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Abstract

In this work we study systematically the influence of changes in nuclear
data on the calculated values for the criticality and other important
parameters of eritical assemblies. The analysis is done for a variety
of assemblies which differ in geometry, material composition, end
energy distribution of the normal and adjoint flux. The primary objective
is: ' o .

(a) to detect deficiencies in nuclear data and calculational

methods,

(b) to get first preliminary improvements and

{e) to get indications in which respect and in whiech way further

longe-range improvements should be carried on.

The long-range aim of this kind of investigations is to provide or

establish satisfactory nuclear data and calculational methods which can

reliably be applied to the calculation of fast critical assemblies and

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

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

further investigations along the same line will be necessary.



Zusammenfassung

In dieser Arbeit wird systematisch der EinfluB von Anderungen in den
nuklearen Daten auf berechnete Werte fiir die Kritikalitdt und andere
wichtige Paremeter kritischer Anordnungen untersucht. Eine Reihe
von Anofdnungen, die sich in ihrem geometrischen Aufbau und in ihrer
Materialzusammensetzung und desher 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

herguszufindeny — — e
(b) erste vorliufige Verbesserungen zu erreichen und
(¢) Hinweise zu erhalten, in welcher Richtung langfristige

und langwierige Verbesserungen durchgefiihrt werden sollen.

Das Endziel dieser Art von Untersuchungen besteht darin, flr die Berech-

nung von schnellen kritischen Anordnungen und groBen schnellen Leistungs-
reaktoren geniligend gute und verldBliche nukleare Daten und Rechenmethoden
zur Verfiigung zu stellen, Beim gegenwirtigen Stand der Untersuchungen i
konnten die Differenzen zwischen gemessenen und berechneten Werten fiir
wichtige Parameter von kritischen Anordnungen noch nicht auf ein geniigend
kleines MaB verringert werden. Diese Arbeit mul deher alsein erster
Schritt in die gewiinschte Richtung angesehen werden. Weitere Schritte

werden jedoch notwendig gein, 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

Physics Conference in 1969,

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

studies.

In this paper we study systemically the influence of changes in nuclear

analysis is done for a variety of assemblies which differ in geometry,
material composition, and energy distribution of the normal and adjoint
neutron flux (see table 1),

-

The primary objective and short range aim of our work is

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

methods,

(b) to get first improvements in the data and/or methods as far as

possible,

(c) to get indications in which respect and 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 relisbly used for the calculation

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

Zum Druck eingereicht am 14,9,70



to obtain z more and more precise judgement of the reliability and confidence
level of predicitions of the nuclear characteristies of fast reactors. The

necessity and importance of such a study is illustrated e.g. in £3§_7 which

shows to which extent the economics of large fast breeders are influenced

by variations in the basic nuclear data.

In comparing the measured results for critical assemblies with the corres-
ponding calculated results one should be aware of the possible sources of

errorss These may lie in

(i) The microscopic nuclear data and the theoretical methods used
for their determination,
(ii) The method and model used to analyse the integral measurement

and the accuracy of the experimental results.

Ta sheek the valiabilitv of ihe »redicti S fhase Tniamrsd avmerimental
To check the relisbility of the predictions only those integral experimental

quantities 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 limit is rather small,

(¢) 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 quantity. This is the reason why primarily we
are comparing our calculated value for the eriticality factor keff with

the measured one. A disagreement in this value is a strong indication that
there are remarkable deficiencies in the nuclear data or the calculational
methods or even in both. Because of possibly compensating effect present

in the determination of criticality we are further comparing some calculated
guantities which may be more instructive with respect to special aspects
with 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

improvements 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 description of the critical assemblies studied.

In section IV the calculational methods used are discussed in some detail.
The detailed results of the present study are given in section V,

The general discussion and the conclusions drawn are presented in section VI,
Appendix I contains the complete documentation of the new group constants

and Appendix IT the documentation of the additional data used in the cal-

culations.
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MICROBCOPIC NUCLEAR DATA BASIS

171 XKFKwSHEAX Set

The group constant set used as reference set is the KFK=-SHEAK set often
abbreviated as SNEAK-sets Almost all of its physical basis is outlined
extensively in the report KFK 120/part I, the pertinent microscopic
energy dependent data sre tabulated in reference 1_27_7 + The generation
of the KFE~SNEAK set is described in reference [/ 3 7; tables with the
corresponding group constants are given in reference é'h_7. Tor conven=
ience the nmost important characteristics of this set for the heavy

fertile and fissionable nuclel (see als 1-26_7) are repeated here.

235

The fission cross section values below 20keV down to the eV range are based
on the data of Michesudon et al. é’S_? from Saclays Between 20keV and 1MeV
the datae of White /76_7 and of Perkin et al. / T_7 were used. Above 3MeV
the old Los Alamos datsa 1-8_7 were used still without the recent corrections
for the long counter efficiency. DBetween 1 and 3 MeV an eye=guide curve

through rather scattering data was chosen,

The o values used below 10keV correspond to an unweighted ar
of direct measurements by de Saussure et al, 1_9_7. Waeng=Shi=-di et al.
[710_7 end estimates by Uttley /711_7 from measured (o,: Uttley / 11_73

0.t Michaudon et al. 1-5_7) and caleculated (cn: measured o . = 11,7 b

1511_7 plus calculated constant average resonance scattering cross section
contribution of 0.6 barn) cross sections. Between 10 keV and 1 MeV the
highest weight was given to the rather well agreeing liquid scintillator
results of Diven et al. / 12_7 and Weston et al. / 13_7. Below 1MeV 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 oy.

Concerning v the thermal value was taken from the careful evaluation of
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Westcott et al, ./_-1)4_7. At higher energies all measurements available

up to mid 1966 were renormalized to the following basic standards

$(2200 m/sec) (U237) 2,430 £ 0,008

(Westcott value /14 7)

Gp(zzoo n/sec) (U°27) = 2,414 + 0,008
(Gd(ezoo n/sec) (U3) = 0,016)
CSpont‘ (c£2?) = 3,773 = 0.012
‘gbcnt (c£2°2) = 3,764 + 0,012
(3§pont.(0f252) = 0,009)

and fitted to straight line segments (see extensive description and docu=
mentation 1n reference / 15 7)- Below 2, SMeV down to thermal, ises for

the most important energles, vw) is ‘represent by

vzs(E) = 2,430 + 0,106E (E in MeV)

\4\ﬁ4ﬁ4\4¥U238

Below 4OkeV the capture cross section is composed by contributions only from

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

statistiecal distributions, viz.

TY = 2,48 £ 5,6 (meV)
independent of 1 and J
5, = (0,90 # 0.10)-10;h
s, = (2,5 & 0.5)+10"
independent of J
Pys1/2 = 20.8 £ 2,0 (eV)
independent of 1
Dyagse = 1Mk & 1.1 (eV)
Vo = 1 for all 1 and J
VY =e£er a}llandJ
R = 9,18 + 0,13 (f)
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Corresponding to a potential scattering cross section

10,6 £ 0.2 (b)

0] N =
pot
where
= neutron orbital angular momentum,
= total compound nucleus angular momentunm,
. 2 . . .
Vo = number of degrees of freedom in a y type distribution

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

The statistical formula used is an energy and half width distribution gverage
of single level BreitwWigner 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 GY (U238) in the groups

13 and 14 (1,0 = 4,65 keV)s In the whole group 14 snd part of the group 13
o, was calculated from resolved resonance parameters (1.0 = 3.9keV) as
céntaine& in the XKEDAK file Z‘16~7. The number of p wave resonances analysed
and considered in this range and therefore the calculated UY values are

too small compared to ¢ values caleculated from the sbove statistical para-
meters which actually take all p wave resonances into account,

As Barry uses the same detector for the neutron flux measurements as White
1-6_7 in his fission cross section measurements, this cholce is consistent
with the choice of White's of(U235) data, _

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

The inelastic scattering cross sections for the important energies below
2MeV were obtained by a careful analysis of all available excitation and
other inelastic scattering dataj; this is extensively described in reference
Z_18_7. Ariong more recent experiments the highest weight was given to the
comprehensive excitation cross section measurements by Barnard et al. [-19_7a
These give about 20% larger inelastic scattering cross sections between 1.0
and 1.6MeV than obtained in earlier evaluations. The inelastic scattering

probabilities were still taken throughout from the Russian ADN set / 20 7.
The fission cross sectlon values between threshold and 3MeV are Dbased on

the results of Lamphere Z"21_7 and between 3 and 10MeV on the old Los  Alamos
data 1-8_7 also still without the recent corrections for the long counter

efficiency.,



A weighted least squares fit to the available renormalized experimental
U values led to the following linesr relationship for V(E) valid between

threshold and 15MeV (see reference 1-18_7)

V(E) = 2.3576 + 0,1557TE (E in MeV)

23

The fission cross section values below 20keV are based on the experi=-
mental dsta of Bollinger et al. /-22_7. Consistently with U235
ments of Vhite et al. £"6, 7_7 were used between 20keV and 1MeV, DBetween

the measure-~

1 and 3MeV we relied on two rather dense and competible Russian measure-
ment series /"28 29 7. Between 3 and 10MeV as for U2S? the (still un-
corrected) Los Alamos fission data / 8_7 were used.

Below 30keV the o values are basea on the old KAPL integral measiurem ents
1 23_7. Between 30keV and 1MeV the rather well agreeing Osk Ridge [/ 2h_7
and Los Alamos 1—25_7 liguid seintillator values were used, As for U235
below 1MeV the capture cross sections were obtained as the product of o

igsion ecross sections. Above 1MeV no measurements are available

235

and, as for U "7, o was rather arbitrarily extrapolated to 10MeV in rather
close correspondence to a 1/E behaviour of o

Concerning V the thermal value was obtained as a weighted least squares
average of all measurements available up to mid 1966 after renormalization
to the U235 and 0?252 235

the result was

v standard values listed in the U section above;

3 (2200 m/sec)(Pu®?) = 2,892
(2200 m/sec)(Pu 239y = 2,886
( Vg (2200 m/sec)(Pu239) = 0,006)

235 239

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

was obtained to

vh (E) = 289200 + 0.12791E + O, 00189E -~ 0O, 00010E3 (E in MeV)
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Extensive doecumentation of these evalustions is to be found in reference

/726 7.

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

(see reference Zhh_7, figure 1),

TI.2, SNEAPM, SNEPMB Sets

The SNEAPM set differs from the KFK-SNEAK set’only‘in that in the range
10 tOVSOOkeV,the,ov(Ugsg),valuesﬂare replaced by the experimental results
obtained by Pénitz'et al. 1_30_7 and by Menlove and Pdnitz 1-31_7. This
lowers the group 028 values in the groups 6 to 11 (10-800keV) by up to
13.5%. ! |

238

In the SNEPMB set, in addition to these changes for U

n

Pty
> i~

»
U“>7 (o is kept konstant) are lowered in group T to 10 (21.5-400keV)
according to a cis(E) curve proposed by Beckurts £~32_7. This curve was
obtained by multiplying~measured c?s/cy(Au) ratios with the oY(Au) shape
measurements normalized to an absolute determination of GY(AU) at 30keV
by Pénitz et al 1-30, 33~7 in the range 25 to 500keV and subsequent averae-
ging. The corresponding modified 068, 0?5 and o$5 group cross section

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

II1.3. PUOSCP 8et

In this set the SNEAX set u(Pu239) values in the group 11=15 (465eV to
21,5keV) based on the old KAPL measurements are replaced by values based
on the first results of the linear accelerator u(Pu239) measurenents by
Gwin et al, £“3h_7. The % values are correspondingly changed for 0p kept

constant. Among the more recent experimental ah9 data available at the
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time where the PUJISCP set was established CGwin's datz were considered to
be the most religble ones by the following reasons. From the available
measurenents Gwin's results were assigned the smallest errors (on the
average about * 15% in o). The independent o estimates by Pitterle et al.
1-35_7 and Ribon et al., 1_36_7 from evaluated measured total and fission
cross sections and calculated scattering cross sections agree best with
Gwin's data among the available experimental o resultss The latest
available results obtained by Schomberg et al, [537_7 in measurements
with considerably improved pulse shape discrimination, background determi-
nation and electronies are partly substantially lower than the first
prelininary results reported in 1967 [ 38_7. Below 4keV Schomberg's more
recent dats [‘37_7 are in good agreement with Gwin's values, above LkeV
they are closer to Gwin than Schomberg's first preliminary data, but there
are still disecrepancies between Schqmberg's and Gwin's results particu-
larly in the regions LeTkeV and 10=30keV, which might partly be due to
different normalizations. First %9 measurenents of Rysbov et al. _/_-39_7
- with the fast pulsed reactor IBR as neutron source are compatible with
Gwin's and Schomberg's measurements below 2 keV, but are even below the

sive dis i the Anglo-Russian

Seminar at Dubna in June 1968 clarified this discrepancy. Compared to the

other more recent measurements Ryabov 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 to a considerable enlargement of Ryabov's o values with results coming
close to those of Gwin. More details c¢an be found in reference L-h0_7.

The new o and cY values for ~'239 in the groups 11=15 are given in

ITI.4. SCTALY Set

The inelastie scattering probabilities contained in the ABN set / 2

(o]

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
fiié”4‘57_7;7‘in'thé "eontinuum" range of residusl nucleus levels the WeiBkopf
evaporation model !-h1_7 is used witbbnuclear temperatures as recommended

by Swarcbaum et al. /742 7, The materials concerned sre C, O, Na, Al, Cr,
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235 238 240 241 oh2

Fe, Ni, U°°2, U and Pu=>”, Puo 0, Pu"'', Pu'®, Tor the most important
238

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

softer than the ABN set spectra.

The new inelastic scattering matrices asre given in table AI=T. The cgl=
culation of the ineleastic scattering matrices and their comparison with

the ABY set matrices are more extensively described in appendix Al.

I1.5., UPUCER Set

set the ONEAX set fission data in the group 1 = 3 (2.5 = 10.54eV)

In this
235 1,239 o ) 238
Tor U and Pu”” and in the groups 1 and 2 (4.,0-10,5MeV) for U based

on the old Los Alamos measurements by Smith et als / & 7 were downgraded
by up to about 10% in accord with recent efficiency corrections for the

long counter used in the above measurements / 43 7.

239 .
Recently corprehensive v(?uLB’) results became available by measurements
of Fréhaut et al. / W4 7 in the range 1.5 to 15 YeV and Condé et als, / 45 7
in the range % to 15 MeV. Roth measurements show very good agreement and

close a gap in the higher MeV range. DBelow UlMeV they are in agreement

with the scattered earlier measurements. Trom UMeV upwards they show
differences up to +47 at 15MeV from the former evaluated curve / 26 7

vhich forms the basis of the SNEAK set V data.

The new o and v data are given in table ATk,

IT.6. DPUOPRE Set

. . ! . D
Tor the higher stable Pu 1isotopes Pu2¥o, Pu2h1 and Pugh the BNEAK set so

far contained the group cross sections and shielding factors as given in
the ABH set Z“EO_?. They were completely replaced by group cross sections
and shielding factors caleculated from the recently evaluated microscopic
cross sections of Yiftah et als / 46 7. After the publication of the eva-
luation of Yiftah et al. the very comprehensive resonance total and partial
cross section measurements for Puzuo by the linear accelerator group of

the BCMN Geel /4T 7 became available. They showed in particular that

the averaoe s wave capture width (32meV) and the s wave strength function

(1 37+10° ) as assumed by Yiftah et al. in thelr ‘calculations of <oy>(B)
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for Pug)40 #n the basis of previous much less comprehensive measurements

had to be replaced by the lower values ?Y = 23.2meV and So = 1.05'10_h.
With these values and a (probebly somewhat too low) p wave strength
function S1 = 1.5.10"h the c¢apture cross sections of PughOAwere recalculated
in the range of predominant s and p wave capture above 1keV and extra=
polated to higher energies so as to join smoothly the curve of Yiftah et al.
at about 800keV. These lower 030 values were taken into account in

the PUO2RE set. Integrel substitution measurements performed by Oosterkamp
é-h8_7 in SNEAK assemblies, viz. measurements of reactivity differences
2/U02 2h

one econtaining 22% Pu2h0 were well reproduced by theoretical calculations

due to substituion of a Pul mixture containing 8% Pu © by another
using the improved capture data for Pugho mentioned above (see more ex-

tensive discussion in reference [ 40 7).

