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Introduction -

-

This volume is Part I of the tripartite report entitled

"Neutron Cross Séctions for Fast Reactor Materials"
Part I: Evaluation
Part II: Tables
Part 1II: Grapks

R

—

r

published in one and the sare edition as an exterpal report ¢t the
Kernforschungszentrum Karlsruhe and as an EANDC report under the
reference numbers KFK 120 (EANDC(E)-35"U"). It presents a fairly
comprehensive documentation and a critical review of the available
experimental and theoretical information on neutron microscopic
cross section data and an extensive description of the procedures
which were used to elaberate this information into the cross sec-
tion sets displayed in tabular and graphical forms in XFK 120/
parts II and III. The present work is restricied to those materials
which are of primary interest in the design of sodium, steam or He
cooled, metal, oxide or carbide fuelled fast reactors with steel,

Inconel or Mo canning, i.e.

H, Be, C, O, Na, Cr, Fe, Ni, Mo, U229, 1228 ana pu®>?

As these cross section data are primarily intended for use in re-
actor calculations, the neutron.energies considered are restricted
to the range 0.01 eV to 10 MeV, these being very nearly the ;ower
and upper energy limits of reactor neutrons. In small fast réactors
and critical systems neutrons concentrate on keV and MeV energies.
Large dilute power reactor systems contain neutrons down to the eV
region. Energies down to thermal were considered to render this
evaluation useful also for thermal and epithermal reactor calcula-
tions. Main ehphasis, however, is given to resonance and fast neu-

tron cross sections. -

In the energy range quoted above all occurriﬁg neutron nuclear in-
teractions are considered. Only those reactions are neglected for
which the cross sections féll, beyond a lower limit of generally

0.1 mb or, for which the cross\Eection is not known, but is reason-
ably expected to be very small compared to those for other reactions.
The cross section notation, with few exceptions, follows an abbrevi-
ated version of the generaily accepted nomenclature scheme proposed

by (pldstein [ﬁ]; The general scheme uses the symbol ny to denote



the cross section for the (x,y) reaction. In the abbreviated ver-
sion, applicable, when almost only one bombarding particle is con-
sidered as in our case the neutron (x=n), the incident particle
subscript may be omitted, i.e. Giy = 0&. Accordingly the neuiron

cross section notation in all three parts of this work is as fol-

lows: . =
Onp . = total cross section
Gn = elastic scattering cross section o
an(e) = gijferential elastic scattering cross gection
Ot = inelastic scattering cross section
GnEj = cross section for inelastic excitation of the
residral nucleus level Ej (Ej given in MeV)
- 6,,(8) = differential inelastic scattering cr-ss section
, 0& = radiative capture cross section
Up = cross section for the (n,p)-process
Unp; Opn = cross section for the (n,np); (nfpn)—processes
S, = cross section for the (n,a)-process .
G a3 Oyn = ©FOss section for the (n,na); (n,an)-processes
on'}a = cross section for the (n,n'3a)-process
Gd = cross section for the (n,d)-process -
Oy = cross section for the (n,t)-process
an3 = cross section for the (n,HeB)-process
Gan = cross section for the (n,2n)-process
°3n = cross section for the (n,3n)-process
Uf = fission cross section
G =

a = 0‘,r + 0g + (o0 for all (n,x) reactions,

x = charged particle)

Q
L}

0, - 0 = non-elastic cross section
X T n

Gtr = UT - ¥y cn = transport cross section

-

In addition, the following fundamental or derived neutron nuclear
o
data were considered:

1 = average of the cosine of the elastic scattering
angle in the laboratory system
(¢ = S?/O'f

Ii + ;d = mean number of secondary neutrons per

<
u

- fission



XI.

