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Zusammenfassung

In diesem Bericht wird ein Uberblick iiber die in Karlsruhe verwendeten
theoretischen und experimentellen Methoden zur Analyse kritischer

Anordnungen gegeben. Insbesondere wird die Moglichkeit, mikroskopische
Wirkungsquerschnitte durch integrale Experimente zu iUberpriifen, in ‘

Betracht gezogen,

Der Stand der Unsicherheiten mikroskopischer Daten wird in Abschnitt 1
kurz dargestellt. Die Prinzipien und Probleme der Ausweftung dieser
Daten werden diskutiert. Im Abschnitt 2 werden die wichtigsten inte=-
gralen Kerndaten fiir den Entwurf eines schnellen Reaktors beschrieben
und die MSglichkeit, diese Vorhersagen in Null=leistungsanlagen zu
iberpriifen, dargelegt, Die angewendeten theoretischen Methoden zur
Berechnung schneller Leistungsreaktoren und die Analyse schneller Null-
Leistungsanordnungen werden im Abschnitt 3 beschrieben, Die experimentellen
Methoden und die Genauigkeit der gemessenen integralen Daten werden in
Abschnitt b diskutiert. Im Abschnitt S wird untersucht, ob diese Experi-
mente zur Uberpriifung von Kerndaten benutzt werden kdnnen, Im abschlies-
senden Abschnitt wird gezeigt, wie die Information kritischer Experimente
zur Unterstiitzung der Ausvwertung mikroskopischer Wirkungsquerschnitte

und Verbesserung der physikalischen Reaktorentwiirfe benutzt werden kann,



Abstract

In this paper a review is given about the theoretical and experimental
methods used at Karlsruhe to analyse critical assemblies, Special
consideration is given to the possibility of checking microscopic data

by integral experiments.

The situation of microscopic data uncertainties is briefly illustrated
in chapter 1. Principles and problems in evaluating these data for the
use in reasctor calculations are discﬁssed. In chapter 2 the main
integral nuclear data to be predicted in the design of a fast reactor
are stated and the principle possibility to check these predictions in
zero power facilities is outlined. In chapter 3 the theoretical methods
used to calculate fast power reactors and to analyse fast zero power
assemblies are described. The experimental methods and the accuracy

of the measured integral data are discussed in chapter 4, In chapter 5
it is analysed whether these experiments can be used to check nuclear
datas The concluding chapter shows how the information from critical
can be used to support the evaluation of microscopic data and to improve

the physics design of fast power reactors,
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INTRODUCTION

In the days of fast breeders of the first generation (EBRII, FERMI-REACTOR,
DOUNRAY FAST REACTOR) critical assemblies were mostly designed as mockups.
In the past few years they have teken on a different role, The large size
of breeder reactors currently under design, and the lack of inventory of
materials to simulate the power reactor in a critical assembly have led to
the spproach that critical assemblies are built mainly with the purpose to
check nuclear date and calculstional methods. Extrapolation to the power
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reactor is then done by analysis.

D, Okrent presented in the 1965 Conference oh Safety, Fuels and Core
Design in Large Fast Power Reactors at Argohne 1-1_7 the results of an
international inter-comparison on theoretical predictions of integral
neutronic properties of some specified fast systems. It became evident
that fast reactors could not be calculated reliably. In 1966 anocther
inter=comparison on ZPRIII=L8 [-2_7 showed that the analysis of fast
critical assemblies was far from being in a satisfactory state. It was
assumed that the diserepancies were both due to the uncertainties in the
microscopic data, and to inadequate theoretical methods. In the last years
it was possible to improve the theoretical methods considerably and at the
1969 BNES Conference on the Physies of Fast Reactors 1-3_7 in London it was
generally agreed that the remsining differences between theoretical and

experimentel results are mainly caused by incorrect nuclear data.

In this paper a review is given about the theoretical and experimental
methods used at Karlsruhe to analyse eritical assemblies, Special con-
sideration is given to the possibility of checking microscopic data by

integral experiments.

The situation of microscopic data uncertainties is briefly illustrated
in chapter 1. Principles and problems in evaluating these data for the
use in reactor calculations are discussed. In chapter 2 the main integral
nuclear data to be predicted in the design of a fast reactor are stated and
the principle possibility to check these predictions in zero power facilities
is outlined. In éhapfer 3 the theoretical methods used to calculate fast
power reactors and to analyse fast zero power assemblies are described., The
experimental methods and the accuracy of the measured integral data are dise
cussed in chapter 4. In chapter 5 it is analysed whether these experiments
can be used to check nuclear data. The coneluding chapter shows how the
information from critical experiments can be used to support the evaluation

of microscopic data and to improve the physies design of fast power reactors.,
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1, PRINCIPLES AND PROBLEMS IN MICROSCOPIC DATA EVALUATION

The steady improvement and refinement of reactor theory programs in the
last years has led to a status where the reliability of theoreticsl predictions
of the physical properties of fast reactors depends to fhe largest extent
upon the detailed and reliasble knowledge of the microscopic nuclear data
involved. The domingting influence of the heavy nuclei on the physical
behaviour of fast reactors has provoked high accuracy requests for the
nuclear date of these materials so that the experimental methods for neutron
eross section measurements had to be more and more refined. Because of the
large amount of data produced the task of the evaluator to derive complete
sets of so=called "best" data by taking into account all available experi=
mental information and by judging its reliability has become more laborious

and complicated.

1.1 Consistent experimental results

In the ideal case different measurements come into sgreement after
reduction to the same experimental conditions, at least within the range of
their mutual uncertainties. Then these data sets can simply be averaged by
least squares and other adjustment procedures in order to elaborate recommended
values.,

Problems can arise here becsuse of gaps in the available experimental
information either due to the limitedness of the experimental facilities or
due to the fact that not all data have been determined experimentally because
until now they might have not been urgently requested., For a cross section
smoothly dependent on energy the gaps can rather reliably be closed by
numerical or graphical inter= or extrapolation using theoretical models and
empirical or semi=empiricsl systematies.

In most cases nuclesr theory can only then be spplied successfully for

interpolation if at least some of the theoretical parameters are determined
from experiment. The reliasbility of the nuclear models is restricted to a
certain energy range, reaction and nucleus, For example outside the

resolved resonance region the optical model allows the prediction of total

eross sections without differentistion for the verious exit channels like

fission, radiative capture, ete. The various reaction cross sections for
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elastic and inelastic scattering, fission, radiative capture, etc. can

be predicted here by using a statistical theory for the decay of the

compound nucleus. The evaporation model can serve for the completion of

the data available for the energy distribution of inelastically scattered
neutrons in the continuum renge whereas the discrete=~level inelastic model
has to be used in the range of resolved excitation levels of the target
nucleus. For the prediction and interpolation of cross sections in the

resonance region single=level and multi=level formulae are available, The

necessary statistical parameters for the unresolved region can be derived
from availeble resolved resonance data or, concerning the strength functions,
from optical model csleulations. The Fermi gas model e.g. predicts here
the gpin and energy dependence of the level densities, the Hill-Wheeler
formula the energy dependence of the fission widths,

Geps in the resolved resonance range can principally not be closed in
a similar way because no theory exists at the moment which is able to predict
the position and properties of resonances. This shows clearly the limited
scope 6f the various nuclear models and illustrates how problematic the closing
of gaps can become even in the case of consistent experimental results because
no unified nuclear theory exists. A more extensive survey about the possi=

bilities for interpolation by nuclear theory is given in referencefz-h_7.

1.2+ Discrepant experimental results

Instead of agreement between different data sets, however, one encounters
more often deviations between the results by an amount larger than the un=
ecertainties of the individual measurements, in spite of the corrections al=
ready applied. These discrepancies and inconsistencies represent the main
problem in almost every evaluation regardless of neutron energy, reaction
type and nucleus concerned. In the simplest case the differences are due to
normalization to different standard values. In other cases, however, their
sources cannot so easily be detected, as they are very closely connected with
the experimental facility end methods used.,

An example for an encountered discrepancy due to different measuring
techniques represent the experiments for the mean number of neutrons released
in the spontaneous fission of ZSZCf. This value is the most important standard
for vemeasurements for all fissile and fertile materials., Neutron detection
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sp(zsch) than the boron

pile and the manganese sulphate bath measurements. The differences are

with ligquid scintilletors yield higher values for v

larger than the uncertainties quoted for the individual measurements., This
discrepancy may be partly attributed to the loss of fast neutrons due to
other nuclear reactions in the manganese sulphate bath, but fhe situation
is till now still rather unsatisfactory.