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

of the present to the ABN group cross sections particularly for Puzho. The
Y
capture data for Pu240 are asbout a factor 2 lower than the ABN set values
2ko

in the energy range ikeV to i1MeV. The fission cross sections for Pu

in the ABN set drop to zero in the keV range with decreasing energy, whereas
according to the Gee Z-h7_7 and the Los Alamos bomb shot measurements [-hg7,
as o consequence of the phenomenon of intermediate subthreshold fission,

Lo
O
is of the order of 100 rmb and higher all the way down to the resolved re-

on the average over many resonances resp., fission resonance clusters

sonance range.

The new group ¢ross sections, shielding factors and inelastic scattering

matrices for PuQHO’ Pu2h1 and Pughg are given in table AI=5,

IT.7. MPXO11, MPXTPT Sets

. . e . . - 238y o e e
Finglly, as trial data the recent measurements of oy(u 3 ) by Moxon et al

1-50_7 in the range 500eV to 100keV were used to replace the SNEAK and
SNEAPM set U238 capture data in the groups 9 to 11 (10-100keV, M@X911 set)
and in the whole range, groups 9=15 (L65eV-100keV, MPXTPT set). The
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results of these measurements are necarly equal to those of the previous
measurements of Moxon et azl. 1_51_7, in particular the former,B1O(n,a)
normalization was once again carefully checked, The Moxon data are on
the average about 207 smeller than the SHEAK set data and of the order
of 10% smaller than Pénitz's values in the common energy range 25-100keV.
The difference between Moxon snd Ponitz is still unexplained. FPurther-
wore the apparent discerepancies between Moxon's results and the average
of = number of absolute and relative determinations at selected energies
(24; 303 65keV) have still to be resolved.

238

The modified capture data for U are given in table Al-b6,
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ITII. THE CRITICAL ASSEMBLIES STUDIED

In this chapter we will briefly describe the critical assemblies con=
sidered for the presenﬁ study. A more detailed documentation of the
assermbly characteristics used in the calculations and of the integral _
data used for comparison between theory and experiment will be given

in Apvendix II.

Basically we studied 12 fast critical assemblies: SUAK U1B, SUAK UHIER,
ZPR III=10, ZPR III-25, ZFR III-48, ZPR III-L8B, ZEBRA 6A, SNEAK 3A1,
SHEAZ 342, SHEAX 3B2, SHEAK 5C, ZPR IIT~55, Six of these assemblies
are fuelled with U235, five with Pu239,and one (SHEAK 3B2) with a two=
zoned core, the inmer gone containing Pu239 and the driver zone U235,

Come characteristics of the asseriblies are given in table 1,

A1l eriticals are of medium or large size, the smallestone, SUAK U1B, having
a core volume of gbout 40 liters. We have not included very smell
assemblies like GODIVA or JEZEREL in our studies because the high energy

cross sections of those materisls which could be checked by these assem=—

- T = mw memm -
DL1eS are nouv ve

much unvertainund 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, from thé median fission energy, the neutron lifetime, and
the ratio cf(U23SV0C(U238) given in table 1. The migration area Mo of
the core varies considerably between the lowest value for SUAK UH1B and
the higher values for the more dilute assemblies ZPR IIIL8, ZEEBRA 6A,
and SNEAK 3A1., Apart from the k_~experiments SNEAK 5C and ZPR III55
there is a2lso a large span in the geometric configuration characterized
by the geometric buckling P° and the core volume between the small un-
reflected SUAK-assemblies and the larger well reflected assemblies

ZPR III-25, ZPR III-.L8, ZEBRA 6A and the three SNEAK criticals, the
small but reflected assembly ZPR III~10 ranging in between. The leakage
_probability and the probebility for the most important reaction ratios in

the core are also given in table 1.
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SUAK U1B is a metal fuelled uranium assembly with 20% enrichment of

S 0 s e i e

about 30 em length in esach direction of the cube.

SUAK UE1B is similar to SUAK U1B., It is also a metal fuelled uranium
asgembly with 20% enrichment but containing a relatively large amount
of hydrogen in foils of polyethylene, The hydrogen to uranium atom

ratio is about 0.5,

ZPR I1I=10 is a metal fuelled uranium assembly with a rather small

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

of depleted uranium,

ZPR III=25 has a larger cores The uranium metal fuel has an enrichment

of about 9%. The core is surrounded also by a relatively large reflector

of depleted uranium.,

ZBB_EEE:&§‘15 a well known assembly with plutonium as fissionable material.
The fuel enrichment is sbout 18%. In order to simulate the neutron

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

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

The reflector of about 30 em thickness consists of depleted uranium

metal,

ZPR_ITI=U8B is very similar to ZPR III-U8, The essential difference is

the inner core zone which has a higher content of Pu240 compared to
ZPR IIT=h8,

ZEBRA 64 is @& somevwhat smaller plutonium assembly with a fuel enrichment
of about 24%. Ua and C are also sdded to influence the neutron energy
spectrum in the desired manner, The reflector of sbout 30 cm thickness

consists of natural uranium and graphite.

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

reactor. The enrichment of the-uraniumumetalzfﬁelals«Ebout 20%. The
polyethylene foils used to simulate the coolant are contained in stainless
steel canned platelets. The hpdrogen 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 coolent
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volume fraction of the core., Within the unit cell one Al- and one
A1203-platelet are used together with the fuel- and stainless steel
canned polyethylene-platelet to influence the neutron energy spectrunm

in the desired manner,

SNEAIL 3A2 is slightly smaller in core volume than SHEAK 3A1 but has
still a relatively large core zone. By adjusting the thickness of

the polyethylene foil one obtained in SHEAK 3A2 a hydrogen concentration
which corresponds to that of a Tuture steam~-cooled power reactor with the
characteristics mentioned hefore. Desides the thickness of the poly=

ethylene foil the composition is almost identical to SHEAK 3A1.

SHEAK 3B2 has en inner core zone vhich contains plutonium instead of

uranium as fissile material, Otherwise the composition of this two-

zoned core asserbly is equivalent to SHNEAK 3A2,

SIHEAL 5C is a so-called k _~experiments It consists of an inner plu-
tonium zone of about 300 liters and an outer ursnium driver zone, Dy
adjusting the compositions of both zones in the appropriate manner

one aims at a flat distribution of the normal and adjoint fluxes across

Tema o + 1R 154

4
ct
&
l¢]
ct
[¢:1
[ 42
3
3
|
7]
?
e
e
>

the inner test zone and to bring the X¥_ ©
The atom ratio C/U238 in SNEAK 5C is rather large, about 12, which leads

to a "soft" neutron energy spectrum,

ZPR IIT=55 is also a k_-experiment for a plutoniwm composition from
which one tries to get infoimation on the a-value of Pu239 in the
energy range 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 SNEAK 5C,

In addition to these asserblies we consider also the measurements con=-
cerning the steam density~ and steam voidecoefficient which have been
performed during the sow-called SNEAK=-3A-series. They are described in
/" 57 _7 and include besides the assemblies SNEAK 3A1 and SNEAK 3A2,
mentioned before, two other assemblies SNEAK 3A0 and SNEAK 3A3 which

econtained no hydrogen and twice the hydrogen concentration of SNEAK 3A2,

respectively.,



Apart from the leskage the small and "clean" assemblies SUAK=-U1B and
SUAK-UH1B provide checks for the higher energy data of U235 and U238,
Because of the increased moderation SUAK UH1B is more sensitive than

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

for ZPR III-25, The larger and well reflected assemblies SNEAK 3A1

end SNEAK 3A2 will give additional information on the uranium data

in the lower keV region. The somewhat similar plutonium assemblies

ZPR III=48 and ZEBRA 6A are both included in the ansalysis since the
informetion on plutonium assemblies is not very extensive, ZPR III-48B
is of interest because of its higher Pu2lO concentration in the inner
core zone compeared to the usually available plutonium isotopic composition.
The k_wmexperiments SNEAK 5C and ZPR III-55 provide a check of the low
energy cepture data of U238 and, hopefully, of the capture and fisgion
date of Pu239 in the keV region, SNEAK 3B2 has been included in the

[ — aﬁT‘l'ﬂ'Q R
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s the first fast critical at Karlsruhe containing plutonium.

With this selection of critical assemblies we are confident to obtain
essential information on the reliability of deta and methods for the

energy range of interest in fast reactor analysis.
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IV, TEE CALCULATIONAL METEODS USED

IV.1e General Approach

In this study we want to determine the effect of each change in the
nuclear data for the whole variety of criticals. The reason is two=
fold:
1¢ we want to get an insight into the uncertainty of the cal=
culation of characteristic quantities for these assemblies,
2. we went to obtain informstion on the sensitivity of the
quentities studied on various changes of the nuclear data
of seversl materisls in different energy regions,
ﬁoing this in the most correct wsy would consume s large amount of
corputer tire since one has to perform e.g. two—dimensional calculations
and has to apyiy corrections as mentioned later e.gs for heterogeneity
etcy 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 approximate manner: For each assembly which
_hes not essentially a two—zoned core, we determined with our reference

group set, the so-called SNEAK set / 3 7, / w7 7, the buc&llngs in each
one~dimensional direction (i.e. Bi, 35, Bi respectively Bi, Bz) by com=
paring one=dimensional results for the criticality with the corresponding
ones of fundamental mode calculations, These adjusted bucklings have
then been used throughout the study in the fundamental mode calculations
for the modified group sets. The adequacy of this procedure has been
proved by some twoedimensional diffusion calculations with 11 energy
groups especially for those changes in the nuclear data which caused
major changes in the calculated criticslity. The 11 group constants

are condehsed from the original 26 group constants using as weighting
spectrum thet of a one~dimensional diffusion calculation in spherical
geometry for each modified group set. These two-dimensional results

of course have to be considered as the basic ones, The fundamental mode

changes in the nuclear data which lead to relatlvely small channes in

criticality.
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IV.2., Corrections

To get the final results (best avai}able values of table Val) some correc=-
tions which are partially calculated by ourselves and partially taken
from the literature have to be applied if necessary: (a) the heterogeneity
correction using the ZERA~code 1—58_7,(b) the transport correction

using a one-dimensional SN-code, (c) the so-called REMO-correction

which arises from a more elaborate treatment of the elastic slowing

dovm 5“3*7, Z-2_7, (d) a correction for the transport cross section
which takes into account the anisotropic down-scattering of hydrogen
especially for SUAK UH1B _/_"3__7, /759 _7. 1In the cases where these
corrections are calculated by ourselves they were determined once with
the SlEAl-reference set and are then assumed to be only weakly dependent
on changes in the nuclear data and therefore are taken the same for

the modified group sets.,

IVe3. Comment on the Fission Snectrum

With respect to the calculational methods we should mention that the

— —— - - standard fission spectrum y in our group sets is that belonging to

v=2,8 of the Russian ABN-zet 1—20_7. In reality x depends 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 6f the effects which can be attributed to changes
in the fission spectrum in an approximate manner. The main results are
(see table 2): for U235~fuelled assemblies a reduction of the criticality
between 0.,001=0,003 and a decrease of the neutron spectrum by about

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

of x(v=2,8); for Pu230 fuelled asserblies a slight increase in criticality
(ebout 0.001) and an increase of the neutron spectrum by 117 in the
energy range mentioned, if y(v=3.,0) is used instead of x(v=2.8). The
average v of U235 fuelled assemblies is in the range 2.5 = 2.6, that

of Pu239 fuelled assemblies in the range 2,9 - 3.0, One should mention
that the fission'ratio'cféUZBQ)/@f{UESS) is only changed by 1=2% by the

changes of the fission spectrum mentioned above,
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IV, b, Accureev of the Two-Dirensional Diffusion Results

7,

Since the tvwo=dimensional diffusion results obtained with the DIXY=
program Torr: the basis of our best available criticality predictions,

it was necessary to check the validity of the approxinations made

20

in deriving these results. The Tirst approxinmetion is the condensation

from 26 to 11 groups. Corparing the ususl 11=groun result with that of one

P

o i

20=groun two-dimensional check calculation for SHEAK 3A1 using the

n
3

[

ne spatial mesh (1600 meshpoints) we observed a difference in keff

<

of 0,0001 vhich was far less than the accuracy of 0.001 required for

each calculation. The second approximation concerns the distance between
the meshpoints for the calculation of the space dependence of the neutron
flux. This problem has been studied for an asserbly similar to SHFEAK 3At
by twomdimensional caleulations using 26 groups. The results are pre-

sented in the following table.

on the spatial mesh

Dependegce of keff ne
case 1 |case 2|case 3
Redial  |nurber of mesh points | 20 | ko1 68 —— |
direction |number of mesh intervals in
the core per transport mean
~_|free path o 1,04 2,16  |3.,64
Axisl number of mesh points 20 40 60
direction {number of mesh intervals in
the core per transport mean
_ free nath 141 242 3Tk
Total number of mesh points Loo 1600 {4080
ko pe 9.98600 0.98746{0,98Thh

From this table one concludes that 2 mesh intervals per transport
mean free path is sufficient fer the two-dimensional calculations

if an sccuracy of 0,001 in keff is desired.

\ ,
il All results quoted in this paragraph have been provided by

W, Hobel (Kerlsruhe).



IVe5. Approximate Treatment of the Anisotropic Scattering of

Hydrogen in SUAK UI1B

Usually we use the diffusion equation for the determination of the
criticality of the assemblies studied, In deriving the cross sections
respectively group constants which are needed in this equation the
usuel transport approximation is spplied. It is very probable that
this gpproximation is not sufficient for the anisotropic scattering
of hydrogen 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 contalning assemblies the leakage
probability is most important for SUAK UH1B., Therefore an improved
but still approximate treatment of the problem has been applied

for this assembly 1“3_7 which is indicated in the following.

From the Pi=equations the following relation can be derived:

. . .. d.
i i +i
(IV'1)Gtr =0, =8 o% 7
iz i
3, Ve N e . : :
?}'}@Tj?'e*’b"% - ’cg" = \,IJ""* “Is the second moment ofthe—scatbering matrizx——— - ——-

and 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
is the

. . ii i
of the above equation (IV,1) can be approximated by O o Oy

elastic scattering cross section in group i and u’ the average cosine
of the scattering angle. This gpproximation is of course not adequate
for hydrogen. Improvements compared to this average cosine concept
have been made for hydrogen in two steps: 1n the first step it was
assumed that the currents are weakly energy-dependent so the ratio
JJ./Ji in equation (IV.1) is set equal to unity, in thé second sten

the group devendent currents of the SUAK UH1B assembly have been used

]

e

t
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o deternmine the transport cross section of hydro
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dependence varies with space coordinates the group currents have been
teken at two space points, located at distances of 6.5 cm and 13.3 em fron

the core boundary. The resulting transport cross sections of hydrogen



heve been used in the appropriate core regions in the criticality
calculations, The influence of these two steps of improvements on

the critiecality has been studied for SUAK UH1B in diffusion approxi-
mation using a spherical model for the assembly. The following changes
A% have been obtained for the ARHUSET: the first step gives k=0,011,
the second sten k=0.0022 compared to the usual average cosine concept.
The reason for these different results is that in the second step the
transport cross section of hydrogen is incressed in the high energy
region even slightly more than in the first step since Ji/Ji is smaller
than ones But below 0.5MeV this tendency in reversed ana the transport
cross section is calculeted even smaller than with the average cosine
concents Sinece the transport cross section 1s also used in the boundary
condition of the diffusion calculations the calculated change in criti-
cality may also depend on the geométrical model used Tor the assembly
because in spherical geometry only one external boundary has to be considered
whereas in the real cubic arrangement three boundaries have to he taken

into account,

~— __ ___ Tt seenms to

s that the magnitude of this correction is still uncertain.

