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Subjects Corrections.

First, on page 4, the synthesis of photon inter-
action cross sections from LLL and NBS evaluations was done
by John Terrell and Ernie Plechaty, The data were placed
in the ENDF/B format by Mrs., Jean Graven,

Second, on page 1€, the statement that most of
the gamma procduction data in the ENDF/B library have been
taken from the Livermore Library is incorrect. The only
ENDF/B photon production data LLL has supplied to the ENDF/3B

Library is for Be9.
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Ahstract

Tkis paper Tirst reviews the nuclear data reguirements for
shielding applications as contained in the most recent, first
world-wide request list for reactor nuclear data measuramenis
(RENDA T2). It then surveys the avaiiibility of neutron croas
section and photon production data relevant to shielding in the
major evaluated nuclear data libraries, A brief description of
present and planned major evaiuation efforts is given., Further
information is presented on methods, doth experimental and
theoretical, for cbtaining photon production data. The report
corncludes with a discussion of the present knowledge of the
pronpt fission neutron spectra,

Begumé

Le rapport ci-joint doanne une revue des données nucléaires
nécessaires pour la protection des réacteurs en tant qu'exprimées
dans la plus récente premidre liste mondiale des demandes de
mesures des domnées nucléaires pour des réacteurs (RENDA 72).

11 continue a décrire les sections efficaces neutroniques et lesg
données pour la production des photons importantes pour la pro-
tection continues dans les librairies les plus conmes des données
nucléaires &valubes. Ceci est svivi d'une brdve explication des
efforts plus importantes dans le domaine d‘'évaluation poursuivis
a4 present et pourvus pour la future, En plus information est
présentée concernant les méthodes expérimentales et théoriques
pour obténir des données pour la production des photons. Le
rapport se termine par une discussion de la connaissance con-
temporaine des spectres de neutrons prompts de la fission,



I, Nuclear data reguirements for chielding inciuding nevtron
cross sections and vamma nroductian dsta

"he nuclear dats requiremenis for =hielding cover a variety of
reatror croas secticns and gamma production d2ta for a rather broad
range of nuclides, In the past thi= subject wms reviewed particulariy
by Goldstein / 1,2 7 with an additional emphasis on the importance of
accurate microscopic data for shielding design. More recently great
procress has been made in discrete ordinztes and Monte Carlo methods
as applied to chielding calculations allowing more accurate and detailed
theoretical rredictions_of neutron and gamma ray fluxes, dose rates,
etc., than previously / 3 _/. This places an increasing stringency on

the detail and accuracy with which the pertinent nuclear data have to
be known,

Unlike for reactor core physics, only selected sensitivity studies
have been performed so far regardlng the detailed influence of nuclear
data uncertainties on shielding design (see for instance [74;7). Further-
more the results of more comprehensive sensitivity studies underway or
planned, which are designed to give a more detailed picture of the actual
accuracy needs in terms of design and economics penalties, must be con-
sidered before detailed requirements can be ascertained. Also it is not
the purpose of this paper to go deeper into the question of nuclear data
needs as this will form the subject of the subsequent panel at this Con-
ference. It seems, however, adequate to outline briefly the pregsent re-~
guirements and to confront them with the actual availability of the data
in the greater evaluated nuclear data libraries in the next chapter,

The present requirements, although by far not comprehensive, are
hast illustrated by the nuclear data raquests for shielding purposes as
contained 1n tne most recent and first world-wide edition of RENDA,

REIDA 72 /5 /. A summary of the requests is given in figure 1, Six
grouns of requasts can be discerneds

- total cross sections;
- elastic scattering angular distributionss

- cross sections for neutron production by inelastic
neutron scatterings

- ¢cross sections for yamma ray production by inelastic
neutron scattering;

bulk neutron emission rross sections;

- bulk gamma ray production cross sections,

The accuracies of 1% in o, requestad for Na and N3 are rather outside
present experimental capability, particularly in the cross section minima,

This_problem is treatad extenqively in the paper by Frohner and Valente
[ 6_7 submitted to this conference,
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Blastie scatterings anzular distritutions are particulariy re-
guested in the MeV range areve & FHe¥ illustrating the difficulties of
measurem nts due to the lack of appropriate neuiren sources particularly
in the range £-14 KeV,

Xeasuraments of hulk neatron =nd gzamma riy produsiisn cross sections
are given higher priority on the average than those of cross =zections for
neutiron and gamma-ray production due to ineilzstic scattering aione, althougk
(vith the exception of fissicn reactions) inelastic scattering is generally
the most prominent production process beiween the lowest threshold and the
onset of the (n,Zn) process due %0 the =mallness of the capture cross
section compared to the inelastic scattering cross section, The accuracies
reauested for these four trpes of reactions ar2 raither mcdest ani are
generally well within reach of present experimental techknigues. They
enphasize again the MeV range of nesutron energies as particularly important
for shielding problems except for bulk gamma ray production, where gamma
TaF spectra created ty neutron capture below the lowest inelastic scattering
threshold are important,

Almost all of the mentioned RENDA 72 requesis seem still to be con-
cerned more with bulk shielding problems than with more specific shielding
aspects such as {(to mention only one example) the build-up of trans-
uranium isotopes such as Cm242 and Om244 in irradiated fuels which repre-
sent neutron sources through spontaneous fission and (a,n) reactions and
sre thus of importance both For criticality control and the shielding of
fuel-handling equipment including transport flasks Z 7,3;7. Tt is hoped
that the Study Group Meeting which the IAEA plans for the first half of
1974 will review in detail the nuclear data requirements for shielding
particularly on the basis of comprehensive and detaiied sensitivity
studies so as to give the experimental offorts needed to fulfil these
requirements a more precise and firm foundation,
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11, ielding nuclear data content of the major evaluated
mclear data likraries

In this chapter we give =2n outline of the present content of the
major svaluated nuclear 3data lidraries, whereas chapters IIT and V will
be reserved to z discussion of evaluatior activities underway and
planned and of evaluntion methods of gamma-ray production cross sections
respectively 2nd chapter TV %o intersral miclear 4at=: testing.

Figures 2 to T show schematically the contents of the three main
files of evaluated neutron data for a series of elesments with special
importance for shielding and filter applications, The enerzy ranges in
vhich evaluated data exist are given, In addition, the regions for which
the files contain comblete sets of resonance parameters are indicated in
the total cross section diagram. The data types considered are the
total, differential elastic scattering, radiative capture, (n,p) and (n,a)
cross—sections, inelastic neutron spectra and gamma production cross-—
sections.

