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Abstract

In this work we are dealing mainly with calculstions concerning integral
experiments in fast zero power assemblies. By comparing calculated and
measured quantities we want to check the nuclear data and methods of
calculations used and try to get indications for further improvements.
Following a few introductory remarks some comments to the state of the
art of the physics prediction for fast reactors are given. Then the
activities at Karlsruhe to improve the nuclear data and methods of
calculation, especially some of the most recent results, are described,
At first the improvements in the group constant sets are considered and
the influence of the energy dependence of the fission spectrum is studied.
It is outlined that the proper treatment of relatively thin reflecting

zones is difficult in the present scheme of calculations even if a more

appropriate type of transport cross section is used., For the SUAK-
assemblies the influence of an uncerteinty in the enrichment on the
eritiecality is determined. The criticality effect of using the Pl-sprroxi-
mation for the scattering on hydrogen instead of the transport approxi-
mation is studied for SUAK UH1B and SNEAK 3A2,

The difficulties coneerned in the caleulation of material worths and
neutron life time are discussed. The theoretical results obtained at
Karlsruhe for the Doppler effect seem to be satisfactory at the moment.
The influence of the model used for the calculation of reaction rates

and cell traverses for heterogeneous platelet-arrangements is studied

and the experimental and theoretical results for the cell traverses

are compared. The measured and calculated reaction rate traverses through
core and blanket of SNEAK 3A2 are also compared with special erphasis

on heterogeneity effeets in the core-blanket transition region.

In the Appendix some personal comments are devoted to the significance

of adjustment procedures for group constants,



Zusammenfassung

In dieser Arbeit befassen wir uns mit der Nachrechnung integrsler Experi-
mente in schnellen Nﬁllenergie-Anordnungen.,Der Vergleich der berech-
neten mit den gemessenen GrdfRen dient heuptsichlich der Uberpriifung der
Kerndaten und Perechnungsmethoden und soll Hinweise auf notwendige Vere
besserurgen Jiefern,

Nach einigen einleitenden Bemerkungen wird dargelegt, welchen Stand

die reaktor-physikalischen Vorhersagen fiir schnelle Resktorer erreicht
haben. Danach werden die in Karlsruhe unternommenen Anstrengungen zur
Verbesserung der nuklearen Daten und Rechenmethoden beschrieben und

die jlngsten Frgebpisse aufgefilhrt., Die Verbesserungen in den Gruppen=-
konstantensétzen werden kurz erliutert und der Einfluf der Energie-

abhéngigkeit des Spaltspektrums wird untersucht. Es wird dargelegt,

o]
1]

daR eine sangemessene Behandlung relativ diinrer Reflektorzonen innerhalb

des regenvartigen Berechnungsschemas schwierig ist. Die Benmutzunmg eimes

1]

geeigneteren Trapsportguerschnitts in den Transportrechnungen beseitigt
rmur eiren Teil dieser Schwierigkeiten. Fiir die SUAK-Anordnungen wird
der FinfluR einer Unsicherheit in der Anreicherung auf die Kritikalitst
bestimmt, Fir SUAK TE1ER und SNEAK 3A2 wird gezeigt, welche Auswirkungen
auf dile Kritikalitit sich ergeben, wenn man statt der Transportnéherung
die Pi=NBherung flir die Streuung an Vasserstoff benutzt,

Die Schwierigkeiten, die bei der Berechnung von Materialwerten und Neu=

tronenlebensdauern suftreten, werden diskutiert. Beziiglich des Doppler-—

berechneten Werte eine zufriedenstellende {bereinstimmung mit den Experi-
menten aufweisen., Fiir den in schnellen Anordnungen iiblichen heterogenen
Plittchenaufbau wird untersucht, welche Auswirkungen das den Rechnungen
zugrunde liegende vereinfachte Modell auf die Berechnung von Resktions-
raten und Zelltraversen besitzt. Die im Core und im Blanket von SNEAK 3A2
gemessenen Reaktionsratentraversen werden mit berechneten Ergebnissen
verglichen, wobeli besonders suf Heterogenitétseffekte in der Core-Blanket-
Ubergangszone geachtet wird.

Der Anhang enth#lt einige Bemerkungen und persdénliche Ansichten liber die

Bedeutung der Gruppenkonstanten-Anpassungs.
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I.

INTRODUCTION

One of the primary objectives of theoretical resctor physies is the
prediction of the nuelear characteristics of power reactors, A high
accuracy and reliability of this prediction for many important charac-
teristics is necessary from the economic point of view as we know

e.gs from the studies of GREEBLER and HUTCHINS 1‘1_7, /72_T+ Economics
are therefore the most important incentive to increase the accuracy
and reliasbility of the nuclear data and the calculational methods

and to check the theoretical results with corresponding experiments,
Besides the economic incentive there is the natural scientific incentive
which calls for explanations of the existing discrepancies between
calculation and measurement and finally calls for improvements and

refinements in theory and experiment to obtain agreement for corres-

It is at present generally accepted that it is very difficult to create
a satisfactory set of group constants for reactor calculstions which

is based on differential measurements only without using the results
of integral experiments. Therefore, it is necessary to compare the
experimental results of eriticel experiments with the results of
caleulations using the best availasble nuclear data and methods of
calculation.

In chapter II some comments to the state of art of the physiés pre-

diction for fast reactors are given. The activities at Karlsruhe

im®

to0 improve the nuclear data and methods of calculation, especially
some of the most recent results, are described in chapter III, At
first the improvements in the group constant sets are considéred‘
(IIT.1) and the influence of the energy dependence of the fission
spectrum is studied (III.2), It is outlined in III.3 that the

proper treatment of relatively thin reflecting zones is difficult

in the present scheme of calculations even if a more appropriate type
of transport eross section is used (III.,k), For the SUAK-assemblies
the influence of an uncertainty in the enrichment on the eriticality
is mentioned in IIT.5, The criticality effect of using the Pl-approxi-
mation for the scattering on hydrogen instead of the transport appro-
ximation is studied in III.6 for SUAK UH1B and SNEAK 3A2,

Manuskript zum Druck eingereicht am 18,6,71
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The difficulties concerned in the calculation of material worths

and neutron lifetime are discussed in III.7 and III.8 respectively.,

In IIT1.9 we draw the conclusion that the theoretical results ob-
tained at Karlsruhe for the Doppler effect seem to be satisfactory

at the moment. The influence of the model used for the calculation

of reaction rates and cell traverses for heterogeneous platelet-
arrangements is studied in III.10 and the experimentsal and theoretical
results for the cell traverses are compared in IIT.11. A compearison
of the measured and caleculated reaction rate traverses through core
and blanket of SNEAK 3A2 is given in III.12,

In the Appendix some personal comments are devoted to the significance

of adjustment procedures for group constants.
II. COMMENTS TO THE STATE OF THE ART

--— ———The most—important quantity used in the comparisonm between theory and

experiment is the criticality keff or the critical mass of the reactor

system, Fig, 1 illustratesthe situation in 1966 when DAVEY £'3=7 COM=

pared the prediction for the assembly ZPR ITII-48 obtained by various

groups working on fast reactor physies. It can be seen that the pre-

dictions of critical mass differ by up to 100 kg, a relatively large

amount compared to the 272 kg reslly present in the experiment. The

caeleulated central reaction rate ratio oc(U238)/of(U235) considered

as a spectral index in /3 7 differs by about 10% between the extreme

3

oY -1-1-1:1 o Arneaw
WOW O g AT ;AL)C;L

}

and even if the experimental value is decressed by 5%, according to

the given experimental uncertainty of *5%, most of the theoretical
results still remein below the lowest value which seems to be acceptable
from the point of view of the measurements, This indicates that most
calculations lead to a systematic underprediction of the reaction

rate ratio 0@(U238)/cf(U235). The probsble reason is that in most sets
of group constants & too low capture cross section of U238 was assumed
at that time,

Figs 2 shows the predictions for the central perturbation cross section
of Na and for the central ratio cc(U238)/cf(Pu239) derived from the
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given ratios 1-3_7 cc(U238)/cf(U235) and cf(Pu239)/cf(U235). The first
quantity can be considered as representative of the central sodium void
coefficient, the second one gives an indication of the prediction of
the breeding performance, Comparing the different results one should
Have in mind that they have not been derived for identical reactors
because the different participents of this intercomparison have been
asked to adjust the radius of the assembly in such s menner that criti-
cality is achieved, Considering the very large discrepancies observed
in Fig, 2, this fact, however, seems to be of minor importance.

For the sodium void coefficient a change of sign can even be found in
one case and in several cases there is an overprediction by a factor
of 2. For the breeding performance -or more precisely for the conversion
ratio- a difference of about 20% can be observed between the two most
extreme values,

This leads us to the conclusion that in 1966 the criticality was pre-

dietable with 3%, the conversion ratio with +10%; snd such an-important
reaction rate ratio as oc(U238)/of(U235) also with #10% of accuracy,

The uncertainty attributed to the sodium void coefficient was +100%

at that time.,

Fig, 3 is taken from an intercomparison too, which has been evaluated

by BAKER Z“h_? in 1969, The reactor considered here is a simplified model
of .a 1000 MWe sodium cooled fast resector, All groups participating in
this intercomparison hed to adjust the en;ichment sppropriately so that

criticality was achieved for a given geometry., From Fig, 3 it can be

seen that the breeding gain for thesecritical reactors differs by sbout
0417 between the most extreme results., This difference of ebout 50%

for such an important quantity is amazing having in mind that this will
cause an uncertainty of the doubling time by about the same emount. The
keff-valués of Fig, 3 were determined by tﬁg group which performed the
evaluation for this intercomparison using additional information provided
by the various participants. The composition obtained for the Winfrith

D4 calculation was used as the basis for this keff-estimate for identical

reactors. Therefore, the Winfrith FDh—ke value is unity Jjust by definition

becanse it is the reference point. ff‘
Compared to the situstion in 1966, the improvement obtained up to 1969

in the physics prediction seems to be rather small., The uncertainty in keff
is still large, about *2.5%, although most of the results are within

8 £1% uncertainty range. There is still a #25% uncertainty in the breeding
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gain equivalent to a +7% uncertainty in the breeding ratio which
has to be compared with the £10% uncertainty in the conversion
ratio observed in 1966.

