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ABSTRACT

A test of 27-greup cross-section set (Garg-set) recently

derived from ENDF/B library has been carried out In the crit icality

studies of the Pu239, U235 and U233 based metal, oxide and carbide

fuelled fast critical assemblies. A total of twenty fast crit ical

assemblies•of different sizes and varying neutron spectra have been

selected for analysis. The selected assemblies are JEZEBEL,ZEBRA-3,

SNEAK-7A, SNEAK-7B, ZPR-3-W, ZPR-3-49, ZPR-3-50, ZPR-3-53, ZPR-6-7,

PCPSY, VERA-1B, ZPR-3-11, ZPR-3-13, JEMIMA-1, JEHIHA-2, GODIVA,TCPSY,

ZEBRA-2, ZPR-6-6A and IT33 SPHERE. Some of these assemblies were re-
(2)

commended by the Cross-Section Evaluation Working Group for test-

Ing the new cross-section data*

A comparison of Keff-values has been made with those given by
Hardie et a l * 4 \ Mills*5*, Ben*i et al*7* and Best et a^"1"'. The

4(3,13)Keff ~ v*^ 6 0 obtained with the modified ABSf-set (MABBN-set;

have also been given. Based on these analyses i t has been observed

that the Garg-set predicts well the crit icality of uranium and plu-

tonium based hard-spectra assemblies. In the soft-spectra systems i t

underpredicts crit icality because of the following reasonsi

(a) It makes use of the higher capture cross-sections of

.structural and coolant elements given in ENDF/B -

Version XV library.

(b) It does not account for the resonance self-shield-

ing effects of cross-sections,

-i-



-ii-

Zt has alss been •bserred that the Garg-eet glvea better results

than the MABBN-aet fer dense and dilute plutonium-based and the hard

uranlw-based assemblies. This superior trend of the P«rg-a»t i s slightly

leet in the uranium-based dilute systeas becauce of large differences in

the capture erees-seetisns of structural eleaents »f these tws sets*



STUDIES OP PAST ASSEMBLIES WITH THE MEW 27-GBOUP
CROSS-SECTION SET

by

S.B. Garg and V.K. Shukla

1 . INTRODUCTION

A 27-group cross-section set ~ (Garg-set) for 26 elements was

recently derired from the BIDF/B library. The energy structure of
(3)

26 groups was identical to that of the' ABHN-set ' and the 27th

group was added between 10.5 Mev and 15*0 Her mtinly t ; account fer

(n,2n), (n,p) and (n, oi ) reactions which assume significance in

hard-spectra fast reactors or fusion-fission systems. The accuracy

of this set in the prediction of reactor parameters i s to be esta-

blished before i t can be used as a design tool in the conceptual

studies of reactors. To meet this end, a selection »f twenty.

Plutonium and uranium based fast critical assemblies was made for

criticality studies* The selected assemblies are JEZEBEL, ZEBRA-3,

SNEAK-7A, SNEAK-7B, ZFR-3-46, ZPR-3-49, ZPB-3-50, ZPR-3-53, ZPR-6-7,

PCPSY, YERA-3B, ZPR-3-11, ZPR-3-12, JEMIMA-1, JBfflMA-2, GCDI7A,

TOPST, ZEBRA-2, ZPH-6-6A and U233 sphere. Some *f these assemblies

were recomended by the Cross-Section Evaluation Marking Group*2'

and th<< others were taken from the papers of Hardie et al*^' and

Hills'' '* These assemblies represent rary soft to very hard neutron

spsctra and therefore would prove to be good testing beds of group

cress-sections In the Kev to Key energf range* Resonance self-shield-

ing effects of cross-sections start showing up in the criticality

calculations of the soft-spectre assemblies whereas they are not

so important in the hard-spectra systems. 3h these studies un-

shielded cross-sections are used throughout. This would help bring-
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out the importance of s e l f - sh ie lded cross - sec t ions iii certain spec i -

f i c assemblies . The calculated Keff - values are compared with those

given by Hardle e t a l , Beni i e t tX^\ Beet e t a l * 1 2 ' and Mi l la .

