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Abstract

The pfeparation'of'the MOXTOT-set in 1969 was a first step in the desired
direction of improving the group constants used for nuclear calculations

of fast reactors. Using this data-set, it was possible to predict the criti-
cality of all zero-power reactor-assemblies studied as test cases at that
time within an uncertainty limit of * 2 %. Further improvements superceding
the MOXTOT-set have been necessary in order tc reduce the uncertainty range
for the criticality prediction and to improve the prediction of other impor-
tant quantities besides criticality, e.g. reaction rates which are important
for the breedihg properties of fast power reactors. For the test of the im—
proved set of group constants, named KFKINR-set, we have primerily used the
same critical assemblies which were taken for the test of the preceding
MOXTOT-set. The important changes in the group.constants with respect to the
MOXTOT-set, which was used as starting point, concern mainly the heavy
isotopes which are important for fast breeder reactors, especially Pu239,
U238, U235, and Pul2bo. For the determination of the group constants for the
elastic down—-scattering we have used as the weighting spectrum the collision

density of a typical sodium cooled fast reactor, namely that of the SNR.

The complete nuclear data basis of the improved group constants is described

tical assemblies
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are presented in chapter III. Some essential characteristics of the new set
of group constants and the results obtalned by its first test applications
are summarized in chapter IV. In the Appendix some remarks on the methods of

calculation are added.

Zusammenfassung

Die Erstellung des MOXTOT-Satzes war ein erster Teilerfolg bei der angestrebten
Verbesserung der Gruppenkonstanten, die fiir die nukleare Berechnung schneller
Reaktoren verwendet werden. Dieser Gruppenkonstanten—-Satz ermdglichte es, die
Kritikalitdt aller seinerzeit damit untersuchten Nullenergie-Resktoranordnungen

auf * 2 % genau vorherzusagen. Weitere, ilber den MOXTOT-Satz hinausgehende

Kritikalitétsvorhersage zu verkleinern. Daneben sollte auch die Vorhersage
anderer GrdBen wie z.B. von Reaktionsraten verbessert werden, um die Brut-

eigenschaften genauer bestimmen zu k&nnen. Flir den Test des verbesserten Satzes



von Gruppenkonstanten, der KFKINR-Satz genannt wurde, haben wir zunichst
die gleichen kritischen Anordnungen benutzt, die bereits bei den zum
MOXTOT-Satz fiihrenden Studien verwendet wurden, der die Grundlage fiir

den verbesserten Datensatz bildete. Die hauptsichlichen Anderungen der
Gruppenkonstanten betrafen die schweren Isotope, die flir schnelle Brut-
reaktoren wichtig sind, insbesondere Pu239, U238, U235 und Pu2bo. Als
Wichtungsspektrum zur Bestimmung der Gruppenkonstanten flir die elastische
Abwirtsstreuung haben wir die StoBdichte eines typischen natriumgekiihlten

schnellen Reaktors, némlich des SNR's, benutzt.

Die Beschreibung der nuklearen Datenbasis des KFKINR-Satzes ist in
Kapitel II enthalten. Erste Ergebnisse von Testrechnungen fiir Reaktor-
anordnungen sind in Kapitel III angegeben. Wesentliche Merkmale des
neuen Gruppenkonstantensatzes und der damit erzielten Resultate sind
in Kapitel IV zusammengefaRt. In Anhang finden sich einige Bemerkungen

bezliglich der Berechnungsmethoden.
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I. INTRODUCTION

One basic requirement for the design of large fast power reactors is the
sufficiently accurate and reliable predicticn of the important nuclear
parameters e.g. critical mass, breeding ratio,.Doppler—coefficient, coolant
void coefficient etc. The presently existing methods of calculation and,
especially, the nuclear data used are not completely satisfactory in this
respect. Therefore it has been and is still necessary to check the methods
and data by comparing the results of calculations with corresponding
experimental results. Thisyeventually,gives rise to refinements of the
methods and to improvements of the data, which has been a continuocus
effort of reactor physicists and related groups during the last years.

The preparation of the MOXTOT-set of group constants in 1969 /8/ was a
remarkable step in the direction of improving(the nuclear data used for
the calculation of fast reactors. Using this data-set, it was possible to
predict the criticality of all zero-power reactor-assemblies studied as
test cases at that time within an uncertainty limit of * 2 %. Further
improvements superceding the MOXTOT-set have been necessary in order to
reduce the uncertainty range for the criticality prediction and to improve
the prediction of other important quantities besides criticality, e.g.
reaction rates which are important for the breeding properties of fast
power reactors. For the test of the improved set of group constants, named
KFKINR-set, we have primarily used the same critical assemblies which were
taken for the test of the preceding MOXTOT-set. The important changes in
the group constants with respect to the MOXTOT-set, which was used as
starting point, concern mainly the heavy isotopes which are important for
fast breeder reactors, especially Pu239, U238, U235, and Pu2hko. For the
determination of the group constants for the elastic down-scattering we
have used as the weighting spectrum the collision density of a typical
sodium cooled fast reactor, namely that of the SNR. It has been shown
that it is important to take into account the precise form of the energy

dependence of the fission neutron spectrum of different isotopes.

In this report we have tried to document in some detail the nuclear data
basis of the improved group constants. First results of test-recalculations

for experimental results obtained in fast zero-power reactors are also
presented so that one can see the improvements obtained and the range of

uncertainty still present for the prediction of important nuclear reactor



parameters. Some remarks on the methods of calculation are added in the

Appendix.

II. NUCLEAR DATA BASIS OF THE GROUP CONSTANTS

I1.1 U238

2) Gtot

Our new group constants for o of U238 were based on the following new

measurements and evaluations;tgz the energy range from 0.2 — 4 MeV
(groups 3, 4, 5, 6, 7) on the measurements of CABE et.al. /1/ and on the
results presented by LAMBROPOULOS /2/ which are both generally in
agreement with the recent evaluation of PITTERLE /3/ in this range.

In the range between o.4 - 1.4 MeV these new values are confirmed by

the recent experimental results of KOPSCH /L4/ and in the range from

0.2 - 0.8 MeV they are in agreement with the rather old data of

MEADS /5/ (see also e.g. /6/ Fig. U8-C2) and with data from WHALEN given

in /3/ Fig. 6.

Recent Auerbach-Moore optical model calculations by
indicated an increase in the total cross section of U238 from 50 keV
to 1 MeV which corresponds favourably well to the data just mentioned

vefore.

(U238)

Due to the changes indicated beforejour group constants for Ot ot
were increased in the energy range from 0.2 MeV to 1,4 MeV and slightly

reduced from 1.4 to 4 MeV compared to‘the previously used values.

0capt

In /8/ our capture cross section of U238 below loo keV was based on the
MOXON-data /9/. Due to the history of the generation of the set of group
constants discussed in /8/ there were still included very low values for
the capture cross section of U238 in the energy range from loo - 8oo keV

which were based essentially on the low fission cross section of U235
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given by POENITZ. This inconsistency has now been removed and an

additional smell correction has been applied.

From 1oo - 800 keV we derived mean values for the ratio GY(U238>/
of(U235) from the various series of measurements shown in the publi-
cations of POENITZ /1o, 11/ and with our values of Gf(U235) which are
essentially based on WHITE's data we determined consistent values for
OC(U238) in the energy range mentioned taking also into account the
results of FRICKE et.al. /12/ and the evaluation of BYER and

KON'SHIN /13/ in the extended energy range from o0.05 - 1o MeV. In

the energy range from 1 - 2.15 keV (group 14) and from 21,5 - loo keV
(group 9 and 1o) we have taken into account the experimental result
of SILVER et.al. presented at the ANS summer meeting in 1970 which

is in good agreement with SOWERBY /14/ in the energy range 21,5 -

100 keV and is somewhat higher than MOXON's data.

It seems important to mention, that the resonance parameters and there-
fore also the resonance self-shielding factors have not been changed
for the new set of group constants. This has to be postponed to & KEDAK-

reevaluation of the corresponding data.

Between 1 - 1oo keV our capture group constants for U238 which are
based on the MOXON-data are rather low compared to the new ENDF/B
evaluation by PITTERLE /3/. Above 1oo keV our data are in better
agreement with the ENDF/B data.

Comparison with other data

Between 0.1 — 1 MeV we find reasonable agreement with the results of
SOWERBY /14/ and of POENITZ /11/ which becomes even better in the
energy range from lo — loo keV. Between 1 - 1o keV our (MOXON)-data

agree rather well with the experimental results presented by SILVER.

But there is a marked discrepancy to the recent experimental results
obtained at GGA by FRICKE et.al. /15/. At present this systematic

discrepancy between different experimental results is unexplained.
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In order to get rid of this discrepancy DAVEY increased the MOXON-data
by 15 % in his evaluation /16/. Further careful precision measurements

seem to be necessary to clarify and remove this discrepancy.

9fiss

Compared to the data given in /8/ we have made only one additional
change: in the energy range from 2.5 to 4 MeV it was felt hecésééfy o
to reduce our value somewhat because in /8/ the renormalization of

the Los Alamos data has been done for U235 and Pu239 between 2.5 and
10.5 MeV but for U238 only between 4.0 and 10.5 MeV. With the inclusion
of this new value our group constants for cf(U238) are in good agreement
with the evaluation of BRESESTI /17/ and with the new ENDF/B-evaluation
by PITTERLE /3/ in the whole energy range of interest for fast reactors.
%ine1’ Pinel (E~E")

In the past there have been several indications (see e.g. /18, 19/) from
the evaluation of integral data that the cross section for inelastic
scattering of U238 has to be reduced. We have now used below 1.2 MeV

the rather old experimental results of SMITH /20/ which are generally

in acceptable agreement with the Russian ABN-data. At the Helsinki-
Conference in 19To POENITZ /11/ reported a value of 2.87 barns at

1.6 MeV deduced from measurements of SMITH which is about 13 % lower
than the corresponding result of BARNARD. Generally the detalled
measurements of BARNARD /21/ which were confirmed by his recent
measurements /22/ are higher in the region of the first few excited
levels than the datad SMITH /20/. The evaluation of SCHMIDT /6/ and
probably also the recent ENDF/B evaluation of PITTERLE /3/ rely heavily
on the data of BARNARD below 1.2 MeV. It would be very helpful to have
an independent careful measurement of the cross section for inelastic
scattering of U238 and the corresponding energy transfer below about

1.2 MeV to see if BARNARD's results can be reprocduced.

Above 1.4 MeV our previous data /8/ have been reduced in the average by
about 20 % in accordance with the studies of KALLFELZ /18/. In addition

to the changes in O;ne1 We also changed the energy distribution of the
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inelastically scattered neutrons. For the statistical inelastic
scattering we used the Maxwellian distribution with a temperature
0(E) = 0.206 E1/2 taken from the evaluation of PITTERLE /3/ which
is based on a fit to the measurements of BATCHELOR /23/. This means
that in our formula for O(E) = (E/yA)1/2, Yy has now to be changed

from 0.16 MeV | to 0.099 MeV .

Below 1.4 MeV we used the inelastic scattering probabilities taken
from the Russian ABN group-set to replace our previously used data.
Further precise measurements in the region of the first few excited

levels will show whether this replacement is Justified or not.

e) other group constants

The other group constants not mentioned here explicitly have been kept
constant except for Oe which has been changed in such a way that the

new value for Ot is the sum of all partial cross sections.

II.2 U235

a) o

b

\
/

tot

The new group constants for Utot """"
of CABE et.al. /1/ in the energy range from 0.2 - 6.5 MeV (group 2, 3,
4, 5, 6, 7). In the whole energy range the new values show a slight

increase compared to the previously used values.

Below 1 keV the group constants for OC(U235) have been reduced as
mentioned in the next paragraph. In this energy range the group constants
for elastic scattering have not been changed but o has been reduced

tot
according to the reduction in O

Gcapt

Above 1 keV our values for a( = oc/cf) of U235 are generally compatible
with the recent measurements of /24/, /25/, /26/. Therefore above 1 keV
o has not been changed with the exception of the energy range from
20 - 50 keV where the preliminary results of BANDL and FROHNER /26/

indicate somewhat lower o-values in agreement with the results given



by KUROV /2L4/.

One should, however, mention that the group constants for GC(U235)
have been changed in accordance with changes in the values for

cf(U235).

Below 1 keV our values for a{U235) have definitely to be modified
as already indicated in /27/. From the results of de SAUSSURE /28/
rough estimates of a(U235) below 300 eV have been deduced. These
data have then been used together with the unchanged data for
cf(U235) to determine improved group constants for OC(U235) below

200 €V.

%fiss

In the energy range between 1.4 - 2.5 MeV {group 4) and between

o.4b - 0.8 MeV (group 6) the group constants for of(U235) have been

slightly reduced, so that the new values show an improved agreement
with the dats of WHITE /29/. The reduction is so small, that both,

the old and new group constants are within the experimental range of

uncertainty of the KEDAK - as well as the WHITE-data.

at 530 keV a value of 1.17 + 3.5 % is also in good agreement with

our improved group constant for cf(U235) in this energy range. Recent
publications of SOWERBY /14/, SZABO /31/, POENITZ /11/ and BLONS /32/
seem to indicate that our previous values for of(U235) below lLoo keV
have to be decreased. This has been done in the energy range from

1 - hoo keV with special weight given to the measurements of BLONS.
From the corresponding figures in the reports of POENITZ /11/ and of
DAVEY /33/ and from the measurements of SZABO /31/ 1t can be seen
that in the energy range between 20 — loo keV even lower group
constants for of(U235) than our presently accepted values seem to be

possible,

The details in the structure of both the fission cross section of U235
and the a-values as indicated e.g. in the measurements of de SAUSSURE /28/
PATRICK (see /1L4/), BLONS /32/ and BOWMAN (see /11/) could not be

considered here when new group constants have been determinedQ:This must
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be postponed to a future careful evaluation of this phenomena for the

KEDAK-file.