Another well=known example for strong not yet resolved systematic
discrepancies between different measurement series represent the capture

238U. For illustration different measurements

cross section measurements for
at 30 keV are quoted in Table I, together with the deviations relative to
the experiment of de Saussure (arbitrarily chosen).,

Since some of these measurements have alsc been repeated with great
care yielding the same results it seems that the persistent deviations are,
at least partly, due to different experimental meﬁhods used, FEach laboratory
relies with greatest confidence on ist own special detector although systematic
errors might cbviously be caused by it. ‘

Sueh unresolved discrepancies have the consequence that the evaluated
data will have uncertainties larger than the accuracies quoted for the
individual experimental data in regard. The evaluator is forced to come to
a decision concerning the reliability of the different discrepant experimental
data sets in order to derive "best" values., Empirical and semi-empirical
nuclear systematics are restricted in their reliability. Nuclear theory does
not give necessarily an univocal deeision because it may be that the indi-
vidual series can all be reprocduced by nuclear theory using‘different sets of
nuclesr ?arameters or different models of which some of them are quoted in
the preceding section.

Thus in the end the evaluators subjective judgement based on the experience
and the physical understanding plays an essential role in the evaluation pro-
cedures. Important aspects in this context are the reputation of the experie-
mentelist and of the laboratory et which the measurements have been performed.

From here it is obvious that the evaluations carried out by evaluators
in different countries and scientific institutions may yield different results.
For demonstration a comparison of three evalusted data files is given in

238

Fig. 1 for the capture cross section of U and in Fig. 2 for the fission
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cross section of 239Pu. We compared the American ENDF/B-file, the English
UKAEA Nuclear Data Library and the German KEDAK=file in the versions available

in April 1970 at CCDN in Saclay.

1.3. Possible ways to reduce data discrepancies

The present situation with so meny unresolved discrepancies in the
important experimental nuclear data information is rather unsatisfactory.
Naturally the steedy improvement of the experimental methods leads gradually
to a reduction of the discrepancies. But one has to pay attention to the
fact that new precision measurements do not clarify the situation in any
case, That is e.g. the case for the spontaneous fission Vemeasurements

r 2520f, where recent measurements have not succeeded in resolving the

fo
discrepancies but only in increasing the number of discrepant measurements.

In some cases certainly more detailed considerations of the experimental
conditions followed by a thorough re=evaluation ecould help., This procedure
will be much facilitated in the near future since the compilation centers

have started to compile together with the experimental data sets also physical
end technical comments charactefizing the measurement., These comments will
‘be structured according to the internationally agreed exchange format, The
final discussion on it has taken place on the last Four-Centre =Meeting

in November 1969, In a stendardized form information is given about the
experimental facility, the experimental method, the properties of the sample,
the detector, the standerd used, the data analysis, the corrections applied,
the error analysis and others, These compiled schematic descriptions of the
experimental conditions of & measurement help the experimentalist to survey
quickly what kind of information is required by the evaluator for & comparison
of his measurements with others and for the judgement of it.,

- In the case of large discrepancies the experimentalists themselves should
meet to compare their experimental results and to re-comsider the experimental
conditions of their measurements in all details because they know best the
difficulties in their measurements and the possible source of errors in them.
This procedure is econsidered to be highly efficient in detecting the deficiencies
of the various experiments and their analysis. Thus improved techniques

for measurement and analysis can be applied, a search for new independent
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experimental methods may be stimulated, the experimental equipment, or at
least parts of it, may be exchanged and so all of these efforts should lead
to more precise and consistent results. A close cooperation with the
eveluators guarantees that the reactor physicists as users of these data

can rely on successfully elaborated "best" data sets. An international
organization such as the IAEA could have the important funection to coordinate
these activities,

The procedure of data evaluation and the ways to reduce the data discrepancies
are given in Fig. 5 and 6.

2. THE INTEGRAL NUCLEAR DATA OF INTEREST IN FAST REACTORS

The neutronic properties to be predicted for the design of a fast

reactor are:

a) the fuel inventory,

b) the power distribution,

‘¢) the conversion of fertile to fissile material during operation
together with the build-up of fission procducts, '

d) the behaviour of the system as a consequence of perturbations

of the normal operating reactor.

The theoretical prediction is supported by information from criticel experie-
ments, but one must realize that the latter cannot deal directly with the
transient behaviour, or with long-term effects. The check of methods and
date by critical experiments is mainly devoted to the determination of
eritical mass, reaction rate traverses and reaction rate ratios, reactivity
coefficients, reactivity worths of the materials or isotopes in question and
also the reactivity effect of higher Pu=isotopes and fission products.

If the experimental investigation is aimed to clarify nuclear cross
section uncertainties, the theoretical methods used to analyse integral
measurements as well as the experimental accuracy have to have a high precision,
go that discrepancies between theoretical and experimental results can be

attributed to cross section uncertainties in a unique way.
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3. THEORETICAL METHODS IN FAST REACTOR CALCULATIONS

In fast power reactors now under design the neutron mean free path

over a wide energy range is larger than the piteh of the core lattice.
Therfore each core zone can be treated -as homogeneous for the calculation.

In most cases the diffusion approximation of Boltzmann's transport equation
is sufficient to calculate the neutronic properties of the system. Higher
or&er transport approximations are normally used only to determine corres-
ponding corrections. Even control rod caleculations can be performed by
diffusion theory with tolerable accuracy. The main effort in the calculation
of fast reactors is therfore spent not so much to obtain the spatial dis=-
tribution of neutrons, but rather the distribution in energy. With respect
to the nuclear quantities of interest, mentioned in chapter 2, the energy

range from some MeV down to some hundred eV is equally important.

The analysis of experiments in fast critical or suberitical assemblies

requires definitely more sophisticated theoretical methods also for the Spaceand
angular distributions of neutrons, especially if it is desired to check

the acecuracy of nuclear data.

3.1+ The multigroup procedure

Because no analytical solutions to the transport or diffusion equation
exist for cases of interest, the neutron distribution has to be obtained
numerically by discretisation in all varisbles. With respect to energy this
means integration of the balance equation over a certain energy interval,
the energy group. In order to preserve the reasction rates in one energy
group, the cross sections are averaged over the energy group with the true
neutron flux density as a weighting function. This procedure implies two

main problems:

a) By definition the group cross section is not a constant because
the weighting function depends on position and angle.

b) A unique set of group cross sections for reactor calculations does
not exist because diffusion theory, Sy» Py or collision probability

N
methods each reguires a different system of weighting functions.
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To overcome the first difficulty, one usually assumeé a separation of the
neutron distribution in energy and the other variebles, so that the group
eross sections become independent of space and angle. To account for the
space variation of the neutron spectrum in homogeneous zones, these may
be subdivided into seversl regions with different group constants., If the
groups are broad, it is important to use the proper weighting spectrum,
vhieh is not easy to determine. In principle it can be obtained from an
iterative procedure,

In the resonance region of the cross sections the neutron spectrum
varies strongly, across one resonance proportional to the inverse of the
total macroscopic cross section (narrow resonance(NR-approximation), There=
fore group constants of one isotope depend on the material composition of &
region. The resonance character of the cross section also introduces the

temperature as a variasble in the group constants.

At Karlsruhe we have adopted the scheme,developed at Obninsk [55_7.
of splitting the effective group constent into

(1) _ 1 3 v
Oorr = Ta * f* (composition, temperature),

where ci is the group constant for infinite dilution of the isotope in question,
This splitting is especially advantageously in the unresolved resonance range,
because f* is not too sensitive to uncertainties in the statistical resonance

data and ci can be calculated from measured yalues across the energy group.‘

The determination of the resonance self shielding factors £ is based on the
single level BreiteWigner formula. Interferenée of potential and resonance
scattering and resonance overlap is taken into account. The interaction
between resonances of different isotopes is neglected by definition. This is

not & severe limitation in the energy range of interest in fast reactors.