Regarding the present status of ENDF/3 it might be of interest to
add that the formats described in the ENDF Formats and Procedures Hamual
(LA-4549 ENDF-102, Rev,, Vol 2 July 1971) allow cons.derable detail in
the representation of photon data since separate files are defined for:

a) Photon multiplicity and tranaition probability arrays (file 12)

b) Photon production cross sections (file 13)
¢) Photon angular distributions (file 14)
d) Continuous photon energy apectra (file 15)
e) Photon energy-angle distributions (file 16)
f) Photon interaction "smooth" cross nections (file 23)
g) Secondary angular distributions (tile 24)
h) Secondary energy distributions (rile 25)
i) Secondary energy-angle distributions (file 26)
j) Atomic form factors or scattering functions (file 27)

It has bean the policy of the US Cross Section Svaluation Working
Oroup (CSE¥G) to supply evaluated cross sections in fine enough detail
vhen such detail is considered useful. Thus in addition to the (n,n'y)
and (n,y) cross sections given for all pertinent materials the ENDR/B
version III library contains twelve complete evaluations with speci-
fically shielding oriented photon files, All cross sections for these
materials are supplied up to an upper energy limit of 20 MeV when
applicable,
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A list of these 12 @atarials as weil as the type of data
avaiiablie | in s

-+
or each is given e table below,

-

-3

Ejement MAT  Evaluator Lat file 12 file 13 file 14 file 15 file 21

g3-1 1148 L. Stewart et al. LASL X X

de-2 i154 R.J, Howerton, LLL X X

S.T. Perxins

N-14 1131 P.G, Young, DG Foster LASL X X X

0-1¢ 113 ToT. Youreg, Z.0. Footer 2L X X X

Na-23 115¢ Paik,Pitterle Perey WARD, X X X X
ORNL

A1-27 1135 D.G,Foster,P.G.Young LASL X X x X

St 1151 M.K. Drake BNL, X X X X
GGA

C1 1149 M,S.Allen M.K.Drake  GGA X X X X X

K 1150 M.X, Drake GGA X X X X X

Cu 1152 F.Perey, M.K.Drake OENL, X X X X
3GA

Fe 1180 Penny, Kinney et al. ORNL X X X X

Pb 1136 C.Y, Fu, F, Perey  ORNL x X X x

List of ENDF/B version-I1l] materials with shielding daia fijes,

In addition to the twelve materials listed in the above table
the ENDF/B version-III library also contains a file of photon interaction
cross sections (ENDF tape 330)., This file consists of a combination of
LLL and NBS tabulations placed into the ENDF/B format by R.J. Howerton.
Eighty-seven materials, each corresponding to a separate element are
given, The .data for each matarial consiats of a short Hollerith des-
cription {file 1 section 451) and the following photon interaction

types: -

a) Total {file 23 section 501)
b) Coherent scattering ( ™~ v " 502)
c) Incoherent scattering ( v » " 504)
d) Pair production (v » " 515)
e} Photo effect (¢ m " 602 )



In its preseat status the ferman r-iclonr éats iibrary EDAY iz aninly
intended for fast reactor calculation purposes., So far no use has deen
sade of if in reactor shiziding calculations excepl for Pew test runs
ard comparative integral checks of neutron transmission. Therefore it
will not provide a number of data types needed by current shielding
codes to cajculate the y sources and y-transport, esp. y-production
cross sections and secondsry y distributions, It containg, howaver,
for a number of materials ail data necessary to carry out the neutroaic
part of tze shielding csleulatiom 2733—2Q47.

Fiurcs 2

- With the exception of several materials in the ENDF/B file
there exist no data on photon production spectra irrespective
of the origin of the produced photons,

- The evaiuated data librarieas do not contain capture gamma
ray spectra. To our knowledge evaluation efforts are at present
only made for ERDF/B,

- Neutron inelastic excitation cross sectiions seem %o be fairly
vell covered in all four libraries and either data or scattering
laws provided for emergy distributions of inelastically scattered
neutrons in the continuur, For all other irelastic scattering and
photoproduction data figure T shows still a number of gaps.

- None of the files contains data on barium, ir spite of its
importance as an admixture in concrete shijelds.

- None of the files contains cross section data for neutron
energies above 15 MeV, although such data are needed for
accelerator shiclding.

- The UKNDL library does not give resonance parameters at all -
and the others none for B, N, Si, Ca, Zr or Pb.

Other deficiencies are less obvious, For instance, none of the files
contains error information (error bars, confidence limita), In fact,
the uncertainties are often quite large. In many cases the evaluators
had only sparse and inaccurate data to build on, Gaps had to be filled
by means df more or less sophisticated theoretical estimates and inter-
polation procedures, Furthermore, sach evaluation takes time, and
experimenta} data are sometimes available long before they are incor-
porated in one of the evaluated files, The consequence is that
evaluated ‘data are often neither complete, nor up to date, nor is their
acouracy known,



Users may therefore benefit from the non-evaluated experimental
data files maintained at the neutron data centres, especially with re-
gard to recent data or neutron energies above 15 NeV, For example
total cross section data up to the GeV region exist for hydrogen, carbon,
iron and iead as can be seen from the indexes published by the centres
sore or less regularly (see /910,11 7).

Many of the difficulties encountered in shielding calculations
vith data from the evaluateid files arise from the fact that these files
vare comapiled originally for reactor core design rather than shielding
applications, Only lately are the files being modified in order to make
thes more useful for shielding, deep-penetration and radiation transport
vork.

An illustrative example is provided by the prohlem of neutron
windows, Nost of théese neutron windows -~ regioms of very low %total
cross section — are in fact dips in the croas secticn due to inter-
ference between potential and resonance scattering particularly of light
and medium-weight nuclei, Well known examples are the windows of oxygen
at 2,35 MeV, of silicon at 55 and 144 keV, of scandium at 2 keV and of
iron at 24.5 and 82 keV, These windows determine the neutron flux pene-
trating thick layers of the material - as for example demonstrated by
Goldstein and coworkers for iron_[fiQ;f, and they can be used to produce
practically monocenergetic neutrons by the filtered-beam technique¢[_12_7;

Ingpection of the evaluated and unevaluated neutron data files
reveals that, with very rare exceptions, no good data on windows exist
for reliadble deep-~penetration or filter calculations, One reason is
again the fact that reactor core designers are generally most interested
in the cross section peaks and much less in the valleys, so almost all
total cross section measurements were performed with samples just thick
enough to yield good accuracies for the resonance peaks and maybe the
patential scattering cross section. MNoreover, bad signal-to-noise ratio
and counting statistics make accurate measurements in the window regions
quite difficult, As a consequence, most of the data on windows are very
inaccurate, sometimes only the order of magnitude of the minimum cross
section is establisghed,