5>. CALCULATIONAL MODEL

The c r i t i c a l i t y ca lculat ions have been carried out with the

neutron transport theory code DTF-Un ' in S^ or S ^ angular qua-

dratures . The equivalent spherical models of a l l th« assemblies

reported here are given by H i l l s and Hardie at a l and they have

been adopted in these analyses . The 27-group Garg-aet and the

26-group modified ABBN-eet*3*13' have been uaed. In the Oarg-set

the cross -sect ions for U 2 3 3 , U 2 3 5 , g 2 3 8 , Pu* 3 9 , Pu2W> and P u 2 U

have been evaluated from ENDF/B Version I I I l ibrary whereas these

for C, 0 , Na, Cr, Pe and Nl have been obtained from ENDF/B Version IV

l i b r a r y . In the modified ABBN-set the capture and f i s s i o n c r o s s - s e c -

t ion* of Pu ™ and capture croes-seet iona of O23^ have been re-evalua-

ted in the l i g h t of new measured data .

3 . URANIUM BASED ASSEMBLIES

The ten uranium baaed assemblies VERA-1B, ZFR-3-11, ZPR-3-12,
233

JEHinui , JOOMA-2, OOOITA, TCP^T, U -SPHERE, ZESRK-Z and

2PR-6-6A are sunnariaed in Table-I . Their compositions are given

in Table - I I . I t Is observed from these two Tables Idiat these

assemblies represent very so f t t o very hard fa s t systems and

therefore they should be suitable t o t e s t the resonance s e l f -

•h le ld lng e f f e c t s of cross -sect ions and the cross -sect ions of V

and u in the high energy reg ion . The calculated K^f - values

are tabulated in T a b l e - I l l . In respect of VERA-1B, CP&.3-11,
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ZPR-3-12, ZEBRA-2 and ZP&-6-6A the K^f - values obtained by Hardie

et a l are given in column 2 of this fable. In the case of JEMIMA-1,

JEMIMAP-2, GODIVA, TOPSY and U^-SPHERE the Keff - values of Mills

are showi in th is colunn. Mills underpredicts cr i t i ca l i ty in the

f i r s t four of these assemblies by 1.5&, l . J# , 0.956 and 0.9$ respec-

t ive ly whereas the Garg-set overpredlcts these assemblies by 1.5&,

l . d t , 2.06 and 3.2* respectively. The corresponding MADBN Kgfj- -

values are higher by 1J&, 2.256, 2.(&> and 3.8*. Thus the MABBN-set

i s more discrepant towards the higher side. Hemment and Pendle-

calculated GODCTA by 3.C* overcritical and TOPSY by 3.9#

overcrit ical . These values are higher than those of the MABEN-set.
233

In the case of U -SPHERE Mills overpredicted reactivity by 1.256

whereas the Garg-set underpredicts i t by 1 .5t .

I t i s observed from Table-Ill that the Garg-set gives comparable

Kgff-values of VHiA-lB, ZPR-3-11 and ZPR-3-12 to those of Hard!* «t a l

whereas the MABBN-set overpredicts them by 236 to 356. Baker has analysed

these assemblies with a number of cross-section s e t s . TERA-IB was found

be overcritical by 0.9* to 1.4S6, ZPR-3-11 was.calculated 1.7$ under-cri-

t i ca l to l . j £ overcritical and ZPB-3-12, 0.256 undercrltical to 1.6* over-

c r i t i c a l . In respect of ZEBRA-2 and 2PS-6-6A the agreement i s not so

good and this ref lects the total effects of resonance self-shielding and

higher capture crocs-sections of structural and coolant elements. In

these two cases the MAB3J-aet gives higher Kef f-values by 4.956 and 9.3j6

compared to those of the Garg-eet. It may, however, be noted that ZEBRA-2

appears to be well represented by the unshielded MABBN-set. This picture

i* l ike ly to change when the resonance self-shielding corrections and the
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revised higher capture cross-sections of structural elements are taken

Into account.. Similar conslderationa apply to ZPR-6-6A assembly* Baker

has calculated ZEBRA-2 by 0.8!t to 1.5* overcri t ical . Ceechini and

Gandini have calculated this assembly by 0.556 to 1.956 overcrlt ical

whereas Hardie e t al'have calculated i t by 1$ undercritical . This indi-

cates the broad spectrum of calculated K^ff-values with different cross-

section sets and ca l l s for the adjustment of cross-sections In similar

assemblies. I t i s seen from Table-Il l that on the average the c r i t i c a l i t y

predictions with the Garg-set match exactly those of Mills aid Hardie e t a l

whereas the predictions of the MABEN-set are higher by 2,756.