<1

d)

At the Helsinki-Conference in 19T7o some new results on the energy
dependence of v(E), the mean number of secondary neutron per fission,
have been reported: the measurements of SOLEILHAC et.al. /34/ and the
compilations or evaluations found in the papers of DAVEY /33/ and
POENITZ /11/. Besides this a new evaluation is underwsy at Karlsruhe
/35/ for the whole energy range from thermal to 14 MeV which takes
also into account the reevaluation of the thermal value done by
HANNA, WESTCOTT et.al. /36/ and the renormalization of the v-value
for Cf252. Our improved values of the group constants for v(U235)
have been determined essentially by using preliminary results of the
present Karlsruhe evaluation /35/. In the energy range from 0.2 -

1.4 MeV our improved values are in good agreement with the results

of SOLEILHAC /34/. From the reports of DAVEY /33/ and POENITZ /11/
somewhat larger values for 9(U235) would have been deduced in the
energy range from o.1 - o.4 MeV than those presently recommended by

us.
e) o and other group constants

Below 1 keV the group constant for elastic scattering has been kept
constant, as already mentioned in the paragraph reporting on Ot ot”
Above 1 keV the elastic scattering group constant has been adjusted

in such a way that the new value for o is the sum of all partial

: tot
cross sections.

All other group constants not mentioned here explicitly have not been

changed.

II.3 Pu239

General remark

Since the production of the MOXTOT-set a new evaluation of a few types of

nuclear reactions for Pu239 has been performed at Karlsruhe by Miss
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HINKELMANN /37/. This evaluation has been taken as the basis for the

generation of new group constants. In the following we will only describe

those changes which lead to group constants differing from those generated

from the recent evaluation /37/.

a)

0tot

As for the other isotopes we have taken into account the recent measure-
ments of CABE et.al. /1/ which are generally in good agreement with the
older measurements of MEADS (see e.g. /6/ Fig. Pu9-C2). In most parts

of the energy range considered (0.2 - 6.5 MeV) this leads to an increase

of the group constants for o,  (Pu239).

tot

b) o

capt

In the evaluation by HINKELMANN /37/ essentially the o-values of GWIN
have been used as the basis for Gc(Pu239) in the low keV region. Since
that time new and improved data have become available mainly at the
Helsinki-Conference in 197o. In the high keV range (above o.4 MeV) we
have now adopted the reevaluated ENDF/B-data presented by BEST et.al. /38/
taking rough estimates for cc(Pu239) from this reevaluation. In the
energy range from 1o - 50 keV we have increased the o-value because the
results of GWIN seem to be somewhat too low in this range. This can be
seen if one considers to data of SCHOMBERG et.al. /39/, or the data
presented in Fig. 8 of the report of POENITZ /11/. The results of
KUROV /24/ and of BANDL and FROHNER /26/ give the same indication.

In the energy range from 1 - 5 keV we have decreased the o-value because
in this range the results of GWIN seem to be somewhat too high as can be

seen from references /39/, /11/, /2k4/.

The group constants for 9, have been changed in accordance with the
changes in the o-values and, if necessary, in accordance with changes

in of(Pu239) discussed in the next paragraph.

In the energy range below some hundred eV our KEDAK-file does not contain
the best information which at present is available from the experimental

results. This is mainly due to the fact that we are primarily concerned
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with fast reactors with hard neutron spectra for which this region is
of minor importance. For assemblies with softer neutron spectra the
importance of this region increases and it may be that the theoretical
results for the kw~experiments SNEAK-5C and ZPRIII-5S5 are influenced
to some extent by changes in the nuclear data in the energy region

below some hundred eV.

A future evaluation in this energy range should take into account the
results of LOTTIN et.al. /Ybo/, GWIN /41/, CZIRR and LINDSEY /L2/,
FARRELL /43/ and the evaluation of EVATT and HUTCHINS /4k/. Furtheron
one should remove the presently existing inconsistency on the KEDAK-
file between the tabulated microscopic cross sections and the corres-
ponding resonance parameters in the resolved resonance region. At
present this inconsistency leads in some energy ranges to remarkable
discrepancies in the a-value and to less severe descrepancies in the
value of Gf even if averaged over the group structure of the Russian
ABN-set. At present we have used in the energy range from 4.65 -

465 eV (group 16 - 21) the results derived from the inclusion of the
evaluation of RIBON intc an improved version of the KEDAK-file
established recently by Miss HINKELMANN. This has been done for the

determination ©f the group constants Ops O, and 0., from resonance

parameters.

fiss

Compared to the recent evaluation by HINKEIMANN only minor modifications
of the fission cross section have been performed for our new set of
group constants. Between 0.2 - 0.4 MeV and 0,8 - 1.4 MeV we increased
do slightly in order to come to

fiss capt
more acceptable values for the ratio of(Pu239)/cf(U235) compared to

our group constants for ¢

the corresponding average values of a series of different measurvements

as given e.g. in the work of POENITZ /1o/. The measurements of SZABO et.al.

also indicates that the HINKELMANN evaluation probably gives slightly too
low of—values in the energy region from 0.2 - 1.4 MeV. The same tendency

for most of the energy region between o.1 and 1.4 MeV can be deduced from
the DAVEY-evaluation which is also shown in Fig. 5 of the work of

SZABO et.al. /31/.

/

3

1/
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An opposite tendency at least for the energy range form o.4 - 1.4 MeV
seems to be indicated by the measurements of SOLEILHAC /34/ for the

ratio of(Pu239)/Gf(U235).

From the work of GWIN /41/ and the results of LEHTO /L7/ we determined
in the energy range from 1 - 20 keV new group constants for cf which
are most times somewhat higher than those obtained from the HINKELMANN-

For the energy range below some hundred eV essentially the same comments

apply to ¢, as already given in the preceding paragraph for oc. A future

t
evaluation should take into account the results of JAMES /L46/, LEHTO /4T/,
GWIN /41/, LAMBROPOULOS /48/, POENITZ /1o/, and of the evaluation by

EVATT and HUTCHINS /Ll/.

For the generation of group constants below some keV one should care-
fully study (a) the effect of the spin-dependence of the fission width
of Pu239 on the resonance self-shielding factors and their variation
with temperature as discussed by KIKUCHI /L49/ and (b) the effect on
effective cross sections caused by the intermediate resonance parameter
representation used to describe the intermediate structure of the fission

cross section as discussed also by KIKUCHI /So/.
v

The group constants for V(Pul239) determined from the HINKELMANN-evaluation
have been renormalized in the whole energy region from thermal to lo MeV
according to the new value of 3.756 for Gp(Cf) which is somewhat lower
than the previously used value of 3.764. This leads to a new thermal

value of 2.8859 for Gt(Pu239)‘Which is about 0.2 % higher than the
corresponding value of 2.8799 given in the evaluation of HANNA and
WESTCOTT /36/. In the energy range from 0.2 - 1.4 MeV our new values seem

to be in reasonable agreement with most recent measurements of

SOLEILHAC /3L4/.

In the energy range gbove 0.5 MeV our new values are in good agreement
with the evaluation of MATHER et.al. /45/ for Gﬁ(Pu239). Below about

0.5 MeV the small deviations between our somewhat higher values and
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the MATHER-evaluation is probably caused by the small difference in the

thermal values of about o.o01.

It is probably worthwhile to mention for the sake of completeness that
in the HINKELMANN-evaluation no fine structure in the energy dependence
of V(E) of Pu239 has been taken into account. One probably must wait

for more precise and unique experimental results.

SCHMIDT /51/ reported that a difference in the mean number of secondary
neutrons per fission has been found between spin o and spin 1 resonances;
the spin o resonances giving a 2.6 % higher value than the spin 1
resonances. This effect which is probably not very important has not
been taken into account in the HINKELMANN-evaluation and therefore is
also neglected in our presently used group constants.

e) o, 8nd other group constants

The group constants for elastic scattering has been adjusted in such a

way that the value of %o is the sum of all partial cross sections.

t

All other group constants not mentioned explicitly have not been

changed.

II.Lh Pulko

For Pu2ho only minor changes have been applied to the group constants of
the MOXTQOT-set. In the energy region from 1 — lo keV Opiss has been
increased according to values given by YIFTAH /52/ which are in acceptable
agreement with the results of BYERS /53/ and PITTERLE /54/. Between 1.4 -
2.5 MeV we have taken into account the recent results of SAVIN /55/ which

leads to an increase in the group constant for o, in group 4.

t

For the"sake of completeness it should be menticned that in group 2k
"(6.465 - 1 eV) the group constants for infinite dilution (0o = «) and the
corresponding resonance-selfshielding factors (f-factors) have been modi-
fied: because of the influence of the large resonance immediately above
the upper group boundary the resonénce—selfshielding factors are
larger than unity especially for high temperatures and large background

cross sections (large ¢ -values). This fact may cause some trouble in
o
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the interpolation of f-factors for Go—values different from the tabulated
values. Therefore we have divided for each reaction rate (capture, fission,
elastic scattering) the previously used f-factors by the f-factors for

T = 2100 °C and o, = 106 barn (the highest values used in the tables) and
correspondingly multiplied the previously used infinite dilute values o
by the same falues, so that the product g f(oé) remains unchanged but

the difficulties for the interpolation of T-factors could be avoided; at
the same time it is no longer possible to interpret the modified values

for Gw and the f-factors separately in the usual manner.

Remark valid for all Pu-Isotopes

For the sake of completeness it should further be mentioned that for all
Pu-isotopes all f-factors larger than unity have now been set equal to
unity also in order to avoid troubles upon the f-factor interpolation
especially for high dilutions: In the MOXTOT-set a small number of
f-factors with values slightly larger than unity appeared, mainly because
of numerical reasons. They have been set equal to unity so that no further
difficulties for an interpolation of the new f-factors are expected. This
small modification, which was necessary only for some large Uo—values, is

considered to be of negligible importance for reactor calculations.

II.5 Sodium

Our data of sodium are based on the evaluation of SCHMIDT /6/. Since 1966
improved data have become available. In 1968 PITTERLE /56/ presented a new
evaluation of the sodium data for ENDF/B. He made remarkable changes for

the 2.85 keV‘resonance. The most important ones are the new width Pn and the
new spin assignment J = 1 seleeted by PITTERLE. His revised FY—value_is
based on the result of FRIESENHAHN et.al. /57/. His changes for the values

of {(E) may also not be completely negligible for reactor calculations.

II.6 Oxygen

s B __ of oxygen
1% “el

1o MeV or at

No recent measurements seem to be available for Gtot’ Oe
which cover the whole energy range of interest from o.1
least large parts of that range. Therefore we have not changed our group

constants for this material.
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However, it has been found that probably a minor inconsistency exists presently
on the KEDAK-file which is also present in the SNEAK-set and the subsequent
improved group~sets as e.g. MOXTOT-set or KFKINR-set. This has been

concluded from the fact that above about loo keV there is a variation in

and even a change of sign between 160 and 170 keV, whereas o the

He1 el?

elastic scattering cross section remains constant up to 27o keV.

II.7 Group Constants of the Thermal Croup

In the documentation of the Russian ABN-set /58/ the group constants given
in the thermal group (group 26) are the 2200 m/sec cross sections. Generally
a Maxwellian weighting spectrum is applied, resulting in a multiplication

of the 2200 m/sec values by the factor Y1/2. When the SNEAK-set has been
prepared /59, 6o/ the weighting spectrum derived for the assembly SNEAK-3A2
has also been used to determine the group constants for the thermal groﬁp
for those materials which are available on the KEDAK-file. Therefore in this
set and in the subsequents sets, which are derived from the SNEAK-set, there
exists an inconsistency in the thermal group (also in other groups, but there
the importance is probably less pronounced): some materials having a Max-
wellian weighting spectrum and the KEDAK-materials having the SNEAK-3A2-

weighting spectrum.

For some reactorsslike STARK, where at least in some regions of the core
an appreciable amount of neutrons is slowed down into the thermal energy
range a Maxwellian weighting is more appropriate. Generally speaking, if
the thermal group constants are important at all, a Maxwellian weighting
is far more appropriate than the SNEAK-3A2-weighting spectrum. Therefore
we replaced the thermal group constants by Maxwellian weighted 2200 m/sec-
values for the KEDAK-materials and for some other materials where improved

2200 m/sec~cross sections were easily available.

We have used the evaluation of HANNA, WESTCOTT et.al. /36/ (H + W) and the

KEDAK-data for the 2200 m/sec cross sections for ¢

table)

¢ and o, (see the following



- 14 -

Crigin of the 2200 m/sec~cross sections

Material Al C Cr Fe Na Ni

Data origin | KEDAK | KEDAK | KEDAK | KEDAK | KEDAK | KEDAK

Material U235 U238 Pu239 | Pulho | Pu2ht | Pusko | U233

Data origin | H+ W | KEDAK | H+ W | KEDAK | H + W | KEDAK | H + W

For Pu239 a Maxwellian weighting may be not the best choice because of the
possible influence of the resonance at about 0.3 eV on the group constants
for the thermal group (o - 0.215 eV). However, if the influence of this

resonance really becomes important, the question of the weighting spectrum
has to be considered more carefully and the group structure of the ABN-set

will probably not be adequate enough in this case.