In principle, window cross sections can be calculated from
regonance parameters, but in practice the results of such calculations
are frequently quite misleading. Reliable resonance parameters are nor-
mally available only for the s-wave part of the cross section, In pro-
nounced neutron windows, however, the s-wave cross section drops to such
low values — several orders of magnitude smaller than the potential-
scattering cross section - that it becomes quite unimportant relative to
contributions from p~, d-, ... wave cross ‘sections and from impurities,
The impurity contributions can often be calculated with adequate precision
from evaluated cross section data or resonance parameters, but higher-



order partial wave contributions are usually unknecwn and must be
estimated by means o; ievel-statistical sampling metkbods or optical-~
model calculaticns {for more de~31ls see the coniribution by F_H. Frohner
and S, Valente io this conference / AR

The relative importance of ‘hﬂs effects is shown by recent results
cbtained at the ORTLA facility inm Oxk Fidge [ 137, Using very thick and
pure sampies J,A. Harvey cbtained data on 25 neutron windows in the total
cross section of irén. &e found Tor exampliz a miplmum cross section of
430 mt in the 24.5 keV u‘ndou prcduced by an interference dip of Fe26,
Abcut 305 mb are due ito Fedd {abundance 5,82 i) 110 b due to Fe5T
(abundance 2,19 p) and the rest comes froa 1mp4r;t1es of Cu and Mn
{abundance 0.03 % for each) and from higher-order partial waves plus a
zere 4 mb or so from the s-wave cross section of Pe?¢ (cf. also 6.

The iron data in ENDF/B III were readjusted so as to agree with
the empirical results in the 24.5 keV window, but not for the 24 other
windows studies by Harvey. Yo other examples of similar measurements
and readjustments ar2 known to the authors,

Simplifying one can say that the needs of shielding specialists
and of other users of total and scattering cross section data are com-
plementary in the sense that shielders are mainly interested in the dips
and other users in the peaks of the cross section. Presently available
evaluated data correspond to the needs of other users much more than to
those of the shielders.  First steps are being taken to eliminate tkis
mismatch with respect to shielding needs - the inclusion of data on
neutron windows and of photon cross sections in the ENDF library is an
encouraging ¢xample -~ but it will take a long time and much =ffort by
data producers and evalualors until this goal will be achieved,

The construction of multigroup libraries for shielding purposes
from microscopic neutron and photon production data is outside the scope
of the present paper., However, it might be of interest tc quote very
briefly one typical exampie for these efforts which is provided by the
shielding group at the Stuttgart University in Germany 171347. This
group produces coupled neutron- and gamma production multigroup cross
sections, at present in a standard version of 97 fast neutron groups,

1 therma; group and 18 gamma groups in Pc-approximation, Data in the
thermal and epithermal ranges, where the field of secondary gammas
depends particularly strongly upon the flux of thermal neutrons, are
condensed, depending upon the actual problenm treated, from a thermal

123 group cross section library with the inclusion of upward scattering.

in the USA the Radjation Shielding Information Center (RSIC) helps
to meet the need for both computer codes and data lidbraries to solve
radiation shielding problems. The activities of RSIC are more full
described in two papers being presented at this conference 1716,17



BSIC provides data libraries ir two ways, In one arrangesent,
special data libraries are provided as part of computer code packages,
These data libraries are apt to be in a special format that is not
widely used by other computer programmes., Examples are the neutron
energy point cross section library provided with CCC-17/#5R, the multi-
group cross section library provided with CCC-123/XSDEN, the gamma-Tay
production, the electron-photon cross section library with CCC-107/ETEAN,
the mult1group neutron library with PSE-12/GGC and the activation cross
section library with CCC-112/SAND 11,

The other scheme is the assembly of data libraries which are
packaged as separate units as part of the RSIC Data Library Collection
{D1C). A 1list of the current DLC seis is given in another paper [ 17].

RSIC is the clearinghouse for the Defense Nuclear Agency (IMA)
Working Cross Sectionm Library / 17_/. The nature of the DNA library
allows change at the evaluator's direction as often as indicated by
nev cross section measurements and other data testing results, For the
materials sponsored under this programme, emphasis is placed on deter-
mination of cross section minima over the neutron energy range, The
importance of neutron angular distributions at cross section minima is
also stressed, Gamma-—any production for various neutron reactions is
also recognized as important and attempts are made to determine them
separately rather than comdining all reaction cross sections into a
single total gamma-ray production cross section, Since the DEA library
is in ERDP format and is availablie for consideration by CSEWG to become
part of the ENDF/B library, the DNA programme offers a good opportunity
for improving the state of shielding crosa sectioms.

The CSEWG Shielding Subcommittee is considering possidble formats
for handling time-dependent photon production da’a as well as resonance-
dependent photon producticn data in anticipation of the need and impor-
tance of these types of datas. RSIC is actively involved in these activ-—
ities,



111, Bvaluation activities

In the Western hemisphere the main activities regarding nuclear
data evaluation for shieliing purpcses are going on in the U,.S.A, and
U.K., These are briefly outlined in the roliowing.

Iil,1 Unitea oiates

The major activities in neuiron evalustions for shielding
applicz‘ions in the United Stutes are concentrated in the four laborat-
ories given in the tadble beliow., The table also lists evaluations cur-
rently underway or planned, These evaluations are planned to be included
as a part of the ENDF/B data library and many of them are expected to
contain photon production d=ata,

8
Los Alamos Scientific Li, B, N, O, Al U23
Laboratory

P, Young‘

Oak Ridge National €, Ca, ¥e, Ta, Fb
laboratory

P, Perey

Lawrence Livermore Many nuclides, photon production
Laboratory cross sections

R, Howerion

Brookhaven National Si, Cr, Co
Laboratory

M, Bhat
A, Prince

Ni

~Gulf Radiation Technology, Mg, Co

M. Pricke

‘AtomicSInternational, w
B, Alter




NNCSC has dbeen collecting and adapting a library of computer codes
capable of caliculating y-production data from various neutron reactions
and producing the output in ENDF format. (H, Takahashi, Gamoa Ray Pro-
duction Cross Sections of Neutron lnduced U-238 Reactions, April 1972
report to the CSEWG Shielding Subcommittee), Already completed three
independent evaluations of gamma production in U-238 (BNL, LASL and LLL)
as well as the following evaluations in progress are expected to consti-
tute the building blocks ror the ENDF/B version-1IV library.