T
0

mean number of prompt secondary neutrons per
fission -
ﬁa = mean number of delayed secondary neutrons per
fission .
N S . P
/] =T = effective mean number of secondary neutrons

emitted per neutron absorption (for fissionable

materials)(except when noted otherwise) -
- &
X(E) = energy distribution of prompt secondary fission
neutrons

A1l further symbols used are explained in the appropriate places in
the text. Elastic scattering angular distributions are not explicitely
considered and tabulated, but only used for the evaluation of ;;,
j.e. the first coefficient in the Legendre polynomial development of
an(e) in the laboratory system. ncerning the (n,n')-process so far
only the scattering to discrete and not to continuously distributed
rest nucleus levels is considered. Both these two-dimensional distrib-
ution functions will be considered elsewhere. The evaluation of the
EJ
g ]
n
ergy level schemes of {its isotopes and an updating and enlargement of

for an element is always preceded by the discussion of the en-

the information given in the Nuclear Data Sheets of K, Way et al. [2]
(mostly believed to be complete up to 1961) in the light of more -
recent experiments. '

In the physics and safety of fast reactor systems the energetic self-
shielding of capture, fission and scattering resonances and the Dopp-
ler reactivity coefficient play a particularly important role. For
their prediction a reliable and comprehensive knowledge not only of
the resvmance cross sections, but slso of the resunance parametric
properties of the reactor materials involved is needed. A5 a conse-
quencz of this importance and of the very large amount of experiment-
al and theoretical investigations available, the compilation, criti-
cal discussion and evaluation of this information into recommended
sets of resolved and statistical resonance parameters forms a con-

-siderable part of this work.

The present volume is organized in eix chapters. The subdivision of

the whole material follows the subdivision of the whole energy range
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into thermal, resonance and fast energy subranges which is sug-
gested by the different types of experiments, theoretical inter-
pretation and practical application. Chépter I is'devoted to the
cross sections, resonance parameters and related data of light
nuclgi, H, He, C and O in the whole range from thermal to 10 MeV.
In chapters II and IV thermal andfresonanoé cross sections and
parametric data in the energy regions of resolved and unresolved
resonances are treated. These sections are preceded by chapter II
in which approximations in the theory of neutron nuclear {nter-
actions in the réﬁges of resolved and étatistically distributed
resonances are degcribed which are most commonly used in the in-
terpretation éf measured resolved or average resonance Cross sec-
tions and in the calculation of resonance self-shielding factors
and Doppler reactivity coefficients. Chapters V and VI finally
are devoted to neutron nuclear data of the medium weight and heavy
nuclel for fast energies in the ranges of strong resonance over-
lapping and of almost continuously varying cross sections. The
final section contains some general conclusions and, in addition,
detailed lists which summarize the uncertainties of the recom-
mended data, the gaps and discrepancies between different experi-
mental and evaluation work and requests for further experiméntal

and "‘evaluation work.

The original title intended for this volume, "Theory and Compila-
tion', has been changed and conaensed into "Evaluation'". In the
past few years this has become the common name fér the type of
work which we performed and which is described here. Evaluation

of cross sections for a certain reaction with a certain nuclide

in a giveh energy range presupposes the éompilation of all avail-
able experimental material and, in the (frequent) case of gaps
and~disér§pancies, the recourse to nuclear theory (particularly
nuclear reaction theory and optical Fodel) and systematics and con-
.8ists in a critical judgment and coéparison of this information
with the aim 6f elaborating it into a complete unequivecal chain
of "best" or 'recommended" data. In order to be use ful for reactof
calculations, in particular for further application in the most
common multigroup and Monte Carlo computer programs, the energetic

tabulation of these data has to be so dense as to reproduce satis-



X111
factorily the actual "monochromatic" cross section behaviour and
to allow simple interpolation between adjacent values; in our case

this is throughout a linear interpolation on a doubly linear scale.

Following these rules,for c<ach individual reaction of each nuclide
we have compiled all available references and data contained there-
in generally beginning with 1950 and ending with tke EANDC Conference
on the "Study of Nuclear Structure with Neutrons" at Antwerpgin July
1965. In some casesﬂs;ill more recent references were considered and
important measurements after the Antwerp Conference up to spriﬁg
1966 were taken into account as far as possible. For KFK 120/parts
II and III the reference deadline was only June 1962. During the
composition of part I the number of important experiments and theo-
retical interpretations raised almost exponentially. This led us to
a complete revisioa and reevaluation of our previously recommended
data by taking into account all references up to the deadline men-
tioned above and explains the subdivision of almost each section
inte two parts describing the earlier and the present evaluation
work, respectively. The present reevaluation being based on much’
ampler information led to much more comprehensive cross section
tables.éompared with the previous ones; these will shortly be pub-

lished as the second edition of KFK 120/part II.