These facts demonstrate that the physies prediction of fast reactor
characteristies cannot be considered as satisfactory at present,
Further efforts are necessary to reach the goal of sufficiently
accurate physics predietion for the future economic large fast
power reactors.

Mock-ups for these reactors are presently built in the United
States. Because of their large size they are rather expensive.
Although they provide valuable additional information it may be
questionable whether they are justified or necessary from an ecoe
nomic point of view, especially if one takes into account that they
provide only few information on long term behavior and safety charac=-

teristics as e.g. power transients. Therefor it may happen that at

——  least in Europe the design of large fast power reactors has to rely
to a large extent on theoretical predictions whieh, of course, are
based on extensive checks for a variety of smaller and not so expenw
sive assemblies, This is the reason why a high accuracy for thé
theoretical results ultimately must be attained which implies con=
tinuous improvements of the nuclear data basis and of the methods
of calculation and the check of both, methods and data, with integral
experiments for which also a high accuracy and reliability has to be
reguired.

As
to the results obtained by FILLMORE et al. ['5_7 who determined keff
and other quantities for the same reactors using the same basic nuclear
data but different procedures for the generation of group constants,
The results partially given in the following table are not very enw-

couraging.
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Table 1
ngggrison of results obtained for ZPR III-48 using the same

nuclear data but different procedures for the generation of
group constants: GRISM and M’C2~

Quantity- GRESMFresult
MC~=result

keff 049925

Fog/ Fzs 0.953
C28/F35 1.06

MW U-238 1,12

MW Pu=-240 ' 0.89

MW Cr 1.69

MH N . BT

MW Na 1.31

~
MW = material worth

Although it is quite certain that the differences of some of the
quantities are due to the different methods of treating the resolved
resonances by the two codes, the discrepancies observed here clearly
indicate that besides improving the basic nuclear data it may be
necessary to reconsider the methods used for the preparation of
group constants. If the theoretical treatment adopted in these
methods is not refined enough and if insufficient approximations

are used one must expect a considerable degree of uncertalnty in

the generated group constants,
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ACTIVITIES AT KARLSRUHE TO IMPROVE NUCLEAR DATA AND METHODS
OF CALCULATION

III.1 TImprovements in group=constant-sets

Before 1967 the wellwknown Russian ABN=Set 1'6_7 had been used
mostly for the calculation of fast reactors at Karlsruhe. On

the basis of the KEDAK~file, the evaluated nuclear data file
established at Karlsruhe, first the KFK-Set /[ 6a_7 and then

the so-called SNEAK-Set 1-7_7. /78 7 were prepered which may

be considered as improved versions of the ABN-Set, The first
assembly calculated with this new SNEAK-Set was SNEAK=3A1 1-9_7.
The sgreement observed between theory and experiment for the cri=
ticality of this assembly was surprisingly good -the difference
was sbout 0.5%-. It was therefore suspected that some adjustment

hed been performed. Thls was not the casej all nuclear data Whlch

were improved compared the ABN~Set had been taken from the KEDAK-
file, The only correspondence to the SNEAK-assembly consisted in

+ha use Gf +ha

STy mde voey ~nd WAV QAN ne o wrad ohdam ade wandvn £
FPRA A il SpeCy () v 4

rum of SNEAK-3A2 as & weigh i
the generation of group constants. Subsequent studies 1"10_7

showed that this first good agreement between theory and experiment
was to some extent fortuitous,

Further improvements resulted in the so~called M@XT@T-Set £-11_7
which was presented at the 1969 BNES-Conference in London 1-12_7.
The assemblies chosen for a systematical check 1'11_7, [ 127

of the nuclear data and methods of calculation covered & broad
range of different material and geometric compositions and resulted
in rather different energy distributions of the neutron spectra.
With the M@XT@T-Set we suceeded to predict the criticality of all
assemblies considered in the study with a maximum deviation of

2%,

Another important success of the M@XT@T-Set =also confirmed by more
recent results~ is the nearly clear cut between the eriticalitye
deviations of U=235~ and Pu=239-fuelled assemblies leading to the
conclusions that U=235+U~238-mixtures were predicted somewhat
supercritical and Pu=239-+U=238-mixtures somewhat suberitical.
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As could be expected the mixed fuelled sssemblies SKEAK-3B2 snd:
SNEAK=4A were predicted rather well because of compensation effects.,

Because of the encouraging results obtained with the M@XT@T-Set,
other assemblies have been calculated with this éet of group ™~
constants too, e.g. the recently built SNEAK-hA, K pp calc./keff neas .~
0,999 /713_7, SNEAK-2A, E pe = 1018 /714 7. A recalculation of

the well=known small assemblies showed the following results 1'15_7:
GODIVA (bere uraniume-sphere) 1,016, TOPSY (uranium sphere, reflector:
natural uranium) 1,020, JEZEBEL (bare plutonium sphere): 1,001,

POPSY (plutconium sphere, reflector: natural uranium) 1,009,

These results have been obtained by 86-calculations using the

transport approximation for the description of the scattering process.
Using a higher SN-order will reduce these results by about 0.5%

4'15$7 and a change of the description of the neutron scattering

(evge P3=approximation) may lead to further small changes for the

theoretical eriticality value but will not alter the main cone
clusions,

T UTDRA_11
AR L |

0onn h
¥ A VWYl

Aacm value k .
possible error in this theoreticaleiilue is caused by the uncerteinty
in the rather large transport correction. By addition of our one-
dimensionsl corrections: axial (316): 0,0204, radial (SB): 0.0353

we obtained &k (transport correction): 0,0557 whereas BAKER ['16_7
e.gs Treported a best S)-value of 0,053 which could reduce to 0,043

if Sinfe and a finer mesh size are accounted for.

These recently determined eriticality values confirmed our previous
experience of a maximum deviation of 2% between measured and cale

culated criticality.

III.2 Influence of the fission spectrum

The standard fission spectrum used in our eslculations in that belonging
to v=2,8 of the ABRN=Set 1'6_7. In /712 7 we studied the influence

of the fission speétrum on eriticality in a rough manner by applying
the variations which are given in /76_7 for the dependence of

the fission spectrum on the mean number of fission neutrons per
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fission. The results were rather small changes

a) for criticality: a reduction of 0,001 = 0,003 for uranium
fuelled assemblies and an increase of 0,001 for plutonium

fuelled assemblies,

b) for the central fission ratio cf(U238)/of(U235):
a reduction of 1.,2% for uranium fuelled assemblies and an

increase of 2% for plutonium fuelled assemblies,

FABRY /"43 7 among others /“4k 7, /745 7 has obtained some indi-
cations from his measurements that the U235 thermel fission spectrum
hes to be modified compared to the previously generaslly used form.
The influence of his preliminary results [ 46_7 has been studied

for SNEAK-3A1 and SNEAK-3A2,

Table 2

Chang

e caused by the introduction of FABRY'S fission spectrum

cf(U238)

k afiU2355
SNEAK~3A1 40,0023 + 4,3%
SNEAK=342 40,0019 + b 47

For ZPR III-48 for the same change in the fission spectrum the
following results have been obtained:

0 U238 o PudliC |o Pu239 |0 U238 |o Pu239
k R o d R vl
?;?235 g.U235  |0.U235 10.U235 |0 Pu239

ZPRIII=48]+0,0035 +4,5% |+1.8% +0,25% [=0,25% |=0.,6%

These results indicate that although there is a certain increase
in the central fission ratio 0,(U238)/0,(U235) this effect is not
large enough to explain our present discrepancy for this quantity.
Therefore this fact is a further strong indication that the ine
elastic scattering cross section for U238 has to be reduced in the

high energy range ebove about 1 MeV to get an improved agreement



between theory and experiment.,

From the results presented here we mey alsc conclude +that the
dependence of x and v as given in the ABN-Set is not appropriate
to describe the uncertainty which at present exists for the
energy dependence of the fission spectrum. Recent measurements
of NEILL l‘h7_7 do not agree with the results of FABRY, GRUNDL,
and MCELROY so that at present no definite conclusion can be
drawn on the correct form of the fission spectrum.

A further uncertainty is caused by the fact that most fission
spectrum measurements are performed for thermal fission in

U235 or Pu239, whereas in a fast reactor the fissions are caused
mainly by high energy neutrons. Most fission processes occur

in U235 and Pu239 but a remarkable amount also in U238, For these
fission processes there is considerable lack of detailed precise

information on the energy dependence of the fission spectra.

III,3 Influence of different treatments of relatively thin

‘reflecting zones

At the top and the bottom of the SUAK-assemblies there are reflécting
zones which essentielly consist of pure aluminum or iron. In these
zones the cross sections are determined according to the usual ABN-
procedure which for this case means practically total resonance self-
shielding (o°=0). But the zones are only about 3 cm thick so that

an asymptotic neutron energy distribution can never be obtained

in these thin zones., Therefore the application of +the do-concept

is rather doubtful., Most neutrons suffer at most one collision.