4 . TTOTONIUM BASED ASSEMBLIES

A brief account of the plutonium based assemblies ia contained

in Table-IV. The assemblies are JEZEBEL, ZEBRA-3, SNEAK-7A,

SWEAR.7B, ZER-3-48, ZPR-3-49, ZPR-3-50, ZPR-3-53, ZPR-6-7 and POPS!.

Their core s i zes vary from 0.4 l i t r e to 3100 l i t r e s and they repre-

sent very dense t o very di lute fast systems. Table-V gives their

core and reflector compositions. Table-VI gives their calculated

K^ff-values. Column 2 of th i s Table gives the Keff-values obtained

by Mills, Hardia et al, Benzi et a l v u or Best et alv ' with the

shielded cro«s-«ections. In the case of Hardie et al the K^j-values

•hown in this column are those obtained with, « Ifi. group cross-section

set which was derived from QJDF/B- Version III library. The values

calculated by us are recorded in colunns 3 and 4 of thia Table.

It is observed from Table-VI that the Keff-values obtained with

the Garg-set differ from those of Hardie et al by - 0.42 to + 4.7JC.

This difference is more pronounced in the soft-spectra assemblies.
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Ch the average i t Is aeen that the Garg-set underpredicts reactivity

by 1,8$ compared to that of Hardle et al . The reasons for thia

underprediction aret

l ) The basic cross-sections of Na> Cr, Fe «id Ni in the

Garg-set are taken from the Version-17 of QIDF/B

library. The capture cross-sections of these ele-

ments In Version-W are higher than those in Version-Ill

of ENDF/B library.

11) The Garg-set does not account for the resonance

self-shielding effects of cross-sections.

i l l ) The number of groups used In the Garg-eet is 27

whereas Hardie et al have used 42 groups which

give a better description of the Kev resonance

energy region.

The Keif-values obtained with the MABBN-set are consistently

lower than those calculated with the Garg-set. It is inferred

from colunns 3 and 4 of Table-VI that the difference between the

calculated results with these two sets varies from 0.356 to 1.6$.

It Is also noticed from this Table that on the average the MABBN-

set gives lower reactivity by 1$ compared to that of the Garg-set.

It i s , however, noted .that in the Garg-set the capture cross-sec-

tions of Cr, Fe and Ni In the energy rang* 215 «7 to 21.5 Kev are

2 to 40 tines higher than those of the MABBN-set. If the capture

erosa-sectione of these elements are not altered In the specified

energy range the G«rg-set would give K#ff-values s t i l l nearer

unity.



ZEERA-3 has been calculated by Baker(8) with a number of cross-

section s e t s . His predictions varied from 3.2# undercritical t o

2.6* overcrit ical . Mills and Filroare et a l » ' ' have reported Keff-

values of 2PR,3-itfl which are 2.3% undercrif i ca l and l .fit overcrit i-

cal respectively. The Garg-set in respect of these two assemblies

appears to be quite adequate and can be improved by taking sel f -

shielding effects into account. The hard-spectra assemblies e .g .

JEZEBEL, ZEBRA-3 and ZPR-3-W whore self-shielding effects are

not so important are represented adequately by th is s e t .

5 . CONCLUSIONS

This study has revealed that the hard spectra fast systems

where the self-shielding cross-sections do not assume importance

can be predicted well by the Garg-set. The MABEN result* are

more discrepant-towards the lower side in the case of plutonium

cr i t i ca l assemblies at-t towards the higher side in the case of

uranium-based systems. The fission cross-sections of u appear
233

to be higher and those of U appear to be lower in the Hsv

energy region. ' The capture and scattering cross-section* of u

are not yet accurately known in this energy region. However, the

capture cross-sections of structural and coolant elements are the

main culprits and these should be used with caution. In the s o f t -

spectra systems they affect the c r i t i c a l i t y fcy about 2g.