Al: W isotopes
BNL: Ni
GRT: Mg

LASL: Li isotopes, B isotopes
LLL: Ta, Be and others

Q4
, Cr, St

(The above list does not include continuing updates cf materials
already listed on the table in chapter I1,)

The usefulness of the ENDF/B library is expected to be further in-
creased by the adoption of two new format modifications presently being
considered, The first of these will allow for the time dependence of
photons produced following the fission of a material to be given with
the rest of the data for that material (as files 17 and 18). These
format modifications will make calculations of Tission product gamma ray
production possible,

The second format modification will allow for specification of
resonance dependent photon production data in order to treat more
accurately cases where differential self shielding effects may be
important.

The development of a computer code to process data in ENDF format
and produce fluence-to-kerma factors was undertaken in a cooperative
effort between RSIC and the University of Wisconsin Nuclear Engineering
Program, The motivation was the need for this type of data in Controlled
Thermonuciear Research neutronics studies, The result will bde the com-
puter code as well as a kerma factor librsary baused on ENDF/B data with a
L. 'ndling programme to put the library in multigroup form.

The Oak Ridge Nutional Laboratory has an extensive integrated

experiment, theory, and evaluation programme under the direction of
Dr. Francis Perey, The experimental work has been discussed briefly
earlier in this peper and the thecretical work will be discussed in
chapter IV of this report., A recent report from this evaluation group
describes a compiete evaluation inciuding gamma ray production for lead

VI.2_7. A1]1 the neutron induced reactions are evaluated simultaneously,
Extensive use of theory and measurements is made, Nuclear structure data
is evaluated and used for calculation of gamma-ray specira and inter-
pretation of experimentzl data.
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Tag 1os Alaros Scientific Laboratory group is also performing
complete cvaluations for shielding nuclides including photon production
dzta, The ationmal Neutron Cross Section Center (NNCSC) at Brookhaven
National Laboratory is undertaking the task of collecting and adapting
a library of ccuaputer codes capable of calculating y-production data
from various neutron reactions and producing the output in ENDF format.
This activity is in zddition to NNCSC activiiy in the neutron data
evaiuation field and its coordinating responsitility for ENDF/B. The
group at the lawrence lLivermore laboratory maintains an extensive file
of mezsured and evaluated data with particular emphasis on shielding
matérials and the production of evaluated photon production libraries,

111.2 United Kingdom

Shielding research and development in the United Kingdom has
kitherto been largely concerned with the development of fast design
nethods, and shielding specialisis have relied very much on their
private data compilations which are methods-orientated and have been
evolved as needs have arisen. Some compilations have been published
however including those of gamma ray source spectra from neutron
radiative capture and fission-product decay by E W, Sidebotham at

Risley, prepared as part of the data input for the programmes FISPEC
and FPISPIN,

As a result, chielding requirements have not figured prominently
in the evolution of the UK Nuclear Data Library, and the satisfaction
of data requirements for reactor core hehaviour has heen the predominant
interest of the UKNDL evaluators, Nevertheless the UKNDL does contain
vacton scattering and attenuation cross-section data covering the energy
rang> irom 10 keV to 20 MeV for 26 materials from hydrogen to plutoniumg
see for example Norton (1968) AEEW-M 824.

in increasing degree of attention is being paid to "windows" in
the neutron total cross-sections of low and medium weight materials,
but mainly as a means of testing the choice of resonance parameter
values and the completeness of the theory rather than in response to
shielding requirements. For example, at the 24 keV minimum in the total
cross—-section of iron we find it very difficult to obtain a value much
above 0,33 barns by calculation from resonance parameters, in conflict
with recent measurements which suggest a value of about 0,50 barns,
This discrepancy provides a caution against any early expectations for
1% accuracy (or even 10%) in measurements of cross-section minima by
differential methods,

To provide comprehensive evaluations of gamma~ray production data
for a wide range of materials and for a wide range of inclident neutron
energies would be a very large task: nor does the problem end there -
computer files of evaluated data are of no use without aasociated pro-
ceasing programmes, Before embarking on a task of this nature it is
very important for the shielding specialists to identify the sensitivity
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of shield performance to nuclear date uncertainties, but the measure-
ment of differemtial cross-sections to the accuracy indicated by these
studies is not an automatic requirement, In fast reactor physics this
line of argument led inevitably to high accuracy data requests which
could not have been met in the time-scale required, whereas tlhe combined
use of integral measurements and differential datz of lower accuracy has
sufficed, A similar approach may very well be necessary for shielding
assessrents,

Having identified the data requirements through sensitivity
studies, time scales and cost benefit should govern priorities and the
proper balance between integral and differential measurements,



Iv, Integral testing of eviluated neutron data for shielding

As an example for integral testing cf evaluated neutron data
for shielding a descripticn is given below of 2 programme for measuring
the time-of-flight specira of reutrons emerging from thick spheres which
has been carried out at the Lawrenca Livermore Laboratory at Livermore
in California., The spheres range in thickness from abtout 0.5 to about
5 mean free paths for 14 KeV neutrons. Tn these experiments a tritiated
target is placed at the approximate center of a sphere of the material
to be investigated, and 2 pulsed beam of deuterons is directed down a
hole into the sphere and onto the target, preoducing 1 MeV neutrons,
Neutron detectors are placed at angles of W0 and 120 with respect to
the incident deuteron beam direction, a2t distances of approximately
eijght and ten meters, respectively. A complete description of the
experiments and the resultant time spectra of detected neutrons is
given in reference Zf—2’

Yk ®

The pulsed sphere experiments were done in order to provide a
mechanism for testing evaluated neutron data in the energy region from
about 2 MeV to about 15 MeV, The spectra from thin spheres (0.5 to
1.5 mean free paths) provide a direct test of the accuracy of cross
section evaluations in the 14 to 15 MeV energy regime, and the spectra
from thicker spheres test the evaluated data over the full energy range
from 2 to 15 MeV, 1In order to use the pulsed-sphere neutron time-of-
-flight spectra for testing evaluated neutron data, it is necessary to
have a computer code that calculates an equivalent time spectrum, A
simple energy spectrum calculation with multiple scattering effects
included is not applicable for this purpose, since there is not a one
to oane correspondence between the arrival time of the neutron at the
detector and the energy of the neutron., Monte Carlo neutronics codes
can be modified relatively easily so as to produce calculated spectra
which can be compared directly with the experimental spectra, The
experimental spectra must be corrected fer detector response functions,
which are folded into the calculations, A very useful by-product of
such calculations is the possibility of intercomparing Monte Carlo
neutronics codes that use the same evaluated library for input. For
example, several pulsed sphere time spectra were calculated at Lawrence
Livermore lLaboratory (LLL) and also at Los Alamos Scientific Laboratory
(1LASL), using the LLL evaluated data library and two different Monte
Carlo neutronics codes, The LLL code uses 175 preselected neutron
energies for input cross sections and does an analogue calculation,
whereas the LASL code uses the cross section data in the pointwise form
as provided by the evaluator and does an expectation calculation, The
results of identical calculations done with the two ccdes agreed to
within Monte Carlo statistics,