I1.8 New Weighting Spectrum and Partial Anticipation of the REMO-Correction

For the SNEAK-set and the subsequent sets including the MOXTOT-set we have
used the collision density of the assembly SNEAK-3A2 as weighting spectrum
for the generation of group constants. This spectrum is similar to the
spectrum of a steam cooled fast power reactor. It is more appropriate

at present to use a spectrum which is typical of a sodium cooled fast power
reactor. In addition we wanted to take into account - at least partially - in
advance the effect of the REMO-correction which produces improved values
for the elastic down scattering. Both items compare favourably well with
the wishes of the industrial groups interested in the SNR-project: it will
probably be possible to calculate a future SNR-type reactor without using
the REMO-correction because the new weighting spectrum and the partial
anticipation of the REMO-correction will lead to group constants for the

elastic down-scattering which are reasonably well adapted to this special

reactor type. For the industrial group this means a reduction of (a) computer
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time, (b) data handling, (c) necessary nuclear data files. An additional
advantage for the calculation of reactor cells with the heterogeneity code
ZERA /61/, /62/, for which the REMO-correction cannot be applied, consists
in the fact that it will now be possible to use more appropriate group

constants for the elastic down-scattering in this code too.

As new weighting spectrum we have chosen the collision density determined
by a fundamental mode calculation for the central zone of the SNR using 208

energy groups. The following data have been used for this calculation:

Atomic densities (at/cm3 X 102h)

ue3 1.186-5 Fe 1.072-2
38 133 or 3.163-3
P?¥  1ou8-3 mi 2.101-3
p2' 3 073-k 0 1.228-2
Pu2M 3.493-5 Na 1.057-2
P2 6.990-6 Mo 1.238-k

Nb 9.834-5

v 1.256-k

B2 = 12.5‘10—h cmﬁ2, fuel temperature = 2100 °k

The resulting collision density integrals FI = J F(E)aE = J F(u)du
AEg Aug
are given in Table 1. These results have been used to derive the collision

density F(E) given in Table 2.

This collision density F(E) has been applied to generate new group constants
 for the elastic down scattering for the KEDAK-materials Al, C, Cr, Fe, H, Na,
Ni, O, U235, U238, Pu239. In addition the collision density integrals FI have
been used for the partial anticipation of the REMO-correction for the same

materials with the exception of hydrogen. This has been done in order to
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minimize the effect of the REMO-correction for the SNR.

The partial anticipation of the REMO-correction (only applicable in the
energy range above 1 keV, group 1 - 14) consists in a modification of the

group constants for elastic down-scattering (o°° ) for infinite dilution

be
(background cross section o, > ), Some studies performed by Belgonucléaire

have shown that for those materials in the SNR which are important for the
elastic scattering process (namely Fe, O, Na) the background cross section

is generally about o, = 1o barns. We have modified G:e for each KEDAK-

material in such a way, that the product o o fel (co = 1o barns, T = 2100 °K)

b

;Z the corresponding value for the same material determined

for the same background cross section by a slightly modified application of

becomes equal to o

the usual REMO-correction using the SNR-collision density mentioned above.

E I I
(G—1 oel(E) Pel(E+EG) F(E)
J I dE
= otot(E) + 1o barn
JlosI _ G
b6 By F(E)
J - dE
% ctot(E) + 1o barn
G
G = group index, (increasing group numbers with decreasing energy)
I = isotope index
F(E) = SNR-collision density

Pel(E) = probability that a neutron with energy E scattered on the isotope I
will suffer an energy loss so that the final energy will be lower

than E .
G

eff

In Fig. 1 - 3 is shown Tpe (co) the effective microscopic group constants for
elastic down scattering (SBE) as a function of the background cross section oo.
The results obtained by an application of the REMO-correction are compared
with the results obtained by the usual direct calculation using the so-called

GROUCO-concept. In these cases we have still used the SNEAK-3A2-collision
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density as weighting function both for the GROUCO- and REMO-calculation.
In Fig. 1 - 3 are shown some rather extreme examples to indicate the
magnitude of possible discrepancies which may occure i1f the REMO-
correction is not taken into account. The materials considered and the
group numbers according to the ABN-group-structure are given in the

figures.

Some preliminary studies showed that the above modification was not ccmpletely
sufficient. The main reason i3 that the real background cross section
is not a constant within one group as is assumed for the corresponding

. 1
formula given above for o In the REMO-procedure the group constant

o)
be*
for the elastic down-scattering is determined in the following way

Bo-1 ot (®) PL. (B5E.) F(E)
J el el
dE
b (E)
JREMO,T _ Bg tot
pe,G TG—1 F(E)
dE
® ztot(E)
G

If the total cross section of the composition Zt(E) is split up into the

components of individual isotopes, we get

. I J
Ziot (B) Npropoe(B) + 8 Npoy , (E)
JHI
I I,Rest
N (o, L (E) + oL R (m))
N

where oi’ReSt(E) = S ﬁg'- OtJt(E)

P S
I,Jd = isotope index
I = Index of one specific isotope considered

In Fig.4 the collision density F(u) as function of the lethargy u is given

for the composition of the central zone of the SNR. It shows rather large
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variations even within one coarse group of the Russian ABN group structure.
This variation is taken into account appropriately for the determination of
the elastic removal group constants of our new set of group constants. Fig. 5
shows the total macroscopic cross section for the composition of the central
zone of the SNR. In Fig. 6 - 8 the same total cross section and the contri-
butions of the components oxygen, sodium and iron, respectively, are given,
whereas in Fig. 9 = 11 the total cross section and the total cross section
without the components of oxygen, sodium and iron, respectively, are shown.

From Fig. 5 - 11 it can clearly be seen that Ztot (E) and the background cross

section OI’ReSt(E) show appreciable variations within one coarse group. The
fact that oi’ReSt(E) is not constant within one coarse group has rather

severe implications on the determination of the correct group constant for
the elastic removal: the real range of integration in the numerator of the

above expression is considerably smaller than from E, to E,_, as indicated

in the formula; it is from E_ to EG/OLI where aI = ((A—1)/(A+1))2 and A is

G
the atomic weight of the isotope I.

REMO, I
be,G
, respectively, are relevant which are within the

For the numerator of the above expression for ¢ only that part of

I,Rest
Ztot(E) and o (E)
narrow range of integration Just mentioned. For the denominator, however,
I,Rest
Ztot(E) and o (E)
to EG—T' Because of the energy dependence of ¢

are relevant within the whole energy range from E
I,Rest

o o]
group this means that for & precise adjustment of %he the determination of

1o . . . . .
a 1s not sufficient in all cases because one would have to use instead

be
different

G
E) within one coarse

. 1
of one background cross section, (e.g. 1o barns), as done for sz,
average values for the background cross section in the numerator and the

denominator of an expression analogous to that given for 010. The determination

I,Rest I,Rest, 0%
of such average values for OO’G (numerator) and GO’G (denominator) or
1] ]
the equivalent, more elaborated determination of GigMg’I using the
L

formula given before seemed too complicated to us. This procedure and the

- 3 - 4 -
subsequent modification of cbe for all groups and materisls would also
probably have been too specific to the central zone of the SNR to an extent

which is not really necessary. Instead of such more complicated adjustments

which are not really necessary and probably too specific,we adjusted only
- .

a few values of %e for the three isotopes oxygen, sodium and iron

which are important for the elastic down-scattering in the SNR-
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composition. The values used for the adjustment have been derived from
REMO, I
g be,G

using in the REMO-procedure the collision density F(E) and total cross

calculated values of o for the three isotopes in some energy groups
section Ztot(E) of the composition of the central zone of the SNR. This
adjustment has been performed in those cases where it has found to be
necessary in addition to the preceding adjustment of O:e via c;: for the

following energy groups

group oxygen sodium | irom
6 - yes yes
1 yes - yes
8 - - -
9 - - -
10 yes yes yes
11 - - yes
12 - yes yes
13 yes yes yes
14 yes yes . yes

When applying the new group constants for elastic down-scattering generated
with the new weighting spectrum and partially anticipating the REMO-correction

one should be aware of the following effects:

1. The SNR-collision density is typical of a relatively "hard" neutron
spectrum. For reactors with "softer" neutron spectra, like those of
the SNEAK-3-series /63/, /6L/, these group constants are less suitable.
This deficiency can only partially be removed (namely for the energy

range above 1 keV) by the application of the REMO-correction.
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2. The material composition of the SNR contains relatively large amounts
of Na, Fe, O. The resonances of theses materials appreciably influence
the collision density which is subsequently used as weighting function.
If the amount of one or more of these materials is changed considerably
(e.g. by changing sodium density, kind of structural material, kind of
fuel) the collision density will also be changed so that the SNR-

collision density may no longer be gppropriate in this case.

3. As already indicated, the partial anticipation of the REMO-correction

causes of modification or adjustment of O Therefore this value

has no longer a physical meaning by itself.

ef?f
be
of the background cross section (namely o = 1o barns). If for some

4. The adjustment of o could only be performed for one special value
other compositions considerably different values of o occur the effect
of the adjustment will be reduced i.e. the agreement between the
directly calculated effective group constants (using the adjusted
o:e—values) and the corresponding values determined by an application
of the REMO~correction will generally be deteriorated. For large
co—values this deficiency is probably less severe because the material
will be of minor importance for that special composition as indicated
by its large dilution (high background cross section 00). For the

tudy of sodium-void-effects or for the determination of Gzzf for

essentially pure materials,as e.g.2 nickel-reflector, the mentioned

S

deficiency has to be kept in mind. In those cases the effect of the

REMO-correction generally will no longer be negligible.

5. Future changes of the presently established set of group constants

have to take into account that changes in the resonance-selfshielding

o

factors fo1 have to be transformed into corresponding changes in
(o]

cze. This means that e has to be readjusted in order to preserve

the merits of the present partial anticipation of the REMO-correction.

I1.9 Special Weighting Spectrum for Carbon and Hydrogen (C1/Eo, H1/Eo)

It has been mentioned in the preceding paragraph that the presently used

weighting spectrum (collision density for the inner core zone of the SNR)
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is not very suitable for the calculation of reactors with rather "soft"
neutron spectra. Most times such kind of reactors contain rather large
amounts of carbon and/or hydrogen in order to soften the neutron spectrum.
In the extreme case of a very soft neutron spectrum the collision density
will show approximately a 1/E dependence over a large energy range. There-
fore we have used as an alternative weighting spectrum the following

collision density:

(2 JE' . ,
)'6 \f;a-exp(—E/e) with © = 1.41 MeV for 2.5 MeV < E < 10.5 MeV groups 1 - 3
F(E) =

t C/E with C = 0.4525 for 0.215 eV < E < 2.5 MeV (groups L4 - 25)

In the high energy range this corresponds to the fission neutron spectrum for
thermal fission of Pu239 (Maxwellian with a temperature of 1.41 MeV). Below
2.5 MeV we assumed a 1/E dependence as in the ABN-set; the constant C has
been chosen so that at the high energy boundary (2.5 MeV) there is a

continuous transition to the Maxwell-distribution.

In order to be able to study at least roughly the possible influence of a
different weighting spectrum on calculated integral parameters as e.g.
criticality br reaction rates we used this alternative weighting spectrum
to generate modified group constants for carbon and hydrogen in addition
to the group constants for the same materials which have been determined
with the usual SNR-weighting spectrum. In order to distinguish them from
the usual group constants we have used new labels:‘ Ct1/Eo and H1/Eo

respectively.

For carbon we replaced only the group constants for elastic down-scattering
in groups 1 - 25; group 26 remains unchanged. It should be mentioned that
in groups 1 - 14 the partial anticipation of the REMO-correction mentioned
in the preceding paragraph has already been included using of course also
the alternative weighting spectrum for the determination of the REMO-

corrected group constants for elastic down-scattering needed for the adjustment.
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For hydrogen the alternative weighting spectrum has been used for the
determination of all types of group constants in groups 1 - 25. The

group constants for group 26 remained unchanged in this case too.

I1.10 Fission Neutron Spectra

In a previous report /65/ the influence of fission neutron spectra on
integral nuclear quantities of fast reactors has been studied. It has
been shown that it is important to take into account the differences in
the spectra of the various isotopes. It may also be important in some
cases to take into account the variation in the fission neutron spectrum
caused by a variation in the energy of the fission-inducing neutron. At
the moment only the dependence on the isotope will be considered. Taking
into account the dependence on the energy of the fission-inducing neutron
would imply considerable modifications of the programs used for the cal-
culation of the neutron distributions and is prbbably less important than

the first effect. Therefore it we be disregarded at present.

We have decided to represent all fission spectra by Maxwellian distributions
although this may not be justified for very low and very high energies. But
the fission spectra in these energy ranges are not very important for fast
reactor calculations because there are only a small number of neutrons in
these energy ranges. In the important energy range a Maxwellian fit to the
experimental results for the fission neutron spectrum measurements seems

to be reasonable and until now no final conclusion has been reached which
kind of representation (WATT-form or sum of Maxwell-distributions) should
be used instead of Maxwell~form. The different temperatures T for the
Maxwellian distributions for the various isotopes are given in the

following table:

Isotope | Pu239 | Pu2bo | Pu2kt1 | Pu2hk2 | Th232 | U233 | U234 | U235 | U236 | U238

T [MeV] | 1.1 | 1.39 | 1.3k | 1.39 | 1.32 | 1.31 | 1.31 | 1.30 | 1.31 | 1.35
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III. FIRST RESULTS FOR THE RECALCULATION OF FAST ZERO-POWER REACTORS

Some results of the preliminary version of the KFKINR-set have already been
published /66/. The essential feature was that the absolute magnitude of
the discrepancy between the calculated and measured criticality value is
smaller than 1 % for all assemblies used in the preceding studies /66/,
/8/ with one exception where the difference is 1.1 %. For the reaction
rate ratios the agreement between theory and experiment was still not
completely satisfactory. But it may be possible that the rather large
discrepancies are due to errors in the experiments or in their evaluation
and are not caused exclusively or primerily by errors in the nuclear data.
For the steam density coefficient of criticality for the SNEAK-3A-series
we had for the first time obtained an acceptable agreement between theory

and experiment.

