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Abstract

In this work we study systematically the infiluence of changes in nuclear
data on the calculated values for the criticality and other important
parameters of critical assemblies. The analysis is done for a variety
of assemblies which differ in geometry, material composition, and
energy distribution of the normal and adjoint flux. The prinmary cobjective
is:

(a) to detect deficiencies in nuclear data and calculational

methods,
{b) to get first preliminary improvements end
(c) to get indications in which respect and in which wey further

long-range improvements should be carried on.

The long-range aim of this kind of investigations is to provide or
establish satisfactory nuclear data and calculationel methods which can
reliably be spplied to the calculation of fast critical assemblies &nd

of large fast power reactors. In the present investigation the differences
between calculated and measured results for the critical assemblies
studied are not yet reduced to & satisfactory level. Therefore this

study must be considered as cne step in the desired direction but

further investigations along the same line will be necessary.



Zusammenfaseung

In dieser Arbeit wird systematisch der EinfluB von Anderungen in den
nuklearen Daten auf berechnete Werte fiir die Kritikaelit&t und andere
wichtige Parameter kritischer Anordnungen untersucht. Eine Reihe
von Anordnungen, die sich in ihrem geometrischen Aufbau und in ihrer
Materialzusammensetzung und dsher auch in der Energieverteilung des
normalen und adjungierten Neutronenflusses erheblich unterscheiden,
bildet die Basis der Untersuchungen. Das Hauptziel ist:
(a) Mingel in den nuklearen Daten und Berechnungsverfahren
herauszufinden,
(b) erste vorlaufige Verbesserungen zu erreichen und
(c¢) Hinweise zu erhalten, in welcher Richtung langfristige
und langwierige Verbesserungen durchgefiihrt werden sollen.

Das Endziel dieser Art von Untersuchungen besteht darin, fiir die Berech=
nung von schnellen kritischen Anordnungen und groBen schnellen Leistungs-
reaktoren geniigend gute und verldBliche nukleare Daten und Rechenmethoden
zur Verfiigung zu stellen. Beim gegenvértigen Staend der Untersuchungen
konnten die Differenzen zwischen gemessenen und berechneten Werten fiir
wichtige Parameter von kritischen Anordnungen noch nicht suf ein geniigend
kleines MaB verringert werden, Diese Arbeit muB deher alsein erster
Schritt in die gewilinschte Richtung angesehen werden, Weitere Schritte
wverden Jjedoch notwendig sein, um das langfristige Ziel zu erreichen.
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I. INTRODUCTION

The aim of the present report is twofold:

(i) the results of this study are presented in more detail than it was
possible in the paper / 1_7 presented at the BNES Fast Reactor

Thysics Conference in 1969,

(ii) the group constants vhich have been prepared during this vk,
the data used in the calculations and the comparisons between
theory and experiment ere documented as a reference for further

studies.

In this paper we study systermically the influence of changes in nuclear
data on the calculated values for the criticality and other important
parameters of critical assemblies. As in the preceding work 1-2_7 the
anelysis is done for a variety of assemblies whkich differ in geometry,
material composition, and energy distributicn of the normal and adjoint

neutron flux (see table 1).

The primary obJective and short range aim of our work is

(e) to detect deficiencies in nuclear data and/or calculational

methods,

(b) to met first improvements in the dats and/or methods as far as

possible,

(c) to get indications in which respect ard in which way further im-

provements which need longer time should be carried on.

In the present investigation the differences between the calculated and
measured results for the critical assemblies studied are still not reduced
to a satisfactory level. This study is only intended as a step in this

direction, and further investigations along the same line will be necessary.

The long range aim of our investigation is to establish satisfactory nuclear
data and calculational methods which can be reliably used for the calculation

of fast critical assemblies and of large fast power reactors, and to try

Zum Druck eingereicht am 14.9,70
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to obtein 2 nore and more precise Judgement of the reliability and confidence
level of nredicitions of the nucleer chayacteristics »f fast reactors. The
necessity and importance of such a study is illustirated e.g. in [36_7 which
shows te which extent t¥e econormics of large fast breeders are influenced

by veriations in the basic nuclear data.

In cormmering the neasured results for critical assemblies with the corres-—
vonding caleunlated results one should be aware of the possible sources of

errors. <These may lie 3in

(i) T™e nicroscopic nuclear data and the theoretical methods used
for their determination.
(ii) The rethod and model used to analyse the integral measurcment

and the accuracy of the experimental results.

To check the reliability of the predictions oniy those integral experimental

cuantities should be used for the comparison

(a) which are(or at least seem to be) free of systematic errors,
(b) for which the experimental uncertainty linit is rather small,
(c) for which the calculational model is (or at least seems to be) most

adequate.

In this respect the criticality of the system is supposed to be the most
suitable and most reliable guantity. This is the reason vwhy primarily we
are corparing our calculated value for the criticality factor keff with

the messured one. A disagreerment in this value is a strong indication that
there are remarkable deficiencies in the nuclear data or the calculational
methods or even in beoth. BRecause of possibly compensating effects present

in the determination of criticality we are further comparing some calculated
quantities whick may be nmorec instructive with respect to special aspects
vith the corresponding experimental results. Such quantities are e.g. re=-
action rate ratios, spatial reaction rate distributions, ratios of material
worths and the neutron energy distribution.

We use this additional information as supplementary indications to necessary

inprovements in data and/or methods.



The changes in microscopic nuclear data and consequent changes in the group
constants which have been performed for the present investigations are
outlined in section II.

Section III contains a descrirtion of the critical assemblies studied.

In section IV the calculetional retheds used are discussed in some detail.
The detailed results of the rresernt study arc given in section V.

The general discussion and the conclusions drawn are vpresented in section VI.
Avpendix I contains the complete docurmentation of the new groun constants

and Apvendix TT the documentation of the additional data wsed in the cal-

culations,



II. ITCPNECOPIC UCLEAP DAL TASIS

T

TTele  TFU=DITAL Set

- Ll

The mrouw constant set used as reference set is the TX=-S5IEAK set often
abbreviagted as SiEA-set. Alnost all of its physical basis is outlired
extensivelyr in the renort IFN 120/nart I, the »nertinent nicrosconic
enerry 3dependent datza sre tabulated in reference 1-27_7 « The generation
of the IFI-SIEAK set is described in reference /[ 3_7; tables with tke
corresponding group constants are given in reference l-h_7. For conven-
ience the riost irportant characteristies of this set for the heavy

fertile and fissionable nuclei (see als /726 _7) are repeated here.
235

The fission cross section values below 20%eV down wo the eV rznge are based

on the data of Michsudon et al. / 5_7 from Saclay. Between 20keV and eV
the date of %hite 1.6_7 and o Perkin et al, 1-7_7 were used. Above 3VeV
the old Tos Alamos data [‘8_7 were used still without the recent corrections
for the long counter efficiency. Between 1 and 3 MeV an eye~guide curve
through rather scattering data was chosen.

The o values used below 10keV correspond to an unweighted srithmetic average
of direct measurements by de Saussure et al. 1-9_7. Vang-Shi-di et al.
1-10_7 and estimates by Uttley 1-11_7 from reasured (UT: Uttley 1-11_7;

05t Michaudon et al. 1-5_7) and calculated (on: measured 9ot = 11.7T b
1_11_7 plus calculated constant average resonance scgttering cross section
contribution of 0.6 barn) cross sections. Between 10 keV and 1 MeV the
highest weight was piven to the rather well agreeing liguid scintillator
results of Diven et al. /712 7 and Veston et al. / 13_7. Below lleV the
capture cross sections wer obtained as the product of o and the fission
cross sections. Above 1MeV, where no measurements are available, o was
rather arbitrarily smoothly extrapolated to 10MeV such as to correspond
rather closely to a 1/E dependence of o,

Concerning ¥ the thermal value was taken from the careful evaluation of
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Vestcott et al. £-1h_7. At higher energies gll measurements availmble
up to mid 1946 were renormalized io the following basic stardards

$(2200 n/sec) (1237) = 2,430 + 0.008
(Westcott value / 14 7)

S_(2200 =/sec) (0232 2.k1% = 0,008

]

(34(2200 nfsec)(v??) = 0,016)
Vepont. (c£2°?) = 3,773 % 0.012
P ont. (222 = 3,764 + 0.012
-a 252 _

vsyont‘(Cf ) = 0,009)

and fitted to straight line sements (see extensive description and docu-
rmentation in reference /_15_7). Below 2,5MeV down to thermi:l, i.e, for

the most important energies, V(E) is represented by

325(5) = 2,430 + 0.106E (E in MeV)

U238

Below LOkeV the capture cross section is composed by contributions only from

s and p wave neutrons without inelastic scattering competition. In this
range oY was calculated from average s and p wave resonance paraneters and

statistical distributions, viza,

TY = 2,48 + 5,6 (meV)

independsnt of X and J
(0,90 + o.1o)-1o‘h

S = +
(e} —h
S = (2,5 * 0.5)*10
independent of J
Di=1/2  =20.8 + 2.0 (eV)
independent of 1
Diwgfp = 1.4+ 1.7 (eV)
v = 1 for nll X and J
vY = e for all 1 and J
R =90,18 3 0.13 ()
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Corresponding to a potential scattering cross section

= O
%ot 10,6 = 0.2 (b)
where
1 = neutron orhital angular nomentun,
J = totel compound nucleus angular momentun,
v = number of degrees of freedom in a x2 tyre distribution

for process x (x=n;y; n=scattering, y=capture)

The statistical forrmila used is an enersgy and half width distridution averace
of single level Breit-Wipner resonance terms. The derivation of the
statistical data listed above is to be found in reference 1-16_7. In the
SHEAK set there is still some inconsistency in a, (U238) in the proups

13 and 14 (1.0 ~ 4,65 XeV). 1In the vhole group 14 and »art of the group 13
UY was calculated from resolved resonance paramcters (1.0 = 3.9%cV) as
contained in the XIDAX file 1-16_7. The nunber of » weve resonances analysed
and considered in this range and therefore the calculated nY values are

too small compared to UY values caleulated from the above statistical para-
rmeters which actually take all » wave resonances into account.

Above 130keV the measurements by Berry et al. / 17_7 vere used up to 10 eV,
As Barry uses the same detector for the neutron flux measurements as White
1'6_7 in his fission cross section measurements, this choice is consistent
with the choice of White's o f(U235) data,

Between 40 and 130 keV the oY values were obtained by smooth interpolation
beteween the statistical theory estimates and Barry's data,

The inelastic scatterins cross sections for the immortunt enerries below
2V wvere obtained by a careful analysis of all evailable excitation and
other inelastic scattering data; this is extensively described in reference
Z_1d~7. Anong rore recent experiments the highest weisht was miven to the
comprehensive excitation cross scction measurcments by Parnerd et al. /7 19_7.
These give sbout 207 larger inelastic scatterinpg cross sections between 1.0
and 1.GeV then obtained in earlier evaluations. The inelastic scattering

probabilities were still taken throughout fron the Russian ADRK set 1-20_7.

The Tission cross section values between threshold and 3veV are based on
the results of Lamphere /-21_7 and between 3 and 10MeV on the old Los Alamos
date 1-8_7 also still without the recent corrections for the long counter

efficlency.



A weighted least scuares it to the available rencornalized experimental
vV values led to the following linear relationship for V(E) valic between

threshold and 15HeV (see reference £°15_7)

9(E) = 2,35756 + 0.1557E (E in U1eV)

239

&

The fission cross section values below 20keV are based on the experi-
mental data of Pollinger et al. 1-22_7. Consistently with U235 the measure-
ments of Vhite et al. 1-6, 7_7 were used between 20keV and 1¥eV, Between

1 and 3'ieV we relied on two rather dense and compatible Russian measure-
ment series /728, 29 7. Between 3 and 10MeV as for U23% the (still un-
corrected) Los Alamos fission data / 8_7 were used.

Below 30keV the a velues are based on the olé KAPL integral neasurem ents
1-23_7. Between 30keV and 1l%eV the rather well agreeing Ozk Ridge 1‘2&_7
and Los Alamos / 25_7 liquid scintillator values were used. As for y232
below 1feV the capture cross sections were obtained as the product of a
and the fission cross sections. Above 1MeV no measurements are available
anéd, as for U235, a vas rather arbitrarily extrapolated to 10ieV in rather
close correspondence to a 1/L behaviour of cy.

Corcerning v the thermal value was obtained as a weighted least squares
average of all measurements available up to mid 1966 after renormalization

252 = 235

to the U235 and CI v standard values listed in the U section above;

the result was

S (2200 m/sec)(Fu®P) = 2,892
v, (2200 m/sec)(Pu3?) = 2,886
(5, (2200 n/sec)(Pu23?) = 0.006)
235 239

Using the same procedures as for U the energy dependence of v for Pu

was obtained to

3

ng(n) = 289200 + 0.,12T791E + 0.00189E2 ~ 0,00010E° (E in MeV)
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Extensive documentation of these evaluations 1s to be found in reference

267,

Starting fron the KFK-SIEAK set improvements are now introduced by the
successive replacement of older data by nore recent, nore reliable data
(see also reference 1‘2_7). The changes in basic dsia leading to partly
important modifications in the KFK=SKEAK group cross sections are discussed
in the following. In generating modified group cross sections the same
collision density weighting spectrum as for the XFK-SNEAK set was used

(see reference [’h_?, Heure 1).

I1.2, SNEAPM, SNEPMB Sets

The SITEAPM set differs from the IIFK-SNEAX set only in that in the range
10 to 500keV the oY(U238) values are replaced by the experimental results
obtained by Pénitz et al. / 30_7 and by HMenlove and Pénitz / 31_7. This
lowers the group 038 values in the groups 6 to 11 (10-800keV) by up to
13.5%.

In the SHEPMB set, in addition to these changes for U238, Op and o_ of
1237 (0. is kept konstant) are lowered in group T to 10 (21.5-400keV)
according to a c?s(E) curve proposed by Beckurts / 32_7. This curve was
obtained by multiplying measured ois/cY(Au) ratios with the cy(Au) shane
measurcments nornalized to an absolute determination of cY(Au) et 30keV
by Ponitz et al [-30, 33_7 in the range 25 to 500keV and subsequent avera-~
ging. The corresponding modified 038, ois and 035

values are given in tables Al-1 and AI-2,

froun cross section

II.3. PUQSCP Set

In this set the SKEAX set a(Pu239) values in the group 11=15 (L465eV to
21.5keV) based on the old KAPL measurements are replaced by values bssed
on the first results of the linear accelerator m(Pu239) measurenents by
Gvin et al. L~3h_7. The OY values are correspondingly changed for Op kept

constant. Among the more recent experimental %9 data available at the



time where the PUISCP set was established Gwin's date were considered to
be the nost relieble ones by the following reasons. Fron the available
measurements Gwin's results were assigned the smallest errors (on the
average sbout * 15% in a). The independent o estimstes by Pitterle et al.
1-35_7 end Ribon et al, 1-36_7 fron evaluated measured total and fission
cross sections and calculasted scattering cross sections agree best with
Gwin's data among the aveilsble experimental %0 results. The latest
available results obtained by Schomberg et el. 1-37_7 in measurements
with considerably improved pulse shape discrimination, background determi-
nation and electronics are partly substaentially lower than the first
prelininary results reported in 1967 /38 7. Below LkeV Schomberg's more
recent date 1-37_7 are in pgood agreement with Gwin's values, zbove hYkeV
they are closer to Gwin then Schomberg's first preliminary data, but there
are still discrensncies between Schomberg's and Gwin's results particu-
larly in the regions L=TkeV and 10-30keV, which might partly be due to
different normelizations. First o), measurenents of Rysbov et al. /7397
with the fast pulsed reactor IBR as neutron source are compatible with
Gwin's and Schomberg's measurerents below 2 keV, but are even below the
KAPL neasurements sbove 2keV, Extensive discussions at the Anglo-~Russian
Seminar at Dubna in June 1968 clarified this discrepancy. Compared to the
other more recent measurements Ryvabov et al. overestimated the fission
rates and underestimated the capture rates by applying too large corrections
for neutron scattering before capture. First corrections for both errors
led tc a considersble enlargement of Ryabov's a values with results coming
close to those of Gwin. More details can be found in reference [/ 40_7.
The new o and cY values for Pu239
toble Al=3,

in the groups 11=15 are given in

IT.h, SCTALP Set

The inelastic scattering probebilities contained in the ABN set / 20 7 used
in the SNEAK set are replaced by Karlsruhe data. In the range of resolved
residual nucleus levels excitation cross sections evaluated and documented

in various sections of the report KFK 120/part I are taken from the KEDAK

file 1-27_7. In the "continuum" range of residuel nucleus levels the WeiRkopf
evaporation model /"U1_7 is used with nuclear temperstures as recommended

by Swarcbaum et sl, /42 7, The materials concerned are C, O, Na, Al, Cr,



.
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Fe, N2, U235, U238 and Pu239, PuZhO, Pu24], Puzha. TFor the most important

238

nuclide U the new inelastic scattering spectra turn out to be sonewhat

softer than the ABK set spectra,

The new inelastic scettering matrices are given in table AI-T, The cal=-
culation of the inelestic secattering matrices and their conparison with

the AR set matrices are wore extensively described in aprendix AL,

IT.5. UPUCHR Set

ooy -

In this set the GNEAI set Tission data in the gzrown 1 = 3 (2.5 - 10.5eV)
232 U238 based

for 173 ana Pu”3° and in the grouns 1 and 2 (4.0-10.5'%V) for
on the old Los Alemes rneasurcments by Smith et al. 1‘au? were downgraded
by up to about 109 in accord with recent efficiency corrections for the
long counter used in the above measurenents / 43 7.

. - 230
Recently cormrehensive v(?u“3’)

of Fréhaut et al. / 44 7 in the renge 1.5 to 15 eV and Condé et al. / 457

results becare avellable by nmeasurements

in the range b to 15 'V, Ioth measurcrents show very good agreencnt and
close a gap in the higher eV range. Delow WleV they are in agreenent
vith the scattered earlier measurerents. Trom WMeV unwvards they show
differences up to +4f at 15eV fron the former evaluated curve / 26_7

vhich Torms the basis of the SNEAK set v data.

The new o, and v data are given in table Al-l,

II.6. PUO2RE Set

) 2) n
2h0 p2HT o na PuPM? the SWEAK set so

far contained the groun cross cections and shielding factors as given in

Tor the higher stable Pu isotopes Pu

the AB] set 1'20_7. They wer¢ comnletely replaced by group cross sections
and shielding factors calculated from tane recently evaluated microscopic
cross sections of Yiftah et ale Z-h6_7. After the publication of the eva-
luation of Yiftah et al. the very comprehensive resonence total and partial

. 240
cross section measurements for Pu

by the linear accelerator group of
the BCIM Geel L‘h?_7 became available, They showed in particular that
the average s wave capture width (32meV) and the s wave strength function

(1.37'10-h) as assumed by Yiftah et al. in their calculations of <cy>(E)



240 . R . -
for Pu en the basis of previous much less comprehensive measurements

had to be replaced by the lower values ?Y = 23.2neV end S = 1.05'10-h.

With these velues and a (probebly scmewhat too low) » wave strength
function S1 = 1.5-10-h the capture cross sections of Pu?ho were recalculated
in the range of predominant s and p wave capture above 1keV and extra-
polated to higher energies so s to join smoothly the curve of Viftgh et al.
at about 800keV. These lower 030 velues were teken into account in

the PUO2RE set. Integrel substitution measurements performed by Oosterkamp
L‘h8_7 in SHEAK asserblies, viz. measurements of reactivity differences

due to substitulion of a I’u02/U02 mixture containing 8% Pugho by enother

one containing 227 Pueuo were well reproduced by theoretical calculetions
using the improved capture data for Puaho nentioned above (see more ex-

tensive discussion in reference [‘ko 7).

The rmuch more comprehensive and accurate experimental information used in
the evaluetion of Yiftah , Schmidt et al., leads to striking differences

- . L
of the nresent to the ABI group cross sections perticularly for Pu2 O. The

capture data for Puauo are about & factor 2 lower than the ABN set values

in the energy range 1keV to 1MeV. The fission cross sections for PuZhO
in the ABN set dron to zero in the keV range with decreasing energy, whereas
according to the Gee Z-h7_7 and the Los Alamos bomb shot measurements L-h27,
as a consequence of the phenomenon of intermediate subthreshold fission,

ofo on the average over meny resonances resp., fission resonance clusters

is of the order of 100 mb and higher all the way down to the resolved re=-

sonance ransfe.

The new group cross sections, shielding factors and inelastic scattering

b .
matrices for Pua'o, Pu2h1 and Puzha ere given in table AI=5.

IT.7T. MPX911, UPXTPT Sets

Finally, as trial data the recent measurements of oY(U238) by Moxon et =2l
/750_7 in the range 500eV to 100keV were used to replace the SNEAK and
SITEAPH set 11238 cepture data in the groups 9 to 11 (10-100keV, MPX911 set)
ard in the whole range, groups 9-15 {(465eV-100keV, MPXTPT set)s The



reswlis of these reasure—ents are nearly caqual to those of the nrevious
measurements of iloxon et zl. _/_-51_7, in particular the former .]310(1:.,(1)
normalization vas once apain carefully checked, The :loxon data are on
the sverage about 207 snmaller then the SITAIL set data and of the order
of 107 smaller than PSnitz's values in the cormon cnergy range 25-100keV.
The difference between lioxon snd Ponitz is still unexplained, Turther-
more the enperent discrepancies between Ioxon's results and the average
of a number of ebsolute and reletive determinations at selected energies
(243 30; 65keV) have still to be resolved.

The modified capture data for U23S are given in table Al-6.
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THE CRITICAL ASSIMBLIES STUDIED

In this chapter we will briefly describe the critical assemblies con-
sidered for the present study. A more detailed documentation of the
asseribly charscteristics used in the caleuniations and of the integral
data used for corparison between theory and experirent will be given

in Aopnendix II.

Basically we studied 12 fast critical assemblies: SUAK U13, SUAX UINlER,
ZPR I7I-10, ZPR III-25, ZFR III-h8, ZPR III-LBB, ZEBRA GA, SNLAXK 3A1,
SHEAT 3A2, SIEAY 3B2, SIEAK 5C, ZPR ITI1-55. Six of these assenmblics
ere fuelled with U235, five with Pu239,and one (SHnAY. 3B2) with a two-
zored core, the imnmer zone containing Pu230 and the driver zone U235,

Corie characteristics of the assemblies are given in table 1.

Al] eriticals are of mediun or larse size, the smallestone, SUAK U15, having
a core volume of ebout 40 liters. Ve have not included very snall
assermblies lile GODIVA or JECETEL in our studies because the high energy
cross sections of thosc materiesls which could be checked by these assem-
blies arc not very mich uncertein und are not so important for the

physics prediction of large fast power reactors.

The hardness of the neutron energy spectrum veries considerably as can
be seen e.g. fron the median fission energy, the neutron lifetime, and
the reatio cf(U233Vcc(U238) given in table 1., The mipgration area 1° of
the core varies considerably between the lowest value for SUAK UHIB and
the higher values for the more dilute asserblies ZPR IIIL§, ZEPRA 6A,
and SITEAK 3A1, Apart from the k_~-experiments SNEAK 5C and ZPR III5S
there is elso a large span in the geometric configuration characterized
by the geometric buckling B2 and the core volume between the small un-
reflected SUAK-assemblies end the larger well reflscted assemblies

ZPR III-25, ZPR III-48, ZEBRA 6A and the three SNLAK criticals, the
small but reflected assembly ZPR III-10 ranging in between, The leskage
probability and the probebility for the most importent reaction ratios in
the core are also given in table 1,



SUAK U1B is a nmetal fuelled uranium asserbly with 20% enrichment of
zbout 30 em length in each direction of the cube.

SUAX UE1B is similar to SUAK U1B. It is also = metal fuelled uranium
aessembly with 207 enrichment but containing a relatively large amount
of Iydrogen in foils of polyetikylere. The hydrcgen to wrenium aten
ratio is sbout 0.5.

ZPE TII=-10 is a metal fuelled uraniun assembly with a rather smell

core of sbout 17% enrichment surrounded by a relatively large reflector

of depleted uranium.

ZPR I1i=25 has a larger core. The uraniun metal fuel has an enrichment
of gbout 9%. The core is surrounded alsc by a relatively large reflector

of depleted uranium.

ggg_;gg:&g is a well known assembly with plutonium s fissionable meterial.
The fuel enrichment is sbout 18%. In order to simulate the neutron

energy spectrum of a sodium cooled fast reactor with ceramic fuel, Na

end C have been added to the core composition to soften the spectrum.

The reflector oi about 30 e thickness consists of depleted uranium

netal,

§§§_EE§:E§§ is very similar to ZPR III-48, The essential difference is

the inner core zone which has a higher content of Pu2k0 compared to
ZPR III=N8,

[

ZEBRA 6A is a somewhat smaller plutonium assembly with a fuel enrichment
of about 247%, Wa and C are also added to influence the neutron energy
spectrum in the desired manner. The reflector of about 30 cm thickness

consists of natural uranium and graphite,

SNEAX 3A1 was built to simulate the core of a fast steam cooled power

reactor. The enrichment of the urenlum-metal fuel 1s about 20U« The
polyethylene foils used to simulate the coolant are contained in stainless
steel canned platelets. The hydrogen concentration of SNEAK 3A1 is about
half that considered for a typical steam codled power reactor characgerized

by a coolant pressure of about 170 atm and a relatively small coolant
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volure fraction of the core. ¥Within the unit cell one Al- and cne
}\.1203 platelet are used together with the fuel- and stainless steel
canned nolyethylene-platelet to influence the neutron energ; spectrur

in the desired ranner.

SFEAY. 3A2 is s1lightly snmaller in core volurme than SIEAK 3A1 but has

5t111 & relativel) large core zone, Dy adjusting the taickness of

the nolyethylene foil one obtained in SIEAN 342 2 hydrogen concentration
vahich corresponds to thet of a future steam~cooled power recctor with the
charceterisiics rnentioned before. Desides the thickness of the poly-

ethrlene foil the cormosition is almost identical to SHEAK 3A1,

;HEAL 302 has an inner core zone vhich contalins »lutonium instezd of

uraniun as fissile raterizl. Othervise the composition of this two-

zoned corc asserbly is equivalent to SIMAX 342,

SITAIZ 5C is & so-called Xk _~2xne rirent, It consists of an inner nlu-~
tonium zone of shout 300 liters and an outer wraniuwn driver zone. Iy
edjusting the compositions of both zones in the ammroprizte manner

one aims at a flat distribution of the normal and adjoint fluxes across
the inner test zone and to bring the l:°° of the test zone close to 1.

The atom ratio C/UR3R in SNLAK 5C is rather large, about 12, which leads

to a "soft" neutron eneryy sypectruri,

ZPR_I1T=55 is also & k -exnerlment for s plutoniuwnz composition fron
which one tries to get information »n the o-value of Pu239 in the
energy renge from 0,5 to 20keV (a=cc/of). Because of the smaller
C/U238 atom ratio of about 2.4 the neutron spectrum is not as "soft"

as that of SHEAX 5C.

In addition to these asserblies we consider also the measurements con-
cerning the steam density- and steam void-coefficient which have been
performed during the so-called SNEAK-3A-series. They are described in
[ 57 _7 and include besides the assemblies SNEAK 3A1 and SKEAK 3A2,
mentioned before, two other asserblies SNEAK 3A0 and SNEAK 3A3 whieh
contained no hydrogen and twice the hydrogen concentration of SKEAK 3A2,
resnectively.
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Apart from the leakage the small and "clean" asserblies SUAK-U1B and
SUARK-UE1B provide checks for the higher energy data of U235 and U238,
Because of the increased moderation SUAK UHIE is more sensitive than

SUAK U1R to the capture data of U238 and U235 since there is a rapid
increese of the capture cross sections to lower energies. For ZPR III-10
the importance of the leakage is reduced compared to SUAK U1B and the
importeance of the U235 and U238 data in the hundred keV rezion is in=
creased. The same tendencies but still more pronounced are valid

for ZPH I1T=25, The larger and well refiected assemblies SNEAK 3A1

and SNEMK 3A2 will give additional information on the uranium data

in the lower keV region. The somewhat similar plutonium assemblies

ZPR III=-L8 and ZEBRA 6A are both included in the anelysis since the
informaetion on plutonium assemblies is not very extensive. ZPR III-L&3B
is of interest because of its higher Pu240 concentration in the inne>:
core zone compared to the usually available plutonium isotopic corposition.
The k_=-experiments SNEAK 5C and ZFR III-55 provide a check of the low
energy cepture data of U238 and, hopefully, of the cepture and fisgion
date of Pu239 in the keV region. SNEAK 3R2 has been included in the

snalysis as the first fast critical at Karlsruhe containing plutonium.