The main conclusion to be drawn from extensive calculations of
pulsad sphere neutron time spectra is that a temperature model repre-
sentation for scattered neutrons from (n,n’'y) reactions is totally in-
adequate for all materials with nuclear mass greater than 25 amu,
Between five and ten percent of the emitted neutrons from nonelastic-
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neutron-producing reactions are of higher energy than would be obtained
from a temperature model, if reasonable nuclear temperatures are used,
This § ox* 10 percent of all inelastic neutrons amounts to between 20

and 100 percent of the neutrons frum just the (n,n'y) reaction, depending
on the relative magnitudes of the (n n'y), (n,2n) and (n,n) reactionms,
Whether one subscribes to the ®all direct-interaction™ or "part divect-
interaction, part pre-equilibrium™ interpretation cf this phencmenon,

the fact remains that there are more nigh energy neutrons than can be
accounted for by reasonable nuclear temperatures,

The pulsed sphere programme provides integral cata to be used in
testing evaluated neutron files for the adequacy of their representation
of neutron-induced reactions in the energy range from 2 to 15 MeV,
While it is obviously possible to force a "fit" to the experimental
spectra by adjusting the evaluated data, it seems to be a much more
useful approach to use the pulsed spheres only in a diagnostic role,
That is, changes in the evaluated library should be made only if they
can be justified by considerations that are apart from the fits to the
pulsed sphere data, By using the pulsed spheres as this kind of an
integral constraint, one can hope to gain an insight into the system-
atics of neutron emission spectra from high energy neutron-induced
reactions,



V, . Experimenial determination of photon production cross sections

Several facilities in four countries are presently being used to
supply measurements of photon production cross sections and spectra,
These facilities can be separated intc two classes according to the
method used to generate the source neutrons. This breakdown is given
in the table below.

Electron linear
accelerator

~ Oak Ridge National Laboratory
(LINAT) Gulf Radiation Technology

Van de Graaff accelerator Oak Ridge National Laboratory
Obninsk

Texas Nuclear Corporation
Commissariat a 1'Energie Atomique
Kernforachungszentrum Karlsruhe
Los Alamos Scientific Laboratory

To illustrate by a characteristic example the types of data
generated by these two classes of facilities, the Oak Ridge programme
which includes both LINAC 2{;7 and Van de Graaff [:ZJL7'measurements
is described in the followlng:

The Van de Graaff accelerator system generates a beam of mono-
energetic pulsed neutrens, This beam is incident on a right circular
cylinder of the sample material (in this case Fe), The gamma rays pro-
duced in the neutron-target interaction are detected with a Ge(Li)
detector placed at angles of 135, 55, 75, 90, and 125° relative to the
incident neutron beam. Yy-spectra were obtained for neutron energies
between 5.35 and 9.0 Mev.in half MeV intervals,

Fast-timing electronics is used to discriminate against most un-
wanted background events, Detector calibration, finite sample and
nmultiple scattering corrections must be made, Corrections for self-
absorption of gamma rays in a sample can become quite large for heavy
nuclides like tantalum, The abralute ca’ibration of the beam intensity
is to an =ccuracy of about 7%,

A sample gamma spectrum at 1?5c for 4.85 Mev neutrons incident
on natural iron is shown in figure 8 . The shaded band indicates the
underlying Compton distribution, In th:s figure an attempt has been
made to identify the sources of all gamma rays obeerved Absolute values
of o 6/dSR can be obtained from the spectrum by
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NY = numbder of gamma rays detected
Né = number of atoms in the target
Nb = neviron beam intensity

AR = solid angle of the detector

The estimated error of the cross sections is less than 10%
in most cases,

At the Oak Ridge Electron Linear Accelerator (ORELA) a Shield
Test Station has been estatlished for the measurement of gamma ray
spectra. A general schematic of the erxperimental layout is shown in

figure 9 .

Neutrons are produced by photonuclear processes due to brems-
strahlung from electron impact on a tantalum target, The neutrons
traverse a 47 meter flight path before striking the sample, Along the
flight path is a Uranium 2386 filter to reduce tke gamma flash from the
tantalum target, a boron-1Q filter to remove all neutrons below 1 keV
and a collimator, Approximately 40 meters of the flight path are under
vacuur in order to increase the flux at the sample and reduce structure
in the flux due to scattering resonances in air. At the target the beam
has a diameter of about 10 cm and the energy profile is nearly constant
across those 10 cm and known %o about 10%,

A Nal crystal spectrometer asgembly is used to detect the gamma
rays emitted from the target at 125 from the incident beam, A shield
of lead and lithiated paraffin surrounds the Nal detector to shield
ageinst unwanted neutrons and gamma rays. 4 lithium hydride slabd is
placed between the sample and the detector to eliminate scattered
neutrons,

The pulse height signals from the Nal detector are stored by
time-of-flight (that is the energy separation corresponding to the time
the neutron requires to traverse the 47 meter flight path), The re-
sponse of the Nal detector must be known in order to unfold the gamma-
ray energy spectra from tkhke pulse height data, This response function
was determined by using calibrated y-sources including radioactive

isotopes such as 13708, 22Na, 24Na and a 2440m-13c y-source, The

response function was then tested with a known 226y source having
at least 48 discrete gamma rays with well measured intensities,
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Data were accumulated in 12 hour runs witk alternating samples
and background measurements. The background was obtained by inserting
a lead bar between the sample and detector, A typical pulse height
spectrum is shown in figure 10, An unfolded gamna-ray spectrum from
iron is shown in figure 11, Note the numerous low intensity high

energy gamma rays detected in this experiment due to fast neuvtron
capture,
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VI, BEvaluation of gamma ray production cross secticns snd spectira