III.1 Effect of the Partial Anticipation of the REMO-Correction on the
Calculation of the SNR

One of the objectives of the KFKINR-set was to reduce the effect of the

REMO-correction for the SNR-composition. This has been done

(a) by using the collision density of a 208 group calculation for the
central zone of the SNR as weighting function for the determination

of the group constants for elastic down-scattering

(b) by the partial anticipation of the REMO-correction as described before.

The fact that the anticipation of the REMO-correction is not done rigorously
but treated only in an approximative menner, for reasons explained before,
leads to be necessity that the success of the procedure has to be checked

by & rigorous application of the REMO-correction to the specific SNR

composition. In order to do this two ways are possible:

(1) using the

O

ollision density F(u) given by the 208-group calculation

(11) using the collision density obtained by the usually applied iterative
procedure which consists in a smoothing of the collision density
obtained by 26 group calculation and the subsequent use of the

smoothed function for the determination of improved group constants
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for the elastic down scattering which are then used in the following

26 group calculation.

First we study the remaining effect of the REMO-correction on criticality.
The following table gives the criticality difference for the MOXTOT- and
KFKINR-set of group constants caused by the application the REMO-correction
for the central zone of the SNR

Ak (REMO) for SNR

Ak (REMO)
MOXTOT-Set | KFKINR-Set
REMO with +0.0066 +0.0013
208-gr. F(u)
REMO with
iterative F{u)| +0.0058 +0.0002

The remaining criticality difference of about 0.1 % can be considered as

sufficiently small.

Next we study for the SNR the corresponding effect on the group constants SBE
for elastic down scattering and on the energy dependence of the neutron flux ¢.
The results of the conventional GROUCO-method without any REMO-correction are
compared in Fig. 12 (SBE) and Fig. 13 (¢) with the results obtained when the
REMO-correction is applied using the 208-group SNR-collision density. For the
MOXTOT-set the differences are rather large: * 50 % for SBE and up to To %

for ¢ whereas for the KFKINR-set the partial anticipation of the REMC-correctioh
proves to be successful: the differences are smaller than about 5 % for SBE

as well as for ¢. For the energy range below 1 keV which is outside the energy
range of the REMO-correctionsbut may be important for the determination of

the Doppler—coefficienty the KFKINR-set shows excellent agreement whereas the
MOXTOT-set underestimates the flux by about 1o %.

It was interesting for us to see what results can be obtained by the application

2 s

of the usual iterative treatment of the REMO-correction for t

r a
of the SNR-composition. In Fig. 14 and Fig. 15 the results for SBE and for
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the neutron flux ¢, respectively, obtained by the iterative procedure and

the conventional GROUCO-concept are compared with the corresponding results
obtained by the application of the REMO-correction using the 208-group
collision density. From these figures it can be seen that for the KFKINR-Set
due to the partial anticipation of the REMO~correction, which means an
adjustment of o:e as described beforeythe iterative procedure deteriorates

to some extent the rather satisfactory résults obtained with the conventional
GROUCO-concept for the SNR composition. This concerns alsc the energy range
below 1 keV which is outside the range of the REMO-correction but is affected
by the effect of the REMO-correction on the group constants for elastic

down-scattering for energies above 1 keV. In the upper part of Fig. 14 and 15

the corresponding results for the MOXTOT~set are also shown. The results for
both sets of group constants, KFKINR and MOXTOT, are very similar. This 1s
probably caused by the fact that for both sets of group constants the
smoothed curves for the collision density used in the iterative procedure
differ in a characteristic and consistent manner from the corresponding curve

obtained by a 208-group calculation. Fig. 16 and 17 give a comparison of

the 208-group collision density with the collision density determined by

the iterative procedure using the KFKINR-Set. These figures demonstrate

that due to the influence of resonances of predominantly scattering materials,
sodium, and iron, the 208-group collision density shows a
rather marked structure within one coarse group which naturally can not be
found in the smoothed curve derived from 26-group results. Above about 2 MeV

the deviations of the two curves in Fig. 16 and 17 may partially be caused

by the fact that in the 208 group calculation the energy distribution of
the fission neutrons can be taken into account more appropriately than in

the 26-group calculation.

In order to avoid any misinterpretation of the results presented before it
should be stressed that the good agreement between the results obtained
with the conventional GROUCO-concept and those obtained by an application
of the REMO-correction using the 208-group collision density is only valid
for the composition of the central zone of the SNR., For compositions with
similar amounts of coolant, structural material, and oxide fuel, as e.g.
the blanket of the SNR, it is expected that the agreement will not be much

worse than for the central zone of the SNR. For compositions with appreciable
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differences (a) in the amounts of the materials (e.g. coolant loss) or (b) in
the kind of the materials (e.g. carbide fuel) compared to the SNR-composition
the above conclusions are no longer applicable. The conventional GROUCO-concept
will no longer be sufficient and the REMO-correction has to be applied.
Comparing the results for the MOXTOT-set shown in the upper parts of Fig. 1h
and 15 (iterative REMO~procedure) with those shown in the upper parts of

‘Fig. 12 and 13 (conventional GROUCO-concept) gives some indication that for
those compositions which differ markedly from the SNR-composition the iterative
REMO-procedure will produce results which will be considerably improved
compared to those obtained by the conventional GROUCO-concept. From Fig. 16

and 17 we conclude that,although the iterative treatment of the REMO~
correction provides a good first approximation for the desired quantities

(as e.g. SBEyneutron flux ¢),it is preferable to use for each specific
composition considered the corresponding 208-group collision density if

it 1s already available or can easily be obtained.

The conclusions of this chapter with respect to the KFKINR-set can be

summarized as follows

(1) For the SNR the effect of the REMO-correction on the criticality
and on the neutron flux in 26 group-calculations is sufficiently

P 1
oild Ll e

(11) For the SNR the usual iterative treatment of the REMO-correction
deteriorates tc some extent the rather satisfactory results ob-

tained with the conventional GROUCO-concept.

(111) For compositions which differ appreciably in the components of
its materials from the SNR composition the REMO-correction can

no longer been omitted.

(Iv) If the REMO-correction has to be applied it seems preferable
to use — if easily available — the 208-group collision density
for the corresponding mixture; otherwise the usual iterative

procedure should be used.
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III.2 Criticality of Specific Fast Assemblies

In order to check the new set of group constants we recalculated the values

of the criticality for some specific fast assemblies. We have chosen essentially
the same assemblies as already used before /8/, /67/ for checking nuclear data
and methods of calculation. Some results especially for the SN—correction and
for the influence of taking into account the Pl-approximation for the neutron
scattering on hydrogen for the assembly SUAK-UH1B have been taken from the
preceding reports /8/ and /67/. Other criticality corrections e.g. heterogeneity-,
REMO- and fission spectrum~corrections have been redetermined using the new
KFKINR-set. The influence of the fission spectrum on criticality has been  des-
cribed in a separate report /65/. The fission spectrum correction listed in
Table 3 has been determined usually by fundamental mode diffusion calculations-

except for SNEAK-3B2 were a one-dimensional diffusion calculation has been

performed.

In~order to determine the fission spectrum correction we started with the

pure fission spectrum of the main fissionable isotope, i.e. U235 and Pu239

respectively, and then take into account appropriately the contributions of

other isotopes, e.g. U238, to the fission spectrum of the material composition

considered. The basic values for keff in Table 3 have been obtained in different

ways for the various assemblies: (a) by fundamental mode di
(

{b) by one- or two-dimensional transport calculation

n

diffusion calculations.

The fission spectrum corresponding to the basic keff-values is indicated in

a separate column of Table 3. Generally we have used the SNR-collision density
as welghting spectrum for the generation of the group constants for the elastic
down—-scattering. For assemblies with rather soft neutron spectra as e.g.
SNEAK-5C it seems more appropriate to use also a softer weighting spectrum.
Therefore we used in those cases a weighting spectrum which is essentially

a 1/E collision density as explained before in chapter II.9. The weighting
spectrum used for each assembly is also indicated in a extra column of

Table 3. The heterogeneity correction has been determined as usually by an

application of the ZERA-code to the heterogeneous and quasihomogeneous case.

In Table 4 the criticality values obtained with different sets 'of group
constants are compared with the experimental results for the different

assemblies. For most of the assemblies studied the criticality value
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obtained with the final KFKINR-set differs by an amount of less than 1 %
from the experimental results. This is also true for the assemblies
labelled SNEAK-3A-series given in Table 3. Only three out of the about

fifteen assemblies are outside the * 1 % region of criticality differences:

ZPRIII-55: Ak = +1.1 %. This difference is only slightly larger than the

1 % margin; furtheron it should be mentioned that the heterogeneity
correction depends to some extent on the weighting-spectrum (WS): for the
SNR-WS it is 1.5 %, for the 1/E-WS 1.2 %. A more precise determination

of the heterogeneity correction which would require the application of the
appropriate weighting spectrum may probably bring the criticality difference

for this assembly below the 1 % margin.

For SUAK~UH1B the reasons for the criticality difference Ak = ~2.0 % are
not yet clear. Two possible explanations seem to be near at hand:

(I) Some specific group constants in the high energy range (E > 2 MeV)

of particular high importance for this assembly may still be somewhat
erroneous.

(II) It may be necessary to take into account the higher moménts of the
angular distribution of the elastic scattering, i.e. P1, P3 or PS5,

instead of the transport-approximation which is used up to now. Apart
from effects which are important for similar assemblies too, as e.g.
UAK-U1B, the higher moments for the elastic scattering on hydrogen

and carbon may be important for SUAK-UH1B. The effect of taking into
account the Pl-approximation for the scattering on hydrogen has been
studied before /6T7/. In addition to the criticality correction Ak ¥ +0.003
derived from one-dimensional transport calculations which is quoted in /67/
it is probably worthwhile to mention that in fundamental mode calculations

with 26 and 208 energy groups we have obtained a criticality difference

of +0.007 to +0.008 when we used the Pl-approximation for the scattering
on hydrogen instead of the transport approximation. In the fundamental
mode calculations the buckling has been kept constant when changing from
the transport—- to the Pi-approximation. The value of about +0.007 is close
to the originally /68/ given value. The difference to the probably more
reliable value of +0.003 determined in /67/ indicates that the spatial

flux shape is changed appreciably by the transition from the transport-
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to the Pil-approximation for the scattering on hydrogen. Further studies
must show if the Pl-approximation for the scattering on hydrogen and the.
transport-approximation for the scattering on carbon are sufficient for
a precise determination of the criticality and the spatial flux shape

for the assembly SUAK-UH1B.

The assembly SNEAK-5C is a rather extreme case within the framework of
the present study because of its "soft" neutron spectrum leading to s
median fission energy of about 1 keV. The criticality difference to the
experiment of +2.1 % given in Table b may partially be caused by the

fact that neither the SNR- nor the 1/E-weighting spectrum seem to be
sufficiently appropriate to this special assembly. The heterogeneity
correction for SNEAK-5C shows a remarkably large effect of the welghting
spectrum: Akhet = +0.066 for the 1/E-WS and Akhet = +0.075 for the SNR-WS.
The large magnitude of the heterogeneity correction give rise to some
doubt wether the cocde and its inherent assumptions and approximations*

are accurate enough to guarantee reliable results even in this extreme

case.

Table 4 shows that the value for the root mean square deviation V(Ak)2
for the final KFKINR-set is somewhat worse than for the preliminary
version of the KFKINR-set. This is mainly due to the two assemblies
SNEAK-5C and SUAK-UH1B discussed just before, which show critiecality
deviations of about 2 % for the final KFKINR-set. If we would omit
these two assemblies the root mean square deviation would decrease
from 0.0097 to 0.0055 while the average criticality deviation Ak would

remain nearly unchanged.

The check of the KFKINR-set of group constants has been extended to other
assemblies which were not considered in the preceding study /8/. For
SNEAK-6A and SEFOR-1C the criticality difference is within the 1 %
margin generally observed (this statement also holds for the MOXTOT-
results for both assemblies). For some other assemblies listed in the
following table the comparison of the experimental criticality values
with the corresponding calculated values using the MOXTOT- and the new

KFKINR-set shows that by the preparation of the KFKINR-set the criticality
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prediction has generally been improved and that now similar eriticality

values have been obtained for classes of similar assemblies.

keff—values for some additional assemblies
keff

ASSEMBLY EXPERIMENT MOXTOT-Set KFKINR-Set]
ZEBRA-8H 1.027 0.996 1.022
ZPRIX-25 1.000 0.975 0.995
SNEAK-2A-R1 1.000 | 1.029 1.013
SNEAK-6A-71 1.000 1.000 1.007
GODIVA 1.000 1.016 1.0108
JEZEBEL 1.000 1.000 1,011k

CLEAN Pu
JEZEBEL 1.000 0.997 1.0091

DIRTY Pu
VERA-11A 1.000 1.000 1.0064




Table 3: Basic keff—values, ecriticality corrections and best available ke

the KFKINR-set of group constants

f

-values for various assemblies calculated

using

Basic k _, - | Fission Weighting SN— Heterogeneity |REMO- Fission Other Best
value eff spectrum | spectrum |[correction | correction correction | spectrum corrections | available
used used correction keff
SUAK U1B 0.8513 U235 SNR - - ~0.0002 +0.0012 - 0.8523
SUAK UH1B 0.9211 U235 SNR - +0.,0017 -0.0010 +0.0004 +0.0030 (2) 0.9252
7PRIII-10 0.9753 U235 SNR +0.0127 +0.0105 +0,0007 +0.0013 - 1.0005
ZPRIII-25 0.9863 U235 SNR +0.,0023 +0.0085 +0.000k +0.0023 - 0.9998
7PRITII-L8 0.9852 “Pu239 SNR +o.0077(1) +0.01ko +0.0002 —0.00061 - 1.0065
ZPRIII-L8B [0.98L3 Pu239 SNR +o.0077l +0. omol +0.0002 -0.0006 - 1.0056
ZEBRA-6A 0.9873 Pu239 SNR +0.0115 - ~-0.0006 ~0.0005 - 0.9977
() [—3A0 |0.9255 - U235 SNR +0,0038 -0.0008 "|—0.0009 +0,0003 - 0.9315
SNEAK | ~3A1 0.9545 U235 SNR +o;oo3éT +0,0009 %0, +0.0003 - 0.9631
Series| -3A2 |0.9895 U235 SNR +0.00k43 +0.002L ~o. +0.0002 - 1.0000(3)
-3A3 [1.0324 U235 SNR +o0.,00l43 +0.0060 -0.0003 +0.,0002 - 1.0462
SNEAK-3A1 0.9985 U235 SNR +0.0038 +0.0009 0. +0.0003 - 1.0035
SNEAK~3A2 0.9939 U235 SNR +o.ooh31 +0.0024 Zo. +0.0002 - 1.0008
SNEAK-3B2 0.9997 Pu239 SNR +0.0043 +0.0030 +0.,0011 -0.0035 - 1.00k46
ZPRITII-55 0.9980 Pu239 SNR - +0.0149 +0.0009 -0.0026 - 1.0112
SNEAK-5C 0.9928 Pu239 1/E - +0.,0663 -0.0069 -0.0002 - 1.0520