Ve have applied in the present evaluation a value of 0,007 for this correc-
tion which is taken from the literature / 59 7 and is in between of the two

extreme values mentioned before in this paragraph.

We will study the effect of the anisotropic scattering of hydrogen once
again using the eppropriate recently established improved version of the

DTH=S, w—code,

B3|

IV.6s Weighting Spectrun and o_-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 all cases
studied there the differences have been smaller than 0,005 in k. For the
neutron spectrum the REMp-procedure generally leads to better agreement

caleulations with experiments.

o
P

-4
ct

should be mentioned, however, that the REM@=concept is used only for

‘ those isctopes which scatter only into the next group of the 20=-group set

.

<

rith the ABlecroun structure. The REMf-concept is not well suited for



hyéroszen because the correction is applied only to the elements ZI+I+1
of the scattering metrix. Compearing the scettering cross sections of
hydrogen in the ABH~ and SIIFAXK-set one notices congiderable differences
which most probably are due to the weighting spectrum used because the
basic nuclesr dsta are well known, In the CHEAXK-set the welghting
spectrum corresmonds to that of the SIEAK 3A2 assembly. Therefore one
may obtain changes in ceriticality and neutron spectrum for the SUAK UH1B
assenbly if the ahuronrlate welghting spectrum is used for the determi-

nation of the scattering cross sections of hydrogen.

Cne should mention also that the RIM@-correction is applied only for
neutron energies above 1keV (group 1-14), The extension to lower
energies will probably bring about some influence on the results for
the criticality of assemblies with rather soft neutron spectra like

ZPR TIT&S55 and especially SNEAX 5Cy

In reactor calculations we normally use an average background cross

section S5 for the determination of resonance self-shielding (o _~concept,
ot . - - - - O

see / 20 7, / L 7). The determination of o, in each group 1s normally

done w1+h the 1nf1n1te allute totwl cross oectlon V;th the excaptlon

of U238 (see 1 3_7, / h_7). For the test calculations o, has been de=
termined in a different weay using the effective total cross section with
the strongest rescnesnce self shielding (see 1-2_7). Pecsuse these two
methods are extreme approximations to the true situation 4 possible error
of 0,002 may arise vhen using the o ~concept at least for assemblies with
a not too "soft" neutron spectrum because the difference increases as

the importance of the low energy end of the spectrun increases.,

IVeTe Accuracy of the Cgleulated Material Worths and Reaction Rates

a) Comparison of one- and two=dimensional results

In order to save computer time the material worths and the reaction rates
in the core center have been calculated in spherical geometry using 26
energy groups. This procedure has been adopted because it seems more

important to us to teke into account all energy groups and to apprOXImate



the geometry than to perform calculations for the real geometry but with
a reduced number of energy groups. Taking into account the real geometry
and the whole number of groups would necessitaste rather large computer
times. Ve expected that the desired quantities can be calculated well
enough with the procedure mentioned and checked this by two=dimensional
calculations for SNEAK=-3A1 and SHEAK=3A2 with 4 and 11 groups. The
results given in table 3 indicate that for predominantly scattering
materials like C, H, 0, Mg the agreement between the various results

is very poor as has been expected, This is essentially due to the
influence of group collepsing as is slready known in the literature

(see e.g. 1“60_7). Therefore even the 26~groups results nay be doubtful,
For the other materisls the agreement i1s rather good: for the case with
11 groups the differences amount to shout 5%. This indicstes that there
is n 'éystematic deviation between the results for_ spherical geometry
and the two~dimensional ones as could e.z. arise from differences in the
normaligzation integrals This has also been found by Pitterle et al.
1'35_7. For the same asserblies SNEAK 3A1 and SNEAK 3A2 in the central

region of the core the microscopic reaction rate per wnit flux and(per atom

U235,

t
vithin 0.15% and the importent reaction rate ratics U238(n,v)/U235(n,f)
/

U235(n,y)/U235(n,¥) and U230(n,f)/U235(n,f) also within 0.,15% comparing
one=-dimensional 26 group results with two-dimensional 4= and 11=group

results,

The results mentioned so far have been obtained using the SNEAX set but it
is expected that they are valid for other group sets and other sassemblies
as well. Calculations for the two asserblies SNEAK 321 and SHEAK 3A2
using the MOXTOT~-set indeed showed practically the same results as obtained
for the SNEAK set. Therefore, it seems very probable that the one=dimen-
sional results for the central material worth and the central reaction

rate are not subject to systemstic calculational errors,

b) Corparison of results with and without REMfecorrection

As stated two paragraphs before the REM@~correction generally leads to a
better agreement between caleulations and experirment for the energy-depen=-

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

his means the effective group everaged cross-section , agrees
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usual way and that calculated with the REMO-correction are quite
apprecieble, Tor the assembly SHEAK 3A1 e.g. they amount to about
+15% in some energy groupé. The question arises wether such changes
in the energy dependence of the neutron spectrum affect the calculated

material worths to a remarkable extent or not.

The REMOw=correction is based essentially on a correction of the macros=—
copic elastic and total removal cross section elements of the scattering
matrix and is appropriate for the calculation of the neutron flux. The
question if the REMO~correction is also an adequate 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 compare the results for the calculated material

worths using two different methods:

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

lations have been obtained using REMO-corrected group constants,

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

manner 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 material 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 almost identical apart from the relatively small addition
of the special material or isotope considered., The amount of material

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

most meterials about 1=10% of the amount which is normally present in the



Results for Assermbly ZPR IIT.h8 usﬂng_the SNEAK=set
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mixture. Therefore we expect that the influence of the REMO=correction
on the cross sections of both mixtures will be almost identical and the
net effect on the perturbation cross sections will be practically zero
because of a compensation effect since the perturbation cross sections
are determined as differences between the cross sections of both com-

positions whieh show almost identical REMO-corrections.,

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 absorbing materials
generally smaller than 5% which is not too much compared to the existing
discrepancies between calculation and experiment., However, one should

have this in mind when in the future these discrepancies come down to
comparsble magnitude. For predominantly scattering materials, as expected,
the influence of the REMO-correction is larger = up to 30%= ., But

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

correction are somewhat doubtful as indicated in the preceding paragraph.
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RESULTS AND DISCUSSION

Vilse Results of Fundamental Mode Calculations for keff

The results of the fundamental mode diffusion calculations for L

are given in tseble V-1, The values given refer to the homogenized

core compositions For an easy comparison with the measured values the
calculated criticality values for the SNEAK-series have been normalized
in such a way that the normelized 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‘heutron 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 fhe corresponding figures for the different
assemblies. The curves have been obtained from the group values using

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

Except for the two-zoned cores SNEAK 3B2 and ZPR III-48B the values for
the normal and adjoint fluxes have been taken from fundamental mode

calculation, The normalization is

o . - e

f vE(E) 6(E)QE = 1
(o]

for the flux density and

[ x() $T(B)aE =1
(o]

for the adjoint flux. For the two exceptions SNEAK 3B2 and ZPR III-L8B

the normal and adjoint fluxes at the core center have been teken from
one-dimensional calculations. The corresponding curves therefore have been
drawn with an arbitrary normslization. For the adjoint flux the arbitrary
normalization has been done in the following way: for SNEAK 3B2 the curve
has been normeslized 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.k = 0.8 keV to give
energy range.

A1l results for the collision densities have been taken 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 eppropriate way, Therefore it would have been very inconvenient
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t0 use the results of the fundamental mode caleulation in order to get the
corresponding collision density. The curves given always belong to the
inner core zone, sometimes to an even smaller artificial zone around the
core center, The normalization for all collision density curves is

arbitrary.

All results for the figures AII-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 assembly by giving the criticality changes for the

most important changes of the group constant sets.

SUAK U1B: SNEAK + SNEPMB: Ak= =0.015
SNEPMB+ SNEAPM: Ak= #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 = 0,02

SUAK UHIB:; SNEPMB + SNEAPM: Ak= +0,008
PU9SCP - SCTALO: Ak= +0,003
MOX911 - MOXTOT: Ak= +0,00k4

Due to the much softer neutron spectrum of this essembly compared to SUAK U1B
changes in the high energy dats are less important, The omission of the
reduction of the U235 fission cross section gives rise to a criticality increa-
se which is only 1/3 of that obtained for SUAK U1B, Teking 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 eriticality obtained with the new scattering probabilites for the

inelastic scattering probesbilities for the inelastic scattering is due to

the special energy dependence of the neutron importance for this assembly

which increases considerably below 1 MeV with decreasing energy.
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ZPR I1I~10; SNEAK -+ SNEPMB: -0,015
SNEPMB -+ SNEAPM: 40,026

The results for this esserbly with a relatively hard neutron spectrum are
very similar to that obtained for SUAK U1B.

ZPR III-25: SNEAK - SNEPMB: =0.010
SNEPMB + SNEAPM: +0,029
PU9SCP + SCTAL$: ~0,011
PUO2RE ~ MOX911: +0,013

Mpert from the results similar to ZPR III-10 the new inelastic scattering data
cause & remarksble reduction of criticality which is due to the special form
of the energy dependence of the neutron adjoint which decreases below 1 MeV
with decreeasing energy contrary to the behaviour for most of the other assem~
blies. The reduction of the 0238 cepture data in the 10 - 100 keV region

to the low MOXON-values shows a remarkable effect on the criticality of

this assembly because the enrichment is lower asnd the neutron spectrum some-
what softer than that of the assemblies considered in the preceding para=
graphs4«4Theuhighg;_;gggizizéﬁz,EQMPE§¥§?§? ‘

region is also indicated by the difference g;;;;éngghe first two steps
which amounts to +0,019=0,029~0,010 and is considerably larger than the

corresponding data for the SUAK assemblies snd for ZPRIII=-10,

cepture data in this energy

525-525:583 SNEAK -+ SNEPMB: +0,009
SNEAPM + PU9SCP: 0,009
PUO2RE -+ MOX911: +0,008

This assembly is rather sensitive to the U238 capture data below about 100 keV
which have been changed for the sets SNEPMB and MOX911. The new a=values for
Pu239 of GWIN used in the PU9SCP-set cause & criticality reduction which
is not as large as that of =0.016 reported previously 4'2_7 where lower

limits of the first preliminary o-values of SCHOMBERG had been used.

ZEBRA 6A:  SNEAK - SNEPMB: +0,006 S
SNEPMB +» PUOSCP: =0,010
PUO2RE -+ MOX911: +0,006

As expected this assembly shows a behaviour similar to that observed for

ZPR III-h8,
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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 sbsolute values of
the eriticality differences for the first two steps are of the same
magnitude indicates that the steam density coefficient is much more

235

sensitive to changes in the U fission cross section than to those

in the y238
between about 20 - 500 keV)s One should of course always have in mind

capture cross section in the energy region considered (i.e.

that the criticality values for the SNEAK-series are normalized in such

a way as to give a k, re equal to unity for SNEAK 3A2,

SNEAK 3A1: SNEAK - SNEPMB: =0.009
SNEPMB + BNEAPM: +0,018

PUO2RE -+ MOX911¢ ~+0,009
 MOX911 + MOXTOT: +0,006

238 capture

The criticality change corresponding only to the reduction of the U
cross section in the first step amounts to +0,009, It is overcompensated

by the effect of the reduction of the U2357§issi9nfcross section which is

twice as large as can be seen from the second step leading from a criticality
change of =0,009 for the first step to a total criticality change of +0,009
for the first two steps. TFrom 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: +0,00T7
MOX911  MOXTOT: +0,007

For SNEAK 3A2 the results are guslitatively similar to those for SNEAK 3A1.

Al b

The last two steps cause nearly equal criticality changes. This means that
for this assembly with respect to eriticality the influence of the change

to the MOXON date is of equal importance for the energy region below 16 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 SNEAK 3A1.
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§§§é§_2§i SNEAK > SNEPMB: +0,008
SNEAPM - PUOSCP: =0,015
PUO2RE -+ MOX911: +0,008
MOX911 -+ MOXTOT: +0,01k

The largest criticality change for this assembly is caused by the change
to the Pu>>? a-values of GWIN (SNEAPMSPUOSCP), The reduction of the U230
cepture 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 cepture date in the whole energy
regicn concerned overcompensates that of the chenge to the GWIN o-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 slready has a relatlvely soft neutron spectrum.

ZPR IIT-55: SNEAK - SNEPMB: +0.018
SNEAPM -+ PU9SCP: 0,011

_ PU9SCP ~+ SCTALO: =0,013
PUO2RE -+ MOK911: +0,017
MOX911 + MOXTOT: +0,017

For this assembly relatively large criticality changes have been obtained,
Qualitatively the results are similaf to that for SNEAK 5C or even to SNEAK 3A2
with the exception of the importance of the inelastic scettering data for

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

238 is considerably

one should have in mind that the atomic number density of U
larger than that e.gs for SKEAK 5C and SNEAK 3A2 and that the neutron spectrum
is considersably harder than that of SNEAK 5C. This fact is for both assemblies
ililustrated for example by the different ériticality changes cased by the

two last changes in the group cross section sets.

sensitive to the changes in the nuclear data wh1ch have been performed

during this study.
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SNEAK - SNEPMB: ZPR III-55 : +0,018
SNEAK 5C : +0,008
SUAK U1B : =0,015
ZPR III-10 ¢ =0,015

ZPR IITI=25 : =0,010

This change actually consists of two different changes:

238

a) the reduction of the U capture cross section

b) +the reduction of the U235 fission and capture cross section.

The second part has no influence on the Pu-fuelled assemblies, These assem=~
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 effect of the second part and
therefore we obtained a decrease of criticality for these assemblies. Since
in the next step (SNEPMB-SNEAPM) the second part has been cancelled the

effect of the first part can be determined separately (assuming additivity

for the criticality changes of the two parts), This leads to the result

that the eriticality effect of the first part for the assemblies ZPR III-25
—and-ZPR-IIT-10—is of comparable magnitude as the corresponding values for
ZPR III~55 and SNEAK 5C,

SNEPMB - SNEAPM: ZPR III-25 : +0,029
ZPR III-10 ¢ +0,026
SUAK U1B t +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 cross sections
to the previously used values in the 25 - 500 keV region. It produces rather
large criticelity changes, of course only for the U-fuelled systems.

SNEAPM -+ PU9SCP:

-

SNEAK 5C : -0,015
ZPR III-55 1 =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 reduction becomes

even larger if the neutron energy spectrum becomes softer, SNEAK 5C seems
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to be at the lower end of the "soft" assemblies 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 obtained in the present study for
the somevhat "harder" essembly SNEAK 5B which is descrived in /762 7 and

has a medien fission energy of about 3 keV,

PU9SCP » SCTALO: ZPR III-55: «0,013
ZPR III=25: «0,011

The new inelastic scattering probabilities generally have only & small
- effect on the criticality. The two exceptions given sbove are caused by
the special form of the energy dependence of the adjoint flux ss mentioned

before,

SCTALO + UPUCOR: SUAK U1B: «0,006
ZPR III~10:-0,005
SUAK UH1B: =0,004

The reduction of the fission cross sections in the energy region above

T 'y

2 MeV causes only relatively small criticality chenges for the assemblies -
considered in the present study. For smaller assemblies with even harder

neutron spectra more marked effects are tc be expected.