Only those few neutrons which have energies corresponding to
resonances with high peak values of the cross section suffer more
than one collision within that thin layer of reflector material.
Therefore the resonance structure of the neutron flux is not strongly
marked and the assumption of total resonance self-shielding is not
Justified for theée thin zones,

‘When reducing the influence of the resonance self=-shielding by
.addition of the pseudo-material ANTIO it hes been shown that the
criticality of SUAK UH1B may increase by about 0.5%.
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In one-dimensional transport calculations for the axial direction
with transversal bucklings for the separated directions using

the STRTR-transport cross section discussed in the next section
and reflector cross sections for practically infinite dilution
(o, = 1000 barn) an increase of k_p¢ Das been obtained, compared
to the usual results which correspond practically to total
resonance self-shielding: Ak = +0,0065 UH
Ak = 40,0064 SUAK U1B (MPXT@T-Set result),
Table 3

Influence of resonance selfhshieldinﬁ for relaxiveéx thin

reflecting zone
(by addition of the pseudo-material ANTIO)

4
i

B (ABN-Set result),

Assembly Group=set 3§§ZZP::Ztion Ak

SUAK U1B M@XT@T STRTR +0,0064
SUAK UH1B M@XT@T STRTR +0,0061
SUAK UH1B ABN STRTR +0,0065
SUAK U1B M@XT@T STR +0,0095
SUAK UH1B M@XT@T STR +0,0087
SUAK UH1B ABN STR 40,0087

A preliminary result from heterogeneous calculations for SUAK UH1B
with the ZERA-code resulted in an increase of keff by 049 (MPXTET.
Set result)., For these calculations a strong absorber has be used
at the outer boundary to simulate the vacuum boundary condition.
Because of difficulties with the code in this special case which
are due to the fact that for the pseudo-absorber material XY990 no
transport crosé seetion is provided no transversal buckling could be
teken into account for the heterogeneity calculations, |
Nevertheless it seems that both results indicate that taking into
account properly the effect of the reflector zones present at the
top and bottom yield an increase of the calculated criticality of
about 0,5% which cannot be considered as to be small when comparing
theory and experiment. It should be mentioned that with the previously

used transport cross section STR the criticality increase observed
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in the corresponding case is even larger, sbout +0,009 which is
consistent with results discussed in the next section, where.
the influence of different types of transport cross sectionms

is analysed having in mind that o, = 1000 barn is praectically
equivalent to infinite dilution, so that the differences between
STRTR and STR practically disappear.

For natural uranium reflectors this effect is generally less
pronounced than for iron=nickel= or aluminum-reflectors, because
the f-factors for U238 in the important energy range are closer
to unity than for the structural materials. For .larger reactors
the importance of this effect is reduced because of the lesser

importance of the leakage process.

III.4 Influence of using different types of transport cross

sections

) oz (e s

In the diffusion calculations and up to the begin of 1970 also
in the SN—calculations the current-weighted transport cross

o an ARN_ao
A8 NUCDLGIL Rbhn=S

used. It is supposed that the flux weighted transport

cross section (internal 1abelSTRTR) has to be used

for reasons of consistency in the SN-calculations. In this
section all cross sections are calculated following the usual
co-procedures without using the pseudo=-material ANTIO,

For SUAK U1B the use of STRTR instead of STR resulted in an
increase of keff by 0.0030 for a one-dimensional transport
calculation in the axial (z~) direction (M@XT@T-set-result).
The leakage in the transversal direction is still determined
with the transport cross section STR which corresponds to the
diffusioﬁ calculations, This seems to be appropriate since the
buckling for the separated space directions has been obtained
by diffusion caleculations. For the x=- and y=directions a smell
decrease of criticality of ~0,00016 has been obtained when
~using STRTR instead of STR, This is due to the fact that STRTR
is not in all energy groups larger than STR in the M@XT@T-set,
because the current weighted f-factors ft have not been changed

when going from the ABN-set to the SNEAK-set or other improved



versions of group constant sets, whereas for some isotopes all
other f-factors which are flux-weighted have been redetermined
and replaced.

The use of the STRTR~transport cross section instead of the
STR~transport cross secfion’used before causes an overall increase
of k_o. of +0.0027 for SUAK U1B (MPXT@T=setwresult). A similar
result has been obtained for SUAK UHIB using the ABN=-set:

Akz = +0,00255, Akx = Aky = +0,000375, &k a +0,0033,

Table L

Influence of the type of transport cross section (using STRTR

instead of STR in S,~calculetions)

total

N

Assembly Group-set | Pseudo-material Ak

with ANTIO in the

reflecting zZones
SUAK U1B M@XT@T no +0,0027
SUAK UH1B M@XT@T no +0,0026
SUAK UH1B ABYN no +0,0033
SUAK U1B M@XT@T yes «0,000k
SUAK UH1B M@XTPT yes +0,000002
SUAK UH1B ABN yes . +0,0010

III.5 Influence of the enrichment on the eriticality of some

lies ’

With respect to the SUAK assemblies it seems worthwhile to mention
that the atomie number densities used up to now are subject to

some doubt, Especially the uranium enrichment appears to be probsbly
too low because the patelets used in the experiments have been

the same as those used in the SNEAK=-facility whereas the enrichment
reported in the literature for the SUAK assemblies is 19,86% com
pared to the enrichment reported e.g. for SNEAK 3A2 is 20,04%. In-
creasing the enrichment for the SUAK-assemblies to the value given

for the SNEAK-faecility leads to a criticality inecrease of +0,0055
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for SUAK U1B end of +0,0038 for SUAK UH1B, Using recently revised
data of WATTECAMPS 1-17_7 for the number densities of both
assenblies causes an increase of the criticality of +0,0053 for
SUAK U1B and of +0,0020 for SUAK UHIB,

I1I.6 Influence of the P1-§§proximation for the scattering

‘on hydrogen

The influence of the anisotropic scattering on hydrogen in Ple
approximation has been studied for SUAK UH1B using the consistent
data of the ABN~set, At first a consistent value of keff has

been determined for the different space directions x, ¥y, 2 by
onedimensional transport calculations, A value of keff = 0,91498

has been obtained with the corresponding bucklings: Bx" = By2 =

65.5541010~" om™2, BzZ = 55.6846 » 10~ em™2, B2total = 186.7928
e10'h cm'g. Taking into account the Pl-approximation for the

neutron scattering on hydrogen yields keff = 0,91788 with the

corresponding bucklings: Bx® = By2 = 65.0221~10'h cm"a, Bz® =

(35 aQnQ.qn"h .!..."2 'u24.a.4-a1 = 18t
slealau® v cm g L TUVEL = 10D

difference caused by the influence of the Pl-approximation for

2D
®

the scattering on hydrogen is Ak = +0.0029.
For a bare sphere of radius 19,64 which yields good agreement

for ke determined by the successive onedimensionsal calcualtions

% if
in x, y, z direction using the transport approximation for the hydrogen

scattering, the influence of the Pl=approximation gives nearly

the same result of Ak = 00,0030,

These corrections of 0,0029 respectively 0.0030 are smaller than

the correction of 0,007 which has originally been assumed /" 11_7,
1'18_7 for the influence of the Pl-scattering epproximation on
hydrogen.

On the other hand & fundamental mode calculation using the originally
/7117 determined total buckling of 205.33781+10™ cn™2 yields a

kK pp = 0.87913 for the ABN-set which in turn gives a SN-correction

efl

for keff of about k = +0,036 (ABN=set=-result). This value is larger

then the corresponding originally given value of 0,030 (SNEAK-set-result).
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This faet shows that the S _=correction depends to some extent on

N
the set of group constants used. Therefore for major changes in

the group constants the SN-correctibn should be redetermined,

For SNEAK 3A2 the influence of the anisotropic scattering of
hydrogen in Pl-agpproximation is rather small as has been studied
using the ABN-Set. For spherical geometry an increase of +0,0003
in keff has been obtained compared to the usuasl transport appro-
ximation for the scattering process (the transport cross section
STR has been used). The same result has been determined by the
addition of the corresponding corrections from one-dimensional
axial and radial transport calculations (Akax = 40,0001, Akrad =
+0,0002) leadingvto a final keff of 1.,0099 for the ABN-Set from
the homogeneous transport calculations, For completeness it should
be mentioned that the following consistent bucklings have been
=2

. -
used: B = 8.,260110°  em 2, B2rad = 16,3408+10"  ecm .
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COMMENTS ON INTEGRAL QUANTITIES

II1.7 Material worth

The material worth measurements provide more detailed information
on the neutron physics of the reactors to be studied than the
criticality of the reactor systems. Although the principle of

the method is very simple the interpretation of the measurements

‘may be somewhat complicated.

The first difficulty is the absolute normalization because the
experimental values are given relative to Beff = 1¢ and the
theoretical value of the dollar is subject to some uncertainty

as is shown for example for the assembly ZPR III-48 where PITTERLE
1-19_7 obtained 1% Ak = 942 ih whereas BROOMFIELD 1-20_7 reported
a value of 1002 ih for 1% Ak/k,

To get rid of this difficulty one generally compares the material

worth ratios between theory and experiment normslized most times

to the U235 material worth.