(
(
( ff
(

2

3) The k
e

L

) The experimental K,

fr

1) The correction determined for one assembly is also applied to the other assembly

= 1.0

-values are: 3Ao0: 0.930, 3A1: 0.962, 3A2: 1.o000 (normalization), 3A3: 1.0L8

) Effect of using the Pl-approximation for the scattering on hydrogen instead of the transport approximation

-values for the SNEAK-3A-Series are normalized to keff(SNEAK~3A2)

- g -
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Table h: Measured and calculated criticality values for various fast assemblies

and different sets of group constants

keff
ASSEMBLY EXPERIMENT SNEAK~ { MOXTOT- |preliminary | final
Set Set KFKINR-Set KFKINR-Set

SUAK U1B 0.86 £ o.01 0.855 0.856 0.859 0.852
SUAK UH1B [0.9L45 * o.01 0.918 0.930 0.9ko 0.925
ZPRIII-10 1. ©0.999 1.011 1.002 1.001
ZPRIII-25 1. 0.980 0.998 0.989 1.000
ZPRIII-LE |1, 0.977 0.989 0,995 1.007
7PRIII-L8B |1. 0.975 0.987 0.997 1.006
ZEBRA-6A 1. 0.97h 0.985 0.991 0.998
SNEAK-3A1 1. 0.99k 1.019 1.007 1.004
SNEAK-3A2 1. 0.989 t.012 1.006 1.001
SNEAK-3B2 1. 0.984 0.998 0.997 1.005
ZPRIII-55 |1. 0.958 0.984 0.991 1.011
SNEAK-5C 1.031 * 0.005 1.026 1.0k2 1.028 1,052
iy (1) -0.0173| -0.0022 |-0.0033 +0.0020
/-:; (2)

(Lk) 0.0270 | 0.0125 |o0.0062 0.0097
() =%i1§1 s, (2) /(ﬁ= /% ié (o1, )2

Ak. = k , calculated-k
f e

i of £ measured for assembly i

f
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I1I.3 Influence of the Weighting Spectrum on Criticality

For the generation of group constants for two materials, namely carbon and
hydrogen, we have used in addition to the usual SNR-weighting spectrum a
different, rather "soft" weighting spectrum, which is essentially a 1/E
collision density. The influence of this difference in the weighting
spectra has been studied for a few assemblies where rather large effects
had been expected. The results of fundamental mode diffusion calculations
are listed below. Besides the results without the application of the REMO-
correction, the last column also shows the criticality differences obtained
when the REMO-correction is used in both cases: calculations using group

consténts for C and H with the SNR-WS and with the 1/E WS.

Criticality effect of different weighting spectra

Results without REMO-correction Ak
IASSEMBLY keff with keff with Ak with

SNR-WS i 1/B-WS REMO-correction|
ZPRIII-55 | 0.995k 1.0156 +0.0202 +0.0033
SNEAK-5C 0.9779 0.9916 | +0.0137 ~0,0071
HECTOR HUG 1.0822 0.9861 -0.0961 -0.0930
HECTOR HPG 1.0k49k 0.9739 -0.0755 -0.0801

As expected the effects are very pronounced for the HECTOR-HUG and - HPG
experiments. In these experiments homogenized mixtures of graphite with
fissile material (uranium for HUG, plutonium for HPG) have been used for
k_-experiments. Because of the very "soft" neutron spectra - the median
fission energy is about 1oo eV - the inclusion of the REMO-correction
which applies only above 1 keV brings about no large additional effect
for the criticality differences. For ZPRIII-55 and SNEAK-5C the different
weighting spectra lead to considerably smaller criticality differences
than obtained for the HECTOR experiments. For SNEAK-5C with a median
fission energy of about 1 keV the application of the REMO-correction
leads to a change of sign for the criticality difference compared to the

value obtained by using directly the different weighting spectra. The
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remaining criticality difference Ak * -0.7 % is still comnsiderably large
and indicates that the energy range below 1 keV which can not be treated
at present by our code for the REMO-correction is of some importance for
the determination of the criticality. For ZPRIII-55 with a median fission
energy of about 150 keV the application of the REMO-correction reduces
the criticality difference by an appreciable amount compared to the value
determined by using directly the group constants generated for the two
weighting spectra. The remaining criticality difference of about 0.3 %
may not be totally due to differences in the group constants for elastic
down-scattering below 1 keV but may also partially be caused by the fact
that above 1 keV the corresponding REMO-corrected group constants which
are obtained by starting from "SNR-weighted" and "1/E-weighted" group

constants respectively, still show some small differences.

ITII.4 Results for Reaction Rate Ratios

We have studied here as in /66/ essentially three reaction rate ratios
F8/F5, 08/F5, F9/F5 where F and C mean fission and captureyrespectively,
and 8, 5, 9 stand for U238, U235, Pu239,respectively. The F8/F5 ratio is
now generally overestimated by about 8 % compared to the experimental
results with the exception of SNEAK-3A2 where the underestimation by about
20 % is probably caused by an erroneous experimental result. 08/F5 is
slightly underestimated (about 3 %) and F9/F5 is predicted even better
(discrepancies of about 1 %). The larger underprediction of about 1o %

for F9/F5 in ZPRIII-55 is probably caused to a large extent by diffi-
culties in the interpretation of the complicated procedure adopted in
order to obtain the experimental result (see also /69/). For SNEAK-5C

the interpretation of the experimental results especially for C8/F5

and F9/F5
effects and by the fact that neither the SNR- nor the 1/E-weighting

is complicated by the strong influence of heterogeneity

seem to be appropriate for the recalculation of this experiment. Furtheron
Br F9/F5 a new experimental technique has been applied for the first time
so that a systematical error cannnot be excluded for the experimental

result.

We recalculated some reaction rate ratios which were measured recently in
SNEAK-6D. The ratio of calculated to experimental results for different

sets of group constants i1s listed below.
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Reaction Rate Ratios for SNEAK-6D Theory/Experiment

Preliminary
MOXTOT-Set KFKINR-Set KFKINR-Set]
8w 101 1,07 1.05
F8/F5 0.87 0.91 0.99
v /5 o 0.91 0.95 0.98
8wt 1.17 1.18 1.;07
c8 /%2 1.11 1.12 1.07

The improvement obtained with the KFKINR-set is obvious. The remaining dis-
crepancy is concerned with the capture rate in U238. The theoretical results
are 5 - T % higher than the experimental ones. This fact is somewhat
surprising because for other assemblies & slight underestimation has been
found as mentioned agbove. One possible explanation for this contradictory
behaviour is that the standard used for the evaluation of the more recent
experiments is due to’some doubts: some deviation has been observed bet-
ween the standards used by two different groups of experimentalists
operating at the STARK- and SNEAK-facilitj,respectively. It will not be
possible to draw more definite conclusions on the correctness of the theore-
tical results for the capture rate in U238 determined with the KFKINR-set
until the presently existing discrepancy of the experimental standards has

been removed in the measurements.
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Iv. SUMMARY

The most important changes in the new group constants compared to those of
the MOXTOT-set, which was the reference set, concern the fuel isotopes of
fast reactors, namely U235, U238, Pu239, and Pulbo. For the less pronounced
but still important changes we must refer to the detailed description given
in chapter II. Some of the more remarkable charges will be briefly indicated
in the foll;wing. For U235 we have reduced the a-values below 1 keV

(o = cc/of) by a considerable amount. For the capture cross section of U238
we have tried to use group constants which are - together with those for

the fission cross section of U235 - consistent with differential measurements
of the cross section ratio oc(U238)/of(U235). For U238 we have reduced the
group constants for inelastic scattering and changed the inelastic scattering
probabilities in such a way that the spectra of the inelastically scattered
neutrons are shifted towards higher energies. For Pu239 our new group
constants are based to a large extent on the recent Karlsruhe evaluation
performed by Miss HINKELMANN /37/. Our group constants for the total cross
section of U235, U238, and Pu239 have been modified in accordance with the
recent measurements of CABE et.al. /1/. We have found that for accurate
calculation and evaluation it 1s essential to use fission spectra which are

different for the different fuel isotopes.

The new group set — KFKINR - has three special features differing from the
preceding MOXTOT-set: (I) the group constants in the thermal group have
been determined using a Maxwellian spectrum as the weighting functiona

(II) for the generation of the group constants for elastic down-scattering
of the materials available on KEDAK, namely Al, C, Cr, Fe, H, Na, Ni, O,
U235, U238, and Pu239 we have used the collision density of the central zone
of the SNR as the weighting function and, in addition, partially anticipated
the usual REMO-correction. (III) In order to be able to calculate, at least
approximately, the nuclear characteristics of assemblies with rather "soft"
neutron spectra, we have determined additional sets of group constants for

C and H for which the collision density used as the weighting function was
composed of a fission neutron spectrum (gbove 2.5 MeV) and a 1/E-spectrum

{vetween 0.215 eV and 2.5 MeV).
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As a first check we confirmed that, because of the partial anticipation of the
REMO-correction, the effect of the exact treatment of the REMO-correction on
criticality, group constants for elastic down-scattering and energy dependence
of the neutron flux is sufficiently small for the central zone of the SNR so
that the REMO-correction may be omitted for routine-calculations of the SNR.
Generally we have observed that the difference between calculated and measured
criticality-values is within a * 1. % uncertainty range. For the two remarkable
exceptions, it seems likely that the methods of calculation presently used are
not refined enough, so that the larger criticality difference observed in these

two cases can not certainly be attributed to errors in the group constants only.

With respect to reaction rate ratios it has been shown that with the KFKINR-set
the experimental results, especially for a more recent SNR-mock—-up in SNEAK, can
now be calculated rather well with the exception of the capture rate in U238,
where the agreement is not completely satisfactory. But in this special case the
experimental difficulties seem to be not completely resolved in the integral
measurements in critical assemblies and the differential measurements of the

capture cross section give rise to some uncertainty too.

The first test-calculation have shown that the presently available KFKINR-set of
group constants provides a firm basis for the design calculations of sodium cooled
fast power reactors. Further checks with experimental results obtained in critical
facilities like SNEAK, STEK, SUAK, STARK, ZPR-III, ZPR-VI, ZPR-IX. ZPPR, ZEBRA and
MASURCA will hopefully confirm this experience, increase the confidence level
indicate directions of possible further improvements, especially with respect

to the presently not so highly important materials as e.g. structural materials

or fission products.

V. APPENDIX: REMARKS ON THE METHODS OF CALCULATION

A) Studies on the validity of the assumption of additivity of the SN-corrections

for different space directions.

Most of the assemblies studied here and practically all power reactors of interest
can be treated at least approximately by two-dimensional calculations in cylindri-
cal (r,z)-geometry. These calculations are most times done using diffusion codes,

because two-dimensional transport codes need much computer time and are sometimes
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not easily available. The use of the 2d-diffusion codes instead of the more
appropriate 2d-transport codes comprises a certain approximation with respect
to the angular dependence of the neutron flux and the leakage of neutrons.
This approximation influences to some extent the criticality parameter deter-—
mined in the calculations. The criticality difference between transport— and
diffusion-calculations is called S_-correction. The exact determination of

the SN—correction would require twg— or three-dimensional transport calcu-—
lations which are very time-consuming and sometimes impossible since the
corresponding codes are not available or even not yet existing. Instead of the
exact SN-correction one uses sometimes an approximate value which is obtained
by adding up the SN—corrections determined in one-dimensional calculations e.g.

in r- and z-direction.

This procedure would be correct if the assumption of the separability of the
spatial neutron flux distribution would be valid. Therefore the assumption
that by adding up the one-dimensional SN—corrections of the r- and z-direction
one is able to obtain the correct two-dimensional SN—correction is equivalent

to the assumption of the spatial separability of the neutron flux.

An alternative procedure consists in establishing an "equivalent™ spherical
model of the cylindrical reactor, e.g. by using a so-called shape factor, and
determining by one-dimensional calculations for this spherical model the
magnitude of the SN=Lorrection which is then assumed to be the same for the
real cylindrical configuration. Both procedures can only provide approximate
values for the SN—correction and it seemed interesting to us to study the

validity of these procedures in a few specific cases.

As a first check we considered one of the SUAK assemblies, namely SUAK U1B.

The SUAK assemblies are exceptions in our present study because they have

cubic geometry instead of the usual cylindrical geometry. For most of the
cylindrical assemblies, studied in this work, the assumption of the separability
of the flux shape in the different space directions has been verified /8/ by
means of two-dimensional diffusion calculations in cylindrical geometry and
comparison of the criticality value with corresponding one-dimensional diffusion
theory results. For the determination of the energy-independent bucklings used
in the one—dimensional calculations the usual iterative procedure has been
applied which is outlined in /8/ p. 17. The analogue procedure has been used

in the case of SUAK U1B where we performed a two-dimensional diffusion calcu-
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lation in x~y-geometry using an energy-independent buckling for the z—direction
which has been determined in the usual manner and has been taken in the one-

dimensional calculations too.