In the dilute fast systems the resonance self-shielding effect*

of cross-sections may be quite significant and these should be

evaluated for correct estimates of c r i t i c a l i t y . In these studies

th* affects of anisotropic scattering should also be taken.into

account. Studies on both these aspects have now been undertaken
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•nd their effect on k^ff-values of acne of these assemblies YDOUM

be reported in du* ~«>urse. .

In thl» report critlcality has been examined for metal, oxide

and carbide fuelled fast critical assemblies of varying aizea end

spectra* Based on these analyses i t car. be concluded that the

Garg-set gives better results than the MABBN-set for dense and

dilute plutcnium-based and the hard urenium-based systems. Even in

the dilute uranium-based assemblies the Garg-aet i s expected to

give better results if the uncertainties in the capture cross-sec-

tions of structural and coolant element* Are taken into account.
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Table - I

U-BASED CHUICAI. ASSEMBLIES

ft-.
No.

Assembly
iCore Volume
, (litres)

iFissila-to-
. Fertile
• Ratio

tfieflector
.Material

Reflector
Thlckneaa

(cm)

Mode of In-
veatigation Bemarks

VHUU1B

ZFR-3-11

30

UO

3 ZFB-3-12 100

12.5

0.13

0.26

_238

39.452

30.0

30.5

'16

4 JEMIMU1 13

5 JEMIKW2 35

GQDr/A 2.8

0.61

0.195

15.38

?.62

An asseaibly with A content of graphite which
produces slightly soft spectrum. I t la good
for testing

of 0235
high energy crosa-aectiona

An aasenfcly with * speetnui slallar to that
of VEtA~lB. The objective i s the saaa as in
7EKA-1B.

An aaseidbly aiailar to 2PB-3-U. The higher
content of f ias i la •aterial i s copensated
by graphite which is added t o soften the spje-
tron. The objective i s to tes t the erofts-see-
tions of 1^35 md 0^38 JQ the high energy re-
gicn.

A bare core assembly with a harder neutrea
spectrum. It is good for testing the cross-
sections of U 2^ end IJ238 ^ the MBV energy
range.

An aaseab2y with a softer apectrtoi than
JEM1MA-1. The objective Is the saaa as I n
JEM1MA-1.

A bare core asseably with a very hard neutron
spectrum. It i s suitable for testing the cross
sections of U 2 ^ and t£38 in the high energy
range.



Table-I (Cont.)

Sr.
Ho. AsseetOy Core Toluae

(Litre?

Fissile-to-
Fertile
Ratio

Reflector
.Material

i Reflector
i Thickness Bewrka

7 TCPST

SPHERE

9 ZEB&/U2

10

0.93

0.9

430

4000

15.56

53.16

0.16

0.20

22.86

• Struc- 31.70
tural ele-
ments

33.81
tural ele
ments

An assembly with a spectrum softer than
that of GC0I7A. It teats the croaa-aectiona
of H2" and U238 In the high energy region.

A bare core ««sembly with a very hard neu-
tron spectrum - harder than that of GODIVA*
It tests the cross-sections of Vr-** in the
Ytrt energy range.

The core contains graphite and produces
spectrum similar to that of a large carbide
power reactor. Self-ahielding .effecta of
cross-sections are to be tested.

It represents a current large axjde system
cooled ty sodiun. It is suitable for teat-
Ing the resonance self-shielding effecta of
the cross-sections.



Table - I I

iXCHIC DENSITIES (ATCMS/BiSBN-em) IN U-BASED ASSEMBLIES

I TOUU3B
Iaotope-l

ZFB-3-11 ZPR-3-12 JEMIMA-1 JEKDttri

0 *

P . *

i Core

0.007349

0.000561 0.034400 0.034438 O.O4OO25 0.016994 0.041269 0.02952

m Reflector| Core tReflector , Core ^Reflector % Core ^ Reflector , Core

0.000250 0.004567 0.000089 0.004516 0.000298 O.OlflU : - 0.00777

0.03977

Reflector

0.00034

0.04721

0.057540 - - 0.026762 0.000042

0.000689 0.000708 0.001486 0.001196 0.001419 0.000864

0.006283 0.006564 0.005681 0.004925 0.005704 0.003323

OcOOl635 0.001682 0.000718 0.000536 0.000621 0.000483



Table-II (Cent.)

