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ABSTRACT

In the field of neutron nuclear data a worldwide organizational and technieal
effort has developed in the last ten years in the measurement, compilation,

and evaluation of all information pertinent to the development and caleulation
of nuclear reactors. Supraregional committees like the Furcpean fmerican Nuclear
Data Committee (EANDC) and its various Subcommittees and the International
Nuclear Data Committee {INDC) have made substantial contributions to the inter-
national organization end coordination of this effort, which resulted in an
almost exponential increase of experimental information's The critical jud.gement
and comparison of this vast amount of information and its conversion to unique
"best"” sets of data is the basic technical problem in neutron nuclear dats
evaluation, Particular difficulties in the evaluation process are connected

with gaps in the experimental infommstion, which have to be closed by reasoneble

interpoletion, by use of some nuclear systematics or by parameterisation of
nuclear theories and models, and the often large systematic errors and discre=-

pancies between different experiments, which, for their resolution often involve

wncomputerisable human experience, judgement and sclection of informetion. It
is only recently that the development of semi-automatic methods of evaluation
has been started.
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In this report I shall try to give a brief outline of organizational and
technical aspects involved in the evaluation of neutron nuclear data. lLet
me begin with some general explanations of vhat is meant by evaluation of

neutron nuclear data,

The field of evaluation of neutron nuclear data has its origin in the de-
velopment of nuclear reactors. The neutron physical behaviour of nueclear
reactors is described by the Boltzmenn neutron transport equations In this
equation neutron cross sections for various scattering and absorption pro-
cesses and energy and angular distributions of scattered neutrons as
funetions of the neutron energy occcur vwhich have to be knowm and for vwhich
values have to be inserted before a solution of this equation in each

particular case can be given,

The question at which neutron energies these data have to be known is most
easily answered by considering the neutron energy distributions occuring
in nuelear reactors. The source of reactor neubtrons is the fission process

and the hard st p055101e snectrum,encountered 1n & reactor or in a reactor

experlment 1s close to the f1551on neutron spectrum, i.es the energy dise
tribution of the neutrons liberated in the fission process. This distri-
bution has a convex shape, its maximum lies at a neutron energy of about
0.7 MeV and its average at a neutron energy of about 2 eV, less than one
percent of the neutrons have energies asbove 10 MeV¥, The opposite extreme
is encountered in sowcalled thermal reactors, in which the neutrors start=
ing from fission energies have been completely slowed down 10 those very
lov energies at which they reach thermal equilibrium with the surrounding
nuclel obeying thus nearly a Maxwellian distribution in the meV and eV
ranges All other reactors populated by intermediate energy or fast neutrons,
somcglled intermediate or fast reactors, have neutron energy spectra some=
wvhere inbetween the fission and the thermal spectrum. Thus, the total do-
main of energies covered by reactor neutrons ranges from about 1/10 of a

meV t0 about 15 MeV,
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In nuclear physies terms this means that one has to do with the various
decay properties of excited quasi-stationary compound nucleus states range
ing in position from neutron binding energy (5 Ty 510 MeV) to

By + 15 MeV, Almost coinecident with Ey is the thermal energy range in which,
beside energy dependent ébsorption, fission and elastic scattering cross
sections, one has to consider chemicel binding effects and in particular
inelastic energy exchanges between neutrons and the phonon spectrum of

the crystal lattice structures of the surrounding medium. Just above the
thermal region compound nucleus states are encountered vhich ave still so
long living, ises whose half vwidths are still so small compared to their
distance that they can be clearly discerned experimentally. These states
are called neutron resonances. In light and medium weight nuclei they exe=
tend to a few 100 keV, in heavy nuclel to a few 100 eV or a few keV, These
resonances decay essentially by veray or elastic neutron reemission, in
fissionable nuclei in addition by fission. With further increasing neutron
energy the widths and the number of the decay channels and the energy den=

shis leads to an increased

.
sity of the ¢

broadening and mutual overlapping of the resonances. In the 1€V range of
neutron energies the resonances become experimentally indiscernible; only

a more or less smoothly energy dependent cross section structure can be
cbserved. The new decay channels that open belong mostly to inelastic neuw
tron scattering to various rest nucleus states, to various endothermic
neutron absorption processes like (n,p) or (n,a) and, at higher ¥eV energies,

to three and more particle bresi=up processes like (n,2n), (n,np) and cthers.

