Gove. A more
careful analysis of the recent experimental data has been performed
in the meantime and the results are published in At. Data and Nuclear
Data Tables 19(3) 177 (1977).

Contents:

Table of evaluated mass-excess values (= M(A,Z) [amul-a) for

1300 nuclides, compared to the results obtained from calculations
with 9 different mass-formulae.

75Devil: CEA-N-1822 (1975), J. Blachot, C. Devillers, R.de Tourreil,
C . Fiche, B. Nimal, J.C. Noel: "Library of Data. for Fission
Products".

Availability: the report lists the contents of the 'French
file', which is available on tape. The evaluation is continuing.

Method: Essentially the data from the Nuclear Data Sheets are

taken over, but more recent publications are also considered and,
when their data are more accurate, they are selected for inclusion
in the library.

Contents:

For 635 FP (71< A <170) the following decay parameters, and
- where available - the uncertainties, are given:

HL, Q, BR, Es+Ints of f+, P-, y rays.
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74Bowma: a) At. Da.es?.d Nuaol, Data Tables 13(2-3), 204 (Fb. 1974),
W.W. Bowmann, KI.. MacMurdo: "Gamma rays ordered by energy
and nuclide".

b) Nucl. Data Tables 8, 445 (1971), M.A. Wakat: "Catalogue
of y-rays emitted by radionuclide" is superseded by the

above reference.

Contents:

Po all known radioactive nuclides with HL>O.1 sec, the following
decay parameters are given, as selected from the 'most realiable' re-
ference.

HL, Es+Ints (relative or absplute, as given in original reference)
of y- and K-rays.

4LeWras "Table of radionuclides" (197., Lab. de Mtrologie de
Rayonnements Ionisants; J. Legrand, J.P. P6rolat,
F. Lagoutine, Y. Le Gallic.

Evaluation methods careful analysis of published data, which
are only taken into account when uncertainties are given, Deter-
mination of best values by calculating the w.a. and adjusting them
to give FBR = 1 and ZEs - Q; in case of incompatible values, a
new measurement is undertaken at the laboratory.

The evaluation is continuing.

Contentst

For 24 nuclides, including 13 FP (Ru-103, Rh-103m, Ag110,
Ag-lOm, Sb-125, Te-125m, Xe-133, Xe-133m, Cs-234, Cs-;134m, Ce-144,
Pr-144, Er-169) the following evaluated data are given:

HL; Es+Ints of a-. 0- y-rays, c.e., X-rays and Auger e.;
Level spins and parities (mainly from 'Table of Isotopes', 6th ed.,
1967, C.L. Ledrere et al).

741eixt J-087-RX (July 1974), Ch. Meixner: "Gamma Energien".

Contentst

For all important radioactive nuclides, w.a. of the following
data are given:
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HL, y-Es+Ints (converted to absolute where possible).

73Erdtm: JUL-1003-AC (Sept. 1973, 2nd unrevised ed. Apr. 1974),
G. Erdtmann, W. Soyka: "Die Gammalinien der Radionuklide".

Contents:

For all important radioactive nuclide, w.a. (of consistent data)
are given for the following quantities:

HL, Es+Ints (converted to absolute where possible) of y- and
X-rays.

73Tobia: CEGBD/B/M-2669 (June 1973), A. Tobias: "Data for the
calculation of gamma radiation spectra and beta heating
from fission products (rev. 3)".

Availability: the file has been translated into ENDF/B-IV format
(see also 77Tobia). An updating of the evaluation is planned.

Contents:

For all identified FP in the mass range 72< A < 166, selected
values are given for:

HL, Qp, y-Es+Ints (converted to absolute for almost all nuclides);
(Ep>.

71Sangi: "Table of y-Rays" (1971)' (Politecnico di Milano),
V. Sangiust, M. Terrani.

Contents:

Data taken from selected references for all FP and nuclides

produced by (n,y) reaction, with 0.1 sec < HL < 107y:

HL, y-Es+Ints.
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V. Review of delayd neutron data evaluations5)

V.1._ _- Listof libraries and Pblications

"Nams"

77Saphi

76Rudst

75Amiel

75Tattl

74Cox

73Tobli

72Maner

1

Nucl. Sci. and Engg. 62, 660
(1977)

LF-70 (1976, revised)

Nucl. PhBs. preprint (1974)

Nucl. Sci. and Engg. 57, 117
(1975)

IAEA-169, vol.II, p.33 (1974)
(73Bologna)

Nuol. Sci. and Engg. 56, 37
(1975)

ANL-DM-5 (1974)

Atomic Data and Nuol. Data
Tables 12 (2) 179 (1973)

AERR-6993 (1972)

At. Energ Review 10 (4)
637 (1972)

Piblication (year)
1

1

I
1
i

Author (comments)
; ...-

D. Saphier et al
(6-groups d.n. spectra)

G. Rudstam (d.n. spectra
of 25 precursors)

Y. Nir-El, S. Amiel
(Pn-values)

T. Izak-Biran, S. Amiel
( P-values)

S. Amiel (superseded by the
above)

1
R.J. Tattle
yields)

(absolute d.n.

S.A. Cox

L. Tomlinson (EL and
Pn-values)

(updated by the above)

F. Manero and V. Konehin

V. 2. _ Deription f delaryd neutron data libraries

77Saphit Nuol. Soi. and Engg. 62. 660 (1977)? D. Saphier, D. Ilberg
S. Shalev, S. Tiftahs "Evaluated delayed neutron spectra
and their importance in reactor oalculations".

5) abbreviationss d.n. ... delayed neutrons
Pn ... delayed neutron emission probability
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Evaluation method: based on the measurement performed by
Rudstam and Shalev, spectra of 6 HI-groups as emitted from various
fissionable isotopes are constructed by least square fitting.

Contents: evaluated d.n. spectra for HL-groups, emitted in:

thermal fission of: U233,235; Pa239,241;
fast fission of: Th232; U235,238; Pu239;
14.7 MeV fission of: U235,238.

76Rudst; LF-70 (1976, revised), G. Rudstam: "Characterization of
delayed neutron spectra".

Evaluation method: d.n. spectra for 25 precursors measured by
Rudstam et al and Kratz et al are analyzed for gross and fine struc-
ture. The gross structure is represented as parameter formula and

fitted to the experimental data.

Contents:

Parameter representation of the d.n. spectra and graphs showing
the comparison of the measured and the calculated spectra for the
following 25 precursors:

Ga79,80, 81; As85; Br87,88,89,90,91; Rb93,94,95; In129,130;
Sn134; Sb135; Te136; I137,138,139,140,141; Cs1I2,143,144.

75Amiel a) Nucl. Phys. preprint (1974), Y.Nir-El, S. Amiel:
"Systematics of delayed neutron emission probabilities
in medium mass nuclides (fission products)".

Evaluation method: Least square fitting of a semiempirical

formula for Pn-values: Pn = C(QS-Bn)m (C,m are constants) to the
available experimental data, separated into odd-odd, odd-even etc

nuclides. Prediction of unknown Pn-values with the obtained para-
meters.

Contents:

Compiled HL, QR-Bn, and Pn for 39 precursors;

Predicted Pn-values for:

Ga79,80; Ge83,8 4; As87; Kr94,95; Rb99; Sr97,98; Y98; Xe143,144.

b) Nucl. Sci. and Engg. 57, 117 (1975), T. Izak-Biran,
S. Amiel: "Reevaluation of the emission probabilities of
delayed neutrons from fission products".

Evaluation method: calculation of Pn-values from experimental
d.n. yields and cumulative FP yields from U233,235 thermal and fast

fission reevaluated on the basis of the odd-even effect.
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Contents:

Evaluated Pn-values and uncertainties of 38 precursors, compared
to available directly measured values. Delayed neutron yields and
uncertainties for 6 half life groups and total d.n. yields from U233
and 235 thermal fission obtained by summation.

c) IAEA-169. vol.IX. P.33 (1974), S. Amiel: "Status of
delayed neutron data".

Contents:

Evaluated Pn-values for 18 precursors, superseded by Nuol. Sci.
and SEgg. i, 117 (1975) (see above).

75T:ttl: Nucl. Sci. and Eng. 56. 37 (1975), R.J. Tattles "Delayed
neutron data for reactor physics analysis".

Evaluatin method: all data on absolute d.n. yields available up
to August 1974 are corrected for systematic errors, converted to abso-
lute values and the uncertainties adjusted to become consistent with
each other. W.a. of the resulting values are caloulted.

Contents:

Recommended total d.n. yields and uncertainties for the following
fission processest

thermal fission oft U233,235; Pa239,241;
fast fission ofs Th232; U233,234,235,236,238; Pa238,239,

240,241,242.

74Cox: ANL/MD-5 (1974), S.A. Cox: 'Delayed neutron data - review
and evaluation".

Evaluatioa mEthodL A simple formula for the dependenme of the
d.n. yield on the incoming neutron energy is used, fitted to the
available - renormalized - experimental data and extrapolated to
20MeV incoming energy. On this basis, d.n. yields of 6 half life
groups as a function of incoming neutron energy are recommended for
inclusion in ENDF/B-IV.

Contentst

d.n. yields of 6 HL-groups for 3 incoming energy regions
(constant for En < 4MeV, linear decrease for 4MeV < En < 7MeV,
constant for 7 < En < 20MeV) for the following fissioning nuclides:

Th232; U233,235,238; Pa239,240,241.

Recommended d.n. spectra are taken over from G. Fieg [J. of Nucl.
Energy 26, 585 (1972)1.
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73Tomli: a) Atomic Data and Huclear Tables 12 (2) 179 (1973
L. Tomlinson: "Delayed neutrons precursors".

Contents:

Available experimental data and recommended values (= weighted -
or unweighted in case of inconsistencies - averages of experimental
data) of the half lives (and uncertainties) of 57 precursor FP and
of the Pn-values (and uncertainties) of 34 precursors.

b) .ARTR-6993 1972, L. Tomlinson: "Delayed neutrons
from fission (A compilation and evaluation of experimental
data)". Unda.ted (and extended to new PP precursors) by a).

Contents:

Compiled and evaluated HL and uncertainties for 45 d.n. precur-
sors, Pn-values and uncertainties for 34 of them.

72Maner: Atomic ,EPerg Review. 10 (4) 637 (1977, F. Manero and
V. Konshin: "Status of theenergy dependent v-values for
the heavy isotopes (Z>90) from thermal to 15MeV and of
v-values for spontaneous fission".

Contents:

~Vrompt and vtotal vs. incoming energy3 for Th232, U233,235,238,
Pu239:(

d.n. yield = trotal - prompnt (not varying vrith einery).
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Review Dpaer 2

NEEDS AND ACCURACY REQUIREMENTS FOR FISSION PRODUCT NUCLEAR DATA IN THE

ASSESSMENTS OF ENVIRONMENTAL IMPACTS

Lennart Lindborg

National Institute of Radiation Protection, Stockholm, Sweden.

Representing UNSCEAR at the FPND-meeting in Petten 5 to 9 Sept. 1977.

ABSTRACT

This is a review of the needs and accuracy requirements for fission

products nuclear data (FPND) in the assessments of environmental impacts

from the UNSCEAR point of view. The main information source has been

UNSCEAR reports (1, 2 and 3). The review gives definitions of some of

the quantities used in assessments of the detriments from the use of

nuclear explosions and nuclear power. Examples of uncertainties in such

assessments will also be given. These are generally dominated by other

uncertainties than those coming from FPND.

SOME QUANTITIES USED IN ENVIRONMENTAL ASSESSMENTS OF DETRIMENTS DUE

TO IONIZING RADIATION

The mean absorbed dose in various human organs or tissues is the physical

quantity usually taken as a basis for radiation risk estimates and a linear

relationship without threshold between dose and probability of an effect is

usually assumed to be valid at small doses (4). The absorbed dose D is de-

fined as the mean energy imparted per unit mass at a certain point.

For the assessments of the relative importance of the potential hazards

from various sources it is of interest to define some quantities which

take into account the distribution of doses in exposed populations for

different periods of time. The quantities can be source-related for use

in assessments of the total hazards from a certain source - these are

here symbolized with S - or they can be individual-related for use in

assessments of the hazards to individuals - these quantities are here

indicated with D.
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1. Collective dose

The collective dose rate from a source k exposing a population is defined

by the expression

0.0

k kN(DkdDk ......................... (1)

o

where N(Dk) is the population spectrum in dose rate.

The collective dose Sk accumulated in the population over a specified

period of time, tl to t2, is the time integral of the collective dose rate

t2

Sk = t Sk(t)dt................ (2)

The unit of collective dose is manGy.

For the determination of the collective dose rate , eq (1), both the

dose and the number of people in areas exposed to the source must be

known. For the collective dose calculation, eq (2), information con-

cerning the changes in dose with time as well as changes in the population

spectrum with time are necessary.

When the collective dose includes all individuals exposed to a source

it is usually called the total collective dose.

2. Collective dose commitment

If the integration limits in eq (2) - t1 and t2 - are changed to give the

infinite time integral, the collective dose commitment Sk from source k

is obtained

00

c 
Sk (t)dt ...................... (3)

0

3. Dose commitment

The individual-related quantity corresponding to the source-related

collective dose commitment is the dose commitment Dk which is defined as
kc
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the infinite time integral of the "per caput" dose rate due to source

k

k = Dk(t)dt
ci

where the "per caput" dose rate is the quotient of the collective dose

rate and the population size at time t

Sk(t)

D (t) = _____
k(t) N(t)

If the population size remains unchanged over the period contributing
c c

to the integral then S = D N
k k

(In the cases when the dose commitments are to be related to ICRP dose

limits, it is rather the dose equivalent commitments that would be cal-

culated and the unit will consequently be manSv.)

Long-lived radionuclides will continue to contribute to the dose commit-

ment (and collective dose commitment) for very long periods, and will give

rise to large dose commitments even though the future annual dose will be

small. To get a more relevant measure of the radiological impact from such

sources the time integral has been suggested to be limited to the duration

of the practice (5). This integral is often referred to as the "incomplete"

dose commitment. It can be shown that as a rule the "incomplete" dose

commitment from one year's practice is numerically approximately the same

as the maximum annual dose resulting from the practice.

The quantities given above can be used for a single source such as a

certain radioactive nuclide released from a nuclear power station or for

the total releases from all nuclear installations.

ENVIRONMENTAL MODELS USED IN THE ASSESSMENTS OF DOSE COMMITMENTS

The chain of events leading from the primary release of radioactive sub-

stances to the irradiation of human tissues can be schematically repre-

- 35 -



sented by compartment models in which the rates of transfer of radio-

activity between compartments are specified by constants or time functions.

An indication of such a compartment model is given in Figure 1.

Inhalation

r I

Input - Atomsphere----- Earth s surface-- > Diet----- Tissue-- Dose

(0) (1) (2) (3) (4) (5)

4 L I'
External irradiation

Figure 1

Since the dose commitment from a given source is the integral over in-

finite time of the "per caput" dose rate resulting from the input, it is

practical to define transfer factors P.. which are the quotient of the

infinite time-integral of the appropriate quantity in step i to the in-

finite time-integral of the appropriate quantity in the preceding step j.

If the transfer factors in the pathways of the model ale known the dose

commitment Dk can be calculated as

c~~~~ ic

Dc = Y np.
k parallels series

where Y is the input and nP is the product of factors in series and

where products from parallel series are summed up. Transfer factors and

functions for a number of nuclides have been discussed by UNSCEAR (6,7).

FPND could play a role in the input Y (production of the nuclide) or in

the final dosimetric factors P45 or for example P25 (through the decay

data). However, according to UNSCEAR the uncertainties in the calculations

of the pathways to man are usually much larger than those associated with
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calculating the input f, the nuclides. This is in agreement with (8) and

(9) with the exception of tritium in which case Findlay et coll. state that

tritium yields from fission are inadequately known. According to the authors

there are therefore requirements for measurements of this quantity accurate

to + 10 % for U-235, U-238 and Pu-239 in both thermal and fast reactor

(LMFBR) spectra, Pu-240 in a fast reactor spectrum and Pu-241 in a thermal

reactor spectrum. However, these requirements should be seen against the

background that the total collective dose commitment to the public due to

the release of tritium from nuclear power production has been estimated to

be about 10 per cent of the total collective dose commitment (3).

An example of the environmental uncertainties involved can be taken from
90

the UNSCEAR report (2) concerning the transfer factor P2 of Sr from
90 23

fallout to diet. Sr has been measured frequently at a number of stations

in both hemispheres for long periods and the pathways can be considered as
90

relatively well known. After deposition on the earth's surface Sr will

enter into various components of the diet to different degrees. Since

different regions of the world have different agricultural practices and

soil conditions, P2 3 values will have to be established for different

regions. In the UNSCEAR-report such values for the total diet are reported

for Argentina, Australia, Denmark and New York. The reported values are

6.49, 7.47, 4.01 and 4.87 respectively in relative units. UNSCEAR makesuse

of a value of 5. However, an estimation of the influence of different

diets showed that this value could lead to an underestimation of the dose

commitment by a factor not exceeding 2. In comparison with such a figure un-

certainties from FPND as reviewed ir (10) will usually become negligible.

In the summary of the main dose commitments from nuclear tests, UNSCEAR re-

ports the total uncertainties for internal irradiation to be within a

factor 2. For external irradiation and for lung dose estimates, the uncer-

tainties are reported to be within a factor of 5. These figures are usu-

ally dominated by uncertainties from environmental factors.

As regards dose commitment from nuclear power production (3,11) the un-

certainties are difficult to estimate. For many nuclides of relevance,

they are higher than in the case of nuclear test explosions. The domi-

- 37 -



nating uncertainties relate to release data and environmental transport

models.

CONCLUSION

According to the opinion of UNSCEAR, uncertainties of nuclear data are

generally of small importance as compared to other sources of uncertainty

in the assessment of environmental effects. In making this assessment, the

radionuclides considered have been those relevant for fallout measurements

and for assessment of the radiological consequences of nuclear power pro-

duction and could be found in references (2) and (3). The conclusion seems

to be in good agreement with conclusions from others.
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Review paper 3

NEDS AND ACCURACY REQUIREMENTS FOR FISSION PRODUCT NUCLEAR DATA
IN THE PHYSICS DESIGN OF POWER REACTOR CORES

John L Rowlands

United Kingdom Atomic Energy Authority
Atomic Energy Establishment

Winfrith, Dorchester,
Dorset.

ABSTRACT

The fission product nuclear data accuracy requirements for fast and thermal
reactor core performance predictions were reviewed by Tyror at the Bologna FPND
Meeting. The status of the data was assessed at the Meeting and it was concluded
that the requirements of thermal reactors were largely met, and the yield data
requirements of fast reactors, but not the cross section requirements, were met.
However, the World Request List for Nuclear Data (WRENDA) contains a number of
requests for fission product capture cross sections in the energy range of
interest for thermal reactors. Recent reports indicate that the fast reactor
reactivity requirements might have been met by integral measurements made in
zero power critical assemblies. However, there are requests for the differential
cross sections of the individual isotopes to be determined in addition to the
integral data requirements.

The fast reactor requirements are reviewed, taking into account some more recent
studies of the effects of fission products. The sodium void reactivity effect
depends on the fission product cross sections in a different way to the fission
product reactivity effect in a normal core. This requirement might call for
aifferent types of measurement. There is currently an interest in high burnup
fuel cycles and alternative fuel cycles. These might require more accurate
fission product data, data for individual isotopes and data for capture products.
Recent calculations of the time dependence of fission product reactivity effects
show that this is dependent upon the data set used and there are significant
uncertainties.

Some recent thermal reactor studies on approximations in the treatment of decay
chains and the importance of xenon and samarium poisoning are also summarised.

1. INTRODUCTION

The importance of fission product nuclear data in the physics design of power
reactor cores was reviewed by Tyror (1) in his paper (RP3) to the Bologna FPND
Meeting.

For thermal reactors the primary requirement was identified as for data on
cross sections determining the reactivity effects of fission products to
enable the fuel lifetime to be determined to 2%. The most important fission
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products are Xe135, Sm149, Nd143, 3, 10, Pm47, Xe131, Cs133, Sm151, Sm152 and
Tc99 and the paper identified the accuracy requirements on yields, yi, thermal
capture cross seoticos, cro,and capture reso amnce integrals, RT,

These requirements are summarised in Appendix 1. Shielding in fission product
resonances and associated Doppler effects are negligible but the energy
dependence of fission product cross sections affects the temperature
coefficient, and there is a requirement for this effect to be known to + 10%.
About half the effect is contributed by Xe135. Sm149 is also important In
this context. There is a requirement for the energy shape of this cross
section to be known to a sufficient accuracy. There is also a requirement for
the half lives of I135 and Xe135 to be known to + 5% for the design of the
control of Xenon instabilities.

The Bologna Meeting compared the status of the data with the users requirements
and concluded that most of the thermal reactor core performance requirements
were met. The yield requirements were met, apart from the chain yield for mass
number 103 and, for Pu239,for mass number 131 for which there were discrepancies
in the data. The cross section requirements were met apart from the thermal
cross section of Sm151. The half life requirements have been mete

Since there is flexibility in the way the overall accuracy requirement is
partitioned between the data requirements for individual isotopes, and for
yields and cross sections, a factor of up to about 2 relaxation in the
requirement on any one item of data (apart from the requirements for Xe135)
can be permitted provided that the other data are known to a somewhat higler
accuracy than that requested. Consequently we may conclude that the thlrmal
reactor core performance FPND requirements proposed by Tyror have essentially
been met, although integral measurements made to confirm the accuracy of the
differential cross section data might be considered desirable. A study of
the accuracy of the energy dependence of f.p capture cross sections, in
particular for Xe135 and Sm149, and the acc?,racy of prediction of the temperature
dependence of the reactivity effects of these isotopes might be required
before we can conclude that all the requirements have been met.

Some recent studies of the importance of fep data in thermal reactor core
performance predictions are described in a later section.

For fast reactor core performance the primary requirement was identified as
for f.p cross section data to be determined to an accuracy which would enable
the reactivity effects to be estimated to + 10% precision. Because of the
customary use of the lumped.cross section or pseudo fission product model
in fast reactor calculations (rather than allowing for the time dependence of
individual F.P's) it was proposed that the accuracy requirement for the pseudo
f.p capture cross section should be increased to + 8% to allow for uncertainties
in the model. Target precisions for the capture cross sectibns of individual
isotopes were derived on the assumptior. that the errors between isotopes (and
between yields and cross sections) would be uncorrelated. The accuracies requested
for the yields and capture cross sections were in the range + 20% to + 55%.
There is also a requirement for the shape of the cross sections to be known
sufficiently well for the effect on sodium and Doppler effects to be determined.
The Bologna Meeting considered these requirements and concluded that the yield
requirements had been met but that most of the capture cross section requirements
had not been.
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Several comprehensive reviews of fission product data for fast reactor neutronics
calculations have been issued recently. Two of these consider the status of
pseudo fission product cross sections and the accuracies they estimate for the
data are close to the requirement propc, ed by Tyror. Heijboer and Janssen (2)
conclude that -pseudo fission product capture effects calculated using their
recommended data set (which has been adjusted to fit integral measurements
made in the STEK facility) have an accuracy in the range 7 to 10%. When
all the reactivity worth measurements made in the STEK facility have been
taken into account in adjusting the cross sections the uncertainty in the
capture cross section will be about 7%, (the main component of the uncertainty
being the systematic errors associated with the interpretation of the STEK
measurements). Langlet, Coppe and Doat (3) conclude that the uncertainty in the
pseudo fission product reactivity effect is + 16% (at the 2c level) the major
components being the uncertainty in the cross sections (mainly capture) of + 10%
(2o-) and in the yields of + 8% (2o). First results of measurements in Rapsodie
and Phenix indicate that a-higher accuracy will be obtained from these. Thus
it appears that the requirements for fast reactor core performance predictiono
have now been met apart, possibly,from the energy dependence of the cross
sections required to predict sodium void and Doppler effects. There is a need
for the different types of integral measurements to be intercompared so thst.
any systematic errors can be found and also for uncertainties in cross sections
other than (n,e ) to be assessed.

Delayed neutron data are required for both thermal and fast reactor applicntirci-
to an accuracy of 3% to 5%. Some uncertainties remain.

The fission product data requirements for studying the performance of fusion-
fission systemshave not yet been assessed but they are expected to be less
stringent than those for thermal and fast reactors. However, it is possible
that there could be a need for more accurate high energy data for the design of
these systems.

The current interest in alternative fuel cycles (such as U233-Thorium fuelled
fast reactors) could lead to a requirement for improved yield data for these
isotopes. High burnup reactors, designed for improved fuel utilisation or to
minimise reprocessing, could require more accurate f.p. data,because of the
higher f.p. fractionst and also data for the capture products.

In the following sections the effects of fission products on fast reactor core
performance predictions are reviewed and some recent thermal reactor studies
are briefly summarised.

2. EFFECTS OF FISSION PRODUCTS ON FAST REACTOR CORE PERFORMANCE

2.1 Fast Reactor Core Physics Properties Affected by Fission Products

The effects of fission products on the following core properties must be
estimated so that the corresponding design parameters can be specified.

(a) Effect on Reactivity at the End of the Fuel Cycle

At the end of the fuel cycle the control rods which compensate burn up
effects are at their minimum operational worth positions (having- only
the margins required for stability control and because of differences
in the end ox cycle reactivity in different cycles) and the fuel ofed
enrichment is chosen to give criticality in this condition. Thus the
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fuel feed enrichment depends on the reactivity invested in fission
products at -he end of the fuel cyclJ (a 1% reduction in reactivity
requiring a 1.8% increase in the mean fuel feed enrichment, (Se/e)
to compensate). The accuracy with which the reactivity of the coro
should be predicted at the end of a cycle and at operating temperatures
is 0.5%e to i.O%(Sk/k>.

(b) Control Rod Reactivity Investment Required to Compensate for the
Variation in Reactivity with Burnup Through the Fuel Cycle

The operating rods compensate for the variation of reactivity with
burnup through the fuel cycle. The'incorporation of more control absorbers
or control rod channels than are needed worsens the neutronics
performance, reducing the breeding gain and requiring a higher fissile
material investment. Uncertainties in prediction of control
requirements could cause the inclusion of more control rods than are
needed or the use of expensive enriched boron instead of natural boron,
The reactivity control requirements should be predicted to an accuracy
of + '%,

(c) Reactivity Coefficients

Uncertainties in the Doppler and sodium void reactivity coefficients
are dependent on uncertainties in fission product data. The importance
of these uncertainties depends on the type of design and the safety
philosophy. For example, if the safety criterion were to be adopted
that the maximum positive sodium void coefficient must be less than
2% then the uncertainty in estimating this coefficieit would be
lore important than for a conventional design of fast reactor (which
has a larger maximum positive void coefficient). As a guide accuracy
requirements on Doppler and sodium void effects of + 15% are taken.

(d) Delayed Neutron Effects

The effective delayed neutron fraction and the time dependence of
delayed neutron emission following fission are needed for safety
studies. However, the main requirement for accurate data arises
from the use of kinetic response measurements to determine reactivities
and the need for accurate reactivity scales. The requirement is for
an accuracy of 3% to 5% in the effective delayed neutron fraction and
in the period-reactivity relationship (for periods of about 1 sec to
1 min).

(e) Fission Product Gamma Emission Data

Fission product gamma emission data are used to predict the neutron
sources from the ( V,n) reaction in reactors containing deuterium or
beryllium. Fission product gammas can also affect the neutron emission
from sources such as antimony-beryllium sources and affect the time
dependence of these sources during the reactor shut down period*

2.2 Pseudo Fission Product Cross Sections and the Reactivity Effects of
Fission Products in Fast Reactors

Fission products reduce the reactivity of a fast reactor, the main effect
being neutron absorption by the (n,Y) cross section, which contributen about
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90% of the reactivity effect. 'Inelastic scattering contributes most of the
remaining 10%, with elastic moderation contributing about 2%, The effect
of the f.po transport cross sections on leakage are small and (n,p), (n,o )
and (n,2n) reactions are usually neglected.

The usual approximation made in fast reactor calculations is to neglect
the time dependence of the fission products, due to decay and burnup, and to
take a set of time independent effective yields. Studies have been made
recently of this time dependence, defining the pseudo fission product
cross section for reaction r in group g for fission in isotope j by

6, 9 ( t) X ,*

where y ( is the concentration of fission product i per fission
in isotope j at time t after fission, and

Org i is the cross section for reaction r in group g for f.p. i.

The values of the time dependent yields or concentrations y (t) are
calculated from the time dependent equations describing the effects of
fission product decay and neutron capture.

The fluence corresponding to a burnup of 10% of heavy atoms in CFR is about

. t 0.3/barn

and the average fluence for a fission product will be about half of this
(the flux at the centre of the reactor being about 1 x 1016/(cm2sec)) Most
important fission products have spectrum averaged 1 group capture cross
sections larger than 0.5 barns and several have capture cross sections larger
than 1 barn (in a typical commercial sized fast reactor spectrum). For these
of the order of 10% will undergo neutron capture reactions. However, the
change in the pseudo fission product one group capture cross section associated
with these capture reactions is small because they are replaced by f.ps
with similar cross sections on average. The time dependence of the one group
pseudo fission product capture cross section has been studied as part of
the comprehensive reviews made by Kikuchi, Hasegawa, Nishimura and Tasaka
(4) and by Heijboer and Jannssen ( 2).

The JAERI study did not include the effect of neutron capture (which had been
shown to be small in an earlier study). For Pu239 fission the effective one
group pseudo f.p. capture cross section is 32% smaller after one day decay
than the value after 1 year decay and is 6% smaller after 30 days decay
than the 1 year value. Values are given for both a 1000 MWe FBR and a small
(JOYO class) FBR and the time dependence is similar in these two spectra*
The JAERI study found similar trends for other f.p. cross section sets (JNDC,
JNDC-P Cook and ENDF/B-4). The thermal fission yields of Meek and Rider
(1972) ( 5) were used.

The study by Heijboer and Janssen included the effects of fop. capture mlil
used the fast fission yields of Crouch (1976) ( 6). Instead of increasing
continuously in time, the one group capture cross section decreases after
about 200 days, being 1% lower after 464 days (compared with the - 1% increase
found in the JAERI study for this period). The initial value is 14% lower
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than the value after 1 year decay and irradiation and is 6%, lo'&er after 10
days decay and 3% lower after 30 days decay than the 1 year decay val.ue-
The initial time variation is thus about one half of that found in the JAERI
study. The RCN study also found that the variation obtaineu using the CNEN
f.p. cross section set was different, the one group pseudo f.p. capturx
cross section decreasing beyond the first time step (58 days) used in the
calculations. This difference was found to be mainly due to the differences
in the RulO3 cross section relative to the Rh103 cross section(Rul03 half life:
39.6 days).

In CFR at the end of the fuel cycle about 10% of the f.ps will have been
produced by fissions occuring in the previous 20 days and so an uncertainty
of about 20% in the average pseudo f.p. capture cross section in this period
could be acceptable. The error involved in using the concentrations
corresponding to the average irradiation time is probably less than 5%
but some further studies of the important factors in the time dependence
would improve confidence in predictions of f.p.effects. It should be
noted that both the JAERI and RCN studies approximated the cross sections
for some short lived fps by the longer lived members of the same chain.

The JAERI study shows that the inelastic and elastic scattering cross
sections have a smaller time variation than the capture cross section (10i
and 1% respectively) and so these variations can be neglected.

2.3 Fission Product Mi ration Effects

Stable and long lived gaseous fission products (isotopes of Br, Kr, I and
Xe) contribute about 5% of the f.p. capture effect. Cs133 and Cs135,
which have gaseous precursors, contribute 6% to 10% (depending on the
data set used),

The fraction of taese which diffuse out ? ? the fuel is uncertain and
Langlet et al (3) associate an uncertainty of + 3% (2or) in the pseudo
fission product reactivity effect because of this.

2.4 Accuracy equirementsfor f. Reactivit Effets

In Table 1 the reactivity effects of fission products at the end of a fuel
cycle stage in CFR and Super Phenix are given. This is one of the quantities
which determines the enrichment of the fuel supplied to the reactor. On the
basis of integral measurements it is now estimated that the reactivity of a
fast reactor containing fresh fuel. at 300K can be predicted to an accuracy
of 0.3% to 0,%. (See, for example (7 )). It would seem a reasonable
aim to make the uncertainty contributed by other factors (such as burnup
effects and temperature effects) each less than about 0.3% in reactivity.
This would lead to a f.p. requirement of + 10% to meet the highest f.p.
reactivity in Table 1 (3% K).

Table 1 contains data for 3 types of fuel cycle being considered for CFR
(2 batch, 3 batch and 6 batch). Initially the maximum heavy atom burnup
proposed for Super Phenix is 8.5% with the aim of progressing to 12%.
This results in an increase of the f.p. effect by 3%. The reactors mist
be designed with flexibility and control margins which would enable these
different modes of operation to be achieved. These control margins make the
consequences of an error in the prediction of the reactivity effect of
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fission products less serious (at worst limiting the maximum burnup
achievable or requiring a change in the mode of refuelling until the feed
fuel enrichment can be adjusted). Information on the requirements for high
burnup for Super Phenix will be obtained during the period of operation at
lower burnup when the control margins will be larger. Similarly, the mole
of batch refuelling in CFR could be altered until fuel of the required
enrichment can be supplied.

TABLE 1

REACTIVITY INVESTED IN FISSION PRODUCTS AT THE END OF A FUEL CYCLE STAGE

CFR (Maximum burnup 105 MWd/t)

Type of cycle

2 batch
3 batch
6 batch

F.P. reactivity

2.7%
2.4%
2.1%

Super Phenix (2 batch cycle)

Maximum burnup

8.55 heavy atoms
12% heavy atoms

F.P. reactivity

2.1%
3.0%

TABLE 2

VARIATION OF FUEL REACTIVITY THROUGH A FUEL CYCLE AT EQUILIBRIUM

CFR (with a maximum burnup of 105 MWd/t)

Type of cycle

2 batch
3 batch
6 batch

Total variation F.P. contribution

4.2%
2.8%
1.4%

1.8%
1.2%
0.6%

Super Phenix (2 batch cycle)

Maximum burnup

8.5% (7.7xlO4MWd/t)
12% (1.lx105MWd/t)

Total variation F.P. contribution

2.5%
3.5%

1.4%
2.0%

Table 2 summarises the variation of fuel reactivity through a fuel cycle
at equilibrium for CFR and Super Phenix.

The control rod investment in Super Phenix is 8% Sk/k. If it is required
to predict this to an accuracy of + 5% an accuracy in the total reactivity
compensation of +0.4% Sk/k is required. Limiting the contribution from any
one effect to + 5.2% Sk/k results in a f.p. reactivity accuracy requirement
of + 10%.
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2.5 Reqirements for the Predictimo of Sodium Void and Dppler Effects

The sodium voVi reactivity effect can he separated into two components, the
central component and the lIakarce component. The central component is due
mainly to the change of neutron spectrum when sodium ie removed and is
positive in plutonium fuelled fast reactors. The leakage component is
negative.

The spatial dependences of the two terms are different, the central
term bring approximately proportional to the square of the flux and the
leakage term to the square of the flux gradient. The central term is
thus larger in the inner core regione and the leakage term larger in the
outer core regions. One of the quantities of interest is the maximum
positive void effect.

The effect of fission products is to increase the central term, the increase
at end of cycle being about 10%. Butland (9) has calculated the effect
on the void coefficient in CFR at equilibrium burn up ( - 3.5% heavy atoms).
The increase is 025% S k/k or 13% when the Cook (10 ) data are used and
0.4% $k/k or 21% when the older UKNDL (11 ) data are used. The
difference between the reactivity worths of fission products in the two f.p.
sets is 20% and yet the difference between the effects on the maximum void
worth is 60$. Ilberg, Saphier and Yiftah ( 1I, in their study of the
sensitivity of fast reactor static and dynamic parameters to different f.p.
cross section data, found that the most significant changes were in the
sodium void reactivity, and the effect of different fop. data sets on
reactivity was quite different from the effect on sodium void reactivity
(see Table 3). Thus although the Cook (capture only) data set had the same
effect on reactivity as the Benzi set (capture only) the effects on sodium
void reactivity (combined with the fuel burn up effect) were 0.54% S k/k
and 0.3% S k/k respectively (at 50,000 MWd/t). The inclusion of f.p.
scattering has the effect of increasing the reactivity reduction due to
fission produces but reducing the eff6e t of f.p's on the sodium void
reactivity effect (by 0. ,o S k/k).

Although the accuracy required for the effect of fission products on the
sodium void reactivity effect is not stringent (RJ + 30% giving
an uncertainty contribution to the central term of about
+ 3% and to the total core voidage of about + 7% at the end of cycle
condition) it cannot be defined easily in Terms of cross section accuracies
and cannot be related to the accuracy of integral measurements in a single
spectrum. The relative accuracies of integral measurements of f.p.
reactivity effects in normal and voided cores are required. The reactivity.
worth of fission products is about 15% less in a voided core than in a
normal core. To obtain this difference to an accuracy of 30% would require
an accuracy of 3.5% in the worths in the two cores.

For CFR the control rods required to compensate the variation of
reactivity with burnup might be designe4 differently and separately
controlled (although there could be some flexibility to interchange the
roles of different types of control rod). A margin in the control
requirement must be included to allow flexibility in the refuelling and in
the plutonium composition of the feed and a typical estimate of the
required reactivity worth of the operating rods is 6.5% SK/k. A
reactivity accuracy requirement of + 10% would contribute less than about
+ 3% to the uncertainty in the operating rod reactivity requirements.
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The f.p. reactivity effect is probably the major source of uncertainty in
the variation of reactivity with burnup and could be permitted to contribute
this uncertainty to the operating rod reactivity requirements.

In a heterogeneous fast reactor the variation of reactivity with burn up

could be different from the values for CFR and Super Phenix. For example,
Sicard et al (8 ) describe a design of heterogeneous core in which the
reactivity loss due to fuel burnup is 4.2 pcm/day compared with 13.3 pcm/day
for the homogeneous design. In such a heterogeneous design the fission
product effect is relatively more important in determining the operating
rod requirements and could lead to a higher accuracy requirement.

To summarise, an accuracy of + 1C0 in the reactivity effect of fission

products is a reasonable requirement for current designs of fast reactor.
For more advanced designs, in which the reactivity variation with burnup
is smaller, a higher accuracy could be required (if the operating rod
requirements must be separately identified).

To meet this + 10% accuracy requirement on the reactivity effect an accuracy
of + 10% for The spectrum averaged pseudo f.p. capture cross section and

+ 35 for the inelastic scattering contribution are required and a higher
accuracy would be preferable to allow for uncertainties in effects such an
the time dependence and f.p. migration.

Because no f.p. contributes more than 10%(/ of the reactivity effect a + 20%
uncertainty on yields and spectrum averaged capture cross sections and
+ 60% on the inelastic scattering contribution of individual f.ps is
permissable, provided that the uncertainties are uncorrelated. When the
the data are derived from integral measurements systematic errors are
significant and can determine the bulk f.p. reactivity effect. The
accuracy requirements on the individual f.p. capture cross sections proposed
by Tyror (1) can be taken when the uncertainties are uncorrelated.

The effects of fission products data uncertainties on the Doppler effect
can be separated into the scattering effect which increases the fraction

of neutrons in the Doppler energy region and the components of the capture
effect from above the Doppler region which decreases this fraction.

The net effect of fission products on the Doppler effect in the average burn
up condition in CFR ( ' 3.5% heavy atom) has been calculated by Butland 03 )
to be a 10% reduction. At the end of cycle the effect would be 15% (for a
2 batch scheme). For an overall accuracy of + 15% in the Doppler effect
the f.p. contribution to the uncertainty should be less than about + 7%
and so the aim should be to determine this component to + 50%. In order to
assess the accuracy requirements on the different cross sections the relative
importance of inelastic moderation, elastic moderation and capture above
the Doppler energy region would need to be assessed. However it seems
likely that the requirements specified for the determination of reactivity
(+ 30% on inelastic scattering and + 10% on capture) will meet this
requirement.

2.6 Delayed Neutron Data Requirements

Delayed neutron data are required for the determination of reactivities
by measurements of the kinetic response of the reactor to the reactivity
change. The accuracy required is 3%o to 5%.
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Three items of delayed neutron data are required:

(a) The total fields per fission in T'1-232, U233, U235, U238 and Pu239 to
+ 3% (Pu240 and Pu241 to a lower accuracy).

(b) The time dependence, to enable the period-reactivity relationship
to be determined to + 2% for periods in the range 1 to 100 seconds.

(c) The spectra of the.delayed neutron emission, to enable the reactivity
worth of delayed neutrons relative to prompt neutrons to be
determined to + 2%±

The dependence of delayed neutron yields on incident neutron energy needs
to be known so that the accuracy of using an average of yields meanlmied
in fast and thermal reactor spectra can be assessed. (This is the method
used at present to obtain data for use in reactor calculations.)

In a plutonium fuelled fast reactor about half the delayed neutrons erise
from fission in Pu239 and the other half from U238. In recent years the
discrepancies in the U238 total yield measurements have been a
significant source of uncertainty. There are also some significant differences
between different measurements of the delayed neutron spectra.

The Pu239 thermal fission data are less accurate than the fast fission
data and the fast data have been averaged with the thermal data to obtain
data for thermal reactor calculations.

The methods used to represent delayed neutron data in reactor calculations
are those described by Keepin (14). The yield data are represented as a
sum of six exponential decays:

6

n ) a.. e-"ij.t
nj(t) = B il aij

_ ~ where - njC) is the yield at time t for fission in isotope j.

3j is the total delayed neutron yield for fissioning
isotope f.

Ctij is the relative yield in group i.
and

anj is the decay constant for group i.

It is possible to obtain a satisfactory fit to the U235, U238, Pu239, Pu240
and Pu24 1 data by using a single set of A values, ( A. ), and this is
currently done in UK reactor calculations. Associated with each of the six
delayed neutron groups is a delayed neutron spectrum (the same spectrum being
used for fission in all isotopes). If the precursors contributing to a
delayed neutron group differ significantly between fission in different
isotopes this assumption could be unsatisfactory.
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3. SOME RECENT STUDIES OF THE EFFECTS OF FISSION PRODUCTS IN TBI{EPIAL REACTORS

3.1 Importance of Short Lived Fission Products in the Xe135 and Sm149 Chains

Ottewitte and Seiber (15) have made a study of approximations in the treatment
of the decay of nuclides precursor to Xe135 and Sml49.

Yield data are now available for 11 isotopes in the 135 mass chain and for
10 isotopes in the 149 mass chain.

Because of the complexity of the extended chains Ottewitte and Seiber have
investigated the accuracy of simplified chains which use effective half-
lives and yields. Approximating the 149 chain by a one step (Am-, Sm)
chain gives a decay rate error of " 3% and approximating it by a two
step chain (Nd-- Pm-* Sm) reduces the error to 1%,

3.2 Reactivity Transients in the Czechoslovakian Reactor KS150 Due to
Fission Product Poisoning

Rana (18) has investigated the reactivity transients in the thermal reactor
KS150 due to fission product poisoning. The reactor is fuelled with
natural uranium, moderated by heavy water and cooled by carbon dioxide
gas. The reactivity transients, which are mainly due to Xe135 and Sm149,
necessitate rigorous operation according to prescribed power diagrams.

Reactivity transients due to xenon poisoning determine and limit the
permissable changes in power level, A method of reducing the xenon peak
after shut down is to first reduce the power for a few hours then to
raise the power for a few minutes.

From the change of control rod positic -s during reactivity transients
the control rods can be calibrated from accurate calculations of the f.ps
poisoning and balancing reactivity. This is found to be more convenient
than dynamic methods.

Accurate calculations of fission product poisoning are important for
neutron economy,

'3.3 Thermal Reactor f.p. Poisoning Data Requirements in WRENDA 76/77

Although the conclusions of the Bologna FPND Meeting suggest that the thermal
reactor capture cross section requirements for the prediction of core
performance have been met (apart from Sm151 thermal cross section) WRENDA 76/77
contains a number of requests. These are summarised in Appendix 2.

There are different views on the target accuracies for the prediction of
core properties and different ways in which accuracy requirements can be
allocated to individual items of nuclear data.

There are alo different views on the investigations necessary before one can
be satisfied-'that the data are to the required accuracy. The reactor
physicist will often wish to have confirmation of the differential data
by integral measurements. Comparisons of different differential
measurements and careful consideration of the energy dependence and its
significance are also required before the data can be accepted as meeting
the requirements6
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4. CONCLUSIONS

4.1 Thermal Reactor Data Requirements

The requirements for the prediction of thermal reactor core performance
proposed by Tyror at the Bologna meeting, and the status of the required
data, as assessed at the Bologna meeting, are summarised in Appendix 1.
The yield requirements were considered to be met, apart from discrepancies
in the 103 chain yield and in the Pu239 131 chain yield. The cross
section requirements were met, apart from the Sm151 thermal capture cross
section, and the possible need for further investigations of the accuracy
of the energy dependences of the Xe135 and Sm149 capture cross sections.
The half life requirements were met.

Studies by Ottewitte and Seiber using the rdcently produced data on the
short lived precursors of Xe135 and Sm149 show that these are significant
in determining the rate of production of Xe135 and Sm149, although the
use of effective decay constants with simplified decay chains can provide
adequate accuracy.

Recent studies by Rana of the importance of xenon and samarium poisoning
on the methods of operating the Czechoslovakian natural uranium fuelled
D20 moderated, C02 cooled reactor KS150, and the use of the poisoning
for calibrating control rods,emphasise the need for accurate data and
comprehensive calculations.

WRENDA 76/77 contains requests for capture cross section measurements
in the range 1 meV to 1 keV (to an accuracy of typically + 10%) for
32 f.p.s. These are summarised in Appendix 2. This list could reflect
differences of views on the accuracy requirements for the prediction of
core properties and on the status of the cross sect on data to those
presented at the Bologna meeting.

4.2 Fast Reactor Data Requirements

The requirements have been reviewed and are summarised in Appendix 3.
The reactivity effects of fission products are required to an accuracy
of + 10%. Recent reviews of the status of the data by Heijboer and
Janssen and by Langlet et al suggest that this requirement has been
met oy data adjusted to fit integral measurements. The requirement is for
an accuracy of + 10% on the capture component and + 30% on the scattering
component and some further studies might be needed to show that this
requirement has been met.

The variation of the reactivity effect of fission products with the time
after fission has a large uncertainty up to times of about 20 days and some
further studies of the uncertainties in this variation and its significance
are desirable.

The effects of f.p.s on sodium void coefficients are different from the
effects on reactivity in a normal core (containing sodium). The
accuracy required for the prediction of the effect is + 30% but this cannot
be simply converted into cross section accuracy requirements. Integral
reactivity measurements in normal and sodium voided cores would be required
to an accuracy of + 3.5% to enable the 30% accuracy in the effect on sodium
void reactivity to be achieved.
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The accuracy required for the effect on the Doppler coefficient is + 506
and although this cannot be simply related to the cross section accuracy
requirements it seems probable that the requirements for the determination
of reactivity (and the accuracy of currently available data) are sufficient.

Appendix 3 includes the capture cross section accuracy requirements
proposed by Tyror (assuming no correlation of uncertainties between
f.p.s.-an assumption which does not apply to the integral measurements)
The requirements in WRENDA76/77 are also tabulated there.
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APPE1,N1)IX 1

FP DATA RIQiUIREMENTS FOR THElRMAL REACTOR CORI i PERFORMANCE AND TIE STATUS OF TiHE
DATA

CONCLUSIONS OF THE BOLOGNA lE'PND MEETING

1. Yield requirements and status

Accuracy--Accuracy Comments on
FP Isotope Requirement

(Per Cent) Requirements not Met

Tc99 11
Rh103 6a Discrepancies between measurements
Xe131 8 Discrepancies for Pu239 fission

Xe155
Cs133
Ndl4) 6
Pml47 7
Gm149 8
Sm151 8
Sm b52

......... _ .-... . J

Notes: a Yield is effectively that of Ru103.

b Effective yield including decay and neutron catpture yield.
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2. Capture cross section requirements and statils

(a) Thermal values and resonance integrals

Accuracy Status
IRequirements (Per Cent)

F (P/(Per Cent)
Thermal RI Thermal RI

Tc99 20 15 10 10
Rh103 6 (50) 4 5
Xe131 15 10 1a 5a
Xe135 8 (o00) 3 7
Cs133 15 10 5 7
Nd143 6 30 3 20
Pm147 15 8 7 7
Sml49 (20) 3
Smil5l 8 40 15b 20
Sm152 20 10 3 5
'- -- -T- J- .. ar. -.. -,I11 . - a....,...., 1..,,..l..„.1 ,. , L . I 

Notes: a Values from BNL325 Third Edition Volume 1

b Accuracy in BNL 325 Third Edition Volume 1 is 12%

The only requirement not met is the Sm151 thermal value.

(b) Energy dependence of the cross sections (to enable the variation of
the reactivity effect with temperature to be estimated to + 10%).

Xe135 variation with spectrum to + 10%
3m14 9 variation with spectrum to ;20%

(The status was not assessed explicitly although the accuracies of
the thermal values and resonance data suggests that the requirement"
are met.)

3. Half life requirements and status

Accuracy Status
FP Isotope Requirement (Pe Cent

(Per Cent)

I135 5 0.1
Xe135 5 0.1
Pm149 0C1

-- -a --
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APPENDIX 2

REQUESTS IN WRENDA76/77 FOR FISSION PRODUCT CAPTURE CROSS SECTIONS FOR THERMAL
REACTOR POISON CALCULATIONS

Energy Range

Isotope -Accuracy Category
eV(Per Cent)(KeV)

(meV) (KeV)

111 , i I I ! ii ii I ii ii i~~~ ~~ ~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1

Kr83 1 1 10 2
Zr95 500 1 2
Nb95 25.3 2
Mo99 1 1 2
RulO 1 10 10 1
Ru103 1 1 2
RhlO3 1 1 10 2
Rh105 1 1 10 1
Pa107 1 10 10 2
Ag107 1 5 10 2
Ag109 1 1eV 10 2
(Sn126) 25.3 2)(Unknown
(Sb125) 25.3 3)cross section)
(Sb127) 25.3 3)
Te127 1 1eV 20 2
(Te129) 25.3 3 (Unknown 6)
Te132 25.3 1eV 20 2
Xe131 1 1 10 2
Xe133 1 5 3 2
Xe135 1 5 5 1
Cs133 1 1 10 1
Cs135 1 10 10 1
Prl41 1 10 10 2
Nd143 1 1 10 1
Nd145 1 1 16 1
Ndl47 1 5 10 1
Pm147 1 1 10 1
Pm148 1 1 10 1
Pm149 1 1 20 1
Pm151 1 1 10 2
Sm150 1 1 1
Sm151 1 1 5 1

iSm152 1 1 10 2
Sm153 1 1 1
Eu153 1 5 10 2
Eu154 1 1 10 2
Eu155 1 1 10 2_ ~ ~1 _____~~
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APPENDIX 3

REQUIREMENTS FOR THE PREDICTI'ON OF FAST REACTOR CORE PERFORMANCE

1. The net reactivity effect of fission products: + 10%.

(i) The net capture effect of fission products + 10s

(ii) The effect of scattering on fission product reactivity + 30%

(iii) An investigation of uncertainties in the variation of the reactivity
effect of fission products with time at short times would be valuable.

(iv) The requirements on the cross sections of individual f.p. isotopes
are summarised in Section 4.

2. The effect of fission products on sodium void reactivity: + 30%.

^- ~ (i) This would require an accuracy of about +3.5% on the measurement of
the reactivity effect of fission products in a normal core and a sodium
void core.

(ii) The cross section requirements are not easily defined. Some insight
into the current uncertainties can be obtained by comparing the results
of calculations made using different data sets.

3. The effect of fission products on Doppler effects: + 50%.

(i) This requirement is different from 1 and 2 but these are thought to be
more stringent.

(ii) The requirement is most probably met by the available data and some
calculations using different data sets could help to illuminate this.

¾-~
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4. Requirements for individual f.p. capture cross sections in fast reactor
spectra proposed at the Bologna meeting and included in WRENDA 76/77.

Accuracy Requirements (in Per Cent) and Priorities (in Brackets)

Isotope .. 

Bologna Meeting Japanese Requests US Requests French Requests
-~~ ._

Zr93- 30 (2) 20 (2)
Mo95 30 30 (2) -

97 30 20 (1) 
98 35 -

100 35 -
Tc99 20 20 (1) -
RuO1' 20 20 (1) 10 (1)

102 25 30 (2) -
103 - - 20 (2)
104 30 30 (2) 10 (1)
106 35 - 10 (1)

Rh103 20 -
Pd105 20 20 (1) 10 (1)

107 25 20 (1) 10 (1)
Ag109 40 30 (2) 10 (2)
I 129 - - 20 (2)
-Xe131 30 20 1) -
Ca133 20 20 1) -

135 30 20 10 (1)
137 40 - -

La139 40 .
Ce144 - 10 (1)
Prl41 55
Nd143 30 20 (1) -

145 35 20 (1) 10 (1)
146 -- 20 (2)
148 - - 20 (2)

Pm147 25 20 () --
Sm147 -. - 20 (1)

149 30 20 (1) 10 (1)
151 25 30 (2) 10 (1)
152 55 -

Eu153 40 3 (2) -
155 55 - 20 (2)
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Review Paper 4

THE IMPORTANCE OF FISSION PRODUCT NUCLEAR DATA
IN REACTOR DESIGN AND OPERATION

C. Devillers
CEA, Saclay

ABSTRACT

This paper is devoted to the updating of nuclear data require-
ments concerning'fission products in the three application fields
of contamination of reactor components, detection of fuel failures
and decay heat.

It is concluded that almost all requirements related to con-
tamination and fuel failure detection are met. For decay heat
following a long irradiation time, nuclear data requirements are
supported by sensitivity analysis for the five top priority cases
of 233U, 235U, 2 39 P thermal fission and 2 35U, 239Pa fast fission.

From error estimates associated with decay heat summation
calculations, contributions to the total error come, in decreasing
order, from uncertainties in effective decay energies (Eg + v),
yields (independent yields for cooling times <104 s, chain yields
beyond) and half-lives of individual isotopes.

Comparisons made between predictions and calorimetric measure-
ments as well as between different summation calculations seem to
confirm theoretical error estimates. Further work in evaluating
error bars in decay energies and yields of contributing isotopes
(see Annex to this paper [161) is however necessary.

1. INTRODUCTION

The fission product nuclear data(FPND) requirements for reactor
design and operation were described in detail in review paper No.4
presented at the Bologna Panel in November 1973. The fields of
application considered were:

- The escape of fission products from the fuel and the conta-
mination of reactor components;

- The detection and location of cladding cracks;

- The residual heat emitted by fission products after shutdown.

This paper is an attempt to bring review paper No.4 up-to-date,
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account being taken of the conclusions and recommendations of the
Bologna Panel, which may be summarized as follows:

- The accuracies aimed at in inventory calculations of the
nuclides involved in contamination, in the detection of
cladding cracks and in fuel design have been virtually
achieved with present data (there are some exceptions
which have to be looked into);

- The nuclear ddci d iJ accuracy requiremenits for residual
heat calculations will have to be established through
sensitivity studies and on the basis of a programme of
benchmark experiments.

Possible requirements in connection with inventory calculations
will be studied in section 2. The methodology of studies of the
sensitivity of residual heat to PPND will be dealt with in section 3
and estimates of errors in residual heat calculations will be present-
ed in section 4 for the five main types of fission (thermal fission
of 2 3 3U, 2 35U and 239Pa; fast fission of 2 35U and 239pu).

2. NUCLEAR DATA REQUIREMENTS FOR FISSION PRODUCT INVENTORY

CALCULATIONS

2.1. Contamination of reactor components by fission products

The precisions aimed at have not changed since the last Panel.
An uncertainty of + 40%o (1o) in the Inventory of important isotopes
is acceptable as there are major unknowns in the estimate of leaks
from fuel and in the deposition of fission products on cycle compo-
nents.

Inventory error calculations performed for the Bologna Panel
([1], vol.1, p.99) already showed that this degree of precision had
been achieve for most important iso ,opes - in particular:

- (Short half-lives): 85mKr, 87Kr, 88Kr, 89Kr, 131I, 1331,
1 3 3Xe 35e, 135Xe, 1 37 Xe

- (Long half-lives): 85Kr 90 Sr 9 5 Zr, 1 0 3Ru, 106Ru, 110mAg,
125Sb, 134Cs, 136s, t13Cs, 140Ba

except for 110mAg, 12 5Sb, 134cs and 136Cs in the case of sodium-
cooled fast reactors and 129mTe in the case of all reactors.

The present situation with regard to these isotopes is summarized
in Table t. The accuracy for yields is taken from the compilation of
Meek and Pider [21; the status with regard to capture cross-sections
is taken from Ref. [13 (vol.2, p.318).
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Table I - ACCURACY OF THE INVENTORY OF ISOTOPES INVOLVED

IN THE CONTAMINATION OF COMPONENTS

Isotope Qaantity determining
the accuracy a)

ype of
reactor

Accuracy

1 10Ag

125Sb

129mre

1340C

136Gs

109Ag

yc

Yc

LMFBR

PWR

HTGR

LMFBR

iRFBR

LMFBR

< 30%

< 20 %

< 15 %

30 %

< 30 %

30%

30% fact.20y

a) Yo .,. cumulative yield

It will be noted that the + 40%
except perhaps in the case of 136Cs,
know the 135Cs capture cross-section
within about + 40%.

accuracy aimed at is achieved,
where it would be necessary to
in a fast reactor spectrum to

2_2. Detection and location of claddirn cracks

Detection of cladding cracks by counting the gamma activity
of gaseous isotopes requires an accuracy of + 40% (o) in the
calculation of the inventory of these isotopes.

As we saw in section 2.1, this accuracy has been achieved in
the case of 5mKr, 7KrI 88Kr, 9Kr, 1 3 3Xe, 1 ^5mBe and 35Xae.

With regard to the other isotopes of importance in cladding
crack detection ( 90 Kr, 9 1Kr, 1 38 Xe, 1 39 Xe, 14 0 Xe and 141Xe), Table
II shows that this accuracy has now also been achieved.
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Table II - ACCURACY OP1 THE INVENTORY OF ISOTOPES INVOLVED

IN CLADDING CRACK DETECTION (%)

AXIsotope - (%) PWR HTGR LMBR 

90Kr 0. 3 a/ 6. 6. 20.