UPUCOR + PUO2RE: SNEAK 5C : +0,004
ZEBRA 6A : +0,004

Because of the relatively small concentration of higher plutonium isoctopes
in the presently available 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: +0,013

Beceuse bf"thEﬁiarge”UZBB atomic number-densities present in both assemblies
and because of their energy distributions of the neutron flux which give con=-
siderable weight to the energy region between 10 - 100 keV these two assem=



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 : +0,01k
SNEAK 3A2 ¢ +0,007

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

its relatively large U238 concentration,

Vi2: Results for kef? from One~ and Two-Dimensional Calculstions

The results for the criticality of the various assemblies obtained in one=
and two=dimensional 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 thet if no

two-dimensional resulis are availeblé £O7 the criticality «
when going from one group set to the other the corresponding fundamental
mode criticality differences can 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 constents, This is
expecially true of the reductions in the capture cross section of U238
and to a smaller degree of the reduction in the high energy fission cross

sections of all materials (SCTALOUPUCOR).

V+3. ReBilts TOF the Best Available Values of the Criticality

In this section we have to compare our calculated criticality values for
the various assemblies with the corresponding measured velues., The calcu-
~-lated values are based on the results—of two-dimensional diffusion caleu—
lations. If necessary the criticality differences obtained by fundamental
mode calculations for successive changes in the group constantzsets have

been used to determine in an approximate menner criticality values for the
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modified data sets which are equivalent to two-dimensional results, In

order to establish the best theoretical values for k pp SOME corrections
have to be applied as outlined in chapter IV-2, The numerical values of
these corrections for the various assemblies are given in table V=3, The

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

The corrections have been assumed to be the same for the different sets

of group constants used in this study. They heve been spplied 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-l

together with the experimental results. These results will be discussed

V.o Results for Material Worth Ratios and Central Reaction Rate Ratios

The information on the material worth end reaction rate of various materials
7i§7consi&ered in our study as complementary to the information provided

by tiegﬁéiticéiiiy; ‘The normalization of the materisl worths relative to.
that of U235
to avoid the trouble with the well known discrepancies in the absolute

which is used generally in this study brings the advantage

magnitude of the measured and calculated material worths or reactivity
coefficients 1-63_7. Furthermore the calculated vslues are independent
of the so-called normalization integral which msy perhaps be in error at
least for one-dimensional models of the real two- or three-dimensional
problems because the geometry is not teken into account properly although
our results mentioned in chepter IV-T seem to indicate that this is not
the case., The reaction rates are usually normalized in the experiments
to the number of fissions of U235. For an easy comparison with the experi-
mental results this normelization 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.gs £-6h_7) and sample environment have not been taken into account.
For those materials which show a large contribution to the material worth

by the somcalled scattering~ or degradation-term the theoretical results

can not be considered as very relisble as has been explained in chapter IV=T,
Further but perhaps less severe doubts on the reliability of the calculated
maeterial worths arise from the fact that the group constants usually used

in the adjoint flux= and perturbation calculations are the same as 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.g 1-60_7). _

The theoretical results for the central reaction rate ratios have been
obtained also by homogeneous diffusion calculations. In comparing them

with experimental results one 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 ewgs /[ 65_7) often can be adequately ] 3
only by heterogeneous calculations, A
Some theoretical results from spherical calculations for SNEAK 3A1 and
SNEAX 3A2 are given in table V=5. TFor the same assemblies the reaction
rate ratios ch238/ofU23 and c_cU238/cf,U235 obtained from fundamental

mode homogeneous celculastions with the various group sets are given in
table V=6, Corresponding experimental results are presented in 1-65_7.
1“66_7 end /67 7, In comparing them with our theoretical results ome,
should be aware of the effect of sample size for the material worth [‘6&_7
and the fact that the experimental results for reaction rates measured
with chambers and foils are sometimes quite different 1-65_7. Therefore

from the tables V=5 and V=06 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 ratios for ZPR III-48 are given in table V=7. Generally

the agreement between theory and experiment is not too bad. Perhaps a
certain amount of the disagreement for the material worth of B1O, Fe, Cr,

Ni, Mo may be due to the sample size effect., This seems at least to be
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possible considering the results shown in ['6&_7 for most of these
materials, The calculated worth for sodium seems to be doubtful since
it is apredominantly scattering material,
The theoretical result for the worth of Pu2

compared to the experimental result when the PUO2RE-set is used i.e,

Lo

shows a marked improvement

When the updated data for the higher plutonium isctopes are included.

The theoretical result for the reaction rate ratio cfPu239/cf U235 is

consistently lower than the measured one. This gives = togetherwith the

239 is underresctive in the

material worth ratio - an indication that Pu
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 III-48B. The
results are essentially the same as those for the assembly ZPR III-h8,
Therefore no additional or more precise conclusions can be drawn from

a comparison of the theoretical and experimental results than those
‘already obtained for the assembly ZPR ITI=-U8, —Especially no specific
results with respect to Puzho
measurement for ZPR III-48B,
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

can be deduced by comparing theory and

the diffusion and 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.,

V5. Results for Reaction Rate Traverses

The only experimental results for reaction rate traverses considered for s
comparison between theory and measurement are those for SNEAK-3A2 [’65_7
and 1'67_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 may lead to erroneous
results in the experiments (see / 67 _7p., 42) , The presently available

foil experiments are considered more reliable (see / 67 7p. 42)i Foil ex-
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periments which can with some confidence be compared with calculated re-
sults are only the measurements of BOHME and SEUFERT in SNEAK 3A2 des-
crived in 1'65_7 and also in 1-67_7. These experiments show discrepancies
to the chamber measurements, which are attributed to the streaming

effect, and discrepancies to the theory especially in the blanket region
near the core which are considered as "not yet understoad" in /767 7.

In the core region the calculated traverses for o (U235), ( 538),

g (U238) show & steeéper descent to the core-blanket 1nterface than the
experlmental ones, This effect is less strong for ¢ (U23 )o In the

blanket region near the core all 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 SNEfK-set
are shown in fig, 1. All results have been obtained for the axial direction
using one-dimensional diffusion theory for the homogeneous case, The radial
leskage has been taken-into account by & global-buckling.  For the capture -

238 235 the traverses calculated using the

rate in U and the fission rate in U
MOXTOT=set are larger in the outer core region and especially in the blanket
than the traverses calculated using the SNEAK-set, Both traverses are
normalized at the core center. The fission rate traverse for U238 remains
essentially unchanged within the core region., In the blanket region, how=
ever, the MOXTOT-set-results are considerably smaller than the SNEAK-set=-
results. From the results of fig, 1 it cen 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 and experiment is improved for the core region when the

MOAVMOT_ e
MUALVL=OG

for fige 19 of 1'65_7 respectively fig. 29 of [ 67_7 which is reproduced

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

. .
t is used compared to the SNEAK=set results which have been used

small in the core region using the MOXTOT-set.



In the blanket region the pesk within the first 5 cm of the blanket near
the core which is already observed when comparing the calculated to
measured ratio for the traverses for the SNEAK-set in fig. 3 is increased
by sbout 5% for ac(U238) and o f(11235) when the MOXTOT set is used. This
leads to an oversll deviation between theory and experiment of about 10%
at a disteance of sbout 5 cm from the core-blanket interface for both
reaction rate traverses when the MOXTOT-set is used. For the fission rate

238

in U 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.
Even when the MOXTOT-set is used a deviation of about 15% will remain
between theory and experlment for the o (U23 ) traverse at a distance of
sbout 5 em from the core-blanket 1nterface. This leads to the result that
with the MOXTOP-set all the three reaction rate traverses o (U238), ( 238),
o (U235), cen be rather well predicted within the core region but are over-
estimated by 10 to 15% in the blanket at a distance of about 5 cm from
thecoore~blanket interface using the usual diffusion theory results.

Since this overestimation appears for sll three reaction rates it is not
very probgble that it is due to spatial resonance selfe-shielding which
cannot be taken into account by the presently used c°~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 oc(U 38) and © (U235) would show opposite tendencies since the

238 235 is decreased when

atomic number density of U is increased that of U
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 end diffusion theory result,
Unfortunately at the time of this study no code was availeble to evaluate
reaction rate traverses using the fluxes calculated by an S -code. Therefore

we used the fission source traverse 1nstead of the reactlon raxe traverses.

Figs 2 shows a comparison of the one-dimensionsl S6 and diffusion theory
fission source traverses, Both are normelized to give one source neutron
in the whole reactor. For the calcuiations 35 mesh-intervals in the core
and 20 mesh~intervals in the blanket have been used. The desired accuracy

in keff was 1o‘h in both calculastions and a source accuracy of 10'3 was
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required in the diffusion caleulation. The results shown in fig, 2 have '
been confirmed by doubling the number of mesh-intervals and requiring a
ten times higher accuracy. Fig, 2 clearly demonstrates that by using
transport theory the fission source distribution in the blanket is

chenged by sbout 10% compared to the diffusion theory result. This

238 will be changed by about

means that at least the fission rate of U
the same amount.

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

same position when the MOXTOT-set~results are compared with the experi=-
mental results for the reaction rate traverses. The peak shown in fige 2

in the outer blanket region cannot clearly be verified experimentally because

the mesasurements 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 en accuracy of better than 10% is required. It can be expected from
the preceding results that doing this and using the MOXTOT=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 Feutron Importance

The results for the neutron importance for the assembly SNEAK 3A2 reported
in /767_7 table 10 and /767 7 figs 26 and 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 sbout certein improvementss
We found that in the energy region of interest the neutron importance Bhows

& 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 £-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 mhcertainty.
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We wanted to study if the REMO-correction for the elastic removal group
constants causes changes in the calculated neutron importance. We ex-
cluded the problem whether the REMO-correction is an appropriate method
when applied to the adjoint flux or importeance calculation. A calculation
with REMO=-corrected group comstants resulted in sn additional small decrease
of the difference between theory and experiment of about 1% for the Sb/Be
source but even then the remaining discrepancy is larger than the experi-
mentel uncertainty. ,

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

A more principal uncertainty in the adjoint flux calculation mentioned
e.g in 1’60_7 is caused by the use of flux-weighted group constants for

the calculation of the adjoint group fluxes.

V7. Heterogeneity Calculations

Vi7s1s  Introduction
As has been shown e.gs in /58 7, /765 /, [766_7, /767 7, /769 _7 heterogeneity

~calculations are helpful Enémsgmetimes necessary to control and improve

the accuracy of nuclear data, Beside 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
epp 504 to check the method spplied.

Furthermore we calculated reaction rate distributions within the unit cells

correction of k

end 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,
1-66_7, £—67=7. Up to now a part of the reported experimental date could
not be verified by celculations. The authors supposed that these differen-
cies may be caused by inexact cross sections as well es by insufficient
calculational methods,

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

pancies.,
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V742414 Codes, Cross Section Sets, Assemblies Investigated and Their

Geometric and Material Data

All heterogeneity calculations were performed with the éode ZERA,
described in /769 7 and /758_7+ ZERA is part of the NUSYS-system and
contains evaluation 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 1-3_7 and in this report.

We investigsted the two critical SNEAK assemblies 3A1 and 342, Both
facilities have two uranium fuelled core zones with about the same
homogenized composition in each zone, but with differing structure of the
unit cells. The detailed description of both facilities, of their
macroscopic geometry and dimensions of their homogenized compositions
as well as the microscopie structure of their unit cells and the stom
densities of the single platelets are given in ref. 1-66_7 (341) and
in ref, Z-GS 7 (342), We have taken the necessary data exactly from

-
A

these repor
The atom densities of the 35% enriched urenium platelet used in the

unit cell of core zone II are teken from ref, 1-67_7, while the atom
densities of the natural uranium platelet has been determined in such

a manner that the homogenized urasnium densities in the unit cell of

core zone Il are identical with that used in core zone I, To explain

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

one of them is & 20% enriched uranium platelet, the unit cell of core
zone II has 36 platelets, five of them are 35% enriched uranium platelets
end four of them are natursl uranium platelets,

For all ZERA=calculations we used the following total bucklings: Assembly
381: B2 = 22,01x10"en™2, Assembly 3A2: B2 = 25.55x107‘em™2,

For the one~dimensional radial diffusicn calculation for SNEAK 3A1 we

used the buckling BPexial = 8.h7x10-hcm?.
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VeTs2:2,  Cell Structures, Modifications end Noiations

A1l SNEAK 3A platelets have the same thickness of 0,314 cm. Within a

single zone the platelets are arranged in periodic sequences. Such
sequence is defined as the normal unit cell. In order to enlarge the
effect of heterogeneity one can re~arrange the platelets as is done in
the bunching experiments, Single bunched cells are built from two
normal cells, double buncﬁed‘cells from four normal cells. The thick-
nzss of a single material zone (two identical platelets) amounts to
0,628 cm for the single bunched cell and to 1.256 cm for the double
bunched cell (four identical platelets).,

VeTe3s Influence of Heterogeneityon k £f
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 & factor large enough to avoid spatial self-shielding effects, We
have chosen in our calculations a factor of 1000, (To evoid numerical
difficulties perhaps a factor of 100 is more appropriate,) We 5@@0‘?
such & cell as quasihomogeneous.

Now we define the heterogeneity effect of keff as difference Akeff bet-
ween the ZERA-calculated multiplication factors of the heterogeneous and
the quasihomogeneous 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 ems In csse of bunched cells these thicknesses are
duplicated or multiplied by four.

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

Vels3:1s JZera-Calculated Ak .. for Diffevent Cross Section Sets

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

The results are given in the following table,
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Akeff(ZERA-calc‘) /"in units 10-3_7,

. Assembly
Group Set 3A1 3A2
ABN =154 «1.32
SNEAK +1414 +2,53
SNEPMB +1,20 +2,56
MPXT@T +0,90 +2,22

The table shows at first sight the very strong difference between the
results of the ABN-set on the one hand and the results of the SNEAK=-set
and the succeeding ones on the other hand.

The variations within the results of the new SNEAK-sets are comparsbtive

smalle

VeT43.2+ The differences between ABN and SNEAK results increase strongly with
increasing heterogeneity., This is apparent from the next teble, which
contains the results for different degrees of bunching, *)
Ak e (ZERA-cale.) /~in wnits 107> 7 for different

degrees of bunching (Zone I) '

Assembly 3A1 3A2

Group Set normal [single|double nogggiT;ipgle double
ABN =154 |=k,2h [=0,21 =1,32 [=3.,98 [=10,51
SNEAK | +1,14 |+0.83 |=0.10 +2,53 [+3.03 |[+2.35

ue
"/Meanwhile it has been found that the main reason for this discrepancy
between the results for this two cross section sets comes from the

fect that in the SNEAK-set and the succeeding ones the cross section
U238 used for the determination of the background cross section %
-necessary for the calculastion of the resonance-self-shieldinge 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.