Since gamma ray production cross sections and spectra available
from measurements fiil only a small part of the requirements for nuclear
shielding calculations, it is necessary to use nuclear theory to fill in
tke information gaps. An evaluated data libtrary for shielding calcul-
ations must contain information for all neutron incident energies, all
possible reactions and for the emitted gamma ray spectra, At the present
time there is no requirement for separate tabulations of garma spectra
from different reactions, only for a total gamma production cross section
and specirum. To illustrate the difficulties of the situation, con-
sider the simple case where only the {n,y} reaction produces photons,
For thermal neutrons, one usually has measurements of the (n,y) cross
section, the photon spectrum, and the photon multiplicity., As the
incident energy is increased and the resonance region is traversed, it
is well known that the photon spectrum can and usually does change
dramatically. For most materials, however, there are no measurements
of the (n,y) photon spectra and multiplicities other than at thermal
neutron energies, FHence there is no experimental basis for including
this changing photon spectrum. Above the (n n'y) threshold, most
measurements are of specific photons and do not include the photon
spectra from the (n,y) reaction, Since the magnitude of the (n,y)
cross section is usually very small at these higher energies, photons
from capture are lost in the background when the (n,n'y) measurements
are reported. Hence (n,n'y) measurements do not help in determining
the {n,y) spectrum from high energy neutrons, Thus the problem remains
of providing (n,xy) cross sections and spectra for neutron energies bet-
ween about one ten-thousandth of an electron-volt and the threshold of
the (g,n'y) reaction (which is usually of the order of 10,000 electron-
volts),

Two methods for generating gamma production data will dbe dis-
cussed here, The first method has been developed by Howerton and
Plechaty / 26 _/ at the Lawrence Livermore Laboratory. This method
has been extensively employed for the construction of the gamma ray
production cross section portions of the Livermore Bvaluated Neutron
Data Library. Most of the gamma production data in the ENDF/B Library
(USA) have been taken from the Livermore Library. This method is semi-
empirical,

A second approach to the problem has been taken by the evaluation
group (Fu and Perey / 27 _/) at the Oak Ridge National Laboratory.
Extensive use is made of the statistical model of the compound nucleus
for the generation of detailed gamma spectra and gamma production cross
sections, Gamma production data sets for Fe, Ta, and Pb which were
generated by this method are now included in the ENDF/B Library.



.1 Approach by Howerton and Plechaty 57'?6 ;7

The simplest nucleus, hydrogen, can be disposed of bty noting
tkat al]l the energy from neuiron capture is emitted as a single photon,
witk energy

<\ 2 . 2 2 p

’ + N nY al - X Y

Y
2(0+L + 1.2 -‘\ﬁi‘v\ om L C cos 6.)
" D n n'n Y
where @ = 2,231 MeV for Hl(n,y)ﬂz

En = Incident neutron energy in tke laboratory system
HD = Mass of the deuteron
mn = Mass of the neutron

0. = Argle of the final state photon with respect to the
incident neutron in the laboratory system.

At an incident neutron energy of 14 MeV, for example, we have

~ 14556 ey T
B (0) - 377576-183 cos K MeV_s

so that for 6 = 0°, B = 9.9 MeV, and for @ = 180°, E = 8.1 MeV,
These calculated enef}ies become more meaningful if ode notes that the
14 MeV kinetic energy of the impinging neutron in the (n+p) laboratory
frame of reference is approximately 7 MeV in the (n+p) center—of-mass
frame of reference. The final state (D+y) has center-of-mass and
laboratory frames of reference that are essentially equivalent, Bence

(52 + Q) MeV is the available energy in both the center-of-mass and

laboratory final state frames of reference. If an application requires

a correlation of the photon energy with the incident neutron direction,

then the equation above giving the energy-angle correlation is required,
However, the simpler relation

E
B ¥ 5= + 2,23 [MeV ]

probably suffices for most apglication . This gives a gamma ray energy
that is halfway between the 0O and 180 values gquoted above,



The above discussicn of neutiren capture in hyd . ven is clzarly
a special, and in a sense a trivial czse, although .. same reasoning
can be applied to the deuteron., However, the deuteron has an almost
negligidble cross section for neuiron capture,

Turning to ancther }.uuxem involving iignil nuclei | one may con-
31deT neution vapiule By Ler’y The caly weasurements xrt fer thermai
neutron capture, with muitiplicltles given for each detected photon.
The Q-value for capture of a neutron by Be? is 6,82 MeV, and at the
(essentially zero) Yinetic energy associated with thermal reutrons,
about 407 of tke photon producticn cross section is made up of the
tramsiticn to ihe ground state, which yields a 4.82 Be?V photon, The
rerainder of the photons are the result of cascades through the four
levels of BelC lying tetueen ike ground state and 6,82 MeV, As the
incident neutron energy is increased, the energy of the primary ground
siate transition will be

B

3 B (5 9+1) + 6,82 [ ¥eV [/

Tor example, at 1 MeV the maximum prhoton energy will be 7.72 MeV.
Hovever, whether or not the direct transition remains at 408 of the
total photon production cross section is completely unknoun, and whether
additional transitions occur through levels lying between 6 82 and 10
7.72 MeV in Bel 10 55 not known, since the published ievel scheme for Be
may or may not be complete in that emergy regime, One is then faced
with the problem of how toc account for the extrs available energy. In
the abserce of kncowledge, the simplest assumptions are probably best,
and in this case a useful agsvuption is tc conserve the total energy
adjusting the multiplicities of all the photons, while keeping their
energies unchanged. If the multiplicities for the photons are assumed
to vary with energy in accordance with the relation

M (E /. A:l /+ Q)

M(En)‘ = "

where h is the multiplicity for therral neutronq then the available
energy w111 be conse-ved even though the cross seoflons for specific
photons (and in particular the energies of the photon lines) will, in
some cases, be incorrect,

For isotopes and elements with mass number greater than about 20,
the gamma Tay production cross sections associated with the (n,y) rezction
present an even more difficult problem in the sense that ident1flcat10n
of photons with individual level transitions is usually not possible,
For these materials, the photon Zines measured at thermal neutron energies
may be collected into energy "bins", and a more-or-less continuous ,
spectrum fashioned from the available data, It is then usually assumed
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(for lack of experimental informition) that this normalized spectral
shape remains constant, and the higher-energr (n,ry) cross section is
taken to be the product of the (n y) cross section.times the multi-
plicity corresponding to the incident reuiron erergy, vwhere this muiti-
plicity is the product of the measured thermal muitiplicity times the
increase in avallable unergy, n. shown bove for e,

