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FOREWORD

The present Workshop on Muclear Data Evaluatien, Processing
and Testing has been primtrily organised with the objebtive of enabling
the scientists working in this area of Nuclear Data from various
- laboratories to come together, review the preéent sfa-tus .of work in tha
respgctive groups, discuss the future requirehents of our programme and
identify specif_ic areas where a_coordir.zated cffort can be effectively
implemented. The response has.been‘fairly good with the participation
of scientists from Bhabha Atomic Research Centre, Bombay, I,I.T., Xanpur
and from the Reactor Research Centre, Kalpakkam, the institutions
actively persuing the nuclezar science and technology programmes, as
expected.

Tt is clear from the papers presentad in the Vorkshop that =
significant amount of work on Muclear Data Evaluation is in progress in the
groups working on basic nuclear phjsics whereas the areas of processing
and testing muclear data have been persued by reactor physics groups
concerned with the reactor design. Tais is toe first/ timc that such a
workshop on Muclear Data has been organised 6n 2 national level and we
hopethe discussions generated in the workshop have providcd the impetus
required for closé collaborative work between the varisus groups working
on Miclear Dats, in the future.

It is a pleasure to thank Shri N.Srinivasan, Director, RRC
for inaugurating the wofkshop and for having provided all the required
suppert and Dr. M,X,Mehta, Head, Nuclwar Physics Division for giving the
Key Note address and generating the lively discussions émong the parti~
cipants. ‘The active co-cperation received from the members of ths
organizing committee and cther cilleagues is gratefully acknowledged.

R.Shankar Singh

Convenor
Organising Committee



FREFACE

The papers presented at the Workshop on Muclear Data
Evaluation, Processing and Testing have been'conmi;ed and presented
in this volume. ‘here full paper was not available due to unavoidable
reasons, the aSstract or summafy has been included. The workshop gave
the opportunity to the Indian Naclear Data Community to discuss in
depth the current needs and future course of action in this irportant
field.

It is hoped that this ;olume will help to disseminate the
contenfs of the Sorkshwp among wider section of the Indian Nucleer
Data Community.

I take this opportunity to express my sincere thanks to
S/Shri R.Shankar Singh, V.Gopalakrishnan, A.K.Jena and M.M.Ramanadhan
for their valuable co-operation in and contribution to organization
of this Workshop.

Thanics are due to Shri N.Srinivasan and Shri S.R.Paranjpe

for their support and encouragement.

S. Ganesan
(SRCRETARY)
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INTRODUCT ION

This paper briefly discusses the nuclear data reguire-
ments for the Indian Fast Reactor Programme. Plans to construct a
500 MWe Fast Breeder Reactor (FBR) by the middle of next decade
followed by a series of FBRs by the year 2010 are underway. In
this context, the scope of this paper is limited by the discussion
on the nuclear data recuirements and the target accuracies for the
complete fuel cycle involving core design, operation and fuel re-
processing as well as safeguards and safety of FBRs. The current
Status of availability of various nuclear data for our FBR pregra-
mme in Indiz as pointed ou*t. Suggestions are made regarding how
we should handle the nuclear data needs in future,

II STAIUS Al RRC.
II.1. AVAILABLE NUCLEAR DATA FILIS.

At RRC and at BARC, evaluated nuclear data libraries have
been procured (1)
the recent past to obtain multigroup sets. For example
KEDAK~3 (1976) and ENF-B/IV (1975) are available at RXC.

Some of the =lements in ZNDF/B-IV have been processed by
(2)

through IAZi and have been processed in

the fast reactor nuclear data processing code RAMBHA
developed at RRC. The various nuclear datva files for
core design and shielding and other aspects of complete
fuel cycle of BR available as on today at RRC are given

below.

A, General Fvaluztions

(1) E{DF/B-III, seven standard nuclides
(ii) EIDF/3~-IV, General files

(iii) UXIDI~402

(iv)  ZIDsK2 and KFEDAK3

(v) The Livermore Library mNDL



(1)

(ii)

(11)

(iii)

(iv)

(v)-

(1)
(ii)
(iii)
(iv)
(v)
(vi)

-2 -

Dosimetry reactions

UKNDL, dosimetry file
SAND II an¢ DiT4AN-T4

Fission Product Libraries

The ius*tr=lien library of 2valuated neutron cross

sections for fission product nuclei - point data.

The Bolognz Library of evaluated neutron cposs

sections for fission product nuclei.

The EDF/B Library for fission product cross
sections (and decay data).

The Deriller's library of fission product yield
( and decay data)

The Japanese Library for fission product cross
sections,

Multigroup Cross section Libraries

25 Group Cadarache Cross Section Library.

n-' coupled cross section library DIC-37

100 Group Cross Section Library DLC-2E

Modified ANI-32 group s=t

605~Group Legendre Coefficisnt ELMOE Library

n-. coupled Cross Section Library DILC-23D (CiSK)

cesesd
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CREATION OF INDiAN EVAIUATED NUCLELR DATA FILZE.

For an indigenous nuclear data programne, we must
aim to develop our owa evaluated nuclear data fils. Con-
sidering the limitationsof available man power and experi-
mental facilities such zs accelerators, to start with, we

N

can have =5 base the ENDF/B dat= that we already hzve for
. . ., 2 238,
the various auc.icdes which are relevant for 39Pu-— > J
232 2
and Th- E

lop our owa file by improving specific nuclear datza as

DU fuel veles. +The aim should be to deve-

anéd where improred evaluations and / or differential
nuclear d=ata mezsurcments =2re made in Indizs cor reportad
in the open literature. Such 2an zpproacn is = must for

India in the long run Since we are

- unable To prcecure laproved and lates: versions of

ENDF?/B a~s and when they zre rele=sed.

sition to understand and recognize
readily the defects and omissions in the available
data filzs. (For instence in ENDF/B-IV thers is
for 233U; For 232Th,

no unr=solvzd : +a
"ND?P/B-IV and INDF/B-III are same below

the d=2ta 27 WD
50 XeV etec.)

CREATION 0F An ITDISENCIS PROCES3ING CODE SYST

(c¥

1

Ths cereation cf =2 muiti group cross section set is best
done by =2n indigenously developed processing code. This
helps to clearl; understand and improve on a continuing
basis the methods followed by the various individual

.o-.-/r



- 4 -

modules of the processing code. The development of
RAMBHA(2> at A3C 1is such an effort. It is expected
that from the point of view of reducing the comput-

ing time without sacrificinz the accuracy, efforts
will be made tTo improve tiae individusl nodules based
on the published experiences and our own numerical
-experinenrtations, 1Phe detrzils of the first version

of fast reacicr nuclear data procas3sing code RAMBHA
will bHe discusced in & sepsrrte paner in this Workshop.
ITI. TARG ET 19CURACIS (o7 13)

At this point, we examine the details of accu-
racy required in nuclear data evaluations zad the co-
Iresponding uncertainties in the neutronic psrameters
of Bxs. The general requirement on the precictional
capability of integral parameters for FBRs in various
countries is centred around the follswins values:

Xel? : 0.7%
Breeding Ratio : +6%

Maximum sodium

void effect i +20%
Control Rod Worth : +6%

Jcpp.er c¢lfect : +15%
rower Distribution

(both for local/average

and peak/averaze) s +4%

NN



Table - I

£stimated Uncertalintias
( 2 & level )

Prototype Commercial
Causes/Scources _Fast Reactorsh* Fast Reactors**
of Uncertainty T T T T
. reeding ; eeding
erf B F ding Keff BrneQLJO
Faln - salin

From the experience

obtained 2®n critical 0.4 - 0.7% 5 - 6% 0.7 - 0.9%

2ssemblies

Xtrapolation to power
reactor C.T7% 5 - 6% 0.9%

Burnup related effects

(Ind of cyecle) 1% 2% 1, 3%
Fuel specificaticns 1% - 1%

Total (fresh fuel) 1.3%% 7% 1.5%
Total (Burnt up fuel’ 1.7% 7% - 1.9%

¥ Proteotrpe 28t Xeactors in the range of 250-300 Mwe
¥¥ Commercial Fast :lcactcors are expected to produce power
in the range orf 200-130C e



It is also azccepted that the requirement for any of the
neutronic parameters wentioned above is not met without
a critical assembly. Table I gives the estimated uncer-
tainties in Keff and breeding gaztm. as arrived at by la-
boratories that have supporting critical experiments
program. The uncertainties for us will be larger than
these values atleast for the first few core loadings.
According to Hafele et.al.£14> "the prediction of Xeff
is within 3% to 4% (critjigal mass 15% to 20%) 3f o par-
ticular reactor case is calculated a2nd the group ceon-
stent set is chosen from among the sets in use.‘ If one
instead chooses or prepares the group constant set with
care but without special experimental essistance, the pre-
diction of Keff is within 1.5 teo 2.5% (critical mass 8%
to 10%). If in addition to the latter case the results
of 2 similar critical experiment are available it should
be possible to predict Xeff within 0.5% to 1% (critical
mass less than 5%).

Thus considering the fact that we do nct have a critical
facility our uncertainty for Xeff mzy be higher than 1%
from nuclear dz2ta consideration along The differences

in fabrication uncertainties in Indian conditions as
compared to those in advanced nations will have to be
apprepriately added to the uncertainty assigned tc fLeff
obtained by analysee of selected fast critical assemblies of
232Th—233U fuel, addi-

tional uncertainties arise as the fast critical assemblies
238U 239

other nations. For cores involving

constructed in other natioms either have Pu fuel
or do not have relation te our requirements of composition

and sigze.

000007'
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REQUIREMETTS OF NUCLEAR DATA.

CORE DESIGY

AS mentioned already the requirements of accuracy of
nuclear data are more stringent in India as the critical
experiments program is =absent. Table II gavesthe required
accuracy cf the cross section corresponding to tarzet accu-
racies of +1% in Keff and + 2% in breeding ratio as zive.n
by Bobkov ;t.al (15)., The;e numbers for 239?& and 258{1
closely agree with those reported by Weisbim et.=1 inde-

pendently)

The generation of our own multigroup data set using RALMVBH.
code system and ENDF/3-IV (or RAC DF‘18)) will lead to =
'non~adjusted' multigroup data sst. Extensive analyss0

of fast critical assemblies should be performed to validate
this new data set. At pressnt, in view of limited m=n power
and computation time, it has only bsen possible to generate
multigroup cross sections for specific elements such as
232Th, Fe, 238U etc =nd add them to the Cadarache set.

It has been recognized that there is 2 need to obtain

. 2
better group constants for the higher isotopes /41Pu and

242 . .
4 Pu =2nd for Ni, Fe and Cr, as the Badaracne set is not

satisfactory for these elemsnts <17). It is =zlso known
that the ®@adarache set will not work satisfaetorily fcr
232Th—233U fuel systems. Thus evaluztions of the reslevant
isotopes of this fuel cycle zre to be completed and vali-
dated. Thus in parsllel, the indigenous programme of gene-
ration and testing of multigroup cmwoss sections for all
fissile, fertile and structural isotopes by processing the
latest ®wasic neutron nuclear interaction data should continuc.
Some of the assembliss proposed to be analysed havs been listeAr

already (17).