Throughout part I it has been tried to ‘assemble the experimental
informatiqn in sﬁrvey tables giving refgrence,‘year and character-
istics of each experiment important for evaluation, i.e. energy range,
accuracy, energy resolution, standard etc. mostly together with ex-
tensive comments; where apﬁfOpriate, also the theoretical informa-
tion was gathered in tables. Tabular or graphical reproduction of

all the thousands of data points, which had to be handled in this
work, was impossible and not always fel: to be worthwhile;this is
particularly true of the resonance cross sections of the medium weight
" and heavy nuclei. If the data were not already documented elsewhere
and easily attéinable, the following compromise was made. As far as
possible and appropriate the experimental data were grarphically re-
produced; this is true of all fast cross sections for the medium.

- weight and heavy nuclei and of selected data for the light '‘nuclei.

4 In addition selected important measurements were tabulated. In the

resolved and statistical resonance ranges the emphasis was placed
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onla fairly complete reproduction of the results of the various
resonance parameter analyses by the eiperimenters themselves, in
the thermal range on the tabulation, if necessary, of the measured
quantities at thermal energ& (0.0253 eV). In addition, the ;efer-
ences have been arranged according to nuclide, reaction type and
energy range in order to facilitate the reference search and the

" . comparison of the present reference lists with existing reference
index systems like CINDA (see below). Finally, as far as possible,
our previously and. presently recommended cross section values are
graphically plotted and/or tabulated (in a few cases) together with

the experimental data in order to enable a direct comparison.

The evaluation methods used range from selection of individual data
" sets, simple Y"eye-guide' curves or least squares fits through the
experimental data to semi-empirical or theoretical curves. As a
congsequence of the rather many gaps and still unexplained discre-
pancies between different experiments, the non-unique parametric
or model character of the nuclear theory and the necessity to
.finish this work in a finite time, recourse to subjective judgment
and physical feelings was almost unavoidable. Among the possible
ccmparisons with integral measurements so far only so-called "clean"
integral data like infinite dilute resonance integrals and averages
over‘the fission neutron spectrum were used in order to check the
corréctneés of the differential data. It is hoped that the manner
of documentation expiained above and tie extensive description and
checking of the arguments and ways in which we arrived at our con-
clusions will sufficiently enable the reader to get a complete pic-
ture and understanding of our evaluation-and to judge on his own,
perhaps with conclusions different from ours. At the end of each
individual section estimates of the uncertainties of the recommended
datg are given; throughout these are not rigorous mathematical but
rather rough physical estimates on the basis of the inaccuracies
“of the preferred experimental data and the systematic deviations

between different measurements.

Rather many evaluations of microscopic and multigroup cross section
sets are available for the nuclides treated here, showing large dif-
fer&nces in value, completeness, up-to-dateness and documentation.

A comparison with all these evaluations was neither possible nor



worthwhile, as the amount of presently available information by
far exceeds that available for an evaluation, say, prior to 1963.
Therefore, we festricte@ ourselves to {rather extensive) compari~
sons with selected recent work. The calculation of group cross
sections from our microscc ic data with various neutron energy
spectrum weightings and coaparison with other group cross section
sets is done elsewxhere, Hewaver, the tables HCQ, MEDEL and UPu at
the end of chapters I, V and VI contain a fairly comprehensiig
account of available hot oxly microscopic, but also multigroup
cross section setis, of their content and application. For a com-
prehensive survey, ﬁarticularly of existing microscopic cross sec-
tion evaluations over the whole atomic weight range, together with
an estimate of their valune and completeness with regard to reactor

calculations we refer to a recent report of Parker [3].

In order to avoid continuous repetition, very valuable and'fre-
quently used standard works on neutron cross sections are omitted
from the reference lists. Among these we mention the well-known
neutron cross section compilations BNL-325 and BNL-400 of the
Brookhaven Sigma Center [h - é]. These contain a graphical repre-
sentation of experimental total and partial neutron cross sections
and elastic and inelastic scattering angular distributions for most
nuclei in the range O to 20 and more MeV together with 'bvest eye-~
gulde" estimates in the form of smooth curves drawn through these
data. The resonance cross sections presented are not corrected for
_neutron energy resolution and Doppler brecadening. In addition, the
BN1L~225 contain "best" values of thermal neutrorn cross sections and
resonance parameters in tabular form. In the text these reports are
briefly referred to as BNL=-325/1958 etc. In the earlier editions