These few remarks let understand that for a solution of the various reactor
physical problems not only energy dependent neutron cross sections, but

also individual and average properties of neutron resonances like gquantum
numbers, half widths for the various decay modss and distribution functions
are needed, furthermore nuclear level schemes with regard to neutron
inelastic scattering, then various types of data connected with the fission
process like numbers of prompt and delayed neutroms liberated in fission

and their energy distributions as a function of the neutron incident energy,

fission product yilelds and so on.
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It still remains to define vhat is meant by the term evaluation, In the
field of neutron nuclear data it has become usual to make a difference
between compilation and evaluétion, two notions which in other domains

of physics have about the same meaning and are interchangeably used, Comm
pilation means the gathering of experimental references and nuclear data
contained in these references for a certain neutron reaction with a given
nueclide in a given energy range. Evaluation denotes the critical judgement,
comparison and occasionally selection of this compiled information and its
elaboration by some averaping procedure into a complete easily interpolable
unequivocal set of so=called best or recommended data for further use in
reactor physics calculations., The requirement of completeness involves the
necessity of using appropriately parsmeterised nuclear theories or models
and nuclear systematics considerations in the case of gaps and inconsisten=
cies of the available experimental information. It also involves, as the
neutron, in a given energy range, do not leave out any of the physically
possible processes, that all neutron reactionsoccurring in that range have
to be considered. The idea of making a difference between compilation and
cess of gathering the regquired nuclear data information is organized
today. Some historical remarks will help us to understand this organisation,

its origin and its problems, more clearly.

In the beginning of the reactor develomment in the fiftieths the interest .
was centered on thermal reactors and rather crude calculational methods;
at that time essentially only the rather small nuclear dsta information in
the range of thermal and lov resonance energies was needed. Since the be-
ginning of the sixtieths the interest became more and more focussed on

the development of fast and intermediate reactors and thus on the much
larger energy range between eV and MeV energies, Simultaneously the modern
computer development allowed and forced steadily increasing vefinements of
the reactor theory methods; these went parallel with and were also provoked
by the increasing refinements of the measurement techniques used in expew
rimental reactor physics. These refinements in reactor theory and experiw=
ment opened the possibility of much more detailed and reliable predictions
of reactor physical properties under the almost only condition that the

neutron nuclear data involved be known to sufficient completeness, detail




and relighbility over the whole energy range of reactor neutrons. Since
then it became indispensable that an evalustion of neutron nuclear data
for a given element or isotope had 1o cover the whole neutron energy
range of more than 10 decades from almost O to 15 eV and all possible

neutron reactions occurring in that range.

It is particularly to be emphasized that the accuracy, to which the
knowledge of neutron data is requested by the reactor physicists, is quite
unusually high and makes very high demands on accurate experimental techw
niques and careful evaluation. As a typical illustration let us quote a

17 inaccuracy in the number of fission neutrons and a few % inaccuracy in
the fission cross section of a typical fissionable material like Pu239
over the most important neutron energies.From the experimental point of
view these inaccuracies must already be considered as very smalle On the
reactor physics side, however, they may involve an inacecuracy of, say 3%

in the neutron multiplication factor of a typical fast power reactor. This

.o s 2 .
in turn ‘means an uncernainny in tn 11 ical Pu 39 mass of this reactor
s we e 2'2 s e
of about 150 Lg or, for a 10 5 per g ice of Pu~>’ » an uncertalnty in

the capital investment of 1,5 ifio $. This is still 2 small quantity come
pared to the total capital cost of a fast nower reactor and thus not the
worst consequence. Yhat may, hovever, happen, in the case of an under=
estimate of the ecritical mass, and vhat is much worse is that the reactor

239

cannot be put into operation at all, because not enough Pu is available

and because the technical design is fixed to the lower critical mass.

Alréaay in the years around 1960 the requirement of a cowprehensive nuclear
data basis for reactor calculations became important particularly with

the onset of the development of fast reactors, and first more comprehensive
evaluation work began particularly at Iivermore in the US, at Aldermaston
in the UK and at Karlsruvhe in Cermany. In these first studies the
necessary literature references and the data informetion contained in these
references had to be collected in a very cumbersome procedure so to say

by hand. At once huge geps in the experimental information became appa=
rent: for important nuclei the parsmeters of only few resonances were
known, the knowledge of inelastic level excitation cross sections was

still very sparse and that of elastic scsttering angular distributions

still unsufficient, to give only a few typical examples. Simultaneously
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there was still almost no coordination betwveen reactor physicists,
evaluation physicists and experimental and theoretical nuclear physicists:
in particular the nuclear physicists did not know enough about the gdats

needs of the reactor physicists.