Two different procedures are currently in use at Karlsruhe to account
for the dependence of the resonance self shielding on the composition of g

reactor region.

a) The total cross sections of all isctopes except the one whose
rescnance self shielding is bveing calculated, are approximated

by an appropriate value, called Tt within the group. Usually
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one takes the total cross sections for infinite dilution,

We call this the oo-concept.

b) Cross sections for elastic moderation of neutrons by nuclei
of structural and coolant materials are not approximated
by the oo-concept, but are calculated exactly within the
NR=approximation. The numerical procedure uses about 1000
energy points, In the case of anisotropic scattering in
the CMS experimental angular distributions are directly used,
This procedure is called REMO (from elastic removal) 1-6_7.
It should be noted that reactor calculations are performed

only in the broad group scheme,

This limitation is just being eliminated by 200 group fundamental
mode asnd space dependent consistent P1-calculations. Here again the
macroscopic elastic removal constants are determined exactly, using as
a basis sbout 1000 groups., A full documentation of the procedure used

and the calculated results will be published soon,

3.2, Number of energy groups

All design ealculations of fast reactors are based at Karlsruhe on
standarized 26mgroup sets 1'6_7, according to the scheme first introduced
by Abagjan et al. 1-5_7. The energetic fine structure due to resonances
within a group is treated in NR epproximation so that the collision density
is only weskly dependent on composition and energy. However, the group
width is too broad that a standard collision deasity weighting function
could be used for all types of fast reactors, mainly because of a miscalw=
eulation of the neutron slowing down. In consequence we use different
weighting spectra for most of the reactors calculated, especially if the

REMO procedure is applied.

The desired target is to perform reactor caleculations with data sets
which do not include any presecribed weighting function. Then both the main
problems, as stated in section 3.1, in establishing group constants are
avoided., This is possible for example if the group width is so small that
simple energetic averages of the cross sections in the fine groups can be

>

used. This condition leads to more than 10” groups, caused by the resonance
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238!.!). It is obvious that the application

structure of the heavy nuclei (e.g.
of reactor codes with such high energy resolution is restricted to véry

special investigations (GENEX £~7~7' RABBLE 1'8_7).

A condition, which can much more easily be fulfilled, is to request a
constant collision density within a group. This leads to a group number of
some hundred, which is mainly related to the resonence structure of medium
weight nuclei as coolant and structural material and, in case of a reactor
with plutonium oxide, also the energy dependence of the oxygen cross sections.
This procedure requires the calculation of resonance self shielding within
the groups, especially for the heavy nuclei, for instance according to the
scheme described above, but not using the co-concept for the desecription of
neutron down seattering. To avoid immense tabulations on the composition
dependent resonance self shielding factors for the heavy nuclei, an appropriate
interpolation formulas must be used, This group scheme can also satisfactorily

deal with threshold type cross sections as cf(238

These some hundred group calculations originated by Hummel and Rago 1'9_7
in fundamental mode calculations can now easily be performed for one-dimensional
problems on modern computers. The resulting spectra can then be used to condense
the group constants regionwise in order to perform coarse group calculations

with multiedimensional diffusion or transport codes.

Though the effect of a scattering resonance on the neutron spzetrum in
& homogeneous fast reactor medium is restricted to energies sround the resonance
itself, the necessity of a proper treatment of these resonances stems from the
fact that they are relatively broad and scmetimes overlapping for structural
materials (the main resonances cover a complete group in the 26=group scheme)
and thus influence the absorption rates of neutrons by other nuclei in this

energy range.

Following this calculational scheme, it is obvious that the success in
predicting integral nuclear parameters of fast reactors depends strongly on
the accuracy of the various cross sections, rescnance data and also on the
methods of generating group constants. From the physical nature of the

effects to be studied in fast reactcrs]following~cross sections are important
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a) For neutron energies above some hundred keV:

(238U, ehOPu, BhaPu), fission

fast fission of even=even nuclei
spectra, elastic and inelastic scattering data which influence
the neutron spectrum and leakage (c¢ritical mass, shape of

power distribution)

b) For neutron energies above some 10 keV to some hundred keV:

fission and absorption of heavy nuclei, elastic scattering
resonance data (critical mass, breeding, coolant density and

void affects)

¢) For neutron energies from some hundred eV to some 10 keV:‘

resonance parameters for fission and absorption of heavy nuclei,
absorption in fission products (Doppler effect, critical mass,

breeding, fission product poisoning)
Besides the already mentioned unsatisfactory state of heavy nuclei fission and
absorption cross sections, we want to emphasize that the gaps in the data

for anisotropic elastic scattering distribution should be closed.

3.3. Speecial theoretical methods to analyse experiments in zero power facilities

In connection with the development of accurate experimental techniques
at Karlsruhe it was recognized that adequate calculational methods had to
be devéloped to interpret the experiments. Special attention was given to
heterogeneity effects which are either due to the plate structure of the core

or else arise in a sample experiment, such as material worth or Doppler experi-
ment where one has to look at the heterogeneous configuration of the sample

in its environment. ’In all cases the collision probability method was used,
and resonance self shielding was included 1_10. 1, 12_7. Table II shows

the influence of heterogeneity in

a) a Na=void experiment [’13_7, where the homogeneous results are

lowered by ebout 207,

b) a Doppler experiment ['1&_7, where the resonance interaction

between a hot sample and the ecold environment is considerable

et high energies,
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¢) material worth measurements 1-12_7, which are sensitive to
the sample size and the environment., These experiments were
done in SNEAK~5C, an assembly with k =1 and a softspectrum.
The heterogeneity was very strong, which is reflected by

the fact that the 5 g sample of 238

U was worth three times
as much in the graphite, then in the fuel, It is obvious
thet in such an assembly large corrections for heterogeneity

are necessary.

3.4, Theoretical methods to be developed

From the theoretical point of view the following aspects are not yet
included in our procedure outlined above. Across core=blanket or core-
reflector interfaces the space dependence of heavy isotope resonance self
shielding hes to be investigated more properly. Work is underway at Karlse
ruhe Z-1h_7 to treat the case of plane geometry. The general case of space
dependent resonance shielding in multizoned reactor systems or cells involving
transient neutron spectra is rather complicated to deal with and has been
done yet only approximatively [“10, 14, 15_7. A re-investigation of the
resonance parameters of fissile nuclei in terms of a multi=level formula
and the corresponding determination of resonance self shielding is important
for soft spectrum’systems and high content of fissile material, both for
" criticality and for Doppler effeect calculations. For fast reactors now

under design the multi=level effect is not very important 1-11_7.

It was stated in section 3.1. that no unique group constant set can
be established for reactor caleculations, with generally acceptable number
of groups. In any case one has to meke sure whether these group constants,
which are originally prepared for instance for diffusion theory calculations,
can be used also in transport caleulations or in the caleulation of the adjoint
flui. A thorough investigation of the effects on integral parameters, caused
by this inconsistency (mainly the neutron leakage is influenced), has not
yet been made., Kiefhaber for example 1“16_7 showed that the use of flux
weighted group constants in adjoint caleculations may have an non~-negligible

effect in the ealculations of neutron lifes=time and material worths,
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METHODS USED IN INTEGRAL EXPERIMENTS

At Karlsruhe two fast assemblies and a fastw=thermal coupled one

are aveilable for checking fast reactor calculations and the empirical

determination of the behaviour of mocked=-up fast reactors,

a) The suberitical fast assembly SUAK / 17_7 is designed for pulsed

b)

c)

neutron experiments on uranium and plutonium fuelled assemblies,
The assembly is laid out for core volumes up to 600 liters and
multiplication constants keff<o‘95' It is pulsed either with

a 200 keV Cockroft=Walton accelerator or a neutron flash tube.
For time of flight (TOF) measurements flight channels up to

100 m length are provided.

The fast-thermal reactor STARK /“18_7 consists of a 50 liter

cylindrical zone with the composition of a uranium fuelled fast
reactor surrounded by a thermal driver zone. The fast zone of this
reactor is mainly used for checking experimental methods to be
applied in SUAK and SNEAK and for supporting studies of fast reactor

lattices.

In the fast eritical facility SNEAK 1“19_7 experiments on clean
physics cores and measurements on technical mock-ups of fast

power reactors are performed. The maximum core size is limited
by the fuel inventory, which is now 800 kg of 235U—metal and

200 kg 237Py oxide fuel.