With this selection of critical assemblies we are confident to obtain
essential information on the relisbility of dete &and methods for the

energy range of interest in fast reactor analysis.
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T CALCUTATIONAL, METEODS USERD

IVele Ceneral Apnroasch

Ir this study we want to determine the effect of each change in the
miclear data for the vwhole variety of criticaels. The reason is two-
feld:
1. we want 4o get a2n insight into the uncertainty of the cal=-
culation of characteristic guantities for these assemblies,
2. we went to obtain informetion on the sensitivity of the

rucntities studied on various changes of the nuclear data

of severel materials in different energy recions.
Doing this in the nrnost correct wey woulé consume a large apocunt of
cormuter tire since one has to nerform e.ge two-Girensional calculations
and has to annly corrections as mentioned later e.pn. for heterogeneity
ete, which in a strict sense would have to be recalculated for each
change in the nuclear data. In order to avoid this we treated the
problem in the following approxinste manner: For each essembly which
has not essentially a two-zored core, we determined with our reference
group set, the so-called SIEAK set /3 7, /4 7, the bucklings in each
one-cdimensional direction (i.e. Bi, 33, Bi respectively Bi, Bi) by com-
pering one~dimensional results for the criticality with the corresponding
ones of fundemental mode calculatiuns. These adjusted bucklings have
then been used throughout the study in the fundamental rnode calculations
for the modified group sets. The adeguacy of this procedure has been
nroved by some two-dimensional diffusion calculations with 11 energy
rrouns esnecially for those changes in the nuclear data which caused
major crenges in the calculated criticality. The 11 group constants
ere condensed from the original 26 proup constents using as weighting
spectrum thet of a one-=dimensional diffusion caleulation in spherical
ceometry for each modified group set, These two-=dimensional results
of course have to be considered as the basic ones, The fundarental node
results are used only to obtain the criticality difference of those
changes in the nuclear data which lead to relctively small chanses in

criticality.,
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V.2, Corrections

To ret the final results (best ayai}able values of tables V-l) sore correc-
tions which are pertially colculated by ourselves and partially taken
fron the literature have to be applied if nccessary: {a) the heteroseneity
correction using the ZERA-code / 53 7,(b) the transport correction

using a one-dimensional SF-code, (¢) the so-celled RIMO-correction

which arises from a rore elzborate treatnment of the elastic slowing

down 1.3_7, 1-2_7, (4) 2 correction for the traasport cross section
which tekes into accomnt the anisotronic down-scattering of hydrogen
especially for SUAX UH1B /73 7, /759 7. In the cases wvhere these
corrections are calculated by ourselves they werc determired once with
the SlEAl=reference set and are then assuned to be only weakl: dependent
on chanses in the nuclear data end therefore are tgken the sare for

the rnodified group sets.

IV.3. Corment on the Tission Smectrur

With resnect to the caleulational methods we should mention that the
standard fission spectrum y in our ~roun sets is that belonging to

v=2,£ of the Russian ARM-set / 20 7. 1In reelity x denends on the energy
of the fissioning neutron and the type of the fissionable isotope; these
dependences cannot routinely be taken into account in our calculations.

We studied the magnitude of the effects which can be attributed to changes
in the fission spectrun in an approximate manner. The main results are
(see teble 2): for U235~-fuclled assemblies a reduction of the criticality
between 0.001=0,003 and a decrease of the neutron spectrum by about

67 only in the energy range from6.:5=10:5MeVify(v=2,6) is used instead

of x(v=2.8); for Pu230 fuelled asserblies e slight increase in criticality
(about 0.001) and an increase of the neutron spectrum by 11% in the

enersy range mentioned, if x(v=3.0) is used instead of x(v=2.T). The
average v of U235 fuelled asserblies is in the range 2.5 - 2.6, thet

of Tu239 fuelled asserblies in the range 2.9 - 3.0. One saoculd rention
that the fission ratio Uf(UESG)/Uf(U235) is only chanced by 1-27 by the

chmanres of the fission spectrum rentioncd abtove.
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- ~ - . . - . *
T4, JAccuraes o the Two-Dirensicnel Diffusion Results )

Since the two-dirmensicnal fitTusion results obtaired with the DINT-
Srogrer Torr the basis ol cur hest available eriticelity mrelictions,

~

sras neeasssary to cuecl. thie velidits of the sponroxinations wde

T

it

in feriving these reswltse The Tirst avroxirzotion is ihe condensation
fro—m 07 t2 11 mrownsa Covoarinrs ilie usunl 1legronm result withk thal of anc
ionol chnedl: ealeowlation For SITAX 3A1 usin-~ the

s
same soatial mesh (159N meshpoints) we observed o difference in kcz‘*‘
of 72,0007 vhieh was Ter less than the accuracy of 0.001 recuired for

each calculation, The second gxproxiretion concerns the disteonce between
the reshpoints for the caleculation of tke space denendence of the neutron
fiwz. Tais »roblerm ns been studied For an asserdly siriler to SITFAL 3A1
by tvo-dimensional calculations using 26 grouns. The results are pre-
sented in the following table.

Dependence of &k on the speatial mesh

cff
case 1 [case 2{case 3

Radial nurber of mesh noints 20 L0 68
direction|awiber of mesh intervals in

the core per transport mean

free neth 1,0h 2.16 13,04
Axigl nuriber of mesh points 20 L0 60
direction{number of mesh intervals in

the core per transport mean

free path 1,1 2.2 3.7k
Totel nurber of mesh points 400 1600 {4080
koo $.98600{0,98T46{0.,9CThLh

Trom this table one concludes that 2 mesh intervals per transport
nean free path is sufficient for the two-dimensional calculations

i an accuracy of 0,001 in kefi‘ is desired.,

X) Al results quoted in this paragraph have been provided by

W, Hobel (Karlsruhe).
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IV.5. Aporoximate Treatment of the Anisotronic Scatterins of
Ivdrogen in SUAX UE1D

Usuelly we use the diffusion egquation for the determination of the
criticality of the assemblies studied., In deriving the cross sections
respectively group constants vwhich ere needed in this equetion the
usual transport approximation is enplied., It is very probable that
this anproximation is not sufficient for the anisotropic scattering
of hyvdrogen and leads to errors in the transport cross section and
the diffusion constant and therefore also to errors in the leakage
probability. Among the hydrogen containing assemblies the leakage
probehility is most important for SUAK UH1B. Therefore an improved
but still avproximate treatment of the nroblem has been applied

for this assermbly 1-3_7 vhich is indicated in the following.

Trom the Pl-ecuations the following relation can be derived:

. . .o J.
i i +1
(TV.1)o} =0, = & oy = 5>
j<i i
‘s a3 S . )
vhere cg = og * pJ 1 is the second moment of the scattering matrix

end Jj is the net current in the energy group j. For the isotopes with
higher atomic weight than 10, the second term on the right hand side

of the above equation (IV.1) can be approximated by o:ul. 02 is the
elastic scattering cross section in group i and p* the gverage cosine
of the scattering angle. This approximation is of course not adcquate
for hydrogen. Improvements compared to this average cosine concept
heve been made for hydrogen in two steps: in the first step it was
assumed that the currents are weakly enercgy-denendent so the ratio
Jj/Ji in equation (IV.1) is sct equal to unity, in the second sten

the group denendent currents of the SUAX UH1B assertbly have been used
to deternine the transport cross scction of hydrogen. Since the group
dependcnce varices with space coordinates the group currents have been
taken at two space points, located at distaonces of 6.5 cm and 1343 cm fron

the corc houndary. The resulting transport cross sections of hydrogen
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have been used in the eppropriate core regions in the criticality
calculztions. The influence of these two stens of irprovements on
the criticality hes been studied for SUAY UE1B in diffusion approxi-
ration using a sphericel nmodel for the assembly. The following changes
AX have been obtairned for the SBLISIT: the first sten gives k=0.011,
the second sten k=0,0022 compared to the usuel average cosine concept,
The reason for these different results is that in the second step the
trensport cross section of hydrogen is increased in the high energy
region even slichtly rmore then in the first step since Ji/J; is sraller
'
than cne. Rut below 0.5MeV this tendency in reversed and the transport
cross sectiorn is calculated even smeller than with the average cosine
concent. Since the transport cross section is zalso used in the boundary
condition of the diffusion calculations the caleculated change in eriti-
caelity ray also devend on the geometrical rodel used for the assenbly
because in sphericel zeometry only one external boundary has to be considered
whereas in the real cubic arrangement three boundaries heve to he taken

into account.

It seenms to us that the magnitude of this correction is still uncertain,
Ye have gpplied in the »resent evaluation a value of 0,007 for this correc-
tion which is taken from the literature /759 7 and is in between of the two

extreme values nentioned before in this paragraph.

Yo will study the effect of the anisotropic scattering of hydrogen once
apain using the appropriate recently established improved version of the
DT¥=5, ~code,

1

IV.6, Veighting Spectrun and u_-Concept

The effect of the weighting spectrum on criticality has been studied
using the REM@-concept for the direct calculation of the elastic removal
group constants. The results are discussed in 1-2_7. In 211 ceses
studied there the differences have been smeller than 0,005 in k. TFor the
neutron spectrun the RP-procedure generally leads to better agmreement
of calculations with experiments,

t should be nentioned, however, that the REMf-concept is used only for
those isotopes vhich scatter only into the next group of the 26-group set

with the ABll=rroun structure. ™ie RIiP-concept is not well suited for
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hrérosen because thic correction is applied only to the clenents ZI+T+1

of the scattering mabrix. Comparing the scettering cross sections of
hydrosgen 1n the AR~ end FITA¥-set one nolices considerable differences
which rost nrobably arc due to the weizixting smectrvom used because the
besic nuclear data zre well lnowm. In the CillAl-set the weichting
snectrun corresnonds to that of the HINAN 342 asserbly. Therelore one
ra; obtain changes in eriticality and neutron spectrun for the SUAX UH1B
asserbly if the appropriate weighting smectrum is used for the determi-

nation of the scattering cross sections of hydrogen.

Cne should mention also that the Pidi@-correction is applied only for
ncutron energies above 1keV (groun 1-14%). The extension to lower
energles will nrobably bring about some influence on the results for
the criticelity of assemblies with rather soft neutron spectra like

ZPR ITI-55 znd especiglly SHLAT 5C,

In reactor calculations ve normally use an average background cross
section O for the determination of resonance self-shielding (co-concept,
sce /720 7, [4_7). The determination of o, in each group is normally
done with the infinite dilute total cross section with the exception

of U230 (see 1-3_7, Z-h_7). Tor the test calculations oy has been de-
termined in a different way using the effective total cross section with
the strongest resonence seclf shielding (sce £-2_7). Becguse these two
methods are extreme approvimations to the true situation @ possible error
of 0,002 maxr arise vhen using the o_-concent at least for asserblies with
a not too "soft" neutron s»ectrum because the difference increases as

the irmportance of the lov energy cnd of the smnectrurl increases.

(=1

IV,T7. Accuracy of the Calculated Material Vorths and Reaction Rates

a) Comparison of one-~ and two=dimensional results

In order to save computer time the material worths end the rcaction rates
in the core center hove been calculated in spherical geometry using 26
energy groups. This proccdure has been adopted beceause it seems more

imnortant to us to take into account all energy groups and to approximate
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the geonmetryr than to perform celculations for the resl geometry but with
2 reduced number of energy groups. Teking into account the real geometry
and the whole number of groups would necessitete rather large computer
tirmes. e expected thet the desired guentities cen be calculated well
enough with the procedure mentioned and checked this by two=dimensional
calculations for SIEAK-3A1 and SIEAK-3A2 with % and 11 groups. The
results given in tsgdble 3 indicate that for predoninartly scattering
rateriels like C, I, 0, Mg the asreement between the variocus results

is very poor as has been expected. This is essentially due to the
influence of groun collepsing as is already known in the literature

(see eg. 1‘6Q_7). Therefore even the 20-groups resulits nay be doubtful,
For the other naterizls the agreenent is rather pood: for the case with

11 ~rouns the differences anount to about 5%, This indicates that there

14

€ no srsterctic deviation betwearn the results for spherical geormetry

end the two~dimensionsl ones as could 2.3. arise from differences in the
nornelization intepgral. Tails has also bezn found by Pitterle et &l
1_35_7. Tor the same asserblies SNDAX 3A1 and SKEAK 3A2 in the centrel
recion of the core the microscopic reaction rate per wnit flux and{per atom
cf 7235, this means the effective sroup overased cross section , agrees

% end the irportont reaction rate ratics U238(n,y)/U235(n, )
u235(n,v)/U235(»r,) ané U230(n,f)/u235(n,f) alsc within 0.155 conparing

one~-dimensional 26 proun results with two-dimensional le- and 11-group

within 0.15

resulis.,

The results mentioned so far have been obtained using the SHEAK set but it
is expected that they are valid for other group sets and other esserblies
as well, Calculations for the two assenblies SIEAK 3M1 and SHEAK 3A2
using the :10XTOT-set indeed showed practically the same results as obtained
for the SIILAK set, Therefore, it seens very probable that the one-dimen~
sional results for the central materiel worth and the central reaction

rate are not subject to systematic calculational errors.

b) Cormarison of results with and without REMf-correction

As stated two paragraphs before the REM@-correction generally leads to a
better asreement between calculstions and experiment for the energy-depen-

dent neutron flux, The differences between the spectrum calculated in the



usual way and that calculated with the RIZIO-correction are quite
epprecigble. For the assembly SIEAK 3A1 e.g. they amount to sbout
*#15% in some energy grours. The guestion arises wether such changes
in the energy dependence of the neutron spectrum affect the calculated

nmaterial worths to a remarkable extent or not.

The REMO=-correction is based essentially on a correction of the macros-
copic elastic and total removal cross section elements of the scattering
ratrix and is appropriate for the calculation of the neutron flux. The
guestion if the RFMO-correction is also an adeguate procedure for the
calculation of the adjoint flux will not be considered here although

we adopted this assumption in the present study.

In the following lists we corpare the results for the calculated material

worths using two different methods:

method a): The normel and adjoint fluxes used in the perturbation calcu-

lations have been obtained using RE'i0-corrected group constants.

rcthod b): The normal and adjoint fluxes used are calculated in the usual

menner without the REMO-correction for the group constants.

In both methods we used perturbation cross sections which have been cal-
culated in the usual way without any REMO-correction. For a rigorous
comparison of the influence of the REMO-correction one should apply in
method &) the REMO-correction to the perturbation cross sections too.
This has not been done here because it would have caused inconveniences
in hendling the programme for the REMO-correction and because we think
that the effect is almost negligible for the perturbation calculations
of the materiel worths.

This assumption seems to be reasonable because the REMO-correction has to be
applied both to the normal and pertubed core composition and these two
compositions are elmost identical apart from the relatively small addition
of the special material or isotope considered, The amount of material

edded to the normal mixture is in our cases 1020 atoms which means for

most materials about 1-10% of the amount which is normally present in the



Results for Assembly ZPR IIT~h8 usinpg the SiFAl-set

Material AL B10 |C CR L R A I Pu239 [ Pu2k0ju235 U238

Material worth method a)

Matoriol Vorth Tothod 1) 04939]1.050|0,738]04969[1.002|1.043{04937|1.020[0,984|0,967]0.,980[0,976

Results for Assermbly SHEAK 3A1 using SNEAK-set

Material AL B10 |C CR FE 51 3(0] NI 0 Pu239|U235 |U238

Material worth method a) .
Material worth method ) 0.36711.019]1,17410,988(0,976]0,992]1,021|1,029{1,263[{0.996]0,993(0.997

Results for Assembly SHEAK 3A2 using SNEAKeset

Material AL B1o |C CR FE I MO NI 0 Pu239({U235 |U238

Material worth method a)
Moteriol vorth method ) 0.851]1,006|1.,094|0,991]0.976(0,900|1.,006|1,015{1.182|1.000([0,994|0,985
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mixture, Therefore we expect that the influence of the REMO~correction
on the cross sections of both rixtures will be almost identical and the
et effect on the perturbetion cross sections will be practically zero
because of a corpensation effect since the perturbation cross sections
are determined as differences between the cross sections of both com-

positicns which show almost identical REMO—correcticns.

It can be seen from this list that for the fertile and fissile isotopes
the influence of the REMO-correction on the calculated material worth

is generally smaller than 3% and for the predominantly sbsorbing materials
generally smaller than 5% vhich is not too muca comnared te the existing
discrepancies between calculation and experiment. However, one should
heve this in mind when in the future these discrepancies come down to
corparable magnitude. TFor predominently scattering materials,as expected,
the influence of the RENO-correction is larger = up to 30%- . But

for these materials all 26-group results either with or without REO=

correction are somewhat doubtful as indicated in the precedinpg paragraph.



V.

RESULTS AND DISCUSSION

Vels Results of Fundamentsl Mode Calculations for ke

r

The results of the fundarental mode diffusion calculations for L
are given in table V-1, The values given refer to the hamogenized

core composition. For an easy comparison with the measured values the
calculated criticality values fer the SNEAK-series have been normalized
in such a way that the normalized value for keff of SNEAK 3A2 is equal
to unity for all sets of group constants.

In the figures AII-1 to AIT=-36 the neutron flux, the adjoint neutron flux
and the collision density are shown for 12 assemblies. For an easy inter-
comparison of corresponding curves for different assemblies we have
taken the same scale in the corresponding figures for the different
assemblies, The curves have been obtained from the group values using

a program which produces a smooth curve through the group values / 61 7.

Except for the two-zoned cores SNEAK 3B2 and ZPR III-U8B the values for
the normal and adjoint fluxes have been taken from fundesmental mode
calculation. The normalization is

] VEL(E) ¢(E)AE = 1
(o]

for the flux density and
" +
f x(E) 87(E)GE = 1
O

for the adjoint flux. For the two exceptions SNEAK 3B2 and ZPR III-U8B

the normal and adjoint fluxes at the core center have heen taken from
one~dimensional calculations. The corresponding curves therefore have been
drawn with an arbitrary normalization. For the adjoint flux the arbitrary
normalization has been done in the following way: for SNEAK 3B2 the curve
has been normalized to agree in the relatively flat region between 50 -
100 keV with the corresponding curve of SNEAK 3A2; for ZPR III-L8B the
normalization has been done in the energy range from O.4 - 0,8 keV to give
agreement with the similar curve of ZPR III-%8 which is also flat in this

energy range.

All results for the collision densities have been tsken from one-dimensional

calculations: This has been done because the programs involved in these

calculations can handle only the results of one-dimensional calculations

in the appropriate way. Therefore it would have been very inconvenient
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to use the results of the fundamental mode calculation in order to get the
corresponding collision density. The curves given always belong to the
inner core zone, sormetimes to an even smaller artificial zone around the
core center. The normalization for all collisiox 33msity curves is

arbitrary.

A1l results for the figures ATI-1 to AII-36 have been obtained using
the SNEAK-set.

In the following we will indicate the sensitivity of the criticality of
the various assemblies studied to changes in the nuclear data., This will
be done for each asserbly by giving the criticality chenges for the

most important changes of the group constant sets.

SUAK U1B: SNEAK + SNEPMB: Ak= -0,015
SNEPMB+ SNEAPM: k= +0,021

This small assembly with a relatively hard neutron spectrum is very sensitive
to the reduction of the U235 fission cross section which is implied in the
first step and is omitted in the second step. The reduction of the U238

capture data causes a criticality increase of +0.,006 = 0,021=C,015,

SUAK UH1B: SNEPMB - SNEAPM: Ak= +0,008
PUISCP + SCTALO: Ak= +0,003
MOX911 = MOXTOT: ak= +0,00%

Due to the much softer neutron spectrum of this assembly compared to SUAK U1B
changes in the high energy data are less importent. The omission of the
reduction of the U‘E35 fission cross section gives rise to a criticality increa-
se which is only 1/3 of that obtained for SUAK U1B., Taking into account the

lower U238

capture cross section of MOXON in the keV-region causes an
increase of criticality which is not negligible for this assembly. The in-
crease of criticality obtained with the new scattering probabilites for the
inelastic scattering probabilities for the inelastic scattering is due to
the special energy dependence of the neutron importance for this assembly

vhich increases considerably below 1 MeV with decreasing energy.
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ZPR IITI~10: SKNEAK - SNEPMB: -0.015
SREPMB - SHEAPM: +0.026

The results for this asserbly with a relatively hard neutron spectrum are
very similer to that cbtained for SUAK UlB.

ZPR III-25: SNEAK - SHEPMB: -0.010
SNEPMB - SNEAPM: +0.029
PUYSCP » SCTALP: -0.011
PUO2RE -+ MOX911: +0.013

Apart from the results similar to ZPR ITI-10 the new inelastic scattering data
cause & renarkable reduction of criticality which is due to the special form
of the energy dependence of the neutron adjoint which decreases below 1 MeV
with decreasing energy contrary to the behaviour for most of the other assem-
blies. Tnc reducticm of the 0238 cepture data in the 10 - 100 keV region

to the low MOXON-values shows & remarkable effect on the eriticality of

this assermbly because the enrichment is lower and the neutron spectrum some-
whet softer than that of the asserblies considered in the preceding para-

graphs. The higher sensitivity to the Ua38

capture data in this energy
region is also indicated by the difference between the first two steps
vhich amounts to +0.019=0,029-0,010 and is considerably larger than the

corresponding data for the SUAK assermblies and for ZPRIII-10,

ZPR III-iB8: SNEAK -+ SNEPMB: +0.009
SNEAPM + PU9SCP: -0.009
PUORRE - MOX911: +0.008

This assembly is rather sensitive to the 0238 capture data below about 100 keV
which have been changed for the sets SNEPMB and MOX911, The new a=-values for
P11239 of GWIN used in the PU9SCP-set cause & criticality reduction which

is not as large as that of —=0.016 reported previously /2 7 vhere lowver
limits of the first preliminary o-values of SCHOMBERG had been used.

ZEBRA 6A:  S.ial - SNEPMB: +0.006
SNEPMB -+ PU9SCP: -0.010
PUO2RE - MOX911: +0,006

As expected this assembly shows e behaviour similar to that observed for
ZPR III-L8,



- 30 -

SNEAK-Series: The criticality of the assemblies considered within the
SNEAK-3A<series reacts most sensitive to the first two steps of changes

in the group cross section sets. The fact that the absolute values of
the criticality differences for the first two steps are of the same
negnitude indicates that the steam density coefficient is much nore
sensitive to chauges in the 0235 fission cross section than to those

in the U238 capture cross section in the energy regicn considered (i.e.
setween about 20 = 500 keV), One should of course always have in mind
that the criticality values for the SHEAK-series are normalized in such

a way as to give a k. pp 2qual to unity for SNEAK 3A2,

£f
SNEAK 3A1: SNEAK - SNEPMB: -0,009
SNEPMB + SNEAPM: +0,018
PUO2RE -+ MOX911: +0.009
MOX911 + MOXTOT: +0.006

The eriticality change correcponding only to the reduction of the 0238 capture

cross section in the first step amounts to +0,009. It is overcompensated
by the effect of the reduction of the U235 fission cross section which is
twice as large as can be seen from the second step leading from a criticality
change of =0.,000 for the first step to a total eriticality change of +0.009
for the first two steps. From the last two steps it can be seen that for
SNEAK 3A1 the changes caused by the MOXON data are more important in the

10 - 100 keV region than in the energy region below 10 keV,

SNEAK 3A2: SNEAK  SNEPMB: ~0.006
SNEPMB  SNEAPM: +0.013
PUO2RE  MOX911: +0.007
MOX911 ~ MOXTOT: +0.007

For SHEAK 3A2 the results are qualitatively similer to those for SNEAK 3A1.
The last two Steps cause nearly equal criticality changes., This means that
for this assembly with respect to criticality the influence of the change

to the MOXON data is of equal importance for the energy region below 10 keV

as for the 10 - 100 keV region, This fact gives direct evidence of the softer
neutron spectrum of SNEAK 3A2 compared to that of SKREAK 3A1.,



SNEAK 5C: SNEAK -+ SNEPMB: +0.008
SNEAPM -« PU9SCP: -0.015
PUO2RE -+ MOX911: +0,008
MOX911 -+ MOXTOT: +0,01%

The largest criticality change for this assembly is caused by the change
%o the Pu>> g-values of GWIN (SNEAPMsPU9SCP). The reduction of the U230
capture cross section to the PONITZ-data in the first step produces nearly
the same criticality increase as that of the subsequent inclusion of

the MOXON-data in the 10~-100 keV region (PUO2RE-MOX911). The criticality
effect of the change to the MOXON U238 capture data in the whole energy
region concerned overcompensates that of the change to the GWIN a-data.

A comparison of the two last steps illustrates the importance of the
energy region below 10 keV for this assembly compared to e.g. SNEAK 3A2

which a&lready has & relatively soft neutron spectrum.

EP;_R_Z_I_E:EZ:_ SNEAK - SNEPMB: +0,018
SNEAPM - PU9SCP: ~0.0M11
PUOSCP -+ SCTALO: «0.013
PUO2RE -+ MOX911: +0,017
MOX911 - MOXTOT: +0,017

For this assembly relatively large criticality changes have been cobtained,
Quelitatively the results are similar to that for SNEAK 5C or even to SNEAK 3A2
with the exception of the importance of the inelastic scattering data for

this assembly which is due to the special neutron adjoint as has been dis-
cussed for ZPR I1II-25, For a quantitiative understanding of the effects

one should have in mind that the atcmic number density of 0238 is considerably
larger than that e.g. for SIEAK 5C and SNEAK 3A2 and that the neutron spectrum
is considersbly harder than that of SNEAK 5C, This fact is for both assemblies
illustrated for exemple by the different criticality changes cased by the

two last changes in the group cross section sets.

At the end of this chapter we will discuss briefly which assemblies are most
sensitive to the changes in the nuclear dsta which have been performed

during this study.
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SNEAK - SIEFPMB: ZPR IYI-55 : +0,018
SREAX 5C T +0,008
EUAK U1B : =0.015
ZPR IITI~10 = =0.015
ZPR III-25 : ~0,010

This change actually consists of two different changes.

a) the reducticn of the 11238 capture cross section

b) the reduction of the 0235 fission and cepture cross section.

The second pert has no influence on the Pu-fuelled assemblies. These assen-—
blies show the effect of the first part only and therefore a criticality
increase is observed. For all U-fuelled assemblies the effect of the

first part is more than compensated by the eSfect of the second part and
therefore we obtained & decrease of criticality for these assemblies. Since
in the next step (SNEPMB+SNEAPM) the second part has been cencelled the
effect of the first part can be determined separately (assuring additivity
for the criticality changes of the two parts). This leads to the result
that the criticality effect of the first part for the assemblies ZPR III-25
and ZPR III-10 is of compareble magnitude as the corresponding values for
ZPR III-55 and SNEAK 5C,

SNEPMB -+ SNEAPM: ZPR JII-25 : +0.029
ZPR III-10 : +0.,026
SUAK U1B :  +0.021
SNEAK 3A1 : +0,018

This step corresponds to the cancelling of the second part mentioned for

the step before i.e., going back from the reduced U235 fission eross sections
to the previously used values in the 25 - 500 keV region. It produces rather
large criticality changes, of course only for the U-fuelled systems.