The second difficulty is due to the fact that first order perturbation
theory is in most cases not the adequate theoretical description

for such measurements because it is valid essentially for an infinitely
thin sample in a homogeneous core, Usually the samples in the actual
measurements are plates of less than 1 em thickness which are in-
serted in an environment which is heterogeneous because it is built

by platelets containing different materials., Therefore a more
appropriate theoretical model has to be applied than that of first
order perturbation theory. In order to describe the interaction
between the sample and the core appropriately one has to take into
account the effect of flux depression in an absorbing material

or flux peaking in a fissile material and the influence of resonance
self-shielding which may be different for the sample and the
surrounding core zone as has been pointed out by FISCHER 1"21_7.

The most severe limitations of FISCHER's method of treating the

sample size effect are that it is not valid for very large samples

and that it does not take into account the heterogeneous structure

of the surrounding core.
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OOSTERKAMP 1'22_7 constructed a special experimental device which

enabled him to take into account in the calculations the influence

of envirommental effect. The following table shows a comparison

of different theoretical results for msterial worth measurements
in SNEAK-5C, The results have been taken from the work of

OOSTERKAMP 1'22 7
Table 5

Comparison of Different Results for Material Worths in SNEAK=-5C

Tgbtope Welght Position P/0 “?/0 Olﬁii O/ixp
| [Te7 SNEAK-Set |MOXTOT-Set

U238 60 1 0.84 0.80 1416 0,95
60 2 1,18 1,14 [} 1,26 1,10

5 1 0,54 0.61 0,80 0.72

5 2 1.16 1.3k 1,22 1,10

Pu239 5 1 0490 0.93 109 1.0k
5 2 0495 0.97 1.19 1.10

Pu2ko 3 1 0.90 0.81 1oLl 0491
3 2 1,20 1,09 || 1.77 1,00

Fe,0, 3 1 - 1.24 0455 0455
- 3 2 - 1.73 || 0.52 0.52

U235 3 1 1,00 1,00 1,00 -

First order perturbation theory

H>» 0> ¢t>

of integral transport theory tsking into account sample

size and environmental effects
a

Exp = Experimental result

Position 1: Soft spectrum in the graphite region of the cell

Position 2: Harder spectrum in the fuel region of the cell

FISCHER's perturbation method of integral transport theory
OOSTERKAMP's improved version of the perturbation method

These results show that an insufficlent theoretical treatment may

cause errors of 10 = 20% or even more of the calculated material
worth. The two last columns show that with the MOXTOT-Set the
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agreement between theory and experiment is improved compared to
the SNEAK-Set. Mostly the discrepancies are 10% or even less,

Possible reasons for the two exceptioné are discussed in [’22_7.

The theoretical model of OOSTERKAMP ﬁhich is well adopted %o
his special experimental device underlines the importance of
environmental effects which have to be tazken into accoung by
the theory besides the effects of resonance selfw-shielding and
the sampie size of the probe.

The code seems to be superior to the codes RABBLE and RABID
developed by KIER and others with respect to the computer time
needed and to those of MeGRATH and FOELL with respect to the
treatment of resonance self-;hielding as discussed by OOSTERKAMP
[T22. 7. |

When reporting on methods of calculation used to determine the
meterial worth the results of KIEFHABER 1;23_7 should be

mentioned . He studied the influence of group collapéing Pro=-
cedures on the calculated material worth. The results of the

4 - ™
4
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Teble 6

Normalizeg,to the Correspondigﬁ:26—6roqp Results

Results of First Order Perturbation Calculations with few Groups

-8L_

Weighting function

Number of Central Reactivity worth for SNEAK3A2 of -Neutroﬁ B/l
of the fewwmgroup few=groups ' lifetime B=effective
¢ross sections fraction
Case used for calculating of delayed
. - ; 1 neutrons
¢ ) 8% Al C Fe Mo Ni U235 U238
1 ¢ ¢ 3 11 0,949 | 0,999 | 0,989 | 0,999 | 0,935 | 1,00T| 1,012 0,973 1.026
2 ote oo ) 1 0,993 | 0,993 | 0,994 | 0,995 | 0,995 | 0,996 | 0,99 0.999 | 0,999
3 ¢ ) ¢ 5 0.728 | 0,621 ] 0,593 | 0,969 | 0,898 | 1,054 | 0,950 0,945 1,067
b 0" ' ot 5 @14112 | 0,183 | 3,778 | 1,404 | 3.754 | 0,757 | =0,082 1317 0.825
5 oo P ote 5 0,976 | 0,979 | 0,992 | 0,984 | 0,986 | 0,985 | 04987 0,995 | 0,989
-6 b 0" ote 5 04987 | 0,988 | 1,000 | 04992 | 0,996 | 0,995 [ C.99k 0.996 0.993
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In case 1 and case 3 the usual flux weighting is used for the
generation of the few-group-constants. Redueing the number of
groups by about a factor of 2 leads to errors of up to 6.5% in
calculated central material worth, A reduction by a factor of
5 causes errors of up to 40% especially for predominantly
scattering materials. From case 6 can be seen that the use of
the appropriate weighting procedures for the generation of

the few group constants,which afe now different according to
their subsequent special use, leads to rather small errors

of less than 1.85% for the calculated central material worth,

even if the number of groups is reduced by a factor of 5.

Generally the group=constants of group sets with about 2050
groups have been obtained by some sort of flux-weighting.
No special attention has been given to the generation of group

constants appropriate for adjoint flux- or perturbationw-cale

culations., Therefore the results of the 26=-group perturbation
calculations may be subject to some systematie error., Especially
that one can definitely conclude from discrepancies between

theory and experiment that there should be some error in the nuclear
data and that these data have to be revised.

The results of PAGE and KUROSU /724 7 on the sodium void studies

for ZPR III-48 confirmed this conclusion and give additional

indications for possible sources of errors.

In the following table some results for the central material
worths are given for two eritical assemblies. The theoretical
results have been determined by first order perturbation theory
using the SNEAK-Set and the MOXTOT-Set. All values are normalized
to U235. The experimental results for SNEAK 3A1 have been taken
essentially from /79 _7, those for ZPR III-48 from /719 _7.
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Table T
Central Material Worths
"ASSEMBLY
SNEAK 3A1 ZPR III-48
Material (Exp. SNEAK-Set | MOXTOT-Set || Exp. SNEAK-Set | MOXTOT-Set
U235 1e 1, 1, Te 1 Te
U238 ~0.073 0,001 «0,0799 [=0,0692 ~0,0T4 0,002 | =0,0780 |=0,0678
Pu239  [+1.47 20,04 #1819 [#1.377 +1.33 20,03 | +1.336  [+1.277
Pu2h0 |- ‘ - - 0,24 20,06 +0,065 +0,200
Na - - - =0,0018£0,0001] =0,0039 |=0,0037
B10 -1415  %0,02 =1,219 -1,289 1,12 %0,02 -1,039 -1,061
Fe -0,0062 £0,0005 ~0,0087 |=0,0079 «0,0087£0,000k | =0,0103 |=0,0095
Cr ~0,0050 +0,0003 =0,0067 |=0,0062 «0,0061£0,0003( =0,0085 |~0,0085
N =0,0106 £0,0006 | =0.,0165 |=0,0159 =0,0134£0,0003] =0,0166 |-0,0162
Mo -0,059 0,002 =0,069 ~0,071 ~0,052 +0,001 | =0,066 ~0,065
c 40,0085 +0,0003 +0,0030 |+0,0039 - - - -
Al -0, 0007 1£0, 0000 =0,0027 1-0,0021 - - -
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From this teble one may conclude:

a) The most obvious improvement has been obtained for the predicition
of Pu2kO, This is due to improved nuclear date for Pu2lO included
in the M@XT@T~Set.

b) For U238 and Pu239 & better agreement between theory and experi-
ment would be obtained if the calculated material worth of U235
would be reduced by about 5%. This would also result in & better
agreement for the B10-worth in ZPR III-48,

¢c) For the predominantly ebsorbing material Mo it seems possible that
the remaining discrepancy of 20-25% may be caused by sample size
effects as can be seen in /721 7. The discrepancy for the B10~
worth in SNEAK-3A1 may be caused by the same effect.

d) For the structural materiasls Cr, Fe, Ni the environmental effect

may be very important as can be seen in 5-22 { probably together

with sample size effects, The procedure used for the generation

of group constants must also be considered as possible source of

e) For the predominantly scattering materials Na, C, Al the discre-
pancies between theory and experiment should not be taken too
seriously because sample size effects play an important role (see
2"21_7) and the procedure used for the generation of group—constants
also may be responsible for some part of the discrepancies, The
results presented by TILL /725 7 show the same tendency and there-

fore support the interpretation suggested above,

The final conclusion is that for most isotopes specific experiments
have to be performed which can be compared with sufficient reliability
with results of improved theoretical methods which teke into account
sample size and envirommental effects. Furthermore, one has to study
the influence of the procedure of the group constants generation

using some hundred energy groups for the basic calculations.

In the following we will discuss the influence of the model of calculation
applied for the determination of the central material worths. Three
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items have been studied which are often encountered in prectical
problems: a) the influence of the number of energy groups, b) the
influence of the number of mesh points, ¢) the influence of the
geometrical model used, i.e., one= or twoedimensional geometry.

The results are shown in the following table.