The fast cores of all three assemblies are built of fuel and diluent platelets

of the dimensions 50.7 x 50,7 mm end thicknesses ranging from 1.6 to 6.3 mm.

These platelets are contained in a stainless steel or aluminum matrix. Unit

3

cells of less than 100 em” volume can be constrycted.

In

the following sections the various experimental methods and their

accuracies are discussed.

h.1l

Determination of the critieal mass

The most accurate but also most complex quantity determined in a critical

experiment is the mass of fissile isotopes. The errors inherent in the
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eritical mass n,, are due to

« the content and the isotopic composition of fuel (usually
in the order of 0.1 to 0.3% of mcr)' Especially the

Pu~content in oxide fuel is mostly not known exactly.

- corrections for partially inserted control rods and for

detectors located in the core.

The critical mass can be given with a total uncertainty of less than 0,5%

inm _ or 0.3% in k For an evaluation detailed information on the

geomgiry of the regifgr has to be given in addition to M.

Especially the irregular core boundaries and the internal heteroge=-
neity of core zones may influence the criticel mass considerably. . For
eritical experiments carried out in the past this information is not always
easily to obtain.

In SNEAK assemblies the shape correction is in the order of a few
tenth of a percent,

Differences in critical mass of different compositions méy be obtained
by progressive substitution experiments Z"EO, 21_7. These experiments
yield information on the nuclear properties of reactor media which can be
built in small zones in fast criticael reactors of not too different a com=
position, especially of not too different a diffusion constant, By this
means only & small stock of about 200 kg Pu-fuel allows the investigation
of core compositions as foreseen for large fast breeder reactors. In SNEAK=3
experiments)the critical mass of a 500 1 plutonium-fuelled reactor was inferred
with a 2% accuracy (% 0,3% Ak/k) from the substitution of a 230 1 Pu-zone

in an uranium fuelled reactor.

4,2, The measurement of reactivity changes

The uncertainties in reactivity measurements depend strongly on the

magnitude of the reactivity change to be measured.

a) Reactivity changes p 5 2 g, as measured for shut down rods and in
substitution experiments, cannot be determined by reactivity com=

pensation in SNEAK due to excess reactivity limitations. Therefore,

such large reactivity changes are compensated by a change in critical

mass,
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b) Reactivity changes in the range 2 § > p & 1 ¢, as measured for

sodium void effects in zones of the reactor, poisoning of a few
elements etc., are determined with ealibrated control rods,

The control rods are calibrated by period measurements and/or
solution of the inverse kinetics equation after incremental move=-
ments of the rod. Calibration by inverse kinetics results in &
systematic error wup to about % 3% in control rod worth 1-22_7,
vhieh is mostly due to the shift in statistical weight distrie-
bution. An absolute limit in accuracy is given by the reproduci-
bility of the geometrical arrangement and the temperature distrie
bution after a change in loading. A single change in loading
results in an uncertainty of about * 0,2 ¢, Careful elimination
of error sources and repetitive measurements yielded small reactivity

changes due to sodium loss with a precision of * 0,05 {,

¢) For measurements of reactivity changes p < 1 ¢ special techniques
are developed, which eliminate influences of temperature shift
or loading chenges. Tor material worth messurements a pile oscilla=-
tor is used in connection with an automatic sample changer, The
reactivity measurements are performed by recording either the
flux signal while oseillating or the position of a auto=-rod., This
is a control rod,driven by a servo-mechanism to keep the flux level
constant., The accuracy of these measurements is limited by statis-
tiecs and the reproducibility in sample positioning. Both effects

emount to an error of about 10 Ak/k.

Any uncertainty in B does not effect the accuracy of the technigues

described above, but has tzfge taken into account, if reactivity measurements
are compared with calculations or caleculated corrections are applied to the
eritical mass. )
Such a correction for the irregular core boundary is usually calculated
by twowdimensional codes. More difficult to obtain is a calculated correction
for the heterogeneity of the core. Bunching experiments, i.e. increasing the
heterogeneity>of a medium, give an experimental check of these cslculations and

allow an extrapolation to homogeneous medium properties 1-22_7.



4,3, Reaction rate measurements

Measured reaction rates give valuable informetion on the neutron balance
in eritiecal reactors. They sllow to identify the sources of discrepancies
in eriticality calculations even if = due to compensation ~ no effect on keff
is noticable. Of main importance are naturally the fission and capture rates
in the fuel., Since measurements in zero power facilities do not yield the

235

capture rates of U or 239Pu they are deduced from the neutron or reactivity

balance equation 1-23, 2k 7.

At the London Conference of BNES, 1969, detailed information on the
techniques to measure reaction rates were presented. It is now widely accepted
that accurate measurements have té consider the perturbation introduced by any
detector very accurately. For cepture and fission rate measurements minimum
perturbation is achieved, if the detectors themselves are part of the fuel,

In practice, this is accomplished by activating foils made of fuel materieal
ingide the lattice Z‘25, 26~7. Fission chambers are mainly used in measure=
ments of reaction rate distributions, either to deduce material bucklings

of large uniform zones or power distributions in complicated geometrical
arrangements.

235 239

The precision of measurements of the fission rates in U and Pu

and the capture rate in 238

U is quite high. But error margins quoted in
literature do not always distinguish eclearly statistical and estimated
systematic errors., Since there is still some doubt about systematic errors,
most laboratories are developing several independent techniques to measure
these rates. An extensive study to intercalibrate the equipment for reaction

rate measurements used at Karlsruhe and Cadarache was started recently.

The techniques currently in use are summarized below,

4.,3,1, Fission rate measurements with chembers

The evaluation has to take into account perturbations introduced by the
chamber walls, the connections to the electronic equipment and any guide
channel for the chamber itself, Then, the precision of the measurements is
limited by the counting time available and the determination of the effective

fissile mass of the chambers. Reaction rate measurements thus are restricted
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to an accuracy of + 1%. Bucklings can be obtained from traverse measurements

with less than 0.5% stendard deviation ['27_7.

235 239

Pu fission rate measurements with foils

he302¢ U and

These measurements introduce only very small perturbations, They may

be performed in different manners:

&) Radiochemical analysis / 28_7 of the samples.

235

Absolute B«counting of 9Mo yields the fission rates of u

4 239

an Pu with an error of about 1.5% and fission ratios with

about 3% accuracy 1“23, 29_7

b) Comparison of the y=activity due to fission products with the
sctivity of foils irradiated in a thermal neutron spectrum /726, 29 7
or inside a calibrated fission chamber. The accuracy quoted in

these measurements is about 2% in fission ratios.

4,3,3. Fission rate measurements with solid state track recorders / 26, 30_7

This method is still in the stage of development, The tracks produced
by fission fragments emerging from thin layers of fissile isotopes are re-
corded in a suitabie catcher foil. After etching, these tracks can be counted
visually. Accuracies of 3% in the fission ratios were obtained. The main
difficulty seems to arise in the construction of a reliable and fast automatic

counting device.

4,34, 238U capture rate measurements

239

Radiochemical analysis [’28_7 and absolute Becounting of Np yields

capture rates with an accuracy of about 1.5% £-23=7. Widely used is the

239Np decay

comparison of y=rays and or X-reys emitted in the 23% or the
after simultaneous irradiation of foils in a thermal and the fast neutron
spectrum. The accuracy achieved is about 2% in the ratio of capture in

238 235y or 239y, /726, 2937. At Kerlsruhe, coincie-
239

U to fission in either
dences of 106 keV y=rays and 104 kev X=-rays of Np are counted in a fast
electronic circuit. The sensitivity of the equipment is determined by means

of & calibrated 231"Am source, which also decays to 239Pu via 239Np 1_31_7.
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An improved version of this technique 1-32~7 yields the capture rate of
238y about 1% and the ratio of 230 239

U capture to Pu fission with less
than 2% aceuracy.

In Table III the estimated accuracies of reactivity measurements

and measured reaction rate ratios are listed.

L.b, Speetrum Measurements

The different techniques used to measure neutron spectra are
discussed., The accuracy of these methods is stated, to define the role

of neutron spectra in checking nuclear data.

4.,4,1, Proton=Recoil=Counters

The lower limit of the measurable energy range lies around 1 keV
and is determined by the fact that 1 keV protons create only about 30
electroneion pairs., In fact, it seems, that already below about 5 keV
results with reasonable accuracy cannot be obtained because of the lacking
knowledge on the detailed energy dependence of the énergy loss per ion

peir for hydrogen.