91Kr 2.3 b/ 7. 7. 30.

138 Xe 0.5 a/ 3. 4. 9.

1 3 9 Xe 1.8 a/ 5. 6. 13.

140Xe 1.2 b/ 5. 5. 12.

141Xe 0.8 a/ 6. 6. 29.

a/ Based on Ref. [3].

b/ Based on Ref. [11, vol.2, p.302.

Generally, the inventory accuracy calculated with the formula

ac _ Ay AX
C -y X

is governed by the uncertainty in the cumulative yields.

The cumulative yields for the different reactor types under
consideration are determined by a formula of the type

y E o^ y
i

where the sum extends to the different fissile isotopes.

The coefficients ai adopted are the same as in [1,RP 41.

The uncertainties in the yields are taken from Ref. [23.

As regards detection by measuring delayed neutrons,the accuracies
aimed at for the yields and half-lives of the delayed neutron groups
are + 2o%.

According to Ref. [11 (vol.2, p.299), these accuracies have been
achieved for the most important groups and for the half-lives of the
most important precursors.
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3. STUDIES OF THE SENSITIVITY LI RESIDUAL HEAT TC UNCERTAINTIES

IN TEE DATA

3.1. Accuracies aimed at for residual heat

Knowledge of the residual heat released in a fuel after reactor
shutdown is necessary in connection with three fields of application:

- Removal of the residual power as a function of the time
elapsed since reactor shutdown for normal operation and
emergency shutdown conditions after a cooling time ranging
from 0 to several days;

- The handling of irradiated fuel and its temporary storage
at the reactor site after a cooling time ranging from a few
hours to several months (or even years);

- Fuel transport and reprocessing and waste packaging.

The last of these three fields is dealt with in review paper
No.5 to be presented at this meeting.

The accuracies aimed at for residual power are summarized in
Table III. The only difference from the values of the Bologna Panel
is in the accuracy required for the integral of the residual power
from 0 to 24 hours in the case of sodium-cooled fast reactors, which
has changed from 15% to 10%.

- ACCURACY AIMED AT FOR THE TOTAL, RESIDUAL POWER a)Table III

Cooling time
Reactor type

0 1 m. 10 m 8 h 24 h days months

fast _-10 (5)____

fast integrated (0-24 h) 10-

handling ... 10 [5)_. i 5-

storage )

a) The accuracy is given in %,
in paranthesese

with the long term requirements given
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Desired accuracies for residual heat emitted by fission products,
which are compatible with the values in Table III, are indicated in
Table IV. To determine these accuracies, account is taken of the
contribution of fission products to the total residual power in a
water-cooled reactors ~40% at 1 sec, -50% at 10 sec and ~90% at
100 sec and beyond.

For reactor applications the needs may be classified as follows:

Priority 1 - residual head from 233U 2 35U and 2 3 9 Pa thermal
fission, and 235U and 239pu fast fission;

Priority 2 - residual heat from the thermal (Pu
fast fission of 24 1 pa and the fast

The accuracy aimed at in the case of priority 2
of that aimed at in the case of priority 1.

recycling) and
fission of 238U.

is about one third

Table IV - ACCURACY RE~ RED FOR THE RESIDUAL HEAT

FMITlTED BY FISSION PRODUCTS a)

I
Fission

Cooling time
- I-w"~.-"II~ I~"I"YII-~~ I o5 ---- ro8 -------_IT� _T I_
1 s 10 s 100 s

1.7 m
104 s
28.8 h

1 o5 F3
28 h

106 s 5 107 s
1? d 116 d

108 0
3.2 y

Thermal

2 35U} 25(12) 20(1) - -10 (5) 5-e
239% 

233u j -- (5)5....<. 5 --,

Fast I

2 35 u ) ..
23fiU^~~~~~ * 10 (5)----<5 -

2 39pu integrafte (0.24 h) 10 -< i

_ : , : ..m.-= : = _ i

a) The accuracy is given in %, with the long term requirements given
in parenthetese
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As it is difficult to perform precise measuremen-s of the
residual power in a reactor, the only way of verifying whether the
desired accuracies have been achieved is to perform sensitivity
calculations followed by error estimates on the basis of the uncer-
tainties in the data. However, benchmark experiments are necessary
in order to confirm that the error estimates are realistic. In
accordance with the recommendations of the Bologna Panel, sensiti-
vity studies and attempts at error calculation have been made at
different laboratories [4-6].

We shall confine ourselves to the results of French studies,
review paper No. 15 being supposed to give a detailed account of all
the work relating to this subject (sensitivity studies and benchmark
experiments).

.2. Principle of sensitivity calulations

For the wide range of cooling times considered, a large number
of fission products contribute to the residual heat. An early
sensitivity study consisted in preparing lists showing (in descending
order) the individual contributions of fission products to the residual
heat as a function of cooling time (Ref. [1], vol. 1, p.121); the
relative contribution of a fission product represents the sensitivity
of the residual heat to the energy emitted through decay of that
fission product. Later, a general code for sensitivity calculations
(DPEPIN [7]) was developed. This code is able to calculate, without
any approximation, the sensitivity of the residual heat to the inde-
pendent yields, the half-lives and the decay energies.

The method used in the sensitivity calculations may be summarized
as follows.

The residual heat at time t, f(t), after one fission burst is
calculated by the summation methods

f (t) - Ei Ai Ni (t) MeV/s per fission

where M is the number of fission products taken into account
(M - 635 nuclides, of which 514 are radioactive), Ei is the mean beta
plus gamma energy (BMeV) emitted per disintegration of the nuclide (i),
Xi is the decay constant of nuclide i ( 1 ), and Ni(t) is the number

of atoms of nuolide i at time t after fission.

The variation - as a function of time - in the number of nuclei
of each nuclide is given by the Bateman method:

Ni (t) Pik ex (- Akt)
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with i-1

Pik - k ij jk

where the summation extends to all possible precursors of nuclide i
in the same chain (mass A), including the metastable ones, or in
the A+1 chain in the case of delayed neutron emission,

and Pii = i ik

where yiis the independent yield of nuclide i, A.. = b. A, and
b.. is the branching ratio from j towards i. 1 

The sensitivity of the residual heat to a particular cuantity
x., si, can then be calculated for each cooling time by writing

X.i f 
x Xi f

which gives the following values:

(a) Sensitivity to the independent yield

Si () M =Nk (t) yi
S (t) rk E A f (t )

k=i

(b) Sensitivity to the half-life

~i CMN [ ONk (t)+ kiNkt)] 

ST1/2 (t)- E [ k Ai kii k- -i
k=i

with 6ki = 1 for k = i, ki = 0 for k i;

(c) Sensitivity to the energy emitted per disintegration

E. X N. (t)
s (t) =- l i

The sensitivity to the energy emitted per disintegration of
nuclide i is in fact the relative contribution of this nuclide to
the total residual heat.

The sensitivity calculations were performed with the help of
the DPEPIN code r71 using the following data:
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- Independent yields reoonnmended by Meek and Rider [2];

- Decay data (half-lives, branching, beta transition probabi-
lities, gamma spectra) from the 4th edition of the French
library [31 compiled by J. Blachot.

Nevertheless, it is conceivable that, for the data under consi-
deration, the sensitivities obtained are only slightly dependent on
the origin of the nuclear data and have a kind of universal character.

The sensitivities obtained in the case of a fission burst can
now be used to determine sets of sensitivities corresponding to
irradiation of any duration.

In particular, irradiation of long duration (from one month to
several years) are interesting from the point of view of reactor
operation. In this case, the residual heat can be determined by in-
tegration of the function f(t) obtained for fission burst

P (Bt) f f (u) du MeV/s per fission/s,
t

where B is the irradiation time, and t is the cooling time.

This approach does not take into account the effect of neutron
capture on residual heat. In practice, there is an effect only with
a very limited number of nuclides, in particular through the appear-
ance of 134Cs; this is so whatever type of reactor is involved.
Sensitivity to capture cross sections will be examined in section 4.

For the other data, the sensitivities are obtained from logarith-
mic integration formulas

F ( 0 t)- x2 (ft)k+l - (f't)k

ii n ( fk+lk Irk)
with n k

and tkl,, t , tk2 - -+ t

The sensitivities of the function f to the data being known,
it is easy to deduce those of the ifnction F. These calculations are
performed with the PEPER code. The formula, which are cumbersome,
are not presented here.

Conment 

This calculation technique can be used with advantage for short
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irradiations, especially within the framework of benchmark experi-
ments.

With it one can find the experimental conditions (9',t' couples)
which best reproduce the sensitivity spectra obtained. in realistic
cases associated with reactor operation (8',t couples).

The most important values for sensitivities to individual data
(sensitivity > 0.02) for 900-day irradiation are presented in the
Annex [161 for different cooling times and the five top-priority
cases: the thermal fission of 2331, 735u and 23qi-P and the fast
fission of 235U and 2'QPu.

4. ESTIMATION OP THE ERRORS IN RESIDUAL tH.AT CAI,CULATONS

4.1. General

The influence of errors on independent yields, half-lives and
disinterration energies has been s-ludied.

>Moreover, the contribution of a number of nuclides with short
half-lives which have been ignored in calculations has been estimated,
as has the influence of neutron capture.

The difficulties associated with error calculations lie in the
fact that:

- Not all experimental data are accompanied by an indication of
the error limits;

- The errors in the evaluated, data are difficult to estimate;

- Little is known about the error introduced by the use of
models (e.g. calculation of the mean energy rv of neutrinos);

- There is no information on possible syrstematic errors.

4.2. Errors from yields

The independent yields recommended by Meek and Rider F21 have
been used with their associated errors. The number of nuclides con-
sidered is 635. Table V gives an idea of the distribution of the
errors in the independent yields for the five top-priority cases.

To allow for the negative correlations between errors in the

independent yields resulting from more precise knowledge of the chain
yields, the errors in the chain yields have also been introduced.
The distribution of these errors is illustrated in Table VI.
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Table V - DISTRIBUTION OF ERRORS IN THE INDEPENDENT YIELDS

Number of nuclides
Error _ --. 

(%) 2 3 5U 2239p 2 3 5u 239p

thermal thermal thermal fast fast

2. 0 1 0 0 0

2.8 0 4 0 0 0

4. 2 9 0 0 1

6. 8 14 8 2 2

8. 13 17 11 6 1

11. 13 21 10 3 7

16. 20 18 6 7 6

23. 22 28 26 23 20

32. 35 45 47 52 51

45. 24 23 25 22 20

64. 498 465 502 520 527
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Table VI - DISTRIBUTION OF ERRORS IN THE CHAIN YIELDS

1

Error
(%)

Number of chains

5U |" 2 39 P "T V 1235 - 2 3 9 p
rmal thermal fast fast

233U

thermal

23

the:

0.35

0,5

1.

1.4

2.

2.8

4.

6.

8.

11.

16.

23.

32.

45.

64.

1

4

3

5

6

4

3

9

18

11

9

0

0

I 3

6
1
16

f 10

7

2I 4

O6

5

3

i 12

12

10

4

0

0

I - -

1

I

I

i

i

i

g

1

1

0

5

4

11

13

8

3

11

2

6

12

12

12

0

0

0

0

2

7

13

19

8

1

2

7

13

5

22

1

0

0

O

0

0
O

0

6

9

27

6

4
t

12

10

13

7

0

0
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To ensure a corTet balance of 200 fission products for 100
fissions, cumulative fractional yields have been assigned to each
nuclide at the start of a chain. The contributions of the ignored
precursors were estimated separately.

The independent yields of Meek and Rider allow for an even-odd
effect. However, residual heat calculations performed using a
Gaussian charge distribution with the recommended Zp and o values
give results which are not very different, the discrepancy not exceed-
ing 2% whatever the cooling time. It is therefore the chain yields
which are the important quantities.

The error in the calculation of the residual heat was determined
by the expression

F Si Si ]1/2

(tF /)y >) ii + y j
i J

where S is the sensitivity of the residual heat to the independent
yield yi, and pij is the oovariance matrix coefficient of the inde-
pendent yields yi and yjo

Comparison of Tables V and VI shows that the chain yields are
much more accurate than the independent yields, The errors among
independent yields of the same chain therefore have a strong negative
correlation.

Applying Bayees theorem it ia possible to calculate [83 the
covariances among the different nuclides of'a single chain resulting
from knowledge of the chain yields

Iii c d di - 2 )

jiI
2 2

lij -i j _
0 + y 0.

j=1 j

where oi2 is the standard deviation of the independent yield Yi,
o2 is the standard deviation of the chain yield, and n is the number
of nuclides in the chain.

If the chain yield were unknown (o2 = oo), one can see that

Pii - oi2 while Iij - 0.

On the other hand, if the chain yield is known perfectly
(62 m 0), there is a strong correlation.
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The correlations between chains due to the laws of mass con-
servations have been studied elsewhere [5]. The effect is important
in cases of long irradiations, but is limited to short cooling times
(< 104 s) where most chains contribute to the residual heat,

Therefore, our estimate of the error from yields is certainly
on the high side for t<104s.

4. 3 Errors from half-lives

The library compiled by Blachot [3] contains the experimental
error limits for about two thirds of the half-lives.

To complete the list of errors, the half-lives were grouped
according to time range and the average of the known errors was
determined in each range (Table VII).

Table VII - MEAN ERRORS IN HALF-LIVES GROUPED ACCORDING TO

TIME RANGE

"-I

time range number of mean experimental
nuclides error (%)

0o- 3 s 89 13.

i 3 a- 1 m 146 8.

1m 5 m 48 5.

5 m-1 h 82 2.

5h- d 40 1.5

1 d- 20 d 22 0.85

20 d- 1 y 23 0.50

1 y- 3 3 0 90

3y 29 3*5

stable 121

4 ___ _ ____ ____ _ _,, __ . . _._ _ ._ - - - - « ,,^
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In cases where the errors were not known, the foll.owing rules
were applied:

0 - 3 s : error = + 30O

3 s - 1 m : error = + 10C ,

Other ranges : error = mean error in the range

For about 30 nuclides, the half-life had to be calculated an
an error of 100 was adopted. However, the sensitivity of the
residual heat to these data is very low.

The error in the residual heat calculations due to uncertain-
ties associated with the half-lives, assumed to be independent, was
calculated using the expression

/AF \ / E i 2 /AT12 \2 

where S^1/2 is the sensitivity of the residual heat to the half-
life of nuclide i.

4.. Errors from decay enerpies

In isomeric transitions, the energy emitted oer decay event is
simplDy r = Q, so that one simply has AE = AQ.

For beta transitions, the effective enerrg emitted is

E = Q - F v

where. Ev is the mean energy carried off by neutrinos.

One then has two cases:

- The decay schemes (i.e. the beta transition energies and
nrobabilities) are known. E is then calculated usinp the
Fermi model F[r for each beta transition and averaged over
the transition nrobability spectrnm. The error is then
calculated from

AF = [(AO)2 + (Ar.v) 2 ]1/2

1When the errors AQ are not available, they are taken from
the compilation of Wapsira Fl10 or that of Garvey r11l.
When no error is available at all, a value of + 15i^ is
adopted. The error in the calculation of Ev was estimated
to be + 5%.
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- When the decay schemes are unkaown, E v is calculated by
analogy with nuclides having the same atomic number (Z)
whose mass is of the same parity (mean value E,/Q for the
nuclides (z,A-2), (z,A-4) ..t.)

For nuclides with a short half-life, we have E : 0.4Q, the
coefficient varying in general between 0.28 and 0.52 (uncertainty
of + 30%); hence, E-saQ with a varying from 0.72 to 0.48 (uncertain-
ty of + 20%). In this case, the error will therefore be calculated
from the expression

. 0. 2 + At

When several decay modes are in competition, the errors cor-
responding to each mode have been combined statistically. 

The error in the, residual heat calculations from uncertainties
associated with the emitted energies, assumed to be independent, was
calculated from the expression

(LAF) [AE \)22 /2

where Si is the sensitivity of the residual heat to the energy
emitted per decay event of nuclide i (or the relative contribution
of nuclide i to the residual. heat).

4.5. T 'Iotal errors

The errors from yields, half-lives and energies have been com-
bined statistically:

(t21.AF /- AF \2 F 1/2 
"^F kF/ /+ T1/2 tF E

All the calculations described above were performed for the
priority 1 cases, i.e. the thermal fission of 233, 235 and 239Pu
and the fast fission of 2 35U and 2 3 9 Wu for an irradiation time of
900 days (= 8 x 107 s).

The overall results are presented in Figs. 1-5, which reveal the
following general trends in the five cases under consideration:

- The uncertainties associated with the yields play a relative-
ly minor role, except in the case of 239pa fast fission;

- The uncertainties associated with the decay energies are the
determining ones for all cooling times;

- The uncertainties associated with the half-lives play only
a very small role.
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It can also be seen that the overall error is small- always
less than + 5% (1o). Also, the total error curve has a minimum
around 104 seconds, where the nuclides which contribute to the
residual heat are both numerous (whence error compensation) and
well known - conditions which do not occur together for either
short or long cooling times.

The tablesin the Annex [16] give the partial errors induced
by the data to which the residual heat is sensitive.

To complete this error analysis, one should evaluate the resi-
dual heat deficiency - for very short cooling times - due to the
nuclides ignored in the calculations.

The most important of these nuclides are: 9 9Sr, 10 0y, 101y,
1 0 3 Zr, 104Nb, 1 1 1Ru, 1 47Ba, 1 5 0 ce and 15 1Ce. The increase in
residual heat due to these nuclides is significant only at a cooling
time of one second and amounts to about 1%.

Lastly, the effect of neutron capture must be studied. This
was dealt with in review paper No.4 presented at the Bologna Panel
([11, vol.1, pp.115 and 117). The orders of magnitude of this effect,
confirmed by Tasaka [121, are shown in Table VIII.

Table VIII - INCREASE IN RESIDUAL HEAT DUE TO NEUTRON CAPTURE (%)

Cooling time Thermal reactor Fast reactor 

(s) th=4.4x1O1 3 n/cm0 2 s 43 5n/cm 
irradiation for irradiation for

900 days two years

100 < 1 < 1

101 < 1 < 1

10 2 < 1 < 1

103 < 1 < 1

104 1. 1

105 4. 3 2

106 5.3

107 8.4 4

i X 
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It is therefore necessary to take account of neutron capture
for t > 104s, especially in connection with fuel assembly transport
and storage problems. The increase in residual heat is due mainly
to the appearance of 13Cs as a result of neutron capture by 153Cs;
the formation of 148mpF due to neutron capture by 14 Pm also plays
a role up to 107 s.

If one accepts an error of 1% at t = 106 s and 107 s in the
calculation of residual heat due to the uncertainty associated with
neutron capture, the following uncertainties are needed:

133Cs oy pile thermal: + t1
fast: + 20%

1 3 4 Cs pile thermal
and fasts factor of 2

147An Oy pile thermal
and fast: factor of 2

branching thermal: + 30%
fasts + 6C

148mp ao pile thermal: + 30%
fasts: 60

These accuracies have been achieved for the most part., or at
least they are relatively easy to achieve ([C1, vol.2, pp.312 and 3.18).

5. DISCUSSION AND CONCLUSION

If one is satisfied with the above-mentioned error calculation
results, then the desired. accuracies for residual heat calculations
(Table IV) have been achieved, including long-term requirements, for
the five priority 1 cases. There are accordingly no further nuclear
data requirements.

However, in view of the reservations expressed in section 4.1,
this conclusion should be confirmed by the interpretation of benchmark
experiments which are sufficiently precise and representative and
which have been performed at several laboratories. Few experimental
results relating to benchmarks are published nowadays. Tie latest
experiments will certainly be dealt with in review paper No. 15.

Calorimetric measurements by Lott [131 have made it possible to
generate a residual heat function for 235UT thermal fission between
100 s and iO5 E. The results are given with an uncertainty of + 9%
at 100 s cooling time and. + 6% for cooling times of 1000 s or more*

The error in the residual heat calculated for 235U thermal fission
was estimated using the techniques described in section 4. The results
of the error calculation are presented in Table IX.
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Table IX - ESTIMATE OF THE UNCERTAINTY IN CALCULATIONS Q1 THE

RESIDUAL HEAT AFTER A 235 THERMAL FISSION BURST

cooling time residual error (%) due to total error
(s) heat -_ - {_(%) }

(MeV/fis. s) Y T1/2 E

1 0.624 2.84 2.82 4.65 6.14

10 0.125 1.22 1.24 4.10 4.45

100 0.0129 1.04 138 3.15 3 59

103 9.06 10-4 0.40 1.12 1.83 2.19

104 6.00 t0-5 0.41 0.37 0.95 1.10

105 2. 60 10-6 0.48 1.38 1.25 1,92

106 1.57 10-7 0.45 0. 31 1.19 1.31

. _

As in the case of irradiation of long duration, the error
derives essentially from the energies E; the half-lives obviously
play a much greater role here than in the case of lengthy irradiation.
The comparison between meawurement and calculation is shown in Fig. 6
for 10 2 < t < 105 s.

It chn be seen that, beyond 100 s, the calculated values lie
within the experimental errors. This suggest that the error calcula-
tion is realistic, at least for 235U

It is interesting to note that the test for the residual heat
after fission burst between 102 and 105 seconds is an indirect test
for the residual heat after lengthy irradiation for cooling times
< 102 s.

t < 10 2s F (0, t) =

O+t

f (u) du

210 2

- f t

105

f (u) du + fI 2
ICC

e+ t

f (u) du + f05
*105

f (u) du
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The integral between 102 and 105 contributes in the following
manner to the function F(Ot) for e>> 105 s:

t (s)

1o5

/f (u) du

10 2 / F(e.,t)

1

10

100

45 %

56 %

84 %

Comparison between calculation results provided by different
laboratories for lengthy irradiations generally reveals discrepan-
cies little different from the calculated error limits (e.g. see
Ref. [141). Another example is given in Table X, where it can be
seen that the discrepancy does not exceed 28.

Table X - RESIDUAL HEAT FROM THE THERMAL FISSION OF 2 35U

(IRRADIAPION FOR 1 YEAR)

Cooling time, Calculation (Me
(s) --

i~ . G~CEA

V/fission) T I
CEA

LASLLASL [15]

1

10 

100

11.28

9.045

6.007

3. 594

1.757

0.813

0.395

0.101

11.46

9. 167

5.998

3.616

1.752

0.984

0.987

1.002

0.994 

1.003

0.994

0.990 

0.990 i

104

105io5 

106

107

I
i

0.818

0.399

0.102

i - -�I
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Despite the proximity of the set of calculation results, there
may still be doubt owing to tha fact that some data are the same.

If one wishes to improve the data further, with the tables in
the Annex [16] it is possible to identify the data to which the
residual heat is most sensitive arnd hence those for which an im-
provement in accuracy would be most beneficial.

For the residual heat problems associated with reactor opera-
tion the most important data are the following (in order of import-
ance ) 

- The effective energies emitted per decay event: Q - E;

- The yields; and

- The half-lives.

The error in the residual heat due to the uncertainties asso-
ciated with the energies (Q-Ev) derives essentially - for short
cooling times (< 102 s) - from the fact that beta spectra of many
nuclides with short half-lives are unknown. The contribution of
these nuclides is indicated in Table XI.

Table XI - CONTRIBUTION OP NUCLIDES WITH UNKNOWN BTA SPECTRUM

N

TO THE RESIDUAL HEAT (%) (irradiation 900 days)

cooling tirn 233U 235 239 35U 239p

ool tthermal thermal thermalt* fast fast

1. 19.6 26.6 26.4 25.3 23.8

10. 15.0 19.8 20.7 19.1 18. 8

100. 5. 2 6.6 8.7 6.7 7.9

103 o0.8 0.9 1.6 0.9 1.5

104 1.2 1.1 1 2 1.2 1.3

105 2.8 2 5 24 2.6 2.6

106 4.1 3.7 3.6 3.9 3.8

107 1 1.2 1.0 0.8 1.1 0.8

108 0. 0. 0. 0. 0.
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It can be seen thp+ nlclides wi+h unknown beta spectrum contri-
bute to the residual heat in almost the same way in the five cases,
and especially for t < 100 s.

The uncertainty associated with the energy E = Q - E emitted
per decay for one of these nuclides is assumed to be (see section

4.4):

A - 0.2 + AQ

E Q

If all the uncertainties were in the same direction and taking
=Q = 15%, which is pessimistic, the error associated with the resi-

d.al heat would be about 9% at 1 second, 7% at 10 s and 3% at 100 s.
In reality, as the uncertainties are independent and the number of
nuclides contributing to the residual heat in a short time is large,

the estimated errors are much less: on average 1.7% at 1 second,
1.6% at 10 s and 1.3% at 100 s. Among the nuclides with unknown
spectrum, the following are the most important:

8 8 ,89Br 95,96Sr 96y, 100zr 10 2 nb. 1 0 3 ,10 4 ,10 5Mo, 1 0 5 ,10 7 Tc,

135Te, 137,138I, 141,42Cs, 143,14Ba and 1 4 4 ,145,146La.

An accuracy of 30%, in F = Q - Ev is sufficient for these nuclides.

For longer cooling times most of the contributing nuclides have
a known beta spectrum, therefore, the error is due above all to the.
uncertainty i. the calculation of EV, assumed to be + 5,', especially
when Ev is a large fraction of Q.

In all cases considered for t > 105 s the nuclides responsible

for most of the error are: g'9Srt 9qO~, 91y, 1 40 La, 1 43pr and
144pr to which 106Rh must be added in the case of 2 3 9 Pu.

For t =106 s, 141Ce - the beta spectrum of which is unknown -
also exerts an influence.

For these nuclides, it would be useful to have values for
E = Q - Ev with an uncertainty of 5-10%0

The error due to the uncertainty associated with the yields is
relatively small. For 2 3 5 TJ thermal fission, the error from yields is

< 0.5%; it is of the order of 1% for the other cases except 239Pu

fast fission, where it reaches 3% for t > 106 s because of the uncertain-

ty associated with the 106 chain yield.

In order that one may appreciate the indirect effect of an improve-

ment in the accuracy of the chain yields, the chain yield errors have
been systematically divided by 2. The independent yields and their

errors are unchanged, but the negative correlations along a. chain are

thus strengthened.. Table XII shows the resulting reduction in the

error from yields.
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Table XII - REDUCTION IN THE ERRuR FROM YIELDSS WHEM THE

ERRORS IN THE CHAIN YIELDS ARE DIVIDED BY 2

(irradiation 900 days)

cooling time 233U 235U 2391 P 235U 239pu
(see) thermal thermal thermal fast fast

1. 0.95 0.96 0.89 0.95 0.91

10. o 091 0.95 0.86 i .92 0.88

100. 0. 83 0.84 0.76 0.82 0.79

103 0. 84 0.77 0.75 0.81 0.78

104 0.75 0.74 . 63 0.74 0.74

105 O. 60 0.76 o ,060 0.64 0.69

106 0.52 0.78 0.52 0.56 0.52

107 1 0.51 0.63 0.| 0 54 0.51

108 0.52 o 67 . 5t1 0.54 0.52

-a-----~~~ ~ o.---a 52~-aw~

\

The error reduction is small for t < TO4 s as the nuclides which
play a role in the residual heat are at the head of the chain; the
uncertainties in their independent yields are therefore the determi-
ning ones and an improvement in the accuracy of the chain yields does
not make much difference.

On the other hand, the more the cooling time increases, the more
the nuolides which count are at the end of the chain; an improvement
by a factor of 0.5 in the accuracy of the chain yields is therefore
reflected directly in a decrease of the residual heat error from yields
(a factor of 0.5 for t > 106 s). It should be noted that, in the
case of 2 35u thermal fission, for which the independent yields are
better known, the gain in precision is less.

Concluding the question of yields, it would appear therefore that,
if the uncertainties evaluated by Meek and Rider are realistic, no new
demand is justified. it is desirable therefore that the uncertainties
be confirmed, on one hand for the independent yields of the nuolides at
the head of a chain which contribute to the residual heat for t ( 104 s
(see table in Annex [161) and on the other for the haLn ield for the
nuclides which contribute to the residual heat for t > 104 s.
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As regards the hal.-3ivpn the error introduced by the asso-
ciated uncertainties is of the order of 0.5%, so that the present
data are adequate.
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FIGURE CAPTIONS

FIGURE 1 -

FIGURE 2 -

2 3 3U Thermal Fission - Decay Heat Error Estimate -

Irradiation 900 days, 0=0

2 3 5U Thermal Fission - Decay Heat Error Estimate -

Irradiation 900 day, 0=

23 9pu Thermal Fission - Decay Heat Error Estimate -

Irradiation 900 days, =0o

235U Fast Fission - Decay Heat Error Estimate -

Irradiation 900 days, O=0

239pu Fast Fission - Decay Heat Error Estimate -

Irradiation 900 days, 0=0

Decay Heat Prom a Fission Burst - 235U Thermal Fission -

j

FIGURE 6 -
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Review Paper 5

NEEDS AND ACCURACY REQUIREMENTS FOR
FISSION PRODUCT NUCLEAR DATA IN THE OUT-OF-PILE FUEL CYCLE

H.A.C. McKay
Chemical Technology Division, AERE, Harwell, UK

ABSTRACT

Both the conventional fuel cycles and a variety of alternative
fuel cycles are outlined. The assessment of FPND requirements made
at Bologna for the conventional cycles is confirmed in general, but
cooling times of less than 6 months for FBR's are now regarded as
unrealistic, so that certain FPND are no longer required for fuel
cycle purposes. A preliminary assessment has been made of additional
FPND requirements for alternative fuel cycles.

Particular topics discussed include:

- Decay heat calculations, for which the decay energies of
89Sr, 137os, 141Ce and 144Pr are in doubt.

- Radiation from spent fuel elements.

- Fission yields of , 129I, 95Zr/Nb, 103Ru, Ru/Rh, and
stable and long-lived Mo, Tc and Pd, for all of which an accuracy
of at least + 10% is desirable for striking a mass-balance in
reactors and reprocessing plants.

- The 3Cs (ny) cross-section, required in connection with
burn-up measurements.

Introduction

At the Bologna meeting on Fission Product Nuclear Data (FPND) in
1973, there was a paper by E. Merz and M. Laser [l] on the importance
of FPND for fuel handling. Since they interpreted fuel handling as
"fuel storage and transport, reprocessing and refabrication, as well
as possible isolation of actinide elements", it will be clear that
they aimed to cover essentially the same ground as the present review.
Their paper did not discuss waste management, since this was included
in the review of the environmental significance of FPND, though they
did themselves make a contribution on this topic [2], which was pub-
lished in the Bologna proceedings. At the present meeting, waste
management is again listed among the subjects to be dealt with in the
environmental review, but obviously cannot be entirely excluded from
discussion of fuel cycles.
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There seems little that needs modifying in what was presented at
Bologna, relevant to FPE) and conventional fuel cycles, except that
very short cooling times are no longer regarded as realistic for the
PFR (Fast Breeder Reactor). This and other points requiring further
consideration are dealt with below. Perhaps more important is to
outline the developments that are taking place in our ideas about the
fuel cycles themselves, and then to examine their significance for

PND.

In the four years since Bologna there has been an immense upsurge
in public concern about the nuclear industry. There is anxiety about
radioactive pollution, about proliferation of nuclear weapons, and

about terrorist theft of fissile material. Anti-nuclear demonstrations,
President Carter's nuclear policy, and the Windscale inquiry, illustrate
different aspects of this concern.

There has as a result been a great ferment in the nuclear industry

itself. Existing fuel-cycle strategies are being questioned, and
alternatives are being proposed. Believing that nuclear power is the
only hope of averting a world energy famine, those in the industry are
making considerable endeavours to minimize the potential hazards., It
is therefore an appropriate time to review the stores of information,
including FPND, required for fuel cycle assessments.

Conventional Fuel Cycle

The title given for this review speaks of "the out-of-pile fuel cycle"

in the singular, as if there was only one such cycle. Presumably it was the

conventional U/Pu cycle involving thermal reactors that was intended. This is

shown in outlne in Fig. 1. The reprc..essing plant here aims at a very high

degree of separation of U, Pu and FP's (with the trivalent actinides, Am, Cm

etc. accompanying the FP's), so as to provide:

(1) U that can be handled with no greater precautions than are needed

for natural U, and can be fed to an enrichment (diffusion) plant.

(2) Pu that can be handled through gloves.

(3) FP's in a form suitable for disposal.

This is customarily achieved by wet processing, involving especially solvent

extraction with tri-n-butyl phosphate (TBP); there is no reason at the present

time to consider any alternatives.

Besides the main FP waste stream there are of course further waste streams,

and those from the reprocessing plant especially are all contaminated in

varying degrees. They include the discarded fuel element cladding ("hulls"),

the FP insolubles from the dissolver, solvent wash wastes etc. (The FP

insolubles are the FP's in the insoluble residue left when irradiated oxide or

carbide fuel is dissolved in acid. They consist mainly of alloys of Mo, Tc,

Ru, Rh, and Pd.)
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Although Fig. 1 is described here as the conventional fuel cycle, the

complete cycle is only in small-scale operation anywhere in the world. Some

reactors use natural U, viz. the British and French Magnox reactors and the

Canadian CANDU reactors; in such cases there is no enrichment plant in the

cycle. In the CANDU case, the reprocessing plant is also missing, the spent

fuel being merely stored. For LWR (Light Water Reactor) fuel, enrichment is

necessary, but reprocessing can be dispensed with, the spent fuel again being

stored. In the U.S., whose power reactors are virtually all LWR's, there is

in fact a moratorium on commercial reprocessing and only in Europe does the

complete cycle function, and then only at low tonnages. However, both in

Europe and Japan plans are being made to operate the full cycle on a

substantial scale in a few years' time.

The dashed line in Fig. 1 represents a possible development of the

conventional cycle: re-cycling of Pu to thermal reactors, especially LWR's.

If and when FBR's are introduced, the cycle in Fig. 1 will be coupled

to a further cycle, in which its Pu and depleted U products are fabricated

into FBR fuel and blanket material. The conventional form of this further

cycle consists of fabrication plants for fuel and blanket, reactor, and

reprocessing plant; the Pu and U are completely separated in the reprocessing

plant and are totally recycled to the fabrication plants (Fig. 2), The Pu

after recycling through FBR's will become Loo active (through growth of 241Am)

to handle through gloves, so the fuel fabrication plant will have to operate

remotely.

A possible variation of Fig. 2 would have a separate reprocessing plant

for the blanket material.

Alternative Fuel Cycles

The foremost reason at the present time for considering alternatives to

the conventional cycles just described is to avoid the production of pure

fissile material, especially Pu, at any stage, which might lead to proliferation

of nuclear weapons or to thefts by terrorists. Other reasons are concerned

with economics, maximum exploitation of uranium, and reduction of potential

hazards.

First, there are alternatives which involve no major changes in the

reactors or their fuels. These include the so-called "throw-away' cycle in

which reprocessing is completely eliminated, the spent fuel being stored

indefinitely; and cycles with modified reprocessing that does not yield a

pure fissile material stream.
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There are three 'throw-away' cycle concepts:

(1) The existing cycle terminating with spent fuel storage, as already

practised in North America.

(2) The same cycle, but with much higher fuel burn-up to improve its

U usage. This might for instance be achieved by re-design of the fuel elements.

(3) The tandem cycle, in which a high burn-up is obtained by passing

the fuel through two reactors in succession. The chief opportunity for this

lies with LWR's followed by CANDU's. The option is only attractive if the

irradiated fuel elements can be transferred from one reactor to the other

without alteration.

There are two principal ways in which reprocessing could be modified to

avoid producing pure Pu:

(1) Co-processing, yielding a mixed U/Pu product instead of separate

U and Pu streams. Either a single U/Pu stream, or a pure U stream and a U/Pu

stream, could be produced.

(2) Incomplete decontamination of Pu, or mixed U/Pu, from PP's.

Either or both of these concepts might be introduced to simplify

reprocessing and/or to render the Pu less attractive to terrorists. They might

complicate fuel refabrication, but might b-i acceptable in certain circumstances,

e.g. if remote fabrication were necessary for other reasons, such as. the

problem of handling recycled Pu from FBR's.

Secondly, there are various ways of modifying the reactors and their fuels,

or using different reactor types, usually with the aim of extracting more energy

from the U before it is discarded, and so making the "throw-away" option more

attractive. Here there are three broad possibilities:

(1) Use of heavy instead of light water. It is the improved neutron

economy so achieved that enables CANDU to use U about 50% more efficiently

than an LWR. A similar benefit can be achieved by modifying LWR's to operate

with a light/heavy water mixture, and changing the ratio as'the fuel burns (the

"spectral-shift reactor").

(2) Use of the Th/U cycle. There are many possibilities, all tending to

economise U, which can be divided into two main groups:

(a) Use in existing reactor types. LWR's, CANDU's and

AGR's (Advanced Gas-cooled Reactors) can in principle

operate with a Th/2 35 U mixture, or even with a Th/Pu mixture.

An FBR might similarly have a Th blanket, and breed 2 3 3 U

instead of Pu.
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(b) Use in specially-designed reactors. The main contenders are

HTR's (High Temperature Reactors), which can operate on a

"throw-away" cycle.

(3) Use of homogeneous reactors. The fuel itself circulates outside

the core through heat exchangers and a clean-up circuit to remove FP's. Pure

fissile material need not appear at any point in the fuel cycle.

This is not the place to discuss the relative merits of these alternatives,

but only to draw attention to their needs for FPND.

FP Behaviour

In conventional U/Pu fuel cycles, spent fuel discharged from the reactor

is stored at the reactor site; transported to the reprocessing plant; stored

for a further period; and then reprocessed. The U and Pu products of

reprocessing are stored, and may then be routed to fuel fabrication plants or,

in the case of U, to an enrichment plant.

Up to the reprocessing stage, the totality of the FP's are present, with

minor exceptions, but after that, separations occur. The majority of the FP's

go into the high-level waste (HLW), but other plant streams may contain

particular FP's:

Table 1 - Radioactive FP's in Reprocess.ng
Plant Streams

Stream
Radioactive FP's which

may be present

Off-gases

Zircaloy hulls

SS hulls

FP insolubles

High-level waste

Medium- and low-level wastes

U and Pu products

Fuel pond storage water

3, 8 5 r, 125S, 129I, 1311

3H, traces of all FP's

Traces of all FP's

9 5Zr/Nb (traces), 99Tc, 10 3Ru, 10 6Ru/Rh, 1 0 7Pd

All non-volatile FP's

3H, 9 5Zr/Nb, 1 0 3Ru, 1 0 6 Ru/Rh

9 5Zr/Nb, 9 9Tc, 103Ru, 1 0 6 Ru/Rh

Sr, 90 Sr/Y, 10 3Ru, 106Ru/Rh, 1 3 4C, 137Cs/B a

Inactive isotopes of the elements mentioned will, of course, also be present

in the plant streams, and also stable Xe in the off-gases, and stable Mo in

the FP insolubles.
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Merz and Laser [1] suggested that shorter cooling times down to a month

might be adopted .or FBR's and that a furt er range of FP's with half-lives

generally of a few days might therefore have to be considered. The consensus

among reprocessing chemists is now, however, that cooling times of less than

6 months are unrealistic.

The situation just outlined would remain qualitatively the same in many

respects in the alternative strategies. Exceptions are:

(1) If there is no reprocessing the FP's remain with the spent fuel,

apart from small leakages of volatiles to the gas phase, and of soluble

species, particularly 3Cs, to the fuel pond water.

(2) There are additional complications in the r'n/U cycle, e.g. a Pa

removal step in reprocessing, when some of the FP's may accompany the Pa.

(3) There is a totally different situation with homogeneous reactors,

requiring detailed consideration in each partiuclar case.

Quantitatively, of course, there would be many differences between

strategies. Particularly significant may be the strategies involving very

high fuel burn-up, when the FP composition will be considerably modified.

General Connents on FPND Requirements

FPND requirements fall into three categories:

(1) Requirements related to the radi activity of the toal FP mixture,

or at least to the non-volatile fraction of the maxture. The principal effects

which arise in this context are shielding, radiolysis, and decay heating. They

have to be considered during storage and transport of spent fuel; in the head-

end stages of reprocessing; and in storage or disposal of the [LW.

(2) Requirements related to the radioactivity of individual FPIs,

including those listed in Table 1. Here again there are shielding and

radiolysis problems, though not in most cases decay heating problems, and in

addition individual FP's cause handling and disposal problems for the

materials listed in Table 1. All such problems are largely eliminated in

throw-away fuel cycles, though it may still be necessary to consider the

behaviour of individual volatile and leachable species.

(3) Requirements related to the total quantities (stable plus radioactive)

of individual fission products. Here the problems are mainly chemical in

nature, and arise in connection wifth the metallurgy and chemistry of the

discharged fuel; the off-gases, the FP insolublea; and the HLW.

The FPND accuracy requirements for fuel cycle purposes are less severe

than in other connections, and broadly speaking existing data are adequate,
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as Merz and Laser [1] indicated at Bologna. They stated that the total decay

heat should be known to + 5%, and it can be agreed that this is the most crucial

feature. Otherwise, for longer-lived r dioactive species (say with half-lives

> 5 days) they suggested an accuracy of + 5% to + 10%, and for shorter-lived

species, of + 10% to + 20%. Although these are somewhat vague statements,

they can generally be accepted as adequate, because there is so little strigency

in most of the requirements. Indeed for many purposes, uncertainties amounting

to a factor of 2 are tolerable. A further reason for accepting relatively

low accuracies is that uncertainties in irradiation histories, chemical

behaviour, etc. under practical conditions are frequently more important than

errors due to inaccurate FPND.

It should be noted that fission yield data are sometimes required for

minor actinide species, such as 236U, 237Np, 241Am etc., which can on occasion

make a significant contribution to the total yields of some FP's. These

contributions will be particularly important in very high burn-up fuel cycles,

and of course in nuclear incineration to destroy the minor actinides by

recycling them to reactors. The accuracy required obviously depends on the

magnitude of the contributions in relation to those from the major actinides.

Usually only low accuracy is necessary, but in some circumstances the accuracy

needs to be as high as Merz and Laser proposed for FP arisings from the major

actinides.

Decay Heat Calculations

Only for 89Sr, 1 37Cs, 1 4 1 Ce, and '44Pr among the longer-lived FP's are

the discrepancies between different calculations of the decay heat contributions

greater than + 5% [3], and this is broadly speaking encouraging, since the

consequent discrepancies in the total decay heat will generally be much less

than + 5%. It should be noted, however, that 1Pr is a major contributor at

100 days cooling. The discrepancies appear to arise from the values recorded

in different libraries for the mean B-energies and, in the case of 4 1 Ce, also

from that for the mean y-energy. The uncertainties moreover suggest the

possibility that the absolute errors in the values in the libraries may be

larger than supposed.

The + 5% accuracy requirement applies principally to interim storage

and transport of spent fuel before reprocessing, transport being probably the

more critical. It is important to optimise transport conditions, in view of

the costs involved, and the decay heat plays a significant part in this.

Handling and shearing (or other treatment) of the fuel in the head-end

of the plant is another critical area as regards heat evolution, especially

for FBR fuel. The problems are difficult to assess, so that large safety
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margins must be provided) in these circumst.-nces + 10% accuracy in calculating

the decay heat me be regarded as adequate

Similarly, * 10% may be sufficient accuracy in assessing the decay heat

from the FP insolubles, due principally to 1 0 3Ru and 1 06 Ru/Rh [4]. The question

is important, especially in FBR reprocessing, because several kilowatts of

heat may be evolved from a small mass of material in a single day's throughput

of a typical FBR reprocessing plant.

Decay heats are also required in connection. with very long-term storage

and disposal, whether of untreated spent fuel or of vitrified HLW. Initially

such material will be provided with cooling, but eventually it may be

transferred to a permanent repository without special cooling. The dominant

FP's at this stage will be 9 0 Sr/Y and 13 7 Cs/Ba, whose FPND are well-known,

so no particular difficulties are expected.

Radiation from Spent Fuel Elements

Large quantities of spent fuel elements will be available in future,

especially if "throw-away" fuel cycles are adopted, The question of whether

these might be employed as radiation sources has recently been considered by

D.F. Sangster [5]. Their use would involve detailed information on the y-

energies emitted as a function of time} existing FPND are probably satisfactory

for this purpose, though this would need investigation. However, Sangster

concludes against spent fuel elements beccring a major source of radiation

for processing.

Yields'of Particular FP's

Tritium. Tritium fission yield measurements have been reviewed by

J.G. Cuninghame [6] and by E.A.C. Crouch [7]. The measurements may be made

by chemical means (isolation and counting of the tritium) or physical

(counting the energetic light particles from a thin source subject to fission).

The latter give the 3 E/ 4 He ratio, and the value for the tritium yield depends

on the value taken for the "Re yield. The "He yields, however, do not appear

to be well-established.

For thermal neutron fission of 235U, the weighted mean of 6 published

'themica/!' measurements is

0.89 + 0.04 tritons per 104 fissions,

while a provisional unpublished measurement by Crouch gives 0.92 tritons per

104 fissions. The "physical" measurements depend on assumed values tor the

4He yield, which appear to be underestimated by the technique used; a factor

of 1.6 is needed to bring them into line with the "chemical" results.

For fast neutron fission of 2 35U there is only one set of published
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results, from which the authors propose a value of

2.0 + 0.2 tritons per 104 fissions

over the range 0.17-0.70 MeV, but the results show considerable scatter. Both

"chemical" and "physical" methods were used, and appear to be in agreement

without the introduction of the 1.6 factor required at thermal energies.

Only thermal fission has been investigated for 239Pu and 233U, and only

"physical" measurements have been made for 239Pu. Applying the 1.6 factor

to the mean of 4 "physical measurements for the thermal neutron fission

of 2 3 9Pu, we obtain

1.02 + 0.07 tritons per 104 fissions

but this value cannot be regarded as well established.

For thermal fission of 233U, Cuninghame r6W quotes one "chemical"

measurement (0.91 + 0.06) and 2 "physical" measurements (mean = 0.98),

but inadvertently indicates all 3 as "physical". If the factor 1.6 is

applied to the "physical" results, a value of 0.61 is obtained. It is

difficult to recommend a value from this evidence, but

0.8 tritons per 104 fissions

may be suggested.

For thermal reactors, so long as fission is principally in 235U, tritium

production by fission can be calculated to within + 5%. As burn-up increases,

and a significant proportion of the fissions are in 2 39 Pu, the uncertainties

become larger. + 5% is sufficient for striking a mass-balance between

tritium production and tritiuiL appearing in different plant streams; and amply

sufficient for environmental purposes, when results are not required to better

than + 20% [8].

For fast reactors, for thermal reactors with Pu recycling, and for reactors

using the Th/U cycle, the data are clearly altogether inadequate. On the basis

of the fast neutron data for 2 35U it is often assumed that all the Pu isotopes

yield 2 to 3 tritons per 104 fast neutron fissions, but this is guesswork,

since there is no theory to indicate how the yield varies with nuclear

properties and neutron energy.

Measurements are in progress by Crouch at AERE, Harwell for thermal

fission in 235U and 239Pu, and for fast fission in 235U, 238U, 239pu, and 241Pu.

Iodine 129. One other volatile FP, 1291, may be mentioned. For

environmental purposes its yield may be required to + 20%, in order to make

due allowance for the effect of isotope dilution by natural 127I, while + 10%

is desirable for mass-balance calculations [8].
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Zirconium and ruthenium. 9 5 Zr/Nb, 1 0 3Ru, and 1
06Ru/Rh are a major

preoccupation of reprocessing chemists, as.Table 1 shows. After the first

solvent extraction contactor, they are the -nly significant FP's remaining

with the U/Pu stream(s), and their removal is a principal objective of the

later parts of the plant. It is therefore desirable to know the quantities of

these species produced in the fuel. For flowsheeting purposes, an accuracy.of

a factor of 2 is generally sufficient, though if a mass-balance is to be

struck, + 10% is indicated [8].

In some connections the yield of the stable as well as the radioactive

Zr and Ru species are required. This applies in the production of FP insolubles,

and in the precipitation of Zr compounds, e.g. from the HLW; an accuracy of

+ 10% is desirable.

Other species significant in reprocessing. Besides volatile species,

Zr, and Ru, the FP's requiring special consideration in reprocessing include

Mo, To, and Pd. All three occur in the FP insolubles, and Mo is also often

an important constituent of precipitates in the HLW. Stable as well as

radioactive species must be considered. An accuracy of + 10% in the yields

is again desirable [8].

The 1 3 4Cs/ 1 3 7Cs ratio. Since 1 3 Cs is a second-order product formed

by neutron-capture in the FP 1 33Cs, and 1 3 7 s is a first-order product, the

ratio of the quantities of the two isotopes is to a first approximation

proportional to burn-up, and the ratio is therefore used for burn-up measurements.

However, the value of the ratio for dissoived MagnOx fuel, as measured by

A.J. Fudge .[9], was only about half the calculated value. He has also observed

considerable variations in the ratio for different fast reactor fuel specimens,

after allowing for the different burn-ups. He believes that the source of

the discrepancies is the cross-sections used for the 13 3 Cs(ny) reaction.. There

is a large resonance in the epithermal region, and this could lead to errors in

the three-group averaging used in the calculations. The 134Cs/1 3 7Cs ratio is

a function not only of the burn-up, but also of the hardness of the neutron

flux, and accurate knowledge of the 1 3Cs(ny) cross-section is required to make

the necessary corrections. It seems that the ratio can be used satisfactorily

to determine burn-up in thermal reactors, provided the method is first

calibrated under the conditions concerned, but not at present in fast reactors.

The 134Cs/ 1 3 7Cs ratio is also of significance in connection with the

shielding requirements for radiocaesiu.. For large sources (say > 1 kCi) 0.5 cm

extra of lead shielding is needed for each factor of 2 in the ratio; this is

because 13Cs emits a proportion of rather hard y-rays. However, there is no

longer much interest in large radiocaesium sources, radiocobalt being preferred.

For nuclear fuel cooling pond water, 137Cs dominates the picture, and the

small proportion of 134Cs can be neglected so far as radiological effects are
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concerned.

FPND and Alternative Fuel Cycles

Some of the consequences of introducing alternative fuel cycles have

already been mentioned. Additional comments follow.

Effect of very high burn-up. Several of the alternative fuel cycles

envisage very high burn-up. The effect of this on FP composition does not

appear to have been closely studied, but it is desirable that it should be,

to identify resultant FPND needs. Among the possibilities are requirements

for more accurate cross-section data on radioactive FP's of medium half-life,

and fission yield data for the higher actinides, which may, as already noted,

begin to make significant contributions to the total FP yields. It may also

- be important to define the chemical composition of the highly burned-up fuel

with some precision, and this may give rise to requirements for accurate

calculations of the yield of different FP elements.

Effect of introducing the Th/U cycle. When the Th/U cycle is employed,

data for 233U fission constitute an additional requirement.

Use of homogeneous reactors. In the operation of a homogeneous reactor

it is necessary to consider the behaviour of a number of short-lived FP's in the

FP clean-up loop, in the core cover gas etc. However, such items should be

regarded as part of the reactor itself, rather than the out-of-pile fuel cycle.

The same applies, of course, to the behaviour of FP's in the fluid fuel itself,

e.g. their precipitation. Major processing of the fuel, would, so far as

possible, be carried out similarly to conventional reprocessing, and would not

then introduce any novel FPND requirements; however this would need study in

relation to specific homogeneous reactor proposals.
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ABSTRACT

The needs and accuracy requirements for fission product nuclear
data (FPND) important to burnup measurements, neutron dosimetry, and
safeguards have been reviewed. For burnup, the most pressing needs
are for more accurate fission yields and a knowledge of the change
in yields with neutron energy. For neutron dosimetry, improvements
in certain fission yields and decay schemes are required. The needs
for improved FPND for safeguards are not well defined. Until a firm
plan for safeguarding nuclear materials is implemented and the exact
data of interest are stated, current requests for improved FPND are
assigned a lower priority than those for burnup, neutron dosimetry,
and reactor physics.

1. INTRODUCTION

This review paper presents the needs and accuracy requirements

for fission product nuclear data (FPND) important to the fields of burn-

up analysis, neutron dosimetry, and nuclear safeguards. These subjects

have been combined into a single review because they are becoming highly

correlated with respect to the use of the results and the require-

ments for similar data and accuracies.

This review is a follow-up to that presented at the Panel on FPND,

which was held in Bologna, Italy in 1973[1]. Therefore, much of the

introductory material presented at the Bologna meeting has been omitted.

Of primary concern, in this review, is the listing of prior FPND re-

quirements which still have not been satisfied, updated requirements,

especially with respect to increased accuracy needs, and new require-

ments which have surfaced in the interim.
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2. FPND REQUIPHMENTS FOR BURNUP MEASUPtMEHTS

2..1 Uses of Burnup Data

In order to formulate the requirements of precision and accuracy

as related to the measurement of burnup, it is first necessary to identi-

fy the uses to which the final results will be put. Listed below are

many uses of burnup data. While this list may not be all inclusive,

it does indicate the wide variety of uses to which burnup data are put.

BU-1, Measurement of the integrated number of fissions.

BU-2, Measurement of the integrated individual sources of fission.

BU-3, Determination of the energy release per unit mass or vol-

ume of fuel.

BU-4, Determination of the fission rate, integrated and terminal.

BU-5, Correlation of fuel temperature with fuel melting and

fission gas retention.

BU-6, Decay heat calculations as related to nuclear safety

considerations.

BU-7, Shielding, coolant requirements, and transportation

calculations.

BU-8, Estimation of radiolysis and solvent damage in fuel pro-

cessing facilities.

BU-9, 'Waste Management studies.

BU-10, Verification of nuclear physics reactor prediction codes.

BU-11, Calculation of residual fuel content and reactivity.

BU-12, Contractual agreements for fissionable and fissile element

content in the reprocessing of fuel.

BU-13, Calibration of non-destructive burnup analysis techniques.

Burnup can be defined in several ways, depending upon the user

and his needs. To avoid confusion, in this review, burnup will always

mean:

Burnup Atm f n number of fission X 100
initial number of total heavy elements atoms

This definition relates directly the number of events of interest,

fissions, to the quantity of most interest, the number of fissionable

and fertile atoms in the fuel at the beginning of the irradiation.
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2.2 Measurement of Butnup

Before discussing the needs and accuracy requirements for the

determination of burnup, it might be well to briefly review the meas-

urement techniques and sources of error associated with a burnup

analysis.

In Review Paper No. 5 (RP-5), presented at the Bologna Conference[ 2]

the various methods, both destructive and non-destructive, for the

determination of nuclear fuel burnup, were discussed. Of these, the

most accurate and widely applicable is the fission product monitor-

residual heavy atom technique. In this method, the fuel-specimen is

dissolved and the fission product monitor and heavy atoms are determined.

Burnup is computed from the relationship

A/Y
Burnup = a/oF = 100 -A/

where a/oF = atom percent fission

A/Y = number of fission,in which A is the determined atoms of

the fission product monitor nuclide, and Y is the effec-

tive fractional fission yield of A

H = determined number of residual heavy atoms.

The successful application of this technique requires accurate

measurements of the fission product monitor and heavy atoms and an

accurate value for the effective fission yield. The most accurate

technique for the measurement of the fission product monitor and the

heavy elements is isotope dilution mass spectrometry. Currently,

errors of %0.5% on the measurement of 14 8Nd atoms and '0.2% for uran-

ium and plutonium are achievable on a semi-routine basis using highly

qualified individuals. Thus, the propagated uncertainty associated

with the measurements is less than 1% relative. The dominant error

in the final burnup value lies with the value for the effective fission

yield. To attain an uncertainty in the final burnup value of 1.5-2.0%

relative, requires that the uncertainty in the effective fission yield

be in the range of 1-1.5% relative.

The interplay of the random and systematic errors in the measure-

ments and the error associated with the value for the fission yields
(2]

was discussed in some detail in RP-5 of the Bologna Conference.
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2.3 Selection of Fission Product Monitors

2.3.1. Thermal Fission

For many years, 148Nd has been considered as the near ideal

burnup monitor for thermal light water reactor fuels because 1) neo-

dymium possessed the desirable chemical characteristics and behavior,

both in the fuel and in solution, 2) its fission yield is essentially

identical for 235U and 2 3 9Pu thermal fission, and 3) it was believed

that 14 8Nd was not subject to extensive neutron capture corrections.
[21

In RP-5 at the Bologna Conference[ , it was suggested that a large,

then unknown thermal neutron capture cross section existed for lld-14 7 Nd,

which could give rise to an abnormally high amount of 148Nd, especially

in a high flux reactor. The result would be a high biased value for

the burnup. A recommendation of the Bologna Panel[l1 was that the 14 7Nd

thermal capture cross section should be measured. In 1974, Heck, Borner,

Pinston, and Rousille [ 3 reported a measured thermal neutron capture

cross section for 1 4 7Nd of 440±150b. In support of this high 14 7Nd

cross section, Table I gives data obtained in the reviewer's laboratory41

from a series of analyzed sample punchings from a single fuel plate

(93% enriched 2 3 5U) which had been irradiated in the core of the high-

flux Advanced Test Reactor in Idaho. Also given in Table II is the

isotopic abundance of 1 48Nd obtained from a separate sample irradiated

in a lower flux for a shorter period of time. That the 148Nd relative

atom abundance increases with flux and burnup is evident.

TABLE I

MEASURED 148Nd ATOM FRACTION ABUNDANCE FOR
INCREASING NEUTRON FLUX

148Nd Atom Fraction
Flux, n/cm /seca Burnup Abundance

0.56x101 4 8.8 0.09186

ATR 1.40x1014 20.1 0.09476
FUEL
PLATE 2.08x1014 28.2 0.09748

3.54x10 14 42.4 0.1029

0.2x101 4 '1 0.08079

aIncludes thermal and resonance.
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The impact of this high 14 7Nd cross section is two-fold. First,

it may mean that previously measureT 14 8Nd atom abundances, and hence,

fission yields may be too high compared to the instantaneous values.

In another publication relative to this subject[4, this reviewer has

suggested that the fission yield for 14 8Nd from 23 5U thermal fission

may be %1.65% rather than 1.68%. This subject is discussed in more

detail by J. G. Cuninghame RP-10 at this conference.