For the assembly SUAK U1B we obtained the following results of the diffusion

. . . -4 - : -
calculations with the SNEAK-set, using Bi 58.2967+10  ecm 2s= keff(2 dim.) =

0.82368 + 0.oo00k, keff (1 dim.) = 0.82375 * 0.0001. The difference between

both values is smaller than o.00o1 which is well within the accuracy of both
calculations. This means that the present comparison indicates that for the
SUAK-assemblies too the assumption of the separability of the flux shape in

the x- and y-space directions seems to be fairly well realized.

During our previous study /8/ only a one-dimensional Sy—code was available at
Karlsruhe. We determined the total transport correction by adding up the
SN—correction of the different space directions. We are now able to check

the validity of the assumption of the additivity of the SN-corrections by
means of a two—dimensional SN—code called SNOW. Because the effect of the
additivity-assumption was most pronounced for the SUAK assemblies, the first
(see /8/, tables V-15g and V-15h) check has been done for SUAK U1B for which
we have shown Jjust before that the assumption of separability of the flux

shape in the different space directions holds reasonably well.

The results for the one—-dimensional SN—correctioqs were the following ones:

x-direction: AKSN,X = 0.0087

y-direction: AkSN,y = 0.0087

z—direction: AkSN,z = 0.0139
resulting in a total Sy—correction of AkSN,total = 0.0313. For the spherical
model of this assembly, described in detail in /8/, we have obtained
AkSN,sphere = 0.013 which was considerably smaller than the AkSN,total

given above. This difference illustrates the importance of the assumption

of the additivity of the one-dimensional SN-corrections. The reason for this
difference is most probably due to an inadequate boundary condition in the
diffusion calculation for the spherical model as discussed in more detail

'in /8/ page 56. The result of a two-dimensional Sh-calculation in x-y-geometry,

which was confirmed by a corresponding S8-calculation, yielded a criticality
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value which was larger by an amount of 0.0173 than the corresponding
diffusion theory calculation. This criticality difference agrees with

- - +
N corrections (AkSN,x

Bk . 0.0174) within the accuracy of the calculations and is definitely
3

larger than the one—-dimensional S

the corresponding sum of the one-dimensional S

—correction for the sphere Ak =
N SN,sphere
0.013. The results of these calculations verify the validity of the
assumption of the additivity of the SN-éorrection at least for those
assemblies of our previous study /8/ for which this assumption is most
important, namely for the SUAK-assemblies. But one must have in mind that
the SUAK-assemblies have the special feature that they have no reflector
regions in the x- and y-directions. Therefore the above mentioned conclusion

may not be applicable for small reflected assemblies.

For the other assemblies of our previous study /8/ the effect of the
assumption of the addivity of the SN—correction is less pronounced than

for the SUAK-assemblies just mentioned: with the exception of the SUAK-
assemblies the largest criticality deviation between the SN—correction for
the spherical model and that obtained by adding up the SN—correction in
radial and axial direction is o0.0016 (see /8/ table V-15c¢c). This is a

rather small amount compared to other possible sources of errors which

‘may be involved in the determination of the criticality. If one wants to
study the validity of the above mentioned assumption in such cases one must
be quite sure that the programs used for this kind of study are reliable

and the results are accurate enough to draw definite conclusions. Especially
the influence of the mesh size and the influence of the convergence criteria
for the accuracy of the eigenvalue, the source and the flux on the calculated
criticality value should be precisely known.

Another example for which both, the SN—correction itself and the difference
between the results of both approximate procedures of determining the
SN—correction were reasonably large was the assembly VERA-11A which was not

considered in /8/. Therefore we performed a similar study for this assembly

as was outlined before for SUAK U1B.

For the spherical model we adjusted the radius of the core in such a way that
we obtained in the one-dimensional diffusion calculation the same criticality
value as in the two—dimensional diffusion calculation. The specifications

used for the one- and two-dimensional models are given in Table A1, From one-
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dimensional transport- and diffusion-calculations we obtained for the spherical

model a transport correction Ak = + 0.0468, For the alternative proce-

SN ,sphere .
dure, i.e. adding the transport corrections of the separated axial and radial

ai . . N . - Ak + -
lrections, we obtained a total SN correction of AkSN,total SN ,ax AkSN,rad

+ 0.0558. The correct two—dimensional transport correction of + 0.0483 lies in
between of the results of the two alternative one-dimensional procedures. However,
for VERA-11A, the assémbly considered hére, the result for the spherical model

is closer to the correct result than that obtained under the assumption of the

additivity of the SN-corrections for the separated space directions.

Probably this fact can not be generalized to other assemblies of different configu-

rations, because for the specific example of VERA-11A

(a) the height to diameter ratio of 0.8 is close to unity so that the spherical
model is a fairly good representation of the real cylindrical configuration

and

(b) the“axial and radial reflectors are of extra ordinary importance for the

leakage and consequently for the criticality of the assembly too.

As is well known the assumption of separability of the flux becomes poor in the
blankets and this may be the reason why the resulting transport correction
Ak = A + g . .

SN, total AkSN,ax AkSN,rad is not in too good agreement with the correct
result. For other cylindrical assemblies where the assumption of separability
is better fulfilled than for VERA-11A, the transport correction AKSN,total
may be closer to the correct two-dimensional transport correction than that

determined for a spherical model.

B) Studies with the two-dimensional transport code SNOW for the assembly
VERA-11A

The two-dimensional transport (S _)-code SNOW has been developed at Karlsruhe.

At the beginning of its use for groduction runs only little experience from
the test runs was available with respect to choosing reasonable values for

the mesh-size (h) and the angular resolution (N). It seemed useful to study
the dependence of the criticality on both parameters at least for one assembly.
We haven choosen VERA-11A for that purpose because this assembly has a rather

small cylindrical core but was reflected in both radial and axial direction
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by rather thick uranium reflectors. Therefore this assembly seemed to be
suitable for a two-dimensional transport code: the transport correction
should be large and the separation of the space-dependence (where the
radial and axial direction are treated separately by a one-dimensional
transport code using the buckling concept) becomes doubtful because the
large reflectors in both directions are of considerable importance for
~the space—dependence of the neutron flux and for the criticality Pparanéter

so that in this case the separation-ansatz may become a poor approximation.

First we studied the influence of the mesh size on the criticality. The
results are given in Fig. Al. The mesh sizes in radial (hr) and axial (hZ)
direction are normalized to the energy-averaged transport mean free path
(xtr
this figure to show the dependence of the criticality on the product of

% 3,11 cm for VERA-11A). We found that it was convenient in drawing

(hr/xir) % (hZ/Xér). No further thoughts have been given to the observation
of a nearly linear dependence for reasonably small mesh sizes. From Fig. A1l

it can be concluded that for this assembly the following relations are valid:

—

for h * Atr criticality is underestimated by less than 0.2 %
for h = 1/2.;\'tr criticality is underestimated by less than c0.05 %
for h * 1/3-ktr criticality is underestimated by less than 0.02 %

From Fig. A1 it can also be seen that 11 energy groups are sufficient if
an accuracy of 0.1 % is required. From the 4 group-results it must be

concluded, that probably even the 88-approximation is not sufficient for
the special case considered here, because the criticality-difference bet-

ween Sh and S8 is larger than 0.2 %.

Therefore we studied in more detail the influence of the angular resolution
on the criticality. The results are given in Fig. A2. Trying to extrapolate
from 82, Sh’ 86’ 88 -~ the highest angular resolution which is presently
allowed in the code - to S_ we arrived at Fig. A3. The approximately linear
dependence of the criticality on N_3, N being the order of the SN-calculation,
shown in Fig. A3 may be as fortuitous as that observed in Fig. A1 for the
dependence of the criticality on the product (hr/xkr) (hz/xfr)' If extra-
polation is justified in Fig. A3 we would conclude that,compared to S_sthe
S6—result overestimates the criticality by less than o.1 % for this assembly
and the Sg-result by less than 0.05 %.
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Table Al: CRITICAL ASSEMBLY: VERA—11A(*) 1)

Atom-Densities (in 1020 atoms/cm3)

Mixture 1 2

Material

C 460.6 -

Cr 15.8 16.8
Cu 79.6 -

Fe 60.7 6h.6
Wi 6.65 T.1
Pu239 2.4 -

Pu2ko 3.7 -

U235 - 2.5
U238 - 34k.o

Fundamental Mode Calculation:

NG | MIXT | BUCK.

.,s)l —
o6 1 17h.6263.10  cm 2

(%) Most of the data presented here have been taken from W.J. PATERSON

1)

and J.W. WEALE: J. Brit. Nucl. Energy Soc. 3, p. 311, October 1964
and from A.R. BAKER: ANL-7320, p. 116, 1966. The core radius resp.
blanket thickness for the spherical case has been determined,

respectively guessed ,by ourselves.

The abbreviations used here are the same those in /8/
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One-Dimensional Calculations:

GEQD NG BUCKLING BC NZ NP
SLAB |26 110.0-10—1L cm._2 23 | 3 101
ZONE Iz | MIXT | XL [em] | INT | XR [em]

1 1 o, 1o 5.0

2 1 5.0 10 10.8712

3 2 10.8712 8o 52.07
GE® NG BUCKLING BC NZ NP
cYL | 26 58.0-10_h cm 23 | 3 127
ZONE IZ | MIXT | XL few] | INT | XR [ex]

1 1 0. 1o 5.0

2 1 5.0 26 i3.4THT

3 2 13,&747 90 58.&2
GEQ NG BUCKLING BC NZ NP
SPHERE | 26 - 23 3| 115
ZONE 17 | MIXT | XL [ed] | INT | XR [er]

1 1 O. 1o 5.0

2 1 5.0 18 14.1556

3 2 14,1556 86 | 57.1556




Two-Dimensional Diffusion Calculations

_14_5..

EO | NG| NP |ROWS | COL | NZ | BCL | BCR | BCUP | BCLOW | SPECTRUM FOR COND
2 11 | 1hko | 36 ho | 5 2 3 2 1-dim. SPHERE
INEW GROUP 11213tk |56 7T!8 9 10 | 11
IGUP OLD GROUP 3t hls{6{T7T{18{91 10| 12| 16| 26
IMIXT I II III
MIXTURE 1 1 2
PHI-1 dim (IZ)] 1 2 3
Zone | MIXT | RL [em] INTH | RR [cm] HUP [em] INTV | HLOW [cm]
1 I 0. 5 k.o k.o 5 0.
2 II k.o 13 134747 10.8712 16 o.
3 II o. 5 k.o 10.8712 11 h.o
L III 13.47hT 21 58.4h2 52.07 35 o.
5 III o. 18 13.47hT 52.07 19 10.8712
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Two-Dimensional Transport Calculations

GEO NG NP |ROWS COL | NZ | BCL | BCR | BCUP | BCLOW | SPECTRUM FOR COND

11

2 56 1326 | 3k 39 | 5 2 3 3 2 +dim SPHERE (Diff.)
INEW GROUP 112 3|4tis516!T7T 8 9 1o | 11
IGUP OLD GROUP 3{h|5 1617189 10] 12| 16| 26
MIXT I | IT | III
MIXTURE 1 1 2

PHI-1 dim (IZ)| 1 2 3

ZONE | MIXT | RL [cum} INTHE | RR [cm] HUP [cm] INTV | HLOW [cm]
1 I o 2 h.o 4h.o 2 o

2 i1 b.o 6 13.47LT 10.8712 € o.

3 II o. 2 h.o 10.8712 4 L.o

4 III | 13.4747 30 58.42 52.07 33 0.

5 IIT o. 8 13.47L47 52.07 27 10.8712
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For our new set of group constants we have used the SNR-collision density as
weighting spectrum for the generation of the group constants for elastic down-
scattering. The REMO-correction has been applied in order to take into account
the fact that the correct collision density of each reactor considered here
differs from the SNR-collision density. An intrinsic feature of the procedure
applied to determine the REMO-corrections consists in the smoothing of the
collision density which is obtained as a step function in 26-group-calculations.
This smoothing process is performed mainly under mathematical aspects; in
generaly from the point of view of neutron physics it does not improve the
information which is contained in the 26-group results nor does it provide

any additional informatidn. It allows to take into account the coarse shape of
the collision density but it is not able to take notice of the fine structure
which would be present in the exact collision density (i.e. in a fine-group

or ultrafine-group representation) due to the influence of resonances of the
fuel-, coolant- and structural-material (e.g. oxygen, sodium and iron).
Consequently there remains a certain smount, of inaccuracy in the determination
of the group constants for elastic down-scattering, even if the REMO-correction
is applied. The effect of this uncertainty on the criticality has been studied
by using the fine-group representation of the collision density obtained in
208~group fundamental mode calculations for each assembly. Besides the
individual collision density of each assembly we have used two reference

collision densities:
(I) the SNR-collision density

(II) a collision density F(u) = constant, which isindependent of the

lethargy u.

With each of these collisioh densities we collapsed the 208-group constants
to 26-group constants and performed 26-group fundamental mode calculations.
The criticality differences obtained between the values Qﬁtained by using
the individual collision density of the assembly and the collision densities

(I) and (II)’respectively)are given inT able A2.. The criticality differences

given in Table A2 provide a certain indication of the amount to which the
weighting spectrum may influence the calculated criticality value (here of
course not only because of its influence on the group constants for elastic
down-scattering but also because of its influence on the other types of

group constants, i.e. capture, fission, inelastic, transport etc). The large
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criticality differences observed in Table A2 result primarily from shifts
of the neutron spectrum which are caused essentially by differences in the
26-group constants for elastic down-scattering, determined by collapsing

with different collision densities.