On the high energy side, there is no principle limit and it has
been shown /"33_7 that with large counters and moderate pressure (below
5 atm) measurements up to 10 MeV are possible. For incore measurements,
on the other hand, the dimensions of the counters are limited to some
ten centimeters and therefore high pressures (above 10 atm) would be
necessary to stop the high energy protons. Because of the difficulties
caused by these high pressures incore measurements are restricted until now

to the energy range below sbout 2 MeV,



The experimental errors in the proportional counter measurements

are currently assessed as follows 1-33, Bh_7

Energy 5w30 keV 30=100 keV 100keVe~iMeV 1=2 MeV 1=b MeV Lw10 MeV
Statisties 2% 29 2% 2% 2% 2%
Total systematic o
errors 20% 13% 10% 20% 10% 20%
Comments (Small (large counters)
counters
Incore)

A large part of the overall experimental error is due to uncertainties
in the correction of the distortions in the measured proton-recoil distrie
bution, which arise from the truncation of proton=recoil tracks by the
counter walls or by the extension of tracks into the end region, where

there is little or no multiplication

Two difficulties encountered with incore proton-recoil measurements
should be mentioned: TFirstly, due to the relatively high efficiency measure-
ments in Pu cores are restricted until now to the suberitical region. The
second problem, common also to somé other reactor physiecs experiments, which
complicates the comparison of measured and calculated data, is the necessary

void of some hundred cm3 to install the detectors,

3

b2, Li6- and He -Semiconductdr Sandwich Spectrometer

Both spectrometers are used above some hundred keV, Due to the better

3~spectrometer seems to be more favourable, A

signal=to=noise ratio the He
serious handicap for both spectrometers are the uncertainties of about 8%
in the cross sections, which contributé a large part to the total experimental
error. For a typical measurement with a Li -spectrometer figures for the

total experimental error are given below £-3§7.

Energy Oclm2,5 MeV 2.5=4 MeV b = 10 MeV
Statistics 3% 10% 15%
Total systematic 1% 10% 12%

error



44,3, The Time=of=Flight=Method

Measurements with the time=ofwflight method are restricted to
subcriticel assemblies and comparison with the results from other methods
ere difficult, if the beam spectrum is different from the angle averaged

spectrum.

The neutron detector used at Karlsruhe is a Li6-glas scintillator
Ne 905, It was calibrated in the energy range 100 eV to 100 keV against
a B1O-NaJ-slab detector, the efficiency of which h#s been calculated by
a Monte Carlo Code/3s5fin the energy range between 60 keV and 320 keV the
Li6b=detector was calibrated with monocenergetic neutrons from a ven de Graaf
relative to a long counter, In the remaining energy range the efficiency

relies on calculations with the recommended Li (n,a} cross section.

The experimental error is mainly due to uncertainties in the detector
efficiency. In the energy range where it relies on the Monte Carlo calcu-
lation the error in the detector efficiency is assumed to be 10% and from
100 keV to 350 keV it may amount to 15%. Typical figures (12 hour fun
with flash tube at 100 pps and an energy resolution of 10%) for the errors

in the measured spectra, are 1-33_7:

Energy 200 keV L0 keV 10 keV 1 keV 0.1 keV
Statisties < 1% 1% 3% 10% 50%
Total systematic

error (Efficiency, 25% 15% 13% 10% 10%

zero time)

L,b,4, Resonsnce Foil Activstion in Sandwich Geometry

Up to twenty isotopes are used for the determination of the low energy
end of the neutron:spectrum by the resonance foil activation technique 1-26_7.
The energies of the main resonances range from 1 eV to 10 keV, The calibration
factors, which depend on the y=counter efficiency, are difficult to calculate
eand were determined experimentally in a 1/Esneutron spectrum and by comparison
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with timewof=flight results at various SUAK assemblies, For the evaluation
effective resonance integrsls are c¢aleulated using the TRIXw-1 program and

most recent miceroscopic data,

The total experimental error depends strongly on the neutron spectrum,
It amounts to 10=20% in the soft spectra of steam=cooled assemblies and
to 20=40% in the harder spectra of sodiumw=ccoled reactors and is composed

mainly of the following contributions:

a) Correction for activities not related to the main resonence:

Soft spectrum 10%, hard spectrum 20%.

b) Resonance parameters and caleulation of effective resonance
integrals:
Soft spectrum 2%, hard spectrum 3%.

¢) Counting statistics:

soft spectrum 4%, hard spectrum 8%.

d) Others: 2%.

44,5, Accuracy of spectrum measurements

Although the attempt has been made to use spectrum measurements for
adjustment of neutron cross section data 1-37_7’ in our opinion, this will
be useful only after a considerable improvement of the measurements and after
a more reliable estimation of errors is possible, compared to the figures

quoted in this paper.

If one starts, according to [‘3&_7’ with the required standard
deviation for fast reactor prediction of 0.01 in k, and 0.03 in breeding gain,
examingtion of a range of systems leads (as & rough guide) to the target
accuracy for the amplitude of & broad group spectrum as indicated in the
ﬁpper part of Fig. 3. Comparing this target accuraey with the quoted
experimental errors = where the statistical errors, except for the resonance
foils, are ommitted because the uncertainties quoted in Fige. 3 are related
to a broad group spectrum - one concludes, that at least in the energy range
10 keV to 4 MeV the experimental accuracy has to be improved considerably
before spectrum measurements will be useful to improve the prediction for

fast reactors,



S CHECK OF NUCLEAR DATA BY INTEGRAL EXPERIMENTS IN CRITICAL ASSEMBLIES

A check of nuclear data in critical assemblies poses strict require-
ments on both experimental and calculational techniques, because a valid
check of cross sections by integral experiments is possible only under the

following conditions:

a) the experiments must be carried out with sufficient precision
b) a meaningful interpretation must be possible; this means that
the measured effect can be calculated by welleestablished
techniques, for which errors are smail.
c) the result must be sensitive to the cross section data of
interest.
From these requirements, the following definition of a "clean"
eritical experiment suitable for data check can be given: It is a set
of good precision measurements on a critical assembly in simple geometry,

such that errors due to calculational methods are small,

The characteristics of some important c¢lean critical experiments

are given in Table IV. Of course, none of them is ideally clean, but
they all are either reflected single~zone cores, or have a large enough
wniform test zone. An improvement would be desirable to reduce the
heterogeneity effects: These are quite large, expec¢ially in the bench=
mark series, and it would be useful to have at least a few experiments

in & homogeneous zone.
The important techniques used in the experiments are:

1) eriticality measurements (eritical mass, substitution)

2) reaction rates (ratids of reaction rates at the center, fission
rate traverses to obtain Be)

3) reactivity worth measurements of absorbing materials

4) spectrum measurements.

These techniques were discussed in detail in section B. The first

three give good experimental precisicn, typically 2% for reaction rates,
1% in the eritical mass, and 1077 Ak/k for reactivity measurement. The
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accuracy of spectra measured is too low to be directly used for data
check,

In the following the usefulness of these experiments for data
check will be discussed under the aspects b) and ¢) above.

5.1. Criticality and retios of reaction rates

keff of & critical configuration, though easy enough to measure,
is rather difficult to interpret, mainly because of the many corrections.
First, there are the corrections for irregular boundary, and for transe
port effects, which are fairly small in large cores, but may be sizeable
in small cores, Obviously that they may be eliminated by experiment, if
either a k =1 experiment is performed, or B2 is obtained from measured

fission rate traverses,

The main correction, however, is for heterogeneity. It is quite
large for assemblies with metal fuel, and it is uncertain, especially
for large and complicated plate cells, like in ZPR=-III/48., In fact, the
Ak due to heterogeneity was calculated to be 0,0182 by Broomfield and
Palmer /43_7, 0.0126 by Fillmore et al. / 38_7, whereas the Karlsruhe
ZERA Code 1'10_7 gives 0,0151, The values scatter by more than 0,5% in
Ak, and therefore, the calculation of the heterogeneity effect is the
calculations for a large cell, The bunching

. ff
experiments at Argonne [ hh_7 gave only agreement in order of magnitude.

dominating uncertainty in ke

Though it was found, that the effect is much smaller, and therefore probably
less uncertain, with oxide fuel, it is certéinly worthwhile to build,

for some typical cases, quasi-homogeneous assemblies, where thege effects
are not present. Such experiments were carried out in England in an

epithermal spectrum Z-h9_7, and are being planned at Ispra in fast spectra.