In order to remedy this bad situation in 1959 the Tripartite Nuclear

Cross Section Committee (TWCC) was founded in which the USA, UK and

Canada participated. One year later in 1960 this committee was enlarged

to the European American Muclear Data Committee (EANDC) in which now all
CECD countries participate., A similar increasingly important role is played
by the International Muclear Data Committee (INDC) which arose in 1967

from the International Nuclear Dats Scientific Working CGroup (INDSUG),

This committee works on a vorldvide basis which comprizes not only the

OECB, but also the Non=-OECD countries. I would like to concentrate myself

on the role the EANDC has played and still plays in the supraregional

organization and coordination of nuclear data experimental, compilation
and evaluation work, I should merely mention that the EANDC has regional

subcommittees e.g. in North America, UK and Duratom countries vwhich in

i,
" théir respective domains fulfill similar tasks as the EANDC and which re=

port to the EANUDC. The EANDC meets about all nine months, the Furatom

Subcommittee for example every year.

One of the first and still continuing most important actions of the

EAWDC consisted in assembling after critical judgement the nuclear data
requests from the reactor physicists in comprehensive lists and in making
widely available these request lists among experimental nuclear physicists.
These continuously updated request lists contain the neutron nuclear data
to be measured for given elements and energy ranges, they specify in
addition the desired experimental resolution, accuracy and priority accord=
ing to the needs on the reactor physiecs side. In order to help to fulfill
these requests the FAUDC discusses and stimulates measurement techniques
and the establishment of nev experimental groups and apparatus; it states
and helps in satisfying isotope and sample needs for measurementsj it
simultaneously tries to coordinate and distribute the experimental work
along various research lines and according to the experimental capabilities

and experiences of the various laboratories.
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As a first result of these efforts of the RANDC during the last years new
experimental facilities, particularly electron linesr sccelerators and
Van de Graaff machines, were built in many laboratcries, and the experi-
mental conditions, in partieular the energy resolution, were very much
improved. The consequence of this large progress on the experimental side
was a very rapid, almost exponential increase in the amount of data proe=
duceds

Ilet me give some typical examples in order 1o characterize this situation,
With a strong neutron source like a modern electron linear accelerator and
high resolution experimental techniques like the neutron time—of=flight
method one resolves of the order of a few 100 resonances in individual
nucleis A single such measurement commonly ylelds several 1000 data points;

Au197 or Pu239 a whole series of

for the more important nuclel like e.g.
such measurements 1s available. Typical inelastic scattering experiments

cover the cross sections for excitation of, say, 10 different nuclear

R Py

ron energy ronge, typleal elastic scattering
engular distribution measurements cover of the order of 10 different
angles at 20 or 30 neutron energies. This data explosien created a series
of new problems as the on=line conversion of the experimental raw data
like counts per channel into cross section data, the compuberised para=
metric analysis of neutron resonance measurements by the experimenters
themselves and in particulasr the gquestion arose of hov to meake this

vast amount of data available to the reactor physicists.

Firstly this latter question was a problem of how to get the data together
and how t0 make them available in an appropriate form to evaluation phy=
sicists, is.e. a problem of data compilation. To make a long story short

I would like to quote only the conclusion: the problem of compiling refe=
rences and data on neutron nuclear interactions can be regarded as solved
in principle on a worldwide basis by the creation and cooperation of four
neutron nuclear data centres, i.e. the TNational Weutron Cross Section Centre
(NWCSC) at the Brookhaven National Laboratory, which evolved from the old
Brookhaven Sigma Center, the EWEA Neutron Data Compilation Center (CCDN)

at the IAEA in Vienna and the ITuclear Cross Section Information Centre at

Obninsk in Russia. Fach of these centres is responsible for the collection
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of data information ineluding a reference index (CIﬂDA = Card index of
nuclear data) from laboratories in a certain region = the Brookhaven
NMCSC for US and Canada, the Saclsy CCDI for the rest of the OECD coun=-
tries, the TAEA VDU for the Fon=OECD countries, the Obninsk Center for
Russia = and to make available this information upon request in a form
appropriate for further evaluation, e.g. on punched cards or magnetic tapes.
Meanvhile about 106 deta points - - have been accumulated
particularly by the Brookhaven and Saclay Centres and 50000 references
through a worldwide extended system of literature readers.