The influence of the number of energy groups was discussed before
extensively, Here one should mention only that usual flux welghting
has been adopted for the collapsing procedure and that the originel
26-group weighting flux has been cbtained by a onedimensional cal=

culation for a spheriecal model of the assembly.,

The influence of the number of mesh points on the central material
worths is far less severe than the number of energy groups. The
largest differences can be observed for the predominantly scattering
materials C, O, and Mg. But even for oxygen showing the maximum

deviation of ebout 15% upon reducing the number of mesh point by a

factor of 4 the deviation must be considered as small compared to
the fact that a reduction of the number of energy groups from 26 to
Lk leads to a change of sign in the material worth for the same

material,

As could be expected a onedimensional model of this assembly with a
large practically uniform core=zone provides sufficient accuracy
for the determination of the central material worth. With respect
to the present range of uncertainty all differences obtained between

the one~ and twodimensional model can be considered as negligible.



Table 8
R REIAI.

Comparison of the results of perturbation calculations for SNEAK 3A2

Quantity

Model of Calculation

Central Material
Worth for 1020

2=dim; cyl .

26 energy groups
1600 mesh points

2wdim.cyls

11 energy groups

1600 mesh points

E—Gim.cyl »
L energy g

roups

1600 mesh |points

2~dime.cyl.

L energy groups

40O mesh points

1=dim.spherical
26 energy groups

|atoms of
Al =0,204 /=9 0,198 /=9 =0.235 /=9 ~0.236 /=9 -0,208 /=9
50 ~0,221 /=6 =0.217 /=6 ~0.219 /=6 “0.221 /-6 ~0.221 /<6
C 0,486 /=9 0.489 /w9 0.195 /=9 04203 /=9 O.uTh /=9
Cr -0,821 /=9 «0.849 /=9 w0577 /=9 ~0,581 /=9 -0.822 /-9
'Fe «0,109 /=8 =0.109 /w8 «0:918 /=9 =0:926 /=9 «0.109 /=8
H 01kl /a7 0,148 /aT 0.122 /=T 0.125 /=T 0.142 /=T
Mg 06637 /=10 04787 /=10 04129 /=9 04136 /=9 0,567 /=10
Mo ~0:115 /=T ~04116 /=T «0,113 /uT ~0¢11h /=T =0,115 /=T
Ni =0,222 /=8 =0,225 /=8 0,209 /=8 0,211 /=8 ~0,222 /=8
¢ +0,427 /=9 +0,438 /=9 «=0,370 /=10 =0,316 /=10 40,417 /=9
Pu239 0.166 /-6 0,166 /=6 0,168 /=6 0,170 /=6 0,167 /=6
U235 0,121 /=6 0,120 /=6 0,123 /=6 0.125 /=6 0.122 /=6
U235 ~0,851 /-8 -0.863 /=8 =0,795 /8 ~0,801 /=8 -0,848 /-8

Neutron lifetime | 0,3897/-6 043847 /=6 043877 /=6 0,388k /=6 0,3893/-6

-ga-
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III.8. Decay constant and neutron lifetime

The discrepancies between the experimental and theoretical results
for the neutron decay constant o and the neutron lifetime 1 may in
part be due to the same difficulties as those encountered in the
chepter on material worth. Because of the relation a=8eff/l there
is the same problem of the determination Qf’Beff as mentioned

for the normalization of the material worth measurements (see also
@+gs LITTLE and HARDIE Z-26_7). Recently the absolute delayedw
neutron yield for U238 has been determined by MASTERS et al. 1-27_7
to be about 14% larger than the generally used value of KEEPIN 1‘28_7.
The uncertainty quoted by MASTERS, however, is rather large, about
30% so that KEEPIN's result « with a quoted error of sbout 7% =

is still well within the error limits of MASTER's result.

It seems worthwhile to note, that MASTER's results show a remarkable
—— dependence of the total delayed=neutron yield on the incident neutrom
energy in the range 3-14 MeV, Furthermore, this dependence is in

contradiction to earlier results of MAKSIUTENKO tsken from é‘28i7.

From the procedure of calculation the neutron lifetime can be con=
sidered as a material worth too. Therefore, the same doubts on the
accuracy and reliability of the method of calculation are justified
.as for the material worth. From the two last columns of table 6 (see
also 1-29~7)it can be seen, especially from cases 1 and 3, that

a reduction of the number of energy groups using the usual collapsing
procedure leads to an underprediction of the neutron lifetime of 2.7%
respectively 5.5% going from 26 groups to 11 respectively 5 groups.

This error is mainly due to the imsufficient prediction of the

low=-energy neutron importance,
In summary one may conclude that

a) there is some uncertainty in the total delayed-neutron yield
for U238 and the dependence of this value on the incident

neutron energy
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b) there is some doubt if the presently used sets of flux weighted

group constants with about 50 or less energy groups gives sufficiently

gecurate and relisble results‘for the neutron lifetime.

¢) In addition to these two effects other effects e.g. the influence
of heterogeneity (see / 30 7) must probably be taken into account
for the appropriate theoretical determination of the prompt

neutron decay constant and the neutron lifetime.

I11.9. Doppler effect

In 1966 the prediction of the Doppler effect for U238 was subject

to an uncertainty of about *30% as can be seen from the intercom-
parison celculations for ZPR IIT-48 /73 7. For ZPR VI-5 TILL /[ 25_7
reported in 1969 an underestimate of the U238-Doppler effect by
about 25% whereas the reactivity worth of a fuel plate for the

same assembly was overestimated by about 10% in the calculations.

An underestimate of 20~30% for the U238 Doppler effect was reported

.
AT AR mT T o

also by HAGGBLOM and TIREN / 31_7. They obtained an overpredic
by factors of 2 to 4 for the U235~ and Pu239-Doppler effects.
At Karlsruhe the situation seems to be somewhat more satisfactory:
For the U238 Doppler effect in SNEAK=-3A2 the deviation between
theory and experiment asmounts to 5% or less as is shown in 1—32_7,
For the calculations the method of FISCHER £~33_7 has been used.

The statistical resonance parameters were taken from SCHMIDT L_3h_7a
For U238 the resolved resonance parameters of GARG et al, £a35_7

have been used. The samples of UO2 were of different enrichments:
0.4%, 15% and 25% and for all of them the maximum deviation was
about 5% or less. Even for samples of PuO2 the deviations were
generally less than 20% in case the resonance parameters of PITTERLE
["36_7 were used. With the earlier resonence parsmeters of

SCHMIDT /“34 7 & remarkable disagreement between theory and experi-
ment was observed., Therefore these measurements strongly favour

the resonance parameters of PITTERLE and thus were & strong indication
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of higher a~values of Pu239 in the keV-region., A detailed description
of the measurements and their analysis has been presented by FISCHER
1-37_7 who indicated that an uncertainty of at most 15% in the ‘
calculated Doppler effect for these plutonium sample measurement

may be caused by the overlap effect between U238 and Pu239 resonances,
In £-37_7 it is also shown that the Doppler effect measurements for

a UnatOz-sample in ZPR VI-4Z can also be predicted with a 107 deviation,
Further information on SNEAK=3=measurements £-38_7 confirmed the cone
clusion that at Karlsruhe the fuel Doppler effect can be predicted

with en accuracy of sbout 10%.

It seems that the experimental set-up used for the Doppler experiments
and the theoretical methods used for their interpretation correspond
rather well to each other, The fact that the measurements and calcu-
lations are refined enough and well suited to each other must be

considered as the reason for the remarkably good agreement in the

determination of the Doppler effect observed at Karlsruhe.

(Influence of the model of calculation)

In earlier times a lot of reaction rate measurements especially fission
ratio measurements have been performed using fission chambers as de=
tectors. These measurements are now considered as not very precise and
reliable because they are subject to systematic deviations of the

order of 5 to 10% 4-39_7 vwhich are due to spectrum distortions caused
by the chamber. BOHME and SEUFERT /740 7 have shown that for SNEAK 342

the fission ratio °f8/° obtained by chamber measurements is gbout

5
8% lower than that obtained using foll measurements. Therefore, one
has to be cautious if there is disagreement between theory and experi-

ment for older reaction rate measurements.

At present one is able (see £—25_7 Z-h1n7) to measure reaction rates
using different independent experimental techniques, e.g. radio-
chemistry, foil measurements, track detectors etc., in order to

have a cross check for the experimental results, so that undetected
systematic errors become rather unprobable. Unfortunately some of

the experiments and/or experimental techniques are not described in
full deteil, Therefore, it is sometimes difficult to get an impression

of the correctness and reliability of these experiments and to make
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use of them for the check of differential nuclear data by integral

measurements.,

At Karlsruhe not all of the new independent techniques are fully
developed, Some experience has been gained with respect to foil
measurements Z’h0_7. It has been shown by recent calculations
discussed in the following that in these experiments the normal
cell is disturbed to some extent by the introduction of the foils,
This perturbation cannot be neglected when comparing theory and
experiment, A reduction of the foil thickness would reduce the
perturbation and at the same time some doubts on the correctness
of the determination of the U238 capture rate l-h2_7 would no
longer be important. For the SNEAK~3A2 experiments é‘ho_? in the
unbunched cell six foils (three of depleted and three of 20% enriched
uranium, each 0,01 em thick) have been placed into the somewhat

modified fuel platelet of 20% enriched uranium which normally has

athicknmess of 0.3th ¢m,
The influence of the introduction of the foils has been studied
theoretically using the ZERA-code of WINTZER /‘30_7. In the following

table the essential results are given:
Table 9

ZERA=celculations for the unbunched SNEAK-3A2-cell

G.U238 1) o U238 1)

k S L

eff ch235 ofU235

case I 1.00197 0,02757 0.1207
case II 0.9748 0.0262 0.1184
case Ila 1,0022 0.02565 0,1186
case III 1.,0681 0.0280 0.1190
case IV 1.0304 0.,02647 | 0.117T7