Ratio of resction rates can be measured with chambers, or with foils., ~
However, foil measurements can generally be well interpreted, and, therefore,

qualify for good precision data check, whereas chamber neasurement should
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be used with caution, Foil measurements were cgrried out in the k=1
assemblies on ZPR=III, and on ZEBRA, in SNEAK=-3A=2, and in MASCURA,

The multiplication factor Kk rp is sensitive to VO =0y and errors

in the different cross section may compensate in part. Typical sensitivities
for a 5000 liter oxide breeder, as taken from Zaritsky and Troyanov / 62_7
are given in Fig. 4, On the other hand, measurements of the ratios &; /J%
‘and 02 /o% are sensitive mainly to the cross seetioms in the ratio, and )
such measurements help to resolve compensating errors in keff' This is
clear from Table V, which shows some typical sensitivities of spectrum=
averaged cross sections in the SNEAK~3A-series, normalized to a change

of =10% in the cross sections, However, the table also shows that the
sensitivities are not strongly spectrum dependent, and a number of measurew
ments in strongly different spectra would be required to allow conclusions

in the lY=groups freme used in the table.

Broeders / 61 7 has determined the influence of uncertainties in ¢ (235 )

and o (238U) for integral parameters in SNEAK«3A=-2, a uranium fuelled assembly
with soft neutron spectrum to simulate steam cooled systems., The changes

in the cross sections are listed in Table VI, the basic group constant set

is the KFK=SNEAK set 1-6_7. The results of fundamentél mode calculations,
corrected for heterogeneity, are quoted in Table VII. It is: AkL = k(NH=O)-k(NH),

where NH is the normal hydrogen concentration in SNEAK-3A=2; Ak 0/2 = k(NH/2)-k(NH);
= &k dn
Bk, = k(zm )-k(N,); RSDC = &= / == >

It is realized from Table VII that the assumed uncertainties of about

10% in Oe
of the integral data quoted. From this it follows that the differential nuclear

(235U) and up to 20% in cy(238U) have rather large effects on most

data have to have a much higher precision. It would indeed be a drastic and
highly appreciated improvement, if the data of independent differential measure=-
ments are consistent within a 5% margin, though even a higher accuracy has

been requested in literature.

5.2. Central material worth measurements

The interpretation of material worth measurements is problematic, It

should be mentioned first that the worth of materials with a strong slowing
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down cross section depends very much on the details of the adjoint spectrum,
so that they cannot be used presently for data check. Therefore, the

following discussion will be restricted to absorbing or fissile materials.
The interpretation is complicated because of two problems

a) Uncertainties in the kinetics parsmeters, especially in B

for Pu-238U-fuelled assemblies.

eff

b) Dependence of the reactivity worth on the sample size and on

the heterogeneity of the environment,

The importance of the first problem in Puefuelled assemblies will be

illustrated by the following results obtained in the U=fuelled core 3A=2
and in the partially Pu=fuelled core 3B-2.in SNEAK, The Pu-zZone was gubstituted
into 3A=2, and the difference in buckling was determined, and found to
be small., The reactivity worth of 1 cm3'core material in the center
is given by

+ 2

o, = ;?BDB $)

eff

where F is the usual normalization integral. The ratio of calculated over

experimental reactivity P, Was found to be

0,94 for SNEAKw3Aw2
1.07 for SNEAKw3Bw2

Although these results are only preliminary, the difference of 13% in
going from the U=fuelled to the partially Pu=~fuelled assembly seems to indicate
an inconsistency between the kineties parameters used for Pu assemblies and

for\U assemblies,

The results are in line with the observation, published, for example by
Little and Hardie ['h6_7, that materials worths in Pu~fuelled assemblies are
consistently overpredicted by 20-25%. The conclusion is that, so far, one

can only use ratios of reactivity worths,



The second effect, namely the dependence of reactivity worth on the sample
size and the environment, has been studied recently at Karlsruhe 1-12_7, and
these effects are understood now about as well as heterogeneity effeets., Thus
although material worth measurements require a careful analysis they will
probably give useful information on data of fuel and structural materials,

which complements the information from reaction rate measurements,

In gseveral cases, material worth measurements were used as integral checks

in cases where large uncertainties in the cross sections existed., For example,

S~ . . : — 2lo

Oosterkamp has carried out experiments in SNEAK to check the data of Pu,
Reactivity measurements were made with two Pu02Uo2 compositions which contained
239Pu, but different amounts of 22‘LOPu. The measured

ahoPu is shown in the

the same amount of
difference in reactivity in going from 8% to 22% in
table, and compared with calculations using the ABN=-data 1.5_7, for Oe and Tos

and also data evaluated by Pitterle Z-h7_7. which are based on recent differen~

tial measurements.

Difference in reactivity for 2 fuel compositions, cents

SNEAK=3B=2 SNEAK=-4B

(soft spectrum) (herd spectrum)
Experiment 16.6 22.9
ABN=Set 11.3 | 13.3
Pitterle - 20.0 21.8

The results in the hard spectrum clearly favour the Pitterle date, whereas
the results in the soft spectrum show only a slight bias, It should be noted,
that Oy values by Yiftah which are slightly higher than those by Pitterle

would give better agreement in the soft spectrum.

An other example is taken from a paper by Barré et al. L-h0_7. Worth
measurements of nickel in the French reactor ERMINE, in addition to reflector
worth measurements, give a check on the capture cross section. The results

are in good agreement with recent capture data by Spitz.

Differential cross section data on fission products were compiled by

different authors, but are still highly uncertain é-h8_7. On the other hand,
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data on the reactivity effect of fission products can be obtained by material
worth measurements. The eritical facility STEK in the Dutch research center
Petten Z'h9_7, has been designed to measure highly radioactive samples by

the oscillator technique. Directly applicable results will be available

sSoon.

5.3. Special experiments to check nuclear data

Measurements of the Doppler effect are sensitive to the low energy

spectrum, and adjoint spectrum, which in turn depend on many cross section
-data. Tor 238U, in spectra of Na reactors, discrepancies between Karlsruhe
calculation and experiment are about 10% though somewhat better agreement
i.s obtained in assemblies containing hydrogen.

Though the calculational methods are well developed now, such discre-
pancies are difficult to trace, because too many cross section dats are
involved., However, an interesting check on data was possible by means of
the Doppler effect in 239Pu 1-11_7. The Doppler effect occurs mainly
between 0,1 and 5 keV, and this is the energy range where the large discre=
pancy between the KAPL "lowa" data and the "higha" data by Schomberg and
Gwin existed. Experiments were carried out in SNEAK=3B=-2 in the normal
core, and in a boron environment, which was designed to suppress the
absorption effect, but to retain the fission effect. The analysis of both
experiments shows clearly that the calculation with "higha" velues is compatible
with the experimental results within about 25%, which may be expected in a
Pu Doppler experiment, whereas the caleculation with "lowa" values is not.

Teble VIII shows the breakdown of the calculated values,

One could, in principle, try to use reaction rate traverses for data

check, There are disagreements in the SNEAK measurements in the vieinity

of interfaces, and in the blankets, and there is evidence that a large

portion of the disagreement is due to errors in cross section data. However,
the measurements depend on the cross sections in a very complicated way, which
certainly also involves the spectrum, and, therefore, they are not well

suited to trace errors,



Also, for the same reason, the fine structure of reaction rates in
a cell is not a good quahtity to trace cross section errors. Further-
more, the reactor physicist tries to design his experiments with small
heterogeneity effects, so that they may be considered as a correction,
Calculational methods, at the present stage, are just about adequate
to give an estimate of this correction, and there is still dis~agreement
between heterogeneity calculations in different laboratories. In order

to use heterogeneity effects for data check, one would have to design an

experiment with large heterogeneity effects, and be sure that the cal-
culations describe these effects adequately. This has probably not been

carried out so far.