Isotope

^238

0 *

C*

H«23

CrS2

Fe*

. I 5 8

, GCDXTA

i Core • Reflector

0.04508

0.00293

-

-

-

-

-

-

-

i

i

| Core

0.04511

0.00290

-

-

-

-

-

-

-

TOPST
i

JReflector

0.000346

0.047694

-

-

-

-

-

j ZEKIA-2 |

; Core j

0.002526

0.015667

0.0001544

0.037992

-

0.000364

0.0036485

O.O0O483

-

Reflector ,

0.000298.

0.041269

-

0.000042

-

0.000364

0.003323

0.000483

-

ZFR-

Core i

0.001153

0.0058176

0.01390

-

0.0092904

0.002842

0.013431

0.001291

-

6-6A

Reflector

O.OO0O356

0.0395508

0.0000230

-

0.001247

0.0044669

0.0005407

-

J 1^33 SPHERl
i ;

, Core i Reflector

- -

0.00038

-

-

-

-

-

-

0.04678



Table-Ill

Kftff-VALUES OP U-BASED CRITICAL ASSEMBLIES 1.0000)

Asseabljr |

YZRA-1B
ZPB-3-11
ZJR-3-12
JBOHfUl
JIMDtt-2

GODITA

Torsr
U 2 3 3 - SPHERE
ZEBRA-2**

ZPB-6-6A**

A7. Keff

«eff

1.0026*

0.9924*
1.0017*
0.9855*
0.9893*

0.9912*

0.9907*

1.0155*
0.9902*

0.9988*

0.9954

i

0.9976
0.9996

1.0015
1.0151

1.0104

1.0204

1.0323

0.9848
0.9502

0.94U
0.9953

1.0135
1.0244
1.0314
1.0185
1.0215
1.0257
1.0379

0.9965

1.0270

1.0224

^GARG

ff

0.9950
1.0073
0.9999
1.0300

1.0213
1«OJ95
1.0420
0.9736
0.9597
0.9422
0.9999

0.9795
0.975S
O.97U
C.9967
0.S892

C.9949
0.9946

^.9536

0.9164

0,9735

* Eeff-Talues obtained by M i l l s . * ..
* • K«ff-Talues obtained with unshielded croas-sect ion s e t s .

* K«f{-Talue8 obtained with A2-group shielded cross - sec t ion set derived from iNDF/B - Version I I I by Hardi" e t a l .

** AMeAl i e s with so f t spectra in which the resonance se l f - sh i e ld ing e f fec ts and the capture cross-sect ions of
structural and coolant eleaents may be important in the prediction of c r i t i c a l i t y .



Table-IV

hx-BASED CEHICitt. ASOTIBLIES

Sr.
No.

Assembly Care Tolume Fissile To-
Fertile Ratio

Reflector
Material

Reflector
Thickness

Mode of In- ,
reetigatiOQ , Remarks

ZEBRA-3

8NEAK-7A

MKAK.79

1.1

60

110

310

21.23

0.116

0.333

0.143

0238* Strue-
tural ele-
BMnts

Struc-
tural el*.
swnU

I?36* Stroo.
tural ele-

30.50

30.0

30.0

5 ZFR-3-48 UO 0.222 Stros-
tural els>
•ants

30.0

A bare cere aoaanbly vdth
neutron spectrum. It is g-:>o
ing the cross-sections of T-
Her energy.range.
A hard spectrun system. It
cross-sections of Pu?39, P;
in the Her energy range.

very hard
i f t s t -

the

very hard
ri for test-
,v-'? in

tests thejJ_Q
r^° and IT38

A mixed oacirte fuel system with graphite
content.

A mixed oxide fuel system with higher
content of \&&» i t has softer spactrtd
compared to that of SNEAK-7A. Together
with SNEAK-7A i t is suitable to test the

energy cross-sections of Pu2-" and

A mixed carbide system with additional
content of graphite to obtain soft
spectrum characteristic of a large
power reactor cooled by sodium. Reson-
ance self-shielding effects of cross-
sections are to be tested.