VeTs343¢ One-Dimensional Diffusion Calcy

Cross Sections for two Core Zones.
= = e Y

The ZERA-celculated Akeff of the central core-zoﬁe I is generally used
for the correction of one-dimensional diffusion theory results., This
method is justified, if the assembly may be well described by appiying

a fundamental mode calculation, A better spproximation is the one=~
dimensionel calculation of 'Akeff with ZERA-corrected cross sections,

In our case the two zones have practically the same homogeneous come
position, but a different structure of the unit cells, Therefore it seems

to be interesting to check the ZERA-correction Ak by calculating the

eff
same quantity in one-dimensional diffusion theory with ZERA-corrected
cross sections for both core zones., Doing this a certain difficulty

“arises: The unit cell of core zone II is built by 36 platelets. A further

splitting in subregions has become & question of calculation=time., -
Therefore we kept the normal structure using the actual platelet thickness
for each regions Ve have justified this procedure by a test calculation
in core zone I. Only & negligible change in Akeff~of about 1:10’5 which
is within the sccuracy limit was obtained changing from five subregions
to one single region per platelet. Of course, this is valid only for
the normal unit cell but not for bunching experiments., |

In fhe following teble the ZERA=results for each core zone and the one=-

dimensional radisl diffusion result for the whole assembly are given,

: - . -3
efr Z in units of 10 _7

b on2, B2axial = 8.4Tw10™ cm™2, SNEAK-set

SNEAK 3A1 Ak

B2total = 22.,01#10™

ZERA-calc, Zone I +1,14
ZERA=calc. Zone II -0,06

Diff,=~calc, whole assembly
with ZERA~-corrected cross +1,80

sections in both core zones
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The differing ZERA~results for the two core zones demonstrate the necessity

to determine Akef at least by a real one-dimensional calculation using

f
the ZERA=~corrected cross sections forrthe two zones of different cell

structure.

The somewhat surprising results of the preceding table are probably due
to the fact that using the heterogeneity-corrected cross section the flux
shape is slightly modified which is equivalent to a slight correction

of the buckling for the ZERA-calculations.

Generally it will be not sufficient to take only ZERA=results for a central

unit cell as heterogeneity correction for a one-dimensional keff'

Va744y Reaction Rate Ratios of Uranium for a Central Unit Cell of SNEAK 3A2

ments

The experimental date are reported in /765_7 Fig. 15 and [767_7 Fig. 15,
Teble 11. Some theoretical dsta are given there too, but they did not
agree Vell with phg experi@entalrvg;ges,

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 consideréd
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 fundemental mode spectrum using a suitable buckling.
Fig. 4 is presented in the same manner as has been done in £'65_7 Figes 15,

We have only replaced the theoretical data,

In case of the ci?/c%s 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 ci9/o§5,ratiomthemSNEAK;setqupresentsmthe,experimental data
better, although the theoretical points do not lie completely within the

experimental errors,
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25
f
sbout the same amount for the bunched cells would result in a rather

A lowering of ¢%” by about 6% for the normal cell or an increase by

good agreement for these ratios between theory and experiment considering

only the dependence on the degree of bunching.

V745 Fine Structure of Reaction Rates

The comparison between ZERA-calculated data and the measured spatial
distribution of reaction rates within a single platelet is suggested in the
above mentioned references as a suifable method to check and improve the
accuracy of cross sections. It was our aim to apply this method to the
nev 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 (zone I).

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

one in the central subregion of the uranium platelets.,

The most essential results and conclusions are the follewing ones:
238 and

235

lie close together, But for U a large difference exists bete

ween these curves and that calculated using the ABN set, This is
valid for fission rates as well as for capture rates of U235.

3 reaction rate distributions calculated with the new group

b) The i
sets show so small differences, that a significant conclusion con=-

cerning the accuracy of cross sections seems to be impossible,

e) We feel that the differences in the normalized cell traverses for U238

are not so significant between the various group sets that definite
conclusions cen 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:) and the resonance-
self-shielding factors (f-factors)., However, it seems to us that

precise end relisble measurements of the central reaction rate ratio
cialoi? will give information on the correctness of the U238 capture data
as can be seen from Fig. 4, This information will be additional end
more unique than the information which cen be obtained from e comparison

of ke between theory and experiment.

£f
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ViT464 General Conclusions

The most striking result of our investigations is the very large discrepancy
between ZERApcaiculated date using the ABN set on the one hand and using

the more recently established sets on the other hand. Compeared to this
discrepancy the differences within the results of the new group sets

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

code.,

Furthermore it seems to be impossible to come to a definite conclusion on
cross section accuracy by evaluating the fine structure of reaction rates

within normal, single or double bunched cell-regions. More information may

become availsble by enlarging thée heterogeneity and probably by considering
in more detail the energy dépendence of the neutron flux in special important

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

In order to get a reliable value for the calculated multiplication factor which
can be compared with the corréspondiﬁg experimental one, we have to apply
certain corrections to the multiplication factor resulting from calculations
using diffusion theory for therhomogenized material composition of the different
zéﬁes of the assembly. An essential correction is the transport- or SN-correction
which takes into account the difference between an appropriste treatment of

the neutron transport process and the usual diffusion approximation for this
process. Although some of the transport corrections are given in the literature
and vere partially applied in our studyywe wanted to have an independent check
of these data. Therefore we evalusted for most of the agsemblies that we have
studied SNFcorrections by means of our own nuclear data and code. All cal-
culations“hayewbeen*&onewinﬂonendimensionairgeemetry~withmtheﬁcodeWD$Kwzflo;w,
the XKarlsruhe version of the well known DTFwIVwcode 1“71, 72-7’ using the

26 group SNEAK-set as nuclesr data basis.™ We have taken the original SN con=

stants as published in [/ T1 Jon 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 question how to choose meshwsize
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-aalculations".

By using the results specified in the section mentioned sbove, we have done
the celculations reported on in the section entitled "SN-corrections for various

assemblies",

Assuming that the one~dimensional S_~corrections for the various space directions

N

could be added up to give the final SN—corrections, we also compare in this

T-correction for the equivalent spherical

section the added up value with the SL

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 (MVI),
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Comments on the Smycalculations

First we will give some general remarks sbout the dimension and the numeration
of zones. Unless otherwise stated the zone dimensions used by DTKw-calculations
are identical with those used in one dimensional 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 gsomewhat familiar with the
notations used in the DIF-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 an effect, which in some circumstances can make the DTK
calculated value not a good epproximstion for the reel keff‘ The code determines

in e sequence of eigenvalues from which the last one is essumed to be

Repr
identical with keff’ of course within the desired accuracy. In this sequence

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

table V=10b, The eigenvalue within a 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-1l is less than or equal to g, with ¢ being specified
in the input by the user of the code.

After terminstion of the iteration process there is done g final step in which
one more eigenvalue is calculated using the gbove 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=102

? 50 that the |A=1| S ¢ condition has been fulfilled

¢ hes been specified to 10
after 10 outer iterations with |A=1| = 0,5°10™°, The value of A used in the final
step is closer to unity than the previous one., In this case and if some other
conditions, which will be discussed later, are also fulfilled, we can have

much confidence that the last eigenvalue is a good approximetion for k

eff*®
But thereare some other casesj one of these is shown in table V-10b, The |A-1] Ze
condition has been satisfied after 3 outer iterations because |1=1,000 05| = 0.5+10"
%)

Nonwoscillating means nonwoscillating at the end and some steps before the end
of the iteration process, For example, if you take the values of table V«10a,

|1=1] 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 greater than ¢ (|i-1]| =
h.13~10-h>10'h). It is evident that in this case the last eigenvalue is not

and we must check all results on the appearance

8 good approximetion for keff

of this effect.,

Meanwhile DTK has been improved. In a first step there was given s detailed
printing of the number of inner iterations for each energy group. If at the
iteration bresk off the distribution of the inner iterations over the energy
groups oscillates not too much and if in addition ﬁhe number of iterations
for one group is low, we may take this also as an indication that the last
eigenvalue is a good spproximation for keff' In a second step the possibility

has been provided to use

a) Tschebyscheff extrapolation and

b) en improved guess for the source distribution.

Using Tschebyscheff extrapolation causes the effect that the convergence of A
1s oscillating ® So that the iteration may be terminated without having reached
the desired accuracy for the eigenvalue., To exclude this possibility a new

iteration bresk off condition of the fornm

T%'E =y ]+ [1ag 13 <

with i being the outer iteration number has been introduced by the authors
of /7707,

Besides €, which is responsible for the accuracy of keff’ it is possible to
fix EPSA in the input of the ¢ode to determine the fluxes with a certain
accuracy. But being primarily interested in keff we have not taken advantage
of this possibility.

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

were motivated by two reasons: a small number of mesh points saves

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 Tfigure 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 k versus the number of mesh intervals in zone 3, because this

zone 1s identiiii with the core and the number of mesh intervals used in the
other zones containing no fissionable material is changed most times proportional
to the corresponding change in the core region.

Looking at table V=11a and figure 6A we can see that Ko pp is increasing with
rising mesh interval number. But the increment is small if we have more than

30 mesh intervals in zone 3.

Doing the same calculations in spherical geometry using the assembly SUAK UH1RB
(see table V=11b respectively figure 6B) one remarks only two facts different

from the preceding results shown in table Ve=1la and figure 6A:

a)lThe part of the curve with smell changes has a decreasing tendency ®
and

b) This part of the eurve starts at asbout 20 mesh intervals,
The first difference is due to changed geometry wheress the second one is less
significant as explained below. In the case of figures V-11a and V=11b we have
taken in slab 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 radius of the sphere has been used. In order to have a corres=
pondence between the two cases we would have to taeke in slab geometry only
half the core height, 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 & general rule for fixing the mesh interval size valid for all cases
investigated here,we use the transport mean free path xtr' We have given the mesh
intervel axis in figures 6A and 6B a second notation measured in units of Ay
divided by the mesh size, If this quantity has a wvalue of about 3 there are only

small changes in k___., if we increase the number of mesh intervals, so that a

eff

mesh interval size of about one third of X,  seems to be an appropriate value,

tr BT
at least if the assembly to be investigated is similar to SUAK U1B or SUAK UHITB.
This rule has been confirmed by the negative results of all spot checks which

we have made additionally,

i€)Looking at table V~11b one may argue that this tendency is not true for higher

mesh intervel number, But the changes showing the opposite tendency are only

- . . o
of the order 10 > which is less than the accuracy €=10  thereby used.



Having spherical or cylindrical geometry, one may suspect keff not bein quite
correct because of the different size of volume elements at different radial
positions * supposing an equal 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 investigations

~ listed in table V=12a = indicates that fortunately our suspicion has not proved
right, Taeking the same total number of mesh intervals keff remains unchanged
within the first four digits although the largest volume elements in the various
cases differ by a factor of 2, with the ratio of largest to smallest volume
element being about 270, Only 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=11D: for spherical geometry an increase

of the number of mesh intervals results at & certain point in a small decrease

of k
We have done the investigations described gbove for cylindrical geomet¥y t00. The ™

results - listed in table V=12b «~ also lead to the statement that the size of
a volume element has no influence on the accuracy of keff if we only choose

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

Finally, we have studied the dependence of keffron the order I of the SN-caia
culations. We have done this for various sssemblies in different geometries.

The results are listed in table Vwi13a upt to table V=131l and plotted in figure TA
up to figure TL. Looking at the figures one may observe some general tendencies.
If we compare all calculations done in slab geometry we recognize that LI
computed with a quadrature order N=2 (keff(sz)) is always considerably smaller
than the rest of the values. Furthermore one can see that keff(se)"keff(s12)

and keff<s16) are not much different from keff(s6)’ so that a quadrature order

N=6 would have been sufficient™".

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

factor of up to 1000,

o)
This stetement of course is valid only for slab geometry and assemblies

resembling those investigsted in this report.
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Comparing all caleculations done in spherical and cylindrical geometry one

remarks that k (82) is always much larger than the other values of K,

In additien ke::fsN) is not becoming constant repidly for higher ordersfif

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

the conclusion that it is necessary to calculate with the highest possible
quadrature order allowed by our present code in spherical and cylindrical geometry
if keff should be determined with high accuracy.
Because computing time increases very rapidly for high order SN—calculations, an
improved version of DTK has been established by the authors of £-70-7 by which

we can calculate the high quadrature order k SN) within a small fraction

" eff(
of the time needed by the old version ~+ This is done by using

a) Tschebyscheff extrapolation and
b) the possibility to use the flux of a former case to get a reasonable

~ guess for the source distribution of & successive calculation for

example with increased order of W.

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 example (see

table V=13i) all given values of Ko pp starting with keff(sz) up to keff(s16)

have been obtained within 8 minutes and 16 seconds, whereas using the previously
applied methed 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 old and

new version of the code,

We have compared our results with those given in é-73&7 finding good agree=-

ment especially with respect to the dependence of keff on the gquadrature order N
for spherical and cylindrical geometry. There is given in 1—73_7 no calculation
referring to slab geometry and the mesh interval dependence starts at 13 mesh inter-
vals and is only given for cylindrical geometry so that a detailed comparison 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 £-71_7 there hss been made the statement "..., diffusion cal=-
culations are often more accurate than Sg-calculations". With respect to the
assemblies analized in this report this statement is not valid for all
geometries., If one looks at table V=1L one can see that only in spherical
geometry the keff(diff)-value is closer to the keff(SN}-value than the keff(se)'
value. In cylindrical and especially in slab geometry the keff(S2)-value is

much more accurate than the diffusion calculated value of keff'

Summary
If we take into account only assemblies similar to those investigated here, we

have to choose for the mesh size about one third of A_ to get a ke with

sufficient accuracy. For slab geometry a quadrature oﬁger of N=6 isf:ufficient,
whereas in spherical and eylindrical geometry N=6 may be sufficient when only
three digits—are—important. If higher-aceurscy-is-desired -higher quadrature —
order must be used for these two geometries, The different size of volume
elements in non-slab geometry with equal mesh spacing has found to have
practically no influence on the sccuracy of keff' Other effects reported

here have been tsken into account by improvements in the code for example

for higher order S_wcalculations.

SN-corrections for various assemblies

The SNucorrections for the assemblies ZPR=-III~10, ZPR-III-25, ZPR-III-L8,
ZEBRA 6A, SNEAK 3A1, SNEAK 3A2, SUAK U1B and SUAK UH1B are given in table V=15a
up to V=15h.

Before discussing the results we will make two remarks sbout 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 k pp 8re only about

0.0001 (seé table V-11a and V-11b together with tsble V-15a to table V=15h).
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As for the quadrature order we have taken in cylindrical and spherical geometry
the maximal values allowed by the code ®. In some cases we have computed

S, ~values for ke also in slab geometry, but'usually we have taken the

16
86-values.

e

By table V=15a to table V=15h one can see that a SN-correction has been
necessary for all assemblies if one aims to come to an sccuracy for the

3

criticality of more than 1,0%10"°, The SN~corrections on k.. decresses if the

size of the agsemblies increases. This statement agrees with the results
given in 1-73_7.
In the part of this report entitled "Comments on the S _=calculations™, we

have made the assumption that the one-dimensional SNucirrections on keff
for slab and c¢ylindrical geometry = respectively at SUAK for slab geometry

in all three space directions = could be added up to give the final SN—correction.
Comparing the added up values with the corresponding spherical values (a8ll
given in tables Vw15a to V=15h) we see that our assumption is doubtfuls It

is true that there is agreement in the case of the assembly ZPR-III«25 but
otherwise there are differences in the SNucorrections between 8% and 21% even

up to 60% for the SUAK-assemblies. The agreement in the ZPR=III=25 case may

ing aceuracy all k___~values are uncertain

be fortuitous because due -t bl w1l ko
ell

by one unit in the last digit given.

We tried to find a reason for the disagreement mentioned asbove. 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 keff for SUAK U1B with one~dimensional
diffusion theory in spherical and slab geometry using two different boundary

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

o'(e) _ _ 1
o(a) OsT10M sy

and the second one has been

platd) =0
with 4= 0.71oh-xtr

*) N=8 for eylindrical 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 slab 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 value

and the spherical value for SUAK U1B is reduced considerably. One may

expect that the differences for the other assemblies will be reduced corres-
pondingly.