6 CONCLUSION

The foregoing discussion shows that in most cases the theoretical
methods are adequate to analyse the experimental results in critical assemblies,
which can be performed also with a relatively high accuracy. For a meaning-
ful analysis one should be sure to use sufficiently accurate calculational
methods and precise and reliable experimental results., Spectrum measurements
definitely need more precision. On the other hand it is generally agreed
that the differential data presently available are not good enough to allow
a reliable calculation of the reactor parameters with the desired accuracy.
This is the main reason why critical experiments are still being carried out,
The information obtained in eritical experiments can be used for power
reactor design in different ways. The first not very sophisticated way is to
use scaling factors obtained from calculated and measured integral data.

This procedure is nevertheless useful and allows a normally sufficient pre=
diection of the main characteristics of a power reactor, if the scaling is

based on engineering mock-up experiments [“51_7.

The second way is to analyse the discrepancies between measured and
predicted integral data in order first to locate the main responsible micros=-
copic data uncertainties and secondly to give preference to speecific cross

section measurements according to the direction which is indicated by the
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analysis of discrepancies. It can be stated generally that only a systematic
study of a variety of fast cores, which differ in geometry, material com=
position, and neutron energy distribution combined with a thorough comperison
and re=evaluation of the main microscopic data can provide more definite
conclusions about the reliability of nuclear data to be used in fast reactor
calculations, The results of such investigations performed at Karlsruhe

were reported by Klisters 1-52_7 and Kiefhaber 1-53_7, and led for instance

238

to the conclusion to prefer lower U capture data than formerly used in our

235U fission

calculations (now Moxon's data é—Sh_7 are included)., The low
eross section measured by Pdnitz 4-55_7 must be excluded, Our interpretation
of the 1967 Schomberg's data 1-56_7 for the a=value of plutonium should better

239

be replaced by Gwin's data 1-57_7. Gf( Pu) should be increased above White's

results [’58_71:0 the Pfletschinger and Kédppeler data 1-59_7. Oosterkamp _/_-12_7
could rule out the formerly used capture data of 2hOPu. The calculation of
eriticality for various assemblies, as given in Teble IX shows that a relatively
good prediction is possible because of the fact, that for most Pu=fuelled

assemblies investigated ke is underpredicted by about 1 to 2%, while for most

U=fuelled assemblies ke

i

o is overpredicted by nearly the same amount.
This procedure in the end will lead to and support those measured

microsc.pic data, which are consistent with the integral data obtained in

eritical facilities.

Finally there is the third way of adjusting cross sections to fit
availsble integral data, using a least=-squares fit technique. This way,
in our opinion, is just a more systematic way compared to the first one
to use integral data in reactor design. One has to be careful about certain
pitfalls: The number of adjustments must be lower than the number of inte=-
gral data, otherwise one gets meaningless oscillations in the adjusted
cross sections 1'50_7. It must be realized, that adjusted and non-adjusted
cross sections generally have about the same standard deviation so that
the procedure does not yield additional information on a single cross
section except in cases where there are large uncertainties or errors in the
original values., Thus, it is not surprising that the fitting procedure,
when applied to different original values, does not necessarily lead to the

same adjusted cross sections. An example is given for adjusted values



obtained by Barré and by Rowlands, as reported in /749 7.

Cross section adjustment

Barré Rowlands
Energy Range keV | Adju= Adju=~ | Adju= Adju= Difference %
sted sted sted sted in adjusted
© value value values
238
U capture| 302-498 =14,3% 111 1 =T.8% . 120+6% 8%
2k.8-50.9 =11 % 4392 | +3.8% 472467 207
3436-5.53 + 6 % .92T | +7.4%  OUo#67 2%
239Pu alpha
0.768w9,.12 +ho % .78 +11% 9k £15% 20%
It is apparent that the difference of 20% in the adjusted data of 238U

capture in energy group 25 « 40 keV is rather large, and so is the difference
in 239Pu alpha which is also 20%. However, these differences are of the
same order as the uncertainties in differential data (compare the difference

238U capture and the uncertainty of 15% quoted

between Moxon and Pénitz for
by Gwin for Pu alpha), and if it is accepted that the cross section fit does

not improve differential data, there is no contradiction,

As a final remark, it should be emphasized that work with adjusted cross
sections does not ensure a meaningful extrapolation to integral data of
assemblies which differ widely in composition or spectrum from those assemblies

used in the fit.
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238

Table I. Various U capture measurements at 30 keV

Neutron Gny Authors Dev%ation re=
energy References given Comments lative to
(keV) (mbarn) in /7607 : de “aussure (%)
30,08 470+38 de Saussure, Weston relative to: 5as taken as

et al. (dnf+onY5 (57u) reference
30.0£7 47327k Gibbons, Macklin, normalization to the

Miller, Neiler absorption eross |  +0,6

section of Indium

30.0%1,5| 479+1h Menlove, Ponitz "erey" detector, absolute
' ¢ measurement of o (238;) +2
at 30 keV Y
30.0° 46718 Pénitz grey detector; relative =0,6

30,1 549455 Macklin, Gibbons, Moxon=Rae detector; +17
Pasma. relative to GYKTa)
30.5 480 Bilpuch, Weston, normalized to those of +2
Newson : other experimentersz L
1
30 350" (+50) |Bergquist relative to capture in =26
: Ag, normalized to o. (Ag)
at 24 kev Y
30 373 “(th) Hanne, Rose relative to the hydrogen =21
elagstic scattering cross
section
" . . . 235
30 458 T (170) |Linenberger, Miskel relative to cf( U) =3
30 420 M (430) |Moxon relative to the ab= =11
sorption cross section
of 1°B
30 506 M Tolstikov et al. normalized to the 'OBl  +12

cross section at 2k kiV

® linearly interpolated between neighbouring experimental points
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Table II., Effect of heterogeneity in different experiments

a) Na=Void Experiment (205 liters, SNEAK=6A), reactivity in cents

Experiment L2432
Calcul. Homogeneous 2.72
Calcul, Heterogeneous 2,30

b) Doppler Experiment (25% enriched U in SNEAK-3A-2, depleted U in
e et
ZPR=6/4Z), relative units of reactivity change

Energy Range Effect without interaction| Correction for hot sample-cold
‘ environment interaction
SNEAK . IZPR6 SNEAK ZPR 6

Above 10 KeV | =16.5 «2545 =345 -11.8

1 = 10 KeV «h2 k4 (46,1 -2.6 {_ 3.2

Below 1 keV 28,1 '}\. +1,2

Total -87.0 =T1.6 =l .9 =15,0

c) Material worth experiment SNEAK=5C :
. ' Homogs, Calec.  Heter.Cale.

Weight, g Position Exper., p 3/g Exp. Exp.

238 60 E ~37.7 o 0.97 1,16
60 2 =24 4 1.49 1.26

R =86 0,43 0.80

w 2 -25 A 1,42 1,22
239, 5 1 443 o 0,98 1,09
o 390 : 1,13 1519

Position 1 in the graphite region of the unit cell

Position 2 in the fuel region of the unit cell
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Teble III, Estimated accuracies of integral experiments