SNEAPM -+ PU9SCP:

SHEAK 5C + =04,015
ZPR III-55 : =0,011
ZPR III-48 : =0,010
The inclusion of the Pu239 a-values of GWIN results in a criticality reduction

of about -0.01 for the usual Pu-fuelled assemblies, The réduction becomes

even larger if the neutron energy spectrum becomes softer. SNEAK 5C seems
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10 be a: the lower end of the "soft" asserblies because its median fission
energy of 1.2 keV is rather low. This has been demonstrated in our study
because & reduction of 0.016 has been cbtained in the present study for
the somevhat "harder" assembly SNEAK 5B which is described in /62 7 and
has & medien fission energy of about 3 keV,

PUYSCP » SCTALO: ZPR III-55: =0,013
ZPR III-25: <=0.011

The new inelastic scattering probabilities generally have only a small
effect on the criticality. The two exceptions given sbove are caused by
the special form of the energy dependence of the adjoint flux as mentiored
before,.

SCTALO -+ UPUCOR: SUAK U1B: «0.006
ZPR III-10:-0.005
SUAK UH1B: -0,00h

The reduction of the fission cross sections in the energy region above
2 MeV causes only relatively small criticality changes for the assemblies
considered in the present study. For smaller asserblies with even harder

neutron spectra more marked effects are to be expected.

UPUCOR.+ PUO2RE: SNEAK SC : +0,004
ZEBRA 6A : +0,00k

Because of the relatively small concentration of higher plutonium isotopes
in the presently availeble assemblies the effect of rather drastic changes
in the nuclear data for the higher plutonium isotopes is not very pro-
nounced,

PUO2RE + MOX911: ZPRIII=55: +0,017
ZPRIII-25: 40,013
38

and because of their energy distributions of the neutron flux which give con=-

Because of the large U atomic number densities present in both assemblies

siderable weight to the energy region between 10 = 100 keV these two assem=
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blies show the largest effects of the reduction of the U238 capture data
from the PONITZ~-values to the MOXON-values in this energy renge.

MOX911 + MOXTOT: ZPR III-55: +0,017
SNEAK 5C : +0,01%
SNEAK 3A2 +0,007

This step gives only a marked criticality effect for assemblies with soft
neutron spectre. The effect is most pronounced for ZPR III=55 with

its relatively large U238 concentration.,

V.2. Results for k“ff from One- and Two-Dimensional Calculations

The results for the eriticality of the various assemblies obtained in one=-
and two-Gimensional diffusion calculations using different sets of group
constants are given in table V-2, These results essentially confirm the
results obtained by the fundamental mode calculations and thus provide

a check that our general approach is correct which assumes thaet if no
two-dimensional results are availsble for the criticality differences

vhen going from one group set to the other the corresponding fundamental
mode criticality differences cean be used, This assumption is valid if

the criticality differences are not too large.

Its validity is reduced to some extent if the properties of the blankets
or reflectors are changed by changes in the group constants. This is
expecially true of the reductions in the capture cross section of U238
and to & smaller degree of the reduction in the high energy fission cross
sections of all materials (SCTALO+UPUCOR).,

Vi3, Resiilts TOYX the Best Available Values of the Criticality

In this section we have to compare our calculated criticality values for
the various essemblies with the corresponding measured values., The calcu-
lated values are based on the results of two-dimensional diffusion caleu-
lations. If necessary the criticality differences cbtained by fundamental
mode caleculations for successive changes in the group constantssets have

been used to determine in an approximate menner criticality values for the
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modified data sets which are equivelent to two=".&.v-.3nal results. In
order to establish the best theoretical veluwes ".u ' .o

have to be spplied as outlined in chapter IV-2, ‘(he numerical values of

some corrections

these corrections for the various assemblies are given in table V=3. The

origin of the data is described in Appendix IT for each assembly separately.

The corrections have been assumed to be the zame for the different sets
of group constants used in this study. They have been applied to the
exactly or approximately determined criticality values which correspond
to two-dimensional diffusion calculations. In this way the best available
criticality values of the various assemblies have been determined for

the different sets of group constants. They are given in table V=h
together with the experimental results. These results will be discussed

in a subsequent chapter.,

V.4s Results for Materia]_. Worth Ratios and Centrel Reaction Rate Ratios

The information on the material worth end reaction rate of various materials
is considered in our study as complementary to the information provided
by the eriticality. The normalization of the material worths relative to
that of U235 which is used generally in this study brings the advantage
to avoid the trouble with the well known discrepancies in the absolute
magnitude of the measured and calculated material worths or reactivity
coefficients ['63_7. Furthermore the calculated values are independent
of the so-called normalization integral vwhich may perhaps be in error at
least for one=-dimensional models of the real two- or three-dimensional
problems because the geometry is not taken inte account properly altlhiough
our results mentioned in chapter IV-T seem to indicate that this is not
the case. The reaction rates are usually normalized in the experiments

+o the number of fissions of U235.

For an easy comparison with the experi-
mental results this normalization has also been done for the theoretical
results.

The theoretical results presented for the central material worth ratios
have been obtained by first order perturbation theory using the normal

and adjoint fluxes of homogeneous diffusion calculations. In the inter-

pretation of discrepancies between theory and experiment one should be
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very cautious because in the calculations the effects of sample size

(see e.ge £-6h_7) and sample environment have not been tsken into sccount.
For those materials which show a large contribution to the material worth
by the so=called scattering- or degradation-term the theoretical results
cen not be considered as very reliable as has been explained in chapter IV-T.
Further bul perhaps less severe doubts on the reliability of the calculated
raterial worths arise from the fact that the group constants usually used
in the adjoint flux— end perturbation calculations are the seme &s that
used for the normal flux calculations, i.e. group constents which have
generally been obtained by a flux averaging procedure within the groups
(see e.ge Z‘GQ_7).

The theoretical results for the central reaction rate ratios have been
cbtained also by homogeneous diffusion calculations. In comparing them
with experimental results cne should examine quite carefully if the experi-
mental situation corresponds to this assumption of homogeneity. It is
known that the so-called chamber-measurements for the determination of
reaction rates do not correspond to the assumption of homogeneity made in
the calculations. On the other hand the reaction rates measured with

foils (see e.g. !’65_7) often can be adequately treated theoretically

only by heterogeneous calculations.

Some thecretical results from spherical calculations for SNEAK 3A1 and
SNEAX 3A2 ere given in table V~5. For the same assemblies the reaction
rate ratios ofU238/ofU23 and 030238/01.1)235 obtained from fundamental

node homogeneous calculations with the various group sets are given in
table V-6. Corresponding experimental results ere presented in / 65 7,
1‘66_7 end 1_67_7. In comparing them with our theoretical results one
should be aware of the effect of sample size for the material worth [’6h_7
end the fact that the experimental results for reaction rates measured
with chambers and foils are sometimes quite different _/.-65_7. Therefore
from the tables V-5 and V-6 only the tendencies with the different group

sets can be deduced but no final conclusions can be drawn by the direct
comparison with the experimental results.

The theoretical results for the central material worth ratios and central
reaction rate retios for ZPR III-L8 are given in table V=7. Generally

the agreement between theory and experiment is not too bad. Perhaps a
certein amount of the disagreement for the material worth of B10, Fe, Cr,

Ni, Mo mey be due to the sample size effect., This seems at least to be
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possible censidering the results shown in /764 7 for most of these
materiels. The calculated worth for sodium seems tc be doubtful since
it is apredominantly scattering materisal.

The theoreticel result for the worth of Puaho shows & marked improvement
compared to the experimental result vhen the PUO2RE-set is used i.e.
¥hen the updated data for the higher piutonium isotopes are included.
The theoretical result for the reaction rate ratio ofPu?39/cf U235 is
consistently lower then the measured one. This gives = togetherwith the
neterial worth ratio - azn indication that Pu?39 is underreactive in the
group sets used in this study.

In teble V-8 the central reaction rate ratios obtained from fundamental
mode homogeneous diffusion calculations with various group sets are
given.

Table V=9 shows the theoretical results for the central material worth
ratios and central reaction rate ratios for assembly ZPR II1I-48B. The
results are essentially the same as those for the asserbly ZPR ITI-kS,
Therefore no additional or more precise conclusions can be drawn from

a corperison of the theoretical and experimental results than those
already obtained for the assembly ZPR III-48. Especially no specific
results with respect to Puzho cen be deduced by comparing theory and
measurement for ZPR III-h8B,

It has been checked for assembly SNEAK 3A2 that the energy dependence
of the neutron flux in the core center is practically the same for

the diffusion end SN-calculations. Therefore the central reaction rates
are nearly the same in both calculations. The very small deviations

are unimportant compared to the discrepancies which still exist between

theory and experiment,

Ve5. Results for Reaction Rate Traverses

The only experimental results for reaction rate traverses considered for a
comparison between theory and measurement are those for SNEAK-3A2 1'65_7
end ['67_7. Earlier measurements have most times been performed using
chambers., These measurements are not considered very reliable, Further-
more it is argued that streaming effects sometimes mey lead to erroneous
results in the experiments (see 1-67_7p. 42) . The presently available
foil experiments are considered more reliable (see / 67_7p. 42): Foil ex-
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perirents which can with some confidence be compared with calculated re=-
sults are only the measurements of BOHME and SEUFERT in SNEAK 3A2 des-
cribed in 1-65_7 and elso in 1‘67_7. These experiments show discrepancies
to the chamber measurements, which are attributed to the streaming

effect, end discrepancies to the theory especially in the blanket region
near the core which are considered as "not yet understocd" in /-67_7-
235 Ui‘(U§38 )

) show a steeper descent to the core-~blanket interface than the

In the core region the calculated traverses for cf(U
238

g (U

¢ 38

experimental ones. This effect is less strong for of(U2 ). In the

blanket region near the core sll three traverses show an increase of the

ratio of the theoretical to the experimental result which is most pronounced

for of(U238).

The three reaction rate traverses mentioned have been calculated for

SNEAK-3A2 with the SNEAK-set as the basis of our study and the MOXTOT-set

as the final group set of our present study. The ratio of the results

obtained with the MOXTOT-set to the corresponding results with the SNBAK-set

are shown in figs 1. All results have been ottained for the axial direction

using ocne-dimensional diffusion theory for the homogeneous case. The radial

leakage has been taken into account by & global buckling. For the capture

rate in U238 and the fission rate in U235

the traverses calculated using the
MOXTOT=set are larger in the outer core region and especially in the blanket
then the traverses celculated using the SNEAK-set, Both traverses are
normalized at the core center, The fission rate traverse for UQ38 remains
essentially unchanged within the core region. In the blanket region, how=
ever, the MOXTOT-set-results are considersbly smaller than the SNEAK-set=
results, From the results of fig. 1 it can be concluded that all three
traverses now show nearly the same tendency within the core region when the
MOXTOT=-set-results are compared with the experimental results. The agree-
ment between theory eand experiment is improved for the core region when the
MOXTOT-set is used compared to the SNEAK-set results which have been used

for figs 19 of 1'65_7 respectively fig. 29 of 1-67_7 which is reproduced

as fige 3 in this report for sake of an easy comparison. It seems probable
that the calculations will give a slightly steeper descent of the traverses te
the core boundary than the experiments, but the differences will became rather

small in the core region using the MOXTOT-set.
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In the blanket region the pegk within the first 5 cm of the blanket near
the core which is already observed when comparing the calculated o
neasured ratio for the traverses for the SNEAK-set in fig. 3 is increased
by about 5% for oc(U238) and of(U23S) when the MOXTOT set is used. This
leads to an overall deviation between theory and experiment of about 10%
at a distance of gbout 5 cm from the core-blanket interface for both
reaction rate traverses when the MOXTOT-set is used. For the fission rate
in U238 the situation is reversed, Using the MOXTOT-set reduces the
deviation observed between theory and experiment when the SNEAK=-set is
used, However, one should have in mind that this deviation for of(U238) is
the most pronounced one of all the three reaction rate traverses studied.
Zven when the MOXTOT-set is used a deviation of about 15% will remain

238) traverse at & distance of

between theory and experiment for the of(U
gbout 5 ecm from the core-blanket interfaces This leads to the result that
with the MOXTOT-set all the three reaction rate traverses o (U238), ( 238),
o (Uass), cen be rather well predicted within the core reglon but are over-
estimated by 10 to 15% in the blanket at a distance of about 5 cm from
the:ocore~blanket interface using the usual diffusion theory results,

Since this overestimation appears for all three reaction rates it is not
very probable that it is due to spatial resonance self=shielding which

cannot be taken into account by the presently used co-concept for the
homogeneous mixtures., If the neglect of the spatial resonance shiélding
should be responsible for the deviation between theory and experiment in

the core-=blanket transition region one would expect that the reaction rate
traverses o (U238) and o© (Uazs) would show opposite tggdencles since the

23 2

atomic nuﬂber density of U is increased thaet of U is decreased when
going from the core to the blanket region.

Therefore we tried to check whether a transport effect could be responsible
for the observed deviations between experiment and diffusion theory result.
Unfortunately at the time of this study no code was available to evaluate
reaction rate traverses using the fluxes calculated by an SN
we used the fission source traverse instead of the reaction rate traverses.

~code. Therefore

Fig, 2 shows a comparison of the one-dimensiocnal Sg- and diffusion theory
fission source traverses, Both are normalized to give one source neutron
in the whole reactor. For the calculations 35 mesh-intervals in the core
and 20 mesh-intgrvals in the blanket have been used, The desired gccuracy

in keff was 10" in both calculations and a source accuracy of 1o - was



reguired in the diffusion calculation. The results shown in fiz. 2 have
been confirmed by doubling the nurber of nmesheintervels and requiring a
ten times higher accuracy. Fige. 2 clearly demonstrates that by using
transport theory the fission source distribution in the blanket is

changed by about 107 cormared to the diffusion theory result. This

reans that at least the fission rate of U238 will be changed by ebout

the same amount.

The dip of the curve in fig. 2 &t a distance of about 5 cm from the core=-
blanket interface has just sbout the same magnitude (about 10%) as the
peal discussed just before which will be obtained practically at the

sare position when the MOXTOT-set-results are corpared with the experi-
mental results for the reaction rate traverses. The pesk shown in fig. 2
in the outer blanket region camnot clearly be verified experimentally because
the measurements do not have the necessary accuracy in this region because
of bad statisties.

For the inner blanket region, however, fig. 2 strongly indicates that the
reaction rate traverses should be evaluated using transport theory results
if an accuracy of better than 10% is reguired. It can be expected from
the preceding results that doing this and using the MOXTOTe-set the
deviations between theory an experiment for the reaction rate traverses
will become rather small in such regions of the core where the experiments
can be considered as reliable.

V.6. Results for the Reutron Importance

The results for the neutron importence for the assembly SNEAK 3A2 reported
in /767_7 table 10 end /767_7 fige 26 end in /768_7 show no drastic dis-
agreement between theory and experiment. The most pronounced deviation

of sbout 5% has been observed for the Sb/Be source with an energy of 24 keV.

We studied whether the new groups sets would bring about certain improvemeuts.
We found that in the energy region of interest the neutron importance shows

a smaller energy slope with the MOXTOT-set compared to the results with

the SNEAK=set, The changes are small, of the order of 2% or less. They

tend to decrease the differences between theory and experiment reported

in table 10 of 1-67_7 but for the low-energy Sb/Be source the difference
between the measured and calculated result is still larger than the experi-
mental umheertainty.
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He wented to study if the KMO-correction for the elsstic removal group
constants causes changes in the caleculasted neutron irmortence, We ex-
cluded the problem whether the REMO-correction is an appropriate method
when applied to the mdjoint flux or irmortance caleulation. A calculation
with REMO-corrected group comstants resulted in an sdditional smell decrease
of the difference between theory and experirent of sbout 1% for the Sb/Be
source but even then the reraining discrepancy is larger than the experi-
mental uncertainty.

The influence of using heterogeneity-corrected cross sections for the
adjoint flux ecalculations has not been studied in this work.

A more principal uncerteinty ig the adjoint flux calculation mentioned
e.g in /760 7 is caused by the use of flux-weighted group constants for
the calculation of the adjoint group fluxes.,

V.7. Heterogeneity Calculetions

V.7.1+ Introduction
As has been shown e.gs in /758 7, [765_1, 667, 17611, [769_7 heterogeneity

calculations are helpful and sometimes necessary to control and improve

the accuracy of nuclear data. DBeside the calculations which are performed
to obtain criticality corrections for most of the assemblies studied in
this report using always the SNEAK-set, we started a few investigations
to determine the influence of different group sets on the heterogeneity

correction of k and to check the method applied.

Furthermore we i:iculaxed reaction rate distributions within the unit cells
and within the fuel platelets itself again for different group sets. On
the one hand we wanted to see of what use these data are for the improve-
ment of special cross sections, on the other hand we wanted to get more
theoretical data concerning some experiments referred to in 1-58_7. 1’65_7.
/766 _7, /767_7. Up to mov a part of the reported experimental data could
not be verified by calculations. The authors supposed that these differen-
cies mey be caused by inexact cross sections as well as by insufficient
calculational methods.,

Our own ivestigations did have the aim to clear some of these discre-

pancies,
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Geometric and Materisl Data

Al]l heterogeneity calculations were performed with the code ZERA,
described in . -7 =ad /58 7. ZERA is part of the NUSYS-systen and
contains eveluztion routines to calculate reaction rates and to

produce heterogeneity corrected cross sections for the homogenized

unit cells,

For our comparison=-calculations we used the old ABN~set and the more
recently established sets, called SNEAK, SNEPMB and MOXTOT, presented

in !:-3_7 end in this report.

We investigeted the two critical SNEAX assemblies 3A1 and 3A2. Both
facilities have two uranium fuelled ccre zones with about the sanme
homogenized composition in each zone, but with differing structure of the
wnit cells, The detailed description of doth facilities, of their
macroscoplic geonmetry and dimensicns of their homogenized compositions

as well as the microscopic structure of their unit cells and the atom
densities of the single platelets are given in ref. [' 66_7 (3A1) and

in ref. [’65_7 (342). We have taken the necessary data exactly from
these reports.

The atom densities of the 35% enriched uranium platelet used in the

unit cell of core zone II are taken from ref. / 67_7, while the atom
densities of the natural uranium platelet has been determined in such

& manner that the homogenized uranium densities in the unit cell of

core zone II are identical with that used in core zone I. To explain

it in more detail: The unit cell of core zcne I has four platelets,

one of them is & 207 enriched uranium platelet, the unit cell of core
zone II has 36 platelets, five of them are 35% enriched uranium platelets
and four of then are natural uranium plastelets,

For all ZERA-calculations we used the following totel bucklings: Assembly
3a1: 8% = 22.01x10'hcm'2, Assembly 3A2: B° = 25.55x10'hcm-2.

For the one-dimensionsl radial diffusicn calculation for SNEAK 3A1 we

used the buckling BPaxial = 8.i7x1 o"’*cma.
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51 SNEAK 3A platelets have the same thickness of 0.31% cm. Within a
single zone the platelets are arranged in pericdic sequences, Such
sequence is defined as the normal unit cell. In order to enlarge the
effect of heterogeneity one cen re-arrenge the platelets as is done in
the bunching experiments, Single bunched cells are built from two
normel cells, double bunched cells from four normal cells, The thick-
n2ss of a single material zane (two identical platelets) amounts to
0.628 cn for the single bunched cell and to 1,256 cm for the double
bunched cell (four identical platelets).

VeT+3s Influence of Heterogeneitvon k £
e

In order to get the effect of heterogeneity by means of ZERA-calculations
it is necessary to compare with results from the homogenized cells, We
obtain the heterogeneity correction if we reduce the platelet-thickness
by a factor large enough to avoid spatisl self-shielding effects. We
have chosen in our calculations a factor of 1000, (To avoid numerical
difficulties perhaps a factor of 100 is more appropriate.) We denote
such a cell as quasihomogeneous.

Now we define the heterogeneity effect of ke as difference Ake £ bet-

wveen the ZERA-calculated multiplication fe.ctcigs of the heterogeneous and
the quesihomogeneous cells,

Implicitly the ZERA-code relies on the assumption that the source distri-
bution is flat within a single zone. For this reason we divided the
uranium zone in five subregions with the following thicknesses: 0.02, 0.03,
0.214, 0.03, 0,02 cm. In case of bunched cells these thicknesses are
duplicated or multiplied by four.

This is valid for the unit cells of core zone I.

ViTe3s1s  Zera=Calculated Ak r¢ for Different Crosg Segtiop Sets

o e

These calculations are performed using the normal unit cell of core zone I.

The results are given in the following table.



- 44 o

fk_ (ZERA-cale,) /7in maits 10757
Assembly
Group Set 3A1 l 342
ABN -1,54 -1.32
SNEAK +1.1b +2,53
SHEPMB +1,20 +2,56
MPXTHT +0,90 +2,22

The table shows at first sight the very strong difference between the
results of the ABN-zet on the cne hand and the results of the SNEAK-set
and the succeeding omes on the other hand.

The veriations within the results of the new SNEAK-sets are comparsative
srall,

ViT+3.2¢ The differences between ABN and SNEAK results increase strongly with

incressing heterogeneity., This is spparent from the next table, which

contaeins the results for different degrees of bunching, %)

Akeff (ZERA=-cale.) / in units 10’3_7 for different

degrees of bunching (Zene I)

Assembly 3A1 3A2

Croup Set normeal {single|double normal|single {double
ABN ~1,54 |k,24 }-9,21 =1.32 [=3.98 [=10.51
SNEAK +1.14 [+0,83 |=0.10 42,53 |+3.03 |+2.35

u)Meanwhile it has been found that the main resson for this discrepancy

between the results for this two cross section sets comes from the
fact that in the SNEAK-set and the succeeding ones the cross section
U238 used for the determination of the background cross section o,
-necessary for the calculation of the resonance-self-ghielding- has
been set equal to the potential cross section of 10.6 barns in the
groups 10-21 whereas in the ABN-set the total cross sections are used

for the corresponding values.
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VeT43e3. One-Direpnsionasl Diffusion Calculations with Heterogeneity Correpted
Cross Sections for two Core Zones

The ZERA-calenlzted Akeff of the central core-zone I is generally used
for the correction of cne-dimensicnal diffusion theory results. This
method is justified, if the asserbly nay be well described by epplying

e fundermentsl nmode calculation. A better approximetion is the one-
dimensionel calculation of Akeff with ZERA-corrected cross sectiams.

In our case the two zones have vpractically the sane homogeneous com=
positicn, but a different structure of the unit cells. Therefore it seems
to be interesting to check the ZERA-correction Akeff by caleuvlating the
same guantity in cne-dirensional diffusion theory with ZERA-corrected
cross sections for both core zecmes. Doing this a certain difficulty
arises: The unit cell of core zome II is built by 36 platelets. A further
splitting in subregions has become & question of calculaticn=time,
Therefore we kept the normal structure using the actual platelet thickness
for each region. We have justified this procedure by a test calculation
pp OF about 1610~ which
is within the eccuracy limit was cbtained changing from five subregions

in core zone I. Only & negligible change in Al:,e

to one single regiocn per platelet. Of course, this is valid only for
the normal unit cell but not for bunching experiments.

In the following table the ZERA-results for each core zone and the one=-
dimensional radial diffusion result for the whole assembly are given.

! - -3
SNEAK 3A1 8k .. /Tin units of 10 ~_7

82total = 22,0110~ cn2, Blaxial = 8.47w10™" em™2, SNEAK-set

ZERA~celc, Zone I +1,14
ZERA=cale, Zone II ~0,06

Diffy~cele, whole assembly
with ZERA-corrected cross +1,80

sections in both core zZones




The differing ZERA-results for the two core zcones denmonstrate the necessity
to determine Ake of Bt least by a real one-dimensiongl calculation using
the ZERA-corrected cross sections for the two zones of different cell

structure.

The somewhat surprising results of the precading teble are prodebly due

to the fact that using the heterogeneity-corrected cross section the flux
shape is slightly modified which is equivalent to a slight correctian

of the buckling for the ZERA-calculstions.

Generally it will be not sufficient to take only ZERA=-results for a central
unit cell as heterogeneity correction for a one-dimensiocnal ke el

V7«44 Reaction Rate Ratios of Uranium for a Central Unit Cell of SNEAK 3A2

end their Dependence on the Degree of Bunching. Comparison with Experi-

ments
L Y

The experimentel data are reported in /765_7 Fig. 15 and / 67_7 Fig. 15,
Table 11. Scme theoretical data are given there too, but they did not
agree well with the experimental values.

In order to check the theoretical values and to get a deeper insight into
the effect of the different nuclear data we re-determined these quantities
by ZERA-calculations. The results of these caleculations can be considered
as representative for central reaction rate ratios, because in the middle
of the core the macroscopic flux spectrum of diffusion calculations is in
good agreement with the fundamental mode spectrum using a suitable buckling.
Fig. 4 is presented in the same menner as has been done in / 65 7 Fig. 15.
We have only replaced the theoretical data.

In case of the t::i.elcrg5 ratio neither the ABN nor the SNEAK set are able to
represent the experimental data, Both sets are completely unable to verify
the dependence of the degree shown by the experiments. This leads us to
the suspicion that the given experimental data are erroneous.

In case of the 059/03.5 ratio the SNEAK set represents the experimental data
better, although the theoretical points do not lie completely within the

experimental errors.
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A lowering of ais by zbout 6% for the normal cell or en ircrease by

shout the same amount for the bunched cells would result in a rather
good agreement for these ratios between theory and experiment considering
only the devendence on the degree of bunching.

Vo775« Fine Structure of Resction Pates

The corparison between ZERA-calculeted data and the measured spatial
distribution of reaction rates within a single platelet is suggested in the
gbove mentioned references as a suitable method to check and irmprove the
accuracy of cross sections. It was our aim to apply this method to the
new group sets. Therefore we investigated the influence of various cross
section sets on the rate distributions within the 20% enriched uranium
platelet of 3A2 unit cell (zcne I).

The results are given in Fig. 5A and Fig. 5B. All rates are normalized to

cne in the central subregion of the uranium platelets.
The most essential results and conclusions are the follewing ones:

a) For the new group sets all reaction rate cell traverses for U238 and
U235 lie close together. 3But for U235 B large difference exists bet-
ween these curves and that calculated using the ABN set. This is

valid for fission rates as well as for cepture rates of U235.

b) The U235

sets show so small differences, that a significant conclusion con-

reaction rate distributions calculated with the new group

cerning the accuracy of cross sections seems to be irmpossibdle,

¢) We feel that the differences in the normalized cell traverses for Ue?"8

are not so significant between the various group sets that definite
conclusions can be drawn by comparing them with the experiment, Es-
pecially not because the shape of the curve is influenced by the two
guentities, the infinite dilute cross section (o:) end the resonance=-
self-shielding factors (f-factors). However, it seems to us that

precise and reliable measurements of the central reaction rate ratio
oislcis will give information on the correctness of the 1.1238 capture data
es cen be seen from Fig: 4., This informstion will be additional and
more unique than the information which can be obtained from a comparison

of ke £r between theory and experiment,
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V+T+6+ Generel Conclusions

The most striking result of our investigations is the very large discrepancy
between ZERA-calculated dete using the ABN set on the one hand and using
the more recently established sets on the other hand. Compared to this
discrepancy the differences within the results of the new group sets

are small, although considersble changes of cross sections exist between
them. Therefore there seems to exist a fundamental difference between the
0ld ABN~ ané the new sets end/or the treatment of these deta by the ZERA-
code.