The uncertainty in the boundary condition effects very much the criticality
for the SUAK assemblies because these assemblies 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'

Summary

on keff' if we want to obtain an accuracy of better than 10-3. The calculation
of the SN_corrections for spherical models may lead to velues which differ
from those obteined 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 at

Pl

extent to the uncertainty in the boundary condition for the diffusion calculation

especially for spherical geometry.
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Outer iteration | Eigenvalue Lambda,

number
0 0.,8810000
1 0,8996826 048996818
2 048939858 04993667k
3 0.,89L 0460 1.,000067
L 0+89L4k250 1,000423
5 0.8946577 1,000259
6 068947753 1,000131
7 0.8948326 14000064
8 0.,89L48585 1.,000029
9 0.8948715 1.,00001k
10 0.8948761 ~1,000005
1 0,894 8799 ©1,000004

Assembly SUAK UH1B

Geometry sphere

Quadrature Order 6

Number of Zones 1

Number of Intervals 98

€ 10"5

Table V=10a: Varistion of Eigenvalues during outer iterations,

Non=oscillating convergence of A to 1 at the end

of the iteration process.
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Outer iteration Eigenvalue Lambda
number
0 0.8810000
1 0,8996648 0.8996638
2 0.8938476 0.9936k436
3 08939926 1.000050
L 0,8943624 1,000413
Assembly SUAK UH1B
Geonetry sphere
Quadrature Order 6
Number of Zones 1
Number of Intervals 98
€ 10

Variation of Eigenvelues during outer iterations.
Oscillating convergence of A to 1 st the end
of the iteration process.

Table Ve10b:
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Number of mesh intervals Outer
Zone |Zone |Zone (Zone kepﬂ iteration Last X Ak o7
total] 1 2 3] ) . number €
8 1 1 5 1 0.833436 11 1.,000001
0,003176
16 2 2710 2 0.,836612 13 1.000003
0, 000575
ol 3 3115 3 0.837187 14 1, 000000
0,000198
32 L i} 20 b 0,837385 1L 1,000003
0.000093
Yo { 51 5125 5 | 08374786 4 - 1.000003
0, 000048
48 6 6 | 30 6 0.837526 1k 1.,000001
0., 000031
56 7 71 35 T 0837557 1h | 1.000003
0,000033
63 6 6 | s 6 0.837590 1k 1.000003
0. 000031
130 101 10 {100 | 10 0,837621 13 1000003
Assembly SUAK U1B
Geometry plane in z«direction
Quadrature Order 8
€ 10“5
Table Vwlla: Varistion of keff with the number of mesh intervals.

Zone 3 is

identieal with the core.
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Number of k Quter Last Ak
mesh intervals eff iteration A eff
number
3 0.869086 10 0.9999713
0.003637
4 0.892723 10 0.9999589
0.001084
5 0.893807 10 0.9999659
0.000516
6 0.894323 10 049999690
0.,000380
8 0.894703 9 0.9999572
I 0+000130
10 0,394833 9 0.9999662 ,
0.,000101
15 0.89k934 8 0.9999708
: 04000007
20 0.8949k1 T 09999794
=~0,000057
25 0,894 884 6 0.9999876
~0,000035
30 0.894819 6 1.000016
-0,000023
50 0.894796 7 1.,00004kL
=0+ 000008
60 0.894788 T 1.000049
-1 +0, 000012
80 0.894805 8 1.000032
Assemblyi SUAK UH1B
Geometry » sphere Table V=11D:
Quadrature Order 6 Variation of k ef with the
)4 e

£

10"

number of mesh intervals.




Zone RighE boundary| Number of|Smellest volume|Largest volume( Total number ‘ ke o Outer Last 2
[Ten 7 intervals|element _ 3 o €lement _ 3 _lof intervals ! iteration number
- - [“em> 7 [Tem” 7 : , ‘
SN N = =
1 8,000 5 | 17.157 1046,592
2 | 13,000 15 279,408 689,908
3 | 16,000 , Lo 160,199 ggo.1h5
L | 19,36L 50 217.329 315,896 110 04836799 14 1400000k
1 84000 5 17.157 1046.592
2 | 13,000 10 427,780 1021.541
3 | 16,000 4o 160,198 | 2ho.1b5
Lol 19,36k 55 19T 47k 287,271 110 04836801 14 1, 00000k
mamﬁ;ﬁ.“‘__—.‘f‘f % s o
1 8,000 10 | 2.1bk5 581,202 ]
2 | 13,000 20 207.410 520,784
3 | 16,000 35 183,233 27h 264 _
L | 19,364 45 21,56k 350,875 110 04836772 14 1400000k
1 8,000 20 0,268 B 305,801
2 | 13,000 30 136.853 | 34k9,h32
3| 16,000 80 T9.867 120,353 :
L1 19,364 - 100 108.389 158,188 230 0483670k 1k 1,00000L
] Geometry sphere Table V=12as SUAK U1B. Varying size of volume elements in spherical geometry.
Quadrature Numbey 8
§
€ 10‘"5 o
[AV]
!




Mesh intervals in Zone [Smallest and largest volume element in zone kef‘f(SN) Outer iteration Last A
172 ]3] & 5 2 3 L 5 number
10 21 | o | 31 19 40,322 217.298 | 127.139 306.498 0970423 3 1000007
88,998 323,467 | 185.301 399.387
) |
10 |19 |11 | 29 | 21 | MheTO8 | 176.803 | 135.977 | 277.08 0.970446 3 1.00000k
98,223 265.643 | 198,002 361.582 |
) f
10 117 {13 | 27| 23 50,16k 1ho.02h | 146,139 252,818 0.970485 3 1.000001
109,585 205,354 | 212,582 330,301
10 [15 |15 | 25 | 25 | 57+133 128,786 | 157.9k41 232,467 0970559 5 09999862
123,915 195.672 | 229.486 304 , 00k
10 113 117 | 23 o7 66,346 113.388 | 171.815 215,145 0.970423 3 1.000011
142,556 172.902 | 249,297 281.586
10 111 {19 | 21 29 794091 101,277 | 188.361 200,217 0.970419 3 1.000009
167,794 154,875 | 272.856 262,244
10921 |19] 31 | 978N 91.502 | 208.436 | 187,250 0.970418 3 1.000011
203.876 140,252 | 301.336 2hs Lok ‘
R ! Assembly ZEBRA 6A
Smallest and largest volume element in zone 1 i
) Ceometry cylinder
3.14159 59,69019 1
Quadrature Order 6 o
Table V=12b: Varying size of volume elements € 10 !
. . e Right boundaries of zones /[“em 7
in cylindrical geometry. |
All volumes are given in cm3. 10.00 23,07 36415 5337 70.59
Total number of mesh intervals 90
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Order N of Outer
keff ‘ iteration Last A
SN..c alculation : number
2 0.8323kk 13 1,000002
il 0.838085 14 1000002
6 0.837627 14 1, 000001
8. | _ o875 | ik ] 1,000003
12 0,837633 14 1.000003
16 0.837679 , 1h 1.000001
Assembly SUAK U1B
Ceometry slab in z=-dirs
£ 1072
zZone Mesh intervals
1 6
2 6
3 core ‘ ks
i 6

Table V=-13a: Variation of kef vith the gquadrature order.

T
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Order N of Outer
keff iteration Last A
SN-calculation ' number
2 0.,961550 16 1. 000009
4 0.96080k4 L 1.,000048
6 0.,960128 5 0.9999885
8 0.95998k 4 049999909
Assembly ZPRwIIInk8
Geometry cylinder Totel DTK computing time for all
€ 10~h values (with improved code)t
Zone Mesh interveaels 5 min 59 sec
1 L0
2 20

Table V=13b: Variatien of ke

with the quadrature order,
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Crder N of X Outer
) o ff iteration Last A
S, =calculation
I number :
2 0+9T71104 12 1.,000038
h 0,961985 12 1.000032
6 04961506 12 100003k
8 04961363 12 1.,00003k4
12 04961175 12 1,000032
16 0961096 12 1,000035
Assembly ZPR=III=L8
Geometry sphere
€ 10")’L
zone Mesh intervals
1 10
2 30
20

Teble V=13c:

Variation of ke

£r

with the quadrature order.
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Order N of Outer
. keff iteration Last A
S, =calculation
N number
2 00,9774 36 13 1.,000038
L 0979326 13 1,000047
6 0.979125 13 1,0000L7
8 0.979111 13 1,000048
12 0.979116 13 1.,0000k47
16 0.979127 13 1, 000046
Assembly ZPR=-ITI-10
Geometry slab
£ 10"h
anev Mesh intervals
1 10
2 13
3 27

Table V=13d:

Varistion of kef

T

with the quadreture order,
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' ¥ of
oroer 1 of keff g:;l:i;tion Last A
8. =calculstion =
JL number
2 0+985757 ! 17 1.,000008
L C«985102 l 1, 000037
6 0.984156 5 0.9999980
8 0.983928 b 0.9999895
A.ésembly ZPR=ITI=~10 Computing times
Geometry cyinder old method improved method
£ 10
S, and 8 S.and 8, and S, and ©
7.one Mesh intervals 2 4 2 4 6 8
1 10 5 min 12 sec 5 min 43 sec
2 20
.3 30

Table V=13e: Variation of ke

£f

with the quadrature order.
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Order N of Quter
s leulati keff iteration Last A
y-caleu stion pumber
2 1,00021k 8 14000001
L 0,988320 T 1,000015
6 0,987k458 5 14000007
8 0,987207 L 049999957
12 04986970 T 1.000021
16 0,986848 3 049999930
Assembly ZPR=ITI~10 Computing time
Geometry sphere for 8, up to 8, ,:
\ L 2 16
€ 10
- Zone Mesh intervals 5 min 46 sec

1

10
25
25

Tgble V=13f: Variation of ke

with the quadrature order.
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Order N of Outer :
S ~caleulation keff iteration Last A
°N ailcuiatio number
2 0.,970277 17 1.,000053
b 0.97081h 17 1,000058
6 0.970746 17 1,000057
8 0.970750 17 1.,000057
12 0970750 17 1.,000058
16 0+9T0751 7 14000058
Asserbly 7PRmIIIw25
Geometry slab
€ 10-&
zone Mesh intervals
1 8
2 oL
18

Teble V=13g:

Varistion of ke

bl

with the quadrature order.
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I = -
Order N of K ce 9:Ziition Last X
S,.~calculation et Lrere
) nurber
2 0.072167 19 1.000061
Y 0.971906 19 1 ,000060
6 0.971592 19 1.,000058
8 0.0971546 10 1,000058
Asserbly 7P Relllea05
Geometry eylinder
€ 10"h
Zone Mesh intervals
1 8
2 30
22

3

Table V=13h: Variation of ke

£f

with the quadrature order,
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Order N of Cuter
' . keff iteration last A
S, =calculation
i nurber
2 04976101 17 1,000038
L 0.972702 8 1.,000006
6 04972421 L 049999971
8 0.972380 3 069999982
12 0+972336 3 0:9999973
16 0+972320 3 - 049990068
Assembly' ZPR=IIT=25 Computing time for
Geonmetry sphere S, up to S
o 2 16
€ 10 01d Method | Improved Method
Zone Mesh intervals
46 min. 8 mine. 16 sec,
1 15
2 L5
3 3C

Table V-=13i: Variation of ke

£f

with the quadrature order.
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Order N of K Quter ) Last A
. eff i1teration
S. wcalculation
i number
2 0.96511k 11 ‘ 1.000023
l 0.967606 1 . 1+,000026
6 0.967313 11 1000026
8 0.967293 11 1.,000027
12 0.967290 11 1,000024
16 0.96T7305 11 1.,000026
Assembly ZEBRA 64
Geometry slab
€ 10"1‘L
zone Mesh intervals
1 25
2 20

Table V-13j: Variation of keff with the quadrature order.
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e § ‘]‘ -
Order N of X Quter ) Last )
. eff iteration
S.=calculation ;
N number
2 0972010 12 1.000032
L 0.971387 12 1.000026
6 0.070364 12 1,000027
8 0.,670182 12 1,000027
Assembly ZEBRA GA
Geometry cylinder
€ 10-h
Zone Mesh intervals
1 6
Lo
3 30
Table V-13k: Variation of k pp With the quadrature order,

£f
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oraer 1 of kerr Sﬁtiztio Last A
- 8_=galculation el € n
N number
2 , 0.,985999 12 1,000032
L 04973833 12 1.,000028
6 - 04973125 12 1.,000025
8 04972899 12 14000025
12 04972625 12 1.,000026
16 0,972510 12 1.000026
Assembly ZERRA 6A
Geometry sphere
£ 10'h
zZone Mesh intervals
1 8
32
3 20

Table V=131: Variation of k with the quadrature order.

eff




Asserbly Geometry eff(SN)-keff(dlff) i keff(se)-keff(sﬁ)
cylinder 0.0050 8 | 0.0016
ZPR=ITIT=48 :
sphere 0.,0061 16 | 0.0101
slab 0,0039 16 [=0,0017
ZPR=III~10 cylinder 0,0087 8 | 0.0019
sphere 0.0116 16 | 0,013k
slab 0.0008 16 |=0.,0005
ZPR-III=25 cylinder 0,0015 8 | 0.0007
sphere 1° 0.,0023 16 | 0.,0038
sleb | 0o.,0043 16 {=0.0022
7ZEBRA 6A cylinder 0.,0072 8 | 0.,0018
sphere 0.0095 16 | 040135

Tgble Vm1lh: Comparing diffusion calculated ke values with SN csleculated

Tr

keff values for varieus assemblies and different geometries.
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Assembly: ZPRwIII~10 | Atr = 3,663 cm
3y .
Geometry keff Mesh Right | Mgsh Quadrature
and Zone Interval Boundary fize order and Increase
Buckling (one~dim.diff,) (com) (em) Ky pp (SN)
1 10 10,0 1 1,000 =16
slab .0.9752 | 2 13 22,95 | | 0.996
574534107 ] 3 27 55.05 1,222 0.9791 0,0039
1 10 10,0 1,000 =8
cylinder 049752 2 20 22,11 0,606
é3.839c1o“u | 3 30 63459 9 14383 0.9839 0.0087
- 1 10 1040 | 1,000 | =16
sphere 049752 2 25 25,011 3 0,600
- 3 25 60,011 | 1480 0.9868 0.0116
Increase(sphefe) | increase (slab) Difference | Relative error
+ increase (cylinder)
0.0116 0.0126 0.,0010 j T9%

Table Va15a: SN-Corrections for ZPR-IIT=10.




Assembly: ZPR=III=25 Mg = 3267 cm
Geometry ke or Zone Mesh Right Mesh Guadrature order
and (one-dim.diff.) n Intervals Boundaxry size | and ' Increase
Buckling (em) (em) keff (ON)
1 8 10,0 1.25 N=16
slab 2 ol 384175 117k
20.981r1o"h 0.9700 3 18 684675 1.604! 0.9708 0.0008
1 8 10,0 1425 =8
cylinder 2 30 Lo,6 1,087
10.7)414-10"h 09700 3 22 6344 14855 0.9715 0.0015
1 15 10,0 0,667 m=16
sphere 2 45 45,753 0,795 0.795
- 0.9700 3 30 82,753 | 1.233 09723 0.0023
Increase (sphere) Increase (slab) Difference Relative error
+ increase (cylinder)
0,023 0,0023 040000 0. 0%
Toble V=15b: S _wCorrections for ZPR=ITI-25,

N

-glL -



Assembly:  ZPR-III-48 A LeTh1 cm
Geometry keff Zone Mesh Right Mesh Quadrature order Increase
and . . ) Intervals Boundary Size | and - ne
Buckling (one=-dimsdiff, \ . ()
; (cm) (em) eff ‘"N
slab 30 38.180 N=6
18.132-1o"h 040549 20 684660 049576 0.,0027
|
cylinder 40 41,458 1,040 =8
8'.8832-10'-h 0.9550 20 71458 14500 | 049600 0.0050
10 104,00 14000 w=16
sphere 35 h5.213 1,006
i
- 0.9550 15 754213 14500 0.9611 0.0061
Increase (sphere) Increase (slab) Nifference Relative error
+ increase (cylinder)
0,0061 0,0077 00,0016 20.8%
Table V~15c: 8 ~corrections for ZPR-ITT.LE.