For comparison the results of the usual REMO-correction are given in

Table A2 too. Comparing both results one must, however, have in mind that:

(a) the REMO-correction is determined for the whole assembly, whereas the
other results are determined for fundamental mode calculations only.

(b) the criticality differences obtained by group collapsing with different
collision densities result from the influence of the weighting spectrum
on all types of group constants, not only on those for elastic down-

scattering as is the case for the REMO-correction.

Comparing the first and third column of Igble A2 one finds that in general
the results are similar. One major discrepancy occurs for ZPRIII-25. This
may be caused by the fact that the group constants (scattering matrix) for
inelastic scattering are not changed by the REMO-procedure, in contrast

to the case of group collapsing with different collision densities. The

inelastic scattering has proved to be of high importance for the criticality

The first and third column of Table A2 show that in 26-group calculations
including the REMO-correction the uncertainty of the criticality parameter
due to inaccuracies of the weighting spectrum will in general be smaller

than about o0.005.

The second column of Table A2 shows that the weighting spectrum should
not be too crude because otherwise the uncertainties in the calculated
criticality values become too large. In this case also the accuracy of
the calculated neutron spectrum will probably not be sufficient for the

comparison with experimental results.
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Table A2: Criticality differences obtained by group collapsing from 208 to

26 groups using different collision densities as welghting function

k(individual k(individual k(with REMO-correction)
EZiii:;§n 'VSZiiizign - | -k(KFKINR-Set with SNR-
Assembly » collision—density
-k (SNR-collision -k(constant weighting spectrum for
density) collision elastic slowing down
density) group constants)
SUAK U1B —0.0001 -0.0025 —0.0002
SUAK UH1B -0.0008 -0.0019 -0.0010
ZPRIII-1o +0.0019 -0.0012 +0.c007
ZPRIII-25 +0.0056 +0.0003 +0. 000k
7PRIII-L8 +0.0018 -0.0090 +0.0002
ZEBRA-6A +0,0023 -0.0076 -0.0006
340 -0.0o0ko -0.0086 ~0.0009
SNEAK- | 3A1 -0.002k ~0.0067 %o,
Series|3A2 -0.0016 -0.0052 o,
3A3 -0.0012 -0.0038 -0.0003
SNEAK 3AT -0.0020 -0.0066 *o.
SNEAK 342 -0.0016 -0.0052 *o.
ZPRIII-55 -0.0002 ~0.0260 +0.0009
SNEAK-5C +0.0088 -0.0161 +0,0139
{—0.0069(x)
HECTOR HUG ~0.0071 -0.0018 '
HECTOR HPG -0.0012 -0.0060
VERA-11A -0.0037 -0.0016
GODIVA -0.0029 -0.003k4
7ZEBRA-8H +0.005k -0.0020
ZPRIX-25 +0.00k46 -0.0026
*)Here C1/Eo has been used for carbon in the KFKINR-Set



_50_

References

/1/ J. CABE et.al.: Second International Conference on Nuclear Data for
Reactors, Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/68

/2/ P. LAMBROPOULOS: Paper presented at the 3rd Internationsl Conference

on Neutron Cross Sections and Technology, Knoxville 1971

/3/ T.A. PITTERLE: Second International Conference on Nuclear Data for
Reactors Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/83

/4/ D. KOPSCH et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/12

/5/ R.E. MEADS: AERE-NP/R-1643, 1955

/6/ J.J. SCHMIDT: KFK 120, EANDC-E-35U, 1966

/7/ S. YIFTAH: Private communication , 1970

/8/ E. KIEFHABER and J.J. SCHMIDT: KFK 969, EANDC(E)-118 "U", 1970

/9/ M.C. MOXON: AERE-R-60Tk, 1969

/1o/ W.P. POENITZ: Nuclear Science and Engineering Lo p 383, 1970

/11/ W.P. POENITZ: Second International Conference on Nuclear Data for
Reactors Helsinki, 15 - 19 June 1970,

paper IAEA-CN-26/111

/12/ M.P. FRICKE et.al.: Paper presented at the 3rd International Conference

on Neutron Cross Sections and Technology, Knoxville 1971

/13/ T.A. BYER and V.A. KON'SHIN: Paper presented at the 3rd International

Conference on Neutron Cross Sections and Technology, Knoxville 1971



/1]

/15/

/16/

117/

/18/

119/

/20/

/21/

/22/

/23/

/2k/

/25/

/26/

_51_

M.G. SOWERBY and B.H. PATRICK: Second International Conference on
Nuclear Data for Reactors, Helsinki, 15 - 19 June 1970,

paper IAEA-CN-26/3L4

M.P. FRICKE et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 - 19 June 1970,

paper IAEA-CN-26/43

W.G. DAVEY: Nuclear Science and Engineering 39 p. 337, 1970

A.M. BRESESTI et.al.: Nuclear Science and Engineering 4o p. 331, 1970
J.M. KALLFELZ et.al.: ANL-T61o p. 22L, 1969

J.L. ROWLANDS, J.D. MACDOUGALL: Proceedings of the Conference on
The Physics of Fast Reactor Operation and Design, London June 1969,
p. 180

A.B. SMITH: Nucl. Phys. 47, p. 633, 1963

E. BARNARD et.al.: J. Nucl. Phys. 8o, p. L6, 1966

E. BARNARD et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 - 19 June 1970,

paper IAEA-CN-26/5

R. BATCHELOR et.al.: Nucl. Phys. 65, p. 236, 1965

M.A. KUROV et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 ~ 19 June 1970,

paper IAEA-CN-26/124

G.V. MURADYAN et.al.: Second International Conference on Nuclear
Data for Reactors, Helsinki, 15 - 19 June 1970,

paper IAEA-CN-26/121

R.-E. BANDL, H. MIESSNER, F.H. FROHNER: Proc. 3d Conf. Neutron
Cross Sections and Technology, Knoxville, March 1971, Vol. I pp. 273



/27/

/28/

/29/

/30/

/31/

/32/

/33/

/34/

/35/

/36/

/31/

/38/

/39/

- 52 -
H. KUSTERS, J.J. SCHMIDT et.al.: KFK 793 EUR 3962e, EANDC(E)-113 "u", 1968
de SAUSSURE et.al.: ORNL-TM-18ck, 1967

P.H. WHITE: Journal of Nucl. Energy Parts A/B 1965 Vol. 19, p. 325

F. KAPPELER: KFK 1313, 1970

I. SZABO et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/69

J. BLONS et.al.: Second International Conference on Nuclear Data for
Reactors, Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/60

W.G. DAVEY: Second International Conference on Nuclear Data for
Reactors, Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/112

M. SOLEILHAC et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/67

B. HINKELMANN: private communication, 1971

G.C. HANNA, C.H. WESTCOTT et.al.: IAEA "Atomic Energy Review"
Vol. VII, No. 4, 1969

B. HINKELMANN: KFK 13ko, 1971

G.H., BEST et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 - 19 June 1970,
paper IAEA-CN-26/92

M.G. SCHOMBERG et.al.: Second International Conference on Nuclear
Data for Reactors, Helsinki, 15 = 19 June 1970,
paper IAEA-CN-26/33



/ho/

/h1/

/u2/

/43/

vy

/45/

/46/

/41/

/50/

/51/

/52/-

/53/

/54/

/55/

/ P. LAMBROPOULOS: Nuclear Science and Engineering Lo, p. 342,

_53_

A, LOTTIN et.al.: ANL-T320, p. 22, 1966
R. GWIN et.al.: Nuclear Science and Engineering 4o, p. 306, 1970

J.B. CZIRR, J.S. LINDSEY: Nuclear Science and Engineering i1, p. 56,
1970

J.A. FARRELL et.al.: Second International Conference on Nuclear Data
for Reactors, Helsinki, 15 - 19 June 1970,

paper IAEA-CN-26/46

R.N. EVATT, B.A., HUTCHINS: Nuclear Science and Engineering 41, p. 143,
1970

D.S. MATHER, P.F. BAMPTON: AWRE 086/To, 1970
G.D. JAMES: ANL-7320, p. 16, 1966

W.K. LEHTO: Nuclear Science and Engineering, 39, p. 361, 1970

Y. KIKUCHI, S. AN: Journal of Nuclear Science and Techhology 7,
p. 227, 1970

Y. KIKUCHI: Analysis of Intermediate Structure in Fission Cross

Section of 239Pu. To be published as ANL-Report
J.J. SCHMIDT: KFK 966, 1969

S. gIFTAH: Private communipation 1970

D.H. BYERS et.al.: LA-3586, p. 59, 1966

T.A. PITTERLE, M. YAMAMOTO: APDA-218, 1968

M.V. SAVIN et.al.: Atomnaya Energiya 29, 218, 1970



- Sh -
/56/ T.A. PITTERLE: APDA-217 (ENDF-121) June 1968
/57/ 8.J. FRIESENHAHN et.al.: Proceedings of the Conference on Neutron
Cross Sections and Technology, Washington, March 4 - 7, 1968
Vol. II p. 695

/58/ L.P. ABAGJAN et.al.: KFK-tr-1Lk, 1964

/59/ H. KUSTERS et.al.: IAEA Conf. on Fast Reactor Physics, Karlsruhe 1967,
Proceed. Vol. I, p. 167; see also KFK 628, EUR 3672e, 1967

/6o/ H. HUSCHKE: KFK TTo, EUR 3953d, 1968

/61/ D. WINTZER: KFK 633, SM 101/13, EUR 367Te, 1967

/62/ D. WINTZER: KFK T43, EUR 37254, 1969

/63/ R. SCHRODER et.al.: KFK 84T, EUR 3721e, 1968

/64/ E.A. FISCHER, F. HELM, H. WERLE et.al.: KFK 1266, EUR 3969e, BTo

/65/ E. KIEFHABER, D. THIEM: The Influence of Fission Neutron Spectra on
Integral Quantities of Fast Reactors, KFK 1561, 1972

/66/ KFK 1271/1, EUR L4579d, Projekt Schneller Briiter 1. Vierteljahres— .
bericht 1971; contribution of E. KIEFHABER p. 122 - 14

/67/ E. KIEFHABER: KFK 1422, 1971
/68/ F. MITZEL, K. SCHROETER: Nukleonik 12, 11o, 1969

/69/ C.E. TILL et.al.: Nuclear Science and Engineering Lo, 128, 1970



2.66T578E-06
9.235254E-06
2+.4C6561E-05
S5.47757T4E~05
1.CO07T177E-0C4
1.515392E-04%
2,023653E~04%
3.026426E-C4
3.900961t-0%
4.991845E-04
5.692458E~04
6.775139€~C4
To482877E-04%
8. 130430E-04
1.665756E~03
1.821869E~03
2.398586E£~03
1.87668B9E-C3
20 241935E~-03
2.488333E~CG3
2.781094E~-03
3.01G913E-03
2.4824713E-03
2.9C8966E~U3
2:660277€~03
2+586300€£~-03
2+233175€~-03
20591324E~G3
1.698581€~-03
1.646120E-G3
1:46366TE-L3
1.171157E-03
1.142415E-03
9. 049408E-04
7. 193C75E-04

. %+ 5(5890E~04

5.088826E-04
5.826245E-04
5.081252€-04%
3.482667E-04
4.429258E-06

5.259511€~-11

Table 1

3.630155E~056
1.133091E-05
24925446E-05
6.239965E~-05
1.116019€E-04
1.689568E-04
2. 205890E-04
3.,154548E-04
34932740E-04
5.143094E~04%
5.858466E~-04
7.133896E-04
7.572284E-04

8.094083E~-04

1.746941€~03
1.884392E-03
2.275567E~03
2.069107€E-03
2+389244E-03
2.563050E~03
2+56569T71E~03
2.T1TCG9TE-03
2.518213E£-03
3.005836E£-03
2:458631E~03
24450741E~C3
2.204790E-03
2.752052E~03
1.680393E~03
1.767604E-03
1.410644E-03
1.138414E-03
1.127025E~-03
8+.599C06E~04
H.879256E-04%
%.485378E-04
5.390628E-04
5. 750207E~0%
%.845306E-04%
2+506473E-03
4.059760E~CT
1.117080E-12

4.731338E~06
1+379890E-05
3.462068E-05
7.152118E-05
1.208C20€E-04
1.,80C059E~-04
2+.506571E-C4%
3.258991€-C4
4.919581E~-04
50313533E~04%
5.726316E£-04
7+.560435E~04
7.803978€E~04%
9:142100E-C4
1.830400E-03
1.978656E-03
2.G81119E~03
2.107218E-03
2.532790E-C3
2250341103
2.,775204£-03
2.593298E~-03
2.825721£~03
2.553707E-03
2.202567E-C3
2.261385E-03
2.203887£~03
2.066668E-03
1.645638E~03
1.680154£-03
1.297613E~C3
1.123905E-03
1.040772E-03
8.043007E-04%
65.361534E~C4
4.443182E-04
5.569721E-04
5+5619079E~04
4.55B426E-04
7.876386E~0%
3.6231B7£~08
8+349990E-15

208-group collision density integrals

FIL =
g
AEg

J’F(E)dE - J F(u)du

Aug

8.004750E-06
1.662664E-05
4+044331E-05
8+209891E-05
1.309169E~-04
1.801338E-04
2.682335E-04
3.4946456E-04
5.130924E-04
5.416994E-04
60234844E-04
7.864940E-04
B.053959E~04
1.073779£-03
1.743142E-03
2.131557€-03
1.9C5396E-03
2.240751E-03
2.359786E-03
2.550427€-03
2.7106T0E-03
2.519039E-03
2.918712E-03
2.80657TE-03
2.121033E-03
2.261287E-03
2.210624E-03
1.697372E-03
1.632875E-03
1.498800E-03
1.237310E-03
1.130359€-03
9.640623E-04
7.824318E-C4
5.44430TE~04
4.5TT169E-04
5.730200E-04
5.482070E-04
4.042664E~04
2.135969E-04
1.082072E-08