® % s e 50 s 0 E.-:'
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tAze 1
Sl oo

DIFFERENTIAL CROSS SECTION ACCURACY REQUIREMANTS (PR CHNT).

o

(4fter Ref. 15)

0,8 ZE<10 MeV 0,1< E< 0,8 MeV O< E< 0,1 MeV
I II III IV I II III 1V I II III 1V
239, |
_ 50% S50% 41 41 9,5 10 6,5 6,7 3,7 5,0 2,5 3,6
°f 2,6 4,0 6,0 10% 1,3 2,3 4,0 6,0 1,1 2,0 4,0 4,°C
1,2 1,2 1,5 1,9 0,4 0,7 0,5 0,9 0,5 0,8 0,7 1,2
238y
-

¢3,3 10 19 19 2,8 6,0 4,3 4,7 2,2 4,0 2,6 4,4

£1,8 3,4 2,1 2,6
1,0 2,5 1,3 1,7

Steel

° 20 20 25 25 15 18 17 18 14 15 12 13
2405,

°c 45 45 s0% 0 14 7 17 6,5 7,1 9 9
-

f 3,5 5,0 4,4 6,5 5,5 T,(* 6,6 6,6 7,0% 7,0% 7,0% 7,0%
% 2,0 2,1 2,4 2,5 3,00 3,0 3,0% 3,0 3,0 3,0 3,0% 3,0%

2415,
°f 10+ 10* 10+ 10+ 5 5,4 6,2 6,2 3,7 3,8 4,5 5,0
YTo4,0% 4,0% 4,0% 4,00 2,3 2,3 2,5 3,00 1,2 1,3 1,5 1,6
Flux ,
1,3 1,7 2,0 2,7 1,1 1,8 2,5 2,7 2,0 3,0 2,1 2,5
.. ’ _
50% 50% 50% S50%  14° 16 17 17 7,0 8,0 9,3 10

Required accuracy V§-< Cpf - 0,3%
I and II Requirements for rrediction of both keff and BR
ITTI and IV Requirements for prediction of BR

I and II Requirements when integral measurements are not included
II and IV Requirements when integral measurements are taken into accouns.



ast reactor Lenchmaris could de analysed by hoth LT
i

c
nd BARD izaas independently uszing same multigr-up structure znd

diffusion a2nd tre neport codes.  This exercise when completed
will bring out the spread in the calculated values of neutronic
naraneters calculated us

(1) Cadarache cross saction set

{2) R szet generated by RAMRIA

(3) BARC set genzrated using "7 and BIOT/B-IV
safetv related reactivity co-

lear dat2 considerations can bhe

- TMore accurzte dzta on resonance paran are desirable

e s
in resolved oaf unr=2scived resonznce region a2nd vetter
S

processina methnds of these data, This is for Doppler

-~ The energy cross sectlon gradients must be known accurstely
to + 3- to deteraine sodium voiding reactivity accurately.

- The elastic and inelastic cross sectiowns and fTranster

matrices which determine the svectrum and spectral

should be evaluated to high accuracy, as it is bali
that the underprediction of low energy commonent in Tach

specsrum has iled.. to underestimation of Donpler cffect.

etermination of control rod worths fto + 5% accuracy, Hhe
1 S 1

X reguirements for © absorver azterial (such as 3, 7d,
Ta etc.) zre that the capture cross seciticns should be tom
0 4+ 5% and scatiterins cross sections to + 10%.

TUL2 DONUIRETRITTS OF UCLEAR DAL TCRODTIIR TEIATTCOR PARANMETIRS

-V e Lol

The typical fast reacvor recuirements for pronerties
t c

cther than mzior neu narameters zre as f0710"s‘1‘)



Parameter percentage accuracy
Decay Heat 2 to 5
activity of components 10
luence 5
visnlacenent damage cross sections 5
Dose Gradicnts 10
Telinm and H-drogen ProTuction +20 +to0 +50

Cross secisions

e various data reguirenerts are given in Table III. Dosimciry
measurements are used to give informzation about the total i

and Flux svectrum. The crosz section reguirements from this

ec

angle are also given in Table III. Activ~otion reactions in
structural materials and coolant =2re required to determine the
induced activity satisfactorily. Tae stanlard cross sectinns
given in Table ITI should he known to the highest accuracy
pessible as oth2r croass sections are obtained relative to the
cross section used as a stande ., Presently~ The =2ccuracy

required for helium producing rezctionz is not So stringent as

the mechanismi of raciation damage has higher non neuironic
wncertainties in interpretations.

- r - -7 o vl e = = TTTT T - / 1 O
ITI.3 NUCLEAR DATA REQUIREILINTS 0R 3IJIIBLOING CALCULATIOHS"”>

In shielding calculations, use is made of the grouv
constants, the generation of which 4o not generally takesinto
account the strong spatial variztica of neutron spectrum in
the shield. Thus for example the use of a simplified slovwing
dovn model in the generation ol group constants is = main source
of error in calculating the neutroa penetration in fost reactors.
To ensure + 50% accuracy in the flux at the outer bouniary of the
shield the total interaction crosz section must he knowm for all
the isotoves comprising the shield (such as steel, soium, carhor.)
rithin & 1% zccuracy in the range 17V - 1eV. The ralistive

ce.pture cross section shoild be '‘movm within + 10% for thése



LILT OF

i Fash Renctor Sore Desisn

Isotopes : TFisaile

Structural

Parameter

Fiss]
0.3%
2%

A%

2%
A 10%
6.\’ an 1 O‘,’(ﬁ
Resonance Parameters 10%

Pl

v delaoyed 2%

The above requirements for

NS T YT/ Y
':j :.{OLJ' ) n).;.‘le AN RS

. 233y

’ 4
ok

L 232

: Th,

; e, Cr,

24

ssile isotopes

1Pu and

Strvcbural

Q.
@]
T
0

is0

o e ¢ s+

240, . .
“"Ypu zré less stringent

ACTONRATIES

Fertile Isotopes

(1.5% in ratio
DL
ta qf of “59Pu)

pYS

(by a factor of two)
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fsotopec: (OB, '8, Ta, 0, Bu, ¢4, Er, HOf
@C -t 50/3 ) 10 11

Jfor B and B
Gs 2 i10% ) :

?

For the other irotopes which are proposed to be control rod mateivials the
soame requiremenss arise in Tuture.

ITT FISSION PRODUG' NUCTEAR DATA

Bulk Reactivity Effeccts + 5% to 10%
This leads to O  : + 10%

. ana Q&- 2 4+ 30%

Burnun Monitoring, Integral decay heat andflelayedheutron emission

€. to be knowr to + 10% Cor the following
(A 0 ’! . ~ c-' 7~
J7Mo QQTC, })1&u, 1O4Ru, 1ODRu, 1O)Pd, 1O7Pd, 1291, (L Ie, 135Xe,
133 15 / 43 A5 . A / / 5
s, 1200s, Moo, ", "Wwa, "Twa, "pa, 9%5n, Wy



'abl> (IT conbt.

TV ACTIVATION RBACTL0NS

The requeste? accuracy is + 10%

581\Ti(_r\,|?") Bao;  er(my) lop; 54Fa(\rﬂ(P) Mn;  2Brc(wy) 29pe;

5%o(ny ) Ogo; 6

?

e %o;  Pasmy) Tass Pro(n )P ;

. ;)7 / /\
181'1‘3(“’)’) 182'1‘:1; 23_Na(wlr) 24Na; ")Na(h'_')h) 2¢Na,; 4OA(V\/Y) ey

V DOSIMETRY CROSS SECTIONS
Standards 27

=

L) “Hwa; PTup(n f)r.e. Orotm p) 20n; SBui(wan Tni;
63011(%, 2w) 62Cu, 197Au(W,Y) 198A11, 23\%(\“,3") F.P. 239Pu(h,f) T.P.
VI STANDARDS

2Ho (v P) ®Li(na ), 1013(“,&) "P0: 5, 65 Mau(n v);

27[‘ "7L‘2
DU(‘!\,{— ) “?°Cgt V¥ snd fission spectrum

VII HELIUM PROOUQTION CRO3S SBCTIONS

All icotopes and impuritics present in stainless steel

581«1(h,Y ) 2Ni(n )

3 Such two 3step renctions also nezd this cross

soction! to be known



elementb especially below 10keV for a good (+10%) prediction of

heat generation and capture gamma radiation fluxes. In the shielling
of TBRs the capture gamsn ¥Yield- is due =ainly to tho abeorniion

of neutrons. Ve need to perform 2 few more sensitivity studies

to assess our completsz requirements.

IT7T.4 NUCLEAR D%TA.REQUI{E ENTS FOR OUT-0F=?ILE PART OT FUEL CV L“(1Q}

The importewce of actinides in Tuel cyclc i3 well lnovn.
2) In the core itself *“he build up of actinides ehanges reactivity.
The errors in the zross sections of 236U 237Np, 238Pu énd Am
isotopes lead to 5CO pem error in critiezlity of FBR fuelled with

plutonium. The uinor actinides other than Pu isotopes contri-
butés: 1% to thc generation of power and 241Am isotcpe may have
an effect on the internal breeding goain by about $.02 2t the 2nd
of fuel life. ”Hpn Pu from PHWR is fed into LVMFBZ, the higher

isotcves 240F u/—“ ru/ 242py contribute €/8/1% to rsacior =oar.

n

on tha
neutron. X', A and [5 sources of s»pent fuecl an? <this hes to bz

h) The prediction of radiation and heat generation denend

known For shielding and cooling purvoses, during transporg,
reprocessing and-

242

fabricatior. Tue X and v activity moiuly
A
due to Cm and =7

rc
244 "Cm pose vroblems in fabrication and hGvd-~
ling of fuel. The Znadequate knowledge of effective crcss
sections used in the calculations oI isotopic composition leads
at present to 50% error. The study of actinide depleticm is
important as the actinide wastec would represent a hazari rizk
for 100,000 years and longer while the risik from fissicn
products decrecascs to acceptable levels within decay ocrioas

of 1,000 ycars

L o

Pers

¢
Q.J

r of sersitivity enalysis of the acvinide
nroduction and buruup in fast reactors should be taken up in
"I - . 3

order to arrive =2t the information on the requirel accurdeyr

o

of nuclcar data Tor actinides,
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7 DECOMMENDATIONS AND CO ICLUDING EEMARKS

Prom the broad overview of nuclear data reguirements

oresented above we reconmend the following for satisfying i

requirenents of our fast reactor progranmnme. )

5
[

(R

Tae absence of fzst critical experiments programme leads to
the requiremert of o more careful evzluation and watching of
the Gevelosnments in internationzl cofforts in the field of
ncutron induced nuclear dato evaluation. The apalyses of
experiments could be nsrformed by two

&

al
indepeadent sclected groups in India to enable healthy
0

Sfforts to obtain the detz2iled information on critical ~sson
lies must be initiated thrcough internationsl »odizs
or ENEA/OECD.

A co-~crdinated all-indie effort in the long run and RIEI-BART
collaboration in the immediate future will be very helnful
for successiul implementation of indigéncous evaluztion
processing and validation of nuclear date for applicatvions

to fast reactors.

Sensitivity stuiic

6]
oY)
3
()
=
®
2
o
v
2
Q
o
[
(@]
ox
g @]
>
3
H,
@]
=
3
0
o
ct
&)
0
[67]
42}
O
n
Ui

the nuclear date reguirenents ir

o

the shieldling, out-:if
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USE OF THEORETICAL MODELS IN NUCLEAR DATA
EVALUATION

S.Ko Gupta -
Nuclear Phyeics,Division, Bhabhe Atomic Research Centre,
Bombay 400085,

Abstracts

A brief overview of nuclear models for neutron
nuclear cross section predictions is presented starting with
basic concepts, Resonance resctions, opticel model, stati-
stical model and level stetistical parameters, preequilibrium

model, gamha emission and fission theory are reviewed,



1. Introduction

1)

Nuclesr Deta find numerous appiications such as in

a8 thermal snd fest fission reactors

b plents for nuclear fuel fabrication end reprocessing

¢ fusion reactors

d shielding of reactora and accelerators

e -nonenergy epplicetions such (1) nuclesr asctivation
analysis (i1i) radioisotopes 88 tracers (iii) production of
radioisotopes (iv) nuclear psrticle irrsdiation such &s in
cancer therapy.

f nuclear physies to enhance an understending of the

nuclear phenomena,

Due to immense importance of nuclgar date, every
possible effort to obtein thése deta is rigorously persued.
The primary'effort is in directly measuring them but the experi-
mental generation of nuclear date in 1ts entirely is inadequete
obviously on grounds of feésibility and economics, It is here
thet the nucleer models and systematics pley a crucial role in
providing e unified or concept-economic understending of the
measured date, This understanding finally promotes confidence
in ueing experimental deta by removing discrepant date, It
further fills geps by 1nterpolat16n.of the data s a function
of energy &nd by predictions in the extrapolated energy and

mass-number domains,
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There exist two hard core beliefs in life (1) direct
experiment and (ii) rigorous theory. An exrperimentalist
believes that only the experiments can lead to reaslity while
e theorist insiets-that he cen tell 211 about the reslity by
a fabric of logicel structures. An evaluator of nuclear dnta
believes in using the best of both the worlds and provides a

balanced objective view-point to the user of nuclear data,

The nucleus consiste of neutrons snd protons. 1In
cross sections for neutron nuclear reactions which comprise a
large segment of date-needs, an incident neutron interacts with
the terget nucleus and mey produce one of the seversl end-
products, To exemplify, & neutron interactinsg with a terget
nucleus undergoes interactions with its consituent nucleons and
comes out without sny chenge in the internsl stete of the
target giving rise to elastic scattering. Other possible modes
sre inelastic scattering, redistive capture, fission, (n,?),
(n, ), (n,2n) reactions and so on. The interaction probability
is represented by cross section which varies with energy. In &
naive picture of & nucleus interscting with a neutron, the
neutron undergoes en interaction with the average potential
produced by the whole nugleue. Thies potential depends on the
distance between the neutron end the centre of the nucleus.