of BNL-325 bﬁly the data points were published, in the more recent
editions and supplerents some characte{}stic experimental details
are given in addition to each reference and data set. Howerton from
Livermore in 1958 published a tripartite work which contains ex-
tensive tabulations of experimental neutron cross section data for
most nuclei together with energy resolutions and expefimental un-
certainties [30] in the range from 1 keV to 15 MeV. At the same time
he performed an evaluation of se&i-empirical toéal and partial neu-
tron cross sections for most nuclides for neutron energies between
_0.5 and 15 MeV [31]; the large gaps in experimental information at
“that time were c}OSed by estimates based upon optical model calcula-

tions, nuclear systematics and physical imagination. A few years
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rerimental angular distributions of elastically and inelastically
scattered peutrons for zmost nuclei in the energy range 0 to 15 MeV
with the inclusion of uncertainties in energy, scattering angle
and differential cross seciions [ﬁZ]. The usefulness of the ZBrock-
haveh reports for the present work consisted in allowing a rapid
although not complete insight into general cross section trends
with energy, gaps in experimental information and a visual com-
parison of different experimental results, whereas the Livermore
reports were of -izmediate use in gathering the earlier experimental

-

data. N

Further references concern the compilation of experimental data for
most nuclei specified to certain types 4f nuclear reactions. Here

we mention the recent tables of Chazan from the group of Howertoem
on'experimental neutron~induced total and differential discrete and
continuum y-ray excitatien cross sections for neutron energies be-
tweeén 0.1 and 15 MeV 53]. Iiskien and Paulsen performed a graphical
compilation of experimental (n,p), (n,a) ard (n,2n) data for se-
lected nuclei for energies between the respective thresholds and
about 20 MeV including particularly useful extensive comments on

. the individual experiments [54]; this compilation is continuously
updated and supplemented. A similar graphical compilation of experi-
mental excitation functions for (n,p); (n,t); (n,&); (n,2n); (n,np)
and (n,na) reactions, however, without comments was made by Jessen
et al. [ﬁS] for the range of thresholds to 20 MeV. Furthermore
Meuert and Pollehn published tables of cross sections for all nuclear
reactions with neutrons in the range 14 to 15 MeV together with ex-
perimental details [16]. From cur definition of evaluation it is
clear that all of the above works with few exceptions are compila-
tions of experimental data and as such only prerequisites to evaluation.
Frequent use was also made of the recent tables of threshold energies
_edited by Howerton et al. f17] whicﬁ.correspond to reaction Q-values
cﬁlculéfed from the mass tables of Konig et al.,iHS]. Finally the
Swedish reference surveys of Leimddrfer et al. on. neutron inelastic
scattering [39] and of Wallii et al. on optical model calculations

[20] were found particularly useful.
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Of steadily increasing value for the evaluation groups is the
activity particularly of the compilation centers at Saclay and
Brockhaven which collect experimental neutron nuclear data
simultaneously with the respective literature references and
distribute this information upon request. An Cak Ridge group,
the Saclay group, the IAEA ‘zclear Dé;a Unit and a sxall group
at Obninsk/Russia especiall; take care of the distribution and
completion of CINDA (= card index of nuclear data), a mechaniged
computer reference sys}em for neutron nuclear data originally
developed by Goldstein., “CINDA 65" [?1] was the first edition of
a series of regular publications of the content of this computer
reference library which becomes more and more comprehensive and
tends to replace effectively the large personal reference lists
collected by various evaluators in the past. -

'
All the neutron cross sections and related nuclear data, resolved
and statistical resonance parameters presently recommended are
stored in the nuclear data file of the Karlsruhe IEM 7074 computer
(KEDAK). Shortly the content of the file will be transferred to
the neutron data compilation center at Saclay and will then be

available upon reguest.

We'ﬁope‘that this book will help evaluations and reactor physicists
to get a fairly comprehensive and consistent idea of our present-
day knowledge in the neutron nuclear data field illustrated by the
investigation of a restricted number of practically important nu-
clides and to clarify some of the problems connected with the nu-
merous discussions in the past on different microscopic and multi-
group cross section sets. At the same time we hope that it presents
useful information for the experimental and theoretical nuclear
physicist showing solved together with unsolved problehs, gaps

and inconsistencies in order to stimulate” further work in the field

of neutron nuclear interactions.
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