_6)_‘-



Assembly: ZEBRA 6A Afr = 4,810 enm
Geometry k Zone Mesh Right Mesh adrature order | Increase
eff .
and (one—dimediff.) Intervals Bgun;iary ISize and.
in ' * cm (em g
Buckling ‘(c ) k_pel i)
slab 1 25 30,08 14203 n=16
22,178 0.9630 7 20 60450 14521 0.9673 0.0043
1 6 10.0 14667 =8
- -
cylinder 2 e} 36415 10,650
|
12,418 0.9630 3 30 70459 1,148 0.,9702 0.0072
:
sphere 0,9630 2 30 38,203 10,881
- 3 20 724643 1,752 0.0725 0.0095
Increase (sphere) Increase (slab) Difference Relative error
+ increase (eylinder)
0,0095 0.0115 0.0010 8.7%

Table V-15d:

N

S_—~corrections for ZEBRA 6A.



Assembly: SNEAK 3A1

Atrz L4230 em

Geometry

k Zone Mesh Right Mesh Quadrature order Increase
eff - .
and. . . Intervals Boundary Size and.

Buckli (one--dlm.dlff.) ( ) ( ) k (q )

uckling cm cm eff VN

slab 1 30 ho.ot 1.342 =6

13.5&0‘1o'u 0.9902 2 20 TOWTT 14525 049917 0.0015
1 Y 5,000 1,250
2 21 32,900 1:329 N=8

eylinder 3 15 51.200 14220

8.14696'40"h 049902 L o5 80.850 1.186 0.9925 0,0023
1 30 30,231 | 1,308 =1

sphere 2 10 52,634 1.345

- 0.9911 3 22 82,343 1,348 0.9942 0.,0031

Tncrease (sphere)

Increase (slab)
+ increase (cylinder)

D fference

Reletive error

0.0031

0,003

0.,0007

18,47

Table V=15e:

SN-corrections for SNEAK 3A%1.




SHEAK

A = 1,173 em

Assgmbly: 3A2 b
Geometry keff Zone Mesh Right Mesh Guadrature order Increase
and . . intervals Boundary | Size and
Buckling (one-dlm.dl ff, ) (Cm) ( c‘m) X (S )
1 eff ¥
slab 1 35 ho.ot 14151 N=6
16.9&9‘1o"h 0,9827 2 20 TO.TT 14525 0.9842 0.0015
1 L 5,000 {1,250
;cylinder" 2 25 33.760 1.i50 N=0
3 8 l‘-)-l- .660 1 n:363
8,5998+ 10~ 0.9828 )y 30 80.850 | 14207 0.0856 0.0028
sphere 1 30 ho,09h  |1.336 N=16
2 8 48.315 11,028
- 0.9837 3 30 84,515 {1.207 0.9875 0,0038

Increase (sphere)

Tncrease (slab)

+ increase (cylinder)

Difference

Relative error

0.0038

00,0043

0.0005

11.6%

Table V-15f:

)

8 _—~corrections for JNEAK 3482,



Assembly:

SUAK U1B

34567 en

Xtr =
Geometry k Zone Mesh Right Mesh Quadrature order Increase
a eft . intervals Boundar Size and
Buaili (one=dimediffs) \ ’ POURCELY Ve K _(5.)
ckling (em) (em) ALy
1 3 3.0 1,000
slab in z=- ‘
. . 8 =
dirs 2 4 645 04875 N=6
3 36 41.6 0.975
139.601'10‘h 0.8237 L 3 bl o6 1,000 0.8376 0.0139
slab in x- | : ‘ =6
dir. L 0.8238 1 33 3243 0,979 0.8324 0.0086
128.097¢10 ;
sphere 0.8237 1 18 104364 1,076 0.8361 n=16 0.,0124
Increase (sphere) Increase (slaeb zedir.) Difference Relative error
+ increase (slab xwdirs)
0,012 0.0311 0.0187 60.1%

Teble V=15g: 8 _~corrections for SUAK U1B,

il

—gg-



303581 cm

Assembly: SUAK UH1B Atr =
Geometry k £r Zone |Mesh Right Mesh Quadrature order Increase
and (ine—diﬁ e Intervals | Boundary | Size and.
Buckling (cm) (em) | Kgpp(Sy)
1 3 3.0 14000
glab in z-dir, 2 k 6.5 D875 N=6
b

141.314+10 3 3k 39455 0.072

0.8807 L 3 42,55 14000 0.8942 0,0135
slab in x=dir. | =6
13&.681-10‘h 0.8808 1 32 32.3 1,009 0.8891 0.,0083
sphere 0.8808 1 18 19,087 14060 0.8937 N=16 0.0129
Increase (sphere) Increase (slab z-dir.) Difference Relative error

+ 2svincrease (slab x=dir.) |
0.0129 0.0301 0.0172 57 1%

Table V-15h:

SN—corrections for SUAK UH1B.
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Geometry Boundary k Difference
.. eff
Condation
(1) 0.823752
a = 19.364 em
sphere —0.015595
(2) 0.,808157
d =253 em
A 0824127
a = 16415 cm
slab in 0, 001661
F=directiony (2) -
0.822466
d = 2,53 em
Assembly ' SUAK U1B

Boundary conditions
(1) ¢'(a)/ ¢(a) = «1/(0.TION « A, .)

(2) ¢(a+d) = 0O

boundary of the assembly
04710k o An

Teble V-16;: k,pp determined by diffusion calculations with

various boundary conditioms.
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GENERAL DISCUSSION AND CONCLUSIONS

Most of the criticality changes observed during the present study are
smaller than 0,01 as can be seen from table V-1 and table V-4, This

means that some modifications of the nuclear data can totallyy others

at least for a number of assenmblies partially be regarded simply as

an inclusion of more recent improved microscopic cross section informstion
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-l has been summarized in
table VI-1, In this table the mean deviation between the measured and

best available calculated crltlcallty values for the 12 assemblies studled
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 capability 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@PXT@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 obtailned also
by looking at the results of table V-k,

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=c¢alled SNEAKwset, 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 eriticality 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 suberiticality being less than 0.5%. The hydrogen
containing assembly SUAK UH1B represents one exception which is probably

caused by insufficient calculational methods, the other exception is the
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larger assembly ZPRIII=25 with its relatively large U238 content. As has
been known before / 2_7 the SNEAK-3A assemblies, that means large U235
fuelled systems with soft neutron spectrs, are calculated slightly under-
reactive, 3A1 by 0.6% and 3A2 by 1.1%, For the mixed fuelled assembly SNEAK 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 SNEAK-set, The same tendency is shown by the normal Pu-
fuelled assemblies ZEBRA 6A, ZPR III~48 and ZPR III-48B which have been
calculated 2-37% underreactive. Out of the two k_wexperiments 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 taken too seriously,

As a first chafge of the nuclear data we included the so-called PMB-dsta
that means between 10 = 500 keV the lower capture deta for U238 and the

low fission and capture data for U235 as given by PONITZ and others. Our
results with the SNEPMB-set confirmed the conclusions of similar earlier
studies 1“2_7 nemely:

Because of the lower U238 capture data the reactivity of the Pu-fuelled
assemblies increases, This effect is particularly pronounced for ZPR III-55.
For the U235~fuelled assemblies the reactivity decreases. This result
indicates that the effect of the reduction of U235 fission overcompengates
the effect of the reduction of U238 capture. It 1s most pronounced for the
assemblies with hard neutron spectra.

With the SNEPMB-set most of the assemblies are calculated about 1%=-2%
underreactive, Following the conclusions presented in /72_7 we then

decided to keep only the low U238 capture data and to return from the

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

t0 the SNEAPMwset which predicts the eriticality of U235-fuelled systems
rather well. A drastic decrease of the mean criticality deviation and a

considerable decrease of the root mean square criticality deviation can be
seen in table VI=1,
In the next step we improved the o(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 kwfexperimentSc

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 KEDAK-file and evaporation spectra (see Appendix I). The spectra
of the inelastically scattered neutrons are in general somewhat softer
than the ABN-speetra used before, The criticality changes obtained are
generally small. Only for ZPR III-25 and ZPR II1I~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 eriticality by only about

043% =~ Ou4%. Also the new cross sections for the higher plutonium isotopes
in the PUO2RE=-set which replace the old Russian ABN-data used up to

now result in rather smell criticality chenges of about 0:3%.

As expected,a rather large effect is causea by the inclusion of the
MOXON=-data for the U238 cepture cross section. The replacement has been
done in two steps. The effect on eriticality of the replacement of the
previously used Pdnitz values in the groups 9«11, i.e. from 10 to 100 keV
(MP¥911-set) is generally of the order of +1%, The assemblies with high
U238 content, namely ZPR III~25 and ZPR III~55 show an even larger
reactivity increase., The additional replacement of the U238 capture data
below 10 keV by the Moxon data (MPXT@PT-set) causes for assemblies with hard
néutron spectra a negligible reactivity effect, for assemblies with
somewhat softer spectra the criticality inecreases by 0.5 to 1%, 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 eriticality at least for U-fuelled

Let us now analyse the situation with the MPXT@PTwset which is the final cross
section set considered in this study. All assemblies are within a #2%

region of deviation between calculated and measured eriticality. The mean
eriticali¢y deviation of 0.0022 and the root mean square a criticality
deviation of 0.0125 given in table VI-1 are the most 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 ce-results for U- and Puwfuelled assemblies, Pu<1.0,
U>140, the exceptions (SUAK UH1B and SNEAK Sé) being most probably due to
deficiencies in the calculational methods. This means that according to

the fissile material used, it will be possible to prediet the probable
deviation between calculated and measured criticality for reactors whose
composition and neutron spéctrum are similar ‘to the presently studied
assembliess The remaining uncertéinty will be in most cases far less than the

+2% deviation mentioned above,

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

and need an improved treatment: (1) For the assembly SUAK UH1B the anisotropic
scattering of hydrogen and a more appropriate weighting spectrum for the
generation of group constants for the elastic slowing down should be tsken into
accounts (2) For SNEAK~5C, the corrections applied are rather large (about
9%)+ The largest part is due to heterogeneity, about 7%, and should be
further investigated both experimentally and theoreticallys 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
available codes In the near future the correctness of diffusion calculations
using 26 energy groups for the criticals studied here will be checked by
Pl=caleulations using sbout 200 groups.: Major attention will then be

given to the determination of the diffusion constant for 26 groups which
usually can be calculated only in an approximate manner aé explained in

[T

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

drawn for the MPXRT@PTwset:

(1) The fuel-mixture PU230~U238 is predicted underreactive whereas for
the U235«0238 fuel mixture the eriticality 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 Pu239 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~48 and 48B (table VT and V=9), The Pu239 a~-data of
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GWIN cannot be considered final at the present time but it seems that only
minor changes in the a-data will have to be expected in the near future.
The ow=values presently used require a change in the resonance parameters
compared to the parameters used before. This mesns that we have still

to determine new resonance self-shielding factors (fwfactors) for Pu239

based on resonance parameters compatible with the CGwin a-values,

For U235 the situation seems not to be so unequivocals The overestimation of
the eriticality of U235«U238 fuel mixtures can be caused either by too
large U235 fission ecross sections or by too small U238 capture cross
sectionss 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 present discrepancy in the criticality
prediction for the U235«U238 fuelleé”éyéﬁéms Qiéh;ut éﬁy change in the

U235 fission datas Pu=fuelled systems will then become even more under-
reactives In the preceding work /"2 7 it was already indicated that the
nmeasurements of de Saussure for the yevalues of U235 below 300 eV should
be ineludeds Since the effect for the assemblies studied here is expected
to be of minor importance (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 II
there are some doubts as to the reliability of the absolute magnitude of

the MOXON-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@XTPT set still contains the Pénitz data which are lower than the

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

.
guite

in any case it seems to be

for the SNEAK-set is too large and has to be reduced; it may be that this

vident the

Ne
[0]
<t
ct

has been slightly overdone by the inclusion of the MOXON-data. Besides the
indication from the criticality of Umfuelled sssemblies this can be deduced
by comparing the experimental results for the ratio o, U238/cf U235 for

ZPR III=L8 and SNEAK 3A2 and the material worth ratio of U238 to U235 for
ZPR III-48 and SWEAK 3A1 with the corresponding theoretical results obtained



with the M@XT@T-set. Therefore it seems probable that in a further step
the U238 capture data will be changed slightly. Hopefully suech a change
which will be based essentislly on differential data will lead to a
slight increase of the capture rste of U238 compared to the result with
the M@XI@T-set but will not be so marked as to bring about a result as
large as that obtained with the SNEAKwset.

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 fwfactors using resonance parameters
which are in accordance with the capture cross section of U238,

The influence of cross section uncertainties of the higher Pu-iéotopes
on the criticality of the systems studied is not very pronounced. Even

by comparing k_.. for ZPR III-48 with that for ZPR III-48B which has an

ff

inner zonme with considerably larger PuslO-concentration one is not

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

for Pu2l0 because this inner zone is still too small, This fact has also
been observed by PITTERLE /~Th_7. One should mention, however, that the
inclusion of the new data has brought the pre&iction of the material worth
of Pu2l0 for both assemblies in agreement with measurement within the ’
admittedly large range of experimental uncertainty (tables V-7 ond V-9)+ Using
the old ABNwdata the calculated value was lower by a factor of about U,
With our new data we attalned a considerable improvement but it is obvious
that the criticality of presently available plutonium fuelled assemblies
does not provide a check which allows a definite conclusion 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 /740 7 (see also 1"&8_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 availsble
information. Criticality of the sssemblies studied in this work provides

no sufficient information. Other éxperimental information e.g, reaction
rates of materials with a fission threshold cannot be considered very
reliable because the chamber measurements cannot be compared easily with

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

of the fission rate ratio of U238 to U235 the theoretical result is some-
what doubtfuls A thorough examination of the ZERA~code would be help=-

ful in this respect.

Further detailed 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 and 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 evgs the
anisotropy 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

e caaanry, Mhi
1ecessarys 1nis

il
o2

of the ZERA~gode for heterogeneous calculations seems Lo be
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 3A2, (e¢) of bunching experiments in SNEAK 3A1 and SNEAK 342,

(a) rather probably also of the steam density coefficient for the SNEAK=-
JA~series.

For the quéntities whibh have been studied besides the criticality the

following items seem to be important:

(o) 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. £~6h_7) or the effect

of the heterogeneous structure of the environment (see eigs 1'&8_7.

(B) For the calculation of central reaction rates an improved heterogeneity

code should be available as indicated just before.
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(y) For the calculation of reaction rate traverses especially in the
blanket transport theory should be used. At present the agreement
between theory and experiment cen be considered fairly good when the
M@XTPT=set and transport theory are used. Perhaps slight modifications
of the transport or total 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 discrepancies.