Furthermore it seems to be impossible to come to a definite coneclusion on
cross section aceuracy by evalusting the fine structure of reasction rates
within normel, single or double bunched cell-regions. More information may
become availsble by enlarging the heterogeneity and probably by considering
in more detail the energy dependence of the neutron flux in special important

energy regions.
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V.8:. Results of the Su-calculations

In order to ret a relieble value for the calculated multiplication factor which
can be compared with the corresponding experimental one, we have to apply
certain corrections to the multiplication factor resulting from calculatidns
using diffusion theory for the homogenized material composition of the different
zones of the assembly. An essential correction is the transport- or SN—correction
which tskes into account the difference between an appropriste treatment of

the neutron transport process and the usual diffusion epproximation for this
process. Although some of the transport corrections are given in the literature
and were partially applied in our study, we wanted to have an independent check
of these data. Therefore we evaluated for most of the assemblies that we have
studied SN-corrections by mesns of our own nuclear data and code. All cal-
culations have been done in one-dimensional gecmetry with the code DTK / 707,
the Karlsruhe version of the well known DIF=IVecode 1-71, 72_7, using the

26 group SNEAK-set as nuclear data basis.™ We have tsken the original SN con~

stants as published in /71 7on pages 135 up to 138.

Having had not much experience with the code at the beginning of the present
work, first of all some studies have been undertaken to become more familiar
with it. Mainly we have been interested in the guestion how to choose mesh-size

and the order N of the SN-calculations which are necessary to get a desired

accuracy. The essential results of these studies are given in the section

entitled "Comments on the SN-calculations".

By using the results specified in the section mentioned above, we have done

the calculations reported on in the section entitled "SN-corrections for various

assemblies",

Assuming that the one-dimensional SN-corrections for the various space directions

could be added up to give the final S ~corrections, we also compare in this

N
section the added up value with the SN-correction for the equivalent spherical

model of the assembly.

*) The calculations have been done on an IBM 360/65 with an Operating System

providing multiprogramming with a variable number of tasks (MVT),
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Corments on the SN-calculations

First ve will give some general remarks sbout the dimension and the numeration
of zones. Unless otherwise stated the zone dimensions used by DTK-calculetions
are identical with those used in one dimensionel diffusion calculations. Usually

the zone denoted as zone 1 corresponds to the lower or inner part of the assembly.

We have assumed in this chapter that the reader is somewhat familiar with the
notations used in the DTF-IV-code and therefore we will not explain all
notations used here.

Before considering the influence of mesh size on the multiplication factor
keff’ we will discuss en effect, which in some circumstances can meke the DTK

calculated value not a good espproximstion for the reel kef « The code determines

keff in a sequence of eigenvalues from vwhich the last one gs assuned to be
identical with keff’ of course within the desired eccuracy. In this seguence

the new eigenvalue is obtained from the old one by multiplication of the latter
one with a variable factor called A. For illustration see table V-10a and

table V-10b, The eigenvalue within & row has been determined by multiplicating
the factor A in the same row with the eigenvalue in the row above. The iteration
process is stopped if |A-1| is less than or equal to €, with ¢ being specified
in the input by the user of the code.

After termination of the iteration process there is done & final step in which
one more eigenvalue is calculated using the ebove described method. In most cases
A for this final step is closer to unity than the previous one. This non-
oscillating convergence #oof A being the usual one is shown in table V-10a;

€ hes been specified to 1072 so that the | A=1] 2 ¢ condition has been fulfillea
after 10 outer iterations with |A-1] = 0.5'10'5. The value of A used in the final
step is closer to unity than the previous cne. In this case and if some other
conditions, which will be discussed later, are also fulfilled, we can have

much confidence that the last eipgenvalue is a good approximation for keff'

But thereare some other casesj one of these is shown in table V-10b. The lk-1| Se

condition has been satisfied after 3 outer iterations because |1-1,000 05| = 0.5°10"

")Non-oscillating means non=oscillating at the end and some steps before the end

of the iteration process., For example, if you take the values of table Vw10a,

|1-A| converges monotonously to zero only after the third outer iteration.
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is less than 10.h, but using the last A, |A=1] becomes greaster than e (]a-1]| =
h.13-1d‘h>1d-h). It is evident that In this case the lest eigenvalue is not

e good approximation for keff znd we must check all results on the appearance
of this effect.

Meanwhile DTIX has been improved. In a first step there was given a detailed
orinting of the number of inner iterations for each enersy group. If at the
iteration bresk off the distribution of the inner iterations over the energy
groups oscillates not too rmch and if in addition the mumber of iteratioms
for one group is low, we may take this slso as an indication thet the last
eigenvalue is a good approximation for keff' In a second step the rossibility

has been provided to use

a) Tschebyscheff extrapolation and

b) an improved guess for the source distribution.

Using Tschebyscheff extrapolation ceuses the effeet that the convergence of A
1s oscillating ® <o that the iteration may be terminated without having reached
the desired accuracy for the eigenvalue. To exclude this possibility s new

iteration bresk off condition of the form

1
o5 U]+ =ag gl <ce

with i being the outer iteration number has been introduced by the authors
of /770 7.

Besides e, which is responsible for the accuracy of ke £ it is possible to

fix EPSA in the input of the code to determine the flu:es with a certain
accuracy. But being primarily interested in keff we have not taXen advantage

of this possibility.

The folloving investigations on the influence of mesh size on the accuracy

of keff were motivated by two reasons: a small number of mesh points saves
computing time on the one hand and reduces possible numerical effects, e.g.

round off errors, on the other hand. We have made our investigations for SUAK U1B
respectively for SUAK UH1B, The results are shown in table V-11a and table V=11b

and plotted in figure 6A and figure 6B, In figure 6A we have plotted the

x) We have seen that this may also be true if Tschebyscheff extrapolation is

not used.
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variation of keff versus the number of mesh intervals in zone 3, because this
zone is identicel with the core and the number of mesh intervals used in the
other zones containing no fissionable materisl is changed most times proporticnal
to the corresponding change in the core region.

Looking at table V-1la and figure 6A we cen see that ke is inereasing witgh

rising mesh interval number. But the increment is smallfif we hgve more than
30 mesh intervals in zone 3.

Doing the same calculations in spherical geometry using the assembly SUAK UE1R
(see table V-11b respectively figure 6B) cne remarks only two facts different

from the preceding results shown in table V-1las and figure 6A:

a) The part of the curve with small changes has a decreasing tendency *
and

b) This part of the curve starts at about 20 mesh intervals,

The first difference is due to changed geometry whereas the second one is less
significant as explained below. In the case of figures V-1la and V-11b we have
taken in slgb geometry in z=direction the total size of the assembly for the
calculations because the configuration is not symmetric, whereas in spherical
geometry only the rgdius of the sphere has been used. In order to have a corres-
pondence between the two cases we would have to take in slab geometry only

half the core heipht, so that the mesh interval number is halved and the part
of the curve with small changes starts in figures 6A and 6B at the same number
of mesh intervals. To overcome this difficulty we must not relate to the mesh
interval number but to the mesh interval size.

To obtain a general rule for fixing the mesh interval size valid for all cases
investipgated here,we use the transport mean free path Atr' We have given the mesh
interval axis in figures 6A and 6B a second notaticn measured in units of Ay
divided by the mesh size. If this quantity has a value of sgbout 3 there are only

small changes in k o if we incresse the number of mesh intervels, so that a

ef
mesh interval size of ebout one third of Atr seens to be an appropriate value,
at least if the assembly to & investigated is similar to SUAK U1B or SUAK UH1B.
This rule has been confirmed by the negative results of all spot checks which

we have made additionally,

“)Looking at table V-11b one may arpue that this tendency is not true for higher

mesh interval number. But the changes showing the opposite tendency are only

of the order 10"5 which is less than the accuracy t:=10"h thereby used.
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Heving spherical or cylindrical geometry, one may suspect k rot bein quite

correct beceuse of the different size of volume elements atezgfferent radial
positions * supposing an equel mesh spacing. In order to check this we divided
the one zone homogenized SUAK U1B spherical core into 4 zones and varied the
number of mesh intervals in this zones., The result of these investigstions

- listed in tsble V=-12a - indicates thet fortunately ocur suspicion has not proved
right. Teking the same total number of mesh intervals keff recains unchanged
within the first four digits aliuousgh the largest volunme elements in the various
cases differ by a factor of 2, with the ratio of largest 4o srmellest volume
element being sbout 270, Cnly by increasing the total number of intervals

(case 4 in table V=123) we got an effect of the order 10-h; but this can be
understood if we remember figure V-11b: for spherical geometry an increase

of the rumber of mesh intervals results at s certain point in 2 small decreese

of keff'

We have done the investigations descrided gbove for cylindrical geormetry too. The
results - listed in table V~12b ~ also lead to the staterent that the size of

a volune element has no influence on the accuracy of ke if we only choose

Tt
the mesh size properly, e.g. about one third of the transport mean free path.

Finelly, we have studied the dependence of k on the order Ii of the SI-cal—

culations, Ve have dene this for various ass:iglies in different geometiies.

The results are listed in table V=13a upt to teble V=131 and plotted in figure TA
up to figure TL. lLocking at the figures one maey observe some general tendencles.
If we compare all calculations done in slab geometry we recognize that keff
computed with a quadrature order N=2 (keff(sz)) is alweys considerably smaller
eff(s12)

and keff(s16) are not much different from keff(SG)’ so that a quedrature order

N=6 would have been sufficient™,

than the rest of the values. Furthermore one can see that keff(ss)' k

*) In our calculations the volume of inner and outer elements differ by a

factor of up to 1000,

%K)
This statement of course is valid only for slab geometry and assemblies

resembling those investigated in this report.



Cerparing all csleculations done in srhericel and cylindrical georetry one
remarks that keff(sa) is always much larger than the other values of‘keff.
In addition keff(SN) is not becoming constant repidly for higher orders of

N, but still decreases slightly. If we exclude numerical effects we caome to

the conclusion taat it is necessary to calculate with the highest possible
guadrature order allowed by our rresent code in spherical and cylirdrical geametry
if keff should be determined with hiph accuracy.

RBecause computing time increases very rapidly for high order S;-calculations, an

I
improved version of DTK has been esteblished by the suthors of /70 7 by which

we can calculate the high quadrature order k (SN) within a smell fractiorn

eff
of the time needed by the old version ~« This is done by usine
a) Tschebyscheff extrapolation and
b) the possibility to use the flux of a former case to get a reascnable
guess for the scurce distribution of e suceessive celculstion for

exermple with increased order of N.

There are some values in tables V=13a to V=131 which have been determined in this
manner. They are characterized by the small number of outer iterations. The
effect of the reduction of computing time is remarkable; for exarple (see

table V=13i) all given values of L starting with keff(se) up to keff(s16)

have been obtained within 8 minutes and 16 seconds, whereas using the previously
applied method to compute only keff(s12) has taken 10 minutes and 12 seconds.
More examples for computing times are given in the tables V=13a to V=131 and

if possible, comparisons between computing times obtained with the cld and

new version of the code.

We have compared our results with those given in 1-73_7 finding good agree=-

ment especially with respect to the dependence of kef on the quadrature order N

T
for spherical and cylindrical geometry. There is given in 1-73_7 no calculation
referring to sleb geometry and the mesh interval dependence starts at 13 mesh inter-
vals and is only given for cylindrical geometry so that a detailed corparison with

respect to these items is not possible.

®)

This improved version has been mentioned earlier in connection with the

iteration break off condition.
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On page 30 of / T1_7 there hes been made the Statement "..., diffusion cal-
culations are often nore accurate than Sz-calculations“. Vith respect to the
assemblies analized in this report this statement is not valid for all
geormetries. If one loocks a2t tzble V=14 one can see that only in sphericel
ceanetry the keff(diff)-Value is closer to the keff(sﬂ)-value than the keff(sz)-
value. In cylindricel and especizlly in slab geameiry the keff(sz)-Value is

=uch more eccureate than the diffusion celcoulated walue of keff’

Sumnary

If we take into account only assemblies similar to those investigated here, ve
have to choose for the mesh size about one third of ltr to zet a keff with
sufficient accuracy. For sleb geometry a quadrature order of N=b is sufficient,
whereas in syherical and cylindrical peometry l=6 may be sufficient when only
three digits are important. If higher accuracy is desired higher quadrature
order must be used for these two geometries, The different size of volume
elerments in non-slab geometry with equal mesh spacing has found to have

practically no influence on the accuracy of kef + Other effects reported

'y
here have been taken into account by improvements in the code for exanple
with respect to the convergence condition and the saving of computing time

for higher order SN-calculations.

SN-corrections for various essemblies

The SN-corrections for the assemblies ZPR-III-10, ZPR-III-25, ZPR-III-L3,

ZEBRA 6A, SNEAK 3A1, SNEAK 3A2, SUAK U1B and SUAK UH1B are given in teble V-15a
up to V-15h.

Before discussing the results we will make two remarks about mesh size and
quadrature order. Not in all cases we have given the mesh size a value of about
one third of Atr’ because some of these calculations have been done before

the first section of this report has been finished. But all mesh sizes are
situated in such a range that the possible errors in keff are only sbout

0.0001 (see table V-1la and V-11b together with teble V=15a to table V=15h).



As for the quadrature order we have tsken iIn cylindrical and sphericsl geometry
the maximal wvalues allowed by the code *. In same cases we have computed
Sjé-values for keff also in slsb geometry, but usually we have taken the
Ss-values.

By table V=15a to table V=15h one can see that a SN—correction has been
necessary for all assemblies if cae aims t0 come t0 an accuracy Ior the
criticality of more than 1.0-10.3. The SN-ccrrections on keff decreases if the
size of the assemblies increases., This statement agrees with the results

given in /773_7.

In the part of this report entitled "Comments on the Sq-calculations“, we

i

have made the assumption that the one-dimensional S“-corrections on keff

for slab and cylindrical geometry = respectively at‘SUAK for slab geometry

H—correction.
Camparing the added up velues with the corresponding sphericel values (a1l
given in tables V=152 to V=15h) we #ee that our assumption is doubtful. It

is true that there is agreement in the case of the assembly ZPR=III-25 but

in 211 three space directions = could be added up to give the finael S

otherwise there are differences in the SN—corrections between 8% and 21% even
up to 60% for the SUAK-assenblies. The agreement in the ZPR~IITw25 case may

~values are uncertain

be fortuitous becsuse due to calculating accuracy all keff

by one unit in the last digit given,

We tried to find a reason for the disagreement mentioned above. Our suspicion
has been that an inappropriate boundary condition is used in the diffusion cal-
culations especially in spherical geometry. To get an idea of the influence

of the boundary condition we calculated.ke for SUAK U1B with one~dimensional

£f
diffusion theory in spherical and slab geometry using two different boundary

conditions: the first of these has been the ususally used condition

6'(a) _ _ __1

and the second one has been

o(a+d) = 0
with d = 0.71014-1,cr

%) N=8 for cylindrical and N=16 for spherical geometry.
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The results listed in table V=16 demonstrate the correctness of our suspicion,
There is little difference for the sleb values (0.17%) but large difference
for the spherical values {1.6%)« If we take into account the uncertainty

in the boundery condition the relative error between the added up wvalue

and the stherical value for SUAX UlR is reduced considerably. One nmay

expect that the differences Tor the other asserblies will be reduced corres-
pondingly.

The uncertainty in the boundary condition effects very ruch the criticality
for the SUAK assemblies because these asserblies are small with respect to
the other ones and are unreflected in two space directions so that differences
in the extrapolated end point have a larger effect on keff'

Sumaryv

We have to take into account for all assemblies studied here the SN-corrections
on keff' if we want to obtain an accuracy of better than 10"3. The calculation
of the Sq-corrections for srherical models may lead to velues which differ

from tho;e obtained by adding up the corresponding one-dimensional SN-
corrections determined by using the assumption of separability of the flux

in different space directions. But the gifference can be attributed to a larpe
extert to the uncertainty in the boundary condition for the diffusion calculation

especially for spherical geometry.



Outer iterstion | Eigenvalue Iambde

number
0 0.8810000
1 0.8906826 C.R906818
2 0.8939853 0.99366TL
3 0.89L 0460 1.000067
L 0.89LL250 1.000423
5 0.89L65TT 1.000259
6 0.89LT7753 1.000131
T 0.8c48326 1.00006L
8 0.E9LE585 1.000029
9 0.89L8715 1.00001L
1C 0.80L48764 1.0C0005
11 0.8048799 1, 000004

Assembly SUAK UH1B

Geometry sphere

Quadrature Order 6

Number of Zones 1

Humber of Intervals 98

e 1072

Table V=1t:a: Variation of Eigenvalues during outer iterations.

Non=-oscillating convergence of A to 1 at the end

of the iteration process.
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Outer iterstion Eigenvalue Lambda
nuber
0 0.8810000
1 0.8096648 0.8996638
2 0.8938u476 0.9936436
3 0.8939926 1.000050
Y 08943624 1.000413
Assembly SUAL. UH1B
Ceonetry sphere
Quadrature Order 6
Number of Zones 1
Number of Intervals 98
€ 10rh

Table V=10b:

Variation of Eigenvalues duwring outer iterations.
Oscillating convergence of A to 1 at the end
of the iteration process.
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Tunbter of mesh intervals Outexr
Zone |Zone |Zone |Zone ke” itereticn Last A 2k or
+total 1 2 3 4 L nuber €
8 1 1 5 1 0.833436 11 1.000001
0.003176
16 2 2110 2 0.836612 13 1,000003
0. 000575
2k 3 3| 15 3 0.837187 1k 1, 000000
0.000168
32 L L | 20 4 0.03738% 1k 1.000003
0.00009:.
Lo 5 51 25 5 0,837478 1k 1.000003
0., 0000khe
L8 6 6 { 30 6 0.6837526 1b 1.000001
0.000031
56 T 71 35 T 0.837557 1k 1.000003
0.000033
63 6 6 | us 6 0.837590 1k 1.000003
0.000021
130 10} 10 100 | 10 0.837621 13 1.000003
Assembly SUAK U1B
Geomatry plane in z~direction
Muadrature Order 8
€ 1077
Table Ve1la: Variation of keff with the number of mesh intervals.
Zone 3 is identieal with the core.
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Quadrature Order

€

6
107

Iumber of k Cuter last Ak
mesh intervals efif iterstion A eff
number
3 0.869086 10 0.5999713
0.003637
L 0.892723 10 0.9999580
0.00100h
5 0.893807 10 C.9999659
0.000516
6 0.89Lk323 10 0.9999€50
0.000380
8 0.894703 9 0.9999572
£.000130
10 0.39%833 o 0.9999662
0,000101
15 0.89ko3k 8 0.9999708
0. 000007
20 0.89Lgk1 7 0.999979k
-0,000057
25 0.80L88Y 6 0.9999876
-0,000035
30 0.894819 6 1.000016
-0, 000023
50 0.89L7T06 7 1.0000kL
=0, 000008
60 0.894788 T 1.00004g
+0, 000012
80 0.894805 8 1.000032
Assenbly SUAK UH1B
Geonmetry sphere Table V=11b:

Variation of ke

number of mesh intervals.

ff

with the



Zone| Right boundary|Number of)} Smellest volume| Largest volume( Total number k Outer Last A
_/_-cm 7 intervels|element _ 3 o{element _ 3 _lof intervals eff iteration number
- ["em” 7 [Tem” 7
__ 1 [ 8.000 5. 17157 | 106,592
2_1 13,000 15 279,408 689.908_
3_|_16.000 40 160,199 o 2houtks
b | 19,364 50 217.329 315.896 110 0.836799 14 1,000004
1 8,000 5 17.157 10k6,592 o
-2 | 13.000 10 427,780 10214541
3 | 16.000 ko 160,198 240,145 -
b 1 10,36k 55 197.474 287,271 110 0.836801 14 100000k
1 8,000 10 2.1k45 581,202
2 | 13.000 20 207,410 520,784 ~
_ 3| 16.000 35 183,233 | 2Tk.264 _
b | 19,364 L5 2h1.560 350,875 110 0.836772 1h 1.00000k
1 8.000 20 0.268 305,861 4,=7,~
2 | 13.000 30 136,653 ] 3vo.k3p
3 | 16,000 80 | T9.867 120,353 _
b | 19,36k 100 108,389 158, 1A8 230 0.36704 1 1,00000k4
| Geometry sphere Table V=12a¢ SUAK U1B. Verying size of volume elements in spherical geometry.
Quadrature Number 8
3 10-5 :,\
n
!




Mesh intervals in Zone |[Smallest and largest yolume element in zone k, r f(SN) OQuter iteration Last A
1123 » 5 5 3 l 5 number
1021 { o] 31 19 Lo,322 217.298 | 127.139 366.498 0.970423 3 1000007
88,998 323.467 | 185.301 399.387
10 |19 |11 | 29 | 21 | BbeTO8 176,803 | 135.977 | 277.084 0.9704h6 3 1,00000!
98,223 265.6L3 | 198,002 361.582
10 17 113 | 21 23 50,16k 149,024 | 146,139 252,818 0.970485 3 1.000001
109,585 225.354 | 212,582 330,301
10 |15 |15 | o5 | o5 | O7+133 | 128.786 JasT.obt ) 232,067 0:970559 5 049999862
123.919 195.672 | 229,486 304, 004
10 [13 [17 | 23| 27 | §6:346 [ 113.388 | 171815 | 215,945 0.970423 3 1,000011
142,556 172.902 | 249,297 281,586
10 (11 19 | 21 29 79,091 101.277 | 188.361 200,217 0.9704 19 3 1.000009
167,794 154,875 | 272.856 | 262.2L44
10921 | 19| 31 | 9787 91.502 | 208.436 | 187,240 0970418 3 1.000011
203.876 140.252 | 301.336 2lis ol
) ! Assembly 2EBRA 6A
Smallest and largest volume element in zone 1 4
3.14159 59.69019 Ceometry ¢ylinder \
Quadrature Order 6 o
1ot v
Tgble V=12b: Varying size of volume elements B !
. s Right boundaries of zones [“em 7
in cylindrical geometry. -
All volumes are given in cm3. 10.00 23.07 36415 9337 7059
Total number of mesh intervals 90
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Order N of Outer
keff iteration Last A
SN-calculation number
2 0.6323Lk 13 1.000002
4 0.838085 14 1.000002
6 0.837627 14 1.000C01
8 0.837590C 14 1.000003
12 0.837633 14 1.,000003
16 .0.837679 1h 1.,000001
Assembly SUAK U1B
Geometry slab in z-dir.
£ 10~
Zone Mesh intervals
1 6
2 6
3 core ks
L 6

Tgble V-13a: Variation of kK op vith the quadrature order.
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Order N of Outer
keff iteration Last A

SN-calculazion number

2 0.961550 16 1.000000

L 0.960804 L 1.000048

6 0.960128 5 0.9999885

8 0.959984 X 049999909
Assembly ZPR=-III-48
Geometry cylinder Totel DTK computing time for all
£ 1,0‘h K, pp Vvelues (with improved code):
Zone | Mesh interveals S min 59 sec

1 Lo

2 20

Table V=13b: Variation of kg

with the quadrature orger,
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Crder N of . Cuter
e s s
S —caleulation eff i1terstion Last A
I nuriber
2 CsQT1104 12 1.000038
4 0.9619C5 12 1.000C32
6 0.961506 12 1.00003%
8 04961363 12 1,00003L
12 0.961375 12 1.000032
16 0.961096 12 1.0C0C35
Assembly ZPR-III-UE
Geometry sphere
€ 10"*
zZone Mesh intervals

1

10
30
20

Table V=13¢:

Variation of ke

i

with the quadrature order.
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Ordexr W of Outer
k h - Lest )
S. —calculation eff iteration
R nuriber
2 0.977436 13 1.000038
b 0.979326 13 1.0000L7
6 0.970125 13 1.0000:T
8 0.970111 13 1.000048
12 0.979116 13 1.,0000hT
16 0.979127 13 1.000046
Assembly ZPR-11I=10
Geometry sleb
£ 10"h
Zone Mesh intervals
1 10
2 13
3 27

Table V-13d:

Varistion of Ke

fr

wvith the cuadreture order,
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. ¥ cf
oeees 7 S I
SH-ca] culstion number
2 0.085757 ( 17 1.0C0C08
L C.085100 L 1.00C0O3T
6 C.98L156 5 C.9909920
& 0.983026 L 040999805
Asserbly ZPR=-III-10 Corruting times
Ceometry cy]inaer o0ld method improved method
€ 10 S, and S, S, and S, end S and Sg
Zone Mesh intervals
1 10 5 min 12 sec 5 min 43 sec
2 20
30

Table V-13e: Variation of ke £f with the quadrature order.
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Order N of Outer
S —caleulati kefi‘ iteration Lest A
¥ e on number
2 1.00021% 8 1.0C0001
4 0.988320 T 1,000015
6 0.987458 5 1.000007
8 0.9€7207 4 0.999995T
12 0.986970 T 1.,000021
16 0.956848 3 0.9959230
Asserbly ZPR-IIT~10 Computing time
Geonetry sphere for S, wp to S 't
Y 2 1
£ 10
Zone Mesh intervals 5 min L6 sec
1 10
2 25
25

Tgble V=13f: Variation of ke

with the quadrasture order,




-0 =

Orcéer I of X Cuter Lest 2
- eff iterstion “
SH-calculatlon umber
2 0.970277 17 1.000C53
L C.97081kL 17T 1.,000058
6 0.970746 17 1.000057
g 0.2TO0T5C 17 1.00C057
12 0.970750 17 1.000056
16 0.970751 17 1.00C058
Assenbly ZPR=-II1I-25
Geometry slab
€ 1 O_h
Zore Mesh intervals
1 &
oL
3 18

with the auadrature order.

Teble V=13¢: Veriation of k
eff
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Order ¥ of - Catler Iast X
. Refr iteration -
S_~cealcvlation 3
1 nur-cer
2 0.072157 19 1.000C51T
L 0.9'2’1906 16 1.000060
6 0.071502 19 1.00005%
e 0.9T71546 10 1,000058
Asserdly 2PR=III-25
Geonetry cylinder
=l
€ 10
zZone Mesh intervals
1 P
30
22

Table V=13h: Varistion of ke

iy

with the quadrature order,
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W of
Order X of ¥ guter . Lest 2
S aleulation eff iteration
N celcu nurrer
2 0.Q976101 17 1.0000356
k 0.972702 8 1.000005
6 0.972Lk21 L 0.09080T1
3 0-972330 3 0.9999982
12 0.972336 3 0.09900973
16 0.972320 3 0, 0090060
Assembly ZPR-IIT-25 Computing tirme for
Geonetry sphere S, upr to S
Y 2 16
€ 10 014 Method { Improved lethod
Zone Mesh intervals

1

15
L5
3C

Table V=13i:

Variation of keff

h6 min.

8 min. 16 sec.

with the quadrature order,




Crder X of Cutexr
x . R Last A
S_-calculaticn eIt iteration
i number
2 0.96511k 11 1.000023
L 0.967606 1" 1.,000026
) 0.967313 11 1.000026
3] C.967293 11 1.000027
12 0.967290 1 1.000C24
16 0.967305 1 1.C00026
Assembly ZEBRA 6A
Geometry slab
€ 10"1‘
Zone lesh intervals
1 25
2 20

Table V-13j: Veristion of keff writh the quadrature order.



n o g
Order o] v .Oirter X Iest X
S_=calculatian ess iterstion
X - muber
2 0.972010 12 1.000037
L 0.971307 12 1.00n02%
5 0.070354 12 10300027
3 0.970182 12 1. 000027
Assembly ZEBRA 6A
Geometry cylinder
=4
€ 1C
Zone l'esh intervals
1 6
L0
3 30
Tgble V-13k: Variation of k with the cuadrsture order,

eff




- T5 =

Créer T of % o ?‘I::t% ‘l Lest 2
S5 _—calculation el - =on
3 nu~ber
2 0.085000 12 1.0C0032
& 0.973533 12 1.000028
6 C.073125 12 1.000025
8 0.9728%9 12 1,0C0025
12 0.072625 12 1.,000026
16 0.972510 12 1.000026
Assembly ZERRA 6A
Gecometry sphere
€ 10""
Zone Mesh intervals
1 8
2 32
3 20

Table V=131: Variaticn of ke of with the quadrature order.
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-~ @ - 3 N

Assembly Geometry keff(“}])'heff(dlff) e keff(sa)_keff(sn)
cylinder 0.0050 8 | 0.C016

ZPR=-III-L8
spnere 0,0061 16 | 0.0101
slab 0.0039 16 |=0,0017

ZPR-III-10 cylinder 0.,0087 8 | 0.0010
sthere 0.0116 16 | 0.0134
slab 0.0008 16 |=0.00C5

ZPR-III=25 cvlinder 0.0015 2 | 0.,0007
sphere 0.0023 16 | 0.0038
slab 0.00L3 16 |=0.,0022

ZEBRA 6A cylinder 0.0072 3 { 0.0018
snhere 0.0095 16 | 0.0135

Table V-14: Comparing diffusion calculated k, pp velues with Sy calculated

keff values for various assemblies and different geometries.