For neutrourns with energies greater than the (n,n‘y) threshold,
there are in many cases measured photon production cross sections, in-
cluding in some instances cascade photons from the low-lying levels,
If these exrerimental data are available, they should certainly be used.
If, on the other hand, no experimental data are available, then the
formmalism described in reference [T_26 can be used with some con-
fidence from the threshold of the (nn'y) resction up to 20 MeV, This
forralism, developed by Howerton and Plechaty / 26 _;7 is based on the
sharing of available energy between neutron-producing and gamma-ray-
-producing final state channels, The validity of the formalism was
demonstrated recently by comparing calculated (n,xy) cross section
values for tantalum with tke detailed experimental.data of reference
ZT'ZB _J7. For convenience, a short resumé of the Howerton-Plechaty
formalism is presented here., The extension of this method to include
the fission process is straightforward,

The Howerton-Plechaty formalism for calculating (n,xy) CTOSS
sections is based in part upon the observation that the experimental
spectral data for photon production, when plotted ~s N(B )/E vs. B,
can be represented as straight lines on a semi-logarithm!c ﬁ!ot. Y
This leads to the relation

N(Ey) = A g exp (—R(En)EY)

where A is a normalizing constant and

a /[ ln(i:wrbj

R(En) = Y__

dE
Y

To obtain the normalizing constant A, we néed to know, in addition to
the spectral shape, the total energy available for photon emission, An
average total photon energy E;0T9 neglecting recoil, can be defined as



- 22 -

3

I (L -T.-l "P Gn,in(l;n)

iz
1%&55 Aéfbfo J(IE—)

wkere 6. . =94 3 or O as i = 1, 2, ?
n,in n,n'* "n2n n,in L
Sn = incident neutron emnergy,
Ti = binding energyr threshold for reacticn i, and
E. = average secondary neutrom energy from reaction i.

Hence if we know the average neutrcn energy for each reaction i,
then we 2130 Xnow the average gamma ray energy. B2y integrating the

expression for N(E ) from %mln to E&OT’ we have evaluated the nor-

malizing constant A, Since we know the gamma ray spectral shape and the
tota. energy in the gamma ray spectrum, we can calcuiate the mean photon
energy SY' Then the photon multiplici*y is given as

where the summation is over the available exit channels,

From this formalism, one can see that a2 dip will be observed in
the (n, xy) cross section at neutron energies just above the (n,2n)
threshold, The (n,2n) cross section rises rapidly above threshold
reaching » value that is about 2/3 of the total nonelastic cross
section at an energy of one to two MeV ahove the threshold. Thus the
energy available for photons, and hence the rhoton production aross
section, will decrease drama*lrally from the corresponding values
immediately below the (n,2n) threshold. This phenomenon is clearly
observed in the data of reference 1728 /i 'As mentioned above, the
formalism can easily be extended io include thefission process, ani
it can likewise be extended to charged particle reactions as wall as
(n,y) rsactions, The latter extension has been carried out and shows
excellent agreement 4ith experiment,
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V1.2, Approach by Fu and Perey / 27 _/

3 more detailed theoretical approsnch has been used in recent
evaluntions at the Oak Ridge Wationil Tahoratsry. The tquo bazic com-
ponents_of the theory are the Yontical model" for neuiron scattering
’« 26 ;7 and the "statisuvical modei” for decay of the compound nucleus
Z: 30 4[. The wodels and tachniques invelived in such calculations have
now been developed and testad by many phy=iciats over the pzst ten years,
so that their reliability now justifies additional affort rzquired for
an evaluation of shielding ma*erial cross nections,

The initial step in this multist2p proces: Tor cseneratings gamma ray
production aross sections invoives the determination of parameters for
the optical model description of the nucleus of interest, The optical
model for nuclear scattering simply assumes that the target nucleus in a
neutron-nucleus interaction can be replaced by a potential well, Then
the quantum mechanical scattering cquation is solved nums2riecally for
# range of incident ncutron enermies. The solution of the scattering
problem yields the following energy dependent quantities:

T

1) Total cross sections
2) Shape elastic scattering cross sections

3) Angular distribu*ions of shape-elastically
scattered rneutrons

4) Transmission coefficients

5) Neutron wave funciions.

Comparison between measured and calculsted cross sections and
anpgular distributions arc made and the model parameters adjusted until
acceptable agreement is achisved., If the nucleus being studied is highly
deformed like U2‘8, then it is posaible to excite directly higher levels
in the target nucleus, In a semi-classical sense one can picture the 23
nucleus as shaped like an egg. The neutron sirikes the "egg" off-center
and sets it rotating (e.g. the 45 kev 2% lavel). The result is direct
inelastic neutron scattering. ©Onch processes can be described by the
distorted wave-Born approximation vhich requires the neuiron wave functionzs
as determined from the optical model as well a3 nuclear deformation para-
meters, The output will be

1) Inelastic neutron level axcitation functions

2) Inelastic neutron angular distributions,

This direct reaction mechanism accounts for only a part of the
inelastic cross section, In order to describe the remainder of the
inelastic interaction as well as capture, fission, charged particle pro-
duztion, multiple neutron production, etc,, one must employ compound
nuclens theory [T.31 . Here one assumes that the incident neutron



is absorbed by the target nucleus forming an {A+1) nucleon system.
This highly excited {i+1) nucleus decays accordings to the statistical
probability of each enargetically possible channel.

Px
“re T Tow TR
L
where 6, = cross section for veaction (n,x)
b ]
GCN = cross section for compound nucleus formation
Px = probahility of emission of particle x
E is a sum over all competing reactions.

In the abtove equation all refarences to nuantum number conservation
laws have been suppressed for simplicity.

Optical model transmission coefficients determine the compound
nucleus formation cross section. In addition one must supply nuclear
structure data such as

1) Nuclear level schemes

2) Nuclear level densities

3) Reaction @ values

4) Optical model parameters for purticle emission calculations
5) Fission barrier parameters

6) Average resonance capture pavameters,

As output one obtains comvound nucleus contributions to the
elastic cross section and the inelas*ic excitation functions, These
must bde added to the corresponding optical model components, In addition
one will get capture, fission, alpha emission, proton emission and other
cross sections,

The cross sections calculated from optical model and compound
nucleus theory must be compared with available experimental results,
Thua one must iterate between steps one and two until satisfactory model
paraneters are developed., It is then possible to calculate the neutiron
cross sections for that nuclide on any desired energy grid,

A final step is necegsary to generate gamma ray production cross
sections, The gamma ray cascades from excited nuclei mist be calculated,
For example the (n,y) reaction requires the calculation of the gamma ray
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cascades generated during de-axcitation of the (A+1) nucieon system.
Usually a dipole model / 12 ;7 is used in the resion of compound

miclous excitation vhere the levels can be described hy 2 level density,
For lover excitatiorn energies one rust supplv level structures and
branching ratios, It is then nossible to calculate gamma ray distridbutions
and mnltiplicitier,

This method has the advantage of requiring that all cross sections
anrd spectra are self-consistent, This is necessary because no single
reaction can bhe adequately evaluated »ithcul considering other competing
reactions simultaneously., Secondly, the method will allow the gamma pro-
dustion cross sections for separate reactions to be calculated and not
Just a total gamma production cross section. However large amounts of
nuclear structure data, cross section measurements, manpower and machine
time are required to produce the evaluated data required.