(8) With respect to the neutron importance more experimental information

and perhaps more appropriate calculational methods seem to be necessary.
The important results and conclusions of the heterogeneity- snd SN—calculations
have already been summarized at the end of the corresponding paragraphs in

the preceding chapter V and will not be repeated here.
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Documentation of the new group constants

I.1

Table AI-~1 SNEAPMwset

Modified group cross sections

cy(U238)(b)
Group AE SNEAK SNEAPM
6 400 - 800 KeV 0,134 0.121
T 200 = 400 0,138 0.127
8 100 = 200 0,190 0,164
9 - 46,5« 100 0,286 0.282 |
10 2145~ 1465 0,471 04457
1 10,0= 21,5KeV 0,728 0,630
Teble Al=2 GSNEPMBaget
Uf(0235)(b) c«:(U235)(fb)
Group |AF SNEAK | ONEDME || SNEAK'] GNEPMB
7 200 = 400 KeV 1432 1,154 0.227 | 04199
8 100 = 200 1,53 14337 0,375 | 04322
9 46,5« 100 1.80 1.667 0.569 | 0.531
10 |21.5 U46.5KeV ||2422 | 2,150 0.794 | 0,772
Teble Alw3 PUOSCP=set
o(pu2P) o (Pu®)(b) |
Group |AE SNE ‘7ﬁ§§§6b SNEAK ] PUOSCP
1 10.0 = 21,5 KeV||0.k20 0.413 0.791 0,775
12 4,65 = 10,0 ! 0,490 0460k 1,20 1.480
13 215 = 4,65 04537 04905 1.76 2957
1k 1.0 = 2,15 04593 0,892 2.33 3.50h
15 0.465= 1,0 KeV|{0.640 0.846 L,70 6.218
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0 (P2)0) | o)) || o (m23)(n)
Group |AE SNEAK JUPUCQR | SNEAK JUPUCPR || SNEAK] UPUCER
1 645 = 10,5MeV||{1.65 |1.53 0.967 {0,834 ||2,19 | 2,05
2. (k.0 = 6,5 1.19 1,07 0,584 [0.,540v [[1.86 | 1.65
3 |25 = L.OMeV{|1.28 [1.17 0,572 {0,572 |[1.97 | 1.82
___See®)
Group |AE SNEAK UPUCHR
1 645 = 10,5 MeV L,02 4,175
2 |40 = 6,5 Mev 3460 3.660
Table Al~5 PUO2RE-set (see next pages)

Table AI-6 M@PX911, MPXT@T-sets

o (U238)(v)

SNEAPM  |M@X911

Group | AE SNEAK | SNEAPMB |M@XT@T
9 4645 = 100 KeV 0,286 | 0,282 | 0.245
10 21.5 « 4645 071 | 0.U57 0.405
11 10,0 = 21,5 04728 | 0,630 0.576

12 4 65~ 10,0 1,034 | =SNEAK | 0,790
13 2415« 14,65 1,237 1,18
14 1.0 = 2,15 1,590 1.72
15 0,465« 1.0 KeV 3,107 | =SNEAK | 2,91




Table Al«5 PUO2RE=get

Puaho Pu2h1 Puzhz
Groug AE oT(b) cf(b) cY(b) oel(b) o (b) of(b) ?xﬁb) oel(b) o () ?i(b) Qyﬁb) ogéﬁb)
26 | 0,0252 17742 040327 | 175, | 1,72 | 108243 |T79.5 | 291.0 [11.7TT|] 25.04 | © 16.21| 8483
25 | 0,215=0,465 eV | 164,6 |0,0306 | 164,0 04532 925,0 |561,0 | 348,3 [15,17 18452 0 10,02 | 8,49
2k O.465=1,0 eV [1637,9 |0.294 [1570.2 | 67.42 66.59| 44,70 | 12,03 | 9.87 17.40 0 9.50| T.90
23 140 =2,415 eV [1253.9 [ 1425 6734,0 B18.47 36.,08| 2k.39 2458 | 9411 25.40 0 19,97 | 5.42
22 | 2,15 =by65 eV | 22,82 0,0025 T84 | 1hO7 204,0 |126.3 69420 | 8,50 |[1312.4 0 1208,6 103.8
21 4,65 =10,0 eV | 11,14{0,00107 0676 1047 262.5 |21k4,5 3725 (10,78 11,80 0 0,606 11.20
20 10,0 -21,5 eV | L49,01/0,93k 35.77 | 12431 18349 [125.6 42,21 16,10 1144k 0 157 | 9487
19 21.5 =46,5 eV | 149,9 | 0,506 TTWLT | 71,94 81.60] 60,24 | 10,53 (10,84 12445 0 3,98 | 8,47
18 [ 4645 =100 eV | 102,500,726 | 37.96 | 63.81 T3420] 39427 | 19.89 |1h,0h || 90,13 | © 22,95 |6T+18
17 100 =215 eV| k46,94 0,448 | 18,37 | 28,12 54451| 29410 | 13466 11T || 26476 0 10433 (16,43
16 215 <=b65 eV | 29,88|0,0639 6.62 | 23,20 41,38| 20,03 8.88 |[12,48 33.60 | 0,00821 Te93(25.67
15 465 =1000 eV | 24,30[0,017T 3479 | 20450 31.62| 14,23 5459 111479 26,63 | 0,0100 h,55(22,07
14 1+ 0 =215 keV | 25,65| 04155 2,48 | 23,01 2hi55] 9,38 3,10 |12,07 21,47 | 0.,0100 2.81[18,65
13 2,15 =h (65 keV| 21,26/ 0,142 1451 | 19,61 20,53 6,06 1.97 [12.50 18.22 | 0,0100 1.94 16,27
12 4,65 =10,0 keV| 18,890,104 1,02 | 1777 16,97 hJh7 1.50 |11,01 16,09 | 0,0100 1.48}14.,60
1 10,0 =21,5 keV| 17,050,105 0.730] 16,422 15.44 | 3,55 1413 [10.76 14,70 | 0.0100 1.11]13,58
10 21.5 =b6,5 keV| 15,51/ 0,108 0.4ol) 14,91 1,150 2,01 0.805/{10,38 13455 | 0.,0100 0,758/ 12,78
9 46,5 ~100,0keV| 13,90/ 0,0845| 0,287| 13.39 12.75] 2.h42 0,538 | 9,4k 12,90 | 0,0100 0.48T| 12427
8 0.1 =0.2 MeV| 11,98|0,0986 04209| 11,08 11.73| 2,04 04314 | 8,77 12,06 | 0.,0203 0.297| 11,03
7 0.2 =04 MeV 9,84 0,133 0,148} 8,37 10,10 1.72 04188 | 7439 10.25 | 0,0636 0,222, 8,89
6 Oud «=0,8 Mev 8.02| 0,548 04142| 5,79 8435] 1451 0,104 5.82 T«91 | O 3Lk 0,199 6,02
5 0.8 =14 Mev| 7,00 1,43 041051 4,08 Te2h 1 1,59 0,0L87 465 11 6,98 | 1,32 0,153! L,L3

!
\O
[e)N
1



Table Al=5 PUO2RE-set (continued)

2O pu2t | 2k2
Groupi AE o o?(b) o,(0) | o, (b) 3g1 () op(B) 0 (b) o (0) o (B) | an(0) | o.(b) o (b) o ,(b)
b |14 - 2.5MeV | 7435 [ 148 | 0,0586 | BT | T.23 | 1478 | 0,0245 | bu63 | 7.3h | 1.46 | 0,0666 | 3.90
3 | 2.5 = L.0MeV T493 | 1,51 | 0.0268 o7k | T.94 | 154 | 0,0109 | 5.31 Te92 | 1.51 | 0.0306 | k72
2 (4,0 = 6.5MeV TJ76 [ 1,51 | 0.0118 4463 || Tu96 | 1,54 | 0,00614 hiok 7481 | 151 | 0.0130 | L,6k
1 | 6.5 =10,5MeV 6454 | 1.89 0,00666 3.56 6,87 | 2.09 o.oo3l}9 3,79 6453 1.89 0.,00753| 3.55

—L6-
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I,2 The calculation of the inelastic scettering matrices

The general expression for the probability of inelastic scattering out of
any energy group i to any group h is given by Yiftsh, Okrent and Moldauer / 91 7

in the following form

Een ?‘:’.H

7 e dE cn,(E) ¢(E) P(E+E')
E.
Un'i.K = EKL ?ZLH = (AI-1)
¢(E)AE
E.
1L

Here E is the incident neutron-energy and E' the energy of the scattered neutron.
The indices L and H indicate the lower and higher energy-limits respectively of
any groups ¢(E) represents the energy-dependent neutron flux. P(E-E') represents
the transition probability of the inelastically scattered neutrone. For its
determination one has to distinguish between the range of resolved levels of

the residual nucleus and the so=called continuum range in which the levels

of the residual nucleus are undistinguishable.

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

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

E' = E—Ej
vhere Ej is the energy of the jth level,
The transition probability therefore is a S-function which has the value one,

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

} o ) P.(EE') = ) BI(E) 6(B-E'-E)  (aI-2)
24 o1 (E) P; =L (™) i ]

j=1 =1

crn,(E) P(E+E') =

where N is the number of excitation levels of the isotope considered. Pj the
probability of the transition to the jth level of the residual nucleus and

cgé the inelestic excitation cross section of the jth level, With this special
form of the transition-probability the double integration in (AI~-1) cen be reduced

to & single one over the energy group K to which the scattering occurs,
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By .
Y] am vf? (E'+E;) $(E'4E,)
- i
n'i,K ?LH
E

o (AI=3)
¢(E)QE

iL

with the transformation E'+EjﬁE it follows:

Ej
dE Tyt

. B .
?iH

y ?KH+Ej (E) ¢(E) x(B; <E<E..)

Gn'i,
$(E)dE
B

By the distribution=funetion x it was taken into account that the incident
neutron-energy E should be contained in & 26=group i On the other hand it
must be of course EKL+Ej§§:EKH+Ej because of the integration over this range,
The integration therefore has to be extended only over the interval 1_Eu,Eo_7

with the following definition

I'— - PR -y Y L ol L I
EiL N 1t l‘_xKL'Hi»j <JiaiL | ﬁoiH 11 .E.KH'?.L';j >.EaiH
E, = and E_={ (AI=5)
co+E, i +E,>E, . i .<E.
BeptBy 1T B tEo2E Bty 1T BrtByshiy

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
Z"h_7. The integral was solved numerically by use of the trapezoidal rule,

The inelastic excitation cross sections were taken from the KEDAK-tape / 27_7.

I1,2b FEnergy groups with unresolved excitation levels for inelastic scattering

In the energy region, where the excitation levels of the residual nucleus are

not experimentally resolved, the energy distribution of the inelastically
scattered neutrons is described by an evaporation model, The transition
probebility 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 N is a normalization constant and 6 is the so-called nuclear temperature

of the residual nucleus, which Weifkopf / 41_7 derived as
E in MeV
6(E) = J%; /MeV 7 vin Mev—1) (AI=T)

Here again E is the energy of the incident neutron, A is the atomic mass number
of the residual nucleus and v is an adjustable parameter, For a given value

of E P(E+E') has its maximum at E'=8(E). Yiftsh,Okrent and Moldauer /91 7

chose v=0,096 MeV™
Swarcbaum et al, / 42 7, which is v=0.,16 MeV~
Swarcbaum et al. adjusted more recently nuclear temperatures for materials from
Al to U238
whole region v=0,16 gives an acceptable overall fit for the energy distribution

for all nuclei, We took the ve=value recommended by

1 for all nuclei,

in the energy region between 2.5 and 7.0 MeV and found that over this

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 calculated from:

E.
as' [ & o_,(B) $(B) NE'exp(-E'/6(E)

E.
c = lL‘ﬁ (AI-8)
(% o(B)aE :
E. .
iL

BB

Following Yiftah et al. £-91_7 and Swarcbaum et al, 1‘&2_7 we replaced 6(E)

by an average Gi value for each group i. This was necessary because only a
limited esmount of computer core storage was available for our progrsm, which

.is part of the whole MIGR@S-system and was developed originally for the IBM TOT4
computer, For the same reason we had to find a very simple expression for ei.
We chose

PO J
=1l iH ElL

™. A
EN “ZVA

instead of the flux-averaged value taken by Yiftah et sl, and Swercbaum et al,

6.

This procedure may be justified if one considers that formuls (AI-T) already
is an approximation for 8(E).
With the introduction of an averaged 6 the energy integrations over the groups i

and K can be separated. The E'=integration can be carried out analytically.
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The result is

xu, xn

e +1)-0 exp(- ————) (---- +1) 7

EKL EKL
5

=0 43 N/ e xp(-
o3 i 9

n'i,K
(AI-9)

!}

o_y; N B (AEE)
The normalizetion constant N is determined by the requirement

?(AE +AE )N = d
Kzl EK =
(AI=-10)

?(AE1+AEK)

P(AE;0E) = =75 BE,
K>i *

I.2¢c Energy groups, where the excitation levels are partly resolved and
and Rartlz 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 grbup 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 formuls
- i i -
P(AEi+AEK)d’c d; P(AE~AE.) + c; P(AEc+AEK) (AI=11)
In (AI-11) P(AE§+AEK) is the transition probability to group K of neutrons
whose incident energy lies in the range of resoXved excitation levels of the
residual nucleus within group i.P(AE +AEK) is given by o n'i, K/ 15 vhere
%pi K follows from equation (AI-li), P(AE +AEK) is the correspondlng quantity

for neutrons with energies in the range of unresolved levels of the residual
levels of the residual nucleus within group i. P(AE;+AEK) and P(AEi*AEK) are
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both normalized to )} P(AE
K>1

The relative contributions of resolved and unresolved levels di and c; are

l“*AEK) =1,

given by
~j_ 0, +(E) ¢(E)aE j. cn.(E) $(E)dE
AE; AEz
4 ==, L S
[*F 4(E)am i o(E)am
B, E.
iL 1L (AI-12)
i, i

(AEd+AEc~AEi)

Of course (AI=6) and (AI~7) are simplified formulas, Taking 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 an

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
probabilities of the ABN 26-group set /207, W(AE,+AE ) were used. The inelastic

matrix was then ecaleulated according to

ntan,2ni K = (On1i¥20, oy ) WAE+AE,) (AT-13)

The scattering matrices were obtained by multiplication of the transition
probsbilities with the total 26 group-cross sections for inelastic scattering.
Contrary to the ABN-set / 20 7 the scattering matrices have been calculated

for scattering into all energy groups Kﬁ?6; no cut because of the smallness of
the foilowing 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 renge of discrete levels. For the most




- 103 -

important case of U238 the main reasons for this fact are the following:

The inelastic scattering to higher levels especially to the levels between

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

teken into account a wider resolved energy range than in the ABNeset,

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
terperature and therefore shifts the maximum of the energy distribution of the in-
elestically scattered neutrons to smaller energies compared to the results
obtained with v=0,096 for example.

ABN elso applied an evaporation model in the energy range of unresolved

238

excitation levels, For U they used experimental values of the nuclear

temperature, from which a value of v=0,11 is obtained. The resulting inelastic

scattering matrix was then still modified in the following way. Calculations

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 someone whowants to compare our

matrices to these of Abagjan et al,

The new scattering metrices are given in table AI-T on the following pagess
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Table Al-T

Inelastic scattering matrices 91 g
3

Explanation of material names used in the following tables:

AL270 = ngl
P120 = 120

CR520 =  Cr
FE560 = Fe
MO960 Mo
NA230 = Z3ra

170

NI590 = Ni

0®160 = ’go
PU390 = Qggpu
PULOO = ngpu
PULIO = gglpu
PUS20 = agﬁpu
U2350 = QSZU
uz3go = 238y

92
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