The second impact relates to the measurement of the number of

fissions and burnup where 14 8Nd is used as the fission monitor. It

is now believed that some of the reported data for the number of fissions

and, hence burnup, are biased high. That is, the reported number of

fissions exceeded the actual number of fissions because of excess 148Nd

being produced from capture on 14 7Nd. The magnitude of this error is

a function of the flux and fluence.

To provide the analytical chemist who invariably measures and re-

ports the number of fissions, and the user who evaluates the data, with

a guide as to the magnitude of the corrections involved, the excess

14 8Nd produced by capture on 14 7Nd has been calculated as a function

of neutron flux and fluence. These results given in Figure 1 are for

the following conditions: 14 7Nd oc =450 b, 14 8Nd oc = 2.5 b, 2 35 U of =

580 b, 147/_48 fission yield ratio f 1.34, and contiruous neutron ex-

posure. These data (Figure 1) indicate corrections ranging from a few

percent for power reactor fuels to 20% or more for high flux irradi-

ations. The latter is especially significant for constant prolonged

high flux irradiations, which could be the case for experimental fuel

development and clad failure studies. The reader is cautioned that

Figure 1 is only a guide because the resonance capture cross section

is unknown and a significant fraction of reactor down time will reduce

the magnitude of the capture effect.

For burnup analyses on highly enriched fuies where there is only

one major source of fission,2 35U or 2 3 9Pu, it is recommended that the

sum of 1 4 5Nd + 14 6Nd bh used to obtain the most nearly correct value

for the number of fissions [4 . Although 14 5Nd has a significant capture

cross section (%50 b), the 1 4 5Nd production cross section from 14 4Ce

and 14 4Nd is small (%3 b) and approximately equivalent to the burnout

cross section on 1 46Nd. For the data given in Table I, the measured
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Fig. 1 Effect of Neutron Flux and Fluence
on Measured Abundance of 1 48Nd

atom ratio of 1 4 5Nd + 14 6Nd to the sum of the total neodymium atoms

was constant within 1X relative over the flux range of the five samples.

For low enrichment, moderate-flux power reactor fuels, the correc-

tion for neutron capture on 14 7Nd is small (generally 2-5%). Unfortun-

ately, the 1 4 5Nd + 1 46Nd summing technique discussed above for single

source fissioning fuels is not applicable because the fission yields

of 14 5Nd and 1 46Nd for 2 3 5U and 2 39Pu are different. Therefore, when

14 8Nd is used as the fission monitor, the requester should provide

to the measurer an estimate of the neutron flux and irradiation history
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especially with respect to reactor up and down time such that the

appropriate correction factor can be calculated. The reactor cycling

time could be important if the down times were frequent and the dura-

tions significant cunpa£ta Lu ciee li-d hali-lire of 147Nd. The frac-

tion of down time will reduce the magnitude of the correction.

For thermal reactor fuels in which 233U and 23 5U are the principal

sources of fission, 1 4 0Ce appears more suitable as a fission monitor than

any of the isotopes of neodymium. Cerium retains the desirable chemical

properties of neodymium and the fission yield for mass 140 is essen-

tially the same (@6.35%) for 2 3 3U and 2 3 5U thermal fission. The major

deterrent to the use of 1 4 0Ce is that the mass spectrometric measure-

ment is less precise than that for neodymium because it is more diffi-

cult to correct for natural contamination.

2.3.2 Fast Fission

For fast reactor fuels, the selection of an ideal fission monitor

is more complex than for thermal fuels. This results from 1) more widely

varying fuel compositions, 2) varying sources of fission, especially in

fuel development studies, and 3) until recently, the lack of reliable

fission yield data and a knowledge of the changes in the fission yields

with neutron energy. To fulfil the needs for burnup measurements on

fast reactor fuels, many laboratories have continued tc use l48Nd,

recognizing that in many abces it is not the ideal monitor.

This problem was recognized at the Bologna Conference 1 and one

of the major conclusions of that conference was the need for more accu-

rate fission yield data for a large number of the heavy nuclides.

Since that time we have reported [5 ,6] new absolute fast reactor

fission yields for 2 3 3U, 2 35U, 23 8U, 2 3 9Pu, and 2 41pu while continuing

to work on new yields for 2 40pu, 2 4 2pu, 24 1Am, and 2 3 7Np. The 23 Np

results will be available in September 1977 [7 , the 2 4 0Pu and 2 4 2Pu

yields early to mid 1978, and the 2 4 1Am data late, in 1978. These data

are from samples irradiated in the Experimental Breeder Reactor-II

(EBR-II) in a neutron spectrum characteristic of a large mixed-oxide

fueled LMFBR.
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To provide a mechanism to assist in the selection of burnup

monitors for fast reactor fuels, the fission yields for the isotopes

of Nd are given in Table II for 2 3 3U, 2 35 U, 238, 2 3 9pu, and 241pu

From these data, it is quite evident that the fission yield of 14 8Nd

is too variable to be used as a universal fission monitor, and that

other neodymium isotopes may be a more ideal monitor depending on the

sources of fission.

If it is assumed, for most fast reactor fuels that two nuclides

contribute the bulk of fissions ('90%), then the selection of the monitor

can be based on the difference in the individual fission yields between

the two major source of fission. To illustrate this, listed in Table III

directly below Table II, are the differences in the neodymium fission

yields for four different primary sources of fission. The percent dif-

ference in the individual fission yields was calculated by subtracting

the smaller of the two yields from the larger, dividing by the average

of the two yields, and multiplying by 100. From Table III, it is quite

evident that the monitor nuclide having the most identical yields, or

least affected by the different sources of fission,is variable and de-

pendent upon the primary sources of fission involved. For each case,

the promising monitor has been underlined. Three of the cases listed

in Table III are for experimental fuels with varying heavy element com-

position and one, the 2 3 9pu-2 4 1Pu couple, is applicable to a plutonium

fueled fast breeder. From these data, te use of 1 4 3Nd fo. a fission

monitor for plutonium fuels appears promising. For other mixtures of

isotopes, a similar approach is suggested.

To further evaluate the use of 1 4 3Nd as a burnup monitor for plu-

tonium fueled fast breeders, the effective 14 3Nd fission yield for

2 3 9Pu and 2 4 1Pu has been plotted versus the fractional sources of fission

from these two isotopes (Figure 2). For a reference point, it has been

assumed that in a fast breeder fueled with recycle plutonium, that the

ratio of 2 3 9pu fission to 2 4 1pu fission is %4 to 1. For this case, the

effective fission yield of 143Nd is 4.42%. The ±1% relative error lines

(Figure 2) placed about this value shows that it is applicable over

nearly any reasonable ratio of 2 39pu to 24 1Pu fission within this limit.

Also plotted on the right side of Figure 2 is the fast reactor yield

for 2 3 8U which can be expected to be the third largest source of fission
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TABLE II

YIELDS FOR THE NEODYMIUM ISOTOPES1 5 ' ]FAST REACTOR FISSION

Isotope

14 3Nd

44Nd

1 4 5 Nd

146Nd

14 8Nd

15 0Nd

E Nd-144

233 U

5.54

4.40

3.20

2.39

1.20

0.465

12.80

235

5.8

5.2

3.8

2.9

1.6

0.6

14.9

FISSIONING NUCLIDE

'U 2 38U
2 3 9pu

30 4.56 4.38

27 4.48 3.72

)3 3.76 3.01

)4 3.40 2.47

58 2.08 1.65

;72 1.25 0.982

32 15.05 12.49

2 4 1pu

4.60

4.20

3.27

2.74

1.91

1.19

13.71

TABLE III

FISSION YIELD DIFFERENCES FOR PRIMARY SOURCES OF FISSION

1 4 3 Nd

1 4 5 Nd

146Nd

14lNd

15 0Nd

E Nd-144

% Difference in Fission Yields for Two Sources of Fission

233U_235 U
2 3 3 U_ 2 3 9 pu 2 3 5 U_ 2 3 9 pu 2 3 9pU_ 2 4 1 pu

4.6 23.4 24.4 4.9

17.8 16.1 24.0 8.3

20.7 3.3 17.4 10.4

33.3 31.6 1.8 14.6

36.4 71.5 37.5 19.2

15.3 2.4 17.7 9.3
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Fig. 2. Effective Fast Reactor Fission Yields
for 143Nd as a Function of Source of Fission

if depleted uranium is used in the fuel. For this rather simple

evaluation, it has been further assumed that 10% of all of the fission

could arise from 2 38U. A recalculation of the 143Nd effective fission

yield for this case gives a value which still resides with the ±1%

error bars. For this more likely case, the isotope 143Nd and an effec-

tive fission yield of 4.43% is suggested for use in the measurement of

burnup.

It is recognized that at least three other factors must be con-

sidered in the use of 14 3Nd as a fission monitor for plutonium fuels.

First, are the fission yields of 2 4 0Pu and 2 4 2 u, second, is the effect

of. neutron energy on the 143Nd yield, and third, is the neutron capture

cross section of 14 3Nd.
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With regard to the fast reactor fission yields for 24 0Pu and 2 4 2pu,

preliminary yield data produced ii, the reviewer's laboratory, indicates

that the fissioning of these two nuclides will have little or no sig-

nificant effect on the effective 14 3Nd value of 4.43%, provided that

the number of fissions from these two sources does not exceed 5-7% of

the total. For both nuclides the yields for 1 4 3Nd appear to be slightly

larger than for 2 4 1pu (2 4 0Pu = 4.74%, and 24 2pu = %4.65%).

Thus, a firm FPND requirement for the selection of a burnup monitor

for plutonium fuels is a better knowledge of the neodymium fission

yields for 2 40pu and 2 4 2Pu fast fission.

The effect of neutron energy on the 14 3Nd fission yield for the

major sources of fission in plutonium fuel remains to be determined.

Based on the data available to this reviewer, the change in the 1 43Nd

yields with neutron energy for 2 3 9Pu fast fission is less than that for
23 5U fast fission; and for 2 4 1pu fast fission, less than that for 2 3 9pu.

For the range of neutron energies expected in large FBR cores, it

appears that the 143Nd fission yield for 2 3 9pu changes %2%. This value

must be better defined and is another request for improved FPND.

Determining the effect of neutron energy on fission yields is not

a simple matter, especially when the change is in the 1-5% range.

Attempts to determine the change in yields as a function of neutron

energy by comparing or plotting of reported literature yields versus

neutron energy will not produce the desired results, because most re-

ported yield data are biased as a result of systematic errors associ-

ated either with the measured number of atoms and/or the measured number

of fissions. This is especially true when the change in the yields with

neutron energy is small. Only by a comparison of the relative isotopic

abundances, which can be determined with'a high degree of reliability,

can a meaningful indication of the degree of change in a fission yield

with neutron energy be established. This point is most clearly shown

with an illustration. In the top portion of Figure 3, literature values

for 1 43Nd fission yields for 2 35U fast fission are plotted as a function

of the 15 0Nd/1 4 3Nd isotopic ratio, which has been shown to be correlated
[2]

with neutron energy . Because of the spread in these data, it is next

to impossible to make a definitive statement regarding the energy
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Isotope Composition as a Function of Neutron Energy

dependency of the 14 3Nd fission yield. Plotted in the lower portion of

Figure 3, are the relative 1 43Nd isotopic abundances for the same data.

These values which are not compounded with systematic errors in the

measurement of the number of 14 3Nd atoms nor in the number of fissions,

clearly show a decrease in the relative isotopic abundance of fission

product 14 3Nd with increasing neutron energy. The dashed error lines

are ±0.25% relative limits about a best line fit to the data. In the

reviewer's opinion, this is the preferred technique to determine if

significant change in the yields as a function of neutron energy can be

expected.

The major problem now remaining is the assignment of the correct

fission yields to these data. The correlation of yields with neutron

energy is a continuing effort in the reviewer's laboratory.
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For a typical LMFBR core, the capture cross section for 1 43Nd is

estimated to be \30n r[8] FoQr tlhi V.a!,e *-e amount of burnout of

14 3Nd is '1% at a burnup level of 10%. A correction of this amount is

on the border of being significant. Therefore it is requested that

the neutron capture cross section for 14 3Nd in a fast reactor be better

defined, preferably as a function of neutron energ. An accuracy of

±20% should be acceptable.

2.4 Accuracy Requirements for Burnup Measurements

In Section 2.1 of this review, the various uses of burnup data

were listed. The following is a discussion of the accuracy require-

ments for the various applications of burnup data and identification

of the FPND needs to achieve these accuracies. In this discussion,

the reference to BU-1, BU-9, etc., refer to the applications identified

in Section 2.1.

2.4.1 Measurement of the Total Number of Fissions (BU-1)

It is becoming increasing evident that for many applications,

burnup measurements are required with an accuracy of 1.5-2.0%. This

means that the yield of the fission product monitor nuclide used to

establish the number of fissions must be known to 1-1.5% relative.

For thermal fission, this accuracy requirement for fission yields applies

to 2 3 3U, 23 5u, 2 3 9pu, and 24 1Pu, and for fast fission to 235U, 2 3 9pu,

and 24 1Pu. Because 2 38U, 2 4 0Pu, and 2 4 2Pu generally contribute less

than 10% to the total number of fissions, the accuracy of the yield data

for these nuclides can be relaxed to 3-5% relative.

An accuracy requirement of 1.5-2,0% for a burnup measurement repre-

sents the practical limit of requests because it requires that the fission

yields be known to 1.0-1.5%. Based on years of experience in measuring

fission yields, it is essentially fruitless to expect to determine fis-

sion yields to better than 1%. Even to attain this level requires a

dedicated effort and a considerable expenditure of funds.

The major error component associated with the measurement of abso-

lute fission yields is generally the uncertainty associated with the

number of fissions. Techniques for the measurement of absolute fission

yields, and especially the number of fissions have recently been
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[9]
reviewed and is also a subject covered by Cunninghame in RP-10 of

this conference

Of equal importance to the requirement of accurate fission yields

to produce the desired accuracy for burnup data is a knowledge of the

degree of change in the fission yields with neutron energy. This point
[21

was strongly stressed at the Bologna conference , and in the opinion

of this reviewer, is still an important requirement. See Section 2.3

relative to the selection of burnup monitors.

2.4.2 Measurement of the Sources of Fission (BU-2)

A knowledge of the sources of fission in a fuel sample is im-

portant in the study of the fuel and cladding performance. For example,

in the study of fission gas release and retention, which is important

in fuel design, the source of the fission must be known to establish the

amount of fission gas retained in the fuel.

A commonly used technique to estimate the fractional sources of

fission is to measure the isotopic composition (either by mass spec-

trometry or gamma ray spectrometry) of selected fission products whose

fission yields are different for the different fissioning nuclides.

Fission products which are useful for differentiating the sources of

fission are the stable isotopes of krypton (mass 83, 84, and 86), ru-

thenium (mass 101, 102, and 104), neodymium (mass 143, 148, and 150),

samarium (mass 147, 149, 152, 154), and the radioactive isotopes, 106Ru

and 144Ce. The use of the neodymium and samarium isotopes is primarily

limited to fast reactor fuels. For example, if the neutron spectrum is

reasonably well known, the 143Nd/ 1 50Nd ratio is useful in differentiating

2 35U and 2 3 9Pu fissions.

To estimate the source of fission to ±5% requires that the fission

yield data be known to ±3%.

Krtil and coworkers have conducted extensive studies, both

experimental and theoretical, on low enrichment 2 35U metal fuels, rela-

tive to the determination of the total number of fissions and the source
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of fissions. These studies include both gamma ray spectrometric meas-

urements for 1 3 Cs, 1 3 7Cs, 14 4Ce, and I0 6Ru, and mass spectrometric

measurements of the neodymium isotopes.

2.4.3 Determination of the Energy Release Per Unit or Volume of

Fuel (BU-3)

The same fission yield acciracy requirement, 1.0-1.5% relative,

as specified for the determination of the total number of fission is

desired.

2.4.4 Determination of the Fission Rate, Integrated and Terminal (BU-4)

Fission rate estimations are made from the measured total number

of fissions, reactor power ratings, and calculations. The fission yield

accuracy requirements expressed in 2.4.1 are more than adequate for this

application of burnup data. Terminal rating calculations are based on

the measurement of the shorter lived fission product nuclides such as

140Ba/14 0La and 9 5Zr/95Nb. Fission yields and decay schemes for the

monitor nuclides are required to ±2% relative for the thermal and fast

fission for 2 3 5 U and 2 3 9pu.

2.4.5 Correlation of Fuel Temperature with Fuel Melting and Fission

Gas Retention (BU-5)

The evaluation of the temperature of the fuel during reactor

operation is an important use of burnup data. At the present time,

considerable conservatism must be designed into the fuel elements to

allow for gas release and fuel melting because of the uncertainties

in the knowledge of the fuel temperature. For example, a 5% increase

in the fission rate can result in a 30% increase in the degree of fuel

pellet radial melting and a 70% increase in the amount of gas release

near the melting temperature for a fuel
[10] At the present time,

uncertainties in the data required to convert the fission rate into

temperature are limiting. If these uncertainties can be overcome, the

requirement for accurate burnup and fission yield data may become

limiting. However, as has been pointed out previously, obtaining

fission yields to better than ±1% is highly unlikely.



'.4.6 Decay Heat Calculations (BU-6)

For decay heat calculations, the FPND requirements vary. For

fuel cooled several days, the fission yield accuracy requirements stated

In 2.4.1 are sufficient. However, for short cool times, 0-10,000 seconds,

the need is for independent yield data and accurate decay scheme data

for the shorter lived nuclides. This subject is discussed in consider-

able detail by Schenter in RP-15 at this conference.

2.4.7 Fuel Storage and Processing (BU-7,8)

Knowledge of burnup is important in the calculation of shielding

requirements, coolant requirements, transportation restrictions, solvent

radiolysis and solvent damage. The burnup and fission yield accuracy

requirements stated in Section 2.4.1 are probably more than adequate

for these applications. In fact, the accuracy of existing data is

probably sufficient.

2.4.8 Waste Management Studies (BU-9)

Although the FPND requirements for this area of study are not

too well defined at this time, burnup and fission yield data are re-

quired for calculating the fission product inventory of the fuel pro-

cessing plant waste. Existing fission yield and decay scheme data are

probably adequate for this application.

2.4.9 Verification of Reactor Physics Reactor Codes (BU-10)

A variety of calculational codes have been developed and are in

use for the prediction of burnup. Because the data being generated by

these codes are used in a wide variety of disciplines, ranging from

reactor design to safeguards, the need for an independent verification

of the results is great. The only true verification of the predicted

burnup is achieved by a destructive analysis for burnup on well charac-

terized fuel specimens. The data of greatest importance are the acti-

nide abundances, the total number of fissions, and the fractional

sources of fission. The FPND requirements discussed in Section 2.4.1

directly apply.
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2.4.10 Calculation of Residual Fuel Content and Reactivity (BU-11)

Burnup data provide the primary input for calculating the resid-

ual fissionable and fissile nuclide content of a fuel,and for estimating

the reactivity worth of the fuel. This information is important in

reactor operation and fuel development studies. The accuracy limits

specified in Section 2.4.1 are adequate.

2.4.11 Contractual Agreements Relative to the Fissionable and Fissile
Element Content of Spent Fuels (BU-12)

At one time, early in the development of commercial nuclear

power, one of the prime uses of burnup data was in the settlement of

contractual agreements. In the U.S. at least, the need for accurate

burnup data was largely based on this use. As more experience in

reactor operation and fuel utilization was gained, the need for highly

accurate burnup analyses has diminished. These agreements are now

almost entirely made and settled on the basis of reactor physics code

calculations and extensive measurements of burnup on dissolved fuel

solutions are seldom required. The FPND requirements for reactor physics

code calculations have been previously discussed (Section 2.4.9).

2.4.12 Calibration of Non-Destructive Burnup Analysis Techniques (BU-13)

Several different non-destructive analysis techniques have

been proposed, investigated, and used for the determination of
[2]

burnup . Of these, gamma ray scanning of irradiated fuel is the

most widely used. In the strict definition of burnup, these techniques

do not provide absolute burnup values,because the residual heavy atom

content of the fuel is not measured. The principal advantage of non-

destructive assay, especially gamma scanning is to provide a rapid

technique for the measurement of relative burnup or fission.

The preferred method for obtaining reliable burnup data from the

integrated number of fissions determined from gamma scanning is through

an extensive calibration program. This requires a destructive analysis

of many selected fuel specimens which previously have been measured

by gamma scanning. The number of fissions which has occurred in the

fuel sample is determined from a destructive fission product analysis,
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and calibration factors are established relative to the intensity of

the gandma rays selected for analysis. This procedure eliminates many

FPND uncertainties and the errors now start to approach the uncertain-

ties in the fission yields used to establish the number of fissions.

For this application, fission yields accurate to ±1.5-2.0% are required.

The application of non-destructive gamma-ray scanning methodol-

ogy to safeguard studies is discussed in Section 4 of this review.

2.4.13 Measurement of Fission Product Spectrum Averaged Capture Cross
Sections

One method of determining a fission product spectrum averaged

cross section is to conduct two irradiations in the same neutron en-

vironment, one at a low fluence and the other at a high fluence. A

comparison of the relative isotopic composition of a given fission

product element.will give an indication of the magnitude of neutron

capture cross section for each isotope of the element. If the fission

yields of the particular nuclide of interest are well known, a reason-

able value for the capture cress section can be calculated. The yield

accuracy requirements given in 2.4.1 are adequate for this purpose.

2.5 Summary

The accuracy requirement for burnup has been established to be in

the range of 1.5-2.0% relative. This requires that the fission yields

for the most promising fission monitors be known to 1.0-1.5%, and that

only the most accurate and precise chemical measurement techniques can

be used.

For thermal fission, caution must be exercised in the selection

of the fission monitor. The neodymium fission yields for 2 35U, and

especially 2 3 9pu, must be reevaluated based on new data which are dis-
[4]

crepant with the other data . The neutron capture cross section for

14 7Nd needs to be better established.

The selection of fission monitors for fast reactor fuels has been

reviewed. The request for fast fission yields accurate to 1.0-1.5%

requires the consideration of other factors if the uncertainty in the
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burnup is to be limited to 1.5-2.0%. These are, the change in the

yields with neutron energy and the fast reactor neutron capture cross

section of the selected monitor nuclide.

FPND requirements for burnup are listed in Table IV.

3. FPND REQUIREMENTS FOR NEUTRON DOSIMETRY

Reactor neutron dosimetry performed in research and power reactors

provides information relative to neutron flux densities, fluence values,

and neutron spectra. This information is considered to be of the pri-

mary type from which, secondary information can be derived relative to

fission rates, burnup, damage rates, heating rates, transmutation rates,

helium production, and other factors important to reactor operation and

safety.

The interaction of the numerical data'derived from dosimetry meas-

urements and the end use is discussed in the following excerpt from a

report on the Status of Neutron Cross Sections for Reactor Dosimetry 14]

"The determination of flux-fluence neutron spectra is not a
primary objective of reactor neutron dosimetry, but a necessary
intermediate step in a more general.correlation scheme between
different, independent integral quantities; i.e., the damage rate
in a given material exposed at a given temperature in a test reac-
tor to the damage rate of the same material under other exposure
conditions. The reaction rates and total number of reactions ob-
served in neutron dosimeters are the basic correlation parameters
in this scheme, and the flux-fluence neutron spectra are the
corresponding transfer functions. The goal accuracies for de-
termining such transfer functions are in the range of 2-5% for
integral and 2-15% for differential results".

3.1 Uses of Dosimetry Data

In-core dosimetry data have a variety of uses which can be classi-

fied according to materials.

3.1.1 Fuel Material

Of primary importance here is information relativr to fission

rate density (i.e., number of fissions per unit volume) and its axial

and radial distribution. Equally important is a knowledge of the flux

density within a cluster or assembly of rods, and from cluster to
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cluster. By extensive flux density mapping of the entire core, the

following information can be obtained:

a. macroscopic flux density pattern over the core.

b. microscopic flux density in selected regions of the core.

c. peak flux densities which can provide information relative
to hot spots and possible fuel cladding failure.

These items are important to the smooth, safe, and optimum operation

of a reactor.

Localized flux density measurements are used to provide informa-

tion relative to radionuclide production in irradiation facilities and

for fuel research and development studies.

3.1.2 Fuel Cladding

In this case, neutron dosimetry data are used to correlate

damage effects in the fuel with neutron exposure. These data can be

used to extrapolate the effects observed in one location to that of

another if the neutron spectrum is comparable.

3.1.3 Structural Material

Included in this classification are such items as reactor re-

flector materials, reactor tanks, pressure vessels, structural materials',

and biological shields. Of prime importance is a knowlege of how long

these materials can be exposed in a given location of the reactor be-

fore radiation damage prohibits or seriously reduces the safe use of

these materials in the reactor. The need for accurate dosimetry sur-

veillance programs is of prime economic importance when one considers

the cost and useful lifetime of a reactor.

Damage effects in structural material is primarily induced by

neutrons with energies greater than 10 keV.

3.2 Accuracy Requirements of Dosimetry Data

The accuracy requirements for neutron dosimetry are set by the

quantities of final interest (C.e., flux density, structural damage,

etc.).
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In 1973, at a Consultants Meeting on Nuclear Data for Reactor

Neutron Dosimetry(15], the most stringent requirement was for accu-

racies to 5% for special cases like fuel and graphite irradiations

in high temperature gas cooled reactors. However, accuracies less

than this were acceptable for most other applications.

At thl 1975 ASTM-Euratom Symp sium on Reactor Dosimetry, the

accuracy requirements were stated[16] to be in the range of 2-5% for

fast breeder reactors, and somewhat less for light water reactors and

controlled thermonuclear reactors.

Present state-of-the-art accuracies are estimated to be in the

range of 2-30%. Most long-term reactor fuel and materials develop-

ment programs will not accept an uncertainty larger than 5%. There-

fore, an accuracy level of 2-5% is a reasonable goal if 5% is to be

achieved on a routine basis.

3.3 Dosimetry Measurements and FPND Requirements

At the present time, multiple foil-activation is the only prac-

tical means for achieving 2-5% accuracies in fission rate measurements.

This technique involves the irradiation of selected materials, which

have known neutron-induced reaction thresholds, followed by a gamma-ray

assay of the reaction products to determine the number of reactions

produced in each monitor. From this information, the flux spectra and

fluences can be deduced from codes such as SAND-IIt1 7 , SPECTRA11 8 1

RDMN , and others] 2 .

Mater als and reactions which have been used or proposed for use

in dosimetry measurements are: 2 3 5U(n,f)FP, 2 3 9 u(nf)FP, 2 37Np(n,f)FP,
2 32Th(n,f)FP, 2 38U(n,f)FP, 2 3 8U(n.y)2 39 U 5 5Mn(n.y) 56Mn. 4 5Sc(n,y)4 6Sc,
6 3Cu(n,y) 6 4Cu, 5 9Co(n,y)6 0 Co, 1 1 51n(n,yll6mIn, 1 9 7Au(n,y) 19 8Au,

2 7Al(n,p)2 7Mg, 2 7Al(n,a)2 4 Na, 5 6 Fe(n,p)5 6Mn, 5 8 Ni(n,p) 5 8 Co,

4 8Ti(n,p) 4 8Sc, 4 7Ti(n,p) 4 7 Sc, and 4 6Ti(n,p)4 6Sc. The measurement of

reaction rates based on the use of the fissionable detectors (2 35U,
2 38U, 2 3 9pu, 2 3 7Np, and 2 3 2Th) require the analysis of the number of

fission product(s) atoms contained in the sample. The fission rate is

then calculated from the following relationship:

F1 = Rj/Yij
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where, Fi is the fission rate (fissions per atom per second) Rj is the

measured rate of production of fission product j (in units of atoms per

second per fissionable atom) and Yij is the spectrum-averaged fission

yield for isotope j produced in the fission of isotope i.

The most commonly measured fission products, because of their half-

lives and strong gamma rays are: 95Zr, 9 7Zr, 10 3Ru, 1311, 132Te, 1 37CS,

140Ba, 143Ce, and 1 44 Ce. In addition, the stable isotope, 14 8Nd, is fre-

quently measured but this requires a destructive analysis of the sample.

The primary FPND requirements are for fission yields, decay schemes,

and half-lives. Fission yields accurate to %2% are required for the

fast breeder reactor programs, while accuracies ranging up to %10%

are adequate for other reactor programs. Because one of the uses of

dosimetry data is to determine neutron spectra, a knowledge of the

neutron energy effect on the fission yields is imperative. For CTR

application, fission yields for neutron energies up to 20 MeV may be

required.

The accuracy requirement for decay scheme data, in terms of

gammas per disintegration is ±1% for the major gamma rays. In 1975,

Helmer and Greenwood[2 1 ] showed that the uncertainties in the branch-

ing ratios for 1 0 3Ru, 132Te, and 1 44Ce were too large to meet a goal of

±2.5% uncertainty in the fission rate. Improved decay scheme data

are needed for these three nuclides.

The accuracy requirements for the half-life values cannot be

simply stated, because several factors enter into the sensitivity

calculation. Factors such as the counting time, irradiation time,

and out of reactor time relative to the half-life must be considered.
[211

Helmer and Greenwood [ 1 have reviewed this problem in considerable

detail.

3.4 Summary

The most significant FPND requirements relate to fission yields

and decay schemes. The effect of neutron energy on the yields must

be determined. Table V lists the various requirements.
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4. FPND REQUIREMENTS FOR SAFEGUARDS

4.1 The Use of FPND in Safeuards

The importance and the accuracy requirements of FPND for nuclear

material safeguards are not nearly as well defined as they are in the

related fields of reactor physics and burnup. This primarily results

from the fact that most safeguard programs are still in the planning

and development stages and that the specific FPND requirements for

safeguards are not well defined. Before the definitive needs for FPND

can be identified, the following questions need to be answered.

A. Is there any use or dependence on FPND in the safeguards effort?

B. How can more accurate FPND benefit the safeguarding of virgin
fuel material, scrap material, unirradiated fuel, spent fuel,
dissolver solutions, recovered fuel, and waste? More specif-
ically, what improvement in nuclear data will result in a
decrease in the material unaccounted for, or MUF; which FPND
are usable to reduce the potential for diversion of special
nuclear material; what improvement in FPND is required for
verification of nuclear material accountability measurement?

C. Which are the exact data of interest?

D. How sensitive is a measurement technique to the uncertainties
in the existing FPND data?

The answer to the first question is always a resounding 'yes'.

However, the answer to the other question are quite nebulous. Until

these questions are answered, and a firm plan to safeguard special

nuclear material is implemented, it is difficult to identify specific

and urgent needs for improved FPND for safeguards.

It is recognized that safeguards, as opposed to the other nuclear

disciplines discussed in this review, is a relatively new field and

in the process of rapid and diversified development. Therefore, it

can be expected that the requests for improved FPND will rapidly change,

depending upon the then current measurement or calculational method
[22]

being investigated. In 1974, Weitkamp [ 2 2 reviewed this problem

rather extensively and posed several interesting questions relative

to the need for better FPND for safeguards. Many of his comments and

questions are still relevant today.
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It appears to this reviewer that the need for improved FPND in

safeguards is highly dependent upon the method of safeguards to be em-

ployed. If the basic techniques are to be physical constraint, locked

doors, automated plants, by-difference accounting, tag inventory, or

digital accounting rather than measurement, then there is no need for

better or additional FPND. If measurements are made to determine the

change in the material balance as a result of decay, burnup, or burnin,

then some form of FPND will be required. These data may be useful in

the actual measurement, and/or in the data reduction process. In cer-

tain cases, the measurement of selected fission products may.provide

the means for an independent verification of other measurements. How-

ever before a high priority, request for improved FPND can be placed

before this conference, the specific need must be identified.

4.2 Safeguards Measurement Programs

Development programs employing various measurement and computa-

tional techniques, which depend on the use of FPND are being conducted

in several areas. The three most important and the methodology being

investigated are the following:

A. Analysis of fresh fuel during the enrichment, chemical process-

ing, fabrication, and reprocessing stages of the nuclear fuel

cycle. The preferred analysis techniques are those based on

nondestructive analysis (NDA). Currently under investigation

are methods based on gamma-ray resonance fluorescence,

neutron capture gamma-ray spectrometry, neutron activation

analysis, passive neutron counting techniques, passive gamma-

ray assay, and calorimetry. Although not strictly a NDA tech-

nique, alpha spectrometry also is being investigated. Details

relative to these techniques, their potential use in safe-

guards, and the nuclear data required for these various meth-

[22,23, and 24]
ods are given in references [2,23 nd 

B. Spent fuel analysis - The NDA of spent fuel for safeguards

is of less importance than the analysis of fresh and recovered

fuel. In fact, NDA of spent fuel is of more importance to

reactor operation and design, fuel reprocessing, and waste

management. Of the several NDA methods (neutron activation,
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gamma and resonance neutron transmission, calorimetry, and

gamma-ray spectrometry) which have been proposed for the

analysis of spent fuel, only high resolution gamma-ray spec-

trometry shows promise for field use.

C. Isotope correlations - This method is primarily based on em-

pirical and computational data which show that certain fission

product and heavy element ratios can be correlated with burnup,

fission rates, fluence, cooling times, Pu-to-U fission ratios,

and initial and final fuel enrichment. The methods for obtain-

ing the desired ratios included both destructive and non-

destructive analysis. Because most of the correlations are

empirical, there is little need for FPND. The need for FPND

arises when the correlations are used to verify other measure-

ments through calculational procedures.

The most extensive isotope correlation studies are being conducted

in the Euratom community, primarily at Karlsruhe and Ispra. This work

includes sensitivity studies and the building of an isotope correlation

data base. This latter effort involves correlating the fission product

and heavy element isotopic data with known reactor operating history.

This has required an extensive measurement program and the collection

of much detailed reactor history. While this data Lase may be useful

for.safeguards, if sufficient reactor operating history is known, its

usefulness in deducing reactor history is still questionable.

(25]
Lammer [ , in an extensive contribution to this review, evaluated

the use of selected activity ratios for the deduction of cooling time,

irradiation time, fluence, flux, source of fission, fission rates,

breeding rates, and initial enrichments. In this study, he considered

such factors as reactor type, initial enrichment, flux, irradiation

time, and the neutron spectrum. While in many cases, the use of selec-

ted fission product activity ratios appeared to be useful in deducing

certain parameters, most were subject to the variations in reactor

operation. For example, the use of the 14 4Ce/13 7Cs activity ratio for

deducing cooling time was shown to be dependent upon the irradiation

time. In this contribution, Lammer identified several improvements

in FPND accuracies which would be of value in future studies.
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Returning to the subject of instrument and methods development

for safeguards, one item stands out, especially with respect to NDA

techniques. That is, in the transfer of technology from the laboratory

to the field, the urtera±.ui asbociasiJ with Lih mechanical opera-

tion of the instrument dominate, and render insignificant the uncer-

tainties associated with the FPND now available. This is not meant

to imply that FPND are not important, but rather, that the current

needs are for improved technology. Once this has been accomplished,

then the FPND uncertainties may become limiting and specific needs for

improved FPND can be identified.

The fact that FPND currently do not appear to be a limiting

factor in developing technology for safeguards does not preclude the

need for data improvements. It is just that the same priority cannot

be assigned to the requests compared to those associated with burnup,

neutron dosimetry, and reactor physics. Because the three fields of

study covered in this report are so interrelated, it is becoming in-

creasingly difficult to separate the requirements for improved FPND,

and it is quite possible that those for safeguards will be achieved

through the others.

At the present time, most NDA safeguard instrumentation Is stan-

dardized based on calibration procedures and destructive analysis

rather than t e use of nuclear data. While this may be an expensive

and tedious procedure, I believe it is a more correct procedure, be-

cause in most methods there are just too many systematic errors which

cannot be determined.

It is quite probable that the greatest safeguard improvements

will come through more accurate destructive analysis methods, improved

certified U and Pu isotopic and chemical standards, interlaboratory

comparison studies, and better volume measurements.

4.3 Summary

The need for improved FPND for safeguards has been reviewed. Al-

though many of the requests cannot be assigned a high priority because

of questionable benefit to the safeguards effort, some work in this

area is certainly justified. Listed in Table VI are the request for

improved FPND and the accuracy requirements submitted to this reviewer.
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TABLE IV

SUMMARY - FPND REQUIREMENTS FOR DETERMINATION OF BURNUP

FPND REQUIREMENT STATUS NEEDS

I. Fission Yields

A. Thermal Reactors

1. General 2 3 3U +±2% for stable and
long-lived nuclides

May require 1.0-1.5%
accuracy for 2 33U-Th
reactors

2 3 9pu

241pu

Requires reevaluation,
especially of Nd
isotopes

Significant discrep-
ancies reported,
especially for Nd and
Xe isotopes

2-3%

1.0-1.5%, major stable
and long-lived nuclides

1.0-1.5%, major stable
and long-lived nuclides

Probably adequate

2. Specific

13 4Cs indepen-
dent yield
10 3Ru, 106Ru and
stable Ru isotopes

Poor

Ru data poor in com-
parison to other
yields

±2% for end member
of chain

5-10%

+2%

13 7Cs, 144Ce,
9 5Zr

Probably adequate

B. Fast Reactors

1. General 2 3 2Th Poor 3-5%; may increase
to 1.5%

235 u

%2% for typical
MFIBR spectrum

%2% for typical
LMFBR spectrum

"3% for typical
LMFBR spectrum

1.0-1.5% for typical
LMFBR spectrumi ]

Poor; however see
ref. [13].

1-2%

1-2%
For all cases,

- the effect of
neutron energy
needs to be

1-2% established.

3-5%
2 4 0pu*
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TABLE IV (Cont'd)

FPND REQUIREMENT STATUS NEEDS

B. Fast Reactors

241pu

242pu,^Pu*

2 3 7Np

2 4 1Am

1.0-1.5% for typical
LMFBR spectrum6 ]

Poor; however see
Ref. [13).

%1.5% for typical
LMFBR spectrum -

Not available

1-2%

3-5%

2%

5-10%

*Work recently completed in reviewer's laboratory indicates error on
240Pu yields will be %3% and for 2 42Pu %2%. See Ref. [13].

2. Specific:
importance
yields

Of prime 1-1.5% for typical
are Nd LMFBR spectrum. Effect

of neutron energy needs
better definition.

1-2% well character-
ized spectrum over
range of thermal to
1-2 MeV.

Il. Neutron Capture
Cross Sections

A. Fission Products

1. Thermal Neutrons

147Nd ±30%, one measure-
ment.

1 3 3 Cs, 1 3 4Cs, 14 1Pr,
1 4 3Nd, 1 4 Nd, 15 3Sm,
15 3EU, 1 54Eu.

Variable

±10%, thermal and
resonance

3-5% thermal, if
greater than 20 b.
10% resonance, if
greater than 50 b.

2. Fast Neutrons

All isotopes of Nd

Major stable and
long-lived fission
products

Variable or not known

Variable or not known

Significant improve-
ment since Bologna
conference.

±10% Jf greater than
100 mb, differential
data preferred.

±15% if greater than
100 mb.

1% relative uncertain-
ty for major (>10% rel
I) y-rays. Prefer re-
sults in form of y/dis.,
1% rel. uncertainty.

IlI. Decay Schemes

9 5Zr-Nb 10 3Ru, 1 0 6Ru,
137Cs, 40Ba-La, 141Ce,
144Ce-Pr, 147Nd, 154Eu,
155Eu.
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TABLE V
. .

FPND REQUIREMENTS FOR NEUTRON DOSIMETRY

'PND REQUIREMENT STATUS NEEDS

1. Fission Yields

5Zr, 9 7Zr, 10 3Ru,
1 32Te, 1 3 7 Cs, 1 4 0 Ba,
14 3Ce, 1 4 4 Ce, 1 48Nd

for
2 3 5U
238 u
2 3 9 Pu
2 3 7Np
232Th

Of these the least
well-known is 1 0 3Ru.

Require 103Ru yields
to 1.5% for all
fissionable isotopes.

42%
3-5%
1-2%

,1.5%
Poor

Primary need is for
information relative
to neutron energy
effect

2. Decay Schemes

9 5Zr
9 7 Zr
1 0 3 Ru
1 3 2 Te
137Cs
1 4 0 Ba
14 3Ce
1 4 4 Ce

adequate
adequate
inadequate
inadequate
adequate
adequate
adequate
inadequate

1%
1%

3. Half-Life

9 5Zr, 9 7Zr, 10 3Ru,
1 3 2Te, 13 7Cs, 14 0Ba,
1 4 3 Ce, 14 4Ce.

Depends on
specific case

Generally better than
1%.
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TABLE VI

FPND REQUIREMENTS iOR SAFEGUARDS

FPND REQUIREMENT DESIRED ACCURACY

1. Fission Yields

Thermal

9 5Zr - 2 3 9Pu 1.5%

103Ru 2 3 5U, 2 3 9 pu, 2 4 1pu 2%

153,4,5,6Eu - 2 3 5 U, 2 3 9pu 2%

A=103-115 - 235U, 2 39Pu 2%

Fast

1 0 3 Ru - 2 3 5 U, 2 3 9pu, 2 4 1 pu, 238 U 2%

Independent

13 4Cs - 2 3 5U, 2 3 9pu, 2 4 1pu-thermal 3%

_ 2 35U, 2 39pu, 2 4 1pu, 2 3 8U-fast 3%

2. Half-Lives

1 54Ru 1%

3. Gamma-Ray Intensities

154Eu 1%

1 5 6 Eu 1%

134Cs 1%

4. Neutron Capture Cross Sections

1 53Eu 2% pile

154Eu 2% pile

15 5Eu 2% pile

1 56Eu ±300 b
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TABLE VI (Cont'd)

FPND REQUIREMENTS FOR SAFEGUARDS

NON-FPND REQUIREMENTS DESIRED ACCURACY

1. Half-Life

Pu isotopes

2. Mass Adsorption Coefficients

U0 2, PuO2, mixed oxide pellets

Al, Zr, stainless steel

0.1%
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Review paper 7

STATUS OF NEUTRON REACTION CROSS SECTIONS OF

FISSION PRODUCTS IN THE ENERGY RANGE OF

RESOLVED AND UNRESOLVED RESONANCES

E. FORT

CEA - CEN CADARACHE - DRE/SPNR

ABSTRACT

The puxpose of thi6 papexr is to 4ummaxize the

ptreent "State o Att" concerning the data on fisaion products

coass section- in the energy range vaKying f6om .thermatl eneAgy

to about 100 Kev.

The advantages and inconveniences od the vatioua

experimental methods and evaluation techniques have been examined

in detail. As a xLe-utt some methods ate consideted mote suitable

than others. In the case of sever disagreements between tre.uts,

aome .olutttons have been pxoposed.

It would appea.r fom this review that the need -

of heactot physici.sts conceaning inf6oma;tions on the most impot-

tant 6isAion pxoducts in thernmal and fast teactor s axe, in genetat,

tlagely sattisieed.
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- INTRODUCTION -

The purpose of this paper is to review the status of

fission products evaluations in the energy range Eth - 100 Kev

and to examine whether the available evaluations meet the reques-

ted accuracies.

I1 we reert to WRENDA list 76-77 ot to informations

available ftom the tittetature (Tytot, RAbon,...) the otdet od

the FP in the lists of importance and the tequeated accuracies

diffeit fiom one author to an othet.

In thuis eview papek. we wit center our inter.e&4t on the

22-25 isotopes which ane the most important dot both thermal

and fa4t Leactors according to all the iteque^to't. UWeQ hall asoo ptre-

sume that the tequested accuracy on the captute cthss section

iL ±10% (s tandard deviation) fot all these nuclides, which is a

reasonable mean value.

The. easona fot this apparteny atbittaty choice ate

as follows :

The importance od fission products depends on the

application fotreseen but the main justification for data is theit

contribution to the reactivity change with burn-up which depends

on vatiou factors : nature of the. fuel and fuel cycle, decay periods

and crosb e sections. In bact, the captute crtosb sections appear

to be the most important data and they contribute by about 60%

to the totat reactivity loss,according to LANGLET et al [LA ?1 ;

in commerciale ast teactor in the 1000 MWe range. The order in

the list oa importance depends onthe rtedetence liibtray, and thus,

a relative character has to be attached to it.

The situation is similar ort the requested accuracies.

If the efdects of the separated FP can be grouped in a

lumped FP the calcutated uncertainty on each factor (crtos-seections,

Yields,... ) alows to .caculate the uncertainty on the global

edfect. But in a reciprocal way if theuncettainty on this global
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effect i4 imposed, the treque-ted accuracy on each par-ameter can

be fixed only by using 6ome assumptions. In ac-t it is di-Aicutt

to di&tingui&h 6ok a same facrtor the. contaibution due to random eArrtA and

that which can be reduced by improvement, due to systematic

erUtors. And 6ot what concerns mone precisety the ctoaa sections,

the uncertainties6 on the vatibu. FP must be distr-ibuted accot-

ding to a law which hab to be defined. A Law of equal distribution

i£ interesting 4bince it doe4 not e6e-T to any co64 . ection Libta-

ny. That is pteciAely what we have consideted . An accukacy o +±10%

on the co04s csection coreb4pond4 to an accuracy o6 0,2% on the

teactivity effect AK 6on Aast .eactoAs in the 1200 AMWe powe rtange
K

and 6or cycles o6 the otdet of a yeaa.

A. TECHNIQUES AND EXPERIMENTAL METHODS REVIEW

We witl'divide the energy qrange Eth - 100 Key into, thtee patt6 :

1. Theamal and EpitheLmat EneAgy

11. Reuoved Resonance Region

III. Unresolved Re6onance Region

It may seem excessive to cla^zsiy expeAimentat methods in function of eneAgy

&since 4ame method can be applied in di66etent fanges. tfoweveA, oten, the

application conditions ate chatactetStic of the eneAgy rtange o6 inteAest.

1. Thermal eneAgy : Maxwe~ian avexaged cOs04 sections. Captur e r tesonance

integQal.

The two methods the most utilized 60o measu.ing the absorption cAOs4

sections aveAaged in a theAmat tlux and the Ao04s e-ction at 2200m/^ec aWe :

the activation method and the in piLe oscillation method. The 5fi&ut ai mote

diAectlt inteLpLetabie. The vaiouA corLecCtion make the. econd one £les.

accurate.

. 1.1 . Activa-tion method

The neutron captuAe -rate oA a sample in a theAmal 1 aux i¾ given by

A = n v xF (T)
o
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wheAe A i6 the capture pet atom, n v ;the conventional defnvition od the neu-

tron dlux, F (Tr i- a function of the theL neuton tmpetatute and of A t he

epithetmat neuaton 6lux index.

Id the epithexmalt ux is ptopottLonal to I/E, Weatcott'6 definition

mu~t be applied.

F(T) = Gth x g(T) + G, x x x s(T)

in the above, g(T) and s(T) cme tabulated 6unction. Gth and G, ate

thewmaL and rteonance e16-skhieing dactonu.

Accotding to RyvUe (Ry 69), the above situation i6 theoketic~a n and
A

it would be betteA to expse4&6 the epithe ma flux/unit eneAgy by (E) = -l+

In thU new convention, i4 independent od the ta~ et sample and ad

the neutron ux hape. The f con6tant can be extracted drom the hatio o 

activitie peA atom od two A and Mn &ample od 6tandard thikhn l&(O0.O025'cm)

in thes ame theAma 6eux. (Mn/A,)- 0.0214 - 0.051 7 + 0.13 P2. In 4uch a ca-

ze, a new F (T) duntion muA be u6ed.

F(T) = Gth x g(T) + x xi C (p,T) x G, x h (0,G^L x h (,G,,) x I /

In. thi4 ireation, C (,T) £i6 a aenomnmazatLon con6tant o6 t at tempeat~ e

T. h({,GXr} a 'cjiJ.eation to the e.onar'ze ntpegiat defdine:. go, a 1/E l-o-

wing down glux. . I, and I' are repectLvely the. theJuia Crt0 6 s ection and the

reducedl inrtegsr't resonance (lte. the 1v patt).

The mea6uAement can be absolutet on A.tve. The activitu o6 the

6ampte 16 compared either to the ac.tivlty od a s4imear sample in a case od

Cd ot to the activity o6 an Au 6ample.

The accwuacy ia bween 0.5 % and 1 % dot , betueen 1.7 % and 3 %

6on I1 (without evet exceeding 7 %).

In gene~e, the vatue6 dound in the t e edoa a 0% de in age.-

ement (R{ 69, Ru 71, Ru 74). Tmpotant di4aqAeement6 (up to a Aactok oA 2 in

the extieme og 81eB) exi t A'a I'. Rwve a o ibute4 the diAAeAenee6 to the

appwwtoon oX te ehe epth~ eaux to a 1/E law teading to an unco/ected

peitwcbation which can Aeach 30 %, eApeciaq o r io04 otope, with many lanQge

Ae.6onance6.

- 144 -



7. 1.2. On pile osciJati on method

ThiA method, which gives accuwate ,aw data, ha the advantage ob being

independe.nt of the time o liede of the poduce.d nucleus.

Uno trtunately, thick samples aCe tequir ed f or which elf-4A-hielding

co)utections ae. impoirtant, and large signai due to posibte predominant

scatteAing esAonance atLe dif4icult to 4 epcaate dtom the capturte. I n addition,

in theAmal ketactors, the epitheAmal neutron 6fux Ui diWtorsted because od 23SU

fuee l(aQge resonance at low eneAqsi) and modexatoL geometry.

OtheA methods exi6t : e.-g scatteiring cAros& section sub4tataction f dom

total rosa 4 section captuAe.

1'. Reaotved iesonance region

The aim of the experiments in thU energy 'ange. i a pteci6e de6-

ciption of the ctosm 6ection as a dunction of the enerLgy. 1.t can be obtai-

ned only by a T.O.F method by Unac.

The experimental techniqu.e do not diddeAL fLom those ue.d at higheA

energy (than&mi^4ion, prompt Y detection).

The olluowing experimental ef.ects make it difficit t fot reonance

pauamneter to be extiacted ftom experimental taw data :

- DoppleA broade.vnq, qenetallqy tAeated a, a Gas&ian dunction.
- Baoadening due to the expeime.ntaz /enolution.

- Seed-absotption and multipte 4catteAing �efect6 whichatre calcu-

lated by analytical and Monte Ca2to techniques respectively.

- Ovetapping and interAeAence e.dectA which ate taken into account

by utilzing a MLBW foamalism.

Two kinds oa method6 ate used in oAdeL to Zolve theme ptobtem6 :

II. 1. AMea anaZlysi.

Thi6 method can be applied to all types of cAoss section6. The to-

tal aWea of the treonance i uL6ed au a basic data. This area is expresused in

a le.cipocal way, in teAm of the paRitia width of the. reonance and of the

sampe. thickness. i', the latter i6 changed, a sy6stem oa cwuves F (Fn, rJ) it

- 145 -



obtained whose convergence area determines the. r n and rF widths with moie ot

leas accuAate trLeuLts.

The advantage of this method is that the treonance area is not

sensitive to the DoppleA and resolution eQQect6.

The disadvantages axe : it is difficuL t to apply this method in

the case oa non solated kteonances, and to deteet backgouand etou. Fut-

therwmore, the'method is time consuming (6evetal sampples).

11 .2. Shape analy4i

Itis appiied to total and reac.tion caoAs 4ections.

Ptovided that the 4amples used are thin enough so that the multiple cat-

teAing corLectionh can be negeected, the principte is to formulate a func-

tion such a :

(E) (E) = a (IE x D(E) * R(E)

In this 6oarmula, a(E) is the caLOs section calculated by a formacism which

can be 6ophisticated (mtLtichannel - muLtitevel, Reich-Mooxe, Adlex-AdcLx,

Vogt foAmatisrms). D(E) and R(E) are kespectively the Popptle broadening and

tresolution function,. Then, the function 'ey (E) is adjuAted on the expeui-

mental points uing a least squarteA method. In such a way, the hesonance paAa-

metex can be obtained.

Inconveniences : the method needs thin sampte.

Appti ation tequitement : D(E! and R(E) Aunctiors have to be accu-

nately known. Dopptex and resolution widths must be .maol in relation to the

xesorance total width.

Advantag e4:

The method is 4ast and atlows the detection o Asystematic cA7toUi

(nouialization, background). Applying thi6 ptocedute to taw data 6tom va-

rious laboratoites (Geet-Sactay-Columbia), l£'eHrteau, VDetien, Ribon (LH 71,:

DE 75, DE 75 a) have shown that the Aesonance parameter for 238 U and 232 Th

exttacted from total cAos06 ection measua.ements axe in fact, coheAent, in

opo^ition to the tesuLts obtained by area analtysis.
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1. UnAteol 2d. Re4o&ance Region

To measute capture CAoL46 secftion, the methods ate nnumeou6. Foa

aome od them, dddef-ernt technique. can be emptoye.d.

III.1 . SpheLical shell taznsmLiAon method

Thi method u pniopo4ed by Bethe and at(Be 56}. It consists of

placing an isotrLopic neuwron &ouAce in the centeA o ad a pherical hell and

oa mea6uxtin the trtans tmitted 4lux. 1 f the newtwn aouAce a s not iaotopitc,

the detectot and ouwtce are inteAtchanged. The latter i6 placed at a great

distance.

AdvanMta e

- No aophi46tiated electrLonic etup necess4aAy. Absolute values

do. co044 46ection re6suLt without having to know the "neuton f lux.

D-uadvuantge 

-. Inportant quantitiu e in mat~iat needed, which fetc ktc6 the

Aield oA aplication.

- The muLtiple ^catteting and eetd-~hiLdin.q coave.CtonL ate
difficult to calculate. They aequixe an exact know~dge od total and ela;tic
catt~eniq crOsa sections .

- Due to y4L&tematic exaou, this method haL Aesulted in ove&te-

imated vautaeA. TheAefone, i hail been aeetly utiized duwinq the last 75

~ean& (Be 5S, Le 58}.

Accuwacq on ctoas .ection 1 : O1 % to 12 %. Accu.acq on eneA-
gy : that o the neutron LouJLce.

1Il. 2 . etecton on poromP" t e ts ociwna neutwton aeplwte

Thi" method ne.e.&^'tates detecto& whoQse efdiciency £6 indepen-

dent oa the gamnna Aay caecade mode. Thia independance eA obtained by making
the eaiciency deo4.e to 100 % (Qtaoge detectonua on pwpoxtioinat to the total

eneagy (Moxon Rae on. Matiet-Leibnitz type).
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The. lage detectoat technique pe~mitz a good time teaolution,

bult the electaonic background noie is nimportant due to the detectoA size.

Thereeote, a high etect'wncwe ithreshola leads to a non negligibee edicivency

cotrection which can be subject to a large margin of uncetainty.

Thi, tecvlfiq&ue is4 dueigned foa nuecides which emit a large to-

tal gamma ejnergy (Gi 61, Ma 63, Ko 69, Fr 70).

The accuracy on ctos sne.ction varvie- between 3 % and 4 % fot

energieus toweh than I Kev (white neutron sowuce,), between 5 % and 7 % in

the MeV tegion. The enerqy resolution depends on the neutron souAce.

The two other teechtiques, vety zmiia' (Moxon-RAE, Maiex-Leibnitz

(with a weiqhtinq junction applied to each puLse)) empelo detectour of smatl

volume.

HoweveA, theiA e.Aiciencies ae. di gerent e: a 6ew perce.nt6 dot the. Aiut, 15

to 25 % fot the. econd. The appicability is limited to eneAgie loweA. than

the ine&astic threshold. The good timing aelows experiment6 wheAe the detec-

tot is placed close to the neutron .ouAce (Mo 63, LR 75).

The neutron leux is meaizhed by a calibrated detectot on by counting

the Y emitted by a "black" Bo0on sample ( 0 (n, ay Li rteaction at low

energy).

An efdiciency cortection must be applied because of the Riquid scin-

tiloat.oa activation by the sample bcatteQed ne.twAonh.

Accuracy on CtLOs6 6ection : 4 to 6 %. AacuAacy on eneAgy : 0.3 Kev

at 100 Key.

Finaely, reeteence is to be made to saowing down spectAometeur .

They use the neutAon s6owing down by elatic and inelastic ptocesse on a

heavy element. TheiA main advantage is a non-sophitcated 6etup. In addition,

an impotant neutAon flux' can be obtained. The obtained tresuU mut be noa-

malized on thermal value a 0o on known tesonance areas . (Ka 63, Po 62, Ko 61,

Ch 73).

Some coaAecions aAe peculiaA to the method:

- eaCtic acatteAijng og the neutAons by the detectoa on the sample

- poor enetgy AeAolutio n n the upper enetgy range

- eAAot in the. background becau6e od neutAon fleux distoAtion.
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Accooding to Mcxon(Mo73),this technique could undeAtetimate the captuAwe crAo6

section in the. vicinity o the laAge. catteaing r esonanceQ.

Accuracy on ctom4 section : ± 10%
AccuAacy on ennegy : ± 20%

O0 ale the procedures &~ing prompt detection, that of Maaie-Lebnitz seems

the most interesting.

117.3. Activation 1,LU,.L

This technique i& baed on the counting of the beta oh gamma emil^ion

chatactet&istic ou the radi.oactive nuclide.

Two types ae. po&sible :

11. 3.1 An absolute techznque in whi.ch the incident neutron ftlux and the

beta ot gamma induced activity aAe both me.aured by calibrated detectotu.

The calibration fdo the. beta oh gamma countet -i5 daciRitated by an adequate

decay scheme (beta-gamma coincidence).

(E) cn (E)a (E) = k (

Actuealy, thJi pAoceduAe has trarely been applied on fissi.on ptoduct.6 (Ma 57).

111.3.2 A "telative" technique with two veation

c, The activity at the. e. Agy o i-ntLesAt S compared to that o6

a te.6ee.nce energy (in geneQai, thermal energyi.