Secondly this was and is still the major problem of how to convert this
huge and often diversified information into unique best data sets which
then form the data input of reactor caleculations, this means it was a pro=
blenm of data evaluation and of the establishment of computer libraries

of evaluatéd data. In order to reach this target the evaluation effort
itself was much intensified in the already existing groups, and a series
of new groups was created, partly working in close bilateral cooperation
or contract with the already existing groups. Such cooperstions developed
between a French group at Cadarache and the British group at Aldermaston,
“BetwEen g groud &t the Teéhniéﬁ'inStituté at Haifa in Israel and the Gerﬁénrr
group at Karlsruhe, to give only two typical out of many examples. Computer
formats for evaluated nuclear data libraries were developed pérticularly
at Aldermaston in the UK, at Brookhaven in the US and at Karlsruhe in
Germany. The organigation of the evaluation effort in the US serves pare
ticular mention and is typical for the organization of this work also in
other countries. In 1966 a Cross Section Evaluation Working Group (CSEWG)
was founded at Brookhaven with members coming from about 15 different
laboratories and industrial firms representing each small evaluation
groups. Each of these groups got the task to evaluate or to take over from
other data libraries complete neutron nuclear data sets and to store or
convert them to the ENDF/B (Evaluated Nuclear Data Format B) format dee
veloped before at Brookhaven. Furthermore subcommittees were created for
further physical microscopic testing of data evaluations, for evaluation
of reactor shielding nuclear data, and for the testing of the reliability
of evalugsted data sets by comparison of reactor calculations based upon
these data with the results of integral reactor physics experiments. The
iterative feedback from those tests and comparisons are reevaluations and

steady improvements of the already existing libraries.




Due to the extensive discussions and recommendations of especially created
study groups like the EAYDC Compilations Study Groups in Amerieca and
Turope and the FANDC/FACRP" Joint Subcommittee on Huclear Data Evaluation
also some supraregional cooperation and coordination evolved. I may pare
ticularly mention the sysiematic collection of evaluated nuclear data
files in the Saclay and Brookhaven Compilation Centres, the exchange and
distribution of these files upon request, furthermore the establishment
and regular updating of a computer list of existing evaluation work with

a very wide distribution.

Thig picture of organizational successes in the nuclear data field would
not be complete without the explicite mention of several large conferences
held upon the recommendetion and/or with the spomsorship especially of
the FANDC, I may mention particularly the Conference on Meutron Time=ofe=
Flight ilethods at Saclay in 1961, the International Conference on the
Study of luclear Structure vith Neutronsat Antwerp in 1985 both sponsored

ay tne BAFDC and the Conference on Huclear Daba for Reactor

e

aris
aris

O
e
]
)

n
966 organlzed by the IAJA Also the two Conférences on leutron Cross
Sections and Technology in Washington in 1966 and 1968 found a wide
attention and participation. These conferences, which more or less covered

as well the fundamental as the spplied aspects of neutron physies measure=

ments and evaluation including the reactor physics points of view, were

of great value in bringing ruclear, evalustion and reactor physicists to=

gether and helping them to understand each other's problems.

The largest and partly almost insolveble difficulties, however, reside in
the evaluation process itself, This is by far not only a matter of the

large amount of data to be handled, hut still more & consequence of the

large difficulties involved in neutron nuclear data measurements which

in turn show up - in often large systematic errors and discrepancies.

Take as a typical example two different relative measurements of the same
resonance fission cross section performed with different energy resolutions:
these measurements may be differently normelized; they mey show differences
in the energy scales,in the number of resonances resolved, in the statisti=-
cal scatter of the data and in the background of radioactive decay a=par=-

ticles and of backseattered neutronsithey mey differ in the corrections for

o

TEACRP = Euwropean American Commitiee on Reactor Physies.
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multiple scattering and neutron beam attenuation in the sample; they
may finally differ in the theoretical interpretation in terms of resow
nance parameters. Whereas in the ideal case meagurements perforred under
the same experimental conditions and being subject only to statistical
errors can simply be averaged by least squares or other adjustment pro=
cedures, this is generally not possible with systematically discrepant

measurements, when the sources of these discrepancies cannot be removed,

In the simplest case such discrepancies in relative measurements are due
to a normalization to wrong standard values and may be resolved by cor=
rection of the standard values and renormalization of the measured data.
However, in spite of a very large effort-I would like to mention here
particularly the excellent work performed at the Central Bureau for
Nuclear Measurements at Ceel in Belgium = the cross section values for