Assembly: ZPR~III-10 My = 34663 cm
Geometry x o 1 Mesh Rirht Yesh (Cuedroture
and e~ Zone Interval Poundary cize order and Tncrenge
Buckling (one~d.m.diff.) (em) (em) keff (SN)
1 10 10,0 1,000 =16
slab 0.9752 2 13 22,95 N.006
57 s’53lh10_h 3 27 55405 1.202P 0.0791 0.,0039
1 10 10,0 1,000 Neb
cylinder 0.9752 2 20 22,11 0,606
23.839-10"1* 3 30 63.59 14363 0.9£39 0. 0087
1 10 10,0 14000 %16
sphere 0.9752 2 25 25,011 0,600
- 3 25 62,011 1,480 0,9668 0.0116
Increase(svhere) increase (slab) Difference Relative error
+ increase (cylinder)
0.0116 0.0126 0.,0010 7 0%

Table V-15a: SH-Corrections for 7ZPE-IIT-10.




Assembly: ZPR-IIL-25 Ay = 3.267 em
Geometry ke ot Zone esh Ri rht HYesh Muadrature order
and (one-dim. i £f, ) Intervals Boundary size and Incrense
Buckling AR (cm) (cem) k.o (8,)
elf V' N
1 8 10.0 1.25 =16
slab 2 ol 38,175 1417
20.981 -10'h 0.9700 3 18 68,675 1.694 0.0700 0.0008
1 8 10,0 1.25 1=8
cylinder 2 30 ho,h 1.087
10.7&&-10’h 0.9700 3 22 634 14855 0,0715 0.0015
1 15 10.0 0,667 =16
sphere 2 ks 45,753 N.795 0.795
- 0.9700 3 30 82.153 14233 0.9723 0.0023
Increase (sphere) Increase (slab) Difference Relative error
+ increase (cylinder)
0.023 0.0023 0,0000 0.0%
Table V-15b: 8 ~Corrections for ZPR=ITI-25,

N

-gL-



Assembly:  ZPR=TIZ=L3 Ao I o741 em
{
Geometry E S - lesh Rimht Mesh Quadrature order
and ,fﬁ:f__.,_u eyl SO Thtervals Boundary Size and Increase
Bucklin ( “L““); ¥ (s..)
g ! (cm) (em) eff ‘N
slab | 30 38,180 N=6
b : v
18.132+10 ofeay vliie w2 20 68.660 0.0576 0.0027
cylinder o ho b1,58 1,040 1=0
8.8832-10"1‘ Q.. 39550 ‘! 2 20 71.58 14500 0.9600 0.0050
1 10 10.00 1,000 u=16
sohere 2 35 h5.013 1,006
- 049550 3 15 75.213 1500 0,9611 0.0061
Increase (sphere) Incrense (5lab) Nifference Relative crror
~+ increase (cvlinder)
0.0061 0,0077 00016 20,84

Table V-15c:

8,~corrections for ZPR-TII-LE.

-6L-



Assembly: ZEBRA 6A }‘tr = 1,810 cn
Geometry keff Zone Mesh Ri.rht Mesh Mnadrature order | Incrense
and (one—dim.diff.) Intervals Boundary Size and
- &1 A [ [ re
Buckling (cm) (cm) ke ff(n”)
slab 1 25 30,00 1,203 M=16
22.178 0,9630 2 20 60450 1.521 0.9673 0.,0043
1 6 10.0 1.667 =0
eylinder 2 L0 36415 0,654
12,418 0.9630 3 30 70,50 1. 148 0.0707 0,0072
1 8 10.0 1,750 =16
sphere 0,9630 2 32 38,203 0,801
- 3 20 2,643 1,752 0.,9725 0,0005
Increase (sphere) Increase (slab) Di fference Relstive orror
+ increase (eylinder)
0,0095 0.0115 0.0010 BT

Table V-15d:

N

S -corrections for ZEBPA GA.




Assembly: SHEAK 3A1

Atr’—' L «230 em

Geometry k Zoue Mesh Rirht Vesh Ouadrature order Increanse
eff .
and . . Intervals Poundrry tlze
Bueklin (one-dim.diff,) (cm) (5.)
c g cm (em) ey
slab 1 30 Lho.o2t 1.3h2 =6
=k
1354010 0.9902 2 2C 7077 14525 00017 0,0015
1 L 5.000 1.250
2 21 32,900 1,329 1i1=G
cylinder 3 15 51,200 1,220
8.h696~10’h 0.9902 L 25 80,050 1.1P6 N, 0025 0.0023
1 30 30,231 1,306 "=16
sphere 2 10 52,601 1,345
- C.9211 3 22 Il 1,306 e lali%s) 040031

Increese (sphere)

Inerease (5lab)

+ incresse (cylinder)

Difierence

Relrtive error

0.0031

0. NO3(

0.1007

12,4

Table V-15e:

g,=corrections for SITAK 311,




Assembly: SHEAK

3A2

by 'I‘= ’40173 cm

t -
Geometry k Zone lesh Right, Mesh Cundrature order Incrense
and (eﬁz dimedifr.) intervals Boundary | Size and
Buckling one=difms * (cm) (em) kefi'(s'-l)
slab 1 35 Lo.27 1,151 N=0
16.9h9-1o"’ 0.9827 2 20 T70.77 14525 0.0842 040015
1 in 5,000 1,250
cylinder 2 25 33,760 (1,150 =06
3 8 Wk 660 11,363
8,5998+10™" 0.9828 " 30 80,850 |1.207 00856 00020
sphere 1 30 ho.oolh {1,336 =16
2 3 48,315 | 1,028
- 0.9837 3 30 8,515 |1.207 0,0875 | 0,0038
|
Increase (sphere) Tncrease (slab) Di fforenee Rrlntive arror
+ inerease (cylinder)
0.,0038 0.0043 N, 0005 N 11,64

Table V-15f:

H

S _=corrections for

FULAK 312



Atr = 34507 em

Assembly: SUAK U1B
Geometry k Zcne l'esh Fight aesh Mundrature order Increane
eff . -
and (one-dim.Aiff.) intervals Foundery Cize and
Buckling (em) (em) kcff(nﬂ)
1 3 3.0 1,000
slab in z-
8 I=
dir. 2 b 645 04875 11=6
3 36 h146 04975
-k ,
139.601+10 0.8237 Y 3 bk .6 1.000 0.8376 0,019
slab in y=- If=
dir, L 0.8238 L 33 32,3 0+979 0,632k 0,00€6
128,097+10
sphere 0.8237 1 18 104204 1,076 0.8361 1u=16 0,012k
Increase (svhere) Increase (sleb zw=dir,) Difference Felotive error
+ increase (slab x-dir,)
0.,0124 0.0311 0.0187 G017

Table V=15¢: "

. ecorrections for SUAK UIB,



Asserbly: SUAK UH1B Mg = 34350 cm
Geometry keff Zone |Vesh Right liesh Cuadrature order Increuase
and . . Intervals | Boundary Pize and
. (one=dim.diff,)
Buckling (cm) (cm) keff(ﬂn)
1 3 3.0 1.000
glab in z=dir. 2 i 6.5 00875 N=6
4 o

141.314¢10 3 3 39455 0,072

0.8807 L 3 42455 1,000 0.,8942 0,0135
slab in x-dir. N=6
131;.681-10"h 0.6808 1 32 32.3 1,009 0,6891 0.0083
sphere 0.8808 1 18 19,087 1,060 0,8937 N=16 0.0129
Increase (sphere) Increese (slab z-dir.) - Difference Relative error

+ 2¢incresse (glab xedir.)
0.0129 0.0172 571

0.0301

Table V=15h:

N

S. ~corrections for SUAK UHIB.
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Geometry Boundary ke oF Difference
Condition
(1) 0.823752
a = 19 . 3& cm
sphere -0.015595
(2) 0.808157
d =253 em
(1 0.824127
a =1 6 15 om
sleb in 0.001661
x-directior (2)
0.822L66
d = 2.534 cm

Assembly SUAK U1B

Boundary conditions

(1) ¢'(a)/ ¢(a) = «1/(0.T104 » 1,))

(2) ¢(e+d) = O

o
[]

O.T104 o Atr

boundary of the assembly

Table V-16:

e

various boundary conditions.

k £f determined by diffusion calculations with




- 86 -

CENERAL DISCUSSIOQN AND CQNCLUSIONS

Most of the criticality changes observed during the present study sre
smaller than 0.01 as can be seen from table V-1 and table V-k, This

neans that some nodifications of the nuclear data can totally. others

at least Tor = number of asserblies pariially be regarded simply =as

an inclusicn of rore recent irproved microscoric oross section imformsiicr
into our group sets. Of course these less important modifications provide
valuable information on the sensitivity of integral parameters on changes

in the differential microscopic data.

The detailed information contained in table V-b has been summarized in
table VI-1, In this table the mean deviation between the measured and

best availzble calculated criticality values for the 12 assemblies studied
is given for each of the different group sets used. The corresponding

root mean square or standard deviation is also given in table Vi=l. This
table gives immediately a general impression of the carability of the different
group sets to predict correctly the criticality of the variety of assemblies
studied. It shows that at least with respect to criticality the M@XT@T-set
is preferable to all the other group sets which have been established
during this study, a result which of course could have been obteined also
by looking at the results of table V-l,

In this general discussion the important effects of the changes in the
nuclear data will be summarized. At first the situation at the beginning
of the present study that means the results obtained with our reference-
set, the so=called SNEAK.set, will be analysed. The most obvious fact is
that with this set all assemblies are calculated underreactive. The region
of deviation extends from approximately zero to -3% with the exception

of ZPR III-55 with an underprediction of criticality by more than L%, The
mean criticality deviation amounts to 1,7% as can be seen from table VI-1,
The small assemblies fuelled with U235, i.e. SUAK U1B and ZPR III-10 are
well predicted, the subecriticality being less then 0.5%. The hydrogen
conteining assembly SUAK UH1B represents one exception which is probably

caused by insufficient celculational methods, the other exception is the
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larger assecbly ZPRIII-25 with its relstively large U238 cozmtent. As hes
been known before [ 2 7 the SNEAK-3A asserblies, tkat means larpe U235
fuelled systems with soft neutron spectra, are calculated slightly under-
reactive, 3A1 by 0.6% and 3A2 by 1,3%. For the mixed fuelled assembly SHEAK 3B2
an even larger underprediction of 1.6% has been obtained which is an
indication that the worth of Pu239 compared to that of U235 is underpre-
dicted by the SKEAX-set. The same tendency is shown by tke normal Pu=
fuelled assemblies ZEBRA 6A, ZPR III-i8 end ZPR IIT-L8B which have been
calculated 2-3% underreactive. Out of the two k_~-experinents ZPR III-55

is predicted more suberitical, SNEAK 5C less subcritical than the normal
Pu=fuelled systems. With respect to the latter experiment it seems very
probable that the heterogeneity correction is calculated too large. There-
fore the result is rather doubtful and should not be taker too seriously.

As a first change of the nuclear data we included the so-called PMB-data
that means between 10 = 500 keV the lower capture deta for U238 and the
low fission and capture date for U235 as given by PONITZ and others. Our
results with the SHEF}B-set confirted the conclusions of similar earlier
studies 1'2_7 namely:

Because of the lower U228 capture data the reactivity of the Pu-fuelled
assemblies increeses. This effect is perticularly pronounced for ZPR ITI-55.
For the U235-fuelled assemblies the reactiviiy decreases, This result
indicates that the effect of the reduction of U235 fission overcompensates
the effect of the reduction of U238 capture. It is most rronounced for the
assemblies with hard neutron spectre.

With the SHEPMB-set nost of the assemblies are calculated about 15-25%
underreactive., Following the conclusions presented in 1'2_7 we then
decided to keep only the low U238 capture data and to return from the

low PUNITZ to the higher WHITE U235 fission and capture data. This led

to the SNEAPM-set which predicts the criticality of U235-fuelled systems
rather well. A drastic decrease of the mean criticality devietion and a
considerable decrease of the root mean square criticality deviation can be

seen in table Vieil,

In the next step we improved the a{Pu) values by including the Pu=-g-measure-
ments of GWIN et al. into our group set {PU9SCP=set). As expected,this

change caused an increased underprediction of the criticality for the Pu-
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systems, especially for the k_-experiments.

In the SCTALO-set new data are used for the inelastic scattering matrix

of most isotopes which have been calculated by ourselves using the data

of the KEDAX-file and evaporation spectra (see Appendix I). The spectra

of the inelestically scattered neutrons are in general somewhat softer
than the ABR-spectra used before, The criticality changes cbtalned are
gererally smalle Ooly for ZPR IIT.25 end ZPR III-55 the effect is more
pronounced due to the special energy dependence of the adjoint flux for
these assemblies (see chapter III).

The next two changes have a rather small effect on criticality. The changes
in the LA fission data for U235, U238 and Pu239 above 2 MeV leading to

the UPUCOR-set cause a general reduction of criticality by only about

0¢3% - O.4%. Also the new cross sections for the higher plutonium isotopes
in the PUO2RF-set which replace the old Russian ABN-data used up to

nov result in rather small criticality chenges of about 0435

As expected,a rather large effect iIs caused by the inclusion of the
MOXON-data for the U238 cspture cross section. The replacement has been
done in two steps. The effect on criticality of the replacement of the
previously used Pdnitz values in the groups QG«11, i.e, frorm 1C to 100 keV
(MPX911-set) is generally &f the srder of +1%. The assemblies with high
U238 content, nemely 2ZPR IIT~25 and ZPR III-55 show &% aven larger
reactivity increase, The additionel replacement of the U238 certure date
below 10 keV by the Moxon data (MPYXT@T-set) causes for assemblies with hard
neutron spectra a negligible reactivity effect, for asserblies with
soniewhat softer spectra the criticality increases by 0.5 tc i%. For the
k_-experiments studied here with still softer spectra the increase is

about 1.5%.

It seems worthwhile to mention that the inclusion of the low U238 capture
data resulted in an overestimation of the criticality at least for U=fuelled
assemblies,

let us now analyse the situation with the M@XT@T-set which is the final cross
section set considered in this study. All assenmblies are within a 20
region of deviation between calculated and measured criticality. The mean
ceriticality deviation of 0.0022 and the root mean square a criticality
deviation of 0.0125 piven in table VI-1 are the mocst favoursble results obtained

in the present study. Furthermore it is encouraging that there is nearly a clear
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separation in the k s.~-results for U- and Pu-fuelled assemblies, Pu<1.0,
U>1.0, the exceptions (SUAK UH1B and SNEAK 5C) being most rrobably due to
deficiencies in the calculational methods. This means that according to

the fissile material used, it will be possible to predict the probzble
deviation between calculated and reesured criticaliiy for reactors whose
corposition and neutron spectrum are similar to the presently studied
assemblies. The remaining uncertainty will te in most cases far less than the
+2% deviation menticned above.

With respect to the calculational methods two Tacts are of major concern

and need an improved treatment: (1) For the assembly SUAK UH1B the anisotropic
scatteriag of hydrogen and a more appropriate welghting spectrum for the
generation of group constants for the elastic slowing down should be taken into
accounts (2) For SNEAK-5C, the corrections applied are rather large {about
9%)« The largest part is due to heterogeneity, asbout 7%, and should be
further investigated both experimentally and theoretically. In addition,

the rather large REMO=correction of about 2% suggests to study whether a
more appropriate weighting spectrum should be used for the generation

of group constants for the elastic moderation especially below 1 keV., For
this soft spectrum system a considerable part of the neutrons has energies
below 1 keV; here the REMO=correction cannot be applied with the presently
availeble codes In the near future the correctness of diffusion calculations
using 26 energy groups for the criticals studied here will be checked by
Pl-calculations using about 200 groups. Major attention will then be

given to the determination of the diffusion constant for 26 groups which
usually can be calculeted only in an epproximate manner as explained in
['h_7.

With respect to the nuclear data basis the following conclusions can be

drawn for the MPXT@T-set:

(1) The fuel-mixture PU239-U238 is predicted underreesctive whereas for
the U235-U238 fuel mixture the criticelity is overestimated. These
facts whose consequences are discussed more extensively later on in
this chapter almost obviously lead to the very probable conclusion
that Pu239 is underreactive. A too low Pu230 fission cross section
is also indicated by the underprediction of both the central material
worth raticsand the ratios of the central fission rates of Pu239 to
U235 in ZPR III-i8 and L8R (table V-7 and V-9), The Pu239 a-data of
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GWIN cannot be considered final &t the present time but it seems that only
minor changes in the a-data will have to be expected in the near future.
The w~values presently used require a change in the resonance parameters
compared to the parameters used before. This means that we have still

to determine rew resonance self-shielding factors (f-Tectors) for Pu239

based on rescnance parameters compatible with the Gwin a~values.,

For U235 the situation seems not to be so unequivocal. The overestimation of
the criticality of U235-U238 fuel mixtures can te caused zlther by too
large U235 fission cross sections or by too small U238 capture cross
sections. Very probably our decision will be not to change the U235 fission
data at the present time because the uncertainty in the U238 capture data
is still too large so that some changes (slight increase) of these data
will be sufficient to diminish the piesent discrepancy in the criticality
prediction for the U235~1238 fuelled systeus without any change in the

U235 fission data.s Pu~fuelled systems will then become even more under-
reactive. In the preceding work / 2_7 it was already indicated that the
measurements of de Saussure for the ywvalues of U235 below 300 eV should
be included.s Since the effect for the assemblies studied here is expected
to be of minor jimportance (perhaps with the exception of the steam density
coefficient for the SNEAK-3A-series), this change together with the corres-

ponding changes in the f-factors has been postponed to the future work,

For U238 the situation is still more complicated. As explained in chapter IT
there are some doubts as to the reliability of the absolute magnitude of

the MOXOQl-data for U238 captures They are lower than most of the available
30 and 65 keV measurements, Furthermore in the region between 100 and 800 keV
the M@XTYT set still contains the Pdnitz data which are lower than the

Barry data in this range and do not join smoothly to the Barry data used
above 800 keV,

In any case it seems to be quite evident that the capture cross section used
for the SNEAK-set is too large and has to be reduced; it may be that this
has been slightly overdone by the inclusion of the MOXON-data. Besides the
indication from the criticality of U=fuelled assemblies this can be deduced
by comparing the experimental results for the ratio 9 U238/cf U235 for

ZPR IIT-48 and SWEAK 3A2 and the material worth ratio of U238 to U235 for
2PR ITI-U8 and SNEAK 3A1 with the corresponding theoretical results obtained



with the M@XT@T-set. Therefore it seems probable that in a further sten
the U238 capture data will be changed slightly. Hopefully such a change
which will be based essentially on differential data will lead to &
slight increase of the capture rate of U238 compared to the result with
the M@XT@T-set but will not be so marked as to bring sbout a result as
large as that obtained with the SNEAK-set.

In any case the change in the capture cross section corresponds to a
change in the resonance parameters. Therefore it will be necessary in

a further step to determine new f-factors using resonance parameters
which are in accordance with the capture cross section of U238.

The influence of cross section uncertainties of the higher Pu-isotopes

on the criticality of the systems studied is not very pronounced. Even

by camparing k_pp Tor ZFR II1-48 with that for ZPR III-L8B which has an
inner zone with considersbly larger Pu2lO-concentration one is not

able to draw firm conclusions on the correctness of the nuclear data

for Pu24k0 because this inner zone is still too small. This fact has also
been observed by PITTERLE é‘Th_7. Cne should mention, however, that the
inclusion of the new date has brought the prediction of the material worth
of Pu2k0 for both assemblies in sgreement with measurement within the
admittedly large range of experimental uncertainty (tables V=7 end V=9). Using
the old ABN-data the calculated value was lower by a factor of about 4.
With our new data we attained a considersable improvement but it is obvious
that the criticality of presently available plutonium fuelled assermblies
does not provide a check which allows a definite cornclusion on the correct-
ness of the unclear data for the higher Pu-isotopes. For this purpose

more specific precise experiments have to be performed. The measurements
of OOSTERKAMP reported in 4‘&0_7 (see also ['h8_7) can be considered

as an example of this sort of experiments.

In our opinion the correctness of the data for the inelastic scattering
cannot be judged definitely on the basis of the presently available
information, Criticality of the assemblies studied in this work provides
no sufficient information. Other experimental information e.g. reaction
rates of materials with a fission threshold cannot be considered very
relisble because the chanber measurements cannot be compared easily with

calculations which are mostly done for homogeneous mixtures., Furthermore
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the foll measurements for the U235 fission rate traverse within a cell
cannot be well predicted by the heterogeneity code ZFRA; it may be that
this dissgreement is not caused by the nuclear data used in the group
sets, but is due to reasons inherent to the code itself. Since the
neterogeneous U235 fission rate has to be used for the determination

of the fission rate ratio of U238 to U235 the theorstical result is some-
what doubtful. A thorough examination of the ZERAw~code would be help-
ful in this respect.

Further detalled investigations of the neutron energy spectrum might help

to check the correctness of the nuclear data for inelastic scattering.

In conclusion it is expected that by the future changes end improvements
mentioned before the uncertainty region for the criticality prediction
which is now *2% can be narrowed hopefully to *1%,

Certain improvements in the calculational methods are indicated e.ge the
anisotrocpy of the elastic slowing down of hydrogen should be taken into
account in the SN—calculations and the influence of an appropriate
weighting spectrum on the removal group constants should be considered

for SUAK UH1B and SNEAK 5C. As has been stated before a reinvestigation

of the ZERA-code for heterogeneous calculetions Seems to be necessary. This
will be essential for the more correct determination (1) of the criticality
for SNEAK 5C, (b) of heterogeneous reaction rates in this assembly and e.g.
in SNEAK 342, (c¢) of bunching experiments in SNEAK 3A1 and SNEAK 3A2,

(@) rather probably also of the steam density coefficient for the SNEAK-
3A-series.

For the quantities which have been studied besides the criticality the

following items seem to be lmportant:

(0) For the calculation of material worth more refined codes than the
usually used first order perturbation theory should be applied which take
into account the effect of sample size (see e.g. Z-6h_7) or the effect

of the heterogeneous structure of the environment (see evgs /48 7.

(8) For the calculastion of central reaction rates an improved heterogeneity

code should be aveilabie as indicated just before.
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(Y) Tor the cslculation of reesction rate traverses especislly in the
blanket transrort theory should be used. At present the agreenent
between theory snd experimernt can be considered fairly good when the
MPXT@T-set and transport theory are used. Perhaps slight modifications
of the transport or totel cross section of U238 or of the structural
materials in the energy region 200 keV - 2 MeV will help ro reduce

the existing rather small discrepencies.

(3) With resvect to the neutron importance more experimental information

and perhaps more aprropriate calculational methods seem to be necessary.

The important results and conclusions of the heterogeneity- and SN-calculations
have already been summarized at the end of the corresponding peragraphs in

the preceding chepter V and will not be repeated here.
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APPENDIX I

Documentation of the new group comstants

I,1 Modified group cross sections
Table AT~1 SNEAFPM-set
. l(U238)(b)
Group AE SNEAK SNEAPM
6 %00 - 800 KeV 0.134 0.121
7 200 - 400 0.138 0.127
8 100 = 200 0.190 0.164
10 2145= 46,5 0.uT1 0.457
1n 10.,0= 21,5KeV 0.728 0.630
Table AIl-2 SNEPMB=-set
o (PF)w) || op(®P(v)
Group |AE SREAK | ONEFMB SNEAK'{ SNEPMB
T 200 = L0O KeV 1.32 1.154 0.227T{ 0.199
) 46,5= 100 1.80 1.667 0.569 | 0.531
10 21.5 Lk6.5Kev 12.22 2,150 0.79% | 0.772
Table AT~3 PU9SCP=set
239
(P23 ~a_(Pu)(b)
Group |AE S PUOSCP | | SREAK | PUGSCP
11 10,0 = 21,5 KeV||0.k20 0.413 0.791 0.775
12 4,65 = 10,0 | 0.490 0,604 1.20 1.480
13 2,15 = 4.65 0.537 0,905 1.76 2.957
14 1.0 = 2,15 0,593 0.892 2.33 3.504
15 0465~ 1,0 KeV{|0.,640 0,846 4,70 6.218
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Teble Al-k UPUC@R-set
o (PP)) | o2(0ZB)(v) || o (223 (w)
Group {AE SNEAK |UPUC@R | SNEAK |UPUCPR ||SNEAK | UPUCPR
1 645 = 10,5MeV{|{1.65 }1.53 0.96T7 {0.83% 2.19 | 2.05
2. (b0« 6.5 1.19 |1.07 0.58% |0,540v {]1.86 | 1.65
3 2.5 « 4, 0MeV|{1.28 {1.17 0.572 {0.572 1.97 | 1.82
S(Pu=32)
Group |AE SNEAK UPUC@R
1 6.5 = 10,5 MeV 4,02 h.175
2 4,0 « 6,5 Me7V 3.60 3,660
Table AI-5 PUO2RE-set (see next pages)

Table AI-6 M@X911, M@XTPT-sets

o (1238) ()

SNEAPM  |MgX911

Group | AE SNEAK |SNEAPMB |M@XT@T

9 4645 « 100 KeV 0.286 | 0.282 0.2h5
10 21,5 = 46,5 0471 | 0457 0.405

" 10,0 = 21,5 0.728 | 0.630 0.576

12 4 .65= 10,0 1,034 | =SNEAK | 0.790
13 2.15=« k.65 1.237 1,18
14 1.0 = 2,15 1.590 1.72
15 0465« 1,0 KeV 3.107 | =SNEAK | 2.91




Table Al=5 PUO2RE=get

Puzho Pu2141 Puaua
Groug AE Ip(D) [o4(b) oy(b) 0g1(b) || op(b) 3,(b) qxfb) 01 (b)y ap(d) | o.(b) fx‘b) °e1<b)
26 | 0,0252 17742 040327 | 17540 1472 10823 [T79¢5 | 291.0 [11.7T|| 25.04 | © 16,21 8,83
25 | 0.215=0,465 eV | 164,6 [0,0306 | 164,0 | 04532 | 925,0 |561,0 | 348,3 |15,17 18,52 0 10.02| 8,49
2L 0.465=1,0 eV [163749 | 0,294 [157042 | 6742 66.59| 44 TO| 12,03 | 9,87 1TdOo | 0 9,50| T.90
23 1.0 =2,15 eV [7253.9 1,25 [6734.0 518.7 36,08| 24.39 2458 | 9411 25,401 0 19,97 | 5.42
22 | 2415 =465 eV | 22.82{0,0025| T.84 | 1h.97 204,0 |126.3 | @9.,20 | 8.50([1312.4 0 1208,6 103.8
21 4,65 -10.0 eV | 11.14/0,00107 0.676 1047 262,5 |21h45 | 37.25 |10.78 11.80 | 0 0,606 11,20
20 [10.0 -21.5 eV | 49.01/0.934 35.77 | 12431 183,9 [125.6 | 42,21 [16,10]] 114 | o© 1,57 | 9487
19 [21,5=b6,5 eV | 149.9 [0,506 | TT.47 | T1.9% 81,60 60.2% | 10,53 |10,8% 12,45 0 3,98] 8,47
18 1 46,5 =100 eV | 102,50/0,726 | 37,96 | 63.81 73.20] 39427 | 19,89 |1h,04 90,13 | © 22,95 |6T,18
17 100 =215 eV| 46,940,448 18,37 | 28412 54,51| 29410 | 13,66 [11.Th 26,76 | © 10,33 (16,43
16 215 =465 eV| 29.8B/0,0639| 6.62 [23,20 41,38] 20,03 | 8.88 [12,48 33,60 | ©,00821 7.93(25.67
15 Lés =1000 eV| 24,30/0,0177 3.79 | 20,50 31.62; 14,23 5:59 11479 26,63 | 0,0100 h55|22,07
14 1. 0 =2,15 keV| 25.65|0.155 2,48 | 23,01 24,55 9.38 3.10 (12,07 21.47 | 0,0100 2.81[18.6%
13 [ 2415 =b,65 keV| 21,26]/ 0,142 1,51 | 19,61 20,53 6.06 1,97 [12.50|| 18.,22 | 0,0100 1.9%4]16,27
12 (k.65 -10.0 keV| 18.89(0,104 1,02 [ 17.77 16.97! b7 | 1.50 [11.01 16,09 | 0,0100 1,48 14,60
11 10,0 =21.5 keV| 17,05/ 0,105 04730 16,22 15,44 1 3,55 1,13 |10.76 14,70 | 0,0100 1.11]13,58
10 21,5 =46.5 keV| 15,51|0,108 0.1k 14,91 14,15] 2491 0,805 [10,38 13.55 | 0,0100 0.758! 12,78
9 | b46.,5 =100,0keV|( 13,90/ 0.,0845| 0,287| 13439 12,75] 242 | 0,538 | 9.k 12,90 { 0,0100 0,487 12,27
B 0.1 =0.2 MeV| 11,98/0,0986| 0,209 11.08 11.73] 2.0b4 0,314 | 8,77 12,06 | 0,0203 04297| 11,03
7 0.2 0.4 MeV 9,84 0,133 0,148 8,37 10,10 1.72 04188 | 7439 10.25 | 0,0636 0.222| 8,89
6 |04 -0,8 MeV| B8.02/0.548 | 0.142] 5.79 8435| 1.51 | 0.108|5.82 T«91 | 0,34k 0,199, 6.02
5 10,8 -1.4 Mevl 7.001.43 . 0,105 4.08 7240 1,50 | 0,087 he65 11 6.98 | 1,32 0,153 4,43




Table AT=5 PUO2RE~set (continued)

Pueho Pu2h1 Pueha
Group| AE an(b) [o,(b) °y(b) 0a1(0) | op(B) [ (D) Gx(b) 0,1(0) | o(b) or(b) cy(b) 041 (b)
by 11.% = 2,5MeV 7435 [ 1,48 0,0586 hat? || Te23 | 1.7 | 0,025 | 4,63 (%L 1.46 | 06,0666 | 3,90
3 |2,5 = 4,0MeV 7493 | 1.51 0.0268 boTh 794 | 1,54 | 0,0109 | 5,31 7492 1451 0.,0306 | L,72
2 |4,0 = 6,5MeV 7476 | 1,51 0,0118 be63 || 7496 | 1.5% | 0,00614] 4,0k 7481 1451 0.0130 | 4,6}
1 |6,5 =10,5MeV 6454 1,89 | 0,00666| 3,56 | 6,87 | 2,09 | 0,00349| 3,79 6,53 | 1,89 | 0,00753| 3.55




- 96 =

I.,2 The calculation of the inelastic scattering matrices

The general expression for the probability of inelastic scattering out of
any energy group 1 to any group h is given by Yiftesh, Okrent and Moldeauer _/_-91_7
in the following form

E.
?KH aE' § B 3y a_.(E) (E) P(EE")
L B
I s(m)az
E.
1L

Here E is the incident neutron-energy and E' the energy of ‘iae scattered neutron.
The indices L and H indicate the lower and higher energy-limits respectively of
any group. ¢(E) represents the energy-dependent neutron fiux. P{E*E') represents
the transition probgbility of the inelastically scattered neutrons. For its
determination one has toc distinguish between the range of resolved levels of

the residual nucleus and the sc-called continuum range in which the levels

of the residual nucleus are undistinguishsble.