Thee. aLe then two pos&ibiie tes .-

1) A te.etMence neutron dete.cto.A iL ased. In thli case, a relative

me.asuemeniet is sudficie.nt -ince the neQU.ton. lutx atiao iU Ued. 1f the neu-

tAon f-ux is me.auwLed by fission charibeA, with 235U deposits fO example,

the. lux ratio is close .to the cAoss section ratio [Jo 59]

n ( ( Eh(E -E

ac (E ) = ac (E th) X -k' z c(Et) x ~--f--
s (E ) nlf(Ethn t h
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2) The activity i /e.aderr d to that o4 a standa.d at vo diffeVent
energies. That is, the so-cCtUed "double compatr on" method. (Bo58, Le5) .

c-(E) = k (Eth) x __ X
rte4f (Eth)

A knowledge od the beta o( gamma detection efficiencqy U not needed 6oa

techniques 1) and 2).

b. The activity £iA efehwed to that od a standakd at the ene.-

gy o Zintees^t. The variation of the beta ot ganma edicieency veuus the

energy must be known (Ma 5?, Po 65, Ch 66)

ac (E) k= c6 (E)l x --
g (E)

Accutacy on cross s ection :3 - 6 %

Accuracy on enehgy : that of the neuwtAon -ource

The activation methods ate accuate.. Although tequiring meticu-

louws hWandlig, they do not impoae a complex elextLonic set-up.

The tlidadvantages are :

- 'Sensitivity to scatteAed bacfkgJwund newutaons which mu6t be

impewatively eliminated.

- Important neutron aux needed 0o that the obtained cwoass sec-

tion values cortAepond to a t clage eneAgy 6pecttum. 

ConclusioMu 6fom expeAientat data

Most o4 the experimenita data axe outdated and weJte obtained

by relative activation methods. TheAe i an i.mpottant disagreemeent hegarding

not onty the .hape but also the magnitude. This situation ham been only

d4ightly improved by a senomnatization baed on the recent evaluationm 6f

fisAion and capture standahds (So 74, Fo 76).

The recent data are in better agheement. It iu to be noted,

however, that the most important isotopes have. timulated an unequal inte-

teAt which i paxtiaty exptainabte by the di4ficulty of obtaining samptes.
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B. Evaluation Techniques Review

Mo'st o0 the vaiouu & author use the 4ame poceduAe,

The stahtin pig point is the choice ot eventuaey the calcueation

of a set of /reonance pAamemters.

1. Resonance Pawametea

1.1. Nucei uwith expevimental data

Theve aLe two extAeme posaib^i e.e6 Aot frthe choice.

- to aveage the available experimenta data o the piameteu

of each r4eonance.

- to choose one 4ingte set o patamete6.

WCe reeomend the second esolu ti on, the othe data being ubed a a check ot a
guide ori modification.

In the choice oa a set oA paetamteC, the Aollowing ceitexia
should be ob6ewved :

i) Shape analysis of raw data instead o6 akLea analycsis as much
a4 possibee

ii) A parameteA bet as complete a pomsible

iiJL The most recent data with an equal condition of accuracy

iv) The data which are not &4uspicioa because oA po4sible .syste-
matic ~eAAtJs.

UsuaUly, the publi6hed data have to be compeeted for what concen6s
i orbital momentum a4&ignment. It seems worthwhile to utiize succes.ively
the two followiung -ule 

7) The e^aonances at eneAgies E u.ch a4 g r n(E, > 10 grn(EX) must

be clas4isied ac suae "a" wave kesonancea (Ri 75).
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2) The "p" wave oesonancce, eexttacted from the termaining reuo-

nances, can be grouped, nmaking use of, Baye's CiteuioLn (based on the. ize.

of the tleonance. [Sc73]

P (grn) = 1 + exp [ 2 _ 1 >. .5
PP IT =o ( P r ] (E grvn[(EX] grn (Ex

1t must be noted thLat

- Thki argument doue not worfk in the case of "a". and "p" neuton

width disttibutions which oveAlap.

- The quantity P (grn} is very sennitive Vo V0.

1.2. Nuclei Without experimental data (10 3Ru, 70 7 Pd, 135 C )

In the cooperation between CNEN and CEA, the following method

was used :

The rtenonance engiegtse and the rn were generated at random accot-

ding to Wignet and PoaXeT-Thomas distributAon with averaged patame.tes ex-

tracted fitom ststemati'cs . The nmunbet of genetated teLonanceu depended on the

magnitude ofd D=0 (between 10 and 50). The theAmal cAos section and teuo-

nance integhal adopted values weLe teptoduced (within the wtror baru) eithet

by generating bevetrael set£ o resonance parameteu oxa by modifying one gene-

tated set.

Not aR the au thot ue thois me.thod. The Japanese team, fot exam-

ple, a^umwe a 1/v behaviowu. ort the Cto&. section between thevmal eneAgy

and the lowe. limit o the statistical region. Thi6 phocedure i6 valid id

the. self-shie&ding is smale.

1.3. DeteAminavtion of the connecting enetgy between statstical and

tLesolved tresonance region. MZisihg 're.onance contribution

In ordet to deteAmine the connecting eneAgy Ec , -too solutions

aoe ptopo6ed :
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-n the diaUt, EC i calcuted by E = E ma+ 2 whee Ema x i

the energy oa the tlat obaeaved oh. generated ronance. and a "background

CA04s aecticon i added, )epA^ebentng the contribution od the mtistng nebo-
nance6 .

- The second aolution ia 
Dco

-- In the caAe oa no expeLmental data : E -
c 2

-- When theAe data exit two posaibitties munt be conAideAed:

D-o
a) Few xeaonance ate obseavd Ec = E x + *

b) Many Aesonancea axe obasewed :

ThuL6 the connecting eneAgy iL deterinend a the eneAgy above which teaonan-
ces "-'e obviousty mis4ing (utiLization od a 4tatiticaCt cAiteAion).

Rega~i g thi& method, aome coaments may be made. 

. The po4ition oA Ec can be senasitive to the quality o the .6ta-
tistica model pramtete6. An extapolation to low energy ai po&6ibte only

id the pa.ameteta od the optical model yield a good intekpxetation o6 the
"a" wave neutron a&tength function.

A lowerin g o the connectig egy.co poinds to a l£os oa

infowtation needed ox sedL-Ahie&tding cadculation.

The bacfkgound c&os4a ectinm axe a Btatistical est imte oa the

contribution due to the misLAMng fe onance&. Fox the elstic -6catteting pto-

te&A, thia eeZidu&t contribution can be neglected.

The et5b at; ~' ao the Ladcatve caaptute ptoce . iL made by

compaxing the valtuea oCd Aot4 -. CetLaon, in some eneAgy g.oups, calculated

dfom the resonance pamueterA, with thoae given by an e pxtr oatoion od the
tatiticica model. Bu it iL did icuU to didtinguiah bet-;een astattical

lucttuation and systemctiCe lo0 d /oesonances.

A 4ou&tion uaedu 6o04 the te~to phy&icLt would conisat oa

geneating the mniaing ZeveL& according to the distribution od the obe awed

e&6onance6. AA dat a& we know, thi& has not been employed.
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11. Theunal Chos Sectieon

1. 1. Capture coaaA Q&ctionm

The chos6s section calculated ftom the Leuonance patameteru uC alwayL

lower ot equal to the value recommended by spciaLtst. One ot mote negative

tersonances ate added with pawamneteu gyn = mrn and ry = 3 o0 a to repto-

duce the thermal catos section. Theue .uppleme.ntWty resonances may be coni--

deAed as bound leveel. TheiA contribution can be descAibed by an 0.0253

law or an 0.0253 (0.0253 - E£j according au the capture cAobs secti.on
g^ E TE - Ex /

ha6 a 1/v behaviouri o0 not.

11.2. Elastic sc. cZctvng CAOss section

In .tiCt ptoce4,, the cro4s section depends on the potential scatte-

rting radiu R'. The vauue& geneaweiy adopted for this ptLainetet re6tult ftom

a systematic^, combining precise exper imentac data and optical model catcu-

aotion4b (OM o6 Chase. [Ch 58] , OM od MoedaueA [Mo 53] }.

11. Captute Resonance Inte.g9Le PRI

WalkeAl's oorwiula .i geneataly adopted fo-t captuwe tezonance integral

calcuiation ot tre6onanceA above. ew ev.

Some pLoblems can appeaL.

In addition to the nuclideA without experimental data Isee C.I.2),

they afdect thaoe 6or which the negative hteonanceb ate. close to 0 energy

and those 6oL. wlhich too f ew leve2,s have been determined.

111. 1 - Nucei with negative teuonance4 cltoe to 0 eneAgy 149Sm, 15Sm)

The value of R7I 4stongly depends on this rteonance enetgy. In this

case, the RIc recommended experimentE value i, a check of the. reonance

paametes .
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II. 2. Nuclei with ew Ote <onance paramet ( 18 d)

Id the experimenta vaLue o0 R C i acc~uatety known, the Ateonance
paAumete can be adjusted.

IV. Fowatnismo

IV. . Re.olved Aesonance r gion

SLEW and MLW o'runat4m6 ate used in the rLefotved roenancet regCon.

Sometimea, some negativet peaks appear in the ela6tic, Acattezn CA. os4 4aec-
tionA. They can be due not only to the inteAxeLence between teAonanceA which
i6 not taken into account in the SLEW fdomwiabam, but atbo to the .disyneitt y
od the xe6onance number on both side6 od the eneigy od inteAest. That is why ac-
coxrUng to RIBON (R. 76), a covtective temrnh u to be added to the MLBW fomunat6m
which, 6oL "s1" .sLexonancez takes the dorm (ANNEX I)

dyh E Es
t = 4 wR X R' E x SO xlog - E4

wheLe E iand E. are loweM and uppexr limit od the. tesotlved resonance region.
It &hould be noted that a snimtla Ake6onance potenttial intexeAence temo& is included
in the fod acation p'toposed by JAMES and STORY [Ja 66].

IV.2 - UnresoLved re~ov~ance et won

Hauwe-Febhbacht 4 statisticai oat& fo li&m with width luctuaton

cortection i6 uAed. The cAtos4 sections , a6 average values , ~ae calcuiated
6ftom avegage tehonance p~rete, tget nuet ceu6 evel. cheme (id the ine-
las&tic AcatteAing ptoce6a is poas4ibte) and neatron t'anami6s4-ion factoru ot
neutton strength dunctions. The wse o6 neutron trannsmi6Lon factous ox neuton
4stength function i£6 equivalent from a theoretical point of view. In
practice, the 0OM avudiable Itom the iteAatue ate not adequate to deAscbe
imuRltaneoutly the nertAon etrength 5untLion6 SO and S and ne~zon cAola
4ection6. But we have to notice that at high enetgiea and foA
nuctei with tlage Dl = also at tow.enegkie4 the captuAe ct. Co
sectiona ahe not vefy much 4ensitive to the vaLued od SO and SI.

The strength function foLmatlin is utilized by most od
the author, except by the Japanese team which empeoys the O.M.

dof.matidm on the oveitat enetgy tange.and in ENDF/BIV 4oxt some nuclei.
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The important problem o0 the width fluctuation cotA.ection has

been extensively studied by MoldaueA [Mo 75] , Tepel and al [Te 74] and

Gauppeaar. and ReQfo [Grt 77] and should be coniideAed as sol-ved. Several

approximatiaons have been indicated in oLder. to save computer

time. We do not enter. the mattet. and nefer the review by GOuppelaar

and Reffo whizh is complete and V'Le mos Ct recent jne.

The radiative widths ate sually estbnated by means o Weisskopf

o Bixin-Axel model. These models, predict two di4dtrent energy dependences

oG ry Which divehQge at increaing eneAgieu but ake vQLy close up to

some hundited KeV. Becaise Btink-.Axel modcl is based on the expe'imental evi-
dence of the giant resonance phenomenon i- is consideAed ptreehable by an in-

creasing numbeA oa evaLuatoru afteA the rtecommendation o Be.nzi and Reffo la.6st

Panel) .

As 6at a we a e in6ounmed the valence neutron proces4 has been

introduced only in RCN evaluations .

Fina&ly, the Gilbett-Cameron formuta, with an adju^tement coe6-

ficient, is "Ied dor describing the level density. The adopted foamiula OfiL

the 6spin c-w-o f6ac-tor i6 mostly the same but di{fieAent (R- 75, Mo 75, Gi 76)

con6tants ate used with littie. consequence on the crosa sectionm in the te-

viewed eneAgy tange. (TheAe are theoretical acgumente [(Fa68] in favour of the

higher value 6or the constant (k = 0.147))

V. Mean ParameteA De-teAmination

The mean pacametev4 ate estimated by an analysis, of the reonance

partameteL dis6ttibution. Then, they ate adju^ted within the error bat> so ao

to give a good fit o theQ experimental data in the Kev tegion.

VDiteAence. occw, smmetimes tmportant, in the pubRished value6

rtesulting ntom difLeAent analysti^ methods as well as rtom the phiofity

accorded to the vatious paramet-er during the adjustment ptocedute.

V.I. Avetage resonance spacing deteAmination

The DVb s patameteA is, by far, the most important. It -i basic to

the level denity determination.
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It aflo hau an impontant indeuence on the. a&signment daoL the resonance4.

Indectttly it ptays a Laoe in the "background" eCos section detemination

due to miLsing tevet6.

At leaat, ^ive methods exi6t dotI DOb determination. Two od them
employ the tesonance energy. distribution a& ba6ic data and the thtee otheu
the uieduced neutron width dis6tribution.

1} The clasiae st taiccaLe. method

2) The Dy6on-Mehta A3 patameter method (y)
3) The so-called "m^sing tevel e&timatot " mathod (Ke 761) Annex 11)
4) A method oad itting the expeimentate Leduced neutron width

di6tibution to a X2 lw with one deg/tee oa fteedom (Ro 76)
5) The ho-called "ESTIMA" method (Ri 75) (Annex 111)

The 4taicnze. method peAmUit the detemwiatinon oa the eneAgy
above which kteonance6 arLe obviostly missing in the total ( 4 g p he6onanceh)

but doe6 not give any inoAmation on compen&ation doA mA 4ing "1" teLonaQnc

by "p" te6onance4. A tlo aof "'4" resonance4 or a contaminution by "p" AteO-

nance accouding to a linear law oa enengy, i6 not expeAimentally excluded.

The A3 pwaumetex method doeo not &eem to be preci6e enough 4ince,

doA example, i. tolate an e~rot od 1 % dor a set od 00 Ateonanceb
(even-even nuclei), In dact, thik method appear. to give a nece4saty

but not &uddicient condition doa a set oad reonance. to be

complete.

The "'mising leveL estimcato" method applie6 aome Po~te-Thoma~
law ptoperties to a truncated expettnentae neutaon

width di6tribution (Lee. Annex II ). Undortundtely, this technique iU6 ent-i-

tive to the quality oa the. LwgeAt width deteARination.

Methodhs 4 and 5 ate veAy s'wearA, since both fi^ a tumcated

experimentat neutron width dit6tcibtion to a X2 aw with one degree od
freedom. In 4uch a way, Dl t0 and gTn valued aVe obtained. The consequent

Se0° value ia compated to r Wheich someetimes a.tow h the po46ibility
AE

oa detecting Lome expeimental syste matic e s on the laget neutron

widths.
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A contamination by spuiotous resonancce is al4a detected.

In method 4, the threshoid i6 located so thct only the. s reo-

nanceQ are con-idered.

In method 5, all the information coming rom the variation of

the thteshold is used (See Annex IT.11

To ieu^ate the di6cagreement6 which can occwt in the. ue of

these five methods, two examples have been chosen :
DOb_ _ev__ _ Fig. 2-3-4-5-6-7

WNuvel 1 2 3 4 5
Megthod________

151Sm 1.62 1.73 1.58 1.11 1.05

N48d 91. 113. 158. 171. 191.

Method 5 has the advantage od ptoviding an "a poste ioxi" check

of the.e -o estimated value. This is the one we Aecommend.

V,2 DeteAmination od mean uadiative width

The mean valu.e Loh the gamma width is obtained as an average

oveA the known treonance^.

When the expQevme.ntal data are accurate enough it se.em& to appeaL

6ome 4pin and parity dependence which is accounted fotL by taking into account

spin and parity selection r tuLes and by wuing a teatiQ tic level de.&ity des-

cription as indicated in the last Panel by Benzi and Re.-o and applied by

Ribon and atl [Ri 5] .

VI. Local Systematics

They conce.n all the average statstical paAmeteLu.

They ahe veAy usef ul ot. Lthe completion o^ an evaluation program of va6t

dime.nsion. Actually, they are the oney soutce of information which can be

rtefetted to in the case of absent experimental data. Futthemnote., they can

be u6ed as guides (time. aver) duting the adjustment operations.

They have to be consideAed as semi-empiricalt aws since :

they ahe based on estimated data whose. value depend on the

technique uwed (V =o, fot example).
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- they depend on the weight given to the inormmation coming te^-

pectively dtom the reaonance parameteAr and Arom the captuAe data in the Kev

tregion.

They can only be u6ed locatty and always foO intexpolations.

In the case where the systematic conceAn non-indepeendent paa-

meteus (d=y , F), they must be realized imneutaneousty only fAom adju^ted
experimental data. It could be Urisky to impo6se to eithe. o6 them a variation

law theortetical o empirical, which would not have been ptevioasly veAriied

on a large number o 4- imilat nuclei.

VI. 1. Small "a" 4y.tematicm (Fig. 8-9)

Since the Last Panel, two semi-empit-ical 4ytematics (Ri 75,
GO 76) have been pubtihed and a global theoneticat dectiption (Ch 76b) a4
well.

Fot the nuclei belonging to the "light" peak of the FP mas4 di6-
ttibution (42. Z<46,52<: N 65), the two systematic4 give very close tAendo.

They differ oney by the absotute values due to difdeAent choices fox the a2 not-
matization con&tant. They exhibit a neatAy lineaA stAuctue fOA "a" against

the neutAon numbeA Nc in the compound nucleus

Fot the nuclei of the "heavy" peak, an odd-even ef6ect Aeemr to

appear. As the neutron numbeA move away ftom the magic nunbeA (N = 52, 80),

the tAend od "a" deviates moLe and more .6tom the Linear Law and can decrea6e
after having increaued. An explanation oxt thece two eddect can be dound in
the defounmation od nuclei (Ki 75, general ttend of a) and in the pteaence of
vibiationnal oOx otationat ([spin e6dect) states (Fe 75).

A CNEN/CEA joint eddort concerning more than 60 isotopes is un-

dezway to extend this 6ystematics.

Owing to new, xichex experimental data (Ch 76) on xreonance pata-
retexs and morte teined analysi's techniques, more cetain values fot '~ = ate
pxetented which can suppoxt sophisticated theories on level density foMmulae.

The improvement in A=0o knowtedge heaLized since 1973 are signi-

ficant (Ex. 03Rh).
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FoL what conceAtn the investigated gamiai&e, one can estimate
that the accwuey on Dob6 &ies between 10 % and 30 % (la) soh the nuclei with
expeAimental data and between 50 % and 100 % dot the nuclei which a.e tele-
vant to 6ystematic4. FuLtheA improvements have to be made &ince thi6 basic
pacumetex mwst be known with an error baz no grteateA than 20 % 6o. all the
nuclei.

VI. 2 Netwn zttength wunction Aysemtci

From the experimental point oa view one 4hould -ay the situation
hae been impLoved hince laAt Panel in that bettet s6et of con.itatent pana-

meteru axe avaiabtle and improved methodology in s.tatitical analy6is, of
te6onance pwametexu i6 being ued by expvamentaliust6 and evaluatox&.

From the theoeticat point od view the situation ka not Aigni-
ficantty changed in the &lat yeaut. As dto ae we know no ovexale optical
model patameteA 4et able to .teptoduce aimtaneouly both strength unction6
and neutron cro4 ectionh i6 available. Only .ecently [La 16] a local 6phe-

rical OMP &et ha been dound or 9. Mo which dit S° , S, R' and totalt CAo&

4ection. A aizeable improvemeent woue d be obtained iS thi6 method were 4uc-
cea dull 604or laxge cta4$e6 od nuclei.

A an altnative, at Bologna, [Re ]77 i undewa~y a atudy on

t4e efdective po-s6ibiity to find an oveu.oel pheAical local potentiaL non

local equivalent able to Wi1 al nrelevant data in the whole energy tange.

On the othex hand the phreented £yktematics axe afdected by laAge
ncexctantie. Thi6 could be due buide4 to expeximeental wOwM, al&o to the

dact that a more complicate paueamtization s6hould be used. ,FOx intance
odd-even luctuation ax e obwrved (Ri 75, Gt 77) and intexpneted by KiAouac

(Ki 75).

Many authos (Ri 15, Mu 75, GA 76, Ko 77) have obseAved, in a

gene.wl uay, that S 2 >S O. This dact is in opposition with Musgowve'4 indi-
cationa.
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VI. 3. Radiative width oh .adciative. trength unction systematic& ( Fig . 10, 11,12)

Becauae the theoreticae expression of r, depends through the El

.selection ruLe on ppin and parity distribution od levels, patticLuayly low

lying levels, it seems "a priohui'hatheA difdicult to find a complete wpaa-

me'trization suitable Boxr a aystematic analysiZ oa the ttend od the behavi.ou
oa this important parameter.

In addition it should be a1so noticed that, aceording to available

expeuilmental data, not all the nuclei exhibit a sizeable sptn and parity

dependance.

A tentative of taking into account spin and pafity edfect ha6

been made by Ribon and a4Ri 75 .

Exception made ofh. the even-odd target nuc.ei this tentative aeejm
not to be completely satisyifng

A patticulaL mention ought to be made of Muggtove's ovetral sys-

tematics o rp, which proved to give, in genetal, good reults6 where the sp-in

and parity effectis are negligible.

VII. Uncentainties e4timate

In the procedute of adjuastments on integral data a

knowtedge od erro bart on evaluated data is nece44aty. The 4soution

of this importtant p/oblem cottesponds to a recommendation of the

prtevious Panel but seems to have been Atudied in a complete way

only in RCN evaluations. The adopted method i6 dec-iebed in tefe-

rLence [Gi75]. It could be usefdu to compare the calcutated uncet-

taintie. with the experimental eLoOAAs and the sp.ead oa expe.imen-

tal values in otdet to test the as4.umption and the etrot es5timate-

on the mean patameteru of the stat.isti ca model.
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C - Intetcompatri on o._t craptsute co.6 <ectiAons f4om recent evaluations

of some most important i-ssibon product, - Recommended

ave.rage. patamete.s

(Tables 1 to 7)

In the. te.soved resonance. egion, it is obviouo that

the difference between evaluated group cos6 section4 tezIultt o'

didertences tn the. reo-olved tesonance pa rametets (i{ncluding teso-

nance ene.gie3 in the case of few i teonance.s o on C4 a different

tteat -me.nt in the thetma-l range (1/v behaviout, negative Le.^onan-

ces, statisticaaly generated r eaonancea). Thia argument will not

be. epea.ted in the olloowing, where R.R and U.R wi 'l treet to te-

solved keaonance region and to unteoluved re.onance region tea-pec-

tively.
On the digUAet -he. CUWVes numbeAed x x x ace calcu.ated with the. recommended
pacameters.

95o Fig. i3

R.R : acceptable agreement

U.R

Experiments :, good agreement between KAPCHIGASHEV's (SDS) and

MUSCROVE '4 (MaiZer - Lebnictz detectot} value^.

Evaluat-con- : ovetall agreement Ibettet than 10%)between a-e the

reviewed evaluations.

Recommended evaluation : CNEN/CEA - tecommended average parame-

ters

DV 86 ev SO = 0.5, S = 7.

r t = - 1770 mev, 11 = 280 mev
Y Y

Pte.sence of non s.ta.titicalt ef.ects.
Requested accutacy : aclueved.

r9 Mo Fi. 74

R.R : App-eciable di6e4tence between the two extremep JAERI and

RCN, puobably due to tadiation width.

U.R

Expehiment : Somewhat good agreement between MUSGROVE (Maetr -

Leibnitz detectot) and KAPCHIGASHEV (SDS) except above = 20 Kev

whee. the. atter. values cannot be dctted in using the. ame avetage

patameter.a. a6 at loweA energy.
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Evaluation : thtong desagreement JAERI-ENDF/BIV below = 15 Kev.

Most evaluations ate in agreement do. E > 15 Kev. Due to bettet

agreement with integral ies6ult. (La?6) R C N evaluation i6

preieted rathei than CNEN/CEA evaluation (veAy cloae).

Recommended patamete.4 : D° bs = 4 7evSo = 0.5, S I = 7.5 r¥O 100 rev
r?1-= 145 mev). PAe6ence o6 non Mtatistical efdects.

Requested accu.acy : achieved.

i9 Fig. 15

R.R : in geneoQa close te.ult.t ruJm RCN and ENDF/BIV evatuation.

Rea6onable agreement with the others up to -10 Kev. Thete iA a

not completely explainable disctepancy between Muhgkove' value&'

and group cto44 4ections catculated by Gtuppelaak. fom CHRIEN'S

e4nonance parametet4.

U.R : Numerouz data obtained by all the po44ible techniqueA

(except 4phexe ttansmis.ion} but in strong deQagreement (up to

a factoti 3) which cannot be explained (4tati.ticail ductuations)

by conAidei.ng that the teolvted tegion is extending to enetgieZ

close to 50 Key. All the investigated evaluations ate in good

agreement but are loweA than the experimental data.

An experiment by activation with a bad energy tesolution, atound

40 Kev could help to 4olue this di4crepancy.

The hecommended cu.ve (a6bected by an eAtimated unc~-tinty o0 + 30%1

cor/e4pond4 to that obtained with the. ollowing recommended paxa-

metek (tuety clo4e to Mu69gove' (Mu 76) value4).

(ob7 = 910 ev, So = 0.6, S = 6. Ir=0= 88 Mev, r=l = 107 Mev)

Pre4ence o6 non &taisttical eddect4.

10 Fig. 16

R.R

Rea4onable agreement (except atound 60 ev) between all the evalua-

tion4. Adter GAuppelaar (Gi376) a new experiment od Weigman (76)

indicates 4mallei neutron widths dot 6 wave re40onancea between

1 and 2.5 Kev than those given in BNL325 and used in 4ome eva-

luation4.
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U.R

Experiment4 : STimilat .ituation to that o 9Mo.

Evaluations : Stimtla shape but diagteement of = 40% between the

exttemes. The evaluated curves axe generally lower than the expe-

timental values. Fot this nucaide, a4so, an experiment by activation

(and bad enetgy es4olution), atound 40 Kev could be u.eful.

The adjustement ba.ed on STEK meas6utement is in davour od

ENDF/BIV cutve which is rtecommended with an accutracy of ± 30%.

Gruppelaat indicate. opposition between difetrential and integral

rte.sults.

Recommended patametert : (-ob4 = 100 ev, S0 = .35, S I = 5.
rl=0 = 70 mev, r 75 mev)
Y y

99 Fig. ?

R.R

Reasonable agreement, but CNEN/CEA ot RCN group ctros section

value. should be prefered because based on tecent values of

Adamchuck 'Ad731 

U.R

Experiment : only one set of data ftom Chou and Wetlee (Ch?3) (SIS).

Evaluation : good agreement between all the investigated evalua-

tions.

But since atl the adju.tements on integral data iLe76, GI16J

indicate an inctease, JAFRI cutve is pteerted afdected by an accu-

tacy better than ± 10%.

Recommended patameters : (DV0 = 17.6 ev, SO = .47, S1 = 7.

rF420 = 1 142 mev)
Y y

COMMENT : A mea6utement iu underway in GEESTHACHT (University of KIEL -

GERMAY, F.R. .

10 Fig. 26

R.R Good agteement of all the evaluataons

U.R Few experimentat vatues in dlsagteement. They have been

obtained by the retative activation method, except those of
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Kononov who uAed the latge detector technique.

The evaluations di66ef considetably. All the adju6tements (Loa76,

Gx76) show a tendancy to suppott the mictoscopic value6 o6 Poenitz.

That ia why we recommend RCN evaluation a66ected by an accuracy

o0 ±20%.

Recommended pataameters 0 b = 17.1 ev, = 0.8, S1 = 3.8

rT 0 = 135 mev, rl = 135 mev.
Y 

33C Fig. 29

R.R

Rathet good agreement of atl the evaluation4

U.R

The availabte data obtained by many methods (SDS, activation,
big detectot technique etc) ate vety dicreepant. This impotant

disctepancy expltain the spnead od the evatuations which ate moie
ot.r es4 comptomiee4. Because of integAal experiments indications

[Li 76, G1 76], an average between RCN and CNEN/CEA 6houtd be
adopted, which would rather nicely teptoduce the experimentat

points o6 Booth and Kompe.

Ans2ited uncertainty : ± 10%.

Recommended pa&ameterA : D 23.4 ev, So = 0.8, S = 3.4
F = 133 mev, r 145 mev.
¥ Y

Fig. 18

R.R : Reaoonable agreement except 6oF ENDF/BIV which 4hows a

latge d.ischepancy between 100 ev and 465 ev due to di6fetent

hebonance parametekA (Gi76) 

U.R

Experiment : no experimental data available at pte.6ent time.

Adtet Gruppelaa,htecent measurements by Hockenburty and at[Ho76)

not yet pubis6hed.
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Evaluations : Acceptable agreement between RCN, JAERI and CNEN/CEA

cuwves - ENDF/BIV lower by 20°.

Accotding to adjust ments on integal- expetiment6, an average

between RCN and CNEN/CEA cauves should be adopted.

Recommended panameitet : D0 b = 16.1 ev, S0 = 0.47, S1 = 7.
£=0 -Ir = 170 mev, r = 190 mev.Y Y

Reque.ted accuracy achieved.

102 J Fig. 19

R.R : 3 obgserved re£sonance . Latge disctepancy in the ABBN scheme

between CNEN/CEA group conatants and the othehs. The amplitude of

the d<.-ctepancy x.s largely Aeduced -n the CARNAVAL ene-gy 'cheme

The adjusteme.nt [fLi76 on inteqtae experiment go in ditec-

tion of RCN va4lues. (A value oA 210 mev intead of 181 mev shoued

be used in CNEN/CEA calculations for the gamma width).

U.R : the prteented evaluations agree w.ith microsc.opic data and

with each other. The integra£ expetiment teqtque ltage amplitude

oA adjust ment.

The recommended curve should *tesuelt tom the use od the fotlowing

average patametets. D°b = 550 ev, S0 = 0.3, S7 = 4.5

-=0 = 210 mev, =I = 230 mv.
Y Y

It is obvious that meaur.ements in both resolved and untefisoved

tesonance tegions ale tequitLed.

103R Fig. 20

Thene aae no expeikmental data oha this nuclide. Not too high a

value 60o the capture ctro^A6 ection is like.ih y other wise

A.t would have been detected in integgh-a experiment. A c.to&s

sec.tion .imitar'. -tn ampl.ctude to that of 1Ru can reasonably be

accepted. An other.c argument in fauour o6 CNEN/CEA cnoss section

i^ that the average paAame.te.t ale Ae.tevant of moee Aecent

ts ystematics.

The recommended cuA.ve is the CNEN/CEA curve, but reduced between

1 ev and 47 ev by a fac.tor 0.55. The. attfibuted uncerta.nty i.^

+ 40%.
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Recommended parameteo- : D°s = 7.5 ev, SO = 0.45, S1 = 6.
r1=0 = 96 mev, r1=I = 111 mev.

y~ -~Y

1104~ Fig. 21

R.R : Only 4 observed resonances ane given. The. group cros-6 s6ections

oa the vatious evaluations exhibit some di5fertences which can

teach 40%-50%. Due to their better agreement with integ/at data

(GO,.?6) RCN values have to be pteented.

U.R : Only few michoscopic measu.Lementts exist which are not coherent

(factot 3 between Macklin'4 and Chaubey'4 values at 25 Kev (acti-

vation method)). The evaluations ate in teasonable agreement.

Recommended curve : ENDF/BIV, accuracy : ± 15%

Recommended paname.test : D300 v S= 0.34, S = 4.
1 = Fl=1rt = 75 mev, r = 75 mev.

~Y ~~Y
New experiments ate teque6ted in both rtes^oved and unteotlved

rtesonance /tegion.

[703-, Fig. 22

R.R : The set o R.P. given by BNL 325 rMu73] can be con.ideted

ai complete and cohkeent. Some di4fetences occut with rtespect to

this Areference. Fot example, as rtepoA.ted by Gruppelaat (G;, 76) the

captute width fot the tesonance at 2.6689 Kev in ENDF/BIV i6 too Ltage by a

actor o0 10 and some r dfo many rt.sonances with unknow spiMn

ate too high by a factoh2. The evaluationsv ae in good agqeement

except fot the group 20 (ABBN scheme). The resultt6 of integrta

experiments \L 76] seem to indicate that the CNEN/CEA evaluation

should be pte5eted.

It must be mentionned that DILG and MANHORT f.i 70J give at 2200m/l

6ot a t a value o0 144.8±0.7 b in contradiction with the value

adopted orA oc = 149.1 b, the. Latte. being suppotted by the.

value obtained .tom teaonanc.e patame.ter .

U.R : Many microscopic tresults (by all techniques except sphete

trkansmisAion) sometimeb in d.;bag.eement. Most evatuations

ate in good agteement (10% or bettelt) (ENDF/BIV is tower by 30%).
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Accoading to atl adju.tn-ment JAERI cuhve should be retained.

The. equested accuracy is achieved, but since 103 Rh is often

used a- 4tandatd the opposition betweeen the tendancies indicated

by integrta expetiment4 and the mott rtecent confident) micAo4-

copic (Le75, Ho76) fetultts has to be solved.

Recommended patameeters : 0
b s = 26.4 ev, S0 = 0.57, S1 = 7.

r° = 160 mev, 160 nev.

The cwuve calcueated ith the re.ommended m pcmetmev isb a better conmprtomise betwe.en
micLtocopic itegal data than the tLecommen e cuve.

BjjsPd Fig. 23

R.R : The did-etences in the evaluated data, between 10- I ev and

10 ev are due to difertent tLeatementsin the thermal range.

U.R : One single set of data isz available [Ho75] (large detector

t.nac ) which have not been taken into account by most evaluations.

The dide.tence.s obaeved in the towe. panlt of the enertgy range

ate due to di6de.ent valuei of So. Above 1 Kev and up to 50 Key,

RCN, JAERI and CNEN/CEA evaluationA are.n good agrteement and well

suppoited by the expeiemental data. At Aigher. energy an impottant

diLagieement between experimental and evatuated values begins to

appear. Because it is in a bette. ovetall agreement with integral

data, the CNEN/CEA evaluation has to be ptefeted/ afdected by an

accuracy o6 + 10%.

Recommended patamete : D ob = 10.2 ev, S = 0.45, St = 6.

r 1=0 = 154 mev, rp= = 164 mev.
Y Y

COMMENT : A measoLement i6 pla.nned at GEEL.

jio7pd Fig. 24

TheeA ate no experimental data at all. The dief4e&ence6ob4etved in

the. e40soved Lesonance region ate due to different trjeatments

(generation o4 te.onances ort not) and to difeetent ysgtematic4,

e.pecially doL the parametetr "a". The lattert rea.son explain4 atlo

the d-Lagreement up to 100 Key, which can b. com petely reduced
only by new micLo6copic expei.'ment in both R.R and U.R otr
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106pd, 108d, 10 d thisD poibility i coniderLed at Ren4selaet

Polytechnic Z^stitute) and by the infoamations from integ9at

experiment., RCN and CNEN/CEA evaluations ate uvey cto.e.

Thank4 to indication4s fom STEK expehiments, they can be equally

recommended, ade-cted by an unceritainty od + 30%.

Recommended patametes. : D0b = 5 ev, S 0 0.4, S = 5.5

r = = 137 mev, r = 160 mev.

COMMENT : The tAuLets o, a new mereawuement (RR) pefdoumed at RPI wiUl be publizhed
at the ANS WINTER Meeting (Nov. 27 - vec. 2, 1977).

The only available experimentat data .i the capturLe c/o046 4ection

at the.mal energy.

The dide.Lence., ometime s ve.y important (factoL 5 between ENDF/BIV

and CEA) between the evaluation6 in R.R and U.R can be explained by

the adopted value do DOb 4 uwho&e de.termination i4 depenjdw 0fs. 6yj-

tematic4. The latte. could be imprtoved by new expe.'iment4 (R.R)

concerning 13 C .

A mean cuAve between JAERI 2 and CNEN/CEA curve4 affected by an

uncerttainty of ± 50% could be retained.

Recommended patamete4s : D ° b = 0 ev, S0 = 0.7, S l = 1.7

rT= = 125 mev, r 125 mev
Y Y

COMMENT : Accotrdn Poie meueA Dobs vaeue .a likelu . nd-jmted. A nea ef -
6uteme.n^Ic pwanned Sor next yea.i n aunve i KL (eAunany, .K.

741Jp FLg. 34

R.R : RCN and CNEN/CEA evaluation ate in teasonabte agreement.
ENDF/BIV di6.e.r appreciably 4ometimes, (in the ABBN ghoup4 21-19)
a4 a consequence of a difderent method of fitting the the.mal

region.

U.R

Experiment : The available mico46copic data have been obtained

mainty by activation. They difea talage.y(dacto 2),even adter a
tenormatization. ENDF/BIV evaluation i4 .&4tematicaltt higher than

the other evatuations and the experimentat points. RCN and CNEN/CEA

evaluations agrLee we.lland can be equally 'ecommended &ince they ale

in accordance with the indications od integatl experiment4 (Gr?6).

AAszl^ted uncertainty ± r0%.
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Recommended parameteh^ : D ob = 132 ev, S = .6, S = 1.

r-= = 92 mev, r " = 95 mev
Y Y

LSi Fig. 35

R.R : this isotope is chatactetized by a very lat.ge thetmal cap-

tutie ctoas section. Rathetr lage disagteementi above 10 ev.

U.R : the/e is only one experimenZtal esutt 6tom MACKLIN (Ma63) obtained

with total energy detectol (MOXON-RAE).So, the evaluaotion are maZinyb based on

avetage patametes te.aulti.ng from tesonance patametet di^ttibution

analysis and bystematica. That explains the observed (= 20%)

dife-tences. Following Gtuppelaatr's agumentoions we recommend

CNEN/CEA evaluation affected by an uncertainty of ± 15%.

Recommended patametetsi : D b = .9 ev, S, 50 S1 = 1.4

Tr = 63 mev, F = 60 mev
Y Y

Comments : due to i&t "importance" an experimental edaott (mainly

integrta experiment} should be made otr this i otop.e.

155, Fig. 36

This isotope is chatacte'ized by a latrge thermal captute crtOs

section. Thete ate only thtee rece Lt evaluations. The JAERI

evaluation is about 30% lowet than the CNEN/CEA evaiuatio n n the

oventall reviewed energy trange. ENDF/BIV is lower in R.R but

systematically larget by a factor 2 in U.R with trepect to the

CNEN/CEA evaluation. This dif4ertence can be explained mainly by

dif^erences in Dob estimation.

Since we ate vety confident in the "ESTIMA" method we think that

the CNEN/CEA value ifo'r this parametet is ptobably the mote

teatlistic one.

Integral experiment (La76) .e&ult, support an increase o4 CNEN/CEA

curve . We recommend the CNEN/CEA curve with a'n aAinr.ed uncertainty

of + 20%.

Recommended patamete.t : D = 1.05ev, S 3.8, S 1.4

r0 = 96 mev, = = 96 mev.

Comments : An experimental effdotht has to be made. for this t-sotope.

A mic.oscopic experiment ii posbible up to 70 Kev using Maiet-

Leibnitz detectot, iince the inelastic level at 4.8 Kev will
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provide y rays od -same energy which wuit be canceted by the

electronic set-up thtes.hlcRd.

?10d Fig. 25

R.R

There. ate 3 obseuved Lesonances so that an accurate determination

o6 DOb4 i4 problematic. ENDF/BIV and RCN evaluations arte in good

agreement, STEK expertiments indicate a tendancy dotL ouwer values.

U.R

Expetiment, : very dew values, atl obtained by activation.

Evaluations : the evaluations are vety clo4e and fit einto the

experimental data.

As a consequence of the inGotrmations trom STEK experiments,

ENDF/BITV houltd be pre6eted, afdected by an accutacy of ± 20%.

Recommended patameters D0b = 200 ev S0 = 0.4 S1 = 3.

ry - b6 mev = 75 mev.-Y 

|i27i Fig. 27

R.R.

A lot oa treonances have been detected. The.e ate no experimental

data fot ry, except in the most rtecent expe.iment od Roht (Ro 76)

Thete ate appreciable di6fetences in the group croL^-^sections.

U.R.

The di4crepancy between the two extremes, evaluations CNEN/CEA and

RCNd can teach 20%. That iZ a ̂ u.tptising ^situation dor an isotope

which has been considered often as a &tandatd. RCN evaluation,

ba4ed on adju6ted mean parameters deduced doom Rohtr'4 experiment,

is smaIleit than neatly atl the experimental points. Since 6ome

weight has to be given to the "old" experiments and since it fit6

perfec.ty into the. ecent (confident) fte&ult of Rimami and Chrien
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L/iZ 767, ENOF B-TI haa to be p'refered, af4ected by an uncertainty
no bettert than 10% 

Recommended parametefi : DV0 6b4 4 .2 eV ; So - 0.8 ;
S 1 .8 r - 120 mev ; r = 120 mev.
$I = I 8 ¥ ¥

293 Fig. 28

R.,R.

The.re axe dew exptimentat resonance parameters given (no- data 6otryj.

Disccepanciea a/re present in the energy range od the obse.ved nteo-
nances. Good agreement o ot' th and RI..

U.R.

'No data given. It is did6icutt to tecommend one evatuation since "a"
and ry (mohtty) systematic4 arte trather uncer.tain. The diddetences'
obhetved in the evaluations are mainly due to difderent value2 adop-
ted doL ry. With respect to 127, RCN and CEA systematics on ry
show variations in opposite senses ALthough they are ba4ed on

129
Limitla donxrmali4sm. It seems moAe likely that r- for 1 is6

127smattlL than fo r I.. Starting dtom the recommended r value
dor 12?I and assumkng a variation o5 the some amplitude (but in
opposite sent as calculated by GrUpeeaat i.t tollows a value od
- 110 mev very close to that uaed in RCN evaluation which i4s ecom-

mended, addected by an uncertainty od + 40%. It i£ obvious that

a carteul study on the -y^tematics wilt impaove the evaluation of
this nuelide.

Suggested paAameters : 0o bs 30 ev, So = 0.5, Sf = 2.
r0 °=10 mev, r =110 meu.

I43Z Fig. 31

R.R.

For this nuctide theneis a Lrathen complete experimeental set o6

resonance parameters. (E < 2 KeV). TheAe i4 no evident J, r
dependence do. ry.
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The observed dif6etence between ENDF/BIV, JAERI 77 and
CNEN/CEA group cto4s 6ections (19-21 group. - ABBN scheme) i6 p-o-
babey due to a difdetence in he.onance.pakameters o6 the fibst
rteso nance.

As indicated by integrual experiment, CNEN/CEA data Aeem

preAetabee.

U.R.

Thete a.e no experimental data.

ENDF/BIV iL much higher than JAERI and CNEN/CEA evaluations

which 4houtd be adopted on the basis od integral data /Ia 767.

A^signed accuracy + 20%.

Recommended paramete44 : D0° = 39 ev ; So = 3.3 ; Sl = 0.8 ;
r= 7=0 mue ; r; = 70 mev.
Y Y

Comment : a miciro4copic expetiment (Maie.-Leibnitz detectok)
i4 po4zibte up to 750 KeV.

14 5 d Fig. 32

R.R.

For thi 4 ntclide, the conceu4ions akie 4imilax to the above one.

U.R.

There ate no experimental data (micoscopic o integrtal).
The avatiable /ecent evaluation4ae. in ve.y good agreement and

can be equalty recommended, with an aAc.nted accuracy o +- 20%.
Recommended patameter4 : D0o = 19.2 ev ; So = 3,5 ;

S I = 0.8 ; r = 53Mev ; r = 46 mev.

Comment : a mikco4copic experiment (Maie-Leibn-itz detec-

tor) is poes.ible up to 70 KeV.
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739, Fig. 30

R.R.

Important disctepanciee between ENDF/BI V and the other evauation^.
Very 6ew data dot r.

U. R.

Numerou6 experimental data in big disagteement, especially dot eneL-

gies atound 25 KeV. Although the ^catcity of information about r',
thete is a good agreement between aUl the evaluations which can be
equally recommended affected by an uncertainty od - 15%.

Recommended piarmetet. : D 0b4 = 270 ev ; So = 0.72 ;
= 210 ; S =;S 17 ; rF = 60 mev ; r 1= = 50 mev.

4pi 9Fig. 33

R.R.

Thete i4 a good agreement between all the avaiLable evaluation^.

U.R.

No experimental data given. Thete ia a di4ctepancy of about 30%
between the two extremes evaluations ENDF/BIV and CEA. Th~i diS.e-
tence is expelaned by the fact that ENDF evaluation ha4 been cal-
culated using Moldaue.'s O.M. Due to the small value of D b s, oa
is vety sensitive to the choice of OMP.

The agreement between CNEN/CEA and JAERI 77 i4 very good and
suppotted by the integtra experiment data [Lc 76]. Thesee two
evaluations ate equally recommended a6dected by an uncertainty

o +± 15%.
Recommended patametets : Dabs = 5 ev ; So = 3.5

S1 = 0.7 ; =r - 73 mev ; 1 = 3 mev.Y 0
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Concluding aematkh - Suggestions _or improvements

The suggeit-ions can be didet.en.t i6 the 6ieeld od

the pure nuctear physics and o4 the reactor physics ate con&side-

.ed sepatately ; thi. situation is due mainly to the dact that

the accu.acy amiso ed to an evaluation can be didetennt in magnitude

to that afSije.d to the aju^ted cuAve :

For the mo4t important FP, the reactot physicistb eaim

that, thanks to the joint indoamation 6fom evaluations and inte-

gral experiments, theit need& aie neatiy satisdied, with dew excep-

tions concetning, besides the nuclei whoae evatuation is krelihn

only ot, systematics (Ru 0 3 Pd1 0 C 35 ) the dollowing nucei :
1 0 2 Ru, 4 3 Nd 1 0 9 Ag, 5 1 Sm.

- Fot the evaluatous the strong opposition between

mic.oscopic and integral data which occur 6on some nuclei 98 Mo,
00Mo) muat be solved by new expetiments. Fu.thetmote the Lack

od data in the Kev region impo.sea limitation to the accu.acy

(149Sm, 51Sm, 147Pm).

On.heothen .ide, doO the nuclei od intermediate impon-

tance, the ajustement6 on integral data can be questionable .in-

ce a more and mo.e latge conttibutioi to the reactivity lo&0 comes

dfom neutron slowing down and accurate data dor elastic and ine-

lastic ctros4 ections anre needed.

The conclusions we pre.ent hete ate a triat to conci-

liate didSe.ent appreciations o6 the needs.

Micnoscopic data

In general, the need.s o4 indonmation in the Ae.holved

re.onance kegion concern mainly r data, which are at peen.nt

very sca/ce, 6pin and orbitati momentum as6ignzment4 by expetimen-

tal ptocedute. That, in oider to make pohsible mo.e precie detet-

mination o0 DVob and to deduce the J, 3, dependence and the hhaning

between the compound and direct components dor y. This hecommen-

dation concernf most nuclei.

- 175 -



Appheciation oA the situation of the main neutron

standatds

197The most recent evaluation& of 9Au (n,y) cro-i

section (ENDF/B-V and Fo 75) agiee very well in the common energy

tange. A 4tudy should look at the impact o0 GWIN'S (Gw 75) tre.ult4

on the evaluation of Sowetby t t 235U (n,6) ctos . ection

for enekgies below 100 Kev.

Formalisms and techniques6 ot evaluation

1) The tebonances patame.teth presented in the evalaa-

tion shoued efisult (as in Ri 75) ftom a critical analysis4 od the

available experimental sets. Such important wotk could, po^6ita-

blyr be pefdokmed in the 6rame o6 a cooperation between speciali-

zed laboratokies.

2) the use of "ESTIMA" method is pLesently recommen-

ded dot DVbs de-temination.

3) Neutton strength functions S0 and S I have to be

taken into account in the poocedure to determine the OMP. A6 a

statting point the "SPRT" method i Lrecommended, [1e75af but improvements

have not to be excluded (60o example 'a mixturte o the classical

method with the SPRT method).

4) Ptesently, D bs can be consideted as bettet detet-

mined than ry. As consequences og this dact :

- In the statistical .tegion the adjust&ment- ptoce-

duAe should concern with priatoity the tadiative

width kather than DVb s .

- New theortetica developments ake kequited to improve

the treat-ment o6 r and to find realistic intetpre-

tation od the reliable syatematics in view o6 theit

extension to the 6ollowing nuclei in the list od im-

pottance 6or which there ate generally dew expe-imen-

tal data.

5) It is4 ecommended that,in the duture evaluation4,

the condidence interval be estimated.
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A N N E X I

- CONTRIBUED PAPER FROM P. RIBON -

It i4 well known that computation Q6 cQo44 4ection4 oQ non

44issie nuclei from rLeonance patameter 4 can provide negative value4

o 4 scattering and total coaa e.ections. A, a fact, thete are 2 di4-

tinct origin. o0- this de6ect-which add their ef4ect4 

7. The u4e oa the Single Level BxMeit and Wigne d6orAma-i4m -

i.e. the neglect od the scatteting intetA.eence between level4. Thi4

Coa.c ' to negative total and scatte.ing cto.44 ection4 when the.e are

2 (ot moe) ve.Ly cto6e re4onance4, o0 the zame .pin, with reOat netu-

tton width4 : a typicaL case i4 the group of 2 .te4nance4s of 232 Th'

at 21.8 and 23.4 eV.

Thi4 ef6ect can be corLected by the u4e o0 the u.tti Level

Bteit and Wignet dormaLism, i.e. by the addition of the tetm .

( 7. = 4rX 9 fg r7 xx-a)d X IR J,Q A A'#A r; r'A (+x 2) (+x' 2) L']

with : 2 (E - E)
A

Thi4 term can be wo^itten a4 ; 

U7,4nirX2^Z r!"~Ž Iyn L 27/R' - 4, i ' 1r r 9 rX, (EtO)+]27

6or.mais4m by whiting the re.onance tertm as : -r_6

aCR4 oeX_ r __r X27Xi'tX (EA-E ) Cf-X-r 2 3

and the potentiat scatteting treonance intetfeAence tetm a6

l 8rX 1Z 9 +x A *> , E EA 4
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This 6orm o expression /7/ introduce into the SLBW formuta

cotrection s which arLe either constant, or amatl and smoothly varying

with energy, and atlows the use o6 the 6unctions (, 0 6or Doppter

broadening calculations. Moie pnecisely, as rn ~ f or t = 0

ihesonances, the cortective texm in /4/ is energy independ. nt, while

the corrLective term in /3/ is energy dependent, but can be neglected

since it is smatl.

2. The neglect od dai-away tevelt in the calculation od the

scattering intefetrence between potential and resonance scatteriing,

when thete are not as many tevets taken into account above and below

the enerQgy o0 inteke.est.

This tetm is (dox t = 0} :

a;x= s7~X R X 2
The contribution of tesonances is either positive ot negative,

and is decreasing as ; aLsuming a simpte model (constant values

of6 and S 0 ), the sum -t4is not finite. In oder to provide an

exact value of6 Jp , the. ame enerigy ange should be taken into

account above and below the enetgy E (i.e. approximately the same

number o6 t.e.onance, ate to be taken into account above and below E).

r- E

0'C ) ( )- E (tesonances 7)
'(£e) £- E4

there is a Asytemratic etxrro - the c-aoss sectionA are underevatuated

id E, - E > E - Ei (what happens genexral'/ at tow energy, when there

are many reaotved treonances).

This effect can be corrected by adding to the bcattering

and to the total crosa section a tem :

=So,. a I Tr k R VE 5 ° Lo9 -E
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Ei being the lower. enegy, and Es the higher, o6 the interval

where resolved tLeonances are taken into account to calculate P .

- CONCLUSION -

At low energy these two approximations oa the exact dormalism

add theit efdects to induce negative valuea of cLross ection6 compu-

ted from tresonance paramete.s, and it -is ecomm- nded :

I/ to use the MLBW ooma-lism ;

2/ either. to add Jfp as a smooth cro^s section in the

evaluated ile., ot to take into account the cohtection

S(TJp in the dfomula utilized by use.fs to compute

the teLsonance ct0os-section.
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ANNEX I1

- "MISSING LEVEL ESTIMATOP" METHOD EXTRACTED FROM ANL 7690

ARGONNECONFERENCE - 1976 -

Authort : G.A. KEYWORTH, M.S. MOORE and I.D. MOSES.

The method iA baaed on the assumption that : the neutton

width dittribution dottlows a Porter Thoma4 taw, the tatgeA widths

ate accuratety known. It use4 the piopertiea of the Poatet Thomas
law ete4utting fsom a pattiat integrtation. Foa example, i6 a thrte-

shold equal to £~n i4 applied to the experimentat distfibution,

it gives :

f% dx O 16,f P -/f(d)ddx O,704(go) kJ f(d .9- s xIg9
j ' I '7

a.,
with X -= and P I

'n

So the tatio .

kZ ' 4C -- o2/[ °)~~ped

(-iX) = " exp (--/

O, 969 o, 647 ,t2o6
equal to ----- X - ----

(0, 704)2 p

In the pratice the method con4ista in aeatcultating the

quantity 7 $ 4A 2/ * f') staitting with the taigest valtue
od grnt in the intex.va and adding additional tevels, anec.at a

time,,going tom latger to 4mallet in the oAdered atiay oa obaek-

ved valtue of grn' ; when thi& quantity equals 1.206, the total

numbet oad evete in the intetuva i Tr rr.
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A N N E X III

-"ESTIMA METHOVD" See teateence (Ri 75).

The ba6ic assumption i that the neutton width distribution

dbllows a Potter-Thomas law. The ptinciple is to fit a truncated

expetimental distribution with a X2 law using a maximum likeli-

hood method (Ri69-T773).The latte. peLmits to obtain gro and the

number Nt od rteonance4 of the complete dist.-ibution in the energy

inteAval, once the degrLee ofd feedom has been fixed (equal to unity).

The threahcd is vatied. Each value o0 the threshold is chatactveized

by one value of gno and of Nt. The adopted values fot these

two quantities ate those which remain constant when the thktehold

vatie4, as it would be the case oxr a pure distribution od numetoau

neutron widths (4see igure relative to 12 I).

The contamination by sputious resonancea leads to a quick

varLation (and always in the same sense.) od both gn and Nt when

the thteshold vatie. and is easlty detected.

The .elative. erto. on the estimate of Nt is quadratically com-

bined with the rteative sampling ehtot (given by Dyson and MEHTA

equal to -0.45 £og(TrN}+0.T343) in ordeh to obtain the total ntea-

tive erotr on D b.

A check of Do°b value is rAovided by the olltowing consideAationo : loo-

king, in an adequate asubintetval 6e of the enengy intewval oa inteAest,
to the. eaonances declated as sute -'s wave." '.esonances
(See B.1.1. page 9) a counting is successeively made oa the tesonan- 

ces having teduced neutton widths grn between grn o and infinite- N1 ),

between 0.5grno and gr n-(N2 ), between 0.2grno and 0.5grIno>(N3),

between 0.059grn and 0.2 ~no-etN 4). (See fig. 4,7).

Since I f {x} dx = 0.32 ; fo 5 d(x) dx = 0.17 ;
0.5 /0.2
0 2 d(x) dx =0.18 ; f0. 05 6(x) dx = 0.17;

ith x = 8! and d(x) = gL_ exP(X/2)

the aollowing critereia have to be 4atisfiedinastatis^tical

way : N I = 2N2 = 2N3 2N . 1f the fitrst equality, at Least, is

obsetved, then D°ob 6s£4 0.32 D0b ; not, a Sidyi peo-

med with a difeetent value oa gTno.
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TABLE 1
C

th (barn)

TARGET Exp J-AERI F E HD RC 7C,. Ct/ MAXIMUM oF , /y
htlU DEr JII ed. 77 RC 76 c 6 )IFFERNCE % %(f)fE N 325d00 77 1______ C______ _ NC %____.