1) these values are valid for the fuel platelet only
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case I: normal cell without any perturbation. The atomic number

densities have been obtained assuming the edge length
of the platelets to be 5.44 em. They include the

homogenized stainless steel of the subassembly wall,

case II: as in case I but 3 pairs of foils introduced into the

modified fuel platelets The foils of 0,01 cm are assumed
to extent over the whole 5.hhwsS.ulh cm2 aresa with their

correct surface mass loading of about 0,18 Z'g/cm2_7.

case IIa: as in case II but the buckling has been reduced by 10%

to obtain about the same value for the criticality as

in case I,

case III: normal cell without perturbation. The atomic number den-

gities present on the central axis of the cell have been

used, Edgelength of the platelets 5,068 cm, The stainless

steel of the subassembly wall has not been taken into

account,

case IV: as in case III but 3 pairs of foils have been introduced

into the modified fuel platelet in the same manner as

in case II,

From the results presented in this table the following conclusions

can be drawn:

a)

b)

Introducing the 3 pairs of foils into the fuel platelet causes

8 severe‘perturbation of the normal cell and leads to a remarkable
reduction of the ratio °f8/°f5 and to a less pronounced reduction
of the ratio °c8/°f5° The main reason is the reduction of the
average enrichment of the modified fuel platelet (including the

foils)

The observed reductions of the reaction rate ratios are nearly
independent of the models adopted for the calculations, i.e.
the procedure used for the determination of the atomic number
densities,

This fact is very favourable because, according to the experimental
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set-up, it must be expected that these foil measurement in SNEAK-3A2
meinly describe the situation present on the central axis of the
cell so that a homogenization of the platelets and tube walls

over the whole area of the element tubes may be considered as

a somewhat doubtful model for the description of these experiments.

¢) If one assumes that the perturbation within the cell leads also
to a distortion of the flux distribution in the neighbourhood,
the leskage will be changed., This has been simulated in case Ila
where the buckling has been adjusted in such a way as to give
about the same c¢riticality as has been obtained for the normal
undisturbed cell. This leads to a further reduction of the

ratio cf8/cfs whereas the ratio 0c8/o remains nearly unchange.

5

Although it has been shown thaﬁ the reaction rate ratios are only weakly

dependent on the calculational model adopted for the détermination of

the atomic number densities, i.e. concentrations present on the central
axis of the cell or concentrations obtained by homogenization including

the subassen

ey . . .
4+ -
it is discussed below that the reaciion rate tre-—

[
5

verses within the fuel platelet show an appreciable influence on the

calculational model, This holds especially for the fission rate in

U235 which is very sensitive because it is composed of two components
of ‘opposite tendency: the high energy component which is pesked and the

low energy component which is depressed in the fuel platelet.

A comparison of the two cases mentioned above (case I and case III of
the preceding table) is shown in Fig, 4 where it becomes apparent that
the depression of the U235 fission rate in the fuel platelet is con-

siderably influenced by the calculational model.

For the case where the high atomic number densities of the cell axis
are used it may be argued that the spectrum is not representative

for the real situation because

a) the surrounding steel wall has been neglected so that the
scattering probabilities and the resonance selfwshielding

are modified,
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b) the higher concentrations lead to larger transport cross sectioms

so that the leakage is reduced ,

¢) the resulting larger value for criticality (1,068 instead of

1.002) may cause a shift of the neutron spectrum.

Since there is no calculational model, which allows to take into
account appropriately all these effects simultaneously & third
calculational model, suggested by WINTZER, has been applied to get
some idea of the influence of the drawbacks mentioned above. Here
the cell has been modified in such a manner that the correct cell

averaged composition is maintained.

The thickness of the fuel-platelet is 0,314 cm as it is in reality.
The atomic number density is that present at the cell axis as in
the case studied before. In order to obtain the correct cell averaged come

position, the thickness of the whole cell has to be increased from

the original value of 1.256 c¢m to the modified value of 1.4LT em.
This leads to a modified thickness of 0.37T7T cm for the three
vemaining platelets of the modified cell. The steel of the sub=-
assembly wall has been homogenized into these three remaining
platelets (ss+CH2_, Al 25%, AL,0,

for the materials of these platelets has been determined in such a

} and the atomic number densities

way, that the cell averaged composition is correct. This is indiw
cated by the féct, that the criticality value of 1.007 is in approximate
agreement with that for case I which is equal to 1,002,

For this model the dashed curves in Fig. 5 have been determined,
which are compared with eurves obtained for case I corresponding to a
complete homogenization over the area of 5.hhas5.Lh em? (low uranium
concentration). It can be seen from Fig. 5 that the change in the
depression of the U235 fission traverse in the fuel platelet is

less pronounced then in the preceding Fig. 4, On the other hand in
Fig, 5 the change in the peaking of the U238 fission traverse is

more pronounced than in the preceding Fig. 4, It is supposed

that this effect is caused by the fact that the concentrations mainly
of oxygen and aluminium in the A1203- respectively Al25% platelet
adjacent to the fuel platelet are somewhat lower in the case of

the modified cell than in case I. Therefore, because of the reduced
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density and poorer reflector properties respectively increased trans-
parency obtained for the adjacent platelets it seems plausible that
the removal of high energy neutrons is slightly more pronounced in
the outer parts of the fuel platelet than in case I. This fact would
be more evident if the two curves for fission in U238 in Fig, 5 would
have been normalized at the center of the fuel platelet and not

-~ as 1s actually done = at the outside of the fuel platelet,

An increased removal of high energy neutrons is also indicated Dby

£5 which is equal to 0,02727 for the modified
cell compared to 0,02757 for case I, (oc8/cf5 = 0,01201 for the
modified cell and =0,1207 for case I.)

the fission ratio.cf8/o

The change in the depression of the U238 capture traverse in the
fuel platelet is about the same in Fig. 4 and Fig. 5. This means
that compared 4o the case of complete homogenization {case I) the

two cases of high uranium atomic number densities in the fuel

platelet, namely the calculation with the concentrations present
in the cell axis and the calculation for the modified cell lead
to about the same curve for the U238 capture rate in the normal

fuel platelet.

III1.11. Reaction rate traverses within the cell

(Comparison of theory and experiment)

BOHME and SEUFERT measured the reaction rate traverses within the
cell using folls of sbout 0.01 cm thickness. Two uranium foils
were placed together one of about 20% the other of 0,447 enrichment.

In Fig, 68, 6b, 6¢c the calculated reaction rate traverses for an

idealized case are shown. Here the concentration of uranium both
U235 and U238 in the non~fuel platelets has been assumed to be
smaller by a factor of 1000 than that present in the fuel platelet.
This is a good approximation for the unperturbed cell., In reality
the pair of folls present in the non-fuel-platelets lead to

appreciably higher uranium concentrations when averaged over the
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platelets in which they are inserted. The form of the cell traverses
are nearly independent of the uranium concentrations in the non-
fuel platelets used in these two cases except for the capture rate
in U238, where a considerable reduction in the non~fuel platelets

is observed for the second case compared to the first case as is

shown in Fige T»

Fig, 6c shows that the average reaction rate for fission in U235 in
each platelet can be determined rather accurately even in the case
when in the calculation each platelet is taken as one region without
any further subdivision. For capture and fission in U238 shown in

Fig, 6a and Fig., 6b the agreement for the average reaction rate

in the platelets determined with 4 and 14 subregions per cell
respectively is even better than that shown in Fig, 6c for fission
in U235 ®

_ In the next two cases described below we have taken into account

the real experimental situation in more detail. Especially we really
considered the case where a foil of polyethylene was placed into the

partially empty stainless steel platelet,

A) In the first case we have averaged the uranium foils of O.lmm
thickness and 25.4 mm diameter over the whole lattice area
(5.4hx5 Lk mmg) keeping the thickness of O.1 mm and the total
amount of uranium constant thus obtaining reduced uranium

concentrations compared to reality.

B) In the second case we assumed that the foils with the real
thickness and surface mass loading would extend over the
whole lattice area, thus obtaining uranium concentrations
vhich correspond to those valid for the central axis of the
cell. But thereby the total amount of uranium in the foils

has been overestimated by a factor of 5.84. Because the
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ZERA-~code can handle only one-dimensional geometry it is not
possible to take into account the experimental situation in
a more sophsiticated model. *)
A comparison of the calculated results with the experimental results
of BUHME and SEUFERT is given in Figures 8a, 8b, 8c, 9. As has been

known before, there is no good agrement for the U235 fission rate.,

(a different normalization for example in the center of fuel platelet
would not remove the observed discrepancies). For the U238 fission

rate there is a rather good agreement in the fuel platelet between
theory and experiment. The discrepancy in the Al-platelet may be caused
by the fact that for the calculations the concentrations for the

normal SNEAK=-Al-platelets have been used whereas for the experiments
special Al-platelets have been fabricated for which the concentrations

are not given in /'h0”7. In the SS+CH_~platelet numerical difficulties

2
may partially be responsible for the discrepant behaviour of the

calculated and measured U238 fission rate and probably also for the
U235 fission rate, For both fission rates there are only negligible
differences in the space dependence within the cell between the

cases A) and B),

®)

Lan
EER A4

Ay 4
4 L v
deficiencies:

a) the approximation of the E_~function by a sum of exponential

3
functions is only valid with good accuracy for optical thicke
ness between 0,002 and 2,0 so that for optically thin zones
especially for practically empty zones the reliability of

the results becomes questionable

b) if there is a nearly empty zone within the cell one cannot take
into account a universal buckling for all zones of the cell
because the lezkage determined with the present version of the
code would no longer be meaningful. To avoid this difficulty
we used B2=O for this special nearly empty zone, using the usual

value of B2 for the other zones,
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For the U238 capture rate the situation is somewhat more complicated.
In the measurements only the depleted uranium foils have been used
for the determination of the capture rate, the enriched uranium

folls have been disregarded.