I.2a Energy groups with discrete excitation levelsfor inelastic scattering

For given incident neutron energies E in group i and outgoing neutron energies E'
in group K inelastic scattering can occur only to those excitation levels for
which

E' = E-Ej
where Efl is the energy of the jth level,
The transition probability therefore is a d=-function which has the value one,

if the above condition is fulfilled and zero, if not. Thus we have

;=

. N .
0g0(E) B(EsE') = ) oZ4(E) Py(EoE') = .{1 aL3 (E) S(E-E'-E;)  (AI-2)
J=

J=1
where N is the number of excitation levels of the isotope considered. P;j the
probability of the transition to the jth level of the residual nucleus and

ai:‘,i the inelastic excitation cross section of the jth level, With this special
form of the transitioneprobability the double integration in (AI-1) cen be reduced
to a single one over the energy group K to which the scattering occurs.,



-99 -

i,K ol (A1=3)

with the transformation E'+Ej+E it follows:

y PRES g FI(E) o(E) x(By eBep;p)

n
N
%n'i,k =4 _Jé (AT-4)
*2 s(p)aE
E.
1L

By the distribution-fu- _tion x it was taken into account that the incident
neutron-energy E should be contained in a 26-group i. On the other hand it

b T S +E .<E< +E. i 1 i
must. e o c?ur e EKL J:;L;kﬁ EJ because of the integration over thli range,
The integration therefore has to be extended only over the :interval / Eu.E°_7
with the following definition

By o I B ¥Bs<Eoy (Eig  if BBy
5, = _ ma E_ = . (A1-5)
EgptEy 1T ByptE 2K, EgutBy 18 BgrtBocEsy

Instead of the neutron flux the collision density in the special form of the
SNEAK=3A spectrum was taken as weighting spectrum. Reasons for preferring the
collision density to the neutron flux for weighting purposes are outlined in
1'&_7. The integral was solved numerically by use of the trapezoidal rale,

The inelastic excitation cross sections were taken fram the KEDAK-tape !‘27_7.

1.2 Fnergy groups with unresclved excitation levels for inelastic scattering

In the energy region, where the excitation levels of the residual niucleus are
not experimentally resolved, the energy distribution of the inelastically
scattered neutrons is described by an evaporation model, The transitien
probability for neutrons from energy E to energy E' by inelastic scattering
is then given by

P(E+E') & NE'exp(-E'/6(E)); (E'<E) (AI=6)
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Here X is a normelization constant and 6 is the so-called nuclear temperature
of the residuel nucleus, which WeiBlkopf / 41_7 derived as

(E in MeV 1)

v in MeV™ (a1-7)

8{E) = »’% I Mev 7
Here sgain E is the energy of the incident neutron, A is the atomic mass number
of the residual nucleus znd v is an adjustable parameter, For a given value
of E P(E+E') has its maximum at E'=8(E). Yifteh,Ckrent and Moldauer 17917
chose v=0,096 MeV"! for all muclei. We took the v-value recommended by
Swercbsum et al. /742 7, which is v=0.16 MeV™' for all muclei.
Swarcbeum et al. adjusted more recently nuclear temperatures for materials from
Al to U238 in the energy region between 2.5 and 7.0 MeV and found that over this
vhole region v=0,16 gives an acceptable overall fit for the energy distribution
of inelastically scattered neutrons.

Inserting (AI~6) into(AI-1) the cross section for inelatic scattering from

energy group i to energy group K is calenlsted from:

E =.
P art [ B o, () () NE'exp(-E'/6(E))
B E.
_ K& iL .
Un'i.K = EiH (151-8)
77 #(E)aE
EiL .

Following Yiftah et al. _/_-91_7 and Swarcbaunm et al. Z'h2_7 we replaced 6(E)

by en average ei value for each group i, This was necessary because only a

limited amount of computer ccre storage was available for our program, which

is part of the whole MIGR@S-system and was developed originally for the IEM 7074

computer. For the same reason we had to find a very simple expression for B

We chese  +E.
8. = iH "1
i 2vA

instead of the flux-averaged value tsken by Yiftah et al. and Swarcbaum et al,

This procedure may be justified if one considers that formula (AI-7) already

is an approximation for 8(E).

L

With the introduction of an averaged 06 the energy integrations over the groups i
and K can be separated. The E'=integration can be carried out analytically,



The result is

Ber, 1, Bw, Bxm
_ 2 KL 2
Onri K = Onvi N[eiexp(- 5, )(«--—-Bi +1)-8;exp(- ---ei )(-——ei +1)_7
(A1-9)
=o_,; N ¥ (8E+E)
The normalizetion constant N is determined by the requirement
Y B(E~E )N =1 end
K>i
(AT-10)
?(AEi+AEK)
P(LE,+AE) = R
K>i t

I.2¢c Energy groups, where the excitation levels sre partly resolved end

and partly unresolved

For nearly all materials the energy of the last discrete excitation level lies
within a 26-group, so that the lower part of the group has to be treated

by the discrete level method and the upper part by the evaporation model. The
results for each part are linked together as follows. Let AEid be t?e energy
range of group i, where discrete excitation levels are known, and AEt the energy
range, where the excitation levels are unresolved. Then for a group with

both discrete and "continuous" levels the transition probability of inelastic

scattering is calculated according to the formula
= i 0 i -
P(AEi-rAEK)d.c d; P(AE AR ) + c; P(AE +AE ) (ATI=11)

Ir (AI-11) P(AE;+AEK) is the transition probability to group K of neutrons

whose incident energy lies in the range of resolved excitation levels of the
. Wwhere

i n'i,K/Un'l
follows from equation (AX-=lL), P(AEC+AEK) is the corresponding quantity

residual nucleus within group i.P(AE3+AEK) is given by o
on’i,K
for neutrons with energies in the range of unresolved levels of the residual

levels of the residual nucleus within group i. P(AEE*AEK) and P(AEz»AEK) are
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both normelized to Kzl P(AE1+AEK)=1.

The relative contributions of resolved ard unresolved ievels di and c; are

given by
J o 4 (E) ¢(E)aE J. e, (E) ¢(2)dE
L 1
q. = AEd . _ AEc
i° 0 Ejy P Bim
77 ¢(E)aE 77 ¢(E)aE
B By

(A1=12)

i, i
(AEd+AEc—AEi)

Of course (AI-6) and (AI-T) are simplified formulas. Teking the same value
of v for all nuclei and distinguishing between them by their atomic mass

numbers only means neglecting individual nuclear properties. The use of &n
averaged nuclear temperature instead of performing the double integration is

another source of error.

I.2d Trensition probabilities for (n,2n) reactions

So far we did not calculate transition probabilities for (n,2n) reactions of

our own. In energy groups, where (n,2n) reactions occur, the inelastic transition
probebilities of the ABN 26-group set / 20_7, W(AEi»AEK) were used. The inelastic
matrix was then caleulated according to

= (cn +2¢0 2ni) w(AEi»AEK) (AI=13)

%nt4n,2n;3i K 'i T'n,

I.2e Discussion

The scattering matrices were obtained by multiplication of the transition
probabilities with the total 26 group-cross sections for inelastic scattering.
Contrary to the ABN-set 1-20_7 the scattering matrices have been calculated

for scattering into all energy groups K<26; no cut because of the smallness of
the following matrix-elements was made at any K. Our new transition probabili=-
ties in general show a softer spectrum than the matrices of the ABN-set as

well in the "continuum" as in the range of discrete levels, For the most
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irmortant case of U238 the main reasons for this fact are the following:

The inelestic scattering to higher levels especislly to the levels between

0.7 and 1 MeV has been underestimated in the ABN-set, Moreover we have

taken into account a wider resolved energy range than in the ABN-set,

In the continuum region one reason for the softer spectrum quite clearly

is the use of the value of 0.16 for v, which results in a rather small nuclear
termperature and therefore shifts the maximum of the energy distribution of the in-
elastically scattered neutrons to smaller energies compared to the results
obtained with v=0.096 for example,

ABN also applied an evaporation model in the energy range of unresolved
excitation levels, TFor U238 they used experimental values of the nuclesar
temperature, from which a value of v=0.11 is obtained. The resulting inelastic
scattering matrix was thén still modified in the following way. Calculations
carried out with this matrix should give the correct value for the total
number of fissions in an infinite slab of U238.

For nearly all other materials irdividual corrections were applied in the
ABN-set, This should be kept in mind by somecne whowants to compare our

matrices to these of Abagjan et al,

The new scattering matrices are given in table AI-T on the following pages.
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Table Al-T

Inelastic scettering matrices T x
|

Explanation of material names used in the following tables:

27

AL2T0 = 1 3Al
b ~ 12
c120 = 60
CR520 = Cr
FES560 = Fa
M0960 Mo

NA230 = 23Na.

NIS90 = Ni
0°160 = 120
PU390 = 2321:1;
PULOO = aggpu
PU410 = 2;@;
PUL20 = 2’;§Pu
U2350 = aggu

uz3go = 238y



10
20
26

11
21
26

10

10
20
26

11
21
26

12
22
26

13
23
26

11

11

3,19€~-02
9.04E-05
1.98E~11

5.98E-02
1.85F~05
4,03E~12

4.82E~02

1. 79E~02

0.0

9.03€-03
2.39E-04
5.25€E~11

QQIDE-OZ
8.57F=-05
1.88E-11

4.01F--Q2
8.68F-06
1.86E-12

2.56E-02
1.83€-05
4.26E-12

7.19E-04

0.0

1.28€~01
1.97E-N5
4.30€-12

1.91E-01
4,02E-06
8.19F-13

2.23F-01

1.49F-01

1.51F~02

T+ 93602
5.21E~05
ls14F-11

1.6RZ-01
) .87E~-05
4,00€~-12

3.57€-01
1.86E-06
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VIII. APPENDIX IT

Documentation of the assembly characteristics used in the calculations
end of the integral data used for the comgarison between theory and
eggeriment

It seems necessary or at least very useful to have a fairly complett documentation
of the data used as input date in this work. Such a documentation provides the
necessary information on the basis of our work, helps in comparing our results
with those of similar studies, eases a continuation of this work by ourselves

or other people and serves as a sufficiently detailed basis to which to refer

in further studies. Most of the information is provided as tables of a fixed
forme, The abbreviations and symbols used in these tables are explained in

table ALI-~1,

SUAK U1B

The data for the material and geometric composition have been taken frmn£-59_7
Other data from the same reference are:

k pp = 0.86+0,01

Akhet &~ 0 (heterogeneity correction negligible)
The fundamental mode buckling has been determined such as to give agreement
for kéff with the one~dimensional cslculations, The bucklings used in the
one-dimensional calculations have been obtained in an analogous manner by an
iteration procedure.
The assembly is symmetric in X and Yedirection. The first data for the one=-
dimensional SLAB-geometry refer to this X- respectively Y-direction. The
second data for the one~dimensional SLAB-geometry refer to the Z«direction
(vertical direction). The radius of the equivalent sphere has been determined
such as to give the same ke as that obtained by the other one-dimensional
celculations.
The REMO-correction and the S _=correction have been determined during this

N
study to be =0,0001 and +0,031 respectively. The SN_-correction has been

££

cbtained by adding up the individual SN-corrections for the three directions
of the cube, All correction calcuiations mentioned here have been done using
the SNEAKwset,

No reflector has been assumed in the spherical calculations because in reality



4 of the 6 sides of the cube are unreflected.
The calculaticns mentioned have been done in diffusion approximation with

the exception of the SN-calculations.

SUAK UH1B

The data for the materisl and geometric composition have been taken from /759 7
Chter data from the same reference are: -7

E op = 0.9%5+0,01

A A O (heterogeneity correction negligible)

amiso = +0,007 (correction for the anisotropic downscattering of
hydrogen)

The fundamental mode buckling has been determined such as to give agreement
for keff with the one-dimensicnal celculations., The bucklings used in the
one=dimensional calculations have been obtained in the analogous manner by
an iteration procedure,
The assembly is symmetric in X~ and Y-direction. The first data for the
one~dirmensional SLAB-geometry refer to this X- respectively Yedirection.
The second data for the one-dimensional SLAB-geometry refer to the Z=direction
(verticel direction). The radius of the equivalent sphere has been determined
such as to give the same keff as that obtained by the other onee-dimensional
calculations.
The REMO=correction and the S _=~correction have been determined during this

N

study to be +0.,0003 and +0,030 respectively. The SN-correction has been ob-
tained by adding up the individual SN-corrections of the three directions of

the cube, All calculations mentioned here have been done using the SNEAK-set,

No reflector has been assumed in the spherical calculations because in reality
4 of the 6 sides of the cube are unreflected.
The calculetions mentioned have been done in diffusion approximation with the

=-calculations.

exception of the SN

ZPR 11I-10

The data for the material composition have been teken from / 75 _7. The data

for the geometriec configuration have been teken from / 76 7. They are in

rather good agreement with those given in 1-77;7. The Sn-correction of +0,013

has also been taken from 1_75_7. It is in very good agreement with that calculated
by ourselves of +0.,0127, The heterogeneity correction of +0.0105 has been de-



termined from the corresponding deta given in table II of /7TT_7.

The REMO-correction has been calculated by ourselves to be =0,0008.

The fundemental mode buckling has been determined such as to give agreement
for k ppn with the one-dimensional celculations. The bucklings used in the
cne=dimensional calculations have been obteined in en analogous ranner by
an iteration procedure. The radius of the equivalent sphere has been de-

termined such as to give the same ke as that of the other one-dimensiocneal

calculations leading to a skape factzf of 0.9297. The thickness of the
blanket of 3T cm for the spherical calculations has been chosen as a guessed
average of the real axial and radial blanket thicknesses, Except for the
SN-ca.lcula.tions all calculations mentioned here have been done in diffusica
approximation using the SNEAK=-set,

ZPR=IT1I=25

The data for the material composition have been taken from [ 75_7. The data
for the geometric configuration have been teken from _/_-78_7. They are in rather
good agreement with those given in _/_-77_7. The S -correction of +0,002 has been
taken also from /75_7. It is in very good agreement with that calculsted by
ourselves of +0,0023,

The heterogeneity correction of +0,0085 has been determined from the corresponding
data given in table II of _/_- TT_7. The REMO-correction has been calculated

by ourselves to be =0,0013,

The fundamental mode buckling has been determined such as to give agreement for
ke £r with the one~dimensional calculations, The bucklings used in the one-
dimensional calculations have been obtained in an analogous manner by an
iteration procedure, The radius of the equivalent sphere has been determined
such as to give the same 14:e r¢ 85 that of the other one~dimensional calculations
leading to & shape factor of 0.92166., The thickness of the blanket of 3T com for
the spherical calculations has been chosen as & guessed weighted average of the
real axial and radial blanket thicknesses,

Except for the SN-caJ.cula.tions all calculations mentioned here have been done

in diffusion approximation using the SNEAK-set,



ZPR ITI-U8

The data for the material and geometric composition of the assembly have essential-
1y been teken fram / 7% 7, Vols I, pps 95-96. Other information is availeble from
/7197 end /780 7. The mixture number 4 of table AII-6 is used for the blanket
in the spherical calculation. Its composition has also been taken from ['71;_7
and as explained there, represents a weighted average of the exial end radial
blanket compositions.
The fundamental mode buckling has been determined such as to give agreement for
Eors with the one-dimensional calculations. The bucklings used in the one-
dimensional calculations have been obtained in an snalogous manner by an iteration
procedure, The radius of the uquivalent sphere has been determined such as to
give the same ke g¢ 85 that of the other one-dimensional calculations leading to
a shape factor of 0.,933456, Our value of 45,213 cm compares favourably well with
that of %5.,15 =& given in [ Th_?. In agreement with _/_-711_7 we have chosen the
thickness of the spherical blanket to be egual to that of the radial blanket,
In ['714_7 a SN-cogrec‘cion of +0.0053 is reported. This represents the difference
in k gp Tor spherical diffusion theory and §), transport theory calculations. In
our own calculations we found for the same case a value of +0,0065

and a value of +0.,0076 by adding up the SN-corrections for the axial and
radial directions, which shows a 15% increase compared to the correction for the
spherical case., The finally applied value of +0,006 is based on th2 value 0.0053
but tskes into account the 15% increase just mentioned before. The heterogeneity
correction of +0,014 has been teken from [ '{h_?. It is in between other published
values for the same assembly of +0.013 by Ediscn _/_"81_7 and +0,016 by Broomfield.
The REMO=correction of +0.0046 has been calculated by ourselves, All our cal=-
culations referred to here have been done using the SNEAK-set, Except for the
SN-ca.leulations the diffusion approximation has been spplied.
The experimental results for the central reaction rate ratios and for the material
worths relative to that of U235 have been taken frem / 74 _7. Almost all of these
values are also given in _/_'79_7. It is known that there exists a general diffie-
culty in calculating the absolute worth of materials correctly even for such
important reactor materials as U235 or Pu239., Furthermore there is a discrepancy
in the conversion factor from inhours to Ak/k for ZPR IITI=48: 1002 inhours 2 1%Ak/k
is published in ['79_7 end 942 inhours 2 1%8k/k is used in / Th_7. Ifione assumes
that the reson for the present difficulties in calculating the correct absolute
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meterial worth, as is presently supposed, is due to a normalization effect, for
example in 8 . o3 OBE may avoid these difficulaties by comparing the thecoretical
and experimental deta for the material worths relative to the material worth of

U235. This has been done in the present work.

ZPR I1I-L48B

The assembly ZPR III-LBB is very similar to ZPR III-h8, The only difference,
apart from a small change in core radius, is the central plutoniuam zone, The
plutonium isotopic mixture of this zone contains & larger amount of higher
plutonium isotopes, especially of Pu2hk0. The composition of this inner zone

has been taken from / 83_7. The data for the real core geometry are those re-
ported in /774 7. The core radii for the equivalent spherical model have been
derived by ourselves applying a shape factor of 0.933456 which we derived for

the similar assembly ZPR III-48, The equivalent spherical core radius of 45,7045
is in good agreement with the value of 45,67 published in / T4 7. The thickness
of the spherical blanket has been chosen to be 30.0 em, the same as that for

ZPR III-L48, in close agreement with the actual reactor axial and radial blanket
thicknesses.

The SN- and heterogeneity-corrections have been taken the same as the corres-
ponding values for ZPR III-48, The REMO-correction of +0.0047 has been calculated
for the spherical model of the assembly by ourselves, As usually the SHEAK-set
end diffusion approximation have been used for this calculation.

The central fission ratios are taken from / 83 7 p. 65, the data for the central
meterial worths from ['71&_71). 57« The same arguments as for ZPR III-48 are adopted
in using the materisl worth relative to that of U235 for the comparison between
theory and experiment.

A median fission energy of 223.1 keV has been obtained for ZPR III-U8B in an ana-
logous manner to that used for the determination of the values given in table 1,

ZEBRA=GA

The data for the material and geometric composition have been taken from ['814_7.
The SN-correction of +0,010 has been taken from ['75_7. It is almost the game

as that of +0.011 reported in Z'Bh_]. Our own value of +0,0117 1is in reasonable
agreement with the above values, The heterogeneity correction has to be taken as
zero since the real heterogeneous assembly has been transformed into & homogeneous

model for the calculations using an experimentally determined correction for the
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heterogeneity. The REMO=correction of +0,0040 has been determined by ourselves.

The fundexental mode buckling has been determined such as to give agreement

for ke with the one-dimensicnel calculaticns. The bucklings used in the one=

diemenigonal calculations have been obtained in en analogous manner by an
iteration process. The radius of the equivalent sphere has been determined such
¢ 8 that of the other one-dimensional calculations,
leading to a shape factor of 0,9456. The shape factor given in £-8h_7 is 0.,935.
We heve chosen for the thickness of the spherical blanket the same value as that
for the real radial blanket thickness, since leakage in radial direction is more

important than in axial direction,

as to give the same ke

The experimentel values for the central reasction rate ratios have also been taken
from /784 7.

A1l our calculations menticned here have been dome using the SHEAK-set. Except
for the SN-calculations the diffusion approximation has been applied.

SNEAK 3A1

The assembly SNEAK 3A1 has first been described in 1'66_7. A comprehensive des-
eription of the experiments in the SNEAK-3A assemblies with the exception of
SNEAK 3A1 has been compiled by STHRODER 1-67_7. The material compositions chosen
for our work have been taken from this study 1-67_7, since it is based on & more
refined {compared to 1'66_7) evaluation of the experiments., The C- and H-concen-
trations of the mixtures 1 and 2 have been teken from / 66_7. The blanket com-
position, mixture 3, has been the same for SNEAK 3A1 and SNEAK 3A2, Mixture 4
has also essentially been teken from SNEAK 3A2 except for the C- and H- concen-
tration. The Heconcentration has been determined as volume-average of the H-con-
centration of the two core zones containing mixture 1 and mixture 2 respectively.
The C=-concentration then has been adjusted assuming that for polyethylene the
hydrogen content is twice that of &arbon (CH2). This way of determining the C-
coneentration seems more appropriate for the calculastion of the so=called steam
density coefficient and its comparison with the experiment. Mixture 4 has been
used in the fundamental mode and one-dimensional axial caleulations. With respect
to the data on geometry the height of the axial zones has been taken from 1‘66_7.
The outer dimension of the assembly has also been taken from 4-67_7 since these
data seem to be more reliable and the outer dimensions of the assembly have not
been changed during the SNEAK-3A-experiments 1'85_7. The radii of the inner and
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outer core zone have been taken from 1.66_7.

The SN—correction of +0.003 has been taken from £-66_7. It is in reasonable
agreement with the value calculated by ourselves of +0,0038, The heterogeneity-
correction of +0.003 has also been teken from / 66 7. The REMO-correction

of =0.0006 has been calculated by ourselves.

The fundamental mode buckling has been determined such as to give agreement

for k oo with the one-dimensional calculations. The bucklings used in the
one-dirensional calculations have been obtained in an analogous manner by

an iteration procedure. The outer core radius of the equivalent sphere

has been determined such as to give the same keff as that of the other
one-dimensional calculations leading to a shape factor of 0.92347. Using this
shape factor and the given volume of the inner core zone the radius of the

inner core zone has been derived. This value is only of minor importance since
both core zones have very similar compositions. We have chosen for the thicke
ness of the spherical blanket the same value as that for the real radial blanket
thickness since leskage in radial direction is more important than that in

axial direction., Furthermore the thicknesses of the radial and axial blanket
are nearly equal 29.66 cm and 30.5 cm respectively.

The SNEAK-set and diffusion approximation have been used in all cases except

those where other information is mentioned explicitly.

SNEAK 3A2

The data for the material and geometric composition have been taken from 1-67_7.
One should mention that the composition of mixture 1} has been obtained as a
volume-average of the compositions of mixture 1 and mixture 2 which are present

in the inner and outer core zone respectively, Mixture I has been used in the
fundamental mode and one-dimensional axial calculations.

The SN-correction of +0,004 has been published in 1'2_7, Ps 29, It is in good
agreement with the value of +0,0041 calculated by ourselves. The heterogeneity
correction of +0,004 is given in 1-2_7 Pe 29 for a calculation using the so-called
H2OPMB-set 1-2_7, wvhich is a modified SNEAK-set very similar to the SNEPMB-set
used in our present study. The seme value is reported in ['57_7, pe 14, Using
the SNEAK-set a slightly different value of +0.003 has been obtained in 1-2_7.

The small difference of 0,001 in k, however, is not important with respect to

the final conclusion to be drewn from the comparison between theory and experiment
because the differences observed are most times in the order of 1%, The REMO-

correction of =0,0006 has been determined by ourselves, It is rather small but
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hes & different sign compared to the values obtained in /72 7 for the SNEAK-
and F20PMB=sets. A possible explanation for this difference is the fact that
in the present study the REMO correction is applied to all regions of the
assenmbly including the blanket whereas in the vrevious study 1'2_7 the REMO-
correction has been applied to the core region only.

The fundamental mode buckling has been determined such as to give agreement
for keff'with the one-dimensional caleculations. The bucklings used in the
one-dimensicnal calculations have been obtained in an analogous manner by an
iteration procedure. The outer core radius of the equivalent sphere has been
determined such as to give the same keff as that of the other one-dimensional
calculations leading to a shape factor of 0.93613. Using this shape factor
and the given volume of the inner core zone the radius of the inner core zone
has been derived. This value is only of minor importance since both core
zones have very similar compositions. We have chosen for the thickness of the
spherical blanket the same value as that for the real radial blanket thickness

since leckage in radial direction is more important than that in axial direction.