94 o _ 0.01 
sEoa 14.5±0.5 14.42 14.47 14.385 14.8 2.9

96___ H______1.00______ _____ _____1.00

.97 fo 2.2±0.7 2.18 2.17 2.297 2.5 15.2

98 PHo 0.130±OO ___0.13 0.146 0.16 23

o00 o o 0.199±0100 0.20 0.198 0.18 10

99 Te 19+2 17.7 19.03 19. 20.5 15.8

401 Ru 3.1+0.9 3.34 3.10 2.88 3.0 15.7

o02 Ru 1.3±0.1 1.310 1.30 1.1058 1.4 26

o13 vRu __ __ _7.70 65.5 750

104 Ru 0.47±0.2 0.411 0.44 0.47 0.47 14.4

i03Rh 150±5 146.3 148.24 147.44 158.3 8
OZ pd__ 4.8±1.5

10 Pd _ 0.39 4. 1.04 900

jOSPd 14 13.99 14.00 14.212 14.7 5
106 Pd 0.30+0.0 0.24 0.2957 0.30 3

t07Pd 10 10.00 9.983 20.8 110

8 OPd 12.2±0.2 12.21 12.2 9.7 25

1OPd_ 0.22 0.2099 0.22 4.8

lfOYA$ 37.2±1.2 36.85"

"~OgAa 91±3 91 91.79 89.98 92. 2.2 i,

1271 6.2±0.2 6.20 _____6.2 0

1291 27±3 27.00 27. 0

~5tXe 90.03 -

033 C4 29±1.5 29 29.51 29.14 30.1 3.8 ____

135C4 - 8.7±0.5 8.7 8.7 9. 3.4

137cd - 0.11±Q03: 0.t1 0.11 0.14 26

141., 11.50 11.49 11.5 0

4t3d/3 325±10 ' 325. 325.08 317. 2.5

14;iNd 42+2 41'.85 42.02 0.4
14 7.Sm 64±5 68.2 64.02 64.09 56.5 21

l4 GSm ' _ _____ ___ 
7 0 __________________2.70

Wsm 11000±200( 41500. 41191. .40997.9 40637. 2
150n5m 102.00 108.573 108.6.4

451 5 m 15000±180( 15600. 15008. 15147.4 15127. 3 ____
1525mn ______ ______206.10 205.971 209. 1.4

53 SEu 390±30 391.9 452.62 459. 17.6

s55f <t 4040±125 4040. 4040. 362. 11.__
139La 9+0.3 9.00 9.55 9.04 6.1

147Pn 181±7 187. 181.98 198. 8.8

_~~~~~~~~~~ .,,,
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TABLE 2 RI
Charn)

Experimental data

TARGET M BNL WALKER COOK POPE LAUTENBAC I AXIMUM OF ccRAcy
HUO.IODEi 325 WA 72 CO 70 (o73)STOR 1 LA 73 DIFFERENCE %(o f()

94 Ho 0.57+12 2..

105 + 7 100 106 109 117 17

6 Fo 20 ± 5__
97 oo _ 13 + 3 15 15 16.1 15.0 7.3

98 NHo 6.2±0.3
100 Ho 3.75+0.15 _

99 rc. 340±20 200 197 353 368 87
404 Ru 85±12 76 85.7 79.6 82.0 8

102 Ru 4.1+0.4 4.20 10.6 6.9 14.5 245

103 Ru__ ____
O14 Ru 4.6±1.0 4.4 5.41 3.73 10.1 170

103R _ 1100±50 1100 1066 1048 1038 6

0o2 Pd _ 

04 Pd ._____________
1OSPd __ 90+±10 85 74.5 86.3 90.8 22

106 Pd 5.73+0.57_______
i07Pd __ _, 80.1 79.7 68 18

fo Pd_________1o0 Pd__
V07Ag. 94±8_____
1O§A __ 1450+40 1450 1422 1457 1470 3.4

1271 147_+6
129 I 36±4 23 25.5 43 87

431)z Xe830 787 890 898 14

133 C4 115±15 450 377 380 387 19

135C 58 58. 30.2 20.5 183 
137c4 _0.41 0.23 0.6 160

141Pr 14.1±0+.2
f45Nd - 60 64.5 136 137 128
145Ntd 240±35 250 272 298 237 25

S47, _ 714±50 600 566 623 601 10
4QSm 27+14 ' ... 

fW49~s~m __ 3594 3183 5541 54

1jSOSm _ 310+15

'15 1 5m 3300±700 3100 2170 3772 2277 73

:525 m 3000±200__

53f Eu 1635±200 1500 s122 16356 _ 

155E __ ____ ___ 1223 1817 3629 99 
139La 12.2

14 7Pm 2300±80 2200 2236 2270 3
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TA BI 3 Evaluated data
(__ barn)

TARGET JAERI ENDF/ RCN 76 CNEN/ MAXIIMO OF ACCURACY
#YUICDE _ 77 Ni 054, CEA 76 DIFfRENCE % (lc

94 Ho 0.9 _

95 so 119.2 113.20 121. 6.7

96 Ho 19.46

97 So 17.09 16.12 _15.7 .9 

96 Po ~~ __6.875_ 8.5-1- 5 

1o00 o 85 o 35 40 40 

99 rC. 206.9 353.4 368.75 331. 7 

40o Ru 106.7 95.22 94.63 98.52

02 Ru 4.141 4.03 3.88 3.79 9.2

0o3 Ru _____. . 70.31 567.1 715

104 Ru 7.75 6.53 6.9589 7.51 

1O3Rh 1034. 1048.0 1030. .7

o2 Pd = 
1o04 Pd _ 17.95 20.41 13.7

lOSPd 94.3 91.68 _ __ 922.

106 Pd 7.18 6.23 15.3

107Pd 120. 69.9 __255. 264

S1 Pd __ 224.40 __252. 12.2

flo Pd 7 .05 4.27 65

S07Aig 116.30 0....
639Aa. __ 1470. 1468. U 1427. 3

1271 _ 155.20 _ 150.7 3

129j 44.2 36.44 29.2 51.4

'¢Xe ¢ 904. 876.40 __ 3.15

153 C4 _ 398. 380.30 397.87 378.4 5
135 C4 62. 61.84 59.9S5 3.4 _

f37C4 0.59 0.488 0.76 29

~4/ Pr 19.45 1-6.35 19

f454 ~ ^134. 131.30 125. 63.6

tf05 __ 266. 231.3 225.5 18
_7_Sm _763. 748.20 7. _7363 3

4gm ____ 27.64

49_- __j _ 3454. 3183. 3351. 8.5
.OSr, __ 3 20. 90 313 72.

- 5 1fSm 4039. 3405. __3115. 29.7
1S2.Sm ____2___ 2996.0 2608 1 5.3

153 Eu 1529. 1569.0 _ 1396. 12.4

f5e'___ 3218. 1856.000 2180. 73.4 ____

139La 12.04 11.48 11.75 2.5
147Pm 2206. Z28T3.0 2100. 7

- - , I ,, - __.____. __.____-__._._
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TABLE 4 obs
,..

TA T r c H JAERI E/D// C ECHNEH RECOH- AwsA
UCUDE 7377 Bsy C___ EAM6 M£HND£) 91(40)

.94Ho 1 ______________ 7 40.
5o __ 114. 69.3 127 82. 85 86 10

96Ho_ 1387. 1300___

_ 97o 77.5 72.3 66.5 6. 65 4. 15
9 8o0 71014 1275. 1000. 730 910. 15

f00 No 1339 1200. 700. 520. 700. 25

g99c. ___ 16.2 14. ? 18.6 1 .6 17.6 6

404 Ru 18.3 13.S 14. 16.7 16.7 16.7 15

02Ru ________ 290.5 264. 573 550. 550. 30
103 R 2 3. 7.5 7.5 50

104 Ru 285 588 - 784 265 270. 300. 25

ID03h _ 27.4 26.1 20.3 26.1 26.4 26.4 5

._ ___ __1130. 880_ .

04 Pd _530. 460

0O 10.1 11.1 8. s 10. 10.2 10.2 15
10Q6Pd _____46 330. 270

1O7Pd T0.0 10.4 4.2 5.5 5 50

o8SPd _ ___ 290. 200. 200. 200. 40

.1OPd _ . ____ 900. 146.

07AO. _ 32.2 _____1 _____9.______ ____________

lO9Aj __ 19.5 12.7 _7 ___75 t7.7 2

i27Z ___ 74.7 14.7 12.2 15. 13.7 3

129 T 26. 1 21 . 26. 30. 30. 30. 25.

fOXi._ 39. 2 33.2 ~o. _ _ _

53 C4__ 20. 2 23. 2_____20. 2 23.4 23.4 4

35C4 _______ 60.0 32. 82. 0. 0 50

37cd 1100. -9 .-
l4 pr - = t 2 0 1 3 2 . 1 3 2

**-i45Nd __ 32.0 46.4 39. 39 1 0
-07A_.7 18. 24.2 t9. 19. 10

.- 5 __ ^-8. i7s 4 . 2 6 _____ _ 6.3 7.4 7.2 
4 Sm __________________ 07 1 4 . 1 0 . 20

Sm __ 2 1 . 6 3 7 .. 7 2 . 0 t 9 7 .9 1 0
5 __________________ 5 ... .....

451 1 . 5 0________ 1.50 7.7 1.05 1.05 1 0

-53Eu_ _1 .46 1 .3 -5 7_ .05 ________

i55 £__ -_ 2.50 .86 ____ 0.92_______
139La _ 262. 286. 270. 270. 10

147pm _____4.7 6. 8 _______ 4.7 5. 15
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TABLE 5 50x 10 4

AR£GET SGROVE JAERI D/ CH 7 CHEH/ RECO wc
IUCUDE 70 7v __ _ CEA 6 MENDD %(-f 0)

9*i4Ho .o / _____ o. 0.5 30

95 o 0.55 0.373 0.8_ 0.4s 0.5 30
1. 0 0. 6 o.2 s 30

97 do 0.6 0.352 0.i5 0.5 0.75 30

g9 Ho O.S 0.35 0.7 o. 30

_OO _ __ _ _ 0.9 .0.3 0.35 0.35 30

99rc __ Q.5 0.336 .44 0.47 0.45 0.47 20

404 Ru 0.4 0.328 0.56 0.56 0.6

?02 Ru 0.4 0.325 0.322 0.25 0.3 30

103 Ru 0.4 __0.45 0.45 30

104 Ru 0.4 0.326 .__ 0.321 0.34 0.34 20

03Rh__ 0.4 0.324 0.43 0.47 0.49 0. 5 10

i2 Pd _ .4 _0.4 __

O14 Pd 0.4 _0.4 0.4 0.4 50
apSpd 0.35 0.327 0.5 0.45 0.45 25

o%6Pd 0.4 0.4 0.4 0.4 so

f07Pd _0.4 0.336 0.4 0.45 0.4 50

1-0 P _i 0.6 0.4 0.6 0.6 50
OPd 0.6___ _ o___ .4 o. 6 0.6. 5 0

o7i0.4 _ 0.37 _________ ______

_S_,_ o.___ . 8 0.354 o__ 0. 6 0.S o.s 20

f271 0.6 _ __o.s_ o0. 9 5 10,
129 I 0.3 1.06 0.8 0.44 0.5 30

-. igt . _' . ^ _. ~ ._2 ... .431a o._ .7 7 .22 
153C4 0.? 1.42 0.8 0.85 0.8 12

i.3C4 o0.8 .67 _____7__ ____ 0. 0 o.7 _____

137cd 0__ 5 1 .83 _______ . 0.7 0.?7

4 Pr ________ ____ __.72 .5 1.6_____

43#N__ 4. 2 .8 2 3 .3 3 .3 2 0

`3. 3. 3 9 3'. 3 3. 3 15

4.3 4.02 _____4. 3 .. 3.6 20
4 GSm __2_ 3.5 3_______3. _3. 6

* 9gSm 3 3 . 3. 3.2 5.1 5.3 5 .0 20
05f 3___ . ._ ________ 33.3 3.3 4 .6 .30

451 m . 3. 3. 80 3.65 3.67 3 .8 1 5

45 23m __ 2.5 2.2 2.3 2.2 20

f53E__ 2.2 4.20 2.5 2. __

55s __2. z 4. 3 2.2 _____ 2.2

139La __0.64 0.8 0.72 25-

147P 3.48 __. _ _3.2 3 .3 20. -
_ _ _I

.. ~~~~ ~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~= m 
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TABLE 6

S'#X ar
TARGET Mi USGROVL JAE EDF/ 7Q 76 CHEH/ RECOf- AcCRACY
aJ.lD_ _ 70 77 ,6 CEA MECHDED % (40)

94 = _ 5.3 4.5____
-5M 5.06 5.41 5.4 7. 7. 30

96.2 5. .5 7. 30

7. 5.86 6. 6. 6. 30

98, o _ 7._ 6. 1 6. 6. 30

100 No 6. 5 __ 6. 2 7. 5 .

99 re- 7. oo _ 0 .9 . 9 -. 
401 Ru 6.5 6. 19 7.3 7.3 7. 40

102 Ru 6.5 6. 17 7____7.3 5. 4.5 60

O3R '__ 6.56 6. 6. 30

^Ou __ 5. 6. 04 ____7.0 4.2 4.0 40

f03 h __ 6.6 6. 12 5.1 6.15

Pd.5 _ -63 5. 6

104 Pd_ 5. 6. 1 5. 5 5

0d___.e 4. 5.94 5.4 5.5 6. 30

6 Pd_ 3. _______ 5.7 3. 3. 50

'O7Pd 1.81 5.64 5.5 5.5 5.5 _

3 Ps __1.75 .____ 4 ___3. 5
110 d 1.65 4.9 1.65__________

_ -7A . .8 1 3.8 _

fe2S1.? 5.26 __3.8 3. 3.8 30

f271 1.64 ___ 2. 2. 1.6 40

2 _ 1.80 1.76 ____ 2. 2.1 2. 30

4fX- _ 7-*1.7 1.58___

33C4 c .30 1 .42 3.9 3. 3.4 30

C135c ___ 1.10 1 -26 -~-_ - 2. 1 .7 50

37C __ . .13 1. .3 _J.5 50

4r ___________ _____ 1 . 05 1.2 1.1____

f4d .0. .so 0..88 ______. 0.8 40

- 0.70 0.744 ____ 0_________. 7 40

S__6 O . 0. 52 ___ . .. 1 . 4 40
14 Sm__ 0.1 ._ 2 1 .2

_S___ 0.35 0.54 .5 1 .8 0.6 1 .4 40

l6Smr__ 0. 0____1 1 . 1 _. I3_____o

S75 0 . 50 0.549 _. _ 1.. 8 1 . 4 40

m___ 0. 22 ________ _____ .o ,.4 1. 4 40

f53Et __ 0.50:7 .2 , _. 02047 40

s55£ 0.5 1 0.46 .65 1.05 .2 1.1 40

139La ___2. 1.4 1.7 40

147Pm 0.6 0. 6 0.7 0.7 40
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TAB lE 7 '4 !zoa
rne/" 80 '

TARGET 'ISCROVE JA£RI END/ R 7CN CEH RECOH- %4c~y
cQuCiDEI 70 77 S/v Cc_ ?_ E %(_ _ )

f4t10 __ 310 _________ 69 254 _______ _____ 25

95M0 _ 227 180 350. 154 281 17o10 1 770 /280 25

g96M o 267 6_7s152 202 25
9 7/a ~200 170.3 220. 734 155 134/190 100/145 25

98o 181 ____oo. 86 138 85/106 88/107 25

100M o 14 8 150. 58 85+20 60/90 70/105 25

rc. -s 17.0 112 122 3Q 130 13 ?36/736 $ 42/ 42 25
404 Ru 191 165 1792 174 .1794 171/191 170/190 25

102 Ru 17 86 1265 290 275 275 230/320 210 /230 25

103 Ru 194 170 ____96/1 11 96/11 1 40

104 Ru __ 2 10 165 160 97 97 97/100 75/75 25

03Rh 164 153 161 16 16 16/161 160/60 10
25102Pd ___ 204 _______ __2______ 250 275 ______ ________25

104 Pd X_____ ____2_ ZJL9..D ______ ______5

155 155 153 155 155 156/170 154/164 25

106 Pd 137 1745. 720 130 __25

107Pd __ 135' 7140 140. 1 00o 1 1 23/155 137/160 40

O8 Pd 1___ 24 98. 70 80 65/76 68/75 25

10Pd 1 723 ___ 25

j07A _ .3,, - 17o__ 25
i09A$ 157 130 _ 1 29 129 126/126 135/735 25

f27E ________1220Q. 95 95 143/150 120/120 20

f29j 1-_____ 1_00 117. 107X 10J? 68/68 110/110 25

4 ¢ ________ __ 174 96. 85 85 92/90 92/95 25

133C4 126 18 ______ ? 1 40 ?33/7j45 40
135cd4 _ __ 12 5 105. 125/125 125/125 25

¢37cd o 1 0 95. _25

141Pr _________________ 85 85 92/90 92/95 25

f43Sd ______ 5 ______ ______ 70/70 70/70 25

lHf'id ________60 3______________ 53/46 53/46 25

W1 7$m 0___ ___ ____ ____ 25

l4S mG ,,o -5______ __ 25
Srm -6_____61 62 76 60/57 63/60 25

l5OSm 6________ _______ _______ 60 25

5fSm _________ 75 ____ 96 90/90 96/96 25 

525m ________70 ____________ 5
153Eu _____ 94 105 _______ 90/90 _____ 25

4s55E 10 _____ 00 96 _____ 128/128 _____ 25 

139a__ _____ _______ 55. 50. 62748 60/50 25

147Pm _6____ 66 70. _____ 69/69 73/73 25

'~f
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Review anner 8

IMPACT OF INTEGRAL MEASUREMENTS ON THE CAPTURE CROSS SECTION EVALUATIONS

OF INDIVIDUAL FISSION PRODUCT ISOTOPES

H. Gruppelaar and J.W.M. Dekker,

Netherlands Energy Research Foundation ECN, Petten (NH), The Netherlands.

ABSTRACT

In a number of fast reactor facilities integral data, such as capture

rates and central reactivity worths, have been measured for a series of

samples of individual fission-product isotopes. These integral data

provide valuable information for the evaluation of neutron cross sec-

tions. In this paper the impact of integral measurements on the cap-

ture cross section evaluations is discussed. First, a short summary

is given on adopted methods to incorporate these data into the calcu-

lated cross sections. This is mostly performed for group cross sec-

tions, by means of a least-squares adjustment technique. Next, some

results are given of adjusted capture cross sections based upon integ-

ral STEK and CFRMF measurements. The adjustments can be translated

sometimes into changes in statistical-model parameters such as neutron

strength functions, the average observed level spacii.t or the mean

radiation width. The systematics of the last two parameters is shortly

discussed. A rather extensive discussion is devoted to the changes in

the cross sections of a number of important fission-product isotopes.

Finally a summary and some conclusions are given.

I. INTRODUCTION

Integral cross sections of fission-product (f.p.) nuclides measured in

fast reactor spectra have been obtained in France (ERMINE, MASURCA, PHE-

NIX), Holland (STEK), Sweden (FRO) and the USA (CFRMF, EBR-2).

These data have been reviewed in a paper contributed to this meeting |Il.

Integral data, i.e. transmutation or activation capture rates and central

reactivity worths, can be used to test evaluated capture cross sections.
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Recent evaluations (independent of integral data) of f.p. neutron point

cross sections are: CNEN/CEA 121, ENDF/B-IV 131, JENDL-1 141 and RCN-2

151. In this paper the outcomes of such tests are discussed. The results

show that it is advisable to use the integral data to obtain adjusted

evaluations of f.p. capture cross sections. In this context we use the

word "evaluation" both for multi-group cross section sets and for point

cross section sets. However, up till now adjustments baFsd on integral

data for,fission-products have been applied only to group cross sections.

Known adjusted f.p. group cross section sets are the French CARNAVAL-4

set and the RCN-2A set 161. The a-priori data for these sets are the

evaluations 121 and 151, respectively. In the near future the new f.p.

point cross section file of ENDF/B-V will also be partly based upon inte-

gral data. Also an adjusted version of the RCN-2 point cross section set

is being prepared.

In this paper the methods and results of cross section adjustments based

on STEK measurements 161 and those based on a combination of STEK data

and CFRMF activation data 171 are reviewed with emphasis on the impact of

these measurements on ac evaluations of individual f.p. nuclides. The

CARNAVAL-4 set, which is based upon integral measurements in both French

and foreign facilities, has not been released for publication. A conside-

rable amount of integral data has not yet been used for group cross sec-

tion adjustment. Therefore the scope. -f this paper is rather limited.

Methods or results which have not been published or are not very clear

in existing literature are accentuated in this review. Well-published

work is very shortly summarized. Finally some conclusions and recommen-

dations are given.

2. METHODS 

2. . Correct ions and iunecrtaint icvs in integral da.iti and spc tJr'.

T'lh' experimental integral data often have to be corrected 'or iiotribu-

tions of contaminants or of nuclides which aire no fission product.

Corrections for self-shielding effects in the measured samples are also

needed. Futhermore, if one is interested in capture only, one has to

correct reactivity worths for possible contributions of scattering

effects (not relevant for reaction rates). The uncertainties in these

corrections have to be added to the uncertainties in the measured data;

see the discussion in 11, 91.
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Sometimes the corrections are so large and uncertain that it is better

to consider the uncorrected data. For instance, the self-shielding effect

of samples measured in STEK is taken into account, not by extrapolation

of measured effects of a number of samples of different sizes to zero

thickness ("infinite dilution"), but by introducing all samples measured

for a certain nuclide together in the adjustment calculation. The cross

sections used for these samples are then macroscopic self-shielded

cross sections. The self-shielding factors and the infinite dilution

cross sections are of course dependent on the resolved and unresolved

resonance parameters used. Therefore the macroscopic cross sections of

these samples are heavily correlated (see further 2.3. and |9!). One

could also try to correct the measured data with calculated self-shiel-

ding corrections. However, the latter method has the draw-back that the

corrections depend on the cross sections which have to be adjusted.

In experiments where inelastic scattering gives a high contribution to

the reactivity effect (e.g. for many CFRMF reactivity measurements) one

could try to adjust simultaneously the capture and the inelastic scatte-

ring cross sections. These cross sections are not independent as they

are calculated both from the statistical model. Therefore, correlations

between a and o , should be taken into account. However this type of

adjustment calculations has not yAt been performed )r f.p. cross sec-

tions.

Uncertainties in the flux spectra and/or adJoint flux spectra also need

to be known. These errors (see |1I) give an additional uncertainty mar-

gin to the calculated integral effects. Moreover, this error is correla-

ted for all nuclides measured in the same reactor core; see discussion

in sect. 2.3.

2.2. Uncertainties and correlations in cross sections

In the technique of applying adjustments to capture cross sections it

is needed to know the uncertainties (i.e. standard deviations) in these

cross sections. In the f.p. mass-range most evaluations are - at least

partly - based upon nuclear model calculations. For an assessment of

the uncertainty in oc one could therefore estimate the uncertainty in the
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model parameters and calculate the propagation of these errors in the

cross sections. The model parameters are Breit-Wigner resolved resonance

parameters and statistical-model parameters. The important statistical

model parameters are based upon resolved resonance data or are derived

from nuclear systematics. The role of differential cross section measu-

rements is to tune the various parameters and their uncertainties in
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order to obtain agreement between calculated and measured cross sections

before adjustment to integral data. Such an approach has been followed

in the evaluation of uncertainties for the RCN-2 group cross section set

(26-groups structure |8J). The methods of error evaluation applied to

this set have been described in refs. 19-111; results are given in ref.

161 and summarized in table 1, which is discussed at the end of this

section. Apart from uncertainties, correlation coefficients between the

group cross sections need to be known, except when very wide groups are

used. For the RCN-2 error evaluation a 26x26 co-variance matrix is calcu-

lated for every nuclide.

In fig. I (taken from 191) an example is given of how the different contri-

butions add to the uncertainty of ac of 1 0 3Rh. Below E = 4 keV the total

relative standard deviation ("tot") is due to uncertainties in resolved-

resonance parameters. For many nuclides the uncertainty in the capture

width of each resonance is assumed to be fully correlated with ry values of

all other resonances. No further correlations between parameters have been

taken into account. In the figure the uncertainties refer to infinite dilu-

tion only. Above 4 keV the different error components are indicated sepa-

rately.

The points indicated with "stat" are statistical errors not connected

with uncertainties in the parameters, but are due to the statistical

nature of the model |10, 11|, resulting from: uncertainties in the

number of levels per energy interval, fluctuations in the level widths

and uncertainties in the number of target levels which can be excited

by inelastic scattering. The other parameters (with assumed uncertain-

ties in parenthesis) are:

<ry> , average capture width (6%), <r > = <r (Z=0)> = <ry (=1)>;
c Y

Dobs s-wave level spacing of compound nucleus at the neutron

binding energy (11%);

So , s-wave neutron strength function (15%);

Sl , p-wave neutron strength function (30%);

S2, Sg, S4, d-, f-, g-wave neutron strength functions (100%);

Db , s-wave level spacing of target nucleus at the neutron bin-obs
ding energy (30%);

c2t , spin cut-off parameter of target nucleus at low excitation

energy (30%);

¾
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Tab le 1

Estimated

important

uncertainties in fast capture cross sections for a number of

fission-product isotopes (relative standard deviations in %).

Nuclide CEA J13[

25 keV

unadjusted RCN-2 161

10-21.5 keV 100-200 keV 0.8-1.4 MeV 6.5-10 MeV

9 5Mo

9 7Mo

9 8Mo

100Mo

9 9Tc

101Ru

102Rub)

103Ruc)

1 0 6 pdb)

107pdc)

10 pdb)

1 0 9Ag

1271

129 I

1 3 3 cs

13 5Cs)

13 9La

1 1lpr

1 3Nd
145Nd

147Pm

149Sm

151Sm

1 5 2 Sm

12

13

12

12

10

20

15

25

15

3

25

30

20

15

5

35

12

35

20

15

18

20

22

10

20

21

21
4a)

4!41

19

28

42

36

12

16

64

33

82

13

12

25

14

24

17

23

26

29

42

22

22

44

37

10

18

74

88

100

16

16

31

20

25

18

31

30

37

60

23

37

49

48

19

30

100

170

160

27

?1)

42

26

24

20

50

52

46

60

84

84

110

140

71

55

150

220

200

48

45

58

76

52

77

average
spect. d )

18

17

9

27

16

16

35

30

9

16

60

55

85

12

9

25

12

16

12

*.f

16

9

18

19

16

22

25

1 6

21

40

65

39

15

9

12

a) Calculated from resolved resonance parameters (8reit-Wigno'r formula).

b) Very few resolved resonance parameters known (not more than 3).

c) No resolved resonance resonance parameters known.

d) Uncertainty in average capture cross section in a fast breeder reactor
spectrum (SNR-300).
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Table 2

Uncertainties in a number of important statistical model parameters

and in a at 25 keV according to
c

Ribon et al. 131.

1 =0 1=1
(1 = o) SO S1 

i¢c(25keV)rY r¥I Iy D

95 M 10 3 % 11% 20 15% 25% 25 12 

97 M 15 % 5 , 16% 1 20 18%s 30 3o0 ? 13 

98 o 30 10 12 % 15 % 12 L 30 % 30 % 12 

100 o 15 % 15 % 12 % 15 % 12 % 30 % 30 % 12 %

99 Tc 6 4 % 7 % 15 % 10 9 20 % 25 % 10 %

101 R 15 % 3% '15 25 % 15 % 25 % 30 % 20 %

102 Ru 25 % 30 % 5 30 15 % 40 % 3 % 5 %

103 I 40 % 45 20 % 45 % 20 % 30 % 30 % 25

104 R 25 9 30 % 15% 30 6 15 % 30 % 35 % 5 %

103 R 3% 1.5 3.5 % 3 % 4 11 % 20 3

105 Pd 20 9 6 15 % 30 % 20 % 25 35 25 %

107 Pd 40% 40 % 20 45 % 20 % 35 % 35 % 30 %

108 Pd 35 % 40 % 20 45 % 20 o 40% 40 % 20 %

109 A 2.5 % 4 % 5 10 % 1 % 18 % 30 % 15 %

127 I 1.5 % 10 % 10 q 10 10 % 9 %b 40 5 

129 I 25 % 45 % 30% 45 30 % 45 % 40 o 35 %

133 C 3.5 5 % 6 % 16 15% 15 % 50 % 12 %

135 Cs 40o 50 % 30 % 50 30 % 30 % 50 % 35 %

139 La 9 % 26 9 25 % 26 % 25 % 25 % 45 20 %

141 P 6 % 21% 20 21% 20 25 45 % 15 %

143 Nd 8 3% 9 % 7% 11t 4 20% 40% 18 *

145 Nd 9 10 % 15 - 22 15 40 % 20 %

147 Pm 15 3 % 16 28 22% 22 40 % 22 %

149 Sm 8 % 2.5 % 9 % 20 % 18 % 14 % 40 % 10 

151 SmI 20 % 7 % 8 % 25 5 22 % 20 % 40 5 20 %

159 Tt 7 % 8 16 % 15 % 11 % 50 % 25 %
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E , giant dipole resonance energy (30%);

r , giant dipole resonance width (40%);

K , constant for direct and collective capture (100%).

From the figure it is obvious that in a relatively large energy range (up to

about 500 keV) the most important statistical-model parameters are

<r >, DC S and S1. In fact, at low neutron cnergies (below 50 keV)
y obs' o

S and S1 are very sensitive parameters, whereas at higher energies the

ratio <r >/Dc is most important. At energies below 10 keV the statis-
y obs

tical model errors (stat) can become the most important errors (not in

the case of 10 3Rh). At energies above 500 keV the uncertainty in Dt
obs

dominates.

The result of an error calculation of at at 25 keV based upon uncertain-

ties in SO, S), <ry> and Dobs is gi i zn table 2 which has been taken

from the work of Ribon et al. 1131. A difference with the RCN-2 error

evaluation is that correlations between <r,> = r¥ and Db = D (im-

portant when <Fr> is estimated from theory) are included in table 2.

The distinction between s- and p-wave capture widths is also made in

the RCN-2 error evaluation for a number of nuclides (with the assumption

that these widths are fully correlated).

In table 5 (section 3.2.) unecrtainlies in the parameters S , SR, <l' 
cAnd 1)

1
' . n accordio nY

ind i)s are given according to the RCN-2 error evaluation.

An intercomparison between the results of two uncertainty estimates is

given in table 1, second and third columns. The RCN-2 error evaluation

gives much more conservative estimates, in particular for nuclides with

masses around A=100. For these nuclides many of the known resolved

resonances might have p-wave character, which complicates the determi-

nation of D bs Moreover, in the case of Mo isotopes non-statistical

effects (e.g. valency capture; see App. 3 of J26) enlarges theuncertaintyin

o . Therefore, additional uncertainty has been assigned to a number of

parameters in the RCN-2 error evaluation. Attention has also to be

paid to the fact that the uncertainty in c for 1 07Pd (with no resolved
C

resonances known) is smaller than for 106pd and 1 08Pd, although the un-

certainties in the parameters for 1 0 7Pd were assumed to be larger or

equal to those for 106,108pd. The explanation is that at low neutron

energies a large value of <r >/D (as for all odd targets) reduces the
y obs

sensitivity of o to variations in this ratio, thereby increasing the

sensitivity to variations in S and S1. This follows from the fact that
o
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at low energies a is roughly proportional to
C

<r >/DC x (S + S1 )a _ Y obs o (I)

c <r >/Dc + S + S1y obs o

Concluding this section we can say that for all nuclides the uncertainty

in the statistical model region up to about 500 keV is mainly determined

by <1 >ID C . Below 50 keV the parameters S and S1 compete with
Yc obs o c

<r>/Dobs; for odd targets o is less sensitive to <r >/D b than for
*Y obs c y ohs

even targets. Below 10 keV the uncertainties due to the statistical model

itself can become important. In the MeV range the parameter D dominates.
obs

2.3. Group cross section adjustment

Adjustments of group cross sections for fission-product nuclides based

upon integral measurements have been performed in France (CARNAVAL-4 set)

and the Netherlands (RCN-2A set). In Japan the STEK data have been used

extensively to test the JENDL-1 set 121|. However, there is as yet no

unified view in the FPND working group of the Japanese Nuclear Data

Committee about the adjustment of capture (group) cross sections of

fission products 1371.

Various methods for adjustment of group cross sections have been des-

cribed in literature 19, 14-181. Recent reviews have been given by

Gandini 1191 and by Kuroi and Mitani t201. Therefore it is not neces-

sary to discuss all these methods in this report.

The method given in ref. 191 has been applied to the analysis of the

STEK measurements. This method can be interpreted as a least-squares

minimization in which both integral data (collected in a vector R) and

(macroscopic) group cross sections (collected in a vector L) are invol-

ved:

q2 = (R' - R) V- 1 (K' - R) + (E' - Z) M- 1 (E' - E) = minimum.(2)

The quantities to be adjusted are indicated with a prime in eq. (2).

The matrices V and M contain the co-variances of the experimental inte-

gral data and a-priori cross section data, respectively. The relation

between the adjustments of integral data and those of the cross sections
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is given by

R' - R = G (W' - ), (3)

where G is a sensitivity matrix, to be calculated from the flux and

adjoint flux spectra t91. Eq. (2) can be interpreted as a least-squares

fit of integral quantities to measured data by a variation of group cross

sections, thereby considering the a-priori values as fictitious integral

measurements. In the usual least-squares fitting terminology the "para-

meters" are the group cross sections and the "measurements" are the

values of the integral data as well as the a-priori values of the group

cross sections. The number of "free parameters" equals that of the inte-

gral measurements, therefore. The minimum value of q2 is called X2 and

tiis value can be used for a consistency test.

For the calculation of the error matrices V and M, the sensitivity ma-

trixG,the adjusted cross section vector E' and the adjusted integral

data vector R the reader is referred to 19j.

The final aim of the adjustment procedure is to find adjusted micros-

copic capture group cross sections (without seZif-shielding) per isotope.

In practice however, one has to deal with samples of different isotopic

composition and of different weights, measured in different reactor

cores. Therefore the macroscopic group cross section vectors : and E'

are extended with isotopic group cross sections in infinite dilution.

Correspondingly, the matrix M is extended to correlate the infinite di-

lution data to the self-shielded macroscopic cross sections. Though

there are no experimental integral data R which correspond with these

extensions, the adjustment procedure still can be performed and gives

the correct adjusted values of infinite dilution cross sections 191.

This method has proven to be much more reliable than to correct the

measured data prior to the adjustment calculation for self-shielding

effects by means of an extrapolation of measured data for different

sample sizes to zero thickness.

Another experience from the analysis of STEK measurements is related

to the role of the uncertainties in the flux and adjoint spectra.

These uncertainties were initially (191,1261) attached to the co-vari-

ance matrix V of the integral data, taking into account correlations,

e.g. for different samples in the same reactor core. As a result of the

adjustment procedure the integral data, the cross sections, but also

the spectra were adjusted. These (implicit) spcct-rum adjustments are in
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principle correct. However, for each set of samples treated in one ad-

justment calculation different implicit spectrum adjustments occurred,

which obstructed the systematic interpretation of cross section adjust-

ments. Therefore in the final adjustment calculations 161, the values

of the spectra were "frozen" in the adjustment procedure; however, un-

certainties and correlation coefficients originating from errors in the

spectra were attached afterwards to the adjusted error matrices V' and

M'. This means that the adjusted dat 161 for all nuclides have a common

systematic error originating from spectrum uncertainties (=5% in <oc>).

The possibility to use different types of measurements in one adjust-

ment calculation has been utilized in ref. 171 by a simultaneous adjust-

ment of both STEK reactivity measurements and CFRMF activation measure-

ments. In ref. 171 also CFRMF activation data have been used without

STEK data. However, it is more attractive to combine data which have

been measured ih different spectra. In France the adjustments for the

CARNAVAL-4 set are also based on common adjustments of integra] data

from various sources. It is also possible to include differential meas-

urements in the adjustment procedure (instead of taking these data into

account in the evaluation). This can be accomplished very easily by a

condensation of differential data into groups and considering these

group constants as integral measurements.

2.4. Parameter adjustment

In the statistical model region the group cross sections depend on a

relatively small number of nuclear model parameters. The cross section

adjustments in this energy range can be translated into adjustments of

the underlying parameters, by means of an assumed linear relationship

E' - E = S (P' - P), (4)

where P denotes a parameter vector and S is a sensitivity matrix of

partial derivatives of Z with respect to P (see ref. 191 for relation

between M and S). In the application to be discussed in sect. 3.2 most

a-priori parameters are assumed to be independent. However, for a number

of nuclides (see table 5b) different values of <r > for = 0 and £= 1
Y

have been used, which were assumed to be fully correlated. The parameters

are as given in sect. 2.2, i.e. <Fy>, DCbs Sg (= 0-4), Dobs, ot Er,

Fr and K. However, it turned out that for most STEK results only the
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parameters <r >, Dcparameters < obs' S and S1 show significant adjustments (see sect.

3.2). For the CFRMF measurements the parameter S shows smaller adjust-

ments, whereas the parameter S2 shows larger adjustments. The parameters

exclusively related to the MeV range (i.e. Dtbs, a2, Er, r, K) are not

adjusted significantly. This can be ascribed to the low sensitivity of

most integral measurements for cross section changes in that energy range.

2.5. Point cross section adjustment

Adjusted point cross section sets, based upon integral measurements have

not yet been published for f.p. nuclides. In future evaluations of

ENDF/B-V such adjustments will be applied 122,231. Work on an adjust-

ed version of the RCN-point cross section set is in progress.

A general reference in which adjustment is applied to point cross sec-

tion data is ref. |241. However, since most codes have been developed

for group section adjustments rather than for point cross section adjust-

ment, it seems more practical to try to translate the group cross sec-

tion adjustments into point cross section adjustments. In the smooth

statistical model region this can be easily performed since the results

of most adjustments are simply renormalizations of the capture cross

sections (see graphs in 161). Instead of renormalizing ac as suggested

in 1221 it is also possible to translate the differences between unad-

justed and adjusted group constants into a mathematical function, e.g.

a polynomial 1331.

A somewhat more sophisticated approach could be the use of adjusted

parameters SO, S, <ry (= 0)>, < ( =)> and D (see sect. 2.4.)

to recalculate c . An example of this procedure is given in fig. 2 for

oc of 1 5 2Sm. The parameters before and after adjustment are as given

in table 5 (next chapter). Group cross sections calculated from the ad-

justed point cross section set are not completely the same as the direct-

ly adjusted group cross sections from ref. 161; see table 3. The main

differences are: no adjustments in the resolved resonance range (groups

14-26) and too large adjustments above 1 MeV (groups 1-5). This last

mentioned difference originates from the use of a strength function

model in the uncertainty calculation for all energies, whereas in the

cross section calculation s- and p-wave strength functions are only used
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Fig. 2 Capture cross section of 152Sm according to the unadjusted
RCN-2 and adjusted RCN-2A evaluations. For comparison avail-
able capture data and results from the ENDF/B-IV evaluation

are also plotted.
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up to 70 keV. Above I MeV an increase of SO, S1 and S2 (S2 is also of

some importance here) leads to a decrease of oc as a result of inelastic

scattering competition. From this example it is clear that this method

to obtain adjusted point cross sections works well in a large statistical-

model energy range, where the adjustments are significant, but is inappro-

priate in the resolved'resonance region. So far, results of this kind have

been obtained for 11 nuclides. In table 5 adjusted parameters are given

for 32 nuclides (see sect. 3.2.), for use in future re-evaluations.

Table 3

Relative adjustments (%) of capture group constants of 1 52 Sm, calculated

from adjusted point cross sections (P) compared with directly adjusted

group cross sections (G) from ref. 161.

ABBN Relative adjustments (%) ABBN Relative adjustments (%)

group P G group P G

1 17 3 14 0 10

2 13 5 15 0 10

3 16 6 16 0 10

4 17 7 17 0 8

5 14 10 18 0 20

6 13 12 19 0 10

7 14 13 20 0 6

8 11 14 21 0 4

9 15 15 22 0 6

10 20 17 23 0 7

11 21 18 24 0 7

12 19 16 25 0 7

13 12 13 26 0 7
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2.6. Interpretation of adjusted data

Integral diata

Adjusted data (i.e. integral quantities, group cross sections and

model parameters) are the result of a least-squares procedure in

which all available information is used in an optimal way. The most

reliable results are obtained for adjusted integral data (e.g. re-

action rates), calculated from adjusted cross sections in spectra

which are not too much different from those in which the integral

measurements have been performed. For these data the uncertainties

are mostly reduced drastically and there is only a very small

dependence on the a-priori data. This is so because the uncertainties

in the a-priori integral data of f.p. are almost always larger than

the uncertainties in the integral measurements. Therefore, the

adjusted integral data are about equal to the weighted average of

(corrected) experimental integral data, almost independent of the

a-priori data. This follows from plots in ref. 161 of calculated,

experimental and adjusted integral data.

Cross sections

The adjusted multi group cross sections depend of course much stronger

on the a-priori group constants aid covariances. In *Energy regions

where.the uncertainty is small, mostly also small adjustments take

place. Moreover, the sensitivity of cross sections to various integral

quantities plays an important role. For instance, the adjustments'in

the thermal energy range are small and have not much meaning. There

is also not much sensitivity in the MeV range, but adjustments in

that region are mostly correlated with those in the keV range. In the

resolved-resonance range the uncertainties are often small; likewise

adjustments are small in that region therefore, an appreciable part

of the significant adjustments occur in the energy range from 1 keV

to about 500 keV. In this statistical model energy range it is often

found that the shape of the calculated cross section agrees with the

curve through well-measured experimental points. Thus, in many cases

the main effect of adjustments should be a renormalization of ac,

which is easily performed when the uncertainty in the ratio <rY>/Dobs

is not too small. This is indeed observed for many nuclides 161.
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Nevertheless, in general there is a non-negligible dependence on

a-priori data and one has to interprete the results of adjusted (group)

cross sections with care, in particular when the a-priori uncertain-

ties are small.

For most nuclides there is an appreciable reduction of errors in the

group constants of the statistical model region 161. It has to be

noticed that by the adjustment quite different correlations between

the group constants are introduced.

Parameters

For the adjusted parameters the dependence on the a-priori values and

uncertainties is rather strong. Moreover, correlations are introduced

between these parameters. See further the discussion in the previous

section.

SXstematical errors

Systematical errors in the adjusted cross section data could occur

due to systematical errors in the (normalization of) integral meas-

urements and in the sensitivities (spectra) ! , or due to systematical

errors in the evaluation. These last-mentioned errors are particularly

important when the statistical model fails (Mo-isotopes, sect. 3.5.2)

or when resolved resonances have been missed. lstimated systematical

errors caused by errors in normalizations and in sensitivities of

integral experimental data are about 5% in <oc> |ll. There are no

indications for larger systematic errors, as follows from X2-tests

161 or from comparisons of integral experimental data with well-known

capture cross sections, e.g. ac of 10 3Rh (see sect. 3.5.1) and 93Nb 161.

The capture cross section of 10B and the fission cross section of 2 35U

are also well-known, but integral data for these nuclides have been

used for STEK spectrum adjustments 1351. For many f.p. nuclides the

capture cross section in the resolved resonance region is fairly

well-known. There is a slight tendency for positive adjustments in

this energy range, but it is difficult to ascribe this to a systema-

tical effect.
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3. RESULTS

3.1.,Classification

In this chapter the effect of adjustments to cross sections of the most

important (i.e. 0.5% or larger contribution to the total f.p. capture rate

in a fast breeder reactor) f.p. nuclides is discussed. A possible clas-

sification of nuclides is as follows:

a) Odd-Z f.p. nuclides

All important stable or long-lived odd-Z f.p. nuclides have an even

value of N. The level density of these nuclides is much larger than

for even mass nuclides. Therefore, the capture cross section is

relatively large for these f.p. Many of the odd-Z elements have only

one stable isotope. For this reason there are relatively many diffe-

rential capture measurements for these nuclides. However, there is

also a number of unstable nuclides for which these measurements are

scarce or even lacking (e.g. for 1 35 Cs). For many odd-Z f.p. nuclides

total scattering cross sections and elastic or inelastic scattering

cross sections are also known. Most nuclides are spherical or show

a soft vibrational character. The nuclides are listed in table 4a,

together with some global characteristics.

b) Even-Z f.p. nuclides with Z<50

The most important nuclides in this class (see table 4b) are the

isotopes of Mo, Ru and Pd. These nuclides have many charachteris-

tics in common. The number of differential capt:lre cross section

measurements in the unresolved resonance region is relatively small.

For the evaluation of neutron cross sections one can make use of

"local systematics" in the estimation of the level density parameter

a, see sect. 3.2. Foi most of the important f.p. nuclides in this

class the p-wave strength function is very large compared to the

s-wave strength function. As a result, the determination of average

resonance parameters from resolved resonances is rather difficult,

since many weak resonances with unknown value of t might have p-wave

character.
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Moreover, non-statistical capture effects like valency capture and

doorway state mechanisms play a role for nuclides with masses near

A= 100. These features apply particularly to the Zr and Mo isotopes,

which are nearly spherical (close to magic N =50). For the neutron-

rich Ru and Pd isotopes slight deformation effects of vibrational

character are to be expected.

c) Even-Z f.p. nuclides with Z>50

Most of the STEK measurements with the nuclides in this class have

not been analysed yet (see table 4c). It seems that this class of

nuclides gives a significantly smaller contribution to the total

capture rate of f.p. in a fast breeder reactor than classes (a) or

(b). In thermal reactors the opposite is true because of the high

thermal capture cross sections of Sm and Gd isotopes.

The explanation cannot be that the average capture cross sections

at high energies for heavy f.p. are smaller than for the light f.p.

because the mass dependence of the photon strength function (which

is roughly proportional to the capture cross section) gives evidence

for an opposite effect:

<ry> 2/3 
- = k A £ s (5)
D El Y

where kE is about constant J251.
1

The isotopes of Xe, Nd and Sm have neutron numbers rather close to

the magic number N= 82. However, for many isotopes of Nd and Sm

deformation effects play a role, see also sect. 3.2. For instance

the Sm isotopes cover a range from a closed-neutron shell nucleus

(144Sm) with a spherical shape to a strongly deformed rotational

nucleus (1 54Sm). The level schemes of the transitional nuclei 147Sm

to 1 5 1Sm show the characteristics of a soft vibrator.

In general the level density of nuclides in class (c) is higher than

that of class (b); the opposite is true for <rf>. The s-wave neutron

strength function is much larger than the p-wave strength function

for A z 150. This is also opposite to the situation in class (b).
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Table 4a

Average radiative capture cross sections <c > for important stable or long-

lived odd-Z nuclides (<ac> in b; flux spectrum SNR-300; uncertainties in %)

^a) Natural RCN-2b) RCN-2Ab) RCN- 2AC) CNEN/ JE
Nuclide )abun - ENCL- 1

deabnc ()(unadjusted) (STEK) (STEK+CFRMF) E -4 CEA JENDL-1dance (%)

99Tc

1 0 3 Rh

10 9Ag

--127 I

129 I

1 3 3Cs

135Cs

139La

4l1pr

147Pm

153Eu

0

100

48

100

0

100

0

99.9

100

0

52

0.54

0.64

0.68

0.52

0.34

0.51

( 1 6 %)d)

( 9 %)d)

(12%)

( 9%)d)

(25%)

(12%)

0.64

0.64

0.71

0.57

0.30

0.51

( 7%)

( 6%)

( 7%)

( 7%)

(12%)

( 7%)

0.59 (6%)

0.64 (6%)

0.73 (6%)

0.57 (7%)

0.30 (8%)

0.49 (6%)

0.031 (7%)

0.12 (7%)

e)

e)

0.49

0.70

0.48

0.54

0.38

0.48

0.067

0.038

0.16

1.25

2.29

0.55

0.63

0.65

0.49

0.21

0.028

0.13

1.08

2.48

0.54

0.65

0.81

0.44

0.45

0.27

1.08

2.4

e)

0.031 (16%)

0.13 (12%)

e)

e)

e)

0.035 (12%)

0.12 (8%)

e)

a) STEK reactivity measurements also for 9 3Nb, -37Cs, 151Eu, 15 9Tb; CFRMF acti-

vation measurements also for 87Rb, 8 9y, 93Nb, 10 7Ag, 1151n, 12 1,12 3Sb, 151,153Eu.

b) Taken from tables in ref. 161 and supplements to 16t; adjustments based

on STEK reactivity measurements.

c) Taken from tables in ref. 171; adjustments based on STEK reactivity data

and CFRMF activation data.

d) Revised evaluations, not given in rers. 15,61.

e) To be analysed in the near future.
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Table 4b

Average radiative capture cross sections <a > for important stable or long-

lived even-Z nuclides with Z<50 (<c > in b; flux spectrum SNR-300, uncertain-

ties in %)

N i a) Natural RCN_2b) RCN-2Ab) RCN-2AC) 4 CNEN/ JEN
Muclide a abunr C_ Nulde abn (unadjusted) (STEK) (S1EK+CFIRMF) ENDF/-4 CEA JENDL-1

dance (%)

93Zr

95Mo

9 7Mo
9 8Mo

100Mo

101Ru

102Ru

1 0 4Ru

1 0 5 pd

106pd
107pd

1 0 8 pd

0

16

10

24

20

17

32

19

22

27

0

27

0.30

0.30

0.086

0.10

0.69

0.20

0.17

0.81

0.19

0.96

0.18

d)

(18%)

(17%)

( 9%)

(27%)

(16%)

(35%)

(30%)

(16%)

(60%)

(55%)

(85%)

d)

0.28

0.30

0.084

0.080

0.68

0.15

0.14

0.88

0.22

0.93

0.17

( 8%) -

( 9%) -

( 9%) 0.087 ( 6%)

(21%) 0.074 ( 8%)

( 8%)-

(18%) 0.16 ( 8%)

(10%) 0.14 ( 7%)

( 7%) -

(12%)-

(10%) -

(19%) 0.17 (17%)

0.086

0.29

0.28

0.101

0.078

0.53

0.19

0.14

0.83

0.16

0.57

0.16

0.11

0.27

0.28

0.104

0.082

0.76

0.22

0.18

0.85

0.19

0.79

0.20

0.16

0.30

0.31

0.71

0.22

0.16

0.76

0.75

a) STEK reactivity measurements

104,110pd, 111Cd, 128,130Te;

also for 90 ,91,92 ,94, 96Zr, 92 ,94, 96Mo,

CFRMF activation measurements also for 1 1 0pd.

b) See footnote b) of table 4a.

c) See footnote c) of table 4a.

d) To be analysed in the near future.
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Table 4c

Average radiative capture cross sections <ac > for important stable or long-

lived even-Z nuclides with Z>50 (<oc> in b; flux spectrum SNR-300; uncertainties
in %)

ida) Natural RCN-2b) RCN-2Ab) RCN-2A CNEN/ JENDL-
Nuclidea ) abun- CNEN/Nuclide dabn- (unadjusted) (STEK) (SEK+CFMF) ENDF4 CEA JENDL-

dance (7)

1 3 Xe 21 c) c) - 0.21 - 0.37
1 3 2Xe 27 c) c) c) 0.69 -

134Xe 11 c) c) c) 0.35 - -

14 3Nd 12 c) c) - 0.30 0.34 0.29
4 5 Nd 8 c) c) - 0.33 0.36 0.34

146Nd 17 c) c) c) 0.13 0.071 -

148Nd 11 c) c) c) 0.18 0.16 -

1 50Nd 6 c) c) c) 0.22 0.21 -

149Sm 14 2.24 (15%) 2.21 ( 9%) - 1.41 1.76 1.99

15Sm 0 2.13 ( 9%) 1.80 (14%) - 2.21 2.11 2.07

152Sm 27 0.41 (12%) 0.47 ( 9%) c) 0.40 - -
1 5 7Gd 16 c) c) - 3.54 1.13

a) STEK reactivity measurements also for 140, 14 2Ce,

147,148,150,1 5 4 Sm, 156Gd;

CFRMF activation measurements also for 14 0 ,14 2Ce

142 *144Nd,

154Sm, 1 5 8,160Gd.

b) See footnote b) of table 4a.

c) To be analysed in the near future.
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3.2. Global results of parameter adjustment

Unadjusted and adjusted values of parameters S , S1, D s < ( = 0)>
o obs Y

and <r (, = )> have been listed in table 5.
Y

The unadjusted parameters are from the RCN-2 library J51; the adjusted

data are based on the STEK reactivity measurements. The other parameters

(see sect. 2.4.) show no appreciable changes,with a few exceptions, i.e.

S2 is of importance for 9 2Mo, 1 02Ru, 1481 149' 150, 152, 15 4Sm.

The parameters <r (. = 0)> and <' (I = 1)> have been assumed to be fully
¥ Y

correlated in the adjustment procedure.

In general the s-wave strength function (table 5a) is not adjusted very

much; also the uncertainty is not reduced significantly. Exceptions are

found for a few odd-mass nuclides for which the statistical model region

commences at a relatively low energy. For nuclides of class (c) these

adjustments are most important, due to the relatively high value of S 
o

It is interesting to note that the observed "odd-even effect" in S for
o

the Sm isotopes 1291 disappears after adjustment (see sect. 3.5.3).

In fig. 3 the 1 0 5Pd cross section adjustments are shown as an example.

The value of SO is adjusted by 16% which corresponds to an increase

of oc for E= 160 eV to about 10 keV. The remaining adjustment of Pc has

to be attributed to a change in Dobs.

The p-wdve strength function (table Sa) is adjusted in more cases than

the s-wave strength function; moreover, the uncertainty is reduced in

many cases. In the case of 10 1Ru the 12% adjustment of S1 corresponds

with a 3% to 4% increase of Gc from 0.2 to 20 keV (see 161). Thus the

influence of S1 adjustment on o is relatively small.

Adjustments of s- and p-wave capture widths (table 5b) are important,

because a is rather sensitive to a hange of <r > over a large energy

range. Adjustments of more than 10,l occur for 9 9Tc, 9 5Mo, 102 104Ru,

147, 150, 152, 154Sm. Mostly the uncertainty is reduced significantly.

The index "c" is dropped in the remaining part of this paper.
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Table 5a

S- and p-wave strength function adjustment based on RCN-2 evaluation and

STEK integral measurements

.Nuclid S (104 eVI) S1 (104 eV½)
Nuclide o -- a) - d d a)

unadjusted adjusted unad.sd adjusted
ref.15i ref.J 5

9 3Nb 0.36 (17%) - - 7.0 (50%) - -

99Tcb) 0.47 (30%) 0.52 (27%) 6.0 (50%) 7.7 (39%)

103Rhb) 0.47 (15%) -- -- 6.5 (30%) 6.3 (19%)

1 09Ag 0.60 (25%) 0.66 (22%) 3.8 (27%) 4.0 (24%)

127Ib) 0.80 (20%) 0.87 -- 2.0 (25%) 2.2 --

129I 0.80 (50%) 0.52 (38%) 2.0 (50%) 2.1 (48%)

1 33Cs 0.80 (13%) -- (12%) 3.9 (26%) 3.7 (24%)

1 39La 0.64 (23%) - -- 2.0 (50%) -- -

14 1Pr 1.72 (20%) -- . 1.1 (50%) 1.0 (50%)

92Mo i'.65 (40%) -- - 3.3 (33%) - -

94Mo 0.80 (50%) - - 4.5 (33%) - -

95Mo 0.80 (50%) - -- 5.0 (33%) - (30%)

96Mo 0.36 (50%) - -- 5.4 (33%) - -

97Mo 0.75 (50%) -- - 6.0 (33%) - (30%)

98Mo 0.35 (50%) - -- 6.1 (33%) - -

100Mo 0.30 (50%) - -- 6.2 (33%) - -

101Ru 0.56 (27%) -- (23%) 7.3 J!00%) 6.4 (52%)

102Ru 0.32 (100%) 0.37 -- 7.` (100%) 10.0 (75%)

104Ru 0.32 (100%) 0.30 -- 7.0 (100%) 5.0 (7%)

04Pd 0.40 (50%) -- - 6.1 (30%) -- --
05Pd 0.50 (40%) 0.58 (10%) 5.4 (30%) - (26%)

1 06Pd 0.40 (50%) -- -- 5.7 (30%) - -
1 0 7Pd 0.40 (50%) 0.45 (60%) 5.5 (30%) 5.8 --

108Pd 0.40 (50%) 0.43 -- 5.3 (20%) - -

I10Pd 0.40 (50%) 0.36 -- 4.9 (30%) - -

147Sm 4.3 (30%) -- (22%) 1.8 (50%) - (46%)

148Sm 3.0 (33%) -- - 1.2 (50%) - (47%)

149Sm 5.1 (18%) 4.1 (12%) 1.8 (50%) 2.3 (47%)
1 5 0Sm 3.3 (33%) 3.5 -- 1.2 (50%) 1.5 (47%)

151Sm 3.7 (14%) 2.6 (23%) 1.2 (50%) 1.1 --

1 5 2Sm 2.2 (18%) 2.4 (16%) 1.2 (50%) 1.6 (45%)

S54Sm 1.8 (28%) -- -- 1.2 (50%) 1.3 --

a) Only adjusted data or errors which differ more than 5% from the unad-

justed values have been denoted.

b) Revised evaluation.
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Table 5b

Adjustment of Dob and <F > based on the RCN-2 evaluation and STEK integral
measurements.measurements.

D (e
-obs (

nuclide -
unadjusted
ref.|51

93Nb 100 (10%)

99Tcc) 18.6(12%)

103Rhc) 26.1(11%)

10 9Ag 17.5(18%)

127I') 12.2(15%)

129I 30 (33%)

13 3Cs 20 (11%)

1 3 9La 286 (10%)

1"1Pr 120 (18%)

V)a) <r (Z=0)> (meV)
Y

o-

0o

U)

-4
('

9 Mo

94Mo

95Mo

96Mo

9 7Mo
9 8Mo

10 0Mo

v 101Ru

102R

]04Ru 104%

3950

1740

82

1300

66

1000

690

16.

570

265

425%) 3

(60Z)

(13%)

(76%)

(25%)

(28%)

(51%)

7(10%)

(30%)

(40%)

2

2

1

u t1,b) unadjusted adjustb)
adjustedb ref. 51 a u s te d

146 (3.5%)-

17.8(10%) 130 (25%) 154 (15%)

-- (9%) 161 (6%) -- --

'17.0(12%) 129 (10%) -- (9%)

11.1(12%) 95 (10%) 99 (9%)

31 (17%) 107 (20%) -- (16%)

-- (10%) 125 (20%) 121 (12%)

-- -- 50 (25%) 51 --

124 (16%) 85 (6%)--

3540 -- 178 (8%) 182 -

940 (20%) 169 (18%) - --

84 (11%) 154 (40%) 129 (17%)

2020 (15%) 152 (26%) 143 (24%)

-- (13%) 134 (10%) -- (8%)

110 (26%) 86 (19%) 81 (18%)

990 (18%) 58 (16%) 55 (15%)

-- -- 172 (27%) - (17%)

650 (22%) 275 (50%) 170 .... )

325 (20%) 97 (25%) 88 (21")

490 (20%) 190 (30%) -- (28%)

9.3(15%) 155 (10%) - (9%)

280 (13%) 120 (30%) -- (27%)

4.9(12%) 100 (30%) -

220 (I0%) 70 (30%) -

280 (10%) 50 (" ) 48 --

-- (10%) 100 ,o%) 87 (10%)

-- (15%) 60 (33%) 57 (25%)

-- (11%) 76 (20%) -- (12%)

50.1(12%) 60 (33%) 69 (13%)

1.8(10%) 96 (8%) 91 (9%)

52.6 -- 70 (17%) 77 (13%)

-- - 70 (33%) 79 (26%)

<F y(=l)> (meV)

unadjusted .adju d b)
ref.|51 adJust

195 (10%) 192 (9%)

285

254

281

202

190

138

115

210

155

130

110

80

55

(20%) 302 --

(20%) - -

(20%) 258 (8%)

(20%) 193 (19%)

(20%) -- (17%)

(22%) 130 (21%)

(17%) 109 (16%)

104Pd 530 (100%)

105pd 9.9(22%)
1 0 6 Pd 330 (100%)

07Pd 4.2(190%)

OS1 0 d 200 (150%)

1 1 0 Pd 146 (150%)

'147Sm 6.3(11%)
148Sm 107 (50%)

2 149Sm 2.0(15%)

50"Sm 56.5(18%)

151Sm 1,.72(9%)

15 2Sm 53.8 (8%)

154Sm 130 (13%)

aThe uncertainty in
positive variation

-

(30%)

(10%)

(30%)

(30%)

(30%)

(30%)

-- (28%)

-- (27%)

53 --

.