In figure ZT-I? _;7 are some typical resnults obtained by Fu and
Perey for gamma production of discrete gamna rays from neutrons inter-
acting with Pb200, Figure [T 13 ;7 illusteatea n typical gamma ray
spectrum trom inelastic scattering of 6.5 Mev neutrons on natural lead.
Finally, figure éfdﬂ 3;7 compares gamma production cross sections accom-
panying neutron emission with available experimental data,
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NTT The fission aeutron spectTum

The knowledge of prompt fission neuiron specira is important
a3 a2 neutron source in reacitor shieldins caleculations, Shielding and
core physics raguirements for accuracy are the sume for lbe lower energy
part of the svectrmm (< & MoV}, YWeutron- of enarsies eraater than S5 MeV
form only a =mall part of the tot:l number of neutrons produced in ‘.=3ion
and so are rather unimportant for core nhysics ealculations, Wowever, for
shielding -pplications this higher energyv resion is much more important
as these are the neutrons most likeiy to leak out of a2 reactor core and
blanket,

The simplest expression used to descrire the fission neutron
spectrum is the Maxwellian

nE) ~ VE e ~(BT)

where the average neutron encrgy E is 1.5 times the temperature T,
Most experimental determinations of the fission spectrum are analyzed
in terns of this distribution, The mean of 9 measuremen*s for the
average energy of the Tission spectrum of U235 is 1.979 + .086 MeV

and for Pu??? the average is 2.084 + ,050 MeV / 1 7.

However, it is clear from all available spectrum measurements
that the Maywellian distribution is inadequate to describe the fission
neutron spectrum over the entire energy range, If a Maxwellian is fitted
to the low energy part of the neutron spectrum, then for 123 the data
begin to deviate systematically from a Maxwellian shape at about 4 MeV,
In most cases the Watt spectrum gives a better fit to the data:

-bE

N(E) ~ ¢ sinh/c8

The difference between the two representations is about 5% at 6 MeV
and 25% at 10 MeV, There are also indications from experimental data
that there are more low energy neutrons than predicted by either expression,
This point was disenussed at the recent TAEA Consultants Meeting on Fission
Neutron Spectra / 33_/ with the result that it can not be excluded that
this is due to scattering and consequent slowing down of fission neutrons,

An important aspect of the description of the prompt fission
neutron energy snectrum often neglected is its dependence on incident

neutron energy., Terrell /[~ 34 7 gerived the following relation for the
mean spectrum energy:
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where  v(E)

average number of neuirons prer fission
0.75 NMeV
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Thus an incident energy dependence of the fission neutron spectrum
is implied throush the energy dependence of v, Hewerton and Doyas [i 35_7'
point out that the Terrell exvres<ion applies only to the (n,f) process,

Above the threshold for o vo 03 O, the following should be used
n,n'f n,2nf
- v.® BY - 7)) -
V(B - vpl®) 9,(B) -0 1 o(%) 2°ngnf(3)_

= (E)

where v is the effective v to be used in the Terrell expression. By a
least squarzs update of the coustants A and B from recent v data Howerton
and Doyas [ 35 __‘7 got

A =0,
= 0,

S30 MeV and
5 MeV,

o
-~
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However, not all the available data are consistent with this expression,
Major work in this area seems still to be needed,

The present uncertainties in the knowledge of the fission neutron
spectrum result partly from discrepancies between microscopic and
macroscopic measurements. By microscopic measurements, the energy dif-
ferential measurements of fission neutron spectra are meant; macroscopic
measurements include all measurements of the type

J(o('s) VE N(E) dE

where 0{E) is some energy dependent cross section

and N(B) is the fission neutron spectrum,

Results of some macroscopic measurements, most typically by
activation analysis, imply a mean fission energy of ~2.2 MeV, well out-
side the confiience 1imit of the microscopic measurements, V¥ork reported
by Grundl / 36 _/ used a cavity containing the fissionable material and
a detector surrounded by D,0. The analysis of the activation data for
seyeral detector materials”in fission neutron spectra of v} 1235 and
Pu??? indicated a 20% "depletion" of neutrons below 1.4 MeV and -a 0%



"hulge" in the region -5 ¥eV as compared to_a Faxwellian with an

average energy of 1,9 to 2.0 MeV, KaElroy L. 37 ;7 analyzed an extensive
set of activation measurements in a 122 fission neutron specirum and con-
cluded that the average fission energy wis.-2.2 NeV,

The analysis of activation measurements is complicated by several
factors incluiing the 20-25% discrepancies beilween reported darectly
measured fission spectrum average activation cross sections, the 15-20%
uncertainty in the energy dependent activation cross \ectlona and the
corrections for absorption and scatiering which are needed as the flux
seen by the foils differs from 2 virgin fission flux, and finally the
inherent instability and lack of uniqueness in "unfolding™ techniques,

Analyses of a series eof fast critical experiments by Campbell and
Rowlands [_ 38 7 suggest that the mean energy of the fission neutron
spectrum may bde 5—10” higher than 2,0 MeV, Similar uncertainties were
reported by Okrent et al, L G 47 for ZERRA-2 and /ZFR-? critical assemb-
lies. On the other hand the results of comparing measured and calculated
leakage spectra from fast critical assemblies like fodiva (U235) and
Jezebdbel (Pu?39) indicate a good consistency with the microscopic measure-
ments of the fission neutron spectrum,

Finally there are measuremenis of the neuiron age in moderator
materials which are extremely sensitive to the mean energy of the fission
spectrum, Excellent agreement is obtained between the best value of the
neutron age in H,0 and Monte C-rlo calculations using a fission spectrum
mean energy of ~°1.98 NeV / 40 7.

In sumnary, it seems difficult to beljeve that the fission neutron
spectrum is the cause of the current discrepancies between nmicroscopic
and macroscopic determinations of that quantity at this time., Considerable
refinement in the activation techniques would bhe necessary before wore
definite conclusions can he reached,
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