235(n,f} or the average number

252

those reactions as Li6(n,u), B1O(n,a) or U
of neutrons liberated in spontaneous fission of Cf commonly used as
standards in neutron nuclear data measurements are still not known to
sufficient accuracy. Scmetimes those syst mdtlc aiscre;anc1es can be
univoquely resolved in favour of one partlcular measurement, if still
other independent, easier measurable and therefore better ascertained inm
formation can be used for a decision. The use of experimental nuclear
neighbour systematics is restricted in its reliability, because due to
shell and evenwodd nucleomn effects the properties of neighbouring nuclei
are not a smooth Tunction of atomic weight and may show variances of the

order of the discrepancies considered.

As a consequence evaluation is often not simply a mathematical averaging,
but a more or less Justified selection among given informations. The human
judgement, physical imagination and long experience, which have to be
brought into this selection in each individual case, can often not be ex=~
pressed in logical terms and decisions and can therefore not be explained
in g systematic way to a computer.Here much has still to be learned and
this is also the main reason, why computerised automatic evaluation is

still in the beginning.

Recently a group at Atomics International, in cooperation with IBM people,
has begun to develop semi-automatic evaluation procedures in a progrem
called SCYRE {1; This program uses graphical display wnits develvped by

IR and allows continuous mane-machine interaction during evaluation.
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The experimental dzta information stored in the computer can be made visible
in tabular or graphical form on a screen and can be changed, deletsd, core
rected and averaged in least squares or spline fits by light pen or type=-
vriter manipulation in desirsd, programmed ways. This procedure, although
still expensive in its present form,promises to replace successfully the
eyeguide curves dravm previously through experimental data sets and in
addition should speed up in appropriate cases the evaluation process con=
siderably. Also at other places evaluation schemes are under developument
which try to compriterise the main procedures normally used in different

ranges of neutron energy and atomic weight |2].

Beside discrepancies still important gaps are encowntered in the experimen=-
tal information in spite of the large expsrimental progresss fortunately
this generally represents not such a large problem. In the case of a smooth
energy dependence of a cross sectilon these gaps can easily and rather re=
liably be closed by mathematical or graphical inter= or extrapolation,

.
heir present development stage can b

c¥
24

=

[0

sensefully parameterised in order to describe successfully the given ex-
perimental information adjacent to the gap and can thus be used rather
reliably for interpolation. A good example is the optical model which
novadays has been refined to a tool vhich with appropriste parameterisation
allows the reliable prediction of total, total reaction cross sections and
of elastic scattering angular distributions within experimental accuracys
The resolved and statistical resonance theories are capable of reproducing
almost any measured cross section shape with inclusion of complex inter=
ference phenomena in the case cf reactions with only one or a few exit
channels like scattering and fission. Refined nuclear Fermi gas and eva=
poration models are available for prediction respectively interpolation

of the spin and energy dependences of level densities and of energy distri=
buticng of inelastically scattered neutrons, Corresponding computer proe

grams are increasingly developed and used in the evaluation field.

I would like to finish my talk with a few words on the actual status of
evaluations and evaluated data libraries, Evaluated microscopic neutron
nuclear data sets are now availeble for the most important elements or

isotopes, they are mainly due to work done in the UK, US, Ttaly, France
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and Germany. Not all of them are complete with regard to the reactions

and energies covered, only part of them are really updated, because the
neutron data compilation centres have only recently come into full operation
and, because large amounts of new experimental information are still con=-
tinuously flowing in. Thus, one is still far away from a complete up=to=date

coverage of the periodic system.

Seme of this evaluation work has been extensively documented in tables, graphs
and physical descriptions. A comprehensive review of references for presently
avallable neutron nuclear data evaluations may be found in the Newsletter

No« 5 of the Saclay compilation centre r3] + Particularly illustrative examples
are given by the comprehensive documentations of the Aldermaston/Winfrith

(see evgs [4]) and of the Karlsruhe [5| evaluations and data libraries. The
well known BNIL=325 and BNL=L0O prepared by the Brookhaven cross section
center f6l since many years are excellent examples particularly for a docu=
mentation of compiled experimental data. These works and documents

have provided the field of neutron nuclear data compilation and evaluation

a wider acknowledgement in the nuclear scientific community and have made it

o

fiew branch within applied nuclear science.
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