T.4776567E~-06
2.002930E-05
%4+723543E-05
9.234445€E~035
1.413016E-04
1.893594E-04
2+84T00TE-04%
3, 744038E-0%
5.177665E-04
S+42979CE~-CH
6.432042E-04
7.742003E-04%

. 8.059568%E~04

1.257944E~03
1.679684E~03
2.266697E-03
1.8067C09€-03
2+321616E~-03
24418477€E-03
2.893760E~-03
2.683517TE~03
2.434739E-03
2.815591€-03
2.510507E-C3
2.360429E-03
2.259893E£-03
2+278948E~03
1.716414E~C3
1.633707E~03
1,441064E-03
1.205264E-03
1.136298E-03
9.270350E-D%
7+549508E~04%
%4,560599E~04
4.,809753E~C4

5.820827e-04

5.285351E-04
3.676382E-04
2.826528E-05
1.079714€E-09

for the central zone of the SNR beginning with g = 1 at the high energy end



E{EV)

C.C

C.1(75CCCE
{,328GC¢<E
Co7224S<EE

C.1%774%%8E ¢

(23585 ¢CTE
{.72245¢5¢E
C.1574CSSEF
Ce23665C4E

CoT224SS4E

«1555CCCOE
€-.33€CGS8E
C.7224%CEE
Cs1CZ8CSSE
CJILESETTE
C.11485C2E
Ce1211354F
(s127S433¢
C+13E1235F

€.1421278E C

(o 15(T74ESE

C.15622C8F

(.1€E1£E8E
C.177€157¢F
(.187€01€E
ColSEl44&6E
C.2(528C1F
CozZ10BGEE
C.223£124F
Co24EE4ETE
C.286CE2CEE
(. 2758046F
Cez312186E
(3077128
(»228142¢F
C.3425€1¢EE
C.2¢820222E
€.32838¢€72F
Ce4CE215€F
C.%28275CE

Ca45 2835 2F

C.ATECESSE

C.5C4S45TE
(.5323328E

C.5£2215¢¢
C.ECETB3EE
(.E28432CF

C.E€3TECSE €
C.I0ICTEZE €

(. T4(4887F
(.7821172E
C.EZ€CEESE

T W& o
COE? 25 EROL

Table 2

F(E}

C.0
C.28¢3717E~13
Cohl€E21EE~11
C.CEZC868E~1¢C
C.53£8827E~CS
Co%4Z2B2EEE~(8
C.6752314E~(8
Ge3820225E~-07
€.17717C2E~(86
C.52€2228E~C8
Ce1EE73€2E=(5
0:2150553E~¢C5
DB €EE4SSEE~(D
Co€1ST7C54E~(5
Cet1G3EE3E~(S
C.6448387E=~(5
Cob6BEALLEE~LS
C.£5280S8E~(S
C.687E855E~(5
C.6TT445E6E-(5
C.68E2727E~CS
Co€AZELSEE~(S
Co62EE2EBE~(5
C-6CCCTT1E~C(5
C.5€7618SE~C5
G.52SC502E~-(5
CoBELETLE~L(S
Lo/l 2£181E~(5
C,3G8£3745~(5
0e35:7160E~C5
CoZ185£47E~(5
Ce2Scb822F~(5
C.27%6021E-C5
Co.2£28237E~(5
Co28021CEE~(5
C.28767132E~(5

f.‘?1ﬂliél§n!‘ﬂ

Co22E5638F~(5
De22c1€9GE~(5
0632CCCC2E-(B
Ce21Z8701F~C5
C.3C7677%E~C5
£.2114391E~(5
0,2103013E~(5
0e3CLSE22E~LS
Co25€3248E-(5
Co3C2ETLEE~-LS
Co21C5184E~(5
Ce2%EQCESE~CS
C.28C€345E=-L5
Q. 26£3074E~(5
Co24E812¢E~(5

DeZ23E£102E~1L5

E{EV)

€.5215777E
G.S7338B67E
€. 1028(98E
C.1085877¢
T.11488C1E
C.12113%5¢
£.1279432%
€.1351335E
Ce1427278%
Ca15C7489F
£.15922C8E
€.1681488E
C.17TT761546E
0»18760156F
Ce1581446F
C.2052800F
€. 2210894E
Cs233£133E
Co2L6B866F
C» 26NE295F
C. 27560456F
€.2912166F
C.3C77129F
Ce3251436F
C.3435818F
£»3630233E
£.3835871E
C.£053159¢
C.4£282755E
04528 357E
G.é?SC?GSE

+ SUHSEA5E
0.563“1608
Ce594C 64 2F
€,6284327¢
C.££376056E
Lo T01LT56E
Ces 7404 8B1E
0.7821169E
0, 826CB856E
L. €72%5283E
C.5215775¢
Ce57338£3E
€. 1028378E
Ca1CTT422E
€.11321009¢
€s118%571E

Ce 124C845E

C.1313363E
Ce 1380 056FE
Cg145ﬁlﬂ3$

F- B R X ¥ d
Lo L)L? fL.20

04
%
5
c5
G5
£5
05
€5
cs
£s
c5
G5
5
c5
05
431
¢5
05
5
s
¢s
s
G5
ts
s
5

Cs
S5
s
3
05
s
£s
£s
05
as
o5
£s
o5
£n
cs
5
g%
€5
Cé
08
€6
06
cb
of.S
06

~ L
LR

F{E}

0023240865E~05
062264451E~05
0e22016€3E~C5
$5+2186128E~0%
0e225C085E=-C5
N,2210440E=-05
0+ 2060800E=CS
0e2028034FE~-05
D.2153824E~(5
Ce2145068BE~-05
C.1891342E~C5
0:1777201E~L5
0.1568178%F~05
0. 160474TE=D5
0e1551451E~C5
0.1484752E~L5
D.1409328E~058
D.1318878E~C5
£.1515852E~05
0,19215390E~08
0e1706843%-05
De142NE16E~L5
0.1304150E~CH
Te1230474 505
De1154884E~C5
Oe1116726E~05
0e106S5C3E=~LS
D.1012791E=08
C«95B8374E=06
N0.9831101E~06
D.98923593¢=-C6
0.854BS37E~08
D.T72730428=06
C.TL5N638E~N6
LeTHB8T709HE~0H
0e7741695E~06
06917044506
CeT3211E58=C6
Co.630690T7E~06
0.7028822E=06
0«8439880E~06
0.5901467E=06
Ne5T7918E55=06
0.5308947E=C6
Cs4961383E~-06
Detb654E53E=06
L4344643F=05
0e427TS8EE~-T6
0s4191314E=06
Qeb1792£3E~06
D.440T516E~C6
0.3738456E~06

[ -Coalr B-Lo¥al = Fal

03593890k~ 0%

Collision density F(E) for the central zone of the SNR



E{EV)

(.1401C24E
C.1€8E23C8E
Co1TET£SEE
(.1€5741EF
C.1GE18S4E
C.2CECT56E
(2184 E45E
Ce2Z284218F
C.2375142E
L.24SS8SSE
CoZEZETEEE
C.27€C11ZE
{.29CC2CTE
C.2C4£7411F

«22C0ZCEEE
Lo22¢€4€15F
C.252E281F
€.271483¢€E
{.35L33E%E
(.21C151z¢
{.430G£¢C1E
CokE28L2EE
LATEE284E
C.455C7¢<SE
C.E283873E

WEEZ022¢E
C.88CC4 147
CLELS4B2ZE
C.t4C&15EE
LL.£725221E
L, T{TCTBAE
CTL,7425£5:E
C.TECETTEE
C.E1€2127F
L.E4C€C2TT
LE842824F
C.G202142E
CoS57E&ETE
(LCCESCCTE
C.1C278£6E
{.1(7GETISE
.1123515¢
C,11£€78EF
(.1217&¢CE
Co12€711CE
C.12187¢LE
€.,127257CE
Lo142G8CEE
Col4SCC4SE
C.15%3CE£E
C.1£18727F
C.1€ET178E

Table 2

e
6
Cé
e
e
{6
cé
(&
cé
cé
cé
cé
)
Cé
€6

Gé

i
o
L6
e
€6
{6
6
Cé
e
ce
Cé
£é
Cé
ce
cé
e
6
Cé
Ce
s
€6
£s
Cé
<7
«?
£7
7
{7
<7
7
c?
£7
7
7
¢7
7

F{E}

£o325C1722E=-(8
Co215CECTE~LH
De317834£E~(6
Co2147235E=(6

De263851GF~L6

02488084 F~-CH
L 220 28B2E=L5
Co.222013CE~CE
£,20838C1E~(8
Co1C(EG58E~C6
Lo1C4T7BCEE=LE
C.1T48738E=C6
0e13£185£FE=C8
fe15ZSC41E~C6
Ce14126775~(€
DNe12€68215E=-LH
Ce118232%E~CH
1020574 E~-(¢
Co938C518E=07
CoG2EATEZE~CT
CoSTEE231E-(T
010121227 =-C5
C.10182488~-06
CoS188E4LE~CT
£o81%6564E~CT
CoT2411C1F=CT
L o£E€2GG8E~LT
CLEC2BTAAE=CT
TL52%EE28E~-(7
CoS2Z30E7E~(7
Ne52Z9€108~C7
Ce&TSTCTI3E-LT
NAZINE228-07
Co.ZEE5£T77E~C7
Co21£22385~07
C.258&E11E~CT7
Coz2C0E28E~(T
£.21237575-07
Co2l222828E~-L7
Cel942204F=~0T
£ +18CE15CE~-C7
C16E5728E=-07
Lo 160GE4EE-LT
C.15211C58=C7
Ce1EE3C1EE=-(T
(1432427 2F=(7
0. 1300429E~-C7
CellébbesE~CT
Go108243¢82=07
CeCES46E1IE-(8
L. ESL2TE4E~(8
C.E83EE285E~(8

(continued)

E{EV)

€. 1758518¢E
£,1822977¢
€.1510381F
Ca195911482F
0.207535%¢€
0.2163116¢F
L 2254584F
£.,234%6S19E
£.2845236F
0.2562676F
C.2825487¢
C.271S2£2F
$.2812101€¢
C.25C8110F
L. 30073688E
C.3110LT5E
£.321€258¢%
£e3326086E
£+ 343G423E
C.3557¢571¢
Ce3678501F
. 38C4C91E
£,3933649F
Co4CTCETIE
N.4214213F%
Ca%362522F
C.421687SE
Co46TE268E
Le%£841281F
C.5012118E
N.5188682E
Ce5372(83E
C.EE814657F
C.5757912¢E
Ce5861C54E
Ce£171445E
€. £38%221¢
C.8613256%
C.£843720F
C,T0R2215E
0.7325021€
G.158£427F
£ 7848735E
$.8122253E
C. 8408 302E
G+ 85GE215¢F
CsSL11336E
£eS315CQ21E
L. S63%£37FE
o 9978566E
C.1032321E
0. 1050000E

o7
c7

c7
7
€7
c7
07
c7
7
c?
07
07
c7
07
c7
N
67
07
07
e 7
07
c7
07
07
7
€7
£7
7
¢7
c7
o7
07
07
€7
c7
07
c7
07
07
07
07
€7
€7
07
07
67
07
7
07
o8
8

FLE)

0.7817267E-08
0.,71535655=C8
0.6847504E=C8
Dob644317E=08
0.5984514E-C8
£.5572872E=C8
5+55465793E=18
0.5272812E~08
0 +4350460E~G8
£ 460T561E-08
0e%419648E=C8
N.41016155-C8
5+3702034E-08
043338412E=C8
0.3124738E=08
0.2898848E~08
0.2636372E-C8
0426024 28E=08
Ne217C88TE~CE
0.1847402E=C8
N.1638824E~0R
0.14828695-C3
0.13564051E-08
5e1275281€-C8
0e1156209E=£8
0. 1NN1660E-08
0.9021595E-02
N.8073715E=06
0.71953515-06
0.6421357E-C2
05557574 E-0%
0495724 1F-C9
04257C50E=C
0.3582163E-06
D«30187795-09
0+2555626E=09
0.2132035E-0¢
0.1785436E=C9
0.1476523E=C5
0.1205377E=0S
0.95864670E=10
0.7710070E=10
0.6184724E=10
0+4960031E=10
0.3935739F-10
0.30C5815E=10
0.2425347%-10
0.18820298-10
0.1432S78E~10
010624365=10
0,7544283F~11
0.£6299999E=11






0.02

0.02

Fig. 1: Comparison of elastic removal constants using different
calculational procedures
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Fig. 4: Fine group representation of the
collision demsity F (u) for the compo=
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Fig. 5: Fine group representation of the
total cross section for the composie
tion of the central zone of the SNR
for the energy range 10.5 MeV = 1 keV
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Fig, 6: Total macroscopic cross section of

the mixture ( O) and macroscopic
cross section of the oxygen component
() for the composition of the
central zone of the SNR for the

energy range 0.5 MeV «:1 keV
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Figs, 7¢: Total macroscopic cross section of
the mixture ( ©) and macroscopic
cross section of the iron component
(o) for the composition of the
central zone of the SNR for the
1-0E 00+ energy range 10,5 MeV =« 1 keV
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macroscopic cross section of the mix-
ture without the iron component, for
the composition of the central zone
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Fig, Al

Influence of the mesh size on the criticality Studied for the

assembly VERA-11A using the twodimensionsl trensport code SNOW
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Fig. A2

Influence of the angular resolution (N)

G ¥
assembly VERA-11 using the twodimensional transport code SNOW
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Fig. A3
Influence of the angular resolution (N) on the criticality Studied for the

assembly VERA-11A using the twodimensional transport code SNOW
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