The SNEAK=-set and diffusion approximation have been used in all cases except
those where other information is mentioned explicitly.

SNEAK 3B2

“Tran e e en asen Gaee

Experiments and various calculations for the Uranium=Plutonium fuelled assembly
SNEAK 3B2 have been described in ['68_7. Our calculations are based on the same
data for the material and geometric composition as reported in that paper.

For the calculation of the axial buckling we have used an axial saving of 13.81 em
which has been obtained at an early stage of the present calculations for SNEAK 3A2,
The final correct value of 13.29 cm is not too different from the preliminary

value used here. The adoption of the SNEAK 3A2 saving for the assembly SNEAK 3B2

seems to be reasocnable because the core-geometry and composition are very similar,

The SN-correction of +0,004% is assumed to be the same as that for the similer

SNEAK 3A2 assembly., The heterogeneity=-correction of +0,003 is tsken from 1-68_7.
The REMO=correction, calculated in the usual manner, is found to be +0,0008. In
all calculations mentioned here the SNEAK-set and diffusion approximation have

been used,
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A median fission energy of 81.81 keV has been obtained for SNEAK 3B2 in an
analogous nanner to that used for the determination of the values given
in table 1,

SKEAX=SC

In SNEAK assembly 5 a series of experiments was carried ocut to determine k_ and
reaction rate ratios. The éost important of these experiments is that labelled
SNEAK=5C. The composition of its inner most zone was chosen to render a k_
close to unity. The composition given in teble AII-12 has been provided by
MEISTER 1'86_7. It should be considered as preliminary but it is to be expected
that the final composition which will be published in a comprehensive report

on these experiments 1-62_7 will not differ very much from that given in table
In this report additicnal detailed information especially on the driver zone
will be published.

The heterogeneity-correctién of +0.,071 has been determined by FISCHER / 87_7

as preliminary result. Meanvhile a somevhat smaller value of +0,068 has been
calculated by ourselves. But it seems to us that even this value is probdably
t00 large. The REMO=correction of +0.016 has been calculated by ourselves using
diffusion approximation. All calculations mentioned here have been done using
the group constants of the SNEAK-set,

ZPR_IT1=55

The main incentive for the ZPRIII-55 experiment was to measure the a=value of
Pu239 by means of a k_ experiment (°=°c/°f)' The composition of the k_~zone has
been teken from /88 _7. More recent information is published in /789 7. The
heterogeneity-correction of +0,010 has been reported by JOURDAN 1-90_7. The
REMO=correction of +0,011 has been calculated by ourselves using diffusion
approximation., All calculations mentioned here have been done using the SNEAK=

set.

SNEAK=series

In our work we have included the so-called SNEAK-geries which refers to a series
of SNEAK assemblies namely, 3A0, 3Al1, 3A2, 3A3 carried out to get information on
the steamwdensity and steam=void coefficient., The assemblies SNEAK 3A1 and
SNEAK 3A2 have been described above, SNEAK 3A0 refers to a core composition



where the polyethylene foils have been removed corpletely so that the hydrogen
concentration is zero; the carbon concentrastion is reduced by the corresponding
amount, In SKEAK 3A3 the hydrogen concentration of the core has been doubled
by doubling the thickness of the polyethylene foils; the carbon concentration
is increased by the corresponding amount., The experiments have been evaluated
in _/.-57_7 by assuming that the core compositions of the different hydrogen con=
tents (and the correspondingly different carbon contents) are placed into the
core gecametry of the assembly SNEAK 3A2, All experimental and theoretical
results therefore are normalized relative to SHEAK 3A2, Especially the cal-
culated criticality is adjusted so that by adding or subtracting a small

amount to the k_,. of all 4 assemblies the adjusted value for k ¢p of SNEAK 3A2
is equal to unity.

The core geometry has been simplified for our calculations since it would teke
‘oo much computer time tc take into account the geometry assumed for the eva-
luation of the experiments and since we expected that fundamental mode cal=-
culstions would be sufficiently accurate for a comparison of the theoretical
and experimental results for the steam-density and steam voif cocefficient, The
bucklings used in the fundamental mode calculations are given in table AII-1k,
They have been obtained in the following manner. For SNEAXK 3A2 the reflector
savings of the axizl and radial blankets have been determined from the bucklings
given in tables AII-G and AYI-10 and the real gore geometry also given in these
tables.

For the determination of the savings for SNEAK=3AQ by one-dimensional calculations
we placed the composition used in the fundamental mode calculations for this
assembly into the core geometry of SNEAK 3A2, because 3A0 can be considered

as the voided version of 3A2 (see ./.-57_7). The savings for SNEAK 3A3 have been
obtained by placing the camposition used in the fundamental mode calculations
into the whole core of the SNEAK 3A3 experiment, In the real 3A3 configuration
this composition of high hydrogen concentration was contained only in an inner
zone of 18,7 cm vhereas the core radius wes 42,2 cm as given in / 67_7. The
outer core zones in the real SNEAK 2A3 experiment were the saue as in SNEAK 3A2.

The core geometry chosen for the determination of the savings is not a crucial
point because according to our experience bhe savings depend more strongly on
the core composition (and eventually on the blanket composition if it is changed)
than on the core geometry. Furthermore the core geometry does not change drasti=-
cally for the experiments 3A0, 3Al1, 3A2, 3A3, The core height is the same for
all 4 experiments and the radius varies between & smallest value of 42,2 cm
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and a largest value of 51,2 cm.

The sgreenent between our values of ke £ for the k& assemblies determined in the
indicated manner and the corresponding values given in 1-57_7 can be considered
&8s & check of the asdequacy of our approximate procedure.

The campositions ugsed in the fundamental mode calculations are derived from
mixture 4 given in table ATI-10 for SNEAK 3A2., The concentrations of all
isotoves or elements are taken the same in all 4 compositions of the furdemental
mode calculations with the exception of carbon and hydrogen. The carbon- and
hydrogen concentrations used are given in table AII=1k,

The SN-correction for SNEAK 3A0 of +0,003 has been taken the same as that for
SNEAK 3A1. The S =correction of +0,004 for SNEAK 3A3 has been taken the same
as that for SNEAK 3A2., The heterogeneity corrections of +0.001, +0.003, +0.00L4,
+0,007 for the assemblies 3A0, 3A1, 3A2, 3A3 respectively have been taken from
/757 7, ps 14, The REMO-corrections of =0.0015, =0.0006, =0.0006, =0.0009

for the 4 assemblies have been calculated by curselves. For the assemblies
SNEAK 3A0, SNEAK 3A1, and SNEAK 3A2 the spherical appropriate models have been
applied in the one~dimensional calculations. For SNEAK 3A0 this means a radius
of the inner core zone of 41 cm, a radius of the outer core zcne of 48.56 em
and a blanket thickness 6f 36.2 em.

For SNEAK 3A3 the REMO-correction hes been determined for the one-dimensional
radial geometry. The composition used in the whole core is that tsken in the
corresponding fundamental mode calculation.
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Table ATT-1

Explanation of the abbreviations and svmbols used in tebles AII-2 through AII-13

MIXTURE: The mixtures are numbered consecutively in order to refer on
the mumbers furtheron

MATERIAL: The material means either element {in natural composition) or
isotope. One should mention that only for U235, U238 ard
Pu239 the cross sections are taken at 300°K. For all other
materials the cross sections are taken at 900°K or assumed

to be independent of the temperature.

Fundamental mode calcwlatinns

NG: Number of energy groups
MIXT: Number of mixtures
BUCXos Buckling used for the fundamental mode calculations

One-dimensional calculations

GEO: Xind of geometry: slab, cylinder or sphere
NG: Number of energy groups
BUCKLING: Buckling used to take into account the leskage into the

separated directions
BC: Boundary condition; thglgﬁgher refers to the left haad
side, the second number to the right hand side.
2 2 net current = 0, symmetric or reflective boundary condition
3 2 usual diffusion boundary condition
dp 04T1 ¢ A * ¢'B =0
where ¢B and ¢'B are the flux and its gradient at the
boundary and the plus sign refers to the right hand, the
minus sign to the left hand boundary, if the axis is
directed to the right hand side.
Nz: Kumber of zones
NP : Mumber of mesh points
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ZONE IZ: Thes zones are numbered consecutively from 1-NZ to refer
on zone number IZ in the twodimensional case
MIXT: Ilunber of the MIXTURE mentioned gbove which is present in
zone IZ
XL: Left hand sbscissa {radius) of zone IZ
INT: Tuzber of resh intervels used in this zcne
XR: Right hand asscissa (radius) of zone 1Z
Two-dimensional calculations )
= XY=Geametry

GEO: Geometry 2 = RZ-Geometry

3 = Ro=Geometry
NG: Humber of energy groups
WP: Total rumber’ of mesh points
ROWS: Hunmber of rows
COL: Number of columns
NZ: Number of zones
BCL: Boundary condition at left hand boundary 2 = net current = o,
BCR: Boundary condition at right hand boundary :{ﬁieZZigigzo;eflec-
BCUP: Boundary condition at upper boundary 3 £ usual diffusion
BCLOW: Boundary condition at lower boundary boundery condition

SPEKTRUM FOR
COND:

NEW GROUP:

Origin of the spectrum used for the condensation to few
group constants (taken from one of the one~dimensional
calculations)

The new grous are numbered consecutively

IGUP OLD GROUPS:Upper group index of those groups which belong to the new

MIXT:

MIXTURE:

group considered

Number of the new mixture used in the two-dimensional cal-
culations. it may be different from the original number of
tlie mixtures in the line MIXTURE because two different con-
densation spectra are used for the same mixture of the line
MIXTURE., Since different few group cross sections arise
from this procedure, the new mixtures characterized by MIXT
must be distinguished from each other.

Number of the original mixture from the line MIXTURE
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ZORE:

-
- ¢<3 -

dim.(IZ) : The spectrum of the zone number IZ of the one-dimensional cal-

culation indicated in SPEKTRUM FOR COMD is used Tor the conden-
sation of the few group constants of the special mixture (MIXT)
considered

The two-dimensicnal zones are mumbered consecutively

MIXTURE usedmthe specisl zone considered

Left radius (or abscissa) of the zone considered

Number of mesh intervals in the horizontal direction of the
zone considered

Right radius (or abscissa) of the zone considered

Upper height (or radius) of the zone considered

Nurber of mesh intervals in the vertical direction of the

zone considered

Lower height {or radius) of the zone considered
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Table AII-2

CRITICAL FACILITY: SUAK U1B

Atom=Densities (in 1020 at o:ns/cm3)
Mixture 1 5 3 L
Material
Al L2.77 438.0 - 600.0
C - - - -
H - - - -
i 6,60 - - -
U235 81,50 - - -
U238 328,97 - - -
Fundamental Mode Calculation: | NG| MIXT ]| Bucko
26| 1 | 197.898+10~% em=2
One-Dimensional Celculstions:
GEO NG Buckling BC NZ up

SLAS| 26 | 128,097.10°% em™2|23 | 1 | 101

Zone I7 | MIXT | XL /“em 7 | INT | XR /“em_7

1 1 0. 100 16415




NG .  JCKLING

GEO BC | Nz | WP
SLAB | 26 { 139.601-10 ¥ en™2| 33 L | 16
Zone IZ | MIXT | XL /"em 7 | INT | XR [em 7

1 4 0.0 15 3.0
2 3 3.0 10 6.5
3 1 6.5 80 [ 41.6
4 2 k.6 16 | kL6
GEO  |NG | BUCKLING BC Nz | NP
SPHERE |26 - 23 1] 101
Zone IZ | MIXT | XL /“em 7 INT | XR /Tem 7
I 1 1 0.0 100 | 19.363968




Table AII-3

CRITICAL FACILITV:

tom=Densities (in 1Q

SUAY. UH1B

- 131 -

20 3)

atoms/om

Mixture ] 5 "

ifaterial
Al L2.77 | 438.0 600,0
Cc Th.22 - -
Fe - sh,0 | 8hik,0 -
H 148, .40 - -
T 5.20 - -
U235 65,02 - -
U233 262,37 - -

Fundamental “Mode Calculation:

MIXT Bucko

! 26 1 205.338« 10t om™2
One-Diemensicnal Caleculations:
GEO NG BUCKLING BC NZ. NP
SLAB | 26 13!&.681.107‘h em™2 23 1 101
ZONE IZ | MIXT | XL /"em 7 | INT | XR /“em_/
1 1 0. 100 16,15

|
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GEO NG | BUCKLIKG BC | Wz | up
SLAB | 2§ | 113107 em2 | 33 | b | 116
ZOME IZ | MIXT | XL /Tem 7 | INT R [en 7

1 L 0.0 15 3.0
2 3 3.0 10 6.5
3 645 a0 39455
L 2 39.55 10 42,55

GEO NG | BUCKLING BC | Nz NP
SPHERE| 26 - 23 1|10
ZONE IZ | MIXT XL [Tem 7 | T | XR [om ]

1 1 0.0 100 | 19,087051




Tcole ATT-k

CRITICAL FACILITY:

ZPRITI-10

- 0533 -

-l - . 20 3
Atom-Densities (in 10" atams/cm’)

Mixture 1 2
Material

Cr 29.6 112

Te 1711 ks .0

i 17.5 6.7

U235 56483 0.01

232 2779 399.3
Tundamental fode Calculation: G HMIXT RBUCKo

26 1 81.37310=% em=2

One=Dimensional Calculations:
GEO NG BUCKXLING RC NZ
SLAB | 26 57.53L 23 3] 113
ZONE IZ | MIXT | XL /["em 7 | INT | XR /en/

1 1 0. 20 10,0

3 2 22.95 66 55495
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GEO WG | 3BUCKLIKC BC | Mm@ W
o k2
CYL 26 | 23.839.10° cm 23 |3 129
ZOWE IZ | MIXT | XL /Tem 7 e YR [Ten 7
1 0. 20 10.0
2 1 10.0 2k 22.11
3 2 22,11 8l 63459
GEO NG BUCKLING BC NZ NP
SPHERE |26 - 23 3 | 125
ZONE 12 | MIXT | XL [ em_/ INT [ XR [em 7
1 0. 20 10.0
2 1 10.0 30 25,011
3 2 25.011 T4 62.011

T™vo-Nimensional Calculations:

Gx0 NG | NP [ ROWE COL | NZ | BCL | BCR |BCUP| BCLOW; SPECTRUM FOR COND

2 11 [1152] 32 36 5 2 3 2 3 1=dim. SPHERE
NEW GROUP 1] 21 314 |s |6 |71 18 9 | 10 11

IGUP OID GROUPS {2 3] 4 |5 |6 |7 |8 19 |15 | 20 26
HMIXT I II IIT

MIXTURF 1 1

PHI-1 dim (I2) 1 2
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ZOXE

NI

[Tem 7 [ INT | BRR [Tem 7| WUP [em 7 | TIET | #LOV [Tem ]
1 0. 6 10.0 10.0 6 0.
2 7I 10,0 8 22,11 22,95 1k 0.
3 1T C. 6 10.0 22,95 2 10.0
L 11T 22.11 21 63.59 55.95 31 0.
5 I1I O. 1k 22,11 55.95 17 22,95




Table ATIT-5

CRITITCAL FACILITY:

~
Atonm=-Densities (in ‘IO"O atoms/cm
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ZPRIII-25

3y

Hixture 1 2
Haterial

Cr 1 h . 0 11 12

e 55.5 L% .0

Ni 8.4 6.7

U235 3k, k2 0.91

U238 356.0 399.8
Fundamental lMode Calculation: l G MIXT BUCKo

I26 1 31.725-1o‘h cm‘2
One-Dimensional Calculations:
GEC NG BUCKLING BC | NZ | NP
= =2

SLABR | 26 20.981.107 " e&n 23 3 |137
ZONE IZ | MIXT | XL /em / | INT | XR [/ em_/

1 1 0 20 10,0

2 1 10.0 56 33.175

3 2 38.175 60 68.675
GEO NG | BUCKLING BC | N2 NP
CYL 26 | 10.7hhe10=Y em=2 | 23 | 3| 145
ZORE Iz] MIXT [ XL [em_/ [ INT [ XR [em [/

1 0. 20 10.0

2 10,0 64 42,60

3 2 42,60 60 83.40
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GFO G BRUCKLING BC}{ Wz | M
SPHFEE |26 - 23f 3 | 1o
FORE IZ ( MIX? | XL [Tem 7 | INT | XR [Tem 7
1 0. 20 10,0
2 10,0 70 45,753
3 2 k5,753 58 82.753
Two=Dimensional Calculations:
CEO Wny WP | ROWS | COL | WZ | BCL | BCR | BCUP ,!3va-' SPEKTRUM FOR COKD
2 11{ 1584} 36 LY 5 2 3 3 2 1 dim. SPHERE
NEY GROUP 1 2{3tL s 6{7181]¢9 10 1 11
TP OLD GROUPR | 2 [ 3 |4 |5 |6 | T |89 |11 |16} 26
MIXT I IT I
MIXTURE 1 1 2
™I-1 dim (IZ) 1 2 3
ZONE | MIXT | RL /"em 7 | INT ( BR /“em 7| HUP ["em 7 | INT HLOT /“en 7
] I 0. 5 10,0 10.0 5 0.
2 IT 10.0 17 42,6 33,175 20 O,
3 IT O. 5 10.0 36,175 15 10,0
L I11 k2,6 21 83.4 68.675 35 0.
5 III 0. 22 42,6 68.675 15 38.175
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Teble AII-0
CRITICAL TACILITY: ZPRIII-L8
Atom~Densities (in 1 020 atorms/ cm3)
Mixture > 3 )
Materisl
Al 1 'Y 09 - - -
C 207 . 67 - - -
Cr 26,81 14.81 11.93] 12.8
Fe 99 185 55.15 hh-hh hTQT
o 2,06 - - -
Ni 13.30 T.29 5.87] 6.3
Pu2l 0.11 - - -
Pulk2 0.00k] = - -
U235 0.16 0.82 0.83| 0.83
238 .27 {383.77 [397.98{393.0
Fundamenteal Mode Calculation: G MIXT | BUCKo
26 1 27.015 10‘h ™2
One-=Dimensional Calculations:
GEO NG | BUCKLING BC NZ NP
SLAB | 26 | 18.132 10=% en~2|23 2 | ot
ZOWE IZ | MIXT | XL /“em_ 7| INT | XR [“em_]
1 0. 60 38,18
2 2 38,18 30 68.66




GFO | NG | BUCKIING BRC | Nz | wP
cvL | 26 | 8.883 10-% em=2 23| 2 | 91
ZOWE IZ | MIXT | XL ["em 7 | INT | XR /em 7
1 1 0. 60 41,58
2 3 41,58 30 T1.52
GEQ NG RUCKLING BC | [Z P
SFHERE 26 - 23 3 N
ZONE IZ | MIXT | XL ["em 7 | INT | X8R [Tem 7
1 1 0. 14 10,0
2 10,0 46 45,213
3 Y [ 45,213 30 75.213
TWODTMENSIONAL CALCULATTONS:
GO |uc | ur |ROWS | cOL | NZ | BCL BCR { 3CUP | BCLOY| SPEKTRUM FOR COID
2 |11 {1206 | 36 36 |5 2 3 3 2 1-dim, SPHERE
HEW GROUP 1 213l i{s5|{6l7T]|8]|9/ 10 11
ICUD OILD GROUrS 3{4 s {6 |T7T|8]9 |10 |12 ] 16] 26
MIXT I 11 11T v
MIXTURE 1 1 2 3
PHI=1dim (I2) 1 2 3 3

|
|
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ZOTE MIXT | RL [ em 7 | INT | RR /en7 | WUP Jem 7 | INT | ELOY [ em ]
1 I 0. % 10.0 10.0 5 0.
2 II 10.0 16 41,58 33.18 20 O.
3 II 0. b 10.0 358.18 15 10.0
L JII 0. 20 $1.58 68,66 15 38.18
5 v 41,58 15 T1.58 68.65 35 0.
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Table AITI-T
CRITICAL FACILITY: ZPRIIT-L43B
Aton Densities (in 1020 atoms/an)
Mixture 1 5 3 ) 5
Materisl
A 1.13 1.09 - - -
c 207.67 |20T.67 - - -
Cr 51.92 26,81 15,81 | 11.93 12,3
Fe 102,23 09.95 55.15 Lk Lh L7.7
Ho 2.06 2.06 - - -
Tla 62.31 62,31 - - -
ni 11.13 13.30 7.29 5.87 6.3
Pu232 1L.36 16,45 - - -
Pu2ko 3. 11 1.06 - - -
Pu2b1 0.59 0.11 - - -
Pu2li2 0.07 0,00k - - -
U235 0.16 0.16 0.82 0.83 €.83
7233 T4, 05 Th.27 383« 77 {397.98 393.0
GEO NG | RBUCKLING BC RZ NP
SPHERE| 26 - 23 3 86
ZONE IZ| MIXT (XL /Tem 7 | INT XR /[Ten 7
1 1 O. 30 19,758
2 19.752 25 45,7045
45,7045 30 75.7045




Two=Dirensional Calculations:

CR0 { RE| ¥ {POYS [CCL { NZ {RCL iRCR{ RBCUP {RCLOV l SPTKTRINT FOI COID {
2 11112061 36 [ 36| 512 |31 3 2 ; 1-dim. SPYRRD l
1 | |
T GROYUP et is!i6lT{Stoe 10! n
IGU™ OLD CROUTS Sth |5 |6 718 109010 E 16 | 26
ITXT I II III v
1TIXTURE 1 2 3 L
PHI-1 din (T2 1 2 3 3
ZONE | MIXT | BRL /em 7 | INTH \RR /"em 7 | #UP /[“em 7 | INIV | HLOW /cm_7
1 I 0. 8 19.0 15.26 T 0.
2 IT 19,0 12 42,26 38.18 20 0.
3 I O, 8 19,0 38.18 13 15.26
L III 0. 20 ko,26 68..66 15 38.18
5 v 42,26 15 T1.58 68456 35 0.




Teble AII-S

CRITICAL FACILITY:

ZEBRA-HA

- 143 -

Atom Densities (3in 1020 atoms/cm3)

Mixture ]
T 1 2
Material

Al 25,0k -

c 205,90 234,10

Cr 12.70 0.13

Cu 8,20 -

Fe 42,55 32.53

lla hh.?h -

Wi 4,43 3.18
Pu239 S.79 -
Pullo 1.4k -
Pu2l1 0.16 -
uas3s 0.6 1.9k
U238 63.53 268,10
Fundamental Mode Celculation: NG | MIXT BUCKo

26 1 34,596+ 10~% om=2

One=Dimensional Calculations:
GEO 11G BUCKLIRNG BC |H2} NP
SLAB| 26 | 22,178+10~4 cm=2 23 | 2| 101
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ZORE IZ | MIXT

XL [Tem 7

XR [Tem 7

0.
30.08

60
%o

30.08
60450

GEO | NG

BUCKLIXNG

BC

V4

CYL | 26

12,118

<1074 =2

23

ZONE IZ| MIXT

XL /S em 7

iuT

XR

Z-cm;7

W M =
e

C.
10.0
36.15

20
52
63

10.0

”~
‘o)
~

T0.59

<15

GEO NG BUCKLI

HG

BC

Nz

SPHERE 26

23

131

ZOWE 12

XL /" em 7

INT

XR /Tem 7

1 1

0.
10.0
33.203

26
Th
30

10,0
38,203
T2.643

Tfwo-Dimensionel Calculations:

GEO (NG| IP [ROU=

COL| NZ

BCL

BCR

BCUP{ BCLOW

SPEKTRUM FOR COND |

111152 32

5

2

1-dim. SPHERE

NEM  GRCOUP

10

IGUP OLD GROUPS

10

16

26




- 15 -

MIXT I IzT IIT
MIXTURE 1 1 2
poTe1 @im (IZ} 1 2 3
ZONE | MIXT | RL /Tem 7 | INTE | BR [en 7 | ¥UP fem 7 | IMTU | HLOW [ en 7
1 I 0. 5 10.0 10,0 5 0.
2 IT 10.0 13 36.15 30,08 16 O.
3 1T 0. 5 10.0 30.08 1 10.0
L IIT 36.15 17 70.59 60,50 31 Oa
5 IIT 0. 18 36.15 60,50 15 30.03




Table ATI-O

CRITICAL FACILITY:

SKEAK 3A1

~ 1h6 -

Atom-Densities {in IoaolcmB)

HMixture

1) includes 1,94 of Mn
2) includes 1.96 of Mn

3) includes (.87 of Mn

L) inelundes 0.19 of Co

5) includes 0.18 of Co

1 2 3 L
Materiael
Al 129,10 129.36 - 129.211
¢ .12 4,13 0.1k 4,063
Cr 36.471) 36.32%) | 11.953) 36.380
Fe 122.ohh) 121.515) 39.55 121.730
Mg 0.64 0.64 - 0.640
Mo 0.39 0.39 0419 0.390
Ni 18,54 18.27 9.84 18.424
0 145,29 . 145,67 - 145,510
si 1,88 1.86 0.46 1.870
i 0.40 0.39 - 0.394
U235 20.31 20.25 1.625 20,270
] U238 81.04 81.21 39914 81.1L40
Fundamental Mode Calculation: NG {MIXT BUCK
6 L 22,010010~" em™2
One-Dimensional Celeulations:
GEO NG BUCKLING BC | Nz | NP
-4 a2
QTAR 26 13.540%107 " em 23 2 {a




- 1T -

ZOTE IZ  |MIXT XL [er 7 |INT R [Tem 7

L O. 6n 40.27
2 3 Lo,27 30 T0.TT
a6) NG | 3UCKLIAN 3C | hZ iR

CYL 26 | 8.470%10~% em=2 | 23 | % 121

V.OUE IZ | MIXT | XL _/_'cm_7 INT  |XR _/_‘cm_]
1 1 0. 30 5,0
2 1 5.0 30 32.9
3 2 32.9 30 51,2
L 3 51.2 30 80.86
CEO NG | BUCKLUNG BC hopA WP
SPHERF. |26 - 23 3 147
ZONE IZ |MIXT |XL /“em 7 INT | XR /Ten 7
1 1 0. 148 39.231
39.231 L8 52,68k
3 3 52 . 684 50 82.3Lk

Two=Dimensional Calculations:

}GEO NG | NP ROWS |COL |NZ |BCL |BCR |BCUP |BCLOW | SPEKTRU!M FOR COND

S

2 11 [1600 ho 4o | 4 2 3 3 2 1 d@im - SPHERKE

NEY GROUP 1 |2 3|4 {56 {71819 |10} 11

IGUP OLD GROUPS 2 |[3{4 51617 |8 |9 I 16 | 26
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MIXT I II IIT
MIXTURE 1 2 3
Pilei=dinm (IZ) 1 2 3
FOIE | MIXT | RL /"em / |INTHE | RR /em 7 |HUP [en_ 7 | INTU | HLOY [en 7
1 I C. 16 32.90 L0.,27 20 0.
2 11 32,90 9 51420 Lo.27 20 0.
3 IIX 0. 25 51.20 TOJTT 19 Lo.27
i ITI 51.20 14 80.86 T0.TT 39 0.