A) Reactivity measurements at SNEAK

1¢8p52¢ pX1¢
Relative + 3% -
Absolute >+ 0,2 ¢ t 2'10-3 é

B) Recent reaction rate ratio m asurements by foils

radiochemical calibration in |ealibration by capture with
analysis thermal flux fission chambers |Seufert/Stege=
mann method /~31_7
o/ 2,24 ANL /729 7|2.2% ANL /729 7
241% UKAEA /726 7
o2/ 3.1% ANL /729 7 2.9% ANL /729 7
ug/ci 3.3% ANL /729 7 ' |2+2% UKAEA /726 7
3.1% ANL /729 7
oi/cg 3.6% ANL /729 7 |1.7% UKAEA/726_] 1.3% UKAEA /726 7
1.4% ANL /729 7 1.6% UKAEA /732 7
Ui/c? 3.0% ANL /7237 [1.5% ANL /729 7 2.9% Khe /7257
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Table IV, Some important clean critical experiments
Benchmark series |k =series SNEAK=3 series MASURCA=2A ,2B
ZPR=III/48,k9, ZEBRA ,8A=
50,53 18C, ZPR=-III/S55
Core=- eylindrical k_=zone, with |eylindrical 1= ecylindrical 1=zone
Geonetry 1=zZone core, degraded spec=|zone core, reflec-=core reflector (2B)
reflector trum, driver |tor (3A-1, 3A-2) |substitution of
and buffer substitution of |inner Pu=zone (2A)
inner Pu=zone
(3B=2)
2 .
Fuel Pu/238U Pu/“38U enriched U(3A) enriched U(2B)
Pu/238U(3B—2) Pu/238U(2A)
Cellw- comﬁicated relatively simple in the simple rod cell
Geometry |plate cell simple, but 3A=series (U) (4 rods)
(3 dravers) large cell complicated in
3B-2 (inner
Pu=~zone)
Important |kepp, fission ks ratios of |kopp, ratios of B2, ratios of
Measure« |ratio with cham= |reaction rates|reaction rates reaction rates
ments bers(not with with foils (only in 3A-2 with{with foils across
foils),reactivi= |across the fuelfoils), reactivity fuel rods)
ty worth with plates, spec~ |worths, spectrum
samples of trum (TOF, (proton recoil, °Li,
various sizes proton recoil) |sandwich foils),
Pu=a by Doppler
experiment
‘ ‘ 1
Special composition degraded spece|composition similar
Feature similar to a trum to empha-|to a steam=cooled
mixed carbide size the regi~ U0, (or mixed oxide)
fuelled Na cooled{on where o fuelled fast reac=
fast breeders was uncertain |tor
various modifie
cations
References 29 26, 29 22, 38 Lo
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Table V. Sensitivities of spectrum~averaged cross sections to change

of =10% in cross sections (SNEAK 3Awseries)

Energy EI:N o

Groups : ¢ -?-

(ABN) 3A=0 3A=1 3A2 3A=0 3A=1 372
1 =5 =0Q,006 =0,006 =0,006 ~0,019 =0,019 -0,018
6 = 8 «0,030 «0,024 =0,020 ~0,046 =0,039 ~-0,031
9 =11 «0.,043 =0,037 =0,031 =0,030 =0,024 =0,019
12 =16 ~0.,000 =0,020 0,027 =0,027 =0,005 =0,021
Total =0,088 =0,087 0,084 =0,100 «0,097 =-0,089

Table VIII,

Break=down of the calculated reactivity effect in a Donpler

Fission

Absorption

2l 0Pu

Expansion

experiment (sample: 450 g Pu0,, temperature change 400°c) 10

for different Alpha-values for 239Pu

=6 Ak Jx

No

rrmal Core

Low Alpha

+21.2

‘1807

+ 2.5

- 103

+ 1.2

= 0.6

Total caleulated + 0.6

Experiment

-21 .h

-1.2

- On6

=3.7 + 0.1

High Alpha

+19.9

= 1.5

- 2.7

= 343

Boron Environment

Low Alpha High Alpha
+13.4 +11,0
o 7'1 - 70)"‘
+ 6.3 + 3.6
- 0.k - O,k
+ 5.9 + 3,2
- 0,1 - 0,1
+ 5,8 + 3,1
+2.5 + 041
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Teble VI. Cross section variation used for the calculations

Variation Variation
Gro Ener Range of of
up gy Rang op (U235) o (U238)
(%) ¥ (%)
e
%)

1 6.5 -160.5 MeV -10 -10
2 4o - 6.5 " -10 -10
3 2.5 - 4.0 " -10 -10
4 1.4 - 2.5 " -10 -10
5 0.8 - 1.4 " -10 -10
6 0.4 - 0.8 " + 7 -10
7 0.2 - 0.4 " + 7 -20
8 100 - 200 keV + 7 -20
9 4¥%.5 - 100 " + 7 -20
10 21.5 - 46.5 " + 7 -20
11 10.0 -21.5 " + 7 -20
12 4,65 -~ 10.0 " + 7 -20
13 2.15 - 4.65 " + 7 -20
14 1.0 -2.15 " +7 ~20
15 0.456 - 1.0 " + 7 -15
16 215 - 465 eV + 7 -15
17 100 - 215 " + 7 -15
18 465 - 100 " + 7 -15

%) Because in group 1-5 Op (U235) has as upper limit the KFK-SNEAK
data, the ecalculatiens are performed with the lower limit.



mable VII. Influence of data uncertainties on integral nuclear parameters
in SNEAKw3A«2
KFK 793 /e 776 Fundamental Mode Calculations *)
Reactor ' BR-24.01074 B2 - 25.49 107% em™@
Carameter Experi- SNEAI}?KSET KFK KFK 67%2‘2,38) cv£2338) cYéo Uv2'38) ayg?B) Uf£g‘2’35) cfggS) ofélilziS) o giifw) cf}(I 32@315) ovg‘i )
ment 2 - Dim, SNEAK SET SNEAK SET | .15 | 6r. 6-9 | Gr.10-1% | ar.15-18 | Gr. 1-5 | Gr. 6-9 | Gr.10-12 | Gr.13-15 | Gr.16-18 | Gr. 9-14
kK pp 1.000 0.9886 1.0047 0.9886 0.9897 0.9995 1.0101 0.9926 0.9811 1.0017 0.9961 0.994k 0.9916 0.9934
Dk x 10° - 7.0 - 5.91 - 6.3 - 6.55 - 6.54 - 6.13 - T7.04 - 6.91 - 6.63 - 5.85 - 6.42 - 7.00 - 6.83 - 6.17
Dkpp x 10°| -3.8 - 3.47 ~ 3.0 - 3.43 - 3.43 - 3.22 - 3.54 - 3.64 - 3.48 - 3.10 - 3.35 - 3.63 - 3.62 - 342
Akan 10% + 4.8 + 3.74 + 3.89 + 4.09 + 4.08 + 3.86 + 3.97 + 434 + 4.05 + 3.76 + 3.96 + 421 + 4.34 + 4.04 _
R.S.D.C. x‘lo2 + 5.8 + 4.70 + 4.54 + 4,76 + 4.75 + 4.46 + 4.76 + 5.01 + 4.83 + 4.3 + 4,61 + 4.98 + 5.06 + 4,72
-Ak(A T)x10° - - 1.04 1.01 1.01 1.02 0.96 0.961 1.01 1.00 1.00 1.01 1.02 1.02
25“1/25cf - - 0.321 0.320 0.320 0.321 0.324 0.321 0.324 0.312 0.315 0.315 0.317 0.321
28"y/25of 0.130 0.137 0.139 0.138 0.137 0.131 0.124 0.136 0.140 0.135 0.136 0.137 0.138 0.136
49"1/25% - - 0.303 0.301 0.302 0.303 0.307 0.304 0.305 0.294 0.296 0.296 0.297 0.303
28oy /25{:f 0.0338 0.0297 0.0288 0.0291 0.0291 0.0288 0.0284 0.0290 0.0295 0.0287 0.0289 0.0289 0.0290 0.0290
1998 /25,4, - - 0.965 0.966 0.965 0.966 0.963 0.967 0.978 0. 9hk 0.953 0.954 0.959 0.966
x) With heterogenity corrections from KFK 776
Bk pp = + 046103 8AK = - 0.3 1075 60k 5/ = - 0.14 10'2; Aky,= +0.32 1072
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Teble IX. Best available criticality values calculated for
various Fast Zero Power Assemblies
Aésembly Best available Experimental result|Ak
value for keff Theory=Experiment
(MPXT@Tmset )
SUAK U1B 0.856 0.86 % 0,01 =0,00k4
SUAK UH1B 0.930 0.945¢ 0,01 =0,015
ZPRIII=10 1.011 1,000 +0,011
ZPRIII~25 0.997 1,000 =0,003
SNEAK=series 3A0 0.937 0,930 +0,007
3A1 0.968 0.962 +0,006
382 1.000") 1,000 £0,000
3A3 1.036 1.048 =0019
SNEAK=3A1 1,020 1,000 +0,020
SNEAK=3A2 1,013 1,000 +0,013
SNEAK=-3B2 1.000 1,000 +0,000
ZPRIII=-UL8 0.989 1.000 ~0,011
ZPRIII=-U8B 0.987 1,000 =0,013
ZEBRA 6A 0,985 1,000 -0,015
SNEAK 5C 1,040 1,03 £0,012) +0,010
ZPRIII=55 0,983 1.000 -0,017

R Normelization point for the SNEAK~3A=series

2)

Preliminary experimental results
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FIGs 5

PROCEDURE OF DATA EVALUATION
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FIG. 6 WAYS TO REDUCE DATA DISCREPANCIES
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