Table -17 (Cont.)

8r.
No.

6

7

8

9

10

\ Assembly
1
|

OR-3-49

ZPH-3-50

OR-3-53

ZFB-6-7

pcrar

• Core Voluas
• (Utre$
i •

450

350

220

3100

0.37

• Fissile-To-Fer-
• t i l e Ratio
•

0.222

0.222

0.625

0.154

67.26

1 Reflector •
' Material «
• i
t |

0238*. Struc-
tural • la-
ment*

#38* Struc-
tural ela-
asnts

\r^+ Struc-
tural ele-
ments

tP6* Struc-
tural ele-
ments

Natural Ura-
nium

Reflector
Thickness

(ca)

36.43

40.34

37.33

33.61

24.1

Mode of In-
vestigation Reaarte

S. Similar to ZFR-3-A8 but with a harder
* neutron spectrua obtained by total re-

moval of sodiua. It i s good for test-
ing the sodium reactivity worth.

Si Similar to ZFft-3-49 with additional
graphite content to obtain softer
spectrum characteristic of a lftrge
power reactor. Self-shielding effects
of cross-sections are to be tested.

3L An assembly with a larger content of
graphite to yield soft spectrum. It
is suitable for testing the resonance
self-shielding effect* of cross-sec-
tions.

T> A mixed oxide systea to yield spectrum
of current large fast reactors cooled,
by sodiua. Self-shielding effects of
cross-sections are to be tested*

Sj/ A hard spectrum system. It i s suitable
for testing the Mev «nergr range cross-
sections of Pu239 an



Table -f

ATOMIC DENSITIES (ATOIS/BAHH-cm) DT Pu-BASED ASSEMBLIES

Isotope
ZEBRA-3 SNEAK-7A SNEAK-7B

#38

Cr5 2

F e *

Core ,' Reflector i Core 1 Reflector , Core JReflector j Core ,'Reflector Core
-
-

0.03705
0.001751

0.000117

0.0002264
0.031775

0.003466

0.0001834

0.0000127

0.000042

0.000864

0.004578

O.O0O4S3

0.0000586 0.0001624 0.0002663 0.0001624
0.041269 0.0079604 0.0399401 0.0145794 0*3399401

0.0026374 - O.OOU3312

O.O0O2380 - 0.0001652

0.0000215 - 0.0000149
0.0218462 - 0.0331936

0.000042 0.0260987 O.OOOO135 0.0000631 0.0000135

0.000864 O.OO22423 0.0011030 0.0027560 0.0011080

0.003323 0.0079713 0.0039549 0.0098021 0,0039549

0.000483 0.0011664 0.0009845 0.0014594 0.0009855

0.000016
0.007405

0.001645

0.000106

Reflector
0.000033
0.039690

0*020770

0.006231

0,002531

0.01060

0.00U19

-

-

0.001225

O.OO4925

0.000536



Table -Yfcontd.)

Isotope
ZHU3-49 ZPR-3-50 ZHU3-53 ZHU6-7 POPST

Core Reflector1 Core Reflector* Core Reflector > Core Reflector Core Reflector

Ptt239

Pu',za

0.000016

0.007406

0.001644

0.0001064

0.000011

0.020766

-

0.002508

0.010033

0.001121

0.000033

0.039556

-

-

—

-

-

0.001242

0.004626

0.000611

0.000016

0.007404

0.001645

0.0001064
0.000011

-

0.04594

0.001816

0.0073

0.000796

0.000083

0.039613

-

-•

-

0.0QU61

0.004671

0.000503

0.000006

0.002615

0.001669

0.000107

0.000003

.

0.055898

-

0.002031

0.007134

0.000208

0.000033

0.039770

-

-

-

-

0.000024

-

-

-

-

0.0000126

O.OO578O4

0.0003867

0.0001194

0.0000133

0.01390

-

0.0092904

0.002642

0.013431

0.001291

0.0000356

0.0396179

-

-

-

0.000024

-

-

0.001295

0.004637

0.0005635

-

-

0.038809

0.000577

-

-

-

-

-

-

-

0.000333

0.047242

-

-

-

-

-

-

-

-

-
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