In Fig. 8a and Fig. 9 the position of the foils is always such that
the depleted uranium foil is at the right hand side of the enriched
uranium foil for the pair of foils which was alweys inserted into
the platelets. In the calculations as well as in the experiments
the foils were distributéd over two adjacent cells in order to keep
the additional uranium content in the cell or in other words the
perturbation of the normal cell introduced by the foils as low as

possible,

The differences in the U238 capture rate between the two neighbouring
foils in the pair of foils is considerable as can be seen from
Fig, 8a and Fig, 9 where we have tried to indicate the positionof

the foils, It is important if there is another foil of ursnium between
the most important source region for low energy neutrons and the

special uranium foil considered., Comparing Fig. 8a and Fig. 9 it is

obvious that the experimental results are within the uncertainty
range of the theoretical results, This is caused by the fact that
in the calculations the real experimental situation cannot be tsaken
into account appropriately but insufficient approximate models have
been used instead,

This calls

o) for a more simple experimental arrangement for which
a more unique model for the calculations can be pro-
vided and/or

8) for a more sophisticated heterogeneity code which is
able to describe adequately the rather complicated

geometrie configuration encountered in the experiment,

From the present study of the fine structure of reaction rate traverses
in the unit cell of SNEAK 3A2 the following conclusions cen be

drawn
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I) Some numerical deficiencies in the ZERA-code should be removed
especially those concerning zones of small optical thickness
and the output for the neutron fluxes which should be made
consistent with the corresponding output for the reaction |

rates,

II) One should try to simplify the experimental arrangement so
that a relatively simple, adequate model of this arrangement

can be used with sufficient accuracy for the calculations,
III) If item II cannot be realized only s new, more elaborate code

would provide the necessary mean for a reliable evaluation

of the fine structure traverses,

111,12+ Reaction rate traverses through core and blanket

As an example of reaction rate traverses we will consider here
the measurements of BUHME and SEUFERT /"40_7in SNEAK 3A2, They
measured the traverses with foils and corrected thelr results
for the heterogeneity effect present in the normal cell using
results determined also by specific experiments., For the comparison

of .calculation and experiment all curves in the figures 10=-1k are

normalized to unity at the core center in order to get rid of
deviations observed when comparing theoretical and experimental

results for the central reaction rates.

In Fig, 10 the results presented in the original work are shown
(SNEAK-set results). The deviations are about 3% in the core
region and up to about 25% in the blanket region. It should be
mentioned that the discontinuity due to the different resonance
selfushielaing in the core and blanket region which is rather
pronounced for the U238 capture, is not shown in the originél
work for this figure. In Fig. 11 the results of a recent recal~
culation with the MOXTOI-set are shown. For the calculations

heterogeneity corrected cross sections for the core zone are used.
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Here 86-transport eeleulations sre applied whereas for Fig‘ 10

(ise. the original work) diffusion calculations have been used,

The agreement between theory and experiment is improved compared
to the previous results. This is mainly caused by the used of
the 86-ca1culation and the application of the improved nuclear

data included in the MOXTOT-Set,

It has been shown that at the core-blanket boundary heterogeneity
effects occur which are caused by the platelet structure of the core
zone and by the exchange of neutrons between the core and the

blanket region which is essentially composed of depleted uranium
metal, When takinginto account these effects especialiy the pronounced
change of resonance self-shielding for U238 capture one obtains the
results presented in Fig, 12. It can be seen that the maximum
deviations in the core region are gbout 4% and generally less than

about 10% in the blanket region. Especially in the blanket region

a considerable reduction of the discrepancies shown in the original
work between theory and experiment has been obtained. In addition
the discontinuity at the core-blanket interface for the U238 capture

essentially disappeared.

The improved agreement observed for the outer blanket region is
partially due to the fact that the influence of the reflecting
meterial present outside the blanket has been taken into account.

It can be seen from Fig. 11 and Fig, 12 that precise measurements

in 4he
of the reflector. The differences between the theoretical results
for a weak and a somewhat stronger reflector can be detected within

the outer 5 cm of the blanket as is shown in Fig, 11 and Fige 12.

The still remaining discrepancies between theory and experiment for
the reaction rate traﬁerses are sbout twice as large as the experi-
mental uncertainty. Especially for the fission traverses in the
blanket the experimental accuracy and reliebility seems to be not

sufficient to draw conclusion from the discrepancies observed.
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The discrepancies apparent st the core-blanketw-interface may be
caused by an inadequate prediction of the neutron energy dis=
tribution in this transition region .

The discrepancies of the traverses in the core region could be
reduced if the core would become more transparent for the neutrons
e.gs by a hardening of the neutron spectrum or by a reduction of
the transport cross section especislly below about 150 keV,

This energy range is most important for the U238 capture- and
U235 fission rate which are somewhat more discrepant then the
U238 fission rate in the core region.

The discrepancies for the U238 capture rste in the blanket show
a systematic tendency contrary to the U235 and U238 fission rates
where no systematic deviations can be observed. This supports

the statement of the experimentalists that the measurement of

the U238 capture rate in the blanket could be considered as

reliable, Possible improvements could be obtained by increasing

the transparency of the core- and blanket composition by spectrum
hardening or reduction of the transport cross section. The easiest
but not necessarily most probsble or most correct way, however,
would be to reduce slightly the removal cross section of the blanket
material in the energy range of about 1=100 keV, which would also
improve the agreement for U238 capture and U235 fission traverses

in the core region. A reduction of the removal cross section of the
blanket composition is practically equivalent to a reduction of

Ll mmomdiissons mssmmem mmmid S omam A2 TTAAQ AL oS o & Y P,
LT CHPLULre Cross SeCLiOll Ol VelVe AL L4 IS LG0T & Cliailt]

ck
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e
direction seems to be not very probable because the capture cross
sections of U238 used in the MOXTOT-set are already rather low and
and the resulting ratiocc(U238)/cf(U235) is generally underpredicted
However, one has to realize that in the blanket which is essentially
built of depleted uranium the U238 resonances are strongly selfw
shielded, Therefore, & reduction of the macroscopic effective capture
cross section could be obtained by a reduction of the self-shielding
factors, keeping the infinite dilute values constant. This fact
shows that in the future the f-factors of U238 should be reconsidered.
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The results of fission chamber traverses for U235 fissions are
compared with the theoretical Pesults in Fig., 13 and Fige 1h4.

Fig, 13 represents the original results of BOHME end SEUFERT
(SNEAK-set results), whereas Fig. 1l shows the most recent,

best available theoretical results obtained with the MOXTOT=-

set. Here especially in the outer blanket region rather large
deviations between theory and experiment can be observed which
cannot be explained by the influence of the reflector, Because
such deviations are not apparent for the foil measurements of

the U235 fission traverse it can be concluded that the supposition
expressed in Z“32~7 seems to be true, that the results of the
chamber traverses have to be considered as doubtful because of
streaming effects present in the channel used for the measurements
Thesestreaming effects tend to increase the measured reaction

rate in the outer parts of the assembly so that the ratio of

theory to experiment is reduced compared to that which would
correspond to measurements which are free of streaming effects.
in the subsequent experiments the experimental set-up will be
modified in order to reduce the influence of stireaming effects

for the chamber measurements of traverses,

Heterogenity at the core-blanket interface

It can be seen from Fige. 10 and Fig, 11 that there is a step in the
U238 capture and U235 fission rate at the core-blanket interface

for the usual calculations. This is due to the fact that the resonance
selfshielding factors are different in the core- and blanket region
respectively because of the different material compositions and the
resulting different background cross section o in both regioms.

In reality of course there is no stepwise but a continuous transition
for the reaction rates when crossing the core-blanket interface.

Work is underway Z"M8_7 to take into account this effect of space=~
dependent resonance self-shielding factors near interfaces between
different compositions under the assumption of plane geometry and

hemogeneous mixtures in the different space regions.
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Even if this code will be available it can prcbably not be applied
in a meaningful way for SNEAK 3A2 because the mein effects occur
within the range of one mean free path distance from the boundary

so that the assumption of homogeneity of the core composition would
be a too crude approximation. Therefore, the heterogeneity code

ZERA has been applied to get an idea of the influence of heterogeneity
at the core=~blanket interface. Since the code could only handle

the periodic boundary condition for plane geometry the same boundary
condition had to be applied in the corresponding Sé-calculations
performed to study the influence of heterogeneity and using transport
theory in both cases (using the transport cross section labélled
STRTR) . |

In the ZERA-calculation 10.048 em (8 cells) of the core region, the
half-platelet of stalnless steel (0,157 cm) present at the interface
and 6 cm of the blanket region have been considered. In the Sgmcal-

culation 10,048 of the homogenized core-region and 6.157 em of the
blanket region have been taken into accouﬁt. The halfwplatelet of
stainless steel at the interface is replaced by blanket material in
the calculational model as is usually done in the diffusion= and

Schalculations for determining the reaction rate traverses,

In Fig, 15 and Fig, 16 the results for the traverses obtained by
the ZERA~ and S6~calculations are compared. The averages in the
platelets are given and the fine-structure within the platelets
is indicated. (In the Sé-calculations no platelets have been

considered but a homogenized core composition.)