Dobs is mostly
is indicated.

asymmetric. Only

---
the error margin for a

Only adjusted values which differ more than 2:
from the unadjusted values have been denoted.

C)Revised evaluation. - 243 -

% (uncertainties more than 5%)



The largest adjustments and uncertainty reductions occur for the level

spaciruj Db s (table 5b), which has about the same influence (in opposite

direction) on o as the parameter <F >. However, the adjustments of

Dbs are larger than those of <F > due to the fact that the a-priori
obs Y

uncertainties of Dobs mostly exceed those of <r >. The direction of
obs Y

adjustment of Db is always opposite to that of <F >, which means that
obs Y

the corresponding cross section adjustments are in the same direction.

3.3. Systematics of a

The results of parameter adjustment can be used to improve the systema-

tics of the level-density parameter a. This has been discussed in App. 2

of ref. 1261. A short outline of this discussion together with updated

results is given below. The parameter a is defined as given by Gilbert

and Cameron |271, however with a modified expression for the spin cut-

off factor, i.e.

2/3
02 = 0.146 i' A , (5)

where U is the neutron energy corrected for pairing energy 1271. The

value of a is deduced from D b. In table 6 the experimental, adopted

and adjusted values of a are given. The adopted and the adjusted values

of a correspond with values of D of table 5b. The references of the
obs

experimental values of Db have been given in 151. Level-density para-

meters for nuclides of class (a) are not discussed since the adjustments

are mostly small.

From the phenomenological systematics of a for nuclides of class (b),

plotted in fig. 4,it is very clear that for different families of iso-

topes the curves of a versus N are shifted. The adopted values of a for

the Pd isotopes have been obtained by drawing a straight line through

the measured point for 1 06Pd with a slope deduced from the a-curve of

the Mo-isotopes. The curve for'the Mo isotopes is based on experimental

values of a, while taking into account the slope of the curves for the

Ru isotopes.

The shape of the adopted curves (fig. 4) can be understood from theory

- at least qualitatively - by considering the level density of a single-

particle level scheme, thereby considering neutrons and protons separately..
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For nuclides with N close to the magic number 50, the level density is

very low. The level density increases about linearly with N when more

shells become involved. The a-priori ;ystematics is bas'd upon this

assumption. However, it is clear that for high values of N this behaviour

of a versus N should change, since there is another magic number at N=82.

Moreover, the effect of deformations (Nilsson model) is to smooth the

shell effects in a.

The adjusted values of a for class (b) (see fig. 4) indeed show that for

many neutron-rich isotopes the a-priori a-values have been overestimated.

One could of course criticize the adjusted results by objecting that these

data are not independent of adjustments of other parameters. However,

it follows from sect. 3.2 that from the four important parameters for

nuclides of class (b) S and S1 are far less important than Dbs and <F >.

Moreover, variations in So and S1 influence oc only in local energy ranges,

which means that adjustments of Db s and <F > are not very much dependent

on those of So and S1. The adjustments of Dobs and <r > are heavily corre-

lated, i.e. the uncertainty in the ratio of adjusted Dobs and <r > is much

smaller than what would follow from the adjusted uncertainties given in

table 5b. Therefore large adjustments in Dob have to be interpreted

with care when the uncertainty in <F > is also large, i.e. for the
Y

nuclides 1 02Ru, 104Ru, 110Pd, and most Mo-isotopes (sect. 3.5.2).

In fig. 5 the systematics of a for nuclides of class (c) is shown. The

references for the experinental points of Sin are given in 151; the experi-

mental values of a for the Ed and Gd isotopes have been taken from the

work of Benzi et al.128i . The full curves have been drawn through experi-

mental a-values for the odd-mass nuclides; the dashed curves are for the

even-mass nuclides. For a number of Sm isotopes the values of D b are
obs

very accurately known. Therefore, the adjustments are small for most

nuclides. It is also evident from the figure that there is an odd-even

effect in a. The adjusted a-values are slightly more accurate and support

this conclusion. This effect has not been noticed in'the work of Kirouac

et al.1291 on the systematics of a. The explanation of this odd-even ef-

fect is probably that there is no correction for deformation effects in

the Gilbert-Cameron formula. Preliminary calculations 1301 with a formula

given by Felvinci et al.131| (based on the work of Ericson (321) support

this explanation.
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Table 6

Systematics of level-density parameter a (MeV-1 )

compound experimentala) adopted,unadjustedb) adjustedb)
nuclide ref. 151

| ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - - -. .

94Nb

93Mo

95Mo

9 6Mo

97Mo

98 Mo

9 9Mo

101Mo

10 0Tc

!02Ru

103R,

105Ru

104Rh

10 5pd

10 6pd

10 7pd

1 0 8pd

10 9pd

111pd

I10Ag

1281

130 I

134Cs

140La

142pr

148Sm

149Sm

150Sm

151Si

1 5 2 sm

15 3Sm

155Sm

53

51

53

54

55

56

57

59

57

58

59

61

59

59

60

61

62

63

65

63

75

79

79

83

83

86

87

88

89

90

91

93

12.51±

10.53±

12.9 ±

13.9 ±

0.14

0.3

0.8

0.2

15.5 ± 0.4

17.4 ± 0.5

19.2 ± 1.0

16.42± 0.1

16.2 ± 0.2

17.94± 0.5

20.85± 0.8

17.13± 0.05

(16.4)

17.2 + 0.3

(17.2)

(23.9)

12.58!

10.53±

12.9 ±

14.0 t

14.6 ±

15.8 ±

17.62-

20.55±

16.38±

16.20+

17.94±

20.85±

17.13±

15.9 ±

17.2 ±

18.4 ±

19.6 ±

20.9 ±

23.4 ±

18.38±

17.46±

16.41±

16.19±

15.56±

1 .85±

20.77±

23.78±

24.00±

26.88±

24.23+

25.63+

23.66-

0.14

0.3

0.8

0.2

1.0

0.4

0.5

1.0

0.20

0.16

0.5

0.8

0.17

1.3

0.3

1.5

2.0

2.

2.3

0.3

0.2

0.5

0.18

0.19

0.3

0.2

1.0

0.3

0.4

0.18

0.2

0.3

12.48±

10.69±

12.73±

13.96±

13.81±

15.77±

17.40±

19.67±

16.45±

16.20±

17.69±

20.38±

17.13±

16.05±

17.30±

18.73±

19.31±

20.69±

21.74±

18.43±

17.62±

16.33±

16.17±

15.57±

15.79±

20.74±

23.80±

24.00±

27.21±

24.10±

25.69±

23.71 

0.11

0.3

0.2

0.17

0.3

0.2

0.5

0.4

0.18

0.15

0.4

0.4

0.15

0.3

0.2

0.3

0.2

0.2

0.2

0.2

0.2

0.3

0.15

0.18

0.3

0.19

0.4

0.2

0.3

0.2

0.2

0.3

18.38±

17.32±

16.41±

16.19±

15.56±

15.60±

20.56±

23.62±

26.88±

24.23±

25.63±

24.03±

0.3

0.13

0.5

0.18

0.18

0.11

0.2

0.3

0.4

0.18

0.2

0.3

) Deduced Ltrm experimental values of D b; see references in J51.

bCorresponds to table 5b.
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0
Ir*-

7 4 T- -

2'U~ >:- fig. 4.
The nuclear level density paraneter a as a function of the neutron
number N for nuclides of class (b). See sect. 3.3 for further
explanation.
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We conclude this section by saying that the adjusted values of a give use-

ful and additional infonnation to-the evaluator who has to rely on sys-

tematics for the prediction of the level density of nuclides for which no

(sufficient) resolved-resonance data exist, e.g. for important f.p.

nuclides as 103Ru and for some Pd isotopes.

3.4. Systematics of <1 >

In ref. 1281 calculations of < hy> have been reported based upon the Brink-

Axel estimate, in which the primary y-ray transitions were summed over

levels with known spin and parity, whilst a "continuum" contribution was

added. We have repeated these calculations with input parameters (level

scheme data and a-parameters) as in the RCN-2 evaluation. In these calcu-

lations we have also introduced various estimates for the spin and

parity distributions of levels in the continuum. Both experimental giant

resonance parameters and those obtained from systematics have been used.

Moreover we have performed calculations with the single-particle estimate,

i.e. <Fy>/D = kEt E A2/3 for each primary y-ray transition of energy cy.

From experimental data obtained for nuclides with masses from A= 50 to

A=250 the value 1 = 2.5x10 -9 MeV -3 hos been deduced 1251. The M 1

capture width is about a factor of 7 smaller than the El capture width

1251 and has been inglected in our calculations.

None of the results obtained ?as very satisfactory. It appeared that

there were quite large adlferenoes between calculated and experimental

capture widths, in pcrticulsr for the cdd-Z isotopes (class a). An

interesting result cf these calculations was that when an equal-parity

distribution was used for all levels i.r the continuum, the experimental

ratio <ry(=0)>/<ry(Z=i )> .fr the Mo-isotopes was more orless reproduced,

without any ass7umptio a.boit other reacticon mechanisms like valency

capture, etc. Thus thZ differences between <ry(-O0)>J and <ry (Z=I)>j

in the calculations vcre only caused by differences in the spins and

parities of the discrete level schemes, Use of the parity distribution

function for levels in tl-. continuum as given by Igarasi 1361 led to

too large differences betwzeen s- and p-wave capture widths.

The overall comparison bet-.een cxperimental and calculated capture widths

was very disapponinting. t appeared that there was no clear preference

for either the Brink-Axe! model or the single-particle model, even with

a modified value of kEl. From a least-squares fit of kE1 to experimental

- 249 -



capture widths of 22 nuclides (90<A< 155) the value kE1 =(1.5±0.4)x 10- 9

was found, with X2/21 =40. This value of kEt is much lower than the value

given before. For nuclides of classes (b) and (c) the fits were slightly

better: kE1 = (1.5±0.4) x 0-9 with X2/8=7.2 and kEi = (2.2±1.7)x 10-9

with X2/5= 4.7, respectively. A small improvement was obtained when ad-

justed a-parameters (table 5b) were used.

From the above mentioned experience with theoretical <r > calculations
Y

it is clear that these calculations have limited value. Only when theore-

tical values of <r > are fitted to experimental data in a small mass range

one might hope to have some success in the prediction of capture widths.

This is in fact the same situation as holds for the systematics of a.

Therefore we expect that also for <F > the use of adjusted capture widths
Y

as given in table 5b might be of some help to the evaluator.

3.5. Results for individual nuclides

Some global results of adjustment of ac have been given in table 4. Note

the large reduction in uncertainty of < c> after adjustment, in particular

when also CFRMF measurements are utilized. This is partly so because the

CFRMF spectrum is relatively close to the SNR-300 spectrum which was used

in table 4 to average c . Further general conclusions are given in sect.4.

A rather detailed discussion of results of adjustments Las been given in

ref.1261 for the following f.p. nuclides:

class(a): 9 9Tc, 10 3Rh, 1271, 1 3 3Cs, 139La, 14 1Pr;

class(b): 9 5s 9 7,98 ,10 0Mo, 101,1 02 ,1 04Ru, 10 5,1 0 7 ,10 8pd.

It has to be noticed that the adjustments given in ref.|261 are mostly

slightly different (viz. with other spectrum and implicit spectrum adjust-

ment, see also sect. 2.3) from those given in the more recent work of

ref.161; however, all qualitative conclusions remain the same. Meanwhile,

data for more nuclides have been analysed and results from adjustments

with combined STEK and CFRNF data are available 171. The main observa-

tions in ref.126| are repeated here with some additional remarks and

extensions. The discussion is restricted to the energy range above about

1 keV. References to differential measurements are given in a different

notation, see sect. 5.2. Plots of these data have been given in refs.

126,341.

- 250 -
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Fig. 6. Adjusted
data (a,
See fig.

capture cross sections of 9 9Tc based upon STEK + CFRF
b), STEIK data only (c), or CFRMF data only (d).
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3.5.1. Class (a)

9 9Tc

Up to 50 keV all evaluations 1261 are in reasonable agreement with experi-

mental points ICh731. At higher energies the evaluations become more and

more different. In the MeV range the differences are extremely large due

to uncertainties in the level scheme of 9 9Tc: ENDF/B-IV gives the lowest;

JENDL-1 gives he highest value of c . In the (revised) NCN-2 evaluation

the most recent level scheme data ISv761 have been used, which lead to

much lower values of o than previously adopted, but not so low as in the

ENDF/B-IV evaluation. From combined STEK and CFRMF measurements if follows

171 that at low energies (up to 100 keV) a of RCN-2 is too small, whereas

at high energies a of RCN-2 is too large; see fig. 6. It is interesting

to note that when STEK and CFRMF measurements are used separately in the

adjustment calculation, quite different results are obtained. This indi-

cates a discrepancy between STEK and CFRMF measurements, although the sen-

sitivities to o of these measurements are rather different. The ENDF/B-IV
e

cross section appears to be much too low, however.

1 0 3Rh

Except for the ENDF/B-IV evaluation, which is clearly too high compared

with most differential experimental data, the evaluations of RCN-2 (re-

vised), JENDL-I and CNEN/CEA are about the same up to 0.8 MeV 126j. In

the MeV range the differences are much larger; hlere the ENDF/B-IV evalua-

tion is the lowest. Both STEK and CFRMF data are in perfect agreement

with the RCN-2 evaluation 171. In the energy range from 1 keV to 10 keV

o has a relatively high uncertainty (15% to 20%); from 10 keV to 0.5 MeV

the uncertainty is 10% to 15%. It has to be noted that the group cross

sections for ENDF/B-IV and CNEN/CEA as given in fig. 3b of 1261 are wrong

for group 13 (2.15 - 4.65 keV), due to an error in the processing code.

The mutual differences between RCN-2 (revised), CNEN/CEA and JENDL-1 are

in fact rather small for group 13. The ENDF/B-IV cross section still

seems to be too high.

109Ag

There are appreciable differences between the various evaluations 126!

due to the fact that there are different series of differential measure-

ments which seriously disagree with each other IWe60 , Po65 , Ko66j.

The adjustments 171 based upon STEK and CFRMF (7% to 10% upwards) exclude
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the low capture cross section data measured by bononov et al. IKo66[. The

ENDF/B-IV evaluation is almost certainly much too low.

The adjustments for ac of 1 07Ag (based upon CFRMF only 171 are also in

upward direction (=5%). The adjusted capture cross section for natural

silver is therefore also about 5% to 10% higher, which only improves the

already reasonably good agreement between ac of RCN-2 and the recently

measured differential data: |Ch73al, IHe731 (normalized to c of Au from

ENDF/B-IV), and IYa751.

127I

The most recent measurements of resolved resonance parameters performed

at CBNM IRo761 lead to the following parameters: SO = (0.80± 0.09) x 10- 4,

S1 = (3.4 1.4) x10- 4 , <r > = 86 9 meV and Dobs 13.3+ 1.0 eV. Use of
Y obs

these parameters in a statistical model calculation leads to too low

values of c compared with most available differential capture data.

Moreover, the value of S1 obtained from total cross section data is much

lower: S1 = (1.6±0.5) x 10- 4 Ca741. Therefore, in the (revised) RCN-2

evaluation the parameters have been tuned to the values (see table 5):

S = (0.80 ±0.16) x 10- 4, S1 = (2.0 0.5) x 10 4, <F > = 95 ± 10 meV, and
oD ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~9 Y

Dob =12.2± 1.8 eV. The RCN-2 capture cross section calculated with these

adjusted parameters is still below most experimental points and is about.

7% lower than the ENDF/B-IV curve. However, the adjusted curve 171 based

upon STEK and CFRMF data is approximately 10% h',;her in the energy range

from 2 keV to IG MeV, again in agreement with most experimental points

341 and relatively close to ENDF/B-IV values.

As a conclusion we could say that the statistical model calculations

based on the recent average parameters of Rohr et al.|Ro76| give too low

capture cross sections. The adopted parameters in the RCN-2 evaluation

still give too low values of a . After' adjustment there is reasonable

agreement with ENDF/B-IV and differential capture data.

1291

For this nuclide there are no differential c measurements in the region

above 168 eV. The adopted RCN-2 values for S , S1 and <F > (see table 5)

are based upon values for 127I and some systematics. The value of Db 

30 ± 10 eV follows from resolved resonance parameters. The RCN-2 curve
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calculated with these parameters is much lower than those of JENDL-1 and

ENDF/B-IV. The adjusted curve based on STEK and CFRMF 171 is still lower.

At energies just above the resolved resonance region the adjustment (via

parameter SO, see table 5) is even more than -50%. The ENDF/B-IV and

JENDL-I evaluations are almost certainly much too high.

133Cs

For ac of 1 33Cs (up to 500 keV) there are two series of measurements which

are discrepant, those of Kompe IKo691 and Russian data |Po62, To67f. The

ENDF/B-IV, CNEN/CEA and the RCN-2 evaluations are close to the relatively

high data of Kompe; the JENDL-I evaluation is much closer to the Russian

data 1261. In the MeV range the evaluations are rather discrepant. The

adjustments based upon CFRMF integral data 171 give much lower ac values

than those of STEK 161 in the statistical model energy range (above

3.5 keV). It is rather curious that there is a relatively large upward

adjustment in the resolved resonance range (see fig. 7); possibly resolved

resonances have been missed in the experiments. The JENDL-1 evaluation

is almost certainly too low.

1 39La

This nuclide has a magic number of neutrons. The capture cross section is

relatively low therefore. The scattering reactivity worth for the hard

spectrum of STEK-500 is about 50% larger than the calculated capture worth.

Therefore, the adjustments for ac of RCN-2 based upon STEK measurements

161 in the hardest spectra were not used. In the highest part of the

resolved resonance region (1-10 keV) the STEK measurements indicate an

upward adjustment 161 of about 25% to 30%, which is in agreement with

low-resolution capture data [Ko64j. Thus, probably resolved resonances

have been missed in that energy region. The adjustments based upon CFRMF

171 indicate about 7% lower capture cross sections than those of RCN-2.

The adjusted ac is in agreement with data of Zaikin et al. 1Za711. f

For E> 10 keV the ENDF/B-IV values of ac are about 20% to 30% higher,

whereas the CNEN/CEA values are about equal to the adjusted cross sections.

The RCN-2A cross section based upon CFRMF+STEK is recommended. The

ENDF/B-IV curve is almost certainly too high.
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14_Pr

Like for 1 39La this nuclide has magic N, the capture cross section is

low and the scattering effect in STEK-500 is large (about 60% of the

capture worth). The RCN-2 evaluation is in very good agreement with

both STEK and CFRMF 16,71 measurements; only in the resolved resonance

region from 0.1 to I keV there is a -10% adjustment. There are three

recent evaluations available 1261: ENDF/B-IV, CNEN/CEA and RCN-2.

The ENDF/B-IV curve is the highest, the RCN-2 curve is the lowest one,

close to the CNEN/CEA evaluation. From combined STEK and CFRMF measure-

ments it follows that ENDF/B-IV capture cross sections are too high.

This is also in agreement with the majority of the differential experi-

mental data, see fig. 13a of 1261. The data of Stupegia et al.1St681 seem

to be somewhat too high.

3.5.2. Class (b)

Even Mo-isotoDes

The capture cross sections of the (even) Mo-isotopes are difficult to eva-

luate, for reasons already mentioned in sect. 3.1.(b), see also 1261.

From comparisons between calculated and experimental point cross sec-

tions it follows that for the even Mo-isotopes the statistical model

fails at neutron energies from I1keV to about 100 keV. Nevertheless

the statistical model has been used in all available evaluations to fit

°c as good as possible to the measured data. In the RCN-2 evaluation

the average resonance parameters (mostly deduced from BNL-325 1Mu731;

for 98Mo from |Ch761) have been modified to fit these data. In particular

the p-wave capture width has been increased (probably too much) in order

to take into account valency effects (see also Appendix 3 of 1261).

The results of adjustments are also difficult to interprete due to the

fact that the scattering corrections to the reactivity worths of even

Mo-isotopes in the hardest STEK cores are very high. Moreover there are

discrepancies between the adjusted capture cross sections and recent

high-resolution data of Musgrove et al. IMu76a], measured for the

stable Mo-isotopes from 3 to 90 keV.

The problems can be summarized as follows:

(a) The statistical model is not adequate.

(b) High scattering corrections for hard STEK cores.

(c) Adjusted cross sections based upon STEK 161 have become smaller, whereas

recent high-resolution data for E < 90 keV indicate higher values of a .

(d) Adjusted cross sections based upon STEK 161 are closer to experimental

data points for 98Mo and 1 00Mo at E> 90 keV 126J.
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(e) Adjusted average parameters Ds and <r > (table 5b) are in dis-
obs Y

agreement with values given by Musgrove et al. |Mu76al.

(f) CFRMF activation results 171 disagree with STEK results for 9 8Mo,

but agree with STEK results for 100Mo in the direction of the adjustment.

We conclude that the cross sections of the even Mo-isotopes need to be

re-evaluated utilizing the most recent differential data |Wa73, Mu76a,

Ch76, We761 and integral measurements. Probably it is better to dis-

card the statistical model for E < 90 keV and to draw an "eye-guided"

curve through the measurements of Musgrove et al. Above 90 keV the

capture cross sections should be much lower than those of RCN-2. See

also the discussion on 9 8'10 0Mo capture cross sections in 1261 and the

discussion for natural Mo:

95,97Mo

The problems mentioned for the even Mo-isotopes are not so serious for

the odd ones. The evaluators have tried to fit the data of Kapchigashev

and Popov IKa641 for E= 1 to 60 keV. These data are in good agreement

with recent high-resolution measurements of Musgrove et al. IMu76aI.

However, it is not very well possible to fit the high capture data of

9 7Mo for E= 1 to 10 keV with the statistical model. Therefore an "eye-

guided" curve was adopted in the JENDL-I evaluation. The other evalua-

tions of o for 9 7Mo are probably too low in that energy range (in

particular the ENDF/B-IV evaluation). For 95Mo all evaluations are in

reasonably good agreement with the measurements for E = to 90 keV.

Both for 9 5Mo and 97Mo the differences between the various evaluated

a curves become somewhat more serious above 100 keV. The adjustments
c

based on STEK are about -10% for 95Mo at energies above 2 keV, but can

be neglected for 97Mo. The overall differences between RCN-2A, ENDF/B-IV,

CNEN/CEA and JENDL-1 are not important (see table 4b). Nevertheless

similar conclusions as given for the even Mo-isotopes apply.

Natural Mo

The RCN-2 capture cross group sections for natural Mo (of interest for

construction materials), calculated by summation of the isotopic con-

tributions, have been plotted in fig. 8, together with recent experi-

mental differential data and the ENDF/B-IV and KEDAK-3 evaluated curves.

The recent data measured by Musgrove et al. JMu76a| are not shown in
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this figure, but they are rather close to the KEDAK-3 values. The ad-

justed RCN-2A curve is much lower than the data from existing evalua-

tions, more in the direction of the data of Fricke et al. |Fr70I. Most

data plotted in fig. 8 suggest that all evaluated oc are too high above

about 50 keV. The RCN-2A adjustments in that energy region are corre-

lated with those for E < 50 keV, This could explain the too low RCN-2A

values in the keV range. A new evaluation of oc with relatively high

values fo'r E < 50 keV and relatively low values for E> 50 keV is recom-

mended.

101 Ru

The evaluations for this nuclide are completely based upon statistical-

model calculations with parameters obtained from average resolved-reso-

nance parameters. In ENDF/B-IV resolved-resonance parameters up to 113 eV

have been used, in all other evaluations new parameters up to 666 eV

have been used 1261. Above 1 MeV the JENDL-1 and CNEN/CEA capture cross

sections are relatively high, which is possibly due to a different treat-

ment of the target spin cut-off parameter o2 (see Appendix 1 of 1261).

The differences between integral data calculated with the existing evalua-

tions are large (see table 4b). The adjustments based upon STEK integral

measurements are very small 16, 12J. ENDF/B-IV gives probably too low

values for o
c

102,104RU

There are rather large differences between the various evaluations for o

of 1 0 2Ru and 104Ru, because there are only three or four resolved reso-

nances known and, moreover, only very few- discrepant- point cross sec-

tions are available 1261. See table 4b for a global view of the differ-

ences. The adjustments based upon STEK 16, 12. and/or CFRMF 171 show

that the capture cross section for these nuclides must be very low, rela-

tively close to the ENDF/B-IV evalu, ion. Meanwhile, cross section meas-

urements have been performed by Hockenbury et al. IHo761, which also

yielded very low capture cross sections. Hockenbury et al. assume that

<r > is about 60 meV, both for 10 2Ru and 104Ru. For the (unadjusted)
Y

RCN-2 evaluations values of 275 meV (fitted to experimental cross sec-

tions !Ly59, Ma57, Mu73b, Sc69|) and 79 meV were adopted for <F > of

10 2Ru and 1 04Ru, respectively. The adjusted parameters are much lower:

<F > = 170 meV and <r > = 88 meV (from table 5b). The RCN-2A capture
Y Y

cross sections are recommended. For l04Ru also the ENDF/B-IV cross sec-

tions could be used.
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I05Pd

For this very important fission product nuclide there is a number of

resolved resonance parameters available IMu731 as well as - quite

recent - capture data from Knox et al. (plotted in ref.1341), Hocken-

bury et al.lHo75[ and Macklin et al.[Ma751 (unpublished). The existing

evaluations of ac 1261 are in very good agreement with each other for

E= 10 keV to 100 keV. Large discrepancies between these evaluations

exist however outside this region. The data of Knox et al. and of

Hockenbury et al. are in reasonably good agreement with most evalua-

tions, except from 70 to 150 keV, where the experimental points seem

to be wrong (see plot in 134[). From adjustments based upon STEK

integral data an increase of about 7% follows for ac at energies greater

than 10 keV and even more (up to 20%) for energies from 150 eV to 10

keV, see fig. 3. It has to be noted that in this low energy range the

RCN-2 evaluation was already very much higher than the other evalua-

tions. This has to be attributed to the relatively high adopted value

of SO, see table 5a. The adjustment of <cc> (see table 4b) is appre-

ciably higher than reported previously [26[.

10 7Pd

There are no capture data available for this nuclide. Even the thermal

capture cross section is unknown. Therefore appreciable differences

exist between the various o evaluations, of which the RCN-2 values
c

are the highest and the ENDF/B-IV values are the lowest 1261. The main

uncertainty in o arises from the parameter a which has been estimated

from systematics (see fig. 4).

In the STEK facility a fission-product sample was used containing about

16% 10 7Pd and 49% 1 05Pd. Therefore, the results have to be interpreted

with care. The adjustments are positive ('11%) for E= 50 eV to 20 keV

and negative (-2 to -28%) for higher energies. The same f.p. Pd sample

has been used for differential total and capture cross section measure-

ments performed at Rensselaer Polytechnic Institute (USA). Results are

not yet available. Meanwhile it seems that the relatively high RCN-2A

cross section has to be recommended. Note the very large reduction of

error in <o > after adjustment (see table 4b).
c
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Even Pd-isotoRes

Evaluations for the stable even Pd-isotopes (ENDF/B-IV, CNEN/CEA, RCN-2)

in the energy range above 1 keV are based on statistical-model calcula-

tions with parameters obtained from systematics, because there are only

very few resolved resonances known and only for ac of 1 0 8Pd and 1 10Pd

there are some -rather old- measured points 1341.

For the values of . a and <r > adopted in the RCN-2 evaluation we

refer to table 5b.

The results of adjustments of oc can be summarized as follows:

1 04 Pd: small adjustments; RCN-2A is much lower than the other evaluations.

1 06Pd: positive adjustments of about 15% to 30%; RCN-2(A) in between

other evaluations.

10ePd: small adjustments, CFRMF adjustments in perfect agreement with

STEK adjustments; RCN-2(A) in agreement with 24 keV and 195 keV

data of Lyon and Macklin ILy591, but 60% lower than measured

data of Weston et al. We601; other evaluations not very much

different 1261. * 

1 1 0Pd: large negative adjustments of about -50%, also the CFRMF data

indicate very low capture cross sections; RCN-2A is in agreement

with 24 keV meausrement of Chaubey and Sehgal |Ch661 and ENDF/B-IV.

Natural Pd

The RCN-2 capture cross section for natural Pu, calculated by summation

of the isotopic contributions,agrees rather well with the data of Kompe

IKo691 (10 keV to 200 keV). There are no significant adjustments to oc .

For.energies from 1 keV to 10 keV the RCN-2(A) curve is somewhat below

the data points of Block et-al. JB1611.

3.5.3. Class (c)

147,l149Sm

For these isotopes the resolved resonances are well known. Recently,

also point cross sections from about 20 keV to 300 keV have been meas-

ured by Yurelov et al. [Yu751 and -only for 149Sm - by Hockenbury et

al. {Ho76al (unpublished). In the past only the 24 keV data of Macklin

et al. 1Ma63a| were known. However, it is not possible to fit the

calculated capture cross sections to the - very high - recent data
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when using realistic average resolved-resonance parameters. The RCN-2

adopted values of S1, Dobs and <F > (see table 5) are about one standard¥obs Y
deviation different from the most likely values deduced from optical

model (S1) or resolved resonances (Do , <r >). As a result the RCN-2

c evaluation is higher than all other evaluations, but still 30% to

50% lower than the recent data. The calculated values of o at 24 keV

for 14 7S. and 1 4 9Sm are still clooe to the old valu.s of Macklin et al.

From STEK integral data it follows that ac of 147Sm is adjusted by

about -10% for E> 100 eV. The capture cross section of 149Sm is adjusted

by about -10% for E around 1 keV and by about +10% for E around 100 keV

(see fig. 9). Therefore the results from STEK are in disagreement with

the most recent experimental differential data. The adjustment for o

of 14 7Sm is connected with an adjustment of <r > (see table 5b). For
y

149Sm the values of the S , S1 and S2 strength functions are adjusted.

Also after adjustment the RCN-2 capture cross sections are higher than

those of the other evaluations, in particular ENDF/B-IV (see also

table 4c).

15 1Sm

No capture measurements for energies above the resolved-resonance region

are known. Yet, the uncertainty in ac based on the statistical-model

calculation is small (fig. 10). The is due to the fact that the average

parameters based on the recent resolved-resonance parameters of Kirouac

and Eilal IKi751 have rather smill uncertainties. he differences be-

tween the various (unadjusted) evaluations are also very small for E=

100 eV to 100 keV (see also table 4c). Above a few hundred keV there

are very large differences in o due to the use of different level
c

schemes of 1 5 1Sm or due to differences in the continuum calculation of

ac (Appendix 1 of 1261). Of all evaluations RCN-2 is the lowest one in

the MeV range.

From STEK measurements rather large negative adjustments of -10% to -30%

result (fig. 10), mainly by a decrease of S . The adjustments are - and

this is an exception - larger than the a-priori uncertainty limits.

Moreover,the uncertainty in a number of adjusted parameters is larger

than before adjustment (table 5). The adjusted value of So for 15SSm

- 263 -



LJ

5

I-

Z
(D
<0
0
C)

CL

a
0
r-

r:
W'

I-

o

0

Ou0

"n o..L

OL

-4

0

(n

cn
41
C

¢,

'-4
c,

0

-

C
,T!

W

U)

r/j

L~<
3JnlIdU3 HUOIS 'roUNn 13A^O Tro OIIw U

44
0

0

0

p-C)

U)

X

CL

0a

-4U:

r r1

r 

02
0

O U

o ov

s 

W O

LU t

0 *4r

O a
_ C

o S0 NI

SNtHg N I
o o 0 0 0 0

3nliduo uwoIs 0o3snrou
%o0~

T
0-

- 264 -



(and for 1 50 ,152 Sm) is'not in agreement with the observed "odd-even

effect" in SO |Ki751.

Even Sm-isotopes________----_ __

For the isotopes 148,1 5 0,1 52 ,1 54Sm there are only two evaluations avail-

able: ENDF/B-IV and RCN-2. These evaluations are primarily based upon

statisticalmodel calculations using average resolved resonance para-

meters. For 148Sm no resolved resonances are known; therefore nuclear.

systematics has to be used to determine the statistical model parameters,

see sect. 3.3. At 24 keV there are capture cross section measurements

for'all of these isotopes |lia63al; for 1 52Sm (fig. 2) and 154Sm (fig. 11)

there are more point cross section data. In the RCN-2 evaluation the

adopted value of Dobs for 148Sm and the values of <r > for 1 5 2 '1 5 4 Sm
obs "y

have been slightly modified to fit these data. The fits for o of

1 5 2 ,15 4Sm are not very good, however.

After adjustment based upon STEK data the cross section of 148Sm is not

changed very much, whereas adjustments of +25%, 15% and 15% are found

for 15 0Sm, 1 52 Sm and 154Sm, respectively. Due to the adjustment the

discrepancies with ENDF/B-IV have been increased.

For ac of 154Sm (see fig. 11) there are large discrepancies with (recent)

data. These data could be explained much better if there were an addi-

tional level of 154Sm around 30 keV, because the data of Fawcett et al.

show a threshold at that energy. However there are no (other) indica-

tions for such a hypothesis.

Natural Sm

In fig. 12 the adjusted and unadjusted (RCN-2) capture cross sections

for natural Sm, calculated by a summation-over all isotopic contribu-

tions (except 144Sm), have been plotted together with experimental data,

see references in 1341. In addition the experimental value of Maeklin

et al. (obtained by summing isotopic data IMa63al) and some recent data

of Yurelov et al. (obtained from a graph in IYu751)have been plotted.

The adjusted curve is obtained with methods described in sect. 2.5.

The differences between the unadjusted and adjusted curves are very

small. There is a serious discrepancy between the evaluated points (still

in agreement with KFK values) and most other data from about 10 to 50 keV.
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4. SUMMARY AND CONCLUSIONS

(a) In this paper results obtained from adjustments of capture cross

sections of f.p. nuclides have been reviewed. These adjustments

are based upon integral data, i.e. STEK reactivity worths and

CFRMF reaction rates. Only part of the available integral data

have been analysed as yet. Before applying adjustments, the STEK

data were corrected for non-f.p. admixtures and (inelastic)

scattering effects, whereas the CFRMF data were corrected for

(small) self-shielding effects. The experimental STEK data were

not corrected for self-shielding, because this relatively large

effect is a function of the cross sections which have to be adjusted

(see discussion in sects. 2,1, 2.3).

(b) In the adopted adjustment procedure four levels are distinguished:

adjustment 6f integral data I1l, group cross section adjustment

(sect. 2.3), model-parameter adjustment (sect. 2.4) and point

cross section adjustment (sect. 2.5). The following data (with

uncertainties and correlation coefficients) have been used for

these adjustments: experimental integral data 11, sensitivities

11 (normalized neutron spectra), a-priori multi-group cross

sections 161 and model parameters 151 used to calculate oc .

(c) An important role in the adjustment proceduie play the uncer-

tainties in the nuclear model parameters which induce uncertain-

ties and correlations in the group cross sections (sect. 2.2).

In the adopted model correlations between most a-priori parameters

are neglected. The adopted uncertainties in these parameters are

rather conservative, compared to estimates of Ribon et al., see

sect. 2.2. In a large statistical model region from about 1 to

500 keV, the following parameters are most important: SO, S1,

<ry> and Dobs (see table 5). In - few cases also S2 is of some

importance. Uncertainties in unadjusted group cross sections have

been given in table 1.

(d) The dependence of adjusted data to the a-priori values and un-

certainties has been discussed in sect. 2.6. Adjusted integral

data, multigroup constants (or point cross sections) and model

parameters are almost independent, moderately dependent or rather
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strongly dependent on these a-priori values, respectively.

(e) Systematical errors in the adju:ted cross section data could occur

due to systematical errors in the (normalization of) integral meas-

urements and in the sensitivities (spectra), which give estimated

uncertainties of about 5% in the average cross sections. From

comparisons with well-kr-ow capture cross sections and X2-tests

there are no indications for larger systematic errors (sect. 2.6

and discussions in sect. 3.5).

(f) Results of adjusted average cross sections (capture rates in SNR-300)

are given in table 4 for three classes of f.p. nuclides: (a) Odd-Z

f.p. nuclides, (b) Even-Z f.p. nuclides with Z< 50, (c) Even-Z f.p.

nuclides for Z >50. These adjusted data probably do not depend very

much on the a-priori values (sect. 2.6). After adjustment a large

reduction in uncertainty is observed; the adjustments based on

CFRMF data are mostly in agreement with those based on STEK.

Some data of other evaluations are more than three standard devia-

tions apart from the adjusted values (see table 4 and discussion in

Ill).

(g) Global results of parameter adjustment have been given in sect.

3.2, table 5. The s-wave strength function is not adjusted very

much; also the uncertainty is not reduced significantly. Exceptions

are found for a few odd-mass nuclides for w;ILch the statistical

model region commences at a relatively low energy and for nuclides

of class (c). The "odd-even" effect experimentally observed in SO

for the Sm isotopes has disappeared after adjustment. The p-wave

strength function is adjusted for more nuclides than the s-wave

strength function; its uncertainty is reduced in many cases, but

the influence on oc is relatively small,

The largest adjustments and uncertainty reductions occur for the

level spacing Dobs. The adjuste. values of the level-density para-

meter a (table 6), derived from adjusted values of Dobs, give useful

indications to improve the systematics of a (sect. 3.3, figs. 4,5).

This is particularly of importance for the prediction of the level

density of nuclides for which no (sufficient) resolved-resonance

data exist, e.g. 103Ru and some Pd isotopes. Another result of

a-parameter adjustment is the confirmation of an odd-even effect
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in a for the Sm-isotopes (fig. 5).

The capture width <ry> is mostly known somewhat better than Dobs .

The adjustments in <Fy> are less tian those for Dobs; the uncer-

tainty is reduced significantly for many nuclides. The results can

be used to try to improve the systematics of <Fy>, see the dis-

cussion in sect. 3.4.

(h) Results of adjustments of group cross sections have been discussed

in sect. 3.5 for the following nuclides:

class (a): 9 9Tc, 10 3Rh, 107 1 0 9Ag, natural Ag, 127,1291, 1 33Cs,

1 39La, 14 1pr;

class (b): even Mo-isotopes, 95 >9 7Mo, natural Mo, 101,I02 ,104Ru,

105»107pd, even Pd isotopes, natural Pd;

class (c): 147,149 ,151 Sm, even Sm-isotopes, natural Sm.

The results have been compared with 26-group constants calculated

from the unadjusted RCN-2 evaluation and from other recent evalua-

tions: CNEN/CEA, ENDF/B-IV and JENDL-1. Moreover, the adjusted

capture cross sections have been compared with available point

cross sections.

In the thermal energy range adjustments are small and have not

much meaning, because the sensitivities of STEK and CFRMF integral

measurements are small in that region.

In the resolved resonance region the adjustments are mostly small

with a preference for positive adjustments. For 133Cs and 139La

there are indications that resolved resonances have been missed

in the evaluation; <ry> is also not known very well for these

nuclides.

In the statistical-model region the adjustments are small for

nuclides with reasonably well-known cross sections (like 93Nb,
103Rh). For many other isotopes the adjustments are not very

large either (i.e. less than 10%). Larger adjustments occur for 99Tc,

129I, 1 33Cs, 1 3 9La and for some even isotopes of Mo, Ru, Pd and Sm.

In most cases, (except perhaps for 99Tc, 98Mo, 133Cs, 139La) the

adjusted data of STEK and CFRMF are in perfect agreement with each

other. It is strongly recommended to combine integral data obtained

at different facilities in the adjustment calculation. In many

cases the results of adjusted capture cross sections are also
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useful to select between discrepant series of differential meas-

urements (e.g. for 10 9Ag, natural Mo, 1 33Cs, 141Pr and natural Sm).

For some nuclides there are recent differential data which were not

used in the a-priori evaluation, viz. for Mo isotopes, 102 '1 0 4Ru,

1 0 5Pd and 1 4 7,1 4 9Sm and most data for natural elements (because

in the evaluation only cross sections for the separate isotopes

were considered). For the Mo isotopes the new data of Musgrove et al.

in the energy range from 3 keV to 90 keV clearly show that the

statistical model fails in that energy region. Therefore it is re-

commended to re-evaluate these cross sections utilizing all avail-

able differential and integral data. For natural Mo the adjustments

indicate much lower capture cross sections above 90 keV than

adopted in the evaluations of ENDF/B-IV and KEDAK-3. For 102, 10 4Ru,

10 5Pd, natural silver and natural Pd there is good agreement with

recent measurements. The recent measurements of Yurelov et al. on

147, 1 4 9Sm and natural Sm are not in agreement with the adjusted

data.

Suggestions for new capture measurements in the keV range follow

from the discussion in sect. 3.5. In a number of cases differential

measurements have already been performed, but results have not been

published yet. Of particular importance are data for 9 9Tc and 133Cs

(discrepancy STEK/CFRMF) and 149Sm (discrepancy STEK and recent data).

In the MeV region the results of adjustments mostly follow those

for the keV region because of correlations between the group

constants and because most integral data are not very sensitive

in this energy range. This is a pity because there are large and

often systematic differences between the various evaluations in

that energy region, due to differences in the adopted models (e.g.

the distribution of spins of target levels). On the other hand for

most applications these differen .s are not important.

(i) Adjusted point cross sections have been calculated in a number of

cases by making use of adjusted model parameters (sect. 2.5, figs. 2,

11,12).This method is useful in the statistical model energy range.

In the process of recalculating the capture cross section it is re-

commended to include also new differential data, if these data are

available.
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Abstract

Status of the measurements, evaluations, and WRENDA requests on

fast neutron capture cross sections is surveyed for about 170 nuclides

in fission product mass region. Nuclides are classified according to

the order of importance for fast reactor applications, and 42 nuclides

are selected. Experimental data on capture cross sections for these

42 nuclides are reviewed and discrepancies are commented.

The calculational methods and parameter determinations adopted in recent

evaluations are described and discussed. Evaluated capture cross sections

and inelastic scattering cross sections are compared -nd discussed

brieflyo

1. Introduction

Evaluation of fission product neutron cross sections is one of

the important long term subjects of fast reactor physics.

The difficulty in evaluation is that a great number of nuclides

must be treated whose experimental data are quite scarce or discrepant,

and then, the evaluators depend largely on gross systematics of

parameters.
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Since the last IAEA meeting on fission product nuclear data at

Bologna 1, 2), there has been remarkable progress in experiments,

compilations, and evaluations in this field. Many new data on

resonance and keV capture cross sections for separated isotopes have

been obtained quite recently. Local systematics of parameters such as

strength functions, average level spacings, etc. have been established

more firmly than before.

Evaluations are now in progress in several countries. Much

effort has been devoted to the compilation of level scheme and cross

section data, the critical evaluation of existing experimental data,

the parameter determination, and the improvement of calculational 

methods. Progress in the evaluation field is significant.

It would not be possible to review all of these works on all

range of nuclides in fission products mass region. We shall select

about 40 nuclides important for fast reactor applications, and shall

confine ourselves mainly to capture cross sections in the energy range

from a few tens of keV to several MeV, where optical rodel and the

statistical theory are applicable.

In the next section a general status is reviewed of measurements,

evaluations, and WRENDA requests on data. Nuclides are classified

according to their importance for applications to fast reactors.

In section 3, the status of measurements of capture cross

sections is described. Activation data at 25 keV, which are still of

considerable importance, are discussed. Discrepancies in the keV

capture data are commented.

In section 4 are discussed some details of calculational methods

and the parameter determination in the frame work of the optical model

and the statistical theory. Recent results on non-statistical aspect

of capture process are Described with their implications to cross

section evaluation.
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In section 5 we give some limited comparisons of evaluated

capture cross sections and inelastic scattering cross sections.

2. Survey of measurements, evaluations, and WRENDA requests

In Table 1 is given a general status of the measured, evaluated,

and requesteldata of resonance and keV-MeV capture cross sections for

about 170 nuclides ranging from Z = 32 (Ge) to 65 (Tb). Nuclides of

half-lives shorter than a few days are omitted. Only several short-

lived nuclides such as 05Rh, 35Xe and Pm isotopes, whose thermal

cross sections or resonance integrals are particularly large, are

included in the table for the sake of completeness.

Classification of nuclides

In column 4 of Table 1 we have given the classification ( 33 of

nuclides according to the order of importance for prediction of

burnup reactivity in large fast reactors. The classification was

based on a burnup at one year of a typical 1000 MWe fast reactor now

under study in Japan. Calculation was made with fission products

nuclear c'ta file of JENDL-1 (1975) containing 28 n clides,comp]remented

by Cook's library (1971).

Class I nuclides (11 nuclides) are those contributing more than 3'A

each to total capture rate of all fission products. In the same way,

the contributions are estimated to be 3-1%, 1-0.4%, and 0.4-0.1%,

respectively, from each nuclide in class II (16 nuclides), class III

(11 nuclides), and class IV (18 nuclides). The 38 nuclides of

class I, II and III contribute about 93% to total capture. These are

considered as sufficient for burnup calculation of fast reactor. For

further applications to fast reactor we added 93Nb, 151Eu, 52Eu and

54Eu to the above 38 nuclides, making up 44 nuclides in all. Natural
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elements of Zr, Mo, Eu and some others are also important for reactor

calculation and consistency check of evaluation. We have not included

them in the present review.

In the summary report 2 ) of the previous meeting t Bologna,

134Cs, 137Cs, 144Ce, and 144Nd have been considered as important for

fast reactor applications. But these nuclides may be excluded on the

basis of studies by Hasegawa et al. 13 )and Gruppelaar et al. described

below.

Use of other fission product data libraries naturally results in

a different order of importance, Fig. 1 is reproduced from

Heij boer et al. [53], which shows the results of calculation of

effective cross sections multiplied by the normalized isotopic

concentrations in SNR-300 at a burnup of 42 MWd/kg fuel. Discrepancies

among different evaluated data sets are demonstrated very clearly. It

is seen that the classification given above is not changed significantly.

Significant changes of order of importance are seen only for 9Zr,

134Xe, 135C, 142Ce, 150Nd and 157d

Evaluation activities

The nuclides contained in recent evaluated data files are marked by a

cross in Table 1. The pioneering work of Benzi et al. 14-6) is still

a good standard for comparison with more recent evaluations because of

the consistent evaluation method and good recording of the results.

This evaluation will be called CNEN-1 here. The fission product data

file of ENDF/B-4 7 ) was released in 1974 and contains cross sections

of about 180 stable and radioactive nuclides. ENDF/B-5 will be

completed in 1978. In Europe, very detailed evaluations are going on
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with strong cooperation in parameter determination between the

Netherlands (RCN-2, and adjusted file RCN-2A) (8-11), Italy (CNEN-2

or Bologna library) [12), and France (CEA) (13, 14). There has been

much progress in methodology and parameterology of evaluation through

this cooperative work.

In Japan the evaluation of 28 isotopes was completed in spring

1975 (JENDL-1) 15, 16). Five Mo isotopes were supplied from an ot'er

group. Preliminary evaluation of additional 34 nuclides was completed

quite recently. These data of 67 nuclides are called here JENDL-1

data.

WRENDA requests on capture cross section

The requests on fast neutron capture data are mostly for fast

reactor applications. The accuracies of 10-30% are required for

burnup calculations. Requests for thermal reactor burnup calculation,

are not included in the table, since these requests a-e made mainly

on data below a few keV, These requests will be discussed in RP7 of

this meeting. Europium data are requested with 5-10% accuracy for

reactor control. Nb and Mo cross sections are requested as those of

structural materials of fusion and fast reactors with 10-30% accuracy.

There is also need of Sb data for neutron source design.

The energy range required differs depending on requestors, some

up to a few hundred keV, and some up to 10 MeV. But we think that

the energy range important for direct applications to fast reactor

core calculations is 100 eV - 500 keV.

Other requests are made for astrophysics applications (96o,

C11d, 135Cs, 136Ba) with rather high accuracy of 10-20%, for tests
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of nuclear theory (Zr isotopes resonance parameters), for activation

analysis (84Kr) and dosimetry (93Nb) with 5-10% accuracy, and for

thermal reactor control material (Gd isotopes resonance parameters).

CompaLison of WRENDA requests and the "ongoing" measurements in

Table 1 shows that many of the requests are expected to be satisfied

in very near future, at least, in somewhat limited energy range.

However, there seem to be no plans in near future to measure the

capture cross sections for class I and II radioactive nuclides (93Zr,

03Ru, 129I 135, 151 Sm) and rare gas nuclides (131Xe,

132Xe).

WRENDA requests on other cross sections

There are few requests on data other than capture. The elastic

and inelastic scattering data for Zr isotopes are required for tests

of nuclear theory with 10-15% accuracy. All data of 93Nb and Mo

isotopes are requested for fusion and fast reactors. Except these

requests, there are only two requests for activation analysis (107Ag

(n, a), 144Sm (n, 2n) ), and five requests for dosimetry ( 85Rb (n, 2n),

93Nb, 103Rh (n, n'), 115In (n, n'), 127 (n, 2n) ). The requests for

dosimetry are made chiefly from EUR dosimetry group, and with very

high precision (2-57o mostly).

There are recent complilations of (n, 2n) cross sections by

Davey et al. (17), and of (n, p), (n, alpha) and (n, 2n) cross sections

by Bormann et al. (18), and by Garber and Kinsey (20).
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3. Status of measured capture cross sections

3.1 Recent experimental data

The status of available experimental data in Table 1 is based on

ref. [19, 203 , NEUDADA 1976, CINDA 76/77, and the compilation by

Matsunobu and Watanabe [ 21] . Experiments in the column "ongoing" are

those recently published or completed or in progress, the informations

of which are based on mostly ref. [ 22, 23, 523 and CINDA.

Capture cross section data in keV-MeV range are currently measured

by direct detection of prompt gamma rays emitted after capture event,

Such measurements are in progress in USA (ORNL, RPI), USSR (Lebedev),

Japan (JAERI, Tokyo Institute of Technology/Kyoto University), and so on

with improved apparatus and techniques.

An extensive series of measurements of capture cross sections are

going on at Oak Ridge electron linear accelerator (ORELA) for nuclei

ranging from Li to U in 3 - 700 keV. The measurements on the following

nuclides in fission product mass range have been recently published or

completed.

Sr-(86,87,88), Zr-(90,91,92,94), Mo-(92,94,95,96,97,98,100),

Ru-(100,101,102,104), Pd-(104,105,106,108,110), Cd-(106,108,110,

111,112,113,114,115), Te-(122,123,124,125,126,128,130),

Ba-(134,135,136,137,138), Nd.(142,143,144,145,146,148), Y-89,

Nb-93, Rh-103, La-139, Ce-140, Pr-141, Tb-159, Ho-165, Tm-169.

These ORELA data are supplying us with considerable amounts of new

information, filling gaps or lack of existing data and giving improved

systematics of average resonance parameters. Also, much information

is being obtained concerning the non-statistical capture process.

However, the measured capture cross sections are sometimes in significant

disagreement with older data. The case of Nb cross section is shown in
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Fig. 2. It is seen that there is an excellent agreement between the data

of Macklin Ma 76a] and those of Yamamuro et al. [ Ya 75,77 . Below 30 keV

appreciable difference exists between these two recent data sets and those

of Kompe I Ko 601, and Popov and Shapiro [Po 62]. The agreement becomes

better,at higher energies.

At RPI, the capture measurements are going on for 9 5 '9 7 Mo, 9 9Tc,

1 0 1'10 2'1 04 Ru, 10 3Rh, 10 7Pd (mixed fission-product sample), 133Cs, 1 4 1Pr,

143,144,145Nd, and 149Sm [22,23a. These are mostly the nuclides for which

no data or only single data set exist, or the existing data are discrepant.

At Kyoto University and JAERI, measurements were completed for 93Nb,

127I, 133Cs (Tokyo Inst. Technol./Kyoto Univ.), and 15 1'1 53Eu (JAERI).

The measured 133Cs cross section Ya 75,77] is shown in Fig. 3 together

with other data sets. Recent measurement at RPI is reported to give cross

sections which are about 10 % higher than the data of Popov et al., and

therefore, in agreement with ENDF/B-4 evaluation. It is of interest to

note that the data of Yamamuro et al. in Fig. 3 and those of Macklin and

Yamamuro et al. in Fig. 2 for 9 3Nb show the similar trends relative to

the data of Popov and Shapiro and of Kompe.

Very rece tly Kononov et al. at L-bedev institute m-asured the

capture cross sections for In, Ta, Au, and for isotopes of Sm and Eu t523.

(See also Yurelov et al. [Yu 753.) Since there have been few data for

Sm isotopes these Lebedev data will be of great value for cross section

evaluation.

At Universitat Kiel the resonance parameters of 135Cs and 13 7Cs

were obtained recently[223 in the energy range 42 - 880 eV using the

mixed sample of fission-product Cs isotopes. These data are of considerable

interest since no data have been available at all and there has been
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very large disagreement among the evaluated data (see Fig. 1). It is also

reported that the measurements of resonance parameters of 1 52Eu, 1 5 4Eu

and 155Eu are planned using a mixture of Eu isotopes.

3.2 Activation cross sections

Although the current measurements of capture cross sections in

keV range are performed mostly with the method of direct detection of

capture r-rays, the classical activation data are still of considerable

value in giving the isotopic cross sections, which are not easily

obtained by direct detection method. However, existing activation

cross section data are often very discrepant. In most cross section

evaluations the calculation is adjusted by available capture data.

The disagreement between evaluated data is often a result of the

different choice of experimental data. Here we shall review briefly

the status of activation cross sections near 25 keV.

Other than 25 keV data, there are typical data for wide range of

fission products isotopes at 2 keV by Schumann [Sh 69), at 195 keV by

Lyon and Macklin (Ly 59), and at 3 MeV by PetZ' et al. Pe 67).

Typical poly-energetic data are those of Stupegia et al. (St 65a, 66b,

68) in 5 keV-3MeV, Johnstud et al. [Jo 59) in 0.15-6.2 MeV, Pasechnik

et al. (Pa 58) at 2.5, 3.1 and 4.1 MeV, and Leipunsky et al. Le 58)

at 0.2, 2.7 and 4 MeV. At 14 MeV there exist a number of recent

experiments. The 14 MeV data are used in cross section evaluation as

the normalization of calculation of direct and collective capture.

But we shall not consider them further in this review.

Capture cross sections for 115In, 17 and 19Au near 25 keV

Most of the activation cross sections near 25 keV are measured

127
relative to the value of 7I, and in some experiments relative to

11 5In or Au. In Table 2 the existing activation data for these
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nuclides are listed together with the ones obtained by other techniques.

It has been remarked that as a general trend the newer activation

experiments give the smaller cross sections. This is interpreted

[Ch 75) as that the improved source and techniques reduced the effect

of resonance and thermal capture. Recent data of Rimawi et al. [Ri 753,

Yamamuro et al. (Ya 753, and Macklin et al. (Ma 75) agree within 10%

for all three nuclides. We may assume the value of 763mb for 1271

(n, T) cross section at 24 keV, taking the average of recent two data. The

Au cross section of 654mb at 24 keV recommended by P'onitz (24) is

reasonable.

Activatidn cross sections of fission products near 25 keV

In Table 3 are listed the activation cross sections near 25 keV

for important fission products classified in section 2. The data

with mono-energy neutron near 25 keV measured by other techniques are

also listed. Values of standards adopted in the measurements are

briefly described in the continuation of Table 3. Renormalization

factors based on the alteration of these standard data are given in

parentheses.

Ribon et al. (13) have applied to all data of Macklin et al.

(Ma 57) a base renormalization factor 0.61. This factor is the ratio

of the recommended (654mb) to the measured (1120mb) Au cross sections,

corrected further by alteration of branching ratio data, Since

127
Macklin et al. adopted 27I cross section as standard we do not agree

with the renormalization~by Ribon et al. They have also taken the

value of 800mb as standard for 127I cross section at 24 keV, which

is probably a little too high if one looks at Table 2.
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Status of capture data of important nuclides

The status of capture data for 42 nuclides of class I, II and IIL

is summarized in Table 4. Discrepancies are commented. The (n,r )

data at 14 MeV are not included in the table.

Recent experiments completed or ongoing are rapidly filling the

lack or discrepancies of data. For unstable nuclides and rare gas

isotopes there seem to be no immediate plans of measurement. The

measurements of resonance parameters as going on at Kiel and JUlich

are expected to be very useful for the evaluation of cross sections.

4. Method of evaluation and parameter determination

We start with the Hauser-Feshbach-Margolis theory of fast neutron

cross sections. The capture cross section is given by

Tr 7°^7) - 2 n2 j f T <W

Here, T;r- = 5 7T - rT'r being the total radiation

width. Correspondingly, rTeT is the capture width. T is the

neutron transmission coefficient in channel c which is obtained by

the optical model or the strength function model. W is the
c, cap

neutron width fluctuation correction factor.

The calculation of capture cross section is usually adjusted by

capture data in keV region and so as to obtain satisfactory overlapping

with averaged resonance cross sections. The most crucial parameter is

1r/DS) and in some cases neutron strength functions. This process

usually gives a reasonable fit to experimental data up to 1- 2 MeV,

provided that the target level scheme is well known. Above about
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1 MeV, the target levels are not known any more, the calculated cross

section depends rather sensitively on various parameters of level

density.

4.1 Optical model parameters

The reutron optical model potential is defined rs follows.

Tf sr) - _70oW1 (Y; Roa/) t yv frsR,^-at - (Y; RS, >

V 0 (ti/ c) 2 - i ; Ri50 /dv I - Eh, 32)

where

f (; R4 eN4 ( ( )/[ + ( )i 

Ofk/tviTC 0 ¢, a.0/ nmm)+,,f

Of a number of optical model parameter sets, the potentials of

Moldauer 125) and Igarasi et al. [15) have been use"' frequently for

the evaluation of fission product cross sections. Potentials of Rosen

et al. t263, Becchetti and Greenless 127), and Wilmore and Hodgson (28)

were also used by some evaluators. These optical model parameter sets

are listed in Table 5.