Table ATI-10

-

the
-

CRITICAL FACILITY: SHEAX 3A2
Atam-Densities (in 1020 atovls/cns)

\4"
(13 xture 1 o 3 4
Material

Al 129,10 129,36 - 120,211

c 9.32 9,00 Q.14 9,217

Cr 36,471 26.3227 | 11,953} | 35.330

Te 122,04 121.51%7 | 30.55 121.730

1 17.92 17,45 - 17.719

|2 0.64 0,6k - 0,640

Wi 18,54 18,27 9.84%) | 13.L2h
Mo+iibh 0039 0039 0119 00390

0 145,29 145,67 - 145,510

Si 1,83 1.86 0.46 1.870

i O.40 0.39 - 0,394

U235 20.31 20.25 1.625 20.270

U238 R1.04 81,21 309.41L 81.140
Fundamental Mode Calculstions: HG |MICT | BUCKo

2
26 | 4 | 25.540410™" e~

One-Dimensional Calculations:
GEO | NG | BUCKLIRG BC ' Nz | np
SLAB | 26 | 16.0%0+107% om=2 23 | 21! 91

1) includes 1.94% of Mn
2) includes 1.96 of Mn

3) includes 0.87 of Mn

%)

4) includes 0.19 of Co
5) includes 0,18 of Co

The number given by R. BShne and H. Seufert in KFK-811 and in

Nuclear Applications & Technology Vol. T, p. 494, 1969 is in error.
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ZONE IZ | 1OXT iXL £-cn_7 T R/ en7

1 L 0. &0 Lo.27

2 3 40.27 30 NTT
GED NG | IUCKLING 3C jtvA o
c¥L | 26 | S.600+10~% cm=2 23 L o121
ZONE IZ | MIXT | XL ['cm_7 INT X® [Ten 7

1 1 0. 30 5.0

2 1 5.0 30 33.76

3 2 33.76 30 Lk 66

4 3 14,66 30 £0.86
CED NIC  |BUCKLING 3C Nz NP
SPHERE {26 - 23 3 131
ZONE I2 MIXT XL é-cm 7 INT XR /7 enm

1 i 1 0. 83 )40|09h

!

2 ‘ 2 LO,00k 17 k8,315

3 ' 3 | L48,315 30 €4,515
Two=Dimensiocnal Calculations:
GEQO | NG | NP | ROIS | COL | N2z | BCL | BCR | BCUP | BCLOV SPEKTRUIT FOP COND

2 11 }1600{ kWO Lo N 2 3 3 1 dim= SPHERE

HEM GROUP 11213y s5]s ' T ' 8] ol10] 1n
IGUP OLD GROUP 3| [6 [T 8109 |1o \11 13 | 15 | 26
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PaTYT I IT I71

MIXTURE 1 2 3

PHI-1 éim {IZ) 1 2 3

TONF | MIXT |RL [em 7 |INTE |RR /S en7 | HUP [“em 7 | INTU | HLOY [/ cxm
1 I O. 16 33.76 40,27 20 0.
2 11 33.76 6 k4,66 40.27 20 O.
3 111 0. 22 44,66 T0.TT 19 L40.27
L ITT 14,66 17 80.36 TOTT 30 C.




Table AITI=-11

CRITICAL FACILITY:

tom-Densities (in 10 0 atams/an)

SNEAX=-3B2

- 152 -

2

&\!ixture ] - 3 L

Material
4] 125.6 129.66 129.47 -
c 9.73 8.76 a,00 0.1k
Cr 35.95") 36.08%) 36,283 11.95%)
Fe 115,84 120,657 | 121.357) 39.55
i 18.49 16.81 17.29 -
Mg 1.31 0.65 0.65 -
Mo 0.38% 0440 0,50 -
Ni 17.55 18.43 18,23 9.84
o 122,2 146,28 145,80 -
Si 2,54 1.84 1.86 0.46
Ti 0.30 0.38 0.39 0.10
U235 0.56 20.k0L 20,25 1.625
U238 81,86 81.39 81.26 399 41k
Pu239 14,76 - - -
Pu2ko 1.33 - - -
Pu2k1 0. 11 - - -
Pu2k2 0.06 - - -

1) includes 2.23 Mn 5) includes 0.14% Co

2) includes 1.99 Mn 6) includes 0,18 Co

3) includes 1,97 Mn 7) 1includes 0.19 Co

L) includes 0.87 Mn 8) includes 0.09 Nb
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GEO NG BUCKLING BC oy A praad

oyt 126 186107 a2 23 L {129

zor= 17 |1 | e | B/ em?
1 1 0. 60 29.910
2 2 20,01 12 36.180
3 3 36.18 16 34,530
L L LL,53 4o 82.120

Two=Dinensicnel Calculations:

GEO | NG | IP [ROWS | cOL | N2 {|BCL { BCR | BCUP | BCLOW | SPEKTRUM FOR COND
2 |11 |1600| Lo Lo 5 2 3 3 2 1 dim= CYL

HEY CROG'IP 1 {2 13 4L s |6 7 8 9 10 | 11

IGUP OLD GROUTFS 3 1% |6 71819 |10 |11 |13 15 | 26

MIXT I II IIT v

MIXTURE 1 2 3 4

PHI-1 dim (IZ) 1 2 3 Y

ZONE | MIXT | BL /"em 7 [INTH |RR /"em 7 |HUP /“em 7 | INTU | HLOW /[cm 7/
1 I 0. 1 29.91 40,2 0.
2 IT { 29.91 6 36,18 40,2 O
3 ITT 36.18 6 Lk ,.53 Lo.02 0.
h v L4, 53 13 82,12 46.2 0.
5 v 0. Lo 82,12 TO.T 40,2




Table AIT-12

CRITICAL FACILITY:

Atom Densities (in 1020

SHEAX-5C

- 15k -

Mixture ]
Material
Al 0.0145
c 612.170%
Cr 13.1268
Fe 46,7934
Mg 0.0065
Mo 0.1116
b 0.0860
Ni Te5235
0 39,4747
Pu239 4,7656
Pu2k0 0.1281
Tu2li 0.0389
Pu2k2 0.0020
Si 0.5399
U235 0.3307
U238 50,543k
y Y 0.9165
1)

Fundamental Mode Celculation:

atoms/cn3)

Vanadium has been taken instead of manganese

NG

MIXT

BUCK o

26

0.0




Tghle ATI-13

CRITICAL FACILITY: ZPRIII-5%

Atom-Densities {in 1020 atoms/eom

- 155 -

Fixture 1

Material
Al 1.11
c 372.609
cr 18,95
Te 61.77
ni 8.39
Pu239 10,68
Pu2kn 0.51
Pu2k1 0.05
U235 0.33
U238 152,82

Tundaemental Mode Calculation:

3)

NG

MIXT

BUCKo

26

0.0




Table AII-1L

Savings and Bucklings, Carbon- and Fydrogen-Concentrations nsed in the Fundamental lMode Calculstions

for SHEAK-series, 3A0, 3A1, 3A2, 3A3

Assembly Sax S pad Hc Rc Bix.wh Biad'1dh Bfot-1dh C~concentration 3 n-concentration53
rend | /en? | /men 7| /em 7 /'cm’2 7 /'cm72 7 /-cm-a 7 in 1020 gtoms/cm in 1020 atoms/em

3A02 14,1566 | 14,6162 | 80,54 |Wh,66 |B.329456 | 16461404 | 24 ,790950 0,36 0.

3A1 13.7045 | 14,1538 | Bo.5h |hL,66 [8.469593 | 16.718531 | 25,16812k h,063 7.412

3A2 13.294k4 | 13,7573 | 30,54 | hh,66 |8.500800] 16.0k9110] 25,548019 9,217 17719

3A3 12,7101 } 12,9645 | 80,54 | LU,66 |8,790509 | 17.413687| 26.209196 13.28 35.84

- e
P
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Table 1: Characteristics of Wast Criticcl Asserblics otudied *
GUN. [CUAL |Z8P-  [ZPR=  |ZPRe  |ZLURA [G1HAKe | SULAR- | ESIEAL= | ZPRe
UIB (118 |1TI=-10|I1T-25{111-42CA 3A1 372 I5¢C 11155
Median fission energyl-kev_71) 61141(53241375.8 {365.6 (225.,0 [1£6.01100,0 | 55,77 1.,20[143.3
lleutron lifetime 1.¢107/7sec_7 [0.266]1.788]04515 [0.728 [2.776 |2.621]|2.,9%2 [3.,725 |16,483{h,187
011238/UCU238 0.59 {0.36 (0,40 [0.,25 [0.21 [0.25 [0.21 [0,21 0.07(0412
tigration area 1F/"cn 7 W7.7) 28.1) 65,2 | 6247 (17947 [170,0)1h8.2 [12C.7 [1hhi1 | 9745
Ge°m§g§§g+gysﬁi:gﬁ7 197.9[205.3| 814 | 31,7 | 27.0 | 34.C] 22,0 | 25,5 | © 0
112, p2 0.9% {0,506 [0s53 0,20 [0.%9 [0.59 0433 |0.,32 0 0
Core Volume Z-liters_7 36,61 3%45] T045 (435.3 [BiheT |287.,0]603,3 (50,7 - -
Core fissile nass l-kg_7 116. 4| 87.5[15644% |58L.6 |27343 [188,6]524.7 [399.4 - -
Total leakage 0,645[0,168{0.396 |0,205 |0.415 |0.462)0,295 |04293 | =~ -
Total fission 0.386|0,39410.389 10,308 04340 [0,339]0,398 {04399 |0.348 |0.34h
Total capture 0,187]0,276{0.24h |0,422 0,204 10,238|04321 |04329 |04720 |0.T27
[N Capture in U238 0,136]0,156]04181 |0,378 04205 |04154]0.20% 0,193 J04500 |0.623
é Fission in U238 0,081[0,057 {0073 [0.,093 {0244 [72.03C[0,043 (0,042 [0.,03C |70k
= |Cepture_in U235 0.05110,12010.058 10,060 10,001 [0.,002]0,099 0,114 |0,012 |0.,003
g Fission in U235 0.305[0.337/0.316 |0.295 |0.,003 |0.008[0.355 [0.357 {0,025 |0,010
2 [capture in Pu239 - - - - 0.059 10.760]| = - 0.151 [0.076
Eé Fission in Pu239 - - L L 00285 0028)‘ - - 0.281 00256

u)
1)
2)

Determined from one-dimensional ealculations

0o

Taken frorn fundamental mode horogeneous calculations with the SlIEAX«set

Normalized to one fission source neutron in the reactor | vtf(n) a(r)an =1
)

<aqy



Table 2:

Infiuence of

the Tissilon Spectrunm
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Asserbly

SUAX U112

ZPR III-10

Zrr. I1T1-25

SHEAX 3A1

ZESRA €A

Actual v of the asserbly

259

237

2.56

2.51

2.9k

‘lodified fission specirum

corresnonds to v=
of the ABil=set

2.6

2.6

2.6

2.6

3.0

Ax=lz(nodified fission
spectrum)

-(standard fission
spectrun)

=0.001

-0,002

-0,001

+0.001

Change in
Uf(0233)/0f(U235)

=125

-1 .2%

-1.2%

-1 .2’/:;

+27

Change in
10,5MeV

] ¢(Dlak
6.5 MeV

6(1)=

=550

~5457

=5.5%

-65

+11%
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Table 3: Corparison of central naterial worths for SNEAX 3A1 calculated

in different ways (SIEa¥-set has been used)

Material ?:gi:zp?e;:hgg Froups ?:g:;;hegrgu;; froups
Al 1.005 0.9k
210 0.915 0.959
c 0,025 0.653
Cr 1,071 1.035
Fe 0.968 0.972
E 0.098 0.684
Mg 3.26h 1.389
m 1,082 1.067
0 0.129 0,784
o 0.934 04967
Pu239 1,043 1.019
U235 1.069 1.030
U238 0,953 0,970




Table Ve=1:

keff

of fundamental mode horogeneous diffusion calculations

for the various assemblies with different sets of group contants

Assembly SNEAK SNEPMB CHNEAPH FUOSCP SCTALA UPUCER PUO2RE HA%9 11 MpyT@r
SUAK U1B C.8238 0.2087 0.£2958 0.52958 0452759 0482167 0.02167 0.,02h531 |{0,82466
SUAK UHID 0,0808 0.2782 0.£8572 0.880572 0.3°R03 NAELS? 0,32452 0,008290 10,89277
ZPR III-10 0.9752 0,959804 | 0,93570 0,93579 0,983153 | 0,97811 0.,973110 | 0,984080 |0,90L469
ZPR III-25 0.9700 0495992 0,98932 0,08032 0,97062h | 0,973%9 04973388 | 0,9067060 [0.987T16
ZIR IIT-hLE 0.95497 0.963561 | 0.963737 | N.055207 | 04952540 | 0.9438Gh 0.951787 | 04959456 {0,964963
ZEBRA 6A 0,9630 0,960439 | 0,0607680 | 0,050724 | 0,05800 0,05400 0.958542 | 0,96h453 [0,969320
340 {0,943 0934 0.0kl 0.0l 0,041 0,04} 09Uk 04946 04942
SNEAK= 3A1 |0,960 0,966 0,970 0:970 0,070 04970 0,970 04971 0,970
Series 3A§) 1,000 1,000 1,000 1,000 1,000 1,000 14000 1,000 1,000
3A3 |1.,036 1,03% 1,034 1,034 1.03% 1,035 1,035 1,033 1,033
SWEAK 3A1 0.000164 | 0.,92107G ( 1,000420 | 1,000425 [ 04999654 | 0,99G730 0.99G736 | 1,00605% [1.012547
SNEAK 3A2 0,932758 | 0,976797 | 04991394 | 0,99139% | 0,991260 | 0,983448 0.980L45 | 0,995657 |1 003036
SHEAK 5C 0.937010 | 0,945313 | 0.945666 | 0,930798 | 0,928670 | 04926926 0930835 | 04938632 [0,952949
ZPR III-55 0,935316 | 0,953645 | 0,954074 | 0,043182 | 0,93001 0492616 0,022143 | 0,944763 {0.961705

1)

All values of the SiEAX-series normalized 50 as to rive ke,f(SHEAK 3A2) =1

- I .



Table Ve2: keff of one= and two=dimensional diffusion calculations for 4he

various assemblies with different sets of group constonts

SHEAK | SNEPMB| SHEAPH | PU9SCP | SCTAIO | UPUCER | PUO2RE | MpX011 | Mgxogr

1dim. [0.9752] 0,9622] 0,9090 0.,9063

ZPRIII=10 n4sp 10,9763] 0,0635) 0,000k 0:9816
1dim,. (0.9700 0,9879

ZPRIII-25 ,.. 0,9698 - o 0,0878
1dim. {0,9550 0.,9478 | 04,9505 0.9667

ZPRIII-48 odim. |0,9522 0,450 | 0,9477 ] 0,9639
1aim. [0,9536 0,946k | 049597 0,9660
ZPRIII-L48D paim. |0.9503 0,9432 | 0,046l 0,9627
1dim. |0,9630 0.9545 | 0.9577 0,9737

ZEBRAGA o 10,0506 | 00502 | 1. 09796
1din. |0.9911 049973 1,0156

SNEAKIAM 5 4im, |0,9889 ) *M _lowgosol 1.0136
1dim. |0,9837 0:9%09 140060

SHEAK3A2 5440, 1049820 0,0872 1,005
1dim, |0.9805] 0,9851] 0,9006 | 0.9823 | 0,9701 | 0,9740 | 0,9750 | 0,9866 | 0,9942

SIEAK3F2 ,oe o No.0776 60,0085 | 0,050 . | 09749 0,9921
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Table V-3: Criticality Corrections for the Various Asserblies

Asserhlies k2iag - Jﬁeterogeneitr Other
Corr. Corr. Corrections Corre
SUAK TR ~0.0002 | 0,031 -
SUAK UHIR ~0,000% | 0,030 - +0.007
ZPR TII-10 -0,0002 | 0,013 0.0105
ZPR III-25 -0,0009 | 0.002 0.0085
ZPR III-LQ +0,004T7 | 0,008 0.01%
ZPR III-L83B +0,0048 | 0,006 0.01%
ZEBRA GA +0,00k0 | 0,010 -
SHEA¥=series3A0| «0,0015 | 0,003 0.001
341| =0.0006 | 0.003 0.003
3A2| -0,0006 |[+0,004 0.004
343} -0,0009 | 0,004 0,007
SHEAK=3A1 —0.0006 | 0,003 '0.003
SIUEAK=-3A2 -0.,0006 |+0,004 0,00k
SIIEAK=-332 +0.0008 |+0,00h 0.003
SNRAK-5C +0,0185 | = o0.o711)
ZPR 1I1-55 40,0123 | - 0.010
«)

Corrections calculated using ClIILAI-set or taken from the

literature

1)

Heteropeneity correction is probably too large




Table V-l:

sets of nueclear groun constants

Best available criticalitr values for the various assemblies with different

Experimental Theoretical
Assembly }l;esult for 5}15‘11? mmm};efﬁwg‘og E;;legpi]; fferent segsm})é_ﬂnuclcar Fg;ggzggns::a{lts -
of T ET, |SHEAX! SHEPLD [SHEADH CCT RE| H@%011 ] UPLTPT
+S17 set
+other
COrr, —

SUMK U1B 0,07 0,31 {+0,031]0.855] 0.,7h75 {0,061 0.359 0.053 | 0.856 | 0.856
SUAK UH1D 0.945£0.,01 [+0,037/0.918{ 0,915 |0.,923 0,920 0,922 | 0,925 | 0.930
ZPR III-10 1.000 +0.023{0.992 0.986 [1.013 1,010 1,005 { 1.011 | 1,011
ZPR III-25 1,000 +0,010{0.980{ 0,970 [0.099° 0,989 0,924 | 0,997 | 0.993
ZPR III-h8 1,000 0.025{0.97T( 0.986 [0.986 0.975 0.973 | 0.983 | 0.989
ZPR III-L8E 1.000 0.025]0.975| 0,984 |0,93% 0,973 0,971 | 0.981 | 0.987
ZEBFA GA 1.000 0.01h4{0.974| 0,980 [0,981 0.969 0,969 { 0,976 | 0,995
SWEAX 3A1 1.000 0.005]0,99%| 0,005 [1.,004 1.003 1,000 | 1,010 | 1.019
SIEAK 3A2 1.000 0.007[0:079] €.983 2.997 0,997 0,994 } 1,003 } 1,012
SUEAK 3B2 1,000 0.00610,084| 0,082 |0,905 0952 0951 | 0,990 | 0.998
SNEAK 50 1,03 £0.01" 1+0.0803),006] 1.0%4 {1,025 1,018 1,020 | 1,028 | 1.042
ZPR IIT -55 1,000 0.,0220.058]| 0.976 |U.v(6 0.952 0950 { 0,967 | 0,084
3A0 930 ~0,005[0,93%| 0.920 [n.939 0.030 0939 | 0.9%1 | 0,937
SIEAK.  3AT 962 ~0.,002 2,967 0.96h (0,968 CnEs 0,065 { 0,960 | 0,965
series 342 1,000 2) £0,000,1,000! 1,000 1,000 1,000 1,000 | 1,000 | 1,000
3A 1,048 +0,003{1.030, 1,081 (1,037 1.037 1,030 | 1.03¢ | 1,036

1)

Zrel iminary experinental result

2)
3)

Hormalizetion point for the SNFAl~set

This eorrection is probably too large

- 1l -
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Table V=5: Central rmaterial worth- and central reaction rate-ratios
for SHEAX 3A1 2nd SNEAX 3A2 (obtained fronm homogeneous

spherical diffusion calculatiocns)

(&:/ ner aton of the naterial considered / Ak/k per atom of U235)

Assembly

SIEAX 3A1 SNLAIL 3A2
Material SHEAK-Set L_hKDCPOT-Set MEA-Set HMOXTOT-Set
1235 1.0 1.0 1.C 1.0
y23f ~0,0720 ~0,069 -0.082 ~0.070
Pu239 +1,h19 +1.377 +1,L28 +1,37k
B10 ~1.219 -1.289 -1.759 -1.81k
Fe ~0.008T -0.0070 ~2.,0097 -0.00E9
Cr ~0,006T -0,0062 -0,C072 -0.0063
el ~0,0165 -0.0159 -0.0188 -0,0182
o -0.,0691 -0,0709 -0,0931 —0.094%
c +0,0030 +0,0032 +0,0036 +0,0039
g ~0,0007 +0,0003 -0,0001 +0.0005
M ~0,0027 ~0,0021 ~0,0022 ~0,0017
0 +0.,0025 +0,0032 +0,0032 +0,003k
i +0,1519 +0, 1k20 +0, 130k +0.1167
SEEEEE 0.0306 0,028} 0.0292 0.0272
0235 e *
ocU238
R 0.1%35 0.1271 0.1383 0.1237
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Table V={: Reaction rate ratios for SIICAY 3A1 and SUEAI 382

(resudts of “undamental node honogcneous diffusion czlculstions)
T © i:.1:3‘37’- [0 1235 g U235/ U235
Assembly Assenbly
froun—Set STEAY. 3A1  SHDAX 322 SUEAIL 3741 SHEAL 3A2
QURAL 0.0305646  0,0291812 0.1435081 0.1303348
SR 0,0308°55  0,0203701 0. 1420k07 0.13712420
CUTA: 0.03020257 0,0208302 0.13G34168  2.,13232973
ruaccP 0,0302023  0,02823802 £.135330k 0.,132329786
SCTALS 0.02921786  0,02797753 0.13687611  0.13272077
UPUCHR 0.02303525 0,02770007 0.1372530C  0.133CT827
TUO2RE 0,02803525 0.02770007 0.13725306  0,13307027
HPXO11 0,02362756  0,02ThE573 0413105388  0,12816419
M@ 0.0284%1725 0.027241% 0.12707907 0.1237131
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Teble V-T: Central raterisl worth- end central reaction rate-ratios for

ZPR III~-L8 (obtained from honoseneous spherical diffusion

calculations)

Mfaterial worth mer astom norralized to U235
HAaterial Exverinent SHEAR-Set UPUCPR=Set TUO2RE=-Set | HFXT@T-Set
U235 Te Te 1. Te
U238 ~0.07E096+0,00237 {~0.07799903 | -0,07%00295 -0.,0743288 | -0,0677507
Pu239 +1,3347  $0.02781 |+1,3360672 +1.2851539 +1.28430262| +1,276766
PpoLo +0.2430 +0,06305 (+0,06L455886 | +0,0u334T62 +0,2088790 | +0.,200L01
A -C,00182 +0,000107}~0,00391235 | -0,00411021 -0.,00398746| -0.003T%
B10 ~1.12219 +0,02330 {-1,033983 -1.0163986 ~1.0260348 | -1.,060586
FE ~0.00876 +0,00038%(-0.,0102505 ~0.00988528 ~0.00984360| -0.0094751
CR ~0.00613 #0.000334{=-0,0085428 -0.00831905 -0.0087384%) —0,00BL66T
bot ~0.013396+0,000305|=-0.01655626 | -0.01627882 -0.01620L03} -0.,0161596
M0 ~0,05226 +0,001102|~0,0656266 -0.06350217 ~0,06383736] ~0,06L4600
o 0238
EREES 0.0307T +0,0003 0,030994 0.029793 0.029635 0.028852
chuehO )
CRTZED 0,976  +0,010 0.913747 04903357 0.90j93o 0.894870
o fpuzho
5 0 0.243 0,002 0.215419 0.,203743 0.212505 0.207663
¢ 11238
152-;:; Ny138  +0,007 0.146049 0,140746 0.1407T1 0. 130090

bap ST PP




Table Ve8:

Reaction rate~ratios for ZPR III-Uf
(results of fundamental mode homopeneous diffusion calculations)

Experiment [SIEAK~Set [SHEPIT SHEAPH ruoner SCTALS UruCeR PUO2RE, HEX911 Henrdr
ofU 236
57555 |0+0307£0.000310.0310223110,03186160 [0.03065153 |0403117052) 0,030143029| 0,02083008 0,02067420| 0,02928h2h| 0,028992M) 3
T
ofPuZ39
S0 2% 0,976 0,010 [0,91553033 {0.,948422175]0,91227008 {0.018007626( 0.906232657( 0.9027785G{ 0.,90332037| 0.89985206| 0,6968627
f
cfpuzho
o.U 235 0.243 10,002 {0.,216487h4 |0,22208147 |0.,21364455 [0.21725915 | 0.20h00605 | 0.204437765]0.2131h248| 0,21073480| 0,20882070
£
ocU238
—=55s 0.138 0,007 |0.14504L55 [0, 14018948 0413068333 (0413916081 | 0.,14023237 [ 0.140G6813 [0.1h270100] 0,13433686] 0,1200970
£
]
e
w
!
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Teble V-9: Central material worth- and centrel reaction rete-ratios
for ZPR III-45B
(obtained from komogeneous spherical diffusion caleulations)
Material worth ver atom normelized to U235
Croun-Set
Material Experirent SUEAK=Sct  {UPUCPR-Set |PUO2RE-Set
U235 1. 1. 1o 1.
U236 «0,07093x0,00295 -0.,0779046 |-0,Th5kk95 |-0.07503325
Pu239 +1,33364+0.03695 +143103717 (+1.20694856 |+1.2G49667
Pu2lic +0.,1009720,12364 | +0,068G2432|+0,0516075 [+0.20037743
Ta ~0.001£320.00039 ~0.00:70528}-0,0047630 |<0.,0045568
10 -1.08280:0,01918 -0.9992227 |-0,9843168L |-1,00060k0k
TE ~0,00932+C,00053 ~0,01043646 | ~0,0100639 }-0.00996556
CR -0.00082984 | ~0,00906397 |-0.00890396
I ~0.01669365{-0.01637201 |{-0.01614358
10 ~0,064344091-.0,06256536 |-0.06312496
C ~0,002381481-0,00382T7T1 |-0,0036T70T2
AL ~0,0065580k4 |~0,0065L037 |-0.006%6532
ofU23f3 _ =
3;71—2—55— 0.0207 +C.0005 0.029991 0.0258066 0.028406%
ofPu239 .
—5131—2-3—5-— 0,064 20,010 0.910371 0.9002054 0.89648053
ofmeho
'&'iir‘é'é’s“ 0,229 +0,003 0210167 0.1985800C | 0.20600668
ocU238
?EJ”.?'S— 0. 146ThY 0.14133480 | 0.1%11299




“able VIe1: The mean and root rean square or standerd deviation for criticality between

experirent and theory with verious croup scts

Croup=set
Quantity SHEN? {ZIEPM03 | SNEAD | FUOSCP | SCTALA |UPUCAR | PUORRT: g0 11 LI
Y
T ) (keﬁ, exp.,i—koffcalc.,i) 0,0173]10.0175[0,0060[0,0123|0,0153]0.0194{0,0179|0,0090{ 0,0022
P 3
£ '
= )y (keffexp.,i-keffcalc.,i)2 0,0270]0.0193[0,0132[0.,0139[ 0,022 [ 0,0249|0,0232[0.,0158| 0.,0125
i={
N .

i=1,2,004 N= index for the various asserblies, 1l=12
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Fig. 7A Variation of ke¢s with the quadrature order.
SUAK U1B, slab geometry. Complete
listing of data see table V-13a
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Fig. 7B Variation of k¢ with the quadrature crder.
Complete listing of data see table V-13b.
ZPR-1I-48, cylindrical geometry.
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Fig. 7C Variation of ke with the quadrature order.
Complete listing of data see table V-13c.
ZPR-III-48, spherical geometry.
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Fig. 7D Variation of ke with the quadrature order.
Complete listing of data see table V-13d.
ZPR-1I-10, slab geometry.
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Fig. 7E Variation of k,¢cwith the quairature order.
Complete listing of data see table V-13e.
ZPR-111-10, cylindrical geometry.
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Fig. 7F Variation of ke¢¢ Wwith the quadrature order.
Complete listing of data see table V-13f.
ZPR-111-10, spherical geometry.
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Fig. 7G  Variation of keff with the quadrature order,
Complete listing of data see table V-13g.
ZPR-1I11-25, slab geometry.
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Fig. 7H  Variation of kg¢s with the quadrature order.
Complete listing of data see table V-13h.
ZPR-1[1-25, cylindrical geometry.
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Fig. 71  Variation of kg¢s with the quadrature order.
Complete listing of data see table V-13i.
ZPR-111-25, spherical geometry.
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Variation of kg¢p with the quadrature order.
Complete listing of data see table V-13k.
Zebra 6A, cylindrical geometry.
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Fig. 7L Variation of k,¢¢with the quadrature order.

Complete listing of data see table V-13 1.
Zebra 6A, spherical geometry.