For the capture rate of U238 it can be seen from Fig. 15 that the
ZERA-results in corresponding platelets are lower than the S6~
results in the outer part of the core compared to the inner part

of the core. Within the first few tenths of a millimeter in the
blanket the ZERA~results are considerably larger than the 36-results.
If numerical effects can be disregarded this can be considered as
an effect of the space dependence of the resonance self=-shielding
factors. It can be seen from Fig. 15 and in more detail from Fig, 17
that the asymptotic behaviour is approached very soon within the
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blanket, Furthermore Fig. 15 gives an idea of the pronounced fine
structure of the U238 capture rate due to the effect of heterogeneity

of the platelet«arrangement.,

For the U235 and U238 fission rate shown in Fig. 16 this fine
structure of the resction rate is far less marked than for the
U238 capture rate. For the U235 fission rate there is a slight
decrease of the ratio ZERA—result/S6-result with inereasing

distance from the core center.

The U238 fission rate shows a slight increase of the ratio ZERA-
result/S6-result with increasing distance from the core center

up to that distance where the last A120 -platelet is placed. It

3
could be argued that the strong removal of high energy neutrons

caused by this platelet or the different energy dependence of the

transport cross section of Al compared to the average core

2%
composition zre responsible for the behaviour. But it seems to

be more probable that numerical effects are responsible for this
effect, The application of the 86-approximation at the boundary
between rather different material c¢ompositions and between regions
of different neutron source density may be doubt ful especially

if & very small mesh is used as has been done in our case,

Possible influence of heterogeneity effects on reaction rate traverses
in the blanket
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lead to local peaks in the fission distribution so that this distrie
bution deviates from the distribution which is normally present in the
blanket without foils. This means that the environment is disturbed
compared to the normal situation similar to the case where the

foils were placed within the fuel platelet. Thus the measurements

may not show correctly the normal traverses but some modified tra-
verses. It is supposed that the deviations are most pronounced for

the fission in U238 because this reaction rate is most sensitive

to the additional fission neutrons produced by fissions in the 20%
enriched uranium foil. The fission in U235 probably is also influenced
to s certain amount. The U238 capture rate is supposed to be rather
insensitive to this effect, but detailed studies will be necessary to

obtain quantitative results.
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APPENDIX

V. SIGNIFICANCE OF ADJUSTMENT PRCCEDURES FOR GROUP CONSTANTS

At the International Conference on Fast Reactor Physics held 1969
in London many reports on nuclear data adjustment were presented.
In BAKER's survey of this conference é-h9_7 one reads: "In the

UK and several other countries it is now realized that systematic
adjustment of the best evaluated data by a leastwsquares fitting
process will be necessary to obtain adequate agreement for integral
measurements and adequate accuracy on the time scale required

for reactor design".

It seems to us that the last part of this statement is most important
namely the time scale for the design of the prototype reactor. The
uncertainties in the physics prediction for such a reactor which
existed in the past and partially continue to exist up to now have

been and probebly are still rather large from the point of view

——of the designer of such & reactor who wants to have more precise
specifications for example for the fuel enrichment or the expected
breeding gain or the reactivity change during burn up. These
demands present a rather strong incentive to develop adjustment
procedures. Their main sigmificance has to be considered in connection
with the rather tight time scale of some nations luilding prototype
reactors.

On the other hand the still existing discrepancies between pre-
dicition and measurement for integral quantities is a challenge for
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for the disagreement and to improve the theoretical and experimental
methods. For the theory this means to examine and if necessary to
improve
(a) the basic nuclear data,
(b) the methods and codes for the generation of group constants,
(e¢) the methods and codes used for the calculation of integral
guantities,
At the London Conference there were some doubts whether such a data
adjustment is a meaningful procedure. This can be also found in

BAKER's survey / 49 7:"The big question that hangs over data adjustment
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that was aired at the panel discussion was this: Do we really get
more accurate date that will give better predictions of all kinds

or are they merely fitting parameters in an interpolation procedure?"
The panel did not come to a final conclusion and unfortunately

BAKER also did not try to give an at least tentative answer to

that important question in his survey /—h9_7.

DRAGT 1—50_7 considers the problem of datéaadjustment from a more
mathematical and statistical point of view. One of his conclusions
which is important for our present discussion is the following:
"It is often not true that adjustment procedures improved values
for the differential data".

Therefore, the main advantage and importance of the adjustment
procedures in our opinion consists in the fact that because of
the improved agreement observed between theory and experiment for

integral quantities of fast assemblies when adjusted data are

used one hopefully can expect that the prediction of similar
quantities for fast power reactors will be more relieble than with
he power
reactors the same methods are and can be applied which have been
used for the calculation of the criticals forming the basis for
the adjustment. But one should always have in mind that this does
not mean that the adjusted data are really improved or that the
methods of calculation and models employed are correct or provide

sufficient accuracy.
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Fig. 5

Comparison of reaction rate taverses in the normal fuel platelet for different platelet arrangement in the normal cell
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Fig. 7
{concentration of U235 and U238 in nonfuel -

platelets =103 . concentration in the fuel platelet

the two uranium foils (0,44°% and 20,04°% enriched)
are homogenized over each platelet to give the

1U235 and 238 concentrations in the non-fuel-

Lplcntelets

tR\(u238)
30- [arbitrury units]
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* R.(U 238) ‘ ‘ Microscopic reaction rate distributionin SNEAK 3A2 cell

ZERA calculation taking into account the CH., foil (41.x41.x0.5mm)
and the uranium foils (0.t mm thickness, 254mm diameter)
used in the measurements

[arbitrqry units]

+—— calculated for fuel-platelet
calculated for fuel-platelet
principal range of in adjacecent cell
theoretical uncertainty °© calculated for foils
calculated for foils
in adjacent cell
A measured with foils
A measured with foils
in adjacent cell

The uranium foils of 0.1lmm thickness have been
averaged over the whole lattice area (544x544mm*)
(i.e.reduced concentration but correct total
amount compared to reality)

For each pair of foils the one atthe right hand side is
the depleted uranium foil,which has been used in the

experiments for the determination of the capture

rate in U238
arbitrary normalization
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Microscopic reaction|rate distribution in SNEAK 3A2 cell
ZERA calculation tak

ing into account the CHz—foil (61.x41x0.5mm)
and the uranium foils

5 (0.1 mm thickness, 25.4mm diameter)
used in the measurements

o calculated for foils
calculated for foils
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in adjacent cell

A measured with foils
measured with foils
in adjacent cell

arbitrary
normalization The uranium foils of 0O1lmm thickness have been
averaged over the whole lattice area(544x544mm2)
(i.e.reduced concentration but correct total
amount compared to reality)
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Microscopic reaction rate distribution in SNEAK 3A2 cell
ZERA calculation taking into account the CHyfoil (41.x 41.x0.5mm)

and the uranium foils {Olmm thickness, 25.4mm diameter)
used in the measurements

calculated for foils

e calculated for foils

. inadjacent cell

A measured with foils
measured with foils
in adjacent cell

The uranium foils of B1lmm thickness have been
averaged over the whole lattice area (54.4 x544mm2)
{"i.e. reduced concentration but correct total
amount compared to reality)
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Fig. S

§ R (U 238)
[arbitrury units]

12 -

principal range of
theoretical uncertainty

arbitrary normalization

Microscopic reaction rate distribution in SNEAK 3A2 cell
ZERA calculation taking into account the CH -foil (41.x41.x05 mm)
and the uranium foils (01mm thickness, 254 mm diameter)
used inthe measurements

——— calculated for fuel-platelet
+ -+ calculated for fuel-platelet
in adjacent cell

o calculated for foils
o calculated for foils
in adjacent cell
A  measured with foils
4 measuredwith foils
in adjacent cell

The uranium foils of 0.1 mm thickness and 254mm diameter 2
have been extended over the whole lattice area (54 4x544mm™)
with the real concentrations present in the foils (i.e. in the
calculations the concentrations in the foils correspond to
those really present in the central part of the cell,near
the cell axis,but the total amount of uranium assumed to
be present in the foils is larger by a factor of 5.84
compared to reality)

For each pair of foils the one at the righthand side
is the depleted uranium foil,which has been used
in the experiments for the determination of the
capture ratein U 238
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Theory: 1-dim. Diff., no reflector
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c (U238) Experiment: Foil measurement
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Fig:10 = Comparison of reaction rate traverses calculated
by 1 -dimensional ditfusion theory (no reflector) with foil
measurements
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Fig.11. Comparison of experimental reaction rate traverses with best
available theoretical results without special consideration to

the heterogeneity present at the core-blanket-interface
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Fig.12 Comparison of experimental reaction rate traverses with best
available theoretical results taking into account the heterogeneity
present at the core-blanket interface



S U235 Theory: 1-dim. Diff, no reflector
f Experiment: chamber measurements
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Fig. 13 Comparison of reaction rate traverses calculated

by 1-dimensional diffusion theory (no reflector) with

chamber measurements



o, (U235) Best theoretical results
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Fig.14 Comparison of best available calculated results
for reaction rate traverses with the results of
chamber measurements in SNEAK 3A2
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Fig.17 Influence of the heterogeneity (space dependent resonance self- shielding) on the U238
capture traverse in the inner part of the blanket of SNEAK-3A2