Delaroche at al. t29) suggested the SPRT method to determine

the optical model parameters. We can conversely test the above five

global parameter sets by SPRT check, that is, by comparison of the

calculations and measurements of strength functions for s-and p-waves,
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scattering radii and total cross sections, all of which are obtained

directly by optical model. This comparison is shown in Fig. 4, 5 and 6.

We observe the following from this test.

(1) None of the single global parameter set. studied here gives

satisfactory fit to all the experimental data in A=80-160

simultaneously.

(2) The sharp peaks of p-wave strength functions near A=95 (Zr, Mo)

and of s-wave strength functions near A=145 (Nd, Sm) are not

calculated well. The s-wave strength functions for A=133-142

(Cs, Ba, La, Ce, Pr) are considerably overpredicted, resulting in

appreciable overprediction of total cross sections for these

nuclides at low energy.

(3) Above 1 MeV the calculated total cross sections with different

parameter sets agree within 20% and also with experimental values.

On the contrary, the disagreement of compound nucleus formation

cross sections at low energy, if it exists, does not vanish up

to high energy. Disagreement is about a factor of 1.3 to 1.5 Ln

MeV region. Disagreement in the calculation of inelastic scattering

cross section could be of the same order of magnitude.

(4) Scattering radii are predicted rather well on the average. The

calculated values are systematically smaller than the measured

values by 10-30% for A=110-125. For A>150, the measured

scattering radii vary considerably (up to a factor of 2) from

nucleus to nucleus. Potentials of Moldauer and Igarasi et al.

give too small values in this mass region.

To conclude, we must choose the potential parameter set carefully

to reproduce the local systematics. Global parameter set is probably

not successful.

The strength function model is used often in low energy region
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and the optical model in high energy. But, if the optical potential

parameter set adopted does not reproduce the measured strength

function data with reasonable accuracy, there occurs difficulty in

determining the dividing energy between two models. We might be

forced to assume different dividing energies for capture cross section

and elastic scattering cross section respectively.

Lagrange and Delaroche [55,56] have recently performed coherent

optical model calculations for 9Clo and Sm isotopes. In ref. [56] is

98
demonstrated that all relevant cross sections for 98Mo are predicted

successfully by optical model in the energy range 1 keV to 10 MeV.

4.2 Level density parameters

The composite level density formula of Gilbert and Cameron (30)

is,

tec)=- P7 R YJ 'e (3)

2 It r E- )e2/2 cJ3) (42
Rr p--2 2

etsp (.2 vW )
f,;CE) = - - - .E> CL)

2 o- a)/4' U s /,

- -er T(E-Eo)/T E] r E. (6)

Here, pI and RJ are parity and spin distributions, respectively.

P (E) is the total level density (except the degeneracy 2J+1 in
o

magnetic quantum numbers). U is the effective excitation energy given

by U=E-P, where P is the paiing energy correction taken relative to

odd-odd nucleus. Other symbols are those commonly used.

The parity distribution p is often assumed as 1/2 for both
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parities. In JENDL-1 evaluation, the expression by Igarasi 31)

which approaches to 1/2 asymptotically is used.

fi+ 0.5 ea tIp -Ub/E 

fee s tix o o s wy)

where f£ is the fraction of low lying levels with parity r. U and

i are somewhat arbitrarily determined parameters.

Spin cut-off parameter

The spin cut-off parameter o is expressed by

_ C\od--A , E>Ex E8)

The value c=0.0888 was first derived by Jensen and Luttinger (32) and

was used by Gilbert and Cameron. Facchini et al. (33) obtained

c=0.146 and stated that c=0.0888 was in error. The choice of two

different values of c gives different values of level density parameter

a by about 0.5 MeV . c=0.0888 is adopted in ENDF/B-4, CEA and JENDL-1

evaluations, while c=0.146 is adopted in CNEN-2 and RCN-2 evaluations.

For E<E., Gilbert and Cameron did not give the expression for the

spin cut-off parameter. There are several expressions for this

parameter currently used in evaluations.

RS2 C FJ010A2/3 U > ° , ^ ()

or = (Ex) = C ; A^/3S ccnstt { )

or = leap = constant Q ocst

Y =- ,Sp +C (0cE,)-^ a^p)
r ' f~~x
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For exoressions (9c,d) the sil d4-ta of low 2yin F levels are tc,

be used. Scnmittrot. [34 ~' has gi' en an express4on for a e by
exp

using the maximum likelihood method;

'r- 2N P 2

where I. (i=l, --, N) are the spins of low lying levels.

A feature of a is that it is usually smaller than5(E,), and
exp

is nearly constant (0 =2--3) for wide range of mass number. Spin
exp

2
distribution function with a as a parameter is shown in Fig. 7.

Formulas (9a)-(9d) are illustrated in Fig. 8, for target states of

9Ag. In Fig. 9 is shown the effect of a -value on calculated

109
capture cross section for Ag. These figures are reproduced from

the work of Gruppelaar (10). The calculated capture cross section

depends on a -value in rather complex manner, but the effect is

109
significant in the case of Ag for energy above E (the highest

C

target level).

The formula (9d) is used in RCN-2 evaluation. In ENDF/B-4 and

JENDL-1 evaluations eq. (9b) is used.

Level density parameter a

Gilbert and Cameron have given the gross systematics of a

parameter as a function of shell energy S - S(Z)+S(N).

a/A = 0.142 + 0.00917 S, MeV- 1 (undeformed nuclei)
(11)

= 0.120 + 0.00917 S, MeV 1 (deformed nuclei)

The shell energy was given by Cameron's mass formula.

There are a number of more recent attempts to predict a values

theoretically or phenomenologically. We quote here merely the works

of Weigmann and Rohr [35), Schmittroth [36), and the references

therein. (See also a very recent investigation by Reffo t57l.)
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In recent experiments of resonances the angular momentum of each

resonance is more clearly assigned, and the local systematics of level

density parameters is being obtained more firmly than before. In Figs.

10a and 10 b are shown the plots of the values of a/A for isotopes of Zr,

Mo, Ba,, and Nd as a function of Cameron's average shell correction energy.

The data compiled by Schmittroth [36] and the recent data at ORELA are

compared, assuming c =O.'f 'i for spin cut-off parameter. The error of

1 % in a parameter causes typically the error of 7 % in the value of D 

Therefore, it will not be an easy task to predict the unknown values of

D within accuracy of 30 % even if the local systematics is utilized.

In Fig. 10c is shown the a value for Sm isotopes taken from ref. [83 .

(c = 0.146 is assumed.) The even-odd effect is seen clearly. The upper

figure is the plot of a/A versus shell correction energy, and the lower

figure is that of a versus neutron number N of the compound nucleus.

The even-odd effect and the convex curve of a/A versus N are tried to

be interpreted in terms of the deformation effects in I8land the references

therein. It is reported also that the similar trend is observed for

isotopes of Nd and Gd t8] . In the upper figure of Fig. 10c, a/A versus S,

the upward convex curve is not observed, since the deformation effects have

been absorbed, at least partly, in the phenomenological average shell

correction energy. It will be easier with this form of plot of a parameter

in order to predict the unknown values of a.

4.3 Level scheme

Many new data on level scheme are obtained every year. Yet, it is

rather exceptional case that the spins and parities are assigned for

the first 10 levels without any ambiguity. There are often the cases

where only the energies of levels are known, or the levels may be missed.

Recently, Matumoto et al. [37] have completed the compilation of
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level schemes of 100 fission product nuclides for JENDL, although some

of the adopted data were based on older Nuclear Data Sheets. They have

compared the adopted data with tho of RCN-2 evaluation [9]. Appreciable

disagreements are found for 11 nuclides out of 27 nuclides compared,

both in spin-parity assignment and the number of levels adopted.

In Tables 6a and 6b examples are shown of the level schemes

adopted in JENDL-1, the revised JENDL data, and RCN-2 data. Calculated

cross sections are also shown in the table. Calculation was performed

(S. Igarasi, priv. comm.) with the potential parameters of Igarasi et al.

In case of 10Rh, all the level schemes (JENDL-1, the revised one

and RCN-2)are rather similar below 920 keV, except the assignment of levels

between 607 - 848 keV. The effect of these levels on the inelastic total

cross section is small, but the capture cross section at 1 MeV is seen

to be affected by about 20 %. 139La is the case where there are only

few levels below 1 MeV. In JENDL-1 evaluation, four levelsat 570, 830,

930, and 1070 keV levels were assigned based on Nuclear Data Sheets 1974,

but wre disc rded in the revision, s&nce these levels iive not been identi-

fied in the later publications. The effects of discarding these four levels

on the calculated cross sections are significant even at E = 1.75 MeV.
n

Lagrange studied also the effect of the choice of the level scheme

on the calculated capture and inelastic scattering cross sections for 9 8Mo

f5 He cornoare tne evel scheme of Smith et al. 958 and the one

adooted by Ribon et -i~. 13 . He found a disagreement of about 40,

in the calculated capture cross sec:ions near ? MeV.

Above the highest energy E of known levels the target levels are
c

approximated by the constant temperature level density formula, eq. (6),

up to energy E . Since E C 2 MeV and E " 5 - 7 MeV in most cases, the

capture cross section in MeV range is mostly governed by the level density

of eq. (6).via competition of inelastic scattering. Schmittroth [343

examined the correlation between the calculated capture cross section and
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the target level density above E . His finding was that the agreement
c

between the calculated and the measured capture cross sections was improved

significantly if the level density parameters were adjusted so as to give

a good overall fit with the low-lying target levels. In Fig. 11 the case

of 7 5As is reproduced from the work of Schmittroth.

These examples discussed above will show that we must carefully

examine the level scheme and the level density to calculate the capture

cross sections correctly in MeV region. Also, we must constantly watch

the newer data of level scheme. Old data are often obsolete.

In case that the spin-parity assignment is not possible for certain

levels, Schmittroth has given a useful approximate analytical expression

for inelastic channels leading to these levels.

4.4 Radiation width

From the detail balance, the partial dipole radiation width

rr (b - a) from state b to a is related to the photo-nuclear

excitation cross section oTr(a- b).

MrY turf (1zi

where D (Eb) is the spacing of levels near E=Eb with appropriate spin

and parity. (The factor 3 f2 appears instead of 2z 2 after summation

over direction of polarization and integration over direction of

emitted photons.)

Statistical theory

With Brink's hypothesis, total capture strength function is given

by the statistical theory using Axel's esimate of El dipole resonance.
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Here, ER and r R are the energy and width of giant dipole resonance,

and X ( n 0.5) is the fraction of exchange force of totot(n, p) force.

Axel (38) has given ER = 77A- 1 3 MeV and R = 5 MeV.

Experimental data of photonuclear cross section are fitted to .

Lorentz curve,

irC 1)=1, c(Y-ER L/r L A E

Two Lorentz curves are necessary for deformed spheroidal nuclei,

corresponding to oscillations along each of the non-degenerate axis

of spheroid. The parameters ORi' ERi and rRi are tabulated by

Berman (39). Carlos et al. (40) has given the systematics of rR in

graphical form.

The dipole sum rule states

Jr d;z, --7e (I+o.wx) -0 (i+ o. x) M¢V - I .

Eq. (13) is usually used to calculate the energy dependence of

rr , normalizing its value by slow neutron resonance data. Neglecting

the spin cut-off parameter in level density, Fr is considered as spin
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independent. With inclusion of spin cut-off parameter Gruppelaar (41 

obtained an approximate spin dependence of rr as

r 7 1 e>l+J + 5 T ( 1 - ) 

where d2 is the spin cut-off parameter of the compound state and

2
ab is an effective spin cut-off parameter of the bound levels.

Benzi et al. [42] used eq. (13) directly to calculate the radiation

widths at neutron binding energy. They took into account the transitions

to discrete states, and used experimental photo-nuclear cross sections

rather than sum-rule. The results were generally in fair agreement

with experiments, but there were also many cases where disagreement was

beyond a factor of 2. This disagreement is not unexpected since only

the 1 % of the total dipole strength occurs below the photo-neutron

threshold region. Besides, the Lorentzian fit is made for relatively

narrow range near resonance peak [39]. The plot of experiment-to-

calculation ratio shows grosssize structure against mass number, as

observed by Cameron many years ago. There are gross peaks near 3p and

4s size resonances. This has been explained partly as the valency

neutron capture effect [43, 44-463 .

Two very interesting works were reported to this meeting by Reffo

[57] and Benzi[5q1. Reffo has recalculated the radiation width using

eq. (13), based on recent level scheme. Although the work is under way,

he found a strong spin and parity dependence of radiation width for

some nuclei, which is caused by the transitions to discrete states.

Benzi has proposed a very simple formula of radiation width based on a

black body radiation model of nucleus. He obtained the expression :

Ty(B) = 1222 A- 1/3 T3 mV (T in MeV) 0y)
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where T is the thermodynamic temperature in energy unit at excitation

energy B and is numericallyvery close to the nuclear temperature given

by a level density formula. This simple formula was shown to reproduce

the experimental data remarkably well except in the mass region where

the non-statistical capture effect is expected to be dominaht.

Non-statistical effect

There are now many quantitative data of non-statistical capture

process in eV-keV region. Especially, from recent experiments at

ORELA and their analyses on resonance and keV-capture cross sections

for isotopes of Sr, Mo, Ba and Nd, quantitative data have been obtained

concerning the difference in magnitude of total radiation widths for

s-wave and p-wave captures, and the correlation between radiation

width and neutron strength function. Calculations of valency neutron

capture have been tried to interprete these data. Some typical results

are as follows.

(1) Sr and Zr isotopes IBo 75,76] : There are large differences between

; and . , and these are explained successfully by valency theory.

Very strong correlation between f and f, is found.

(2) Mo isotopes [Mu 76a] : The difference between F. and rY decreases

as neutron number increases from major closed shell. Valency theory

was proved to be qualitatively successful. High correlation

between Fy and fE exists for 92Mo.

(3) 138Ba [Mu 74,75,76b] : T. is anomalously large (310 + 25 mV)

compared with the ones for neighboring nuclei (120 mV). Valency

theory fails to explain this anomaly. Rather high correlation (^r, )

exists.

(4) Nd isotopes tMu 77] : f of odd isotopes are systematically larger

than th e of even isotopes. In case of N42Nd, I (46 mV) is consider-

ably smaller than (78 ih correlation ) eists.
ably smaller than (78 mV), high correlation r ) exists.
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Valency theory fails to account for the difference between

r and t, and the measured correlation coefficients.

These new results should be taken into account in the cross section

evaluation. Strong initial state correlation between rf and Tn

implies that the calculation of width fluctuation correction should

be modified for this part of the partial wave capture. This was

done in RCN-2 evaluation of Mo isotopes.92]

Weigmann and Rohr [35] have fitted the measured radiation widths

by semi-empirical formula including the valency neutron capture.

stht 1S'A", ,F (B = F/tit + S a cA'3DS at, s

where rt is the statistical contribution, g' is a spin statistical

factor and s is the parameter fitted to reproduce r' -F -

They have given s = 3.82x10- 4 for p-waves, 88SA_1125.

Based on expression by Weigmann and Rohr, Gruppelaar 93] considered

the formula,

valt n (18)A
(T- ) 5 r 1 5 j A T4

where . is an effective gamma-ray energy, and e3 is the spin statistical

factor taking the value 1,2, and 3 according to J =0, 1/2 and >1,

respectively. A parameter rl was fitted to the valency capture calcu-

lation for 9Zr, 9Mo and 9Mo. In RCN-2 evaluation the parameter r1

was further adjusted so as to obtain a better agreement between calcu-

lated and experimental capture cross sections in the keV region.

4.5 Width fluctuation correction

Classical integration method

The width fluctuation factor is defined by

K T Tc\ /<Tc<Tc >
w-c= <- >/ T> > )
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Based on the statistical assumption that each channel width is completely

uncorrelated with each other, we obtain the following expressions.

Wccap_ t <T> -I- (L)

(1A +2Tc~ t Y Tz (C n c. ,lt

for capture cross section, and

00 e<TT t

Wcc = >T)1 sCC* + M&- ---c -_--
^ o 2eT~)Ct VC V ) T"t V

(20 b)
for particle' channel.

Here, v is the number of degrees of freedom of width distribution

function ( X distribution). The radiation width is assumed as not

fluctuating. The factor (1 + 2/ v ) in eq.(2ob) is an elastic
c

enhancement factor.

Method of Tepel et al.

There is another approach to calculate the width fluctuation

correction by Tepel, Hoffmann and Weidenmudller (47, 48). Very

recently, Gruppelaar and Reffo (49) investigated the validity of

various approximations to width fluctuation correction calculation.

We shall follow their work below.

V is defined by
c

<Tc> = 7cA + W,-O) vCc" w2 )

eff
where w = 1 + 2/ v Width fluctuation correction is givenc c
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approximately by

T= Vc [ 1 +w, <T] (2 )

This approximation was verified by statistical computer

experiments [48J. Computer experiments have given at the same time

an empirical relation for Wc , which is a function of Tc, T, and Tc

(arithmetic mean of all T ).
c

When many channels (> 10 or 20) are open, eq. (21) is solved to

a very good approximation,

V, <Tc>/[l + - (T> )

Using eqs. (22) and (23), the width fluctuation correction is

calculated very easily and fast.

For lumped gamma-ray channel, Gruppelaar and Reffo suggested the

following substitution;

-tot tot
y b TT ,T Wy1 (24)

They have studied the cases of the capture cross sections for

100 CYoSs 961 0 Mo and the elastic and inelastic sections for Mo. Monte Carlo

calculations as performed by Moldauer 150), Tepel at al. [47) and

Hoffmann et al. (48) were considered to give correct answers. The

results are the followings.

(1) For neutron capture calculations, the classical integration

method, eq, (20a), with v = 1 seems to be good enough for many
c

nuclides at all energies.

(2) For compound elastic and inelastic scattering cross sections

above inelastic threshold, there are appreciable differences
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(10-20%) between the classical integration method and the method

of Tepel et al. Method of Tepel et al. with semi-empirical

relation for W has to be preferred.

From these results, Gruppelaar and Reffo recommended a practical

prescription to calculate the width fluctuation correction.

5. Comparison of evaluated data

Gruppelaar, Janssen and Dekker 10] have made the extensive compa-

rison of evaluated capture cross sections of ENDF/B-4, JENDL-1, CNEN-2,

CEA, and RCN-2 and 2A files. They have given graphs of point-wise

cross sections and group cross sections in ABBN group structure. In 

Fig. 1 was already shown the comparison of the macroscopic cross sections

averaged over SNR-300 spectrum. Comparison of point-wise cross sections

is also given in review paper No. 7 of this meeting tC2].

We present in this section some limited comparison of evaluated

cross sections for 42 nuclides defined in Sec. 2. We compare CNEN-1,

ENDF/B-4, JENDL-1, CEA and RCN-2 evalnations. Unpublished CNEN-2 file

was not available to us in time. CNEN-2 data are cited only through

ref.t10].

In Table 7 are listed the average s-wave level spacings and the

average radi-tion widths adopted in the evaluated data files. The ratio

S= r-/D s determines the magnitude of capture cross section in medium

energy range. Many of the D values in Table 7 are more or less the
s

adjusted values in accordance with available capture data. For some

nuclides in ENDF/B-4 only the value T = 27ES was given. The experimental

data of average level spacings are also listed in the last column of the

table. It is seen that the experimental data are still quite lacking

and discrepant.
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5.1 Capture cross sections

In Table 8 are given the capture cross sections at 30 keV and those

averaged over SNR-300 spectrum 103 and 35U fission spectrum.

The fission spectrum averaged values of CNEN-1 data were taken from ref.[l].

In the last 3 columns of Table 8 we give the factor of disagree-

ment (maximum value divided by minimum value) for the evaluated data sets.

We shall first discus the low energy cross sections. It is seen from

this table that a good agreement is obtained for 9 3Nb, 95'97'98Mo,

9 9Tc, 103Rh, 10 5 108pd, 127I, 13 9La, 14 2Ce, 148Nd, 1 52Sm, and 151153155Eu.

These are mostly the nuclides for which there exist many capture data sets or

only a single data set (see Table 4). Even then, the agreement among

evaluated data is often not better than 20 %. There exixt also many data

sets for 4 1Pr. ENDF/B-4 value seems to be too high for this nuclide.

(See Fig. 13a of ref.C10], and Harker's contribution to [223pp.77-83

(1977).) Excepting ENDF/B-4 value, the agreement is improved appreciably

for this nuclide.

Poor agreement (disagreement factor exceeding 1.6, is observed for

93Zr, 10 7Pd, 109Ag, 129I, 131Xe, 135Cs, 146Nd, 150Nd, and 147Sm.

These are mostly lhe nuclides for which there exixt no experimental data

or the existing data are discrepant. For 10 9Ag there exist systematic

differences among the capture data in keV region. The disagreement in

evaluated cross sections at 30 keV is the reflection of evaluator's

choice of experimental data sets. The values of CNEN-1, CEA and RCN-2

are more consistent with the natural silver data than those of ENDF/B-4

and JENDL-1. Large disagreement for 150Nd at 30 keV seems to'be also

the result of choice of data. IN CNEN-1 evaluation the data of Johnsrud

et al. [Jo59] above 170 keV seem to have been adopted as the normalization

of the calculation, while in JENDL-1 the activation data at 24 keV [Ha68,

Th703 were adopted.
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In all of the evaluations the very recent experimental data or on-going

experiments described in sec. 3 have not yet been taken into account.

Re-evaluation is necessary based on these new experimental data.

The fission spectrum averaged cross sections are, in general, more

discrepant than low energy cross sections. These cross sections are

sensitive to the method of calculation and the level scheme data as given

in the last section.

5.2 Inelastic scattering cross sections

In Tables 9(a) and 9(b) the evaluated inelastic scattering cross

sections are compared in the following two integral forms. 

< Bst R d f E dEE 'X% e) I ( - (', E )/j X e)

S @'E )( E) dEZ &< @ u V = e r (E)£ 5/J<& i E c26

Here, % 5(E) is the 3 5U thermal fission spectrum and 04 8 (E) is the

28U fission cross section. +(E) is the average neutron spectrum in

the inner core of a typical 1000 MWe fast reactor studied in Japan.

Eq. (25) is given by Bethe, Beyster and Carter £51] and expresses

the effective inelastic scattering cross section obtained by sphere trans-

mission experiment. This gives the behavior of energy transfer kernel of 

inelastic scattering above 1 MeV. Eq. (26) does not correspond to the

measurable physical quantities, but simply gives some idea of the magni-

tude of inelastic scattering cross section at low energy (w l MeV).

From Table 9(b) we note the even-odd effect and shell closure effect

on the calculated inelastic cross sections as expected. We may also

anticipate that the total inelastic scattering cross sections can be

predicted within 30 - 40 % provided the low-lying levels are known.

But, as we see from the table, there are cases where disagreement is far
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greater than that. This is typically the case for 149Sm and 151Sm,

especially at low energy. The inelastic threshold energies of these

nuclides are very low (as revealed by the large magnitude of ~Oe ),

and the capture cross sections are large compared to inelastic cross

sections at low energy. This implies that the calculation of inelastic

scattering cross section is affected appreciably by relatively small

differencesin the estimation of capture cross section. The effect of

width fluctuation correction is also very significant on the inelastic

cross sections for these nuclides in low energy region [16) .

For more detailed discussions of evaluated inelastic scattering cross

sections, a systematic comparison is necessary concerning the adopted

optical model parameters, level schemes, etc. An easier, and meaningful

comparison may be done by inter-comparison of central perturbation cross

sections in well-defined fast reactor benchmark cores.

6. Conclusions

Compared with the status reviewed in 1973 Bologna meeting, there

has been cosiderable progress both in the experimental data and the

method of evaluation. Yet, there remains much work to be done for the

future. Large disagreements between the evaluated cross sections are

mostly due to the fact that experimental data are absent or discrepant.

Re-evaluation is required taking account of the new experimental data.

As to the discrepant data, an international co-operation may be helpful

to resolve the discrepancies. Integral data will provide a good indi-

cation as to what data set is preferable[60,613.

As to the evaluations,we feel the necessity for examination of

optical model parameters. A global parameter set is probably not success-

ful. Optical model parameters are better determined to reproduce the
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local Systematics, especially that of strength functions. This is because

the disagreement in compound nuclear formation cross section at low energy

does persist up to high energy.

The data for average level spacings are still lacking or discrepant.

More data on resonance parameters are required. It may be worth trying

a theoretical approach to predict the local systematics of average level

spacings or the level density parameter a. The same is also true for

the radiation widths.

Finally, there exist appreciable disagreement among the adopted level

schemes for a number of nuclides. Inter-comparison of level scheme and

studies about its effect on the calculation of cross sections are quite

laborious work. But we think this work is necessary and useful for the

construction of good evaluated data file.
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Figure Captions

Fig. 1 SNR-300 spectrum averaged capture cross sections multiplied

by isotopic concentrations. (reproduced from Heijiboer et al.[53])

Fig. 2 Capture cross section of 93Nb.

Fig. 3 Capture cross section of 33Cs.

Fig. 4 Scattering radii. Comparison of optical model calculations

and measurements. Experimental data were taken from [191.

Fig. 5 Neutron strength functions. Comparison of optical model calcu-

lations and measurements. Experimental data are from I193 and

__~\ ,recent ORELA results or those adopted therein ( tBo75,761,

1Mu74,75,76a,76b,77] ). Calculated SO values with potential of

Becchetti et al. are about 1.5 x 10- 4 in Fig. 5a and are not

plotted in this Figure.

Fig. 6 Total and compound nucleus formation cross sections. Comparison

of optical model calculations with measurements. Experimental

values of toal cross sections were read from graphs in 1203 at

selected energy points.

Fig. 7 Spin distribution function. (reproduced from t10])

Fig. 8 Energy dependence of for '9Ag. (reproduced from [101)
s -^·v~~~~~~~o r e o d c d f m [109

Fig. 9 Dependence of calculated capture cross sections for Ag on

spin cut-off parameter (reproduced from [10]).

Fig. 10 Local systematics of level density parameter a.

Fig. 11 Capture cross section for 7 5As.(rejroduced from Schmittroth [34].)

The figure shows the correlation between the calculated capture cross

section and the target level density. Stair-case plot of nuclear

levels is shown at the bottom of figure. - : reference calc.

Target level density was determined by total number of known levels.

---: modified calc. Target density was determined so as to obtain

overall fit to low-lying levels.
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Table 1 Status of fast neutron capture cross sections of fission products

Hal-life Pu-239 Experimental Data
a,.______.._____ _- Evaluated Data ? WRENDA requests

b

Isotope or .% um. Class Resonance Parameters keV C (n, r)

5 Abn Yield NR(EmaxkeV) r On AvailableOngoing i B US It. Fr. Ne. Ja. 7. P Object

Ge 70 20.7 -21 (38.4) X X X

Ge 72 27.5 1.1.10 16 (39.5) X X X

Ge 7.3 7.7 2.5-10 47 ( 8.53) X X X

Ge 74 36.4 5.9.10 10 (61.0) X X X X

Ge 76 7.7 3.1.10 8 (48.7) X X X

As 75 100 1.4.10 135 ( 9.69) X X X X

Se 74 0.9 - 8 ( 7.22) X X X X

Se 76 9.0 - 22 (24.2) X X X

Se 77 7.5 8.6.10 37 ( 3.92) X X X

Se 78 23.5 0.029 20 (40.5) X X X

Se 79 6.5x10y 0.025

Se 80 50.0 0.048 15 (39.9) X X X

Se 82 9.0 0.16 4 (26.6) X X X

Bt 79 50.69 7 ( 0.39) X X X X

Br 81 49.31 0.18 IV 3 ( 0.21) X X X X

Kr 80 2.25 0 2 ( 0.64) X

Kr 82 11.6 -0 1 ( 0.04) - X X

Kr 83 11.5 0.29 IV 2 ( 0.23) X X X

Kr 84 57.0 0.47 2 ( 0.58) X X X 10 1 ACT

Kr 85G 10.7y 0.14 - KIL X

Kr 86 17.3 0.74 X X

Rb 85 72.17 0.60 IV 43 (17.2) X X X

Rb 87 27.83 0.95 10 (23.5) X X X 

Sr 84 0.56 - 10 ( 3.35) - X

Sr 86 9.9 -~0 24 (23.1) -X ORL X X

Sr 87 7.0 - 37 ( 9.97) X ORL X X

Sr 88 82.6 1.35 54 (700) XOR X

Sr 89 51d 1.67 -

Sr 90 29y 2.12 X X

Y 89 100 1.67 37 (76.8) X ORL X X X
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Table 1 (coni'd)

.... ~ ~ Experimental Date
alf-life Pu-239- Evaluated Data' 1RENDA requests'

Isotope or 7 c. Class Resonance Parameters keV (n,) . . .......

7. Abn Yield NRe(Eax.keV) rr Ongoing Available Ogoing B US It. Fr. Ne. Ja. % P Object

Y 91 59d 2.39- - X

Zr 90 51.46 2.12 18 (68.0) X X ORL X X X 10 2 BP

Zr 91 11.23 2.43 IV 20 ( 4.28) X CNI llB X 0R X X XX X 10 1RP

Zr 92 17.11 2.93 18 (47.0) X X ORL X X X X 10 1 RP

Zt 93 9.5x10 y3.78 11 1 0.11) - X XX 20-30 2 BU

Zr 94 17.40 4.30 26 (41.6) X X ORL X X X 10 2 RP

Zr 95 65d 4.89 IV - - X 20 2 BU

Zr 96 2.80 4.93 III 18 (58.3) X CNEIKMB X X X X 10 1 RP

Nb 93 100 - many (7.32) X GEL X RLKT IC X X X iC -
[

Nb 94 2.0x104y -2 ( 0.023) X X 10 3 TFUS

Nb 95 35d 4.89 IV - - X

Ho 92 15.84 - 43 (31.1) X ORL X X X 20 2 FBR
10 2 FUS

Ho 94 9.04 -13 ( 5.38) X ORL X X X X 20 2 FBR

Ho 95 15.72 4.89 II 55 ( 2.14) X X ORL,RP1 X X X X X X 30 2 BU,FBR

Ho 96 16.53 -24 ( 7.05) X X ORL X1 X X 10-20 2 FBRASTR

Mo 97 9.46 5.58 1 64 ( 1.94) X X ORLP I XX X X X X 20 IB0

No 98 23.78 5.71 1I 24 ( 9.05) X X ORL X X X X X

o 100 9.63 6.87 11 25 ( 4.73) X X ORL X X X X X

Tc 99 2.lxl05y 6.43 I 11 ( 0.28) X KUM,RIL X Rp X X X X X X 10-20 1 BU

Ru 96 5.7 - - X X

Ru 98 2.2 -- - X

Ru 99 12.72 -13 ( 0.51) X X X

Ru 100 12.62 - 1(0.23) ORL X X X

Ru 101 17.07 6.04 1 30 ( 0.67) X ORL.RP X X X X X X 10-20 1 BU

Ru 102 31.61 6.09 II 3(1.3) X X ORLR I X X X X X X 30 20BU

Ru 103 40d 6.97 II - X X X 20 2 BU

Ru 104 16.58 6.03 11 4 ( 1.06) - X ORLRP X X i X X X 1 0-30 -2 BU

Ru 106 369d 4.25 1II - X -X X 10 1 BU

Rh 103 100 6.97 1 many (4.14) X X ORL,RPI X X X X X X

Rh 105 36h 5.39- - X
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Table 1 (cont'd)

a«ifelPu_239 Experimental DataHalf-ltife Pu.~i-i:J»-----239 Experimental Data -Evaluated Data ") WRENDA requests'
Isotope or 7 curm. Class Resonance Parameters keV o (n, )

7. Abn Yield NRea(EnaxkeV r Ongoing Available ngoing 818 It. Fr. Ne. Ja. 7. P Object

Pd 102 0.96 - 1 ( 0.19) -X X

Pd 104 10.97 - 1( 0.19) - X ORL X X X

Pd 105 22.23 5.39 1 58 ( 0.81) X RPI X ORL X X X X X X 10-20 1 BU

Pd 106 27.33 4.26t IV I ( 0.28) - ORL X X X

Pd 107 x10y 3.00 - - RPL RP X X X X X X 10-20 1 BU

Pd 108 26.71 2.53 II 3 ( 0.092) X X ORL X X X X X

Pd 110 13.5 0.74 - X ORL X X X X

Ag 107 51.82 - 75 ( 2.66) X X KTO X X X X

Ag 109 48.18 1.38 II 81 (2.51) X X X X X X X X 30 2 BU
15 2 FUS

Ag 110o 253d -- -

Ag 111 7.5d 0.27 - X

Cd 106 1.22 - - KIL ORL X

Cd 108 0.87 - -- KIL ORL X X

Cd 110 12.39 - 80 ( 9.90) X CO, ORL X X 10 2 ASTRO

Cd 111 12.75 0.27 IV many (2.29) X OCL RL,NSW X X

Cd 112 24.07 0.12 98 (11.5) X COL ORL X X

Cd 113 12.26 0.084 38 ( 2.24) X COL ORL X

Cd 114 28.86 0.054 54 (10.1) X COL ORL X X

Cd 116 7.58 0.037 21 ( 8.82) X COL ORL X X

In 113 4.28 - 42 ( 2.04) X X X X

In 115 95.72 0.035 233 (1.98) X COL X JAE X X

Sn 112 0.96 - 12 ( 1.42) X X

Sn 114 0.66 - 5 ( 1.98) - X

Sn 115 0.35 - 4( 0.87) - ORL X X

Sn 116 14.3 - 11 (4.64) X X X X

Sn 117 7.61 0.035 56 ( 2.98) X ORL X X X

Sn 118 24.03 0.035 12 ( 4.73) X ORL X X X

Sn 119 8.58 0.037 16 ( 1.26) - ORL X X X

Sn 120 32.85 0.037 169 (57.17) - ORL X X X

Sn 122 4.72 0.047 6 ( 6.87) - ORL X X X
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Table 1 (cont'd)

Half-lif Pu-239 Experimental Data Evaluated Data 
)

WRENDA requests"

Isotope or % cum. Class Resonance Parameters keV a (n, )

. Abn Yield N es(Emax.keV) rj Ongoing vailable OngoinE B US It. Fr. Ne. Ja. % P Object

Sn 123 129d 0.028 - X

Sn 124 5.94 0.069 7 ( 9.97) X ORL X X X

Sn 126 1x10y - -

Sb 121 57.25 0.041 134 ( 2.53) X X X X 15 2 FBR

Sb 123 42.75 0.056 107 ( 4.17) X nat. Sb X X 15 2 FBR

Sb 125 2.7y 0.11 - X

Sb 126 12d 0.22 X

Te 122 2.46 42 (10.82) X X ORL X X

Te 123 0.87 -43 ( 2.00) X X ORL X X

Te 124 4.61 -O 84 (28.1) X X ORL X X

Te 125 6.99 0.11 114 ( 7.75) X JUL X ORL X X

Te 126 18.71 0.22 65 (17.8) X X ORL X X

Te 127e 109d 0.090 X

Te 128 31.79 0.84 38 (21.8) X X ORL X X X 

Te 129n 34d 0.28- X

Te 130 34.48 2.68 22 (30.2) X ORL X X X

Te 132 78h 5.09 

I 127 100 0.53 III many (4.00) - GEL X T!TO X X X X

I 129 1,4xlIy 1.69 II I I II - - -1 -I 129 1.4x10y 1.69 II S (.l53) - X X X X X 20 2 BU

I 131 8.1d 3.89 - X

Xe 128 1.92 - 9 3.44) X X

Xa 129 26.44 - 69 ( 4.08) X X X

Xe 130 4.08 - 11 ( 3.56) - X 

Xe 131 21.18 3.89 11 39 ( 3.95) X X X X 20 1 BU

Xe 132 26.89 5.16 1I 3 ( 3.85) -X X

Xe 133 5.3d 6.84 - X

Xe 134 10.44 7.22 IV 1.01) X X

Xe 135 9.2h 7.22 1 (8.4x10-') X X

Xe 136 8.87 6.55 - X 

Ca 133 100 6.84 I 160 (3.50) X KIL X R',TO X X X X X X 10-30 -2 BU
IT/KT
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Table i (cont'd)

f-livel- Experimental Datalaif-iive f-239__________ Experimental tData _________ Evaluated Data W
)

WRENDA requests
6

Isotope or % cum. Class Resonance Parameters keV O (n, )

7. Abn Yield N (Emax,keV) r going Available Ongoin B US It. Fr. Ne. Ja. 7 P Object

Cs 134 2.1y - - X

CB 135 2.3x10
6
y 7.22 1 - KIL X X X X X 10-20 1 ASTRO

Cs 137 30.1y 6.53 IV - - KIL X X X

BE 134 2.42 - 8 ( 1.89) X ORL X X

Ba 135 6.59 -40 ( 2.00) X ORL X X

Ba 136 7.81 0.10 8 (7.31) 0RL X X 10 ASTRO

Ba 137 11.32 -8 (1,74) -ORL X X

Ba 138 71.66 5.69 41 (192) - X ORL X X X X

Ba 140 12.8d 5.49 IV -- X X

La 139 99.91 5.84 III 76 (10.4) X COL X ORL X X X X X X

Ce 140 88.48 5.50 IV 3(56) - COL X ORL X X X X X

Ce 141 32.5d 5.66 IV - - X X

Ce 142 11.07 4.98 III 4 ( 4.38) -X X X X X

Cc 144 284d 3.77 IV~-X - X X 10 1 BU

Pr 141 100 5.96 I1 120 (10.0) X X ORL X X X X X

Pr 143 13.6d 4.37 IV -X X X

Nd 142 27.11 -37 (31.1) -ORL X X

Nd 143 12.17 4.46 II 111 5.50) X RPI.GEL ORL, X X X X 20 1BU

Nd 144 23.85 3.77 I 35 (19.4) X LRPI X X

Nd 145 8.30 3.02 II 179 ( 4.64) X ANL JRL,RPI X X X X 10-20 1 BU

Nd 146 17.22 2.48 III 44 (17.3) X X ORL X X X 20 2BU

Nd 147 lid 1.95 X X

Nd 148 5.73 1.66 III 67 (11.9) X X ORL X X X 20 2BU

Nd 150 5.62 0.97 II 79 (13.8) X X X X X

Pm 147 2.62y 1.95 I 39 ( 0.32) X JUL X X X X 20 1

Pm 148g 5.37d - X

Pm 148m 41.3d -1 (1.69x10 XX

Pm 149 53h 1.24 X

Sm 144 3.16 X X

Sm 147 15.07 1.95 1II 131 ( 1.16) X tussR X x X X 20 1 BU
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Table 1 (cont'd)

Half-lif Pu-239 Experiment D-al..... Data Evaluated Data URENDA requests'

Isotope or 7. cum. Class Resonance Paraxaeters keV 0 (n, r 

Z Abn Yield NRes(Emax,keV rFr Ongoing Availabl Dngoin B OS It. Fr. Ne. Ja. % P Object

ST 148 11.27 - X X X X X

Sm 149 13.84 1.25 I 87 ( 0.25) X X RPI X X X X X X 10-20 1 BU
______ ___US_____ .R. ___ _R_____-

Sm 150 7.47 0.03 22 ( 1.56) X X X X X X

Sm 151 93y 0.77 1 10 ( 0.013) X KAP X X X X X 10-30 1BU

Sm 152 26.63 0.58 III 90 ( 5.10) X COL X X X X X

Sa 154 22.53 0.27 IV 33 ( 5.08) X COL X X X X X

Eu 151 47.77 0.77 105 ( 0.99) X KIL X JAE X X X 5-10 1 FBR

Eu 152 4.8y - - KIL,JUL X

Eu 153 52.23 0.38 1I 76 ( 0.097) X KIL X JAE X X X 5-30 FB
2BU

Eu 154 1
6
y - KIL X X

Eu 155 4.65y 0.21 Il - - KIL X X X 20 2 BU

Eu 156 15d 0.082 - X

Cd 154 2.15 - 48 ( 0.99) X X X

Gd 155 14.73 0.21 92 ( 0.18) X X X X X

Gd 156 20.47 0.083 31 ( 1.43) X CNEM X X X X 5 1 

Gd 157 15.68 0.075 IV 56 ( 0.31) X X X X X

Gd 158 24.87 0.042 93 ( 9.98) X X X 10 1 RP

Gd 159 18h 0.022 - X

Gd 160 21.90 0.010 44 ( 9.66) X X X 10 1 RP

Tb 159 100 0.022 25 ( 0.11) X ORL X X X

Thb 160 72.3d 0.002 X

a) ... 'CNEN-l' evaluation (Benzi et al) /4-6/
US ... SEDF/B-4 /7/
It ... 'CSE-2' (Bologna library) /12/
1r ... CEA-evaluation /13,14/
Ne ... RCN-2 and RCN-2A /8-14/
Ja ... JENDL-1 /15,16/

b) P ... priority

ACT ... activation

AS'RO... astrophysics
BU ... burnup
DOS ... dosimetry
FBR ... fast breeder reactors
FUS ... fusion
P ... resonance parcqeters
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Table 3. Activation data near 25kiV for FBR applications

Macklin + Booth + Kononov + Chaubey * Stupegai + Chaturvedi+ Thirumala+ Murty + ko * D ob dRgo * Dsta obtained

Nuclide [{457) (Bo58) [Ko58) (Ch66.Ha68: (St68) (Ch70) Th7( t(Hu73) (Ra72)

24keV 20keV 21keV 24keV 24keV 24keV 25keV 24keV 25keV by other methods. _ .~~~~~~~~~~~~~2e

Zr 96

Nb 93

Mo 98

MolOO

RuO02

Rul04

Rhl03

PdlO8

A8109

Cs133

La139

Ce142

PT41

Ndl46

Ndl48

Ndl5O

Sa147

Sa149

Sal52

EulSi

22+4(?)
(0~95)

209+12
(0.73)

38+4(5.14)
45.9(1.12)

386+39
<(0.7)

211+21
(2.5}9)

290+35
(0.86)

50+7
(0.16)

425+43
(0.;5)

155+15
(1.53)

668+100
.1.I7)

390+120
(0.l7)

580+200
(0.93)

900+300
(1 .&)

49+15
(1.0)

170+40
(0.96)

120+12
(1.04..1)

112+3
(1.0-1.111

110+15
(0.j3)

80+10
(0.§3)

510+52
(0.93)

185+15
(0.931

690+60
(0.93)

50+10
(0.33)

525+50
(0.93)

100+15
(0.33)

165+35
(0o.93)

125+25
(0.93)

575+60
(0.93)

190+20

53+5

121.5

13

82

252+38
(0.32)

131+20
(0.§2)

350+42
(0.92)

204+25
(0.92)

645+90

3260+15

270+15 (Be65)
330617 [Ya75)

580+35 (Ya75)

1173+192 [Ma63]

1622+279 t.M63)

411+71 (M6.3)

40 +12 (Ma63)

89+10
(0.71)

195+20
(0.62)

85+9
(0.73)

1
1

Note : The number in parenthesis 'is the renormalization factor which

should be multiplied to the listed experimental data. The

renormalization actor was estimated based on the recent' values

of reference cross sections [19] and the decay data

(G. Erdtmann [54]). See also Table 3 (cont'd).
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Table 4 Status of capture data for fast reactor applications

Nuclide Numbergy range Nuclide Number Energy range Discrepancies and comments
of expt ,

Zr 93

Zr 96

Nb 93

Mo 95

Mo 97

Mo 98

Mo 100

Tc 99

Ru 101

Ru 102

Ru 103

Ru 104

Ru 106

Rh 103

Pd 105

Pd 107

P4 108

Ag 109

I 127

1 129

Xe 131

3

10

1

1

10

1,0

1

4

6

19

1

4

6

23

24,30,195keV

11keV-2.5MeV

30eV-46keV

30eV-61keV

5eV-3.0MeV

5eV-6.2MeV

leV-50keV

2,24,195keV

24,195keV,3MeV

0.4eV-4.7MeV

20eV-200keV

20,24,195keV

2keV-200keV

14eV-5.5MeV

Only one resonance is measured.

24keV data are discrepant by a factor 2.

ORELA data are smaller by 20% than
Kompe's data below 20 keV.

ORELA data agree with data of
Kapchigashev et al.

Same as for Mo-95.

ORELA data agree with data of
Kapchigashev, but net with data of
Stupegia.

ORELA data agree with data of
Kapchigashev, but not with data of
Weston et al. and Tolstikov et al.

RPI exp. is ongoing.

ORNL exp. completed.

Discrepancy in energy variation.
ORNL exp. in progress.

24keV data are very discrepant.

Large scattering among data sets below
10 keV.

RPI data (1971). ORNL exp. completed.

RPI exp. is ongoing.

24keV data are very discrepant.
ORELA exp. completed.

Sets of data are systematically
discrepant.

New resolved res. pars., GEEL.

5 resonances up te 153 eV.

31 resonances up to 4keV.
-

. . .. .... .. ... --
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Table 4 (cont'd)

Nuclide Number Energy range Discrepancies and comments
of expt.

Xe 132

Cs 133

Cs 135

La 139

Ce 142

Pr 141

Nd 143

Nd 145

Nd 146

Nd 148

Nd 150

Pm 147

Sm 147

Sm 149

Sm 151

Sm 152

Eu 151

Eu 152

Eu 153

Eu 154

Eu 155

9

12

6

14

2

5

4

1

1

7

5

1eV-1.2MeV

1eV-5.9MeV

24,195keV,3Mev

20eV-5.9MeV

23,25keV

24keV,0.15-3MeV

24keV,0.15-eMeV

30keV

30keV

24keV-3MeV

0.8eV-2.5MeV

1eV-200keV

ORELA data published. RPI exp. ongoing.

ORELA data published. RPI exp. ongoing.

ORELA data published.

ORELA data agree with two previous data
at 25keV.

ORELA data are smaller by 40% than
24keV activation data.

24keV data are discrepant by 50%.
biscrepancy in energy variation.

Data of Yurelov+'disagree with 30 keV
data.
Data of Yurelov+ and Hockenbury+ agree
each other, but no with 30 keV data.
Res. pars. up to 13eV was extented to
300eV at KAPL/RPI.

10-20% discrepancy in 3-30keV.

No resonance data. Res. pars. exp. is
planned at Kiel.

Systematic 20% discrepancy in 0.8-12keV.

No resonance data. Res. pars. exp. is
planned at Kiel.

No resonance data. Res. pars. exp. is
planned at Kiel.

3 resonances up to 3.9keV. No r. data
given.

Systematic dicrepancy between data of
Popov+, Kompe, Yamamuro+.

No data at all. Res. pars. exp. is
ongoing,Kiel.

ORELA data published.

6
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Table 6a. Level Scheme of Rh and the Effect on Cross Sections

JENDL-1 Revised

0.0 MeV

0.040

0.093

0.298

0.360

0.537

0.651

1/2- 0.0 MeV

7/2+ 0.039750

9/2+ 0.093035

3/2- 0.29498

5/2- 0.37546

5/2+ 0.53684

0.60763

7/2+ 0.65009

0.65180

1/2-

7/2+

9/2+

3/2-

5/2-

5/2+

7/2+

7/2+

3/2+

0.798 5/2+

0.843

0.877

0.915

3/2-

5/2-

5/2-

0.8036

0.8477

0.8804

0.9200

3/2-

7/2-

5/2-

9/2-

RCN-2

0.0 MeV 1/2-

0.0398 7/2+

0.0930 9/2+

0.2949 3/2-

0.3574 5/2-

0.5568 5/2+

0.6072 7/2+

0.6500 5/2+

0.6517 3/2+

0.7980 9/2+

0.8031 3/2-

0.8475 7/2-

0.8806 5/2-

0.9200 9/2-

0.9680 5/2-

1.0100 5/2+

1.0350 9/2+

1.0800 7/2-

1.1070 5/2-

1.1400 5/2+

1.1970 9/2-

1.220 3/2+

continuum

1.102

1.247

1.270

7/2+

9/2-

1/2-

1.2520

1.252

1.2770

5/2+

5/2-

3/2-

Level E- = 0.5 MeV E = 0.7 MeV E = 1.0 MeV
Scheme n n n

Oce Cit & 0 Cce 3L OOny -Cce - OC.,

JENDL-1 1891 1043 131 1324 1192 105 802' 1369 88.1

Revised 1884 1051 130 1300 1222 98.6 767 1415 76.7

RCN-2 1884 1051 130 1293 1230 97.5 756 1429 74.7

(crbss sections in mb)
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Table 6b. Level Scheme of 39La and the Effect on Cross SectionsLevel Scheme of La and the Effect on Cross Sections

JENDL-1 Revised RCN-2

0.0 MeV

0.1658

0.570

0.830

0.930

1.070

1.206

1.2191

1.2566

1.3813

1.4205

1.439

1.4764

1.5363

1.5582

1.5782

1.6831

7/2+

5/2+

3/2+

3/2+

9/2+

7/2+

1/2+

9/2+

5/2+

7/2+

7/2+

11/2-

5/2+

7/2+

3/2+

9/2+

7/2+

0.0 MeV

0.1658

1.206

1.2191

1.2566

1.3813

1.4205

1.439

1.4764

1.5363

1.5582

1.5782

1.6831

7/2+

5/2+

9/2+

5/2+

7/2+

7/2+

11/2-

7/2+

7/2+

3/2+

9/2+'

7/2+

0.0 MeV

0.1660

1 .206

1.219

1.257

1.382

1.421

1.439

1.477

1.536

1.558

1.578

1.683

1.714

1.756

1.762

1.767

1.775

1.820

1. c38

1.857

1.894

1.922

1.943

,.7/2+

5/2+

1/2+

9/2+

5/2+

7/2+

7/2+

11/2-

7/2+

7/2+

3/2+

9/2+

7/2+

5/2+

7/2+

3/2+

9/2+

1/2+

5/2+

7/2-

3/2+

11/2+

5/2+

13/2+

continuum continuum

Level E = 1.0 MeV E = 1.5 MeY E = 1.75 MeV
Scheme -nce <nn n'»iy ^< 6-n, <^ny___.e_ _ 3' 0 Rce 0-; v"~ 0c ° o W"x
JENDL-1 1732 759 12.1 1146 1362 11.3 843 1623 9.86

Revised 1929 561 13.6 1510 995 14.6 1099 1364 12.3

RCN-2 1929 561 13.6 1511 994 14.6 1107 1355 12.9

(cross sections in mb)
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i. ,

Table 7 Average s-wave level spacings (ev) and radiation widths (meV)

(Number in paranthesis is the p-wave radiation width.)

Nuclide CNEN-1 ENDF/B4 JEDL-1 CEA RCN-2 Ds, Exp. data

Zr 93 D 220 379 300
s

rF 160 194 300

Zr 96 D 4117 3550 4790
S

rPr 120 220 250

Nb 93 D 87.3 69.3 83.5 100 32.5(35,42)
s

pr 140 200(240) 144 146(195) 89.7+16.0(36)

Mo 95 D 94.9 114 69.2 89 82 102(35),114+35.2136)
s

,. 205 350 180 160.5(299) 154(281) 51142),80+25[Mp76a)

Mo 97 D 74.9 77.5 72.3 65 66 80 C35),77.5+17.7(36)
s

_ pr 190 220 170 138(199) 134(190) 50 42),42+15[Mu76a)

Mo 98 D 1156 1010 640 730 1000 940 35),1014+112 36)

.r 160 150 93 85(106) 86(138) 940 42) ,950+150[Mu76a)

MolO0 D 1561 1340 680 520 700 770C35),1339+1040(36)
s

pr 135 150 75 58(77) 58(115) 770(42),420+100 Mu76a)

Tc 99 D 20.9 24.4 16.2 18.6 18.6 24.4(35,42)
s

r, 180 112 112 137 130

RulOl D 17 18.3 13.8 16.7 16.7 25[35) ,18.3+3.8 36)
S

rr 160 192 165 174 172 22.3(42)

Ru102 D 229 611 290.5 550 573 540(35)

Fr 170 290 165 240 275

Ru103 D 16 7.5
s

_ r ___ _ 170 96

Ru104 D 662 570 588 270 265 280 35)

FT 150 160 165 96 97 285+81(36)

Ru106 D 1230 1000
145 150

f¥ 145 150
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Table 7 (cont'd)

Nuclide CNEN-1 ENDF/B4 JEDL-1 CEA RCN-2 Ds, Exp. data

RhlO3 D 33.0 15.9 26.1 26.4 26.1 27 35),27.4+3.07(36)

Fr 195 171 164 162 161 33.8142),12+1 (19)

Pd105 D 9.55 10.1 11.1 10 10.0 10.1+1.6(36)
s

rr 150 153 155 157(196) 155 14.7 (42),10 19)

Pd107 D 8.66 10.9 10.0 5.5 4.2

r, 140 140 140 123(160) 100(110)

Pd108 D 41.5 290 291 165 200
s

rr 120 98 100 65(76) 70(80)

Ag109 D 18.8 Tr=0.02 12.7 17.9 17.5 12.8(35),19.5+2.54(36)

rr 135 130 132(125) 129 19(42)

I 127 D 13.0 14.7 13.2 15.05 12.2 13.0(35),14.7+2.44 36)
s

fr 100 120 140 143(150) 95 13.0+0.5119)

I 129 D 17.9 26.0 21.0 30 30 26.1+6.66C36)

Fr 105 117 100 68(68) 107

Xe131 D 33.8 Tr=0.012E 33.2 39.2+7.62(36)
s

rr 110 117 114

Xe132 D 735 rr=8.6x10 ~

S

f'rr 110 100

Cs133 D 21.7 Tr=0.0383 23.2 20.0 20C35),20.2+3.32 36)
S -

Er 125 110 118 125 19.2 (42) ,20+2 C19)

Cs135 D 64.1 60.0

Fr 110 125

La139 D 484 312 311 270 286 100 35),312+45,.8(36)
s

fP 80 75 60 62(48) 50 240+10 C19)
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Table 7 (cont'd)

Nuclide CNEN-1 ENDF/B4 JEDL-1 CEA RCN-2 Ds, Exp. data

Cel42 D 1000 1520 902 -1000 (19)
5

rr 50 79 66

Prl41 D 114 75 135 132 120 75135),63.9+10.4(36j

fr 75 83 80 83(99) 85 31.2(423,75+4 19)

Ndl43 D 34.3 46.4 39 32 (35) ,32.0+2.39 363

rr 70 85 73(68) 32 [42),32+3(19)

Nd145 D 24.1 24.2 18.9 (35) ,18.9+1.10 (36)

r 65 60 17.71423,19+2(19)

Nd146 D 370 404 3101353,211+24.9 36)

rr 67 55 310142),210+25 193

Nd148 D 217 179 72.0+6.86 36)

rr 50 64 258(42),72+6 (193

Ndl50 D 113 115 247(42)

rr 76 70 120+8 19)

Pm147 D 6.26 4.70 5.3 4.76 353,6.8+1'.5 l19)
S

r. 62 66 67(67) 4.76(42)

Sm147 D 6.54 7.4 4.26 6.3 8.18+1.43(36),7.4(35,423
S

r. 95 63 67 100 7.4+0.7 0193,7.00(Ki75)

Sm149 D 3.07 3.43 1.63 1.95 2.0 2.88+0.345136),2.8(42)
S

r, 95 62 61 60.5(56.5) 76 2.9+0.3 [19 ,2.38[Ki75)

Sm150 D 97.1 37 56.5 68 135),68+10 19)

r. 80 60 60 56.5(Ki75)

Sm151 D 1.305 1.3 1.50 0.90 1.72 1.3+0.2(193

r~ 70 74 75 78 96 1.72(Ki753
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Table 7 (cont'd)

Nuclide CNEN-1 ENDF/B4 JEDL-1 CEA RCN-2 Ds, Exp. data

Sm152 D 58.5 35.2 53.8 52(35),52.5(42)
S

Fr 66 63 70 51.8+4.3l(93,53.8 Ki75)

Eul51 D 0.974 0.655 0.72 1.04135)
S

Fr 90 92 88 0.7+0.2(19)

Eu152 D 0.444
S

Fr 92

Eu153 D . 0.999 1.3 1.46 1.45(35,42)
S

Fr 95 114 94 1.3+0.2(19)

Eu154 D 0.803
s

rr 96

Eu155 D 2.50
S

'rr 100
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Table 9'/, !Intercomparison of evaluated inelastic

cross sections. (<a in>Bethe )

Nu l deI ERDF/B-41 JENDL-1 Nucl de ENDF/B-4 JENDL-1 I
93Zr

96Zr

9 3Nb

95Mo

97Mo

98Mo

100Mo

9 9 Tc

10Ru.

102Ru

10 3Ru

104Ru

106Ru

103Rh

105pd

107pd

108pd

109Ag

1271

1291

131Xe

132Xe

133Cs

134Cs

0.71

0.59

1.56

1.13

1.11

0,96

0.96

0.94

1.15

0.89

0.99

0.64

0.76

1.48

0.94

1.52

0.93

1.30

1.21

1.16

1.54

1.36

1.62

1.47

0.92

0.90

1.32

1.34

1.43

1.27

1.31

1.26

1.33

1.24

1.25

1.16

1.43

1.35

1.37

1.20

1.41

1.47

1.46

1,56

1.62

i

135Cs

1 3 9La

142Ce

141pr

14 3 Nd

145Nd

146Nd

1 4 8Nd

1 50Nd

147pM

147Sm

1 4 9 Sm

1 5 1 Sm

152Sm

151Eu

152Eu

153Eu

154Eu

0.91

1.25

0.61

1.13

1.36

1.64

1.65

1.73

2.07

2.05

1.95

1.60

1.63

2.08

1.69

1.79

1 .87

1 .89

1

1.63

1.54

1 .43

1.61

1.42

1.83

1.52

1.5Z

1 42

1.98

1.91

1.81

1.69

1.46

1.65

1.75
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Table q9 Intercomparison of evaluated inelastic

Cross sections. C[<in > )

iNuclide ENDF/B-4 JENDL-1 RCN-2 Nuclide ENDF/B-41 JENDL-1 RCN-2
, ,. . _,-

93Zr

9Zr

9 3Nb

95Mo

9 7Mo

98Mo

9 9Tc

101 Ru

10Ru

103Ru

104Ru

106Ru

1 03Rh

1 0 5Pd

1 0 7pdPd

108pd

10 9AgAg

1271

129I

1 3 1Xe

13Xe

133Cs

134Cs
'1

0.16

0.051

0.22

0.25

0.20

0.14

0.18

0.40

0.48

0.18

0.48

0.19

0.26

0.46

0.35

0.43

0.20

0.40

0.54

0.39

0.47

0.20

0.50

0.73

0.21

0.077

0.17

0.32

0.24

0.18

0.23

0.40

0.54

0.24

0.29

0.34

0.39

0.42

0.48

0.23

0.34

0.41

0.46

0.43

0.44

0.18

0.30

0.27

0.19

0.24

0.38

0.56

0.21

0.26

0.38

0.45

0.49

0.24

0.42

0.50

0.45

0.56

135Cs

13 9La

142Ce

141pr

1 4 3Nd

145Nd

146Nd

148Nd

150 Nd

147Pm

147Sm

14 9Sm

151Sm

1 5 2Si

151Eu

152Eu

153Eu

154Eu
Eui

0.24

0.28

0.084

0.35

0.14

0.48

0.30

0.38

0.56

0.52

0.46

1.15

2.23

0.58

0.83

0.80

0.96

0.84

0.27

0.28

0.21

0.34

0.13

0.48

0.26

0.35

0.49

0.47

0.41

0.67

1.38

0.45

0.73

0.76

0.25

0.33

0.51

0,88

1.71

0.70

<
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Fig. 2 (from[-la 771)

Fig. 3 ( rom [r7 )
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Review paper 10

STATUS OF FISSION PRODUCT YIELD DATA

by

J.G. Cunin rt'`'e

Chemistry Division, AERE, Harwell,

Didcot, Oxon, OX11 ORA, England.