The remaining part of the interaction between the neutron end

the centre of the nucleus., The remaining part of the inter- -



action between the neutron and the cpnstituent nucleons can

be envisaged as giving rise to successive collisions with
them. The first collision gives rise to the doorway state

in which the incident neutron loses energy and a nucleon
inside tﬁe nucleus gains energy lesving 2 hole behind., 1If

the doorway state does not decsy by disintegration esnother
collision will give rise to three excited psrticles and two
holes, Every further collision increases the number of
particles end holes by two units., If st any stese thepe ere

n excited particles and holes collectively called as excitons
esch has an sverage energy E/n where E is the excitation
energy of the composite system. Thus if a intermediate state
formed does not decay, it leads to & state where the energy

is shared between seversl excitons each having much less than
the energy of the incident nucleon. This state is the compound
state which does not have any memory sbout its formation.

The compound state lives for a long time and its decay is

that of a fully equilibrized system. As the excitation energy
increases the system sometimes decays before reaching the equi-
1ibrium end this gives rise to the preequilibrium component.
The equilibrium emission is chsracterized by low-energy and
almost isotropically emifted vperticles while the preequilibrium
emission 18 characteristic of high energy particles emitted

in the forward pesk.
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The interrelationehipa between verious model is

best 1llustrated in the Fig.1'where the model applicability

is shown for various energy regions.
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2. Resonance Resactions

At low neutron energies of the order of electron-
volts in heavy nuclei, of the order of kiloelectron volts
in medium nuclei and of the order of million-electron-volts
in light nuclei isolsted resonances are observed &s a
function of energy in the cross-section excitation function.
A resonance represents a positive energy neesr-eigenstate of
the compound system and is further charscterized by &
defini te angﬁlar momentum and parity, ite totel and various
partial decay widths., Resonance theories2) aim at describing
the cross sections in terms of these parameters rrther than
gim at predicting the peremeters. A detsiled prediction of
the resonance paremeters is not possible., The adventage of
using resonsnce paremeters to generste cross-sections leads
to an economy in description. Resonance-region cross-sections
ere doppler-broadenéd for use in reactor physicé celculations.
Thies cen determine preference in using one approximation over
enother., The R-matrix theory separates out explicitly the
energy dependence of the resonance-parameters but sometimes
?t is computationally tedious as the inversion of lsarge
matrices may be ‘involved. The unitarity of the scattering
matrix is8 guarenteed in this theory. The Kapur-Peierls'
theory has an implicit energy-dependence in the resonance
parameters and the unitarity of the scattering metrix may not
be guerenteed. However it may be computationally advantageous

to use the Kapur-Peierls' theory.



3. Optical Model

The average potential felt by & neutron due to the
whole nucleus is complex in the optical model. The imagi-
nary part of the potential describes loss of the flux from
thé incident channel, however, it can reappear as the
compound elastic contribution. The imaginary‘part arises
due to the formation of the doorway state or its genetic
offspring the compound nucleus. The latter can decay either
in the elastic channel or in the nonelastic channels. As
the energy increases nonelastic processes dominate and
determine the imaginary potential. The optical model
prediéte total, elastic, differential elastic, reaction
cross sections and generates transmission coefficients and
wave functions. The latter form an input to other cross-
section calculations such as the statistical model and the
distorted wave Bofn Approximation calculations. Recently
Chatterjee, Murthy and Gupta3) have published an analytic
parameterization of the optical reaction cross sections
for light projectiles. Optical model predicts polarization
cross sections as well when the spin-orbit potential is

also included.

In phenomenological analyses4) the optical potential
is chosen to be of analytic form which involves strength
and geometry parameters. These parameters behave systemati-

cally with mass number and energy. The determination of



global optical parameters is quite useful for the prediction
of the nuclear data. As an example the mparison for

14 MeV total, elastic and nonelastic cross section is shwon
in figs., 2 and 3. A new potential proposed by Murthy and

5)

Gupta seems to work satisfactorily.

Presently there exist several calculations whiéh
aim to predict the optical potentials) starting from the
nucleon-nucleon potential. The calculations are reasonably
sﬁccessful and predict the total optical potential reaso-
nably well.

When the low-lying excited states of a nucleus are
similer in their nuclear structure differ:ing only in defor-
mation or vibration degree of freedom, the generalized
optical model employing coupled Schriodinger equations is

uged.
4. Statistical model and level-statistical parameters.

With increase in energy the number of levels in
the compound nucleus increases rather exponentially. The
level-widths also increase. Wheﬁ the ratio of the mean
level width to the mean level spacing is larger than unity,
the statistical model description results. This is usually
known as the Hauser-Feshbach modelv). Moldaﬁer'a level=
width fluctuation correction should also be applied to
the H-F model.
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¥hen the number of levels in the residual nucleus
also becomes large, the discrete ensemble is replaced by
a discrete plus a continuum or by & continuum ensemble. To
obtain the continuum of the levels i.e. the level demnsity,
experimental information on the level spacing available at
neutron binding energy from the resolved resonance data is
combined with a theoretical model to obtain the level
density at other energy. There are uncertainties in obtain-
ing the mean level spacing from the experimental data and
recently an 1pteroompariaon exercise has begun.s) Kataria,
Ramamurthy and Kapoorg) have also proposed a new level-

density formulsa.

In the cases where levels in the residual nucleus
are replaced by the continuum and if angular momentum
effects can also be ignored the Welsskapf-Ewing evaporation
model resulﬁs. This model is attractive due to its simpli=-
city and finde an application in several calculations as
tor (n,y ), (n,n), (n,2n), (n,3n), (a,p), (8,%), (n,£)

reactions etc,



5. Preequilibrium model

' The statistical model assumes & decay from a fully
equilibrized system, however as the energy increase, the com-
posite system decaje even wvhile the system is equilibriating.
Thie decay is described by the preequilibrium model which
treats an equilibrating system in & stavistical manner. 1In
one va:bion of the preequilibrium modele'o), the exciton model
the n exciton state either makes & transition into neighbouring
n + 2 state or decays by emitting a particle. The preequili-

brium phenomenon is found to be & necessary ingradient in

| explaining the increase or decrease in several cross sections.

In the master-equation approach the statistical
(equilibrium) model and the preequilibrium models get cunified.
The master equations describe thé equilibrating system as a
'function of time. waever the time~integrated master equations11)
are adequate to obtain the cross sections by calculating mean
lives of each exciton state. The mean lives as a function of
exciton number represent both the preequilibrium and the equi-
1ibrium parts. The one-component‘equations without distingui-
»éhing between neutrons and protons are described by three term
master equations. The time-integrated version of these equa~
tione_give‘riso to a tridiagonal system of linear simultaneous
equations., Chatterjee and I have obtained & continued fraction

solution of these equations.
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The angle~dependent master equations in the frame-
work of exciton model have also been proposed and now their

solution can be obtained11) in a similar manner.

The role of angular momentum in preequilibrium models
has been investigated meagrely and is probably most explicit

12) A clear distinction

in Feshbach-Kerman-Koonin version.
is maintained between multi-step direct and multi-step com-

pound processes in this approach.
6. Gamma Emission

It is adequate to treat omnly the eiectric dipole
transitions in the radiative transitions. In gamma-ray trans-
mission coefficients the Weisskopf profile or the Brink-

Axel profile is used. At lower energies apart from setatis-

tical capture'B)

» the direct capture and valence mechanisms
also dominate in certain mass-energy reglon. At higher
energies ( ~ 10-15 MeV) the direct and collective mechanisms’S)

dominate.
7. Pission theory

Fission is quite a complex phenomenon-though ite
understanding is based on rather a simple concept. An excited
equilibrized nucleus prefers to bréak into two almost similat
parts was rather unexpected. If such a nucleus is assumed

to be & liquid drop which is undergoing deformation and its



energy passes through a maximum as a consequence of compe-
tition between the surface energy and the Coulomb energy,
the problem of understanding fiesion15) becomes an exerclise
in barrier penetration. Though a fissloning nucleus under-
goling continuous deformation develops a neck after travers-
ing the barrier and breaks into one of the mseveral possible
pairs of fission fragments, the barrier region has only a
few transition states determining the fission cross section
and hence the fission is characterized by a few degrees of
freedom, The effect of nuclear shells makes the barrier to
be double-humped and gives rise to several interesting
phenomena, A vast part of the fission theory deals with the
calculation 6f the barrier parameters such as heights and
widths for the two or more humps. Once a definite pres-
cription of calculating the fission transmission coefficients
in terms of the fiésion barrier parasmeter is defined, the
fission theory joins the mainstream of the nuclear reaction

theory.

According to the excitation energy the compound
nucleus . traverses the barrier. When the excitation energy
increases 80 that the residual nucleus, after emitting a
neutron, can undergo fission called second chance fission.
Similarly after the emission of a neutron emission the second
residual nucleus can undergo the third chance fission.

These situations can be handled in a sequential manner in the



statistical thepry. A semi-empirical formula was proposed
for calculating the second and third chance fission by
Jhingan et a1.17)

8. Conclusions

Preaéntly nuclear theory is quite powerful and is
undergoing further development to predict nuclear cross
sections and related quantities more precisely. In this
brief over-view we have preeented some facets of nuclear
model useful in predicting nuclear data. Obfimal results
will be obtained in using the existing models and the experi-

mental resulte in a complementary manner.
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Calculation of Displacement Cross Sections in Stainless Steel Usineg

SETR Cross Sectiau Set

C+P.Reddy and S.uil.lee

Reactor fhysicsg Section

Introduction

Any component which resides i a neutron field undersoes
radiaticn damzee. There zre different ways to quantify the amaunt of
neutron exposure, The umits usually used to measure the exposure of
materials to fzst neutrons is the mumber of displacem=nts per atom.
(dRa ) and flucnce above 0,1 sev (1wt). In most of the studies vhere
efiects of radiastion damaege arc studied usinz accelerators, correlstions
are obtained between the rmumber of times the atom ig digsplaced and the
effects of radiation damaze like swelline, radiation embrittlement etc,
So it is required of a core desion engineer to specify the displacenents
per atom in all the componénts durine their life time, vhich requires
¥noviedre of displaccent cross sectionsg., In the present paper dice

(4)

SETR crogs sections., ‘™e authors discuss the reasons for choisine

placencnt crogs sectiuns are esiven, calculated usins RN mouel and

Truv @wodel, breifly describe the nxiel. Also we discuss mode auapiud
for calculatin? displacement cruss sections and cunpars the resulss

with the other published regultse.

Basis fir the selection of the model

There are wany mocels ¢iscussed in the literature for
calculatine displacensnt eross sectionse. T¢ name sone important unes
are Kinchin and Pease m;)de].(1 , dalf n&lscn model({'>, Turreno-
Lobinson and noreett simulation mocsl

(3)
(4)

Nororette standard model . In table 1 we C-’Jmpare(s) the multisroup

ané 7Torrens, Iiobinson and

cdisplacement cross sictions eiven by the di fferent mocels, Half
nelsorn model sives approximstely half the values of Kinchin and

Fease miCel wherecas Ty simulation and Thiv standard model compare
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well wth each other and alst with the Kinchin-pFeage model at hicher

enereicsg, LDxperimental results snow thas T aiel is a better aprroxi-
(6)

nation . 4also IgEa is now recomnenc ine Thw model as a standard of

danage doge.

The Torrens-Lobiugi-NoTrestt model

ACCoiGine to Miv ¢4l runbex ;f Sicplrcenenta (6’)

produced by mrimary knock o atun of recsil enerosy :P is eiven by

Na(g) = B ~Chsiey
2 Eq

For low enerqoies

Ng(Ep) = 0 T (B-E o m 1< By

= 1 for r' < (&. -
k(t“ EW‘E)<QEA

where £ j i the displacement threshold enersy for stainlese steel
Eq = 36 v anc {: = 0.8

E, . iz the enrer 10st by the imary xnock on aton cue to inelzstic
inelastic &4 J pr Y

scatterine and it is eiven by

€a R 9 (€

|+ RG(€
3/4 N 1/6

+ 35,2008 c

mere

?(e) = € + 00244 ¢

ey e S —
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p Ep in 2v)

P
\

0. 38530, ev?
27.9 Z5 2’-7_ ( 2734' 3;/3'_)!/2(9)*’&)

Ay 4L = the atonic veist and atomic number of the recciline

keavy iz

=
(18]
-
[\
n
i

like quantities 10r the matrix atons

for any alloy

N o
az; E".’]fAt EN“t. o

iae

M
- o3,/ N
ty = é ‘2L/i‘n;;
21

M. = muwbir density of ith element in the alloy and
[8

= ars atomic wient and atwzic number of ith elexent in

the alloy.

A; 2

To calculate cisplacemnsnt vrate capture reactions inelastic
scatterine ard aunisctropy are isncred. Only elastic scatterine is taken
into account. These approxiaations are valid for tast reactors. Then

naxiauws fraction of energy taken by the primary knock on gton of ith



4.

type is
M, = e —————

SO the ranee of en2rey of the priwary knock on ato is O to M. where

- is the cuersy of the neutrcon. Thern the rmuaober of displacements

per 2 scatierine incicent of a neutrin of euéroy b is ~iven by

M E
Ma(e) = 7‘:‘15 f N (€p ) d €, (&)
X o

Then the cigplacement sroup cross sectiam is

g
>4

o = K, A (E)MalE) d(Rrde
R )

f ¢ (E)aE “

—
4 (E) elastic scattérine cross section

wece of Calculationg

¥e have takewn elastic scatterine cross sectians from 25 oroup
SETH cruss section set. Instead of ovaluatine intceosral in the equation 5
we have assumsd (O as cunstant ovei the orwup arl ener~y of the neutro

as the middle ener~y of the sroup,

Inte-ral in the equation 4 is done by reducine it to a e~
mation by civiuine the erersy ranee from O to MAE into saall resiuns

and assumine the Mg (Ep) as constant in each of these swall reeiunsz.

we aleo have 574 oraup cross sectivng in SETH cross sectim
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library coverine z ran«€ upto 2,23 .ov, W€ also calculated displace-
ment c¢ross sections for 574 o»roups. +0r the sake of conparison we have
collapsce these cross gectiong into 25 w~roups, ysiti~ the standard

spectrun ~iven in the . Table 2.
Resulvs

I tably 3 w preseént results of 25 eoroup displacenent cross

section for iron, 574 ~roup criss sgectivns collapsed in tc 25 sroups
aline with J.I.Bracuan et al. results({;). Results agree well, Suall
differences geern arc due to approximations used and cifference in the
cross gection set. In table 4 we present the displacement crogs sections
~encrated usine 25 zroup SLTR version IT cross gection and 574 fine orocup
TR versiun IT cross sections collapsed into tne 25 eroup format. Both
the results agree well., The differences are Cu€e to the aporoxinations

wiile czlculatine bruad eroup cross scctions.
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Table 1

liultigroup displacemert cross sections

-_-_* _________ . W wm we @ e a e e s  an s “w ® w = =

neutraoi Lower

eneroy encroy of  EKinchin &  Hali-Nelson  Tob simu-  Tul
groud group in fease lation Standard
kev
1 3680 2278 1433 2789 2120
2 2230 2246 1241 1809 1351
3 1350 1876 882 .1 1112 836
5 498 1249 5T7.8 £07 .1 442 48
6 302 911.6 45448 468 5 338.3
7 111 444 .8 235.0 241.2 175.3
8 209 262 .4 144 .1 156.9 105.0
Tatle 2
Stardard Spectrum

Aaraup Cross Sections i bamns

275 ev to 0.414

fission source spectrum
1/5'2
1/E
I'TE
constant
E

@iaxwellian gpectrunm
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Table 3

Comparison of displaccment cross sections for Iron

- - @ m w @ e @ = e = m = w = e

Lovwer Bramuan et 31(1)— ] 25 group T 574 collapsed
encroy of cross sections cross section iuto 25
tpe ronp groups
5408 wisV 2120 2032 -
2.23 " 1331 1422 -
1.3 " 836 314.0 715
821 k=V 53443 497 o4 +32.0
498 " 442 .8 39_6.'3 434.0
302 " 33343 296.7 35240
119 " - 175 .3 209.0 139
40,9 " 105.3 159 .0 208
24.8 " . - 141.0 143
15.0 - 66.5 '985.0
g.2 o - 14%,0 ' 7146

5.53 " - 1447 » 13146



Table 4

Displacemvnt cross sections of Stainless wteel

Lower eneroy ¢5 groap Ccross 5T4 oroup crogs gections
of the oroup séctions collanset into 25 eraups

3.65 uev 2731 -

cecd 1493 -

1435 " 896 512

321 “ev 531 585

493 " g7 459

2" 312 575

133 221 215

111 159 235

674 ™ 149 1 153

46,9 " T€.1 192

24.3 " 117 63.0

5.0 ¢ 427 109

9.12 33.7 40.7

5H3 3145 445

3.36 ¢ 5.1 23.0
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Abstract

RAMBHA is a FORTRAY IV computer code system that generates
complets set of multigroup constants including self-shielding factors
and transfer cross sections, using the differentiszl neutron nuclear
erossbection data set available in the ENDF/B-IV format for applica—
tionsto fast reactor calculations. The code averages the point dat:
in the 3rd file (including‘contributions from the floor corrections fur
the resonance region) into %be given 25 groups. Resonance parameter
data arc retrieved from the;second file; the infinite dilution cress
sections as well as self shielded cross sections are computed and tie
self shielding factors are obtained at given temperatures zuod back—
ground dilution cross sections. The code gets Y from the first file
an? takes the transfer probabilities from the 5th file. DInterpol-ticns,
wherever necessary, arc carried cut respecting the schemes specified in
the data file. Standard spectra appropriate o a large fast reactor
are used for flux weighting required for averaging. The code has opticns
to include or exclude different modules. The methods or zalgorithms used
in the varicus midules of the code are explained ir brief in the
following sections. Typical preliminary results are presented and
’comparei with availavle multigroup constant set. Sclf shielding

factors computed by RAMBHA code system are compared with available

eZpiLimendad data for 239PUf



v

II

INTRODUCTION

Since five years the different modules of the fast reactor

(1)

processing code RAMBHA' “were written and individually commissioned.
Recently integrated one shot genefation of the complete‘set of milti~
group cross sections has been successfully completed for typical
fissile, fertile and structural igotopes. This paper briefly docqments
the functions of various modules with typical regsults obtained. The
rrimary aim of developing this code sgystem is to enable us gencrate
ourselves the required multigroup data sets for isotopes for which

(2)

data is not available in the presently available Cadarache mil ti-

group cross section set. The code system can also be used to update

33U for

the cross sections of som: isotcpes such as 240Pu or Fe or 2
which it is known that the recent differeuntial evaluations of crcss
sections have undergone much improvements. It is also hoped that the
availability of our own nuclear d=t=2 processing code system will enable
us to have better basic understanding of the effect of certain gpecific
changes in fast neutrun cross sections on neutronic parametsrs of fast

reactor svstem by enzbling us to perform detailced sensitivity studies

directly starting froum the difforential eross sections.

RESONANCE DATA PROCESSING OF DATA GIVEN IN ENDF/B-IV FGﬁWAT(3)

The code takes the resonsnce pafameters for resolved anmd
unresolved resonance region, given isctopwise for anv mterial, in the
2nd file and computes the infinitely‘diluted as well as self shielded

group cross sections. Presently for the resclved resonance region cnly



A

- SLB+w formalism will be accepted in full but MLBW formalism will 2180

be treated ignoring the level interference in scattering.

The SLBV formlism gives the following expressio'ns for an
isotope for the capture, fission and scattering Doppler broadened

cross sections.

o 4
Ok (E,T) = Gow - m‘%)igx) I
| T
o - o
. 6{-“(E1 T) - G-OK - x L&:_,( ,e’ X) - - ' (2)
ad G (8T = Z T (6% (3)

where 55\&/2(6"‘0
. » - -
C 4TN QR S 8 Gy DN 2R (@D (@
§ Lsim2bp % (B,n)}

E being the Energy,

T the temperaturs,

[;k Capture width at Kth resonance

rfk fission width at Kth resonance

r'nk " neutron width at Kth resonance

r = lee + bax + Qi

GOK. ' pe‘:ak cross section for Kth resongince

%’_ phase shift,
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JQ angular momentum, indiaafing the partial wave
up’7(z Doppl er broadencd line shape functions to be

evaluated for given temp.

The method of evaluation of any of the above parameters is ‘the same

as that followed in the code DOPSEL(4).

Unresolved Resonance Region

In this region since the resonance péranﬁters are not
specifically knowm, the statistics of the resolved resonance parameters
are made use of. The cross sections are then obtzincd by aver-ging
the quantities on the r.h.s. of egns. (‘1) through (4) over appropriate
digtribution functions for the partial widths and the level spacings.
For describing the statistics of the partial widths, the Portsr-Thomas
distribution funetions sre used.

ENDF/B-IV gives energy dependent or independent parameters
for the unresolved resonance fegion. A1l these parameters are made

use of in getting the group averaged cross sections.-:

Infinite dilution cross sections

~Under the narrow resonance approximation the infinite
dilution group cross section for any process in the resolved energy

region is calculated as

_¥ =" & ex /(2 E-10)

X 4 ua, , .

-
—



where VZ o stands fer surfarrat.ion cver the resonance regicn belonging
to the eSZgéy group %/, 5?5 is the peak cross section of Kth rc3onance,
Tox is the energy at which Kth resonance occurs and 43?«‘-2’ is the
lethargy width of group %» . '\':",\ denotes thP: partial width of e

resonance for the process x.

In the unregolved regicn the infinite dilution cross section

is given by

—— ﬁ F (2 3)
&?:Qvl;\'z %%< FK>(9,JJ <> (g

tae symbols having usual meaning and the averaging done over Porter_,."‘

7

Thomas distributicn.

Self shielded crogs section yd

I

Resclved resonance region  The self shielded or effective cross secticn

(temp. and dilution dependent) using the NR approximation is given by

o
< S I (8 Pro2nbi)

. s

(7)

% KEG | .
S i g a, b,
Au% - T: .!Lg:g_.(e_@“ 4 EKL k_; K)
KQ—B ok
e

IK is known as generalised res_oﬂéncc- integra.l(S) .  The evaluation

-

of this function including thef overlap correction is done exéctly

in the same manner as in ref.4.



Unregolved regsonancc region

.
P e 4

C%<gk = :53'
N

xR

v
N

where N sténd; for a particular ('Q.J' ) sequence and w far the

procass.

eff
P =l gl
54 = orii by (8)
| >
-2 5, <8I

The method of evaluation of the above has been explained. in ref.4

which closely follows Ref.5.

Floow corrections

Since the .resonance parameters dc net adequately wepresent
the cross sections in the resonance region EINDF B/IV gives the floor
corréctions that one to be added to the cross sections obtained uging
resonance paramcters.reselved or unresolved. The floor corrections
are given as pcint data in the 3rd fils, that are averaged using flux
weighting and are added to the group cross sections obtained using
resonance parameters at the group level. The method of averzging is
explained under 'point data av;raging'. The correcticns are made for

both self shielded and infinite dilution cross sections.
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Point data averaging

ENDF/B gives the point data cross sections in the 3rd file

which are gveraged as follows;

—

“2

Eg+i

7 s(€) p(e)de

{

./Ep»d.“

| ?«ﬁce)di

The weighting spectrum used in different énergy regions are as follows:

14.5 MeV
2423 MeV
4.98 KeV
40.9 KeV
1.23 K&V
22.6 €V

414 eV

region
2.23 MeV
4.98 XeV
40.9 Kev
1.23 KeV
22.6 eV
0.414 €V

0

gpectrum

€
= o —B/1.4x10

ea]

The integration is performed using Gamss. Quadraturc and anv interpola-

tion scheme that is specified in the file is strictly followed.

A1l the cross sections outside the resonance region are averaged from

the point data in this method.
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64y 3 Transport cross sections

This is obtained using the formula

Tty = 6{: -— ’L S (10)
&t , "uL, Gs  are obtained at same energy points by proper interpolation
from the point data given and ‘6& computed at those points. Then tasy

¥

are averaged to get 6.;,.. using flux weightings as explained earlier.,

—

In the resonance region, since M does not change significantly,

T

6{:( is obtained using

6;“? - C"’-t? _ ;kffng - (11)

in which f_ﬁ/ and o_;?’ are actual group cross sections including

floor corrections.

In the resonance region, self shielded amd ©€ 2Jilution
ﬁ,:( would be obtained by using sclf shielded 6.5%’ , G,ﬁ and
©C¢ dilution 6{% 65? correspondingly.
-

-

‘96}'. P values are represented in file | of ENDF B either in =

tabular form or in a polvnomial form If tabular representation is

given, V? is obtained by energy weighting.

E‘L - ! 132
Vg = j v )/\(E> e ’j/ { Jols (12)
< €3+' / - Eﬁ.'w
If a polynomial representation is found ‘)3 is got by apalywie=l
Y
integration. Here P 15 vepresenled in fhe file as
- NC V) T
»(B) = = CnE whee NC is e no of

oozt coefc.

=
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Then <7—éi>ﬁ is obtained using

J
- C

<55,c78 = Yy Ot (13
where 65_? is the actual group cross section including floor
‘ L
corrections.
we may get =1f shielded or oo diluticn < WP?;' by  using

self shielded or ©0° dilution 6;3 correspondingly.

Self Shielding factors

The self shielded as well as o diluted cross sectiorns
are thus obtained for the capture, scattering, fission, total, transnort
cross sections and <\)'~7% values and the self shieiding factors for

anygroup is obteined as

o ¢ ' shielded)
ﬂ o Sk & (selfEn »
% <§x%.> { "“F'f\.'»k’:j &Lilvted)

where X represents any reaction process.

Transfer matrices

Inelastic : ’I’Ais is made to include the ccntributions from the
(ﬂ,n’ ) Teactions exciting coutinuum cuc.gy levels, (m,w ) reactions
exciting discrete energr levels, (h2m ) reaétiens and (n, 3N )
reacticns. The methods adopted in computing the respective contributicns

follow those of MIGROS-Z

ENDF/B gives the pcintwise cross sections for different discrete
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. . ‘ .
excitation levels for the ( nn ) reactions. The transfer cross

&«

section from %-& to "}]l“\ group is ob tai‘ned as

cH " , z
j o5 (€) p(e)dE

,:_llh . q—’ EL (15)
Vg g’ T == €
Tt [ftgieyac

Eyn

where EL = Max (E7+| ’ E?:fl A d
- ! -
E; = Min (\ E«;J. 4 L~.7‘+
is the threshold for the level

ENDF/B gives,_ for the (h'V\‘ ) reaction exeiting continuﬁm levels,
(W2n) amd (¥, 3w ) ;eéctions, the pointwise cruss section in file 3
and the transfer probabilities in file 5. The transfer probabilities
may be given in ome of suv many ways of which the code presently éan
handle tabulated probabilitiesagainst incident and fingl emergies
amd tabulated nuc’:.lear temperatire (& ) against incident energy

(evaporation msdel). The transfer crcss section from group ca _to 8’

is obtained by

Et EO(‘ X ¢ yd d".
5 J' s (&) B(E) P(E*-?E‘G}) e
- i N A
Kca_a,al »= - 15? — (16)
| J ¢(e) e
Com
X =(nw), (nin) or (13w
The integration is carricd out first and P (e zf) is

’

obt=iped.

\r
U
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i pP(gv E‘_} . is given in-the file

e
Ui
ple—g) = ), PlEoEas "

-Eca‘.u

If Q(E) are given the sink integration bec mes analytic.

/

. ,
J [V ‘_]E-:LG~E,/6(~’=')0L

p(E—>?') =

[
= € (18)
2‘8!4.‘
where, L , the normelization constant is given by
2 ]: ~(g-v)/el® £ 7
- g)jl1—~¢€ + —— 19)
= 6(s) TN (
(o' e'e g-v)
(/ being the threshold.
Transfer Matrices :
Elastic
Isotropic scattering is assumed for the present and Bucholz's
method is used. The transfer cross section from group .a, tc 3 for
any monment Q-H is given by
Ea . Ezf
£ ‘ ¢(E}d€\ clese PE[-N E-#E‘)]o(e’ (20)
69_;3! = _E?)-n JE?;‘H ' R . _ .
Lj 'E?, H A4
j A(E)AE .
Cg+' |
Slese’) = ‘%(E)f(E/PC)ZWd}‘C (21)

-~ EL Gs('E)d Pc

I’

g €}
:
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using the relation

. 4 '
o [t (ke ] ehee 2 o

it can be shown that ' PU
£ 3 ‘ ’ PR /- ' — i}
S P,(K ) 6 (€€ )OE = a(e) [x (_x,”)]‘ . (23)
a nd
3

J PlK)sle>E ) =

Eg'-u ” ’ K
g(—:—) [% (;}4?3)_0"1;] \ e

2A rt_

v (24)
“

73

where’ ¥ = @2+x7’)

1

and the sink integration is purely analytic.

M = -i— {(AH) é")\/l-. (A-‘_l)_(%'/l} 25)

—_~

LR

(I ‘ : : a
}A‘_ and PU correspond to the lower and upper energy limits of
the¢ sink group subject to the condition that

£ > 8 >KXE
2 2
where & = (A=Y /(A’“)

Tables 1-3 give the preliminary results obtaincd using RAMBHA code

system. In these tables values from SETR get are also given to

i
VI
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enable detailed comparisen with the results.of RAMBHA code systems

COHCLUSION AND REMARXS

Results of analysis of fast critical experiments will be
performed using the new multigroup cross scéction set obtained using

RAVMBHA code systems

The experience has considsrably increased our confidence in

the development of 2 large nuclecar data processing code system

Several improvements are planned to ba indorporated ic the
gecond version. These will greatly increase the versatality of V34"
code system and attempt to removc many of the apprcximations used in
the first version reported in this péper.

REFZRENCES

1. S.Ganesan et al., Section 1.13 in 'Activity Report (1979-1980) !
RRC-45 (1981)

2. J.Ravier and J.M.Chaumont, p.47-53, ANL-7320 (%966).
3. D.Garber et al., ENDF-102, (1975).

4. S.Ganesan, P.B.Rao znd &.S.Singh, RRC-6 (1975).

5. R.N.Bwang, Nucl. Sci. Eng., 52, 157 (1973).

6. I.Broed-rs and B.X{reig Section 6 in {fx-2388 (1977).

7. J.AeBucholz, MNucl. Sci. Eng. 74, 165 (1980).

\J 1
Gy



DN NI DILUTION CR0SS SECTION 3 FOR ?393}_
GRP. Ne. SCATTERING C—APIUI-?E ———————— E:IS;I—(;N- T : ;O;A; --—~
RAMBHA SETR RAMBHA SETR RAMBHA SETR RAMBHA SETR
1 42686+ .42867+ . 14618~2 .13000-2  .18244+ .18210+ . 75553 H 76850+
2 42768+ 43053+ .38404~2 .28000-2  A3TITH  JAT560H  LTT9MH L T9180H
3 CW3TTATH ~ 2239261 L10657-1  .83000-2  1I179H 1852041  JT71345+ . 3830+
4 <1548+ L44559+  L25233-1  .32000-1  L17390+  .17500+1  .T0952H  .T3270+
5 .532114H  .53197H  .78716-1  .10100  .16268+1 .17000+  .783361  .81750+
6. .65658+ 66837+ ,14042 . 15400 .15527+ 16600+ 88316+ «94200H1
7 L76871+  .82468+1  .18980 «24100 149214+ . 15960 +1 . 984201 .10770+2
8 .87031+1  .95173H  .21761 «28000 15331+ 15400+ .10821%2 .11880+2
9 | .95480+) 99410+  .29609 .30200 15890+  .1420041 1171242 1215042
10 .10229+2  .1091242 .41307 34800 - 16037+ 14020+ .12487+2  .13030+2
11 .10572+2 .11882+42 .47973 .52100 .15956%  ,14680H .12874+2 1422042
12 1141642 1214942 ,94528 .73900 | .18708+ 15730+ 1443042 1477042
13. 4181442 .12086#2 .13076+  .98100  .20453+ .18000+1  .15295+2  .15080+2

ceees/-
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29
21
22
23
24

25

C‘-O!’) td .

SCATTERING

RAMBHA

«12329+2
. 12885+2
. 1348742
L1121 +42
1477242
.154269+2
.24558+2
.14982+2
1423742
.10545%2

.11553+2

W T73161H

SETR

175342
.12066+2

L1111 42

L1114

1111442
.67510+1
«80230 M1
1473042
.16020+2
.16020+2
.11140+2

« 94000 +1

CAPTURE FISSION TOTAL

RAMBH A SETR  RAMBHA SETR  RAMBHA 3BTR
J18660+1  .14920H  .23819+1  .25500% L.16587¥2 .15800+2
(26362+1  .23290+  .28881+1 31050+ .18409+2 . 17500+2
372454 3770 H .36217H .40200+1  L20833+2 - .18910+2
52383+ L 17020+  L46381+1  .52240H  ,23997+2 .21040+2
.73265H  .58800+1 L60166H  .T79460+H 2811642 .24940+2
L1018042  .1224142  .78604H 1165842 .33467H2 .30650+2
A3664%2 1256342 1079442 .13224+2  ,49016+2 . 33880+2
1820742 1417042 JATER9F2 1764042 51168+ 4654042
L32515+2 3360042 .34566%2 .38370+2 .81348+2 .87990+2
.39068+2  .54770+2 5763942 .81270+2 ,10725+3 .15206+3
.57342+ 69780+ .19007+2 ,28840+2 ,36294+2 .46950+2
.23985+3 .27400+3 .56598+3 ,74060+3 .81356+3 .10240+4

- eam  Mm W me s O o ey o e e Tm e ew e Emem am U W e o
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Table ~ 2

239
ELASTIC SCATTERING TRANSFER MATRICES FOR .

W @@ 9 O 1 &~ W NN -

— s
—_ O

T I N Uy
L 0O -3 0 U s~ W

[AS NG T\ RN A R b ]
2 N D =+ O

& (G to G S ¢ Removal
RAMBHA SETR RAMBHA TTR
.41887 + 1 L42604  + 1 .0799 .26270
CA19TT  + 48720 + 1 .0791 .33240
.36944  + 1 43490+ 1 .0803 . 43540
L40665 + 1 L44001  + 1 .0882 . 55840
.52078 + 1 52354 + 1 <1133 . 84290
64443+ 1 65854 + 1 .1358 .98300
75563 + 1 81666 + 1 .1308 . 1302
.85526 + 1 <9309 + 1 .1505 . 14640
93873 + 1 .98353 + 1 1607 . 15880
10054 + 2 10736 + 2 A73 % 17610
10395 + 2 A1709 + 2 77 17360
.11205 +2 1971+ 2 211 o 17740
11653 + 2 .11901 +2 .161 . 18040
12096  + 2 11569 +2 .233 . 18440
J12640 + 2 .11883 + 2 244 18290
.13231 + 2 .10321 + 2 .256 . 19000
13852 + 2 .10916 + 2 .269 . 19800
14575+ 2 10936 +2  .197 . 17800
.15170 + 2 65700 + 1 .257 .18100
24231 +2 .79070  + 1 .327 . 18600
.145082 + 2 .14659 + 2 0738 . 71000
.14200 + 2 15979 + 2 .037 . 51000
10499 +2 .16015 + 2 .046 . 50000
11549 + 2 41136 +2 .004 . 35000
.76994 +1 34000 + 1 - T -

25
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Table - 3

SELF SHIELDING FACTORS FOR 239R1 T = 3000°K, = 100b
I soavERmG pIssn o
: RAMBHA SETR RAMBHA SETR SAMBHA SETR RAMBHA SETR
12 1.014 1.C .932 1.0 _1.001 1.0 .948 1.0
13 1.0C .984 .948 <991 997 « 983 « 960 <993
14 <IN 973 <955 «990 <990 972 . 964 .987
15 . 966 <956 <951 . 984 <976 «956 +957 «976
16 .925 .925 . 935 972 .956 «928 937 «956
17 .864 .888 . 906 «957 «924 894 + 900 «930
18 . ™3 8390 .864 .957 «884 « 901 «847 .886
19 .585 . 749 813 «903 +835 o772 <779 826
20 . 592 .670 851 875 o776 « 70U o762 . 756
21a +458 « 585 . 726 .858 - 584 «641 «581 «693
22 .295 . 362 15 738 4505 «451 «458 4T3
23, .238 262 .90 .685 296 327 334 0342

24 1.00 <747 1.00 .989 1.00 857 1.00 872

— —— — - e e e ww e W ew  ma we v em
- e~ e A e e G S A wm e e am m e — - = -

— - . = -
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InTRWUCTI Uiy

In the desimn oOf nuclear reactors, it is common to use the
various multioroap transport codes. The method uscd in thase codes
is to divide the neutron enersy into o mumber 0f seoments Or eroups,
and assion an averace cross scctions for all enereics within eacnh of
these »roups. Tnousm e results from these approximations sre close
enach to experimexltal results in certsain eneroy oroups, it has been
proved that, wiere the actual cross section variss sisnificantly within _
2 eroup, there is 2 loss of accuracy and the eéxistine multisroup.codes
faile. r;Ihe corventional spproach to improvine this multiorcup approxi-
matior. is to divide the €neroey rane€ into narrower seoments 50 that ww
average Cross sections will more closely approxirmate the true cross
sections. Si~nificantly increasine the number of erersy sroups makes
the computation far more time consumii:» and expengive, .

It is ciaimecd that the multibznd method sreatly iamproves tor
accuracy in such typ® of cases, ‘

P

The mzltiba:c certizod =0) is an uwprracite or improverent
over the existin~ milticroap codey wmithout actually replacine them,
thus avoidin~ the tine and _xpruse of developin~ = c aipletely new

formul:vion. The olior codes rerain largely intact with only

&y

chane¢ in the w2thot of dotercinins the croes section to b- applisd to
particular interactions.
In the rultibvand method, ingtead of assi-nin-~ a sinele average

crossg gectiin for each broacd erwap, it provides :aathematical interpro-

tations or rules for allowin~ g multiple chouice of cross séction in



iI.

-2 -

each sroup, with a list of probabilities for eoowernin~ these choices,
It differs from the probability table methcd in that, tne litter -wth
preassiens ranzes of total crogs sections ard explicitly deteraines
the probability of each range, vheress in rultiband sethod it attempts
to minimise the mumber of ‘crogs section bands and at the saue time
provides exact sslutions to certain limitin~ transport cases. 'The
nuzber of bands ig dictated by the wxtent of voristiomng of cross
sections with ener»y srwups.

The wwltisroip calculations is sufficient tv rerforn Sultia
bané calculatians gince the inforintiom needed for determinin-~ the
proper cress séction clicices arnd probagbility values are zlreaay
available anG indbuilt in the :altisoroup data. Thus thisg methad peroits
rapid implenentation with 3 winimuc of develolpm?‘ﬂpal effort.

Startins from q enerey oroups md uzins 3 bands in cach
sroup results in a4 coapled set of 7 x 3 multisriup cultibard equations.
These can be sclved £or the neutron flux by the existine transpoart
cdes. unce the mulvtivband cross secting are deterumined a multleriup
processvr must provide only 't':ze_ sArce and transfer matrices to

degeribe the .wiltiband equatims conpletely.

Pigoio o giw Coalunnliv, Ur wiLiIdww) B Tui 3

The «1i snielacd cross section in any enéroy orcup 4

ig definec as



EGxH, _

' : N
% . (Z;e)+2,)

were .
EG, < -1 (Eﬁl + Eo )N"
G = coroup index

E ., E = the cuerey rane€ sf sroup n

Egr Bl Here s

5. () = Cross séction for reaction £ at ener B
2 ¢ Y

the encrsy dependent neutron spectrun

=2
el

-
L}

Total cross section for the particular case of 3 (B

N

o -\

= v

p g
] "

Backzround cross section (combined effect of all uther
materials and =ecoetry)

N = an inteocr that Ciffers for each lescnére moment of
tne flux (k=1 for scalor -flux y h=2 fur scalor

current £ cte,)

To define wultiband weishts ard cruss sections, the defiriticgs
of oraap averaocd cruss scction (hgn.(1)) is transformed from a inte-
oral OVer enérsy to a intesral over crugs séction.
'mie transformcd egn. is writicn as
X EG-*‘( s [?_ZT{E)LZ (E’S()' CE:‘ZT ,2)
s . (ZD’N j>61 = /_E& IZ* ) 75)17
\EGH 8(2 27‘(5 &7 E) dE—ch

./I&;’ ZT‘ " T(E)* &\ i

<



~is PDirae delta function

'7.(. is the entire ranxe of total cruss secticn in the oroup.
o -
If the iuteoration wer  » _ is performed first eqn(1) is recwvered,
, L7
dowever iffhe ints.-c-;a'tion owver enerey & is performed first, the

equivalent egn, is
- | p(z)
S/ ™ | ¥ &l
< : >
>, N
4\ /’L .\L.o,. ) !

\ | f P(g)udi?

i}
)

)

vhere Eg+!
) JE S (S%-2:(e)) 5(=)aE
. &
F ((Z"I‘t = —"-Earﬁ ] (LF )
S{€)dE
JEG» ( ) ) _
anc Ect!

). (2 *) P(zt) =) § (2r-2:())Z () s@e)de (5)

Bans.(4) and (5} cefines the totalcoross section probabllity {‘;esnsity

4 .
F’(’Z:,) and cross section for eacn reactin 4 as a functiam of
i, A : >
thé total cruss sections Z{ (ZT' )'
It San be realized that sinuce the definitim of the orcup
averaced Cruss section as an intéaral over total cross section (eqn.B)

h2s been Cerived from the normal definition »s an inteeral over

eneroy (eqn.1) merely by introducine definitiais, but no approxinations,



the two furms are exactly equivalent,

Bgn.{3) can be rewititen commetly in the form

(G <S>
((z-wzm ’

By assuminz that the probability density P(Z?) is »iven by a2 series

of Mivac delta function 2 Prs@Enst)man.(3) is reiuced
= ‘

a coupled set of non linear als~ebraic eqrv.

___ﬁ; ZJ‘_— P{.

e e = i v
——

< Ze(zM ) - LGeir

2 P{‘
LZTE“‘ ZO)N

The zbove pruwcedure is analcesuds to that used in the mltierovup methad,

iz vhick the continuous €nerey is replaced by a mmber of discrete

eneroy values., ‘ne quantitics Pt ? Cand z__*_ are nown os
2k ,

=

wultiband parazcters wherc & 13 the band weist, '>-t’t‘ is the band

-

averas€ Criugs secticn for reactin L' for each of the B bands intc
vhich the ran~e of total cross section is civiacu,zpfis the barnd
averas total cr.ss scction, |

I{ the bauc cross sections Z[{_ and Z‘rt and the baud
weidits P.f,.' ar¢ known by eqn.(7) the seli-shielced cruss scction
cofi'espondirxn to any <E¢,’ 1\.‘) canbination can be deterininede.  Conversdy
if the valués 2f the sélf shielded cruss sections sre know, eqn o(7)

remregents a sysitwn of coupled, non linear ale¢braic eqns. that must be
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sulved for the band crose sictiung z‘,{_ and Zr{' arnc¢ £or the band

weichts P, .
Py
ITT SOLUTIGH UF fab sedplldand bQUaTIiond

It has beewn siswn by Cullen that very few isustopes require
nore than tuvt bands 20r oraup (one band per oroup is just the ultieroup
methad ). Further for tue bamls the solutims will be analytical, and
extrcely econonical., -

Tae solution cof the mltiband equationsg for the cssv of twod
bands is ~iven beluw for the sake 2f illustraticu.

Fron vqn.(7) with 4 = Total, for two bands. e tutal cross
section eqgu. have four mkhum5 . and

The first turee equations are

1=P° + B (g )
wiich is equivalent to 3 normalised probability distributicn,

< ZT>1: P{ ZT. + ?7, ZTz_ Whick % (_7)

vguivalent to cunservatica of the unshielaed fiux weionted cross

section and

, 2 P
s - I
< S+ > Zo ZT2 (e

wicn is cquivalent to cusérvatiin of the distance to coliision or

totally snieldad flux weishtec cross section.,

¥or the fourth eqn. twe methodis could be used

[ P ¢ ' \
dethod T :< et ) = et 4 b (ﬂ)
Yy H >t
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vhich is equivalent to conservation of totally shielded current weishted .

Crouss gectione.

N Pl | P2 ' ;
Wethed II 3 _| ;= + ‘ 12
< 21“" 2 o l/ 2‘;—‘*2 s ZT';" Zo ( )

viiich is equivalent t0 partially shiclded, flux weishted cruss seciiomp,.

IV U8 U LLTIBuiD RikaubTokS Lo Mb SWUTIG OF LirdaR weUTius ThanSkE.D
&QU:JTIUI\(S)
fhc Time Ladependent linear BOlE:nnn eguation can be wriitten

inn the folluwine fora

!

2 2N(T R e 2 () w (Fa,2)

= 5(ﬁ'-,f‘-—;#ﬁf,s)d(i&);f)d.cz‘de’
¢ Jn
g + 5 (¥, ~,E (13) |

vhere
l"«f (f}r-ﬂ.) E)

anAlar flux

i

) \/;*:J-i, £ ) anoalzr gource

ZT(E) = total cross section (usvally a function of

’ position by Zone)

transfer function per unit ilux from
(-Q‘,’ SE! ) to L,ﬂ. ,E > (usually a

function of position by zone)

§ (A>T, E )

The transfer function contains the contributions fram all pysical

processes amd is writien as follows

{7 10,c6) =S () G2 (AL E= B E) (1)



vhere the summation is over variaus physical reaction vrocesgses.

(I :ffaf.ih’c)<n,-u')/(n,1n) ar_‘)

and

3”1(6‘) = multiplicity for process I

1 for elastic; (M, 7!

(e ; mg

u

2 for (M,2n)

X (£) fov Feseon elc.

1

Z_— (E«) = cross section for process I

SN
('.'(>‘§' .?_fe J Z{I’n‘ 6'.:. )

s

~—

normalized (vhere inteserated over all (J]/E}*
-~ ]

%rr (-'1 )E '?-1,5)
transfer law vhich defines the kinematics
for process I (€.-. exact correlation for

elastic, fiseion spectrum for {figsia.,

temperaturs wodel £tc.)

4 fully acefiied problem of cairse inmdludes bounugpyconditions tnat

stxcify the incidoni sourcs on 211 exterior na l.evi raut suriaces

and the continuity of the anmuiar flux across all interior bounaarivs

(indéed ' in the abscuce of concentrated sources, at all interior points)
in the usual maltieroup apmroach tine continuous enelfey ranesd

is Giviced j into 2 number of adjacent intervals: B, € €3 ¢ E?’ < F magx
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wquation (1'{‘.) is iutegrated over each evermn;intemdial to define 5 caupled

sct of vquations

B FH (PR T M (R a)

N é\::_f—,f (352, O (ET L su(rd) (8

were the egroup intioral ansular flux and source and ercuyp avoraeed

cross section ard trawsfer matrix are defined by

Ext1 )
Ne(F ) = f N(Y,-2 ,eyde (6)
| ™
F= =N Ex+ o '
brn [ ) ( 5 (f,ﬁ.iis‘;és 07)
Ev
= . -" E ke
Iw Nu (%7) ‘_g 2w Be)dE ()
k »w

(T2 v, dihal cbe.
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and

-

f(ﬂ‘,&-’-_.> JL)“-)NR\<:F',J:‘E)
Bret (et .
| 5 (72> B, en(FAE)d ok (13)

Ek "Ej

In principle the multi~roup equations are exast hat to ac tually use the

t

equation 1t is necceesszry ©0 calculate theé ~roup aversmd Crugs sections
ard the transfer wmatrix m- aGvance, Tnls requirts ngwmnin~- - -:'fuuCtiOn'al
form for the flux K ('f)f)_)g\\ within each srazp.
. )
It nay reaaily be seen from Lgs.(19) throush(1§) that cince

N (F)E/ E) is a function of ener vy Cirection ‘:md position the
actual oroup avera~<G crosg sections and trausfer ratrix +~ill 2lso b 2
furction vi position {«.e. spatial self shicldinez) g1d cdircctian,
doyever the normgl procecure in definine the oroup agverascd data is o
ust a sine~le, spatiall: averased 'weichtine. functicn' in each sprtia
zone of the oroblem in an attempt tC compensate for spatial effects.
This procedure hns the navantaze of nllowins pseudocomposition inter me
cent ralti»-row libraries t5 he ~eneratec for o wids variety of
and yct the librarics are kept to o reasonable size, The weientine
function usd to define the sroup avera-~e. dsta is usually nade u: of
two cruponents . sle~ly varyine €rer-; pictIuw =l a rapiuly varyineg

gelf-giielcins factor .

V(T Be) - mEe e[ SOl (o)
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. - . .
The ener«y spectrun, M(C/) is usually (/; at low enereie¢s a fission

spectrum at interiediate ener~ics and a fusion spec trur at hi~n cnersico.
-The self shieldin~ factir, (L) [:Q s Z-’(E)J - may be e€ither a
ingle Bonderenleo-type iactor 1 or separate factor
sinle Bomerenio-tyE: 190V, | [T (e)eZ,] o s £
for each leeemre woment of the {flux. With these wioshtine factors, the

cefinitions of tie multiesraap cross section and transfer matrix becoze

Fir
Nk (R) = EE M (eyo [ ;Zr(«‘f)] d€E,
M. .
( Y\OMa‘iﬁsa"i@)
Exst (
Tk Nx (1) _S EI(E)M(_E)“’[‘Q 2r{E)jdE, 2
B Ew )

CI-—.— torad | pianhe -wk) '

f(a, 555 oz (A)

’\'(4-\ Ejﬂ ) . ‘
;f ${ e T, )M (5
Ex Ex

X W sz_‘ - ZT—(E’)] dEAE (22)

or explicitly in terias of individual reaction (s.< 4.(15)).

Mz g EJJ 71 (JE',J-—?_I:L,K)NJ(_Q')
Eerfreq
) H Mz 3 (e) i (A8 > 2, 8)
- ET |
<M (&) [5—35_7(5‘)]\ dE d L

: : (23)
{ I = daghe , fpasion ez )
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Frobability Table sethod

The probasbility table mvthd was develoened to alloy thw cuoiss
sections to be trcated statistically in the unresolved resonance reézidan,

where the amount of structurc in the cross scetiuvn tmnkes it impgjsSi‘gle

pr- uneconomical to gtore discrote dats for use in wonte Carlyu caleculations.

The basic assumption i. the érobability tablie nmethod, as
applied to thé unresolvead eﬁerqy Taneoe is that the re~sion contaics a
sreat cezl of structure t‘z‘mt ig statistically distributed so that any
¢neroy gvera~:d property (&.c. oroup inteeral flux) is o function of
the distributicn of cross section values rather than the exact cruss

section.

In e probability table mcthod the ncutrons at each enersy
withir. the unresolved resonance region are allowed 10 intéract with all
possible values of the total and partial reaction accurdine to the
probability of each value occurrine. Thisg modél is consistent with
the distribution of width and spacingg hich - defineg the cross
section probability .density at each eneroy, The probability table for
the total cross section and conditianal probability tables for indi-
vidusl reacticns (elastic, capture, ¢tc.) as coustructed nurmalized and
éamplc-; just as one would construct 2 probabllity distribution for an
ansular distrivution to rand mly sasple scatterine an-les.

Use & ordbsbility table method has beéen eorcatly sinplified
by the introductim of two assunptin. Firg;t the unresgolved resonance
recsion cxtains sd much cross section structure that the probability

of a neutron beine boru Or seatterid 1o an eneroy vhere it encwnters
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a total cross ssction § . depends only upon the probabiiisy of .
occurine, This assuaption allows the orobability table to be sampled
after each scatterin~ witnaut cousideoration o the history of the
particle throueh ecarlier events. The second assumntionis that inctead
of capilins the conditional probability tatles (. :7- &
ich specify the distributicns of crogs section 7 ¢ for any {ixed

;TT ane =, it is pogsiule to avera~e wver the Jistribution of

Zx o gefine 2 ginele, averase value °of RT fx each ‘~T

which will be uniquely cefinea vithout further samplin~ once &
is sampled froz the crogs secticn probability iable,

If the crogs sections within the unregilved reein are
interpreted as soecifyin~ o digtribution of cruss stetion at each taozay
wbread of a uniqﬁu cner~y dependent cruss sectiun the above assguupriin
for the -robability table method 211low the flux at ¢ach enerey to Le
within inceyendently s a function of both & snd 2 in waich

case the Bolzuwarn.. eguati:m can be writien ir the foro
_.5_' 6 ':J (?) F): é E) ZT) + Z,Ti (F’) -5*)5/ z‘r')
= F(ZTJE) %’ (F: ’i) E) @Lr)

AL 'L i 2’: T’E\/
JfofIM ()P (£’ /

p(E: ') a (£, 12" ER)
x N (F 7 £l )dE 42};.‘;2}5’1‘

v &§(¥, & ,E; @s)

r
e

%(F,.:z,é%;[ﬁ
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The . expression "h (’-;, .5_2_,;) is the tital number of neutron
boxn or coumine wat of collision at cach excr~r L, Accordin-~ t< thc
1irst assunpticn ior whe prinabvility saole «thw (-/-\ .,’,:‘:) _Q_‘E)is
invepferaant of g‘r 1o shiould be recistributed So o2 new P g
accordin~ tuv tne orcbability of Z.r veeurin~ wmich ig si:':plyP(_Zﬁt.E>
sute thatthe tirst ~ssaootiun is consistent vitn the contiimously
distributed intervretation of X-sics ginec 24 covs not appear in
Eq.(2§). The i..plic,a»t"’if‘-"cf tne second 2ssuin tion for tF: arcbability
table c-ethoc can b interpretec by examini_c:s- qa.(24). ¥i the mlti-
piicity mp (€'} tas uoraalized trausfer foase gr (e 56,
znc the flux N (f-’ ._(—),'D 3 ', Z‘f, ) are not functions of
the partial crouss secti-ls z{__ then the inte~-ratiou over

can be perforswce imediately to cefini
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vhich is idcntical to the »r.cecure uscy in the nr Jbabitty table
. ! . =l . L s
nethod tor fixed Z- an 2~ a unifori avera~¢ ¢vin distribution 1

|
| o e e S
3 I EQ{ZSj then becones

Vil¥.a,e)= z g:ﬁu L: 'jz,'mi(e‘)zf(z*" €)
J' [}

x 9 (¢ 3 »e,A)

Xy (¥ 8,5 )de dZrd A

+ 3(FHrA.€) (23)
kquaticn (259 csl: be intesrates Over the distributiorn Zr- tv obtain
the normal Bsltznann e€quation {¢q.13) whicn in turn can be intesratec
Ver an eneroy interval to ootaln the sultieroup equatiom.

dowever if the intesration is performed wver enerey bef Sre

the inte-ration oves 7 the resultin- squation will define the eroup

avera~€: 1lux as 3 functivn of ET the self shieldine factor, The
] . .

solutian: uf the rosultin-~ equation by =2 rethw 2 "'-“n‘-‘f"a e g the

dultigroup approach can be sizgplifice by o chanye of variables frunm

the flux in <ach t.tal cr.ss section interval as in Eq.(2%) to tne

flux wensity zeor unlc titalcross sectichn,
Nis & % _ W (T A, e&r)
N(?/‘,JLJEJ,ZT/I - P(Zn,€>NC ’ ’f’ZT)
The Beliszidaiw cquitin to LY solvec then becoaes

AANFRAEs) I N(TAI) P (RIE 29
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ARG & =) 3 J ;:Tmr(e) Z3(zr,F)

- P eV N
XA (E,2-»E,8 ) P(2T,8)

PN . ' i
x N(¥;,8,8f YA £ ddder

L
5 ${(+ 2,E
( ) (’q)

The multivand cquations w1l be develuped by intesratine Lg.(28)

N,
VeT an Crnerey oréap E G (EK 3 E e 1t ) . Ihb I".;'S'.lltin;/
equation will taen be inteorat-u over the totzal cruss section bamd

ZT E (Z‘TKJL, ZT R,L*-‘\) to obtain a2 set of

€quation QILalUC?:C\A.b ) to e multisroup equstiong

. ﬁrd.(,a_{%fﬂf ZTK,L NKJL(-V‘I‘B‘>

‘ - iy A
SS T (536 B (R4
J s - _

A SR (F N | @)

Ex ) : Esety
([ pmem@d zde /[ Uoar O

PK,L =
Bk 27,
NK,L(F]FL> a‘:jf.“njé wvf:@*rf N ,J({.&',E,iﬁ)dzT_dE/?K,‘-sz)
Ek Ex v n .
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Eket {sz)Lff

[ Treatie (£33) | P(Emoe(me)

Er “Trwe
s ‘ 3z
// X N(ﬁﬁ,Ej_—,—_)dErd E‘ /Pu;g C )
| (T= totaf ,Rladkc ebe) |

(2,389 w,L)N1a(7.03)

_ Evdy  _Fae ;_,-rJlg-n _

o UL e B (o e)x 8 (G asE B )
._:J “Tzs )

*N(TE ¢ gty deraa'd gl (33

- - =\ _ Exm - - . -
ST [Fs (5, a6 0
i€ in egroup surce - v 13 the noriiel aultizroup zourec
4 5\( ( 7 -H./ 1 ., joae ICL .

Since (28) car b made identical to the usual multi~rou-
equations, we Observe thst the oultisroap, multiband equations can

be svlved by existin~ transport codes,

V. AULTIGRWP WULTIBALD (Ul GRUJFIE

This coue calculates self chieldsd cross sections and nulti-
bané paramcters by readins the evaluated d=t~ in the ExDE/B fornat.
It uscg arbitrary ener~y grups and arbitrary enzroy dependent neutron
spectruam and pxrforis the inteerals analytically. The nruosran
precounciti .us thqtﬁt'nat a2ll crugs sections si1culd be ~iven in tabular
form with linear interpretatious betweer tabulated values. For this

(8) - (9)

e : - i
it wailde® necéssary to use two other codes LInkdR ™7, ELOLNT before -
usine~ the code GRUWFIE, The code LIMuah reads tabulated crogs sections
from tne Lubk/B format, converts thein to'linearly interpolable form.

T™e cwe RECENT ¢ wubines the output cbtained frou LI-LLJ& =i tn

the resonancepwraneters and produceés linearly interpolable tabulated

1g



Cross éectiOI:s;'.
I addition if data are required at a temperature other than
O kelvim, the code SI";.AA‘IUO) m2y be necessary to use. This code reads
the linearly interpolable cross sections, Doppler broadens them to
any user specifiec temperature and oiiputs them in one ENVF/B format,
The flow ehnrt is eiven in Fiedl,
Tné oxtput from qroupie includes the followine:
1. Listines of self shiclded cross sections snd 5 iactors for total,
Clastic, capture and fission.
2. Unshielded, zroup aversoll crosgs sections for all reactions, in.
linearly iuterpolable form in the ENDF/B format. This representation
can be used to evaluate the effect of multieroupine cross sctionsg in

trzrisport calculation.

v
Y
-
jon

3 ., Calculated multiband mrameters far total, elastic, capture

{igsiau tor *usC with a sonte Yarlo transpom code,

4PPLICATIMNS.

The follovin~ res.lts analysed at the Lawrence Livermore

. . : . s cog(11)

Laboratory, USi usii~ two bznas per oroup is herewith reported .
These s10w the 1--rvovew accuracy of thre multit nd methol over the

previous calculationsl methods,

1. K . of

TOAY

nicigel ¢ flected fast gystem.
secordine t2 Cullen, the imbortance of self shieldine up into
the weV rutron <nerey rauge for nickel can be uncerstood by comparine

the K'e values calculated by the usual multleroup method -ith that

ff
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calculated usine maltibanc rethod. wxperimentally s

L f4 »1.00 10‘? o

fast critical assewbly with 2 precominant nickel refluct&:. The

TART 175—qfoup caiculatvions have alvays overpredicted reactivity, for

a typical systom the TiRT-calculated K.efi wig 1.018. 4 multiband
calculation of the¢ same gysten yislded 2 lower and acce€piablé answer
for kefi of 1.004. 'nis decrease way be understood by € xaminins the
nickel total cross secticn., Nhickel nes resonance gtruoture well into
the weV Taned. 501! shieldic~ of thege regonances lowers the effective
cross seciions and increases the dupth the neutrong +ill renetrate into

the nickel ref.ector, vhich therzby has reduced reflectivity. the

net ¢fiect ig a decrease in tiae Ke of the gystew,

2. Crtticelity czalculations:

In this prucegs, calculations were carried out for tue
reactivity and neutron inducine fission encroy of a homoeglin:dus,
smierical uixture ofenriched uranjium amk. wmter 2s 2 function :1 the
hyeroeen t2 ursnium atom fractias, The resalts tzbulited below snalroe
t e ;;e . valucs Obtained usine tares differcnt codes for varitug values

of thy hydroesn-to-urmiiuz fractions.
Cxde Hvaroeen /=235 ratioc

Z/ 10/ 1 30/1

Uoleualatee roegetivity’

- e m @ e e wm m W e e m e o o e o e e o e = e e = =

Tak T~ 2027 #2202 pg 0550 54978 0.933
ALICE 175 erours, 2 oondsg 0957 0.989 C.yyb
Cr

e
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2
Snieldine Calculationss

iz 2 illustration of a shieldine problen, a number of
computér code”were used to calculate the uncollided transmission of
nentra.s raneine in encrey from 1hev tc 20 «eV throush 30.4 s of

thick iron slab.

‘

cade TranStissin natio tu amalytic

analytic 0,486 1.00

oLl (custirous cnerqy go:te

Carlo cude) 0.478 1.0¢
4LICE 175 or. 2 band:z 2.463 1.5
TanT 175 or. 0.065 7,48
T.RTak 2020nr, 0.430 1.13

In the abwe table the analytic sclutiwm is the unccllided,
exponentially attenvated flux usine zll the aetails of the eneray
depernceiit cross sectiuns. Beth the W code andthe ALICE ¢ Te are in
excellent aeresment with the analytic golutian. dowever ¥CN cxde
requires enormws sturnee space in the ccmputer and 1ot of compater
tiie tu run. The TanT 175 sroup ansver is a factor of 7 lswer than the
analytic sclution. Even wheén the nusber of TilT orcups are increased
tu 2020 one atreenment is still not as e00d as with the multiband

U}etl’lJC'o’
4, Trueilon kcactor Blarket
Tnis is desiened to comvert fusion-neutron enerey into usc-

ful fura. The fusion rotes were calculated per 14,1 #4EV souice ncutron



usine both mul't'iquup and multiband methods, The table below conipares

the celcxilatiox"xs at three detector vusitions 4, B anc C.

betector positicns and Code 4LiCo/TART
distance {rom source ALICE T4RT ratics

4 309 cn 0.465 - Ced52 1,03

B 324 ci 0.727 04565 1.29

c 334 cn .35 0.246 1.43

It is seen that for dete;tors sﬁccessfully farther frow the source,

the TLRT 175 r_rruu'g;‘ re'sult;'uevintes more and aore from the GLICE multi-
band result upto a difference of 439 at the cetector positiw: 1l:abelsec C.
In this case «lf srieldire» nss two ¢ffecta. It increases the neuirwn’s

penetration depth andalso tne moderatine properties of the 1ioht weterials,

Te net result is aore fissions at ~reater diztarces fron the swurce than

are ;ure-\:icte:d bi' the multibrouy methol.

VII Cca.CLusiQv

It is clarified that the multiband methd while sulvine 2 vite
variety of neutron aud photon transport oriblens accurately ard econie
wically, is very approrriate for oroblers in vhich theeffects of the
Cruss svctivns 3re nct well charscterized by a single avera»e¢ cruss section
value {ur c¢acn ~roup. Turther in several applicetions the two band
calculatidns werce foound to be nore ascurate than multieroup calculation
usine wore than ten tines as many esroups. It 19 planned to -test thewse

clniits at RRC when the inhouse computer facility will becone avzilable.
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saccessfully coamissioned on IBW/370/155 syste 2t .acras,

AC LNvOW e b1+ TS

The authors thank Dr, Dermott E. Cullen for supplying us
with the LIlbin-BeChinT-SIGua1-gROUPIL cude systews and for a fsmitful
correcpondence ., Tae articles nenticned in the refercnces were

Ty
;

fre-=1ly used in the preparstion of thig review note,



-2 -

BEFeorteound

1. D.ELULikn, iucl. Sei. fine. 55, 387 (1674).

2. D.,LJLULRN, Calculation of Probability Table Parameters to Inclule
self-gnieldine and Intermediate LiesOnancts, Lawrence Livermore
Laboratory, Rept. UCRL-79761 (1977).

3' D.E’CUM\, I\UCI. E‘pio EI“ZQ 58, 261 (1975)'
4. D.uLULlbr, Trans. amer. sucs Soc. 23, 526 (1976).

Be L. LUbibh et a1., CrossSection Frobability Tables in wultioroup
Transpart Calculationg, Lawrence Livermore laborstory, Rept.
UCRL-80655 (1978 .

6. D.o.lUiliiy, tipplication of the Probability Table zethod to
multiecroup calculations'! in Proceedines of the CSEW; Resonance
Rerion Subcomaittee ycetine; sultilevel Effects in Reactor
Calculations and the Probability Table srthod, Broockhaven hationsl
Leboratery, Regzt. @dvl~50387 (&1DF-187) p.90 (1973,.

T+ U.ECULEN, '2rosram axOUALE (Ver.79-1): UCKI~50400 Vel.17, Pt L.
8. u.o,CULLLY 'Progran LInkak (ver 79:1,): ﬁCRL—-504OO Vol.17, Fari . &ev,.2.
9. Db CULLLN 'Program Rellef (Ver 79-1) : UCHL-50400 vol.17, Zars C.

10+ Do oCULLEN 'Proorar SIMuwa-1 (Ver.73-1): ’JChL—SOﬂ,OO ¥ol.17, Zari 5 Tev.2.

11, B.F.B0CHaTY, J.R.ETLLLGeh, T4kT wonte Carlo keutron Trangpori Cxe,
Lawrence Livernors Laboratory hept. UCIn-522 (1971).

12, hoeLeBudBLLIT 2né J.2. CsIBR, 'Enersy-Dependent Self Shicidine
Factors for U-235 Fuiis fron Transmissiin pxperviments® nucl, Sci.

Ene. 35, 350 (19¢9).



HNEAR | LINBARISeS wIIE 3

COJPLES FILE 2 FROM 20bi-B ard Flik 3 WLRIT Fodu
). Lll&u&@t

(e ¥ Sarty s iy Doy :v!!fi‘r\".!i’..-ﬂa-k

Doppler broadens linearised cata

Iinfinite dilotion oroup averagec
cross sections

c2lf g1ieided cross sections

LN Wy ‘)\ Aultibard parameteres
/

\
AN



1.

TESTING AND VALIDATION OF & MULTIGROUP CROSS-SECTICN

SET AGAINST INTEGRAL EXPERIMENTS

by

V.K. Shukla and S.B. Garg _
Experimental Reactor Physics Section
Bhabha Atamic Research Centre
Bambay - 400 085

INTRODUCT ICN

The accuracies in the predictions of various physics péranepefs
are of vital impdrtance for the safety and economics of any reactor.
The approximatioﬂs méde in representing the camplicated neutron -
cross-section behaviour to account for the various competing reactions
over a wide energy range as seen in fast reactors and the simplifice-
tions in the calculational model to carry out the neutronics of the
camplicated reasctor designs introduce some L;ncertaintics in the pre-
dictions of various physics parameters. It is, therefore, imperative
to assess the efficacy and the range of applicebility of & given nu-
alear data set and the calculational model before using then for any
design celeculation.

A 27-group cross-section set(l) and the resonance self-shielding
factors(z) for various reactions have been derived for different ele-

ments cf interest in reactor analysis using ENDF/B library. The

'energy group structure of this set is identicel to that of the 26~group

BN set(3) wut for an additional group in the energy range 10.5 to

15.0 Me¥ meinly to account for the (n, 2n), (n, p) and (n,=€ ) reac~

- tions which assume significance in very hard spectra .fest reactors or

fission-fusion systems. The present péper discusses the analysis of
central reactivity worths and reaction rate measurements carried out

ceel
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in 11 renium and plutonium fuelled fast criticel assemblies
covering & wide range cf neutron energy spectrum using this cross-

section set and the neutronics codes developed for fast reasctor ana-

lysis.
DESCRIPTION OF CRITICaL ASSEB LIES

Most of the assemblies selected for the present anaylyhsis 'ére- |
fran those recannended by the Cross-Section Eveluation Working Group
of BNL as benchmarks(h) for the fast reactor nuclear data testing.

The assembly ZPR-3-49. has @ composition identical to that of ZPR-3-48
with the exception that the sodium was removed, Similarly, ZPR.3-50
has composition identicel to that of ZPR-3-49 but with additional car-
bon to soften the. spectrum. Thes'e asseamnblies provide the examination
of a single item and hence they are also included.

The isotopic compositions end the zone dimensions in one dimen-
sional spherical model for these assemblies were tsken from the paper
of Hardie(E) et 8l and are given in Tables 1 and 2 for ready reference.

The snell quantities of 2%y and 2

U present in some of the assemblies
have been included with 238U. It can be seen thét these cores cover a
wide range of neutron energy spectrum and hence provide & good testing
bed for a cross~section set and the calculetional model for the pre-

dictions of various reactor physics péreameters,

CALCULATINAL DETAILS

3.1 Multigroup Constants

1 and the resonance self-shielding

The 27-group cross-section set
2
factor” were derivel from the basic ENDF/B libreries, Version IIT

.3
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of INDF/B was used for the actinide isotopes whereas Version IV was

used for the coolant and structural elements.

3.2 Mubtiplication Factors

3.3

The multiplicetion factors for all the assemblies have been cal-
culated by 1 dimensionsl diffusion theory in spherical model using the

(6>. The analysis of these assemblies limited to criticelity

code QVEDX
prediétions(7) was carried out eerlier where we had ignored tlr;e ansll
quantities of Si, a1l and Mo present in some of these assemblies. In the
present analysis We have accounted for these isotopes also