ABSTRACT

The topics covered in this paper are:-

(a) cumulative yields in thermal neutron fission and in fast fission up

to 14 MeV incident neutron energy,

(b) dependence of the yields on incident neutron energy and spectrum,

(c) independent yields,

(d) charge dispersion and distribution, and

(e) yields of light particles from ternary fission.

The paper reviews information on these subjects for fission of actinides from
2 32Th upwards with special emphasis on data published since the 1973 Bologna FPND Panel,

compares data sets, and discusses the gaps still to be found in them.

INTR(IJCTION

1. Purpose of the paper

The purpose of this paper is to review neutron fission yield data available at the end

of March 1977, and thereby come to definite conclusions regarding the best yields to use

today, and to point to areas of work where either more, or less, effort is needed.

At the first meeting of the IAEA Panel on FPND, held at Bologna in 1973(1) papers
(2) (3)

were presented which reviewed thermal () and fast fissionyields and my intention is

to take these two papers as a starting point and confine this work mainly to developments

since that time. Methods of evaluation, errors, methods of measurement of yields, etc, were

all covered in these papers and will only be discussed now if there has been some

significant new development.

2, Procedure used to achieve the purpose

The procedure used in this paper is to compare all current independent evaluations of

yields and, from this comparison, make reasonable estimates of uncertainties still remaining

in them. This comparison is supplemented by information obtained by searching the

literature from the date of the latest evaluation, or taken from contributions made directly

to me especially for this paper.

- 351 -



3. Topics covered

The topics covered are:-

a) cumulative yields in thermal neutron fission and in fast fission up to 14 MeV

incident neutron energy,

b) dependence of the yields on incident neutron energy and spectrum,

c) independent yields,

d) charge dispersion and distribution, and

e) yields of 'light particles from ternary fission.

The terms "fast fission" and "14 MeV fission" were discussed in ref. 3 and have again

been used as stated there.

4. Evaluations considered in this paper

Table 1 is a list of the evaluations considered, arranged so that the reader can see

at a glance what kinds of evaluations are available for any particular fissioning system.

There are several kinds of evaluated fission yields and I have split the table up to show

the main ones. These are as follows:-

a) Unadjusted experimental chain yields (UC)

These are averaged and normalised chain yields for all experimental results

accepted by the evaluator. Each mass chain is independent of every other one. These

yields should be the lest available values for particular mass numbers, provided there

are sufficient high quality experimental data.

b) Adjusted experimental chain yields (AC)

These are the same as UC in that averaged normalised yields are used, but all

the yields in a particular set (i.e. for one fissioning nuclide at one energy) are

constrained to obey certain physical laws, e.g. to total to 200%. Where the

experimental data for a particular mass chain are of inferior quality the adjusted

value will probably be better than the unadjusted, but for mass chains with high

quality experimental data the adjusted value may be somewhat less accurate.

Notwithstanding this, however, adjusted yields should always be used for calculations

which require a complete set of yields.

c) Calculated chain yields, (not directly based on experiment) (CC)

These are sets of chain yields based either solely on theory, or on a mixture

of theory and parameters whose values are derived from experimental results from

other sets of chain yields. They should only be used where good experimental sets

(either UC-or AC) are not available.

d) Unadjusted experimental independent yields (UI)

These are averaged and normalised independent yields for all accepted

experimental results. Except in a limited number of cases they are usually inferior

to calculated values.
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e) Calculated indepedent yields (CI)

These are nearly always calculated from some simple hypothesis (e.g. the assumption

of a gaussian yield distribution along a mass chain) with parameters obtained from

measured data, although purely calculated results may also sometimes be found. They

are to be preferred to experimental values in most cases.

CLMULATIVE FISSION YIELDS

5. Objects of this section

For most (although not all) purposes what the user requires is the total yield of a

mass chain and this, is fortunate since it is also the kind of yield most readily and

frequently produced by the measurer. Cumulative yields, therefore, make up by far the

greater part of this paper. I have attempted to provide answers to the following

questions: -

a) What are the best values of the yields?

b) How do purely calculated yields fit into the picture?

c) Have the various evaluations moved closer to each other since 1973?

Since the evaluators are all, presumably, using virtually the same experimental

data input, this question relates to the quality of the evaluations (and

evaluators') themselves.

d) What errors are being reported by the main evaluators now and how do they

compare with errors reported in 1973? This question relates primarily to the

quality of the experimental data and should throw light on whether or not they

are improving.

e) The overall conclusion in 1973 was that thermal yields were largely good enough

but fast yields were not. Should we bother with fast yields at all, or are they

close enough to thermal values for any difference to be swallowed up in the errors?

If they are close enough, and if thefast yield errors are regarded as being tolerable,

as were the thermal errors in 1973, then we are wasting our time in measuring and

evaluating fast yields for thermally fissile fuel nuclides.

All the above questions are discussed with reference to the adjusted evaluated sets

of yields available by the end of March 1977. The results therefore embrace at least 95%

of all measurements made up to that date. In tle final section of this part of the paper

I refer to measurements which have not been included in evaluations, many of them sent to

me as contributions especially for this panel meeting.

6. Best values for cumulative yields (adjusted evaluated data)

(a) Tables of yields

Tables 2 - 18 give thermal yield values for 4 fuel nuclides, fast (pile) values

for 8 and 14 MeV values for 5. The general plan is the same for all the tables.

The adjusted yield values from all "current" independent evaluations, i.e. those

listed at the foot of Table 1, are given and a simple mean is calculated since there

is no possible justification for weighting the yields. Where calculated yields exist

from Sidebotham's paper5) these are included in a separate column for reference, but

they are NOT included in the mean. The letters heading the columns are the codes for

the evaluators given at the foot of Table 1.

- 353 -



The adjustment methods used by the evaluators differ but all of them insist that

the yields total to 200%. Similarly, the simple means also total to 200% and it is

probably reasonable to assert that they represent the best evaluated values available,

given the assumption made here that all the evaluators are equally competent.

(b) Mass-yield curves

The mean yields of Tables 2 - 18 are plotted, all on the same scale, in Figs.

1 - 17. Where applicable, Sidebotham's yields are plotted also.

7. Conclusions about calculated yields

From those cases where Sidebotham's calculated yields are plotted (Figs. 5, 6, 10,

11, 12) we are led to the sane conclusions as in 1973, namely that they are unsatisfactory

except where the measured data are totally inadequate. One such area is in fast (pile)

fission yields of 240u and 24Pu; Koch ( 4 ) has compared his, as yet unevaluated, results

for these nuclides irradiated in RAPSODIE with Sidebotham's calculated values and finds

good agreement with the latter's thermal values but, in general, experimental and

calculated yields are not very close. Koch's new results are further discussed in

para 11 c) iii below.

8. Have the evaluations improved since 1973?

It seems reasonable to assert that if a number of people each independently evaluate

a set of measurements and arrive at identical answers, then these ought to be the correct

answers; at the very least, they must be the best that can be produced at that time.

Bearing this in mind I have adopted as my criterion for measuring evaluation "quality"

the spreads of values found for the yields, expressed as percentages of those mean values

given in Tables 2 - 18. These spreads are plotted in Figs. 18 - 23, circles for 1973

and crosses for 1977, for six different fissioning systems.

The conclusion reached from a study of these plots is that, at least on this

criterion, there has indeed been some improvement in evaluation BUT that it is confined
235

largely to 5 U thermal yields and to the light peak yields of the other fissioning

systems.

9. Errors in yields

It seems reasonable to think that if the general quality of yield measurements is

improving then the errors quoted by the evaluators will become smaller, always assuming

that the evaluators do not change their basis for estimating them. Tables 19 and 20 com-

pare the errors reported by the two main evaluators, Meek and Rider 6 )(7) and Crouch

Crouch(8) (9) (10) in 1973 and 1977. In Table 19 I have split up the yield curves into

their five main parts and averaged the errors over the stated mass numbers, while in

Table 20 I have picked out certain important yields. In both cases I have chosen the same

six representative fissioning nuclides as for the yield spread discussion (para 8).

One major difference between the two evaluators immediately becomes evident; Crouch

has, in most cases, increased his errors since 1973 while Meek and Rider have reduced

theirs. The effect of these changes is that the errors of the two evaluations are now in

reasonable agreement for the wings and valleys but in sharp disagreement on the peaks where

- 354 -



Meek and Rider show errors 2 - 3 times smaller than Crouch. This same disagreement is

shown in the individual yield errors given in Table 20, except at mass 141.

It is difficult to know just what to make of this situation; the safest conclusion

seems to be that there may have been some improvement in the quality of the yield

measurements, but if so it has been masked by a change in the method of estimation of

errors by the evaluators.

As to .'ne question of what errors to use for the 1977 evaluated yields, the only

reasonable course to take seems to be to assume that the two principal evaluators are

equally competent and so to conclude that 1977 yield errors should be a mean of their

estimates; values calculated in this way are given in Tables 19 and 20.

10. Is it worth measuring fast yields of thermally fissile nuclides?

The extra excitation given to the fissioning compound nucleus in a fast reactor

environment is, on average, nuch less than 1 MeV and hence the variation in fission

yields can not be very great except for rare fission modes on the wings and valley of

the mass yield curve. The question uhich arises is whether or not thermal yields are

accurate enough for practical use in nuclear power calculations, having regard to the

errors in the evaluated yields and the accuracy required of them.

I have attempted to throw light on this problem in two ways. First, in Figs. 24-31,

I have plotted the light and heavy peak yields, both fast and thermal for U2 2U, 2Pu
241

and Pu. The yields are shown as histograms and for each one the upper and lower limit

was calculated by taking the mean yields from Tables 2-18 and applying mean values of the

19-77 errors (10) of Crouch and of Meek and Rider to them. We can immediately see that

even though only 10 errors have been used, the fast and thermal yields usually overlap.

To compare fast and thermal yields for the same four fissile nuclides over the whole

mass range I have adopted a different treatment. In Figs. 32-35 the solid lines indicate

the difference between fast and thermal yields, calculated from the simple mean figures

of Tables 2-18. The broken lines are the sum of the 10 fast and thermal errors, calculated

using the same mean yields and averaging the 10 errors (for each mass number separately)

given in 1977 by Crouch and by Meek and Rider. Both yield differences and sums of errors

are expressed as actual percentage fission yield and hence if the error line lies above

the difference line the fast and thermal yields are statistically indistinguishable from

each other. We can immediately see that, apart from rare fission modes (extreme wings

and valleys) and for a few isolated yields on the peaks, thermal and fast yields are the

same.

The conclusion to be drawn from these two series of calculations is that, with errors

as they are today, we might just as well use thermal fission yields except in special

cases. It is true that a different conclusion might emerge if sufficient effort was put

into further fast yield measurements so as to reduce substantially the errors on these

yields, but it is by no means certain that this would be so, and we should certainly ask

whether or not the effort and expense required make it worth while. Such a conclusion

cannot, of course, apply to those nuclides which are not thermally fissile.
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11. New cumulative yield measurements

a) Purpose of this section

Between tiem, the two main evaluators ) ) have included all published (and

some unpublished) yields up to the end of 1976. The purpose of this section is to

bring to the attention of readers new data from the literature or sent to me for

this paper, and to assess their likely effect on the questions discussed in

paragraphs 5-10 above.

b) Thermal fission yield papers

(i) "Discrepancies and comments regarding 235U and 239 Pu thermal fission

yields and the use of 148Nd as a burnup monitor". W.J. Maeck et al

Although the data in this report have been included in both main

evaluations)( in at least preliminary form, their importance is such that

all users of fission yields, particularly for burnup purposes, should be aware

of them. The authors report large changes in a number of their previously
239 138

reported yield values, particularly in Pu fission (14% higher for Ba, for
239

example) which are such that all their Pu fission yields must be altered to

preserve the mass balance. Many of the changes are far outside the accuracy

they previously claimed and the authors are to be commended for bringing them

to notice. As an example of the effect of these changes on evaluations, the

current Meek and Rider yield for 3Ba in 2Pu thermal fission is - 6 higher

than their 1973 value, this alteration being three times the old quoted error.
235

(ii) "Direct physical measurement of mass yields for U thermal neutron

fission". C. Diiorio and B.W. Wehring(12)

The yields in this paper have been included in the evaluations but the

paper is mentioned here because they have been measured directly by the fission

fragment recoil mass spectiometer HIAWATHA, the first reported measurements of

this type by this machine. The authors claim that their results "give the most

accurate mass yield data for thenmal neutron fission of 25U," apparently on

the grounds that they are not subject to the same type of errors as those

measured by other means. There is no evidence whatsoever that this claim is

correct.

(iii) "Cumulative yields of rare earth elements in the thermal neutron induced

249 (13)n
fission of Cf. 1. Gggeler and H.R. von Gunten 

Although as yet of no importance in nuclear power, yield measurements in
249

Cf fission add to our knowledge of fission yield systematics. Table 21

summarises these results.

(iv) "Fission product nuclear data obtained by use of an on-line mass

spectrometer" P.L. Reeder, J.F. Wright, R.A. Anderl( 4 )

235
This paper gives U thermal fission yields obtained using the SOLAR,

on-line fission fragment mass spectrometer. The yields have been included in

evaluations but are mentioned since they are another example of the comparatively

new on-line technique for measuring cumulative yields.
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c) Fast fission yields

(i) "Mass distribution in fission of five uranium isotopes

(233, 234, 235, 236, 238) irradiated by fission spectrum

nuetrons, by y-spectrometry". A. Ferrieu, J. Blachot, A. Moussa 1 5 )

The target nuclei were placed in the CARAMEL facility in the MELUSINE

reactor at Grenoble; the neutrons are close to "fission spectrum". The results,

which are included in Meek and Rider's evaluation but not in Crouch' s, are given

in Table 22. On the whole, these yields are in line with mean values given in

this paper; however, U yields have not yet been evaluated and these new

measurements constitute a useful addition to yield data.

(ii) "Cumulative fission yields for fast neutron fission of Np".
,A6)J. Blachot, A. Ferrieu, G. Lhospice

These yields have not yet been included in the evaluations and form a

useful addition to the scanty data existing; they are given in Table 23.

(iii) "Cumulative fission yields for fast neutron fission of Pu

and 2 4 2 Pu". L. Koch ' 4

These yields have not yet been included in the evaluations and should

improve the existing ones. The irradiations were carried out in the fast

reactor RAPSODIE during the TACO series of measurements; the results are given

in Table 24. An interesting point about these new values is that they agree

better with the "thermal" calculated yields of Sldebotham (5 than with his fast

ones. Since both Crouch and Meek and Rider make heavy use of Sidebotham's

"fast" yields in their evaluations, these new values should have a considerable

effect on the latter when they are included. See also para 11 c) iv below.

(iv) "Fission of 24Pu with neutrons having a fission spectrum energy

distribution". W.A. Myers, M.V. Kantelo, A.L. Prindle, D.R. Nethaway(17)

240
Here we have another large set of Pu fast yields which have not yet

been included in the evaluations. The irradiations were carried out in the

FLATTOP critical assembly at Los Alamos and the neutron characteristic is

described as "fission spectrum"; the of (23 U)/of(25U) index for this assembly

has a value of 0.172 and the spectrum is thus very hard. Table 25 gives the
(4)results as presented by the authors, and also compared with those of Koch 

normalised to his value for mass 143. Taken together these two sets of yields
240

should materially alter the Pu evaluations.

d) 14 MeV fission yields

(i) "Fission of 240u with 14.8 MeV neutrons" D.R. Nethaway

A.L. Prindle, W.A. Myers, W.C. Fuqua, M.V. Kantelo8

This is a substantial work in which 49 chain yields were measured giving,
240

for the first time, a mass yield curve for 14 MeV fission of Pu; the results

are shown in Fig. 36.
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(ii) "Experimental results on the mass distribution of 23 fission induced

by 14 MeV neutrons". S. Daroczy, S. Nagy, P. Raics, L. Kiver, I. Hamvas 9 ) .

This paper, whose results have been included in Meek and Rider's evaluation,

reports cumulative yields of 47 mass chains. It also gives a useful detailed

account of the y-spectrometric analytical procedures, claimed by the authors to

be as accurate as mass-spectrometry.

(iii) "Fission of 27Np by medium energy protons". P. Polak(20)

This paper discusses the systematics of fission yields at an excitation

energy of 20 MeV, which corresponds roughly to 14 MeV neutron fission.

DEPENDENCE OF YIELDS ON INCIDENT NEUTRON ENERGY

12. General discussion

The question of whether the dependence of yields on energy has any practical

importance for fast reactor work has been discussed in para 10, the conclusion arrived at

being that, in general, it has not. This overall conclusion must, however, be modified by

the following considerations:-

a) Some yields are required to a much higher accuracy than the general run and it

may be necessary to make special measurements of these in different spectra.

b) Yields on the wings and valley of mass yield curves do change by a greater

amount than the sum of the errors of fast and thermal.

c) "Fine structure" yields may be affected more than other peak fission yields.

d) Some important nuclides are not thermally fissile.

e) Once we start considering fission at energies above "fast (pile)" fission the

variation with energy rapidly becomes significant.

f) The variation in shape of the mass yield curve with energy has fundamental

importance.

The remainder of this section of the paper consists of a brief review of the evidence

on this matter which has appeared since the Bologna Panel.

13. Monoenergetic neutron bombardment measurements

Four sets of measurements made since the 1973 Panel have been found:-

a) Flynn et al ( 21 ) have measured yields of over 40 mass chains in fission of 238U

by both 2 and 8 MeV neutrons. Their results are shown in Fig. 37.

b) Cuninghame and Willis 22) have reported measurements of absolute fission yields

of 99o, 11Ag, 4Ba, 147Nd and 15Sm at 6 different energies from 130 to 1700 KeV

in 239Pu fission; their results are shown in Fig. 38.

(23)
c) Kaiser ( 2 reports the yields of 6 mass chains in the 0.3 eV resonance of

23Pu as follows:-
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Mass Number Chain Yield %

91 2.43 + 0.04

111 0.28 ± 0.02

112 0.130 + 0.011

113 0.076 ± 0.005

115 0.024

117 0.0181 0.004

d) Edward ( 2 4 ) has measured yields of 18 mass chains in 2.95 MeV neutron fission

of 2U and of 46 in 14.8 MeV fission of 238U. It has not proved possible to obtain

a copy of his thesis in time for inclusion in this paper.

14. Integral measurements

Some new measurements bearing on the energy effect problem have been made in known

fast neutron spectra since 1973:-

a) Larsen et al(25) measured yields of 5 nuclides in fission of U and 2Pu by

both thermal and fast neutrons and of 38U by fast. The irradiations were carried

out in various positions in the ZPR-3 reactor so as to give different median neutron

energies and also in a thermal reactor. Fig. 39 shows the effect of changing
235

median neutron energy on the yields of two of the five nuclides in U fission.

b) Debertin(26) has measured the ratio of fast yields, where 235 was fissioned
252by the neutrons from a Cf source (i.e. a very hard neutron spectrum), to thennal

235 yields. His results are shown in Fig. 40. The continuous line in this figure
(27)shows the ratios from Meek and Rider's earlier evaluation .

15. Calculated mass-yield curves

(28)One paper, by Cook et al ( 8 ) has appeared, in which they fit mass yield curves

empirically by superposition of two pairs of asymmetric gaussian curves and a single

symmetric gaussian; they use the procedure to compare yields at different energies.

Unfortunately, the accuracy is only of the order of 2tC and this is by no means good

enough for the method to be used for fast reactor yields, although it may be helpful for

predicting unknown yield curves.

16. Experimental points fitted to spectral indices

Work on correlating fission yields of nuclides on the wings or valley of mass yield

curves with some suitable reactor spectral index continues and a paper may be presented
(29) (30)at this panel by Maeck( 29 ) . An exanple of his earlier work( ) is given in Fig. 41.

This clearly shows the effect of neutron energy on the yield ratio 15d/ 1 43 Nd, the majority

of the change taking place in the 150 d yield.

The only other new work found is a paper by G. and M. Lanmer ( 3 ) . They plotted the

measured yields in fission of 235U, 238U and 239Pu of a number of nuclides against median

neutron energy. Their results, which form a useful addition to the limited number of

such correlations, are shown in Figs. 42, 43 and 44.
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17. Summing up

The measurements and correlations reported above do represent an advance in our

knovledge since 1973 and do reveal significant clanges in yields with neutron energy in

some cases. However, overall consideration of these data reinforces the statements made

in paras 10 and 12; the variations in fission yields between typical fast reactor fission

spectra and thermal are not large enough to be of practical importance except for extreme

wing and valley yields, for yields required to high accuracy and for special purposeso

For higher energy fission the differences start to become quite large and may need to be

taken into account.

INDEPENDENT FISSION YIELDS

18. Charge distribution, charge dispersion and independent fission yields

It is not easy to know hav best to write about these three closely related and inter-

leaved topics. All evaluations of adjusted chain yields make use of sets of independent

yields which have been calculated assuming sor? form of charge distribution and dispersion.

To prepare these sets the evaluators have to use empirical parameters which are ultimately

derived from ex!erimental measurements.

I shall briefly dscuss charge distribution and dispersion in the next part of this

paper and will now only indicate where independent yield data are to be found and compare

so.-e of the current experimental and calculated results, with the intention of throwing

light on the problem of the reliability of the sets calculated and used by the evaluators.

19. Evaluation and calculation of independepe nt yields

Since the 1973 panel meeting several evaluations of experimental independent yields

and several sets of calculated yields have appeared(7)()(32)(33). Table 26 shows the

coverage of these papers.

20. Measurement of independent yields

Most of the latest published measurements are incorporated in the Crouch ( 10) and Meek

and Rider ( evaluations and so there is little point in repeating the data here, but I

will mention a few of the latest and most interesting ones.

Since 1973 there has been a surge of publications reporting new measurements of

independent yields made using fission fragment mass spectrometers. Most of the studies

were on U thermal fission 14)(34)(35)(36)(37)(9)but there was one with Pu thermal
(38)fission . The very limited choice of fission reaction types reflects the fact that

highly intense sources are at present required for these measurements. Because of this

limited choice, the results are invaluable for investigating the systematics of

independent yields ard charge distribution but are inadequate as sources of data.

There have also been a few measurements made by what are essentially very fast

(a 1 sec for separation) nuclear chemical techniques. Examples are Brissot et al(40)(41)

who have measured yields in thermal neutron fission of 2Pu and 241Pu and Rudolph et

al(42) wio measured some in thermal fission of 23U.

Conventional radiochemical measurements have continued and would seem to be essential

for the provision of data for the less common types of fission. Some examples are to be
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found in ref.8 )(24 Pu fast fission-see para 11 c)iv above), ref.(43)( 2 U,2 35 U 2 3 9pu

thermal fission), ref.( 3) 2 4 9Cf thermal fission) and ref. 4 4 ) ( yields of 13 , 132mi,

32g, I, 1 , I in thermal fission of 23U, 235U and 23Pu).

21. A comparison of independent yields for 235 thennal fission measured by on-line

mass spectrometry with evaluated experimental yields and with calculated yields

The earliest mass spectrometric independentyields differed seriously from the existing

radiochemical ones but this situation has now been resolved, at least for 2 3 5U thermal

fission, as we (an see from Table 27. In thus table some of the fractional independent

yields from mass spectrometric measurements are compared with both experimental ones

evaluated from all types of measurements and with the calculated yields (based on

experimental parameters) used by the t\o main yield evaluators. We can see that agreement

is now quite good, although one does have the impression that the errors quoted for the

mass spectrometric yields may be on the optimistic side.

22. Conclusions about independent yields

The agreement now existing between esperimental and calculated yields for 5U

thermal fission encourages us to think that calculations of complete sets of ipenlendent

yields are now satisfactory for this fissioning system. However, data for most other

types of fission are'too sparse for us to be certain that this is always the case. The

calculations depend pn the use of experimentally measured parameters (see next section on

charge dispersion and distribution) and on extrapolations of these from types of fission

where the experimental data are good to those where they may not necessarily be completely

valid. Whst is needed is more measurements of indlellendent ields in the less common

types of fission to confirm that the parameters used for calculating sets of yields for

these cases are correct.

CHARGE DISPERSION AND DISTRIBUTION

23. Importance for FPND

Charge dispersion, i.e. the distribution of independent yields along individual mass

chains, and charge distribution, the way in which the protons are divided over the whole

range of mass splits, have considerable fundamental interest for fission theory. However,

from the point of view of their importance for FPND, the interest is mainly practical in

that an understanding of these matters allows us to calculate independent yields.

24. Calculation of independent yields

a) General comments

To calculate fractional independent yields it is necessary to know Zp, the most

probable charge for a particular mass chain, and a, the charge dispersion parameter

which defines the shape of the gaussian distribution of the yields along the mass
235

chain concerned. Because there are more experimental data for U thermal neutron

fission than for any other, it is usual to start with Z and o values for this system

and modify them for others as required. With these two parameters established,

fractional independent or fractional cumulative yields are calculated and are then

corrected for.nuclear structure effects.

b) Calculation of Z values
235

Z values for 35U thermal neutron fission are calculated by means of some

formula of the type:-
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Zp = A' I - + [correction factor]

A' is the pre-nriutron emission mass of the fission product concerned and is

obtained from:-

A' = A + u

where A is the post-neutron fission product mass and u the average number of prompt

fission neutrons emitted at that mass. Zf and Af are the charge and mass of the

fissioning compound nucleus, while the correction factor shows the variation from

the Unchanged Charge Distribution prescription for Zp. u and the correction factor

both depend on experimental measurements.

Having established a set of values of Zp for 25U thermal fission, sets are

calculated for other systems. Since 1973 one new prescription for doing this has been

published (by Nethaway )(6)). A useful summary has been written by Wolfsberg( 3 2

c) Estimation of o

c is estimated from charge dispersion measurements and it now seems to be

accepted that a value of 0.560 is satisfactory for all of the kinds of fission dealt

with in this report; we should recognise, however, that this acceptance is not firmly

based on practical measurements of o except in the case of 25 thermal fission.

d) Correction for nuclear structure effects (pairing)

At the time of the Bologna meeting it was just becoming accepted that there was

an odd-even effect of Z. Several papers have appeared on this topic since then,

e.g. by Amiel and Feldstein( )(47)and by Madland and England(48); an odd-even N

effect has also been established by 'these authors. The magnitude of the corrections

can be seen iri Table 28 which gives the Z and N effect corrections used in ref. (

By appropriate summing of these factors the corrections for the four possible pairing

situations, i.e. odd Z-odd N, odd Z-even N, even Z-odd N and even Z-even N, are

obtained.
25. Recommendations for future work

Conclusions in this section are inseparable from those on independent yields (para 22)

and may be summarised by reiterating that what is needed is work directed to the establish-

ment of better values for Zp, a, the pairing corrections, and u as a function of mass. Such

needs clearly require the continued accurate measurement of independent yields an of u versus

mass particularly in those fissioning systems where the data are at present scanty.

YIELDS OF LIGHT PARTICLES FRCM TERNARY FISSION

26. Summary of progress since 1973

There has been very little work reported on ternary fission since 1973 which is
(49)

germane to the problems of fission product nuclear data. Wagemans and de Ruytter ( 4 have
239

made measurements of light particle emission in some resonances of Pu fission; Bischof

et al 5 0 ) have carried out a similar study for 235U fission; Mirell (1) has looked at

2Cf spontaneous fission; Pik-Pichak(52)( 3) has written two papers on the theory of

oc-emission in fission. No papers have been found dealing with fission into three

fragments of comparable size.
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The only known measurenents which have a direct bearing on FPND are those of Crouch )

His work is primarily d rected towards measurements of II is fast reactor fuels for waste

disposal and other purposes. As a preliminary, to test his methods, he has re-measured

the 3H/fission ratio for 235U thermal fission and finds a mean value for three measurements

to be 0.92/10,000 fissions (errors not yet established). This compares with earlier values

ranging from 0.5 to 1.08 (mean 0.93 ± 0.13) reported in ref. ( ) .

27. Recommendations on ternary fission

The data base on ternary fission does not seem to have expanded much since 1973.

It seems desirable for more measurements to be made for, at least, II yields and for a

wider range of both fissioning nuclei and reactor neutron spectra. Some such measurements

are in progress at Harwell.

SUMMARY OF CONCLUSIONS AND REO)MENIDATIONS

28. The following is a summary of the main points brought out in the text of this paper;

the figures in square brackets refer to the relevant paragraph number:-

a) The simple means given in Tables 2-18 and plotted in Figs. 1-17 represent

the best adjusted evaluated sets available today [6a].

b) The calculated yields of Sidebotham are unsatisfactory, except where the

measured data are very sparse [71.

c) Because of a shortage of experimental data, evaluated yields for fast fission

of 2Pu, 241Pu and 242Pu rely heavily on Sidebotham's calculated values and are

therefore in a different category from all other sets. [Notes to Tables 11,12,13].

However new experimental data should improve this actuation [I1 c iii, 11 c iv],

d) Since 1973 the spread of evaluated yield values has decreased for U thermal

yields and for light peak yields for other fissile nuclides. This suggests an

improvement in evaluation reliability for these cases.

e) The two chief evaluators are, in the main, in disagreement on yield errors;

Crouch has usually increased his since 1973 while Meek and Rider have reduced theirs.

The result is that Crouch's are, on the whole, about twice as large as Meek and

Rider's. I suggest a mean between these two sets of errors be taken [9].

f) This disagreement between evaluators masks any general improvement in yield

measurements which might have been inferred if the evaluators had agreed on a general

reduction in errors [9].

g) Within the envelope of O1 errors (taken as the average of the two main

evaluators) thermal and fast fission yields are indistinguishable except in the case

of the extreme wings and valleys of mass yield curves. This suggests that fast

yield measurements should be concentrated on rare fission modes, on special yields

where high accuracy is required, on experiments to establish systematic relationships

between yield and energy and on non-thennally fissile nuclides [10].

h) The values of some mass spectrometric yields for 235U and 239u reported by one

measurer have been changed by amounts far in excess of tie quoted errors; this has
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had a marked effect on the evaluations and suggests that more attention should be

given to possible systematic errors before very small errors are quoted [11 b i] .

1) A considerable number of new measurements have yet to be included in evaluations;

those for Pu and 42Pu are particularly welcome [11c iii, 11 c iv, 11 d 1].

j) Evidence is presented which shows a clear dependence of some yields on neutron

energy, but the differences are only important in exceptional cases and for high

energy fission [17].

k) There is now quite good agreement between calculated and neasured independent

yields for 5U thermal fission which encourages us to believe that calculated sets

for other types of fission may also be satisfactory. It is,however, important to

obtain more high quality data to confirm this [21, 22].

1) The most important development on charge dispersion since 1973 has been

experimental/confirmation of both proton and neutron pairing effects [ 24)].

m) To ensure that calculated independent yield sets are reliable, more measurements

of independent yields and of V as a function of mass are required, particularly for

fissioning systems other than 235 thermal [25].

n) Relevant progress in ternary fission has been negligible, but a programme of 3H

measurements on fast reactor fuels is under way [2G].
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TABLE 1

StI.pii ly ofr ' v lltu tJOi t n I r ls n , t r< t I UtJ I A I. r* '

! ' Ty*pe of Ulnadjusted Adjusted Calculated Unadjusted Calculated
yield experimcnital chain expcriicntal diain chain exlerimuital inkpl.endekt Iitdelvndnt

Type or --- ^AC c OC Ul CI
fission 

[Letters In Utese coluris below refer to the reflerelce letters of the evaluations,
given at the foot of Ute table]

SPONTANEOUS

252Cf F F F F

'nIlEMIAL1 I tEKL 

22'Th E
233U E,F B,C,F E,F F E,F23 5U E,F B,C, E, F E, E,F
237U A23 7Np A
2 3

9u EL,F B,C,E,F E,F E,F
24pu A
2 4 1

Pu E,F B, E,F F E,F24 2
pu A

241A E A242AP F
245

Cm E24
C gm £

E254ES E
2 5 5Fm E

"FAST'( PILE)
227EAc E
231Rca E
232h EF C,E,F A F E,F
^23~ E,F E,F A F EF

234U A
23k E,F E,F E,F E,F
23% F F A F F
237U E A
23% EF E,F E,F EjF2 37

Np F F A F F
238Np A
238pu A
.39pu E,F E,F F E,F

24°eu F (E)*(F)* A F E,F
24 1 PU F (E}*(F)* A F E,F

"~P~u ~ F (F)* A F F
24 A

243 A

"FAST"(M1

I.1Mv 2 3 7
Np E

3MeV 2 3 1
Pa E

2 3 2Th E
238

8 MeV 232 E
I! MeV 232iT E

"14" MeV

23h" E,F E,F E,F I E,F
2 3t E.F EF E,F E,F

2%"~ ~ E,F E,F E,F E,F
23% D,E F E, F E,F2 37

Np E,
2

39pu EF F EF F

i v

A. Sidebotham EW; UMAEA Report TRG 2143 (R) 1972
B. Walker AW: AECL Report 3037 Pt.II 1973
C. LamnerM and EderOJIAEA Paper SM 170/13 1973
D. Daroczy S, Raics P and Navy S; IAEA Report IAEA 169 Vol.III 1974
E. Crouch EAC; Atomic Data and Nuclear Dath Tables, to be published 1977.
F. MeekME and Rider BF: USERDA Report NEDO 121SA-2 )1977

ENDF B V

*Note: The adjusted chain yields for fast (pile) fission of 240u and 241Pu produced by Crouch take
Sldebotham's calculated yields as their starting point. The process of adjustment does cause
some changes in value, but these yields cannot be counted as being a true evaluation

Meek and Rider also rely heavily on Sidebotham's calculated data for 240Pu, 241Pu and 242pu
fast (pile) fission yields, but they have also folded in such experimental data as do exist
and so their yields can be regarded as being some way towards a true evaluation.
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TABLE 18

fission yields for 239Pu 14 MeV fissionAdjusted chain

Fission Yield % Fission Yield % Fission Yield 9
Mass No. Mass No. --- ass No. -

F F F

72 .00207 1lt 1.57 150 1.04
73 .00356 112 1.44 151 .808
74 .00558 113 1.38 152 .612
75 .00972 114 1.34 153 .501
76 .0155 115 1.17 154 .364
77 .0224 116 1.23 155 .256
78 .0289 117 1.23 156 .221
79 .0827 118 1.34 157 .123
80 .149 119 1.24 158 .0828
81 .258 120 1.24 159 .0572
82 .320 121 1.50 160 .0414
83 .449 122 1.25 161 .0191
84 .756 123 1.44
85 .994 124 1.64
86 1.06 125 1.98
87 ).35 126 2.03
88 1.99 127 2.25
89 2.08 128 2.68
90 2.33 129 3.35
91 2.07 130 4.08
92 2.75 131 4.77
93 3.04 132 5.22
94 3.36 133 5.24
95 3.58 134 5.53
96 4.07 135 5.74
97 4.45 136 4.45
93 4.60 137 4.92
99 4.16 138 4.66

100 4.98 139 4.38
101 5.32 140 4.03
102 5.82 141 3.63
103 5.42 142 3.28
104 5.62 143 2.78
105 4.40 144 2.79
106 3.72 145 2.30
107 3.04 146 1.94
108 2.55 147 1.84
109 2.52 148 1.44
110 1.85 149 1.18
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TABLE 19

Means of Percentage Errors in Fission Yields (1c) Shown
in Some of the Evaluations Considered for the 1973 and 1977

FPND Panels

Section opf Mean of Percentage Errors Reported (10) Suggested
Fissile Fission e i Mass - 1977
Nuclide Energy ss ie Range Crouch Meek and Crouch Meek and 10

Curv e1973 Rider 1973 1977 Rider 1977 Errors

235U Thermal Light wing 72-84 10.9 15.1 20.5 17,6 19.0
Light peak 85-104 3.4 1.0 2.7 0.9 1.8

Valley 105-129 3.7 10.8 16.9 9.6 13.2
Heavy peak 130-150 1.8 1,1 2.8 1.2 2.0
Heavy wing 151-161 5.6 8.7 8,2 7.9 8,1

23Pu Thermal Light wing 72-87 8.3 15.2 16.2 15.6 15.9
Light peak 88-109 5.4 3.9 8.2 3.6 5.9

Valley 110-129 11.7 13.8 17.4 15.1 16.2
Heavy peak 130-150 501 1.7 6.2 1.2 3.7
Heavy wing 151-161 1103 9.1 13.5 8.8 11.1

235U Fast (pile) Light wing 72-83 - 20.6 18,4 21.2 19,8
Light peak 84-105 3.8 1.9 5.2 1.4 3.3

Valley 106-129 10.1 9.3 17.0 10.1 13,5
Heavy peak 130-150 304 1.8 3.8 104 2.6
Heavy wing 151-161 11.3 12.6 15.3 12.2 13.7

238U Fast (pile) Light wing 72-85 - 19.6 18.5 18.3 18.4
Light peak 86-106 8.3 8.4 7,4 3,2 5.3

Valley 107-129 16.9 13.0 20.5 11o4 16.0
Heavy peak 130-150 8.6 3.9 6.0 1.8 3.9
Heavy wing 151-161 13.0 10.7 1505 90 12.2

2 3 9pu Fast (pile) Light wing 72-86 9.3 16.4 21.5 11.5 15.5
Light peak 87-109 609 401 7.3 2.4 4.9

Valley 110-129 24,1 1001 22.1 9,6 15.8
Heavy peak 130-150 4.7 3. 1 4.9 1.6 33
Heavy wing 151-161 8.2 9.8 12,6 8,2 10,4

235U 14 MeV Light wing 72-83 12,5 21.4 17.0 10.2 13.6
Light peak 84-110 10.8 9.0 15,5 6.5 11.0

Valley 111-129 13.6 906 16.1 7.8 12.0
Heavy peak 130-150 8.0 8.4 12.3 5.7 9.0
Heavy wing 151-161 9.2 14.9 16.0 9.0 1205
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'ABLE 20

Percentage Errors in Fission Yields (10) of
Certain Important Nuclides Given in Some of

the Evaluations Considered for the 1973 and 1977

FPND Panels

Percentage Errors Reported (10) for mass:-

Fissile Fission Mean for:-
Nuclide Energy

95 103 106 133 137 140 141 143, 144, 145
146, 148, 150

2 3 5 U Thermal Crouch 1973 2.0 6.0 12.0 0.5 1.0 0.5 3.0 1.4
M & R 1973 0.7 2.0 1.4 0.5 0.5 0.5 1.4 0.5
Crouch 1977 1.6 6,4 6.6 2.8 1.3 1.2 1.9 1.2
M & R 1977 0.7 1.4 104 0.5 0.35 0.5 1.0 0.4

Suggested 1977 10 error 1.1 3.9 4.0 1.6 0.8 0.9 1.5 008

239Pu Thermal Crouch 1973 5.0 7.0 4.0 5,0 6.0 5.0 4.0 5.5
M & R 1973 2.0 2.8 2.8 1,4 1.0 1,0 2.8 0.7
Crouch 1977 2.9 4.3 3.8 9.5 2.9 509 3.3 7.0
M & R 1977 2.0 2.0 2,8 0,7 0.5 1.0 2.8 0.5

Suggested 1977 10 error 2.5 3.2 3.3 5,1 1.7 3.5 3.0 3.8

235U Fast (pile) Crouch 1973 2.5 5.5 27.0 3.0 5.5 2.0 3.0 3.2
M & R 1973 1.0 2.0 6.0 1.4 1.0 1.4 2.0 1.1
Crouch 1977 1.8 2.6 27.4 2.3 4.6 1.5 2.7 2.5
M & R 1977 1.0 1*4 6.0 1.4 0.7 0.7 2.0 0.8

Suggested 1977 10 error 1.4 2.0 15.7 1.8 2.7 1.1 2.4 1.6

2 3 8 U Fast (pile) Crouch 1973 6.0 13.0 9.0 - 7.0 2.5 - 9.7
M & R 1973 2.8 2.8 8.0 2.8 4.0 2.0 8.0 2.3
Crouch 1977 4,3 G34 7.7 6.1 5,6 2.1 20.0 4.6
M1 & R 1977 1.. 2.0 4.0 1. . 1.0I 1.4 2.8 1.1

Suggested 1977 10 error 2.91 4.2 5.8 3.3 303 1.7 11.4 2.9
.. i .__ __i_ _ _ _ i

239Pu Fast (pile) Crouch 1973 3,0 4.5 10.0 5.0 10.0 1.5 400 3.8
M & R 1973 2.0 2.0 6.0 2.0 2,0 1.4 4.0 1.6
Crouch 1977 3,3 6.4 0.53 3 3 8.6 1.9 3.6 3.5
M & R 1977 1.4 2.0 2,8 1.4 0.7 1.0 2.8 0.8

Suggested 1977 10 error 2.4 v2 6.6 2.3 4.7 104 302 2.2

235U 14 MeV Crouch 1973 9.0 7.0 20.0 10.0 10.0 5.0 10.0 
M & R 1973 6.0 i,0 6.0 6.0 2.8 4.0 8.0 11.0
Crouch 1977 7.6 5.7 17.6 11.7 10.0 2.6 10.0 15.0
M & R 1977 6.0 4,0 4.0 6.0 208 2,8 6.0 7.8

Suggested 1977 10 error 6.8 4.9 10.8 8.8 604 2.7 8.0 11.4
Suggest e d - - . _ l l _ _ _ _ i -- i - i " i i ._ i iT -ii- - l..- . _ _ _ _ i n j . 1 _ _ ._ _ T I S m ~ -- - -
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TABLE 21

Fission Yields in 249Cf Thernal Neutron Fission

Mean Best Average
Nucllde Yield Yield: All

(this work) Authors

141Ce 5.9 ± 0.6 5.57 ± 0.55

1 4 2
La 4.3 ± 04 4.88 ± 0.39

43Ce 4.55 0.17 4.46 0.19

1 4 7
Nd 3.27 0.16 3.16 ± 0.25

14 9
Nd 2.59 0.16 2.48 ±0.12

15
1

Pm 1.98 ± 0.25 1.96 ± 0.04

153Sm 1.22 +0.15 1.24 ±0.02

156Sm 0.84 ± 0.09 0.84 + 0. 18

156Eu 0.60 ± 0.09 0.63 ± 0.02

157Eu 0.43 + 002 0045 + 0.05

159Gd 0.38 ± 0.03 0.37 ± 0.02

161Tb 0.19 ± 0.02 0.20 ± 0.01

1 6 7
Ho <2.1 x 10

2
<2.1 x 10

171Er <1.3 x 10
3

<1.3 x 10
- 3

TABLE 22

Fission Yields for Uranium Isotopes Irradiated
by "Fission Spectrum' Neutrons

FISSION YIELDS %
Mass

lkunber: A 233U 234U 235 U 236U 238

Yield Error Yield Error Yield Error Yield Error Yield Error

85 2.61 0.09 2.20 0,09 1.52 0.05 1.54 0.09 1.13 0.09
87 3.52 0.11 2.96 0.13 2.59 0.07 2.32 0.11 1.61 0.06
88 5.15 0.08 4.00 0.07 3.35 0.04 2.97 0.09 2.10 0.07
91 6.79 0.07 6,55 0.06 6.01 0.05 5.70 0.05 4.33 0.07
92 6.18 0.09 6.21 0.12 5.32 0.10 6.29 0.09 4.39 0.12
93 6.61 0.11 6.26 0.10 5.95 0.08 5.70 0.12 5.07 0,08
95 6.18 0.06 6.44 0.09 6.52 0.07 6.47 0.07 5.20 0.06
97 5.64 0.12 6.15 0.12 6.33 0.09 5.05 0.08 5.69 0.13
99 4.61 0.10 5.16 0.11 6.08 0,08 5.94 0.10 6.19 0.10

103 1.64 0.04 2.49 0.04 3,23 0.04 4.22 0.07 6.25 0.04
105 1.03 0.06 1.28 0.06 1.33 0.06 2.50 0.07 4.15 0.07
106 0.29 0.01 0.44 0.04 0.57 0.03 1.01 0.06 2.60 0.04
111 0.06 0.01 0.04 0.01 0.03 0,01 0.10 0,03 0.07 0.01
115 0.05 0.01 0.07 0.01 0.03 0.01 0.06 0.01 0.06 0.01
125 0.15 0.04 0.15 0.03 0.11 0,04 0.19 0.15 0.08 0.06
127 0.49 0.01 0.40 0.03 0.19 0.03 0.20 0.03 0.14 0.03
129 1.69 0.08 1.66 0.09 0.89 0.05 1.04 0,08 0.62 0.05
131 4.07 0.05 3.85 0.07 3.23 0.06 3.05 0.08 3.26 0.04
132 4.57 0.08 4.45 0.06 4.35 0.07 4.32 0.04 4.62 0.07
133 6.38 0,10 6.70 0.11 6.96 0.10 7.14 0.12 7.27 0.12
134 4.63 0.12 5.87 0.12 6.53 0,05 8.17 0.15 6.96 0.15
135 4.94 0.06 4.98 0.08 6.03 0.04 5.81 0.08 5.79 0.10
137 6.19 0,11 5.99 0.06 6.22 0.09 6.16 0.07 6.53 0.06
140 6.26 - 5.93 - 6.22 - 5.76 - 6.16 -
141 7.07 0.12 6.70 0.11 6.40 0.05 5.58 0.12 5.85 0.09
142 7.82 0.10 6.17 0.10 6.42 0.09 5.87 0.09 5.54 0.09
143 5.85 0.09 6.34 008 5.89 0.07 6.16 0.08 4.78 0.08
144 5.51 0.09 5.63 0.09 5.91 0.06 5.41 0.09 5.29 0.16
147 1.81 0.03 2.08 0.05 1.93 0.06 2.36 0.05 2.65 0.04
149 0.75 ? 1.07 0.09 12.3 0.09 1.38 0.11 - -
151 0.27 0.02 0.30 0.05 0.37 0.05 0.40 0.05 0.41 0.02
153 0.16 7 0.15 ? 0.16 (0.05) 0.04 7 0.31 7
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TABLE 23

Yieldsn the "Fast Fisson of 237Yields in the "Fast" Fission of Np

EossrElement Yield NErrorNtuuber: A

Kr 85 0.79 0.05
Xr 87 1.59 0.22
Kr 88 1.76 0.11

Sr, Y 91 4.02 0.28
Sr 92 4.36 0.30
Y 93 5.78 0.28
Zr 95 5.78 0.12

Zr, Nb 97 6.51 0.28
Mo 99 5.44 0.16
Ru 103 5.50 0.16

Ru, Rh 105 2.94 0.12
Ru 106 1.76 0.06
Ag 111 0.06 0,01

In, Cd 115 0.04 0.02
Sb 125 0.16 0.01
Sb 127 0.30 0.02
Sb 129 1.56 0.05
I 131 4.07 0.16
I 132 5.30 0.33
I 133 6.70 0.4
I 134 5.85 0.28
I 135 6.60 0.40
Cs 137 6.08 0.33
Ba 139 5.74 0.28
Ba 140 5.58 -
Ce 141 6.30 0.16
La 142 4.40 0.39
Ce 143 4.92 0.16
Ce 144 4.30 0.11
Nd 147 2.29 0.06
Nd 149 1.67 0.11
Pm 151 0.61 0.11
Pm 153 0.44 0.02

TABLE 24

"Fast" Fission Yields of 240u and 242Pu

Mass 240pu 242pu
Number: A Yield Yield

125 0.038 0.05
131 4.23 3.32
132 5.57 4.52
133 6.90 6.49
134 8.17 7.36
135 7.27 6.89
136 6.85 6.56
137 6.41 6.21
143 4.23 4.52
144 3.72 4.16
145 2.96 3.38
146 2.48 2.92
148 1.68 1.98
149 1.32 1.64
150 1.02 1.32
151 0.86 1.05
152 0.70 0.84
154 0.43 0.48
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TABLE 2.

"Fast" Fission Yields of 240Pu

j

ass Total Chain* Error Yield Normalised Koch
Number: A Fission Yield to Mass 143 4.23% Value (4)

,, ,, , ......... 1 

67

72

89

90

91

93

95

97

99

103

105

106

109

111

112

113

115

127

131

132

133

135

137

140

141

143

144

147

149

151

153

155

156

157

159

161

169

3.8 x 10' 7

1.16 x 10" 6

0.0149

000193

0.0234

0.0398

0.0449

0,0530

[0.0618]

0.0709

0,0574

0,0512

0,0180

5.01 x 10 '

2.34 x 10"3

1.59 x 10- 3

6,49 x 10 " 4

4.47 x 10 3

0,0392

0.0517

0,0757

0.0760

000606

0.0546

0.0490

0,0444

0,0397

0.0227

0,0141

8.42 x 10" 3

6.19 x 10- 3

2,42 x 10"3

1.72 x 10' 3

1.33 x 10 3

3.24 x 10 ' 4

1.12 x 10'4

<1.1 x 10 - 6

0.3 x 10- 7

0.04 x 10 '

0.0010

0.0006

0.0007

0.0012

0.0013

0.0016

0.0019

0.0021

000017

0.0015

0.0008

0.15 x 10"

0.07 x 10- '

0.15 x 10"'

0.19 x 10

0.13 x 10

0.0020

0.0016

000027

0.0035

0.0018

0.0016

0.0015

0.0013

0.0012

0.0007

0.0004

0.25 x 10-'

0.19 x 10-'

0.07 x 10-'

0,05 x 10'

00 10 x 10-'

0.10 x 10"

0003 x 10

3

5

1-

5

3

S

5

1-

3,62 x 1(

1.11 x 1C

1.42

1.84

2.23

3079

4028

5,05

5.89

6,75

5,47

4088

1.72

00477

0.223

00151

0,0618

0.426

3.73

4.92

7.21

7.24

5.77

5.20

4.67

[4.23]

3.78

2.16

1.34

0.802

0.590

0.231

0.164

0.127

0,0309

0.0107

<0 000105

^ 
_ , .

0-5
)-4

4.23

5.57

6.90

7.27

6041

4023

3.72

1032

0086

L
* Normalised to 99Mo = 0.0618
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TABtS 27

A Mrtsli cmmrl9m, of wp K!.ep te4 (MS). e~,uated CTerlMtail (E) anI c.Icul.at (C) flctwo~l

Merd~et yield t(s .a per2tge) .or 25 Ulrml nmtron~ ri.im

Elem.nt

Zn Go Ge An se Or Kr i b r Y Ir Nb n o

79 mIS ret. 5375.1 I.S 37. i 4.0 52.5 ± 5.0 6.0 1 2.0
X ref. 55
c er. 10o 6.06 28.95s s. 5.99
C ret. 7 ;151 41.52 49.49 3.76

80 M 9.7 1 2.5 83.2 ± 4.0 7,1 ± 2.0

CI0 9.31 82.43 8.12
C 1 7.16 82.22 10.04

61 9 4.B9 i .$ 64.4 i 5.0 26.6 1 2.5 4.1 4 1.5

CID 5.40 61.4 28.51 4.51
CT 1.50 62.58 35 .79 1.68

12 MS 2.T ! 1.0 39.5 t 3.0 47.2 1 3.0 9.5 ± 1.5 1.7 5 1.0

CIO 2.4 319.50 36.79 20.05 0.71
C7 I.02 38.20 49.88 10.68 0.02

653 B 00.7 .1 56.0 0 2.0 31.2 2.0 3,.1 * 1.0

Cto 12.00 37.29 47.64 2.86
C 8.41 54.81 31.99 4.70

B4 S2.3 ± 1.7 23.5 ± 1.4 69.2 ± 2.5 5.0 1(.0
E 3.0±? I 37±16 57 ±6 312
C10 1.58 21.95 70.60 6.00
C 7 3.17 21.31 69.91 5.56

45 11m 1.2 ± 0.5 11.4 ± 0.8 97.6 1.5 17.7 1.3 2.1 0.7
Ir i 6 9± ; 7 1 ± 69 7

CIO 1.06 4.10 68.52 I5.28 1.25
C7 0.57 12.95 86.46 16.75 0.27

as M 4.B ±1.0 .4 ± 2.0 29.5 I (S 
'

5.S 1.0
E 4 ±1 62 210t 31 0 ! 3 t I
CIO 5.53 .S2 30.01 6.67
C 7 6.96 67,46 20.0O 5.40

»T T2.0 i 1.0 27.8 15.2 51.4 i 1.8 17.2 ± 1.0 1.8 1.0
Cl5± 9±7 447 ?I2
CIO 2.27 5.37 36.62 26.52 1.39
C 7 2.5 28.91 50.15 17.69 0.m0

8 I8 9 1.0 c 0.5 10.1 ± 1.0 39.9 i 2.0 46.6 . 2.0 2.4 1 0.8
EK ±l1 5i±- 37:3 3l 7
C10 0 59 IS.I2 31.35 46.63 6.78
C 7 1.91 8.28 48.02 41.06 0.70

9 9 2.2 t 0.8 54.B 1 5.4 67.5 t 2.0 4.6 . 0.9 0.761 0.6
E 2. 1 2i 4 67 ± 4 4.7± 1.6
Co0 5.57 2.367 59.56 15.95 0.22
C 7 2.58 23.75 71.67 1.95 0.04

S0 9l I0.0 . 0.7 75.,9 1.0 14.1 ±0.7
tl .i 2.5 76 2 3 13 ± 2

C10 I0..o 78.51 10.38
C 7 11.6 75.41 10.82

91 M[ 4.0 0.5 53.8 * 1.0 37.6 1 .0 4.5 0.5
C 4±5 1.6 5535 2 8± 1.5 3 3 3
CIO 4.49 55.27 32.31 7.69
C 7 4.0 54.92 36.45 4.53

M 9m 5.-O. 31.5 -1.4 50.4 ± 1.8 15.2 ±.4 0.9 0.6 0.2 0.2
St t 1 I SS 3±2 14± 3
CI0 2.52 30.34 31.6I 30.24 2.32 0.13

7? 0.61 27.78 53.818 17.60 0.13 0.00

15 MB 150.7±, .1.2 4 1.7 37.9± 1.5 2.6e 0.1
C8 6± I I I - 1 I49t±3 41 ± t3 1.6 i 0.2
CIOo 5.5t 34.71 49.56 3.87
C7 8.12 49.63 40.13 2.03

94r 3.1 0.8 24,6 . 1.2 65.2 i 1. 6.3 ± O.8 0.1 t 0.1
S2.7 1 O.S±o, 25 ' 1.5 16 2.5 6 2
CO 2.175 21.37 65.56 9.73 OS4
C 7 5.94 29.72 64.52 5.77 0.04

95 m 0.9 I 0.3 13.7 ±i .5 68.4 i 2.0 15.4 ± I.5 1.6 0.8
E 10 0.5 77 ± 6 13 ± 4
C 0 00.74 13.69 7.150 3.869 0,74
C7 0.11 12.70 69.75 16,51 0.52

I68 UI 4.9 .1.0 58.4 * 2.5 32.2 ± 2.5 5 . O0.8 1o.0 i 0.
6 2.1 ± 0.1
CI0 4.96 53.735 39 81 .97 0.13
C 7 3.12 53.59 335629 97 i0,01

*7 MS535 ± 1.0 30.7 ± 2.0 54.1 ± 2.0 10.6 ± l,51 t. i 0.6
E 0.6 i- 0,1
C6 O 4.07 32.1 6 W3.7 9.32 2 0.12
C77 .51.54 12.5 10.04

58 IS0.9 0.9 6 15.0 - 2.2 37.7 1 3.0 43.4 2 3.0 3$.0 1.$

co O 0.89 18.63 32.73 42.56 14.75

C7 10.05 154.35 138.0 45.73 0o.68

, 99 KB; a I i I I I I .2 ± 1.2 ,34.3 2.3 53.6 2.l14.« i ,.2 1.3. 0.6

£CO 6.15 125.31 5.6 0.71
c I C I · 5.4`3 34.22 53.31 6.952 0.03
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TABLE 28

The odd-even Z aid N effects

r „- ,.Proton Neutron
Nuclide Energy effect effect

_~~~~~~efc efec

252Cf Spont. 0.050 0.010

233U Thermal 0.210 0.041

235U Thermal 0.228 0.044

239u Thermal 0.171 0.033

241Pu Thermal 0.206 0.040

232Th Pile 0,327 0.063

m233 Pile 0.143 0.028

235U Pile 0.151 0.029

236U Pile 0.166 0.032

238U Pile 0.329 0.063

237Np Pile 0.000 0.000

23 9Pu Pile 0.124 0.024

240pu Pile 0.244 0.047

241Pu Pile 0.141 0.027

242pu Pile 0.364 0.070

232Th 14 M.e.V. 0.018 0.003

233U 14 M.e.V. 0.015 0.003

235U 14 M.e.V. 0.015 0.003

238U 14 M.e.V. 0.018 0.003

239PU 14 M.e.V. 0.018 0.003
Pu 14 M.e.V. 0.015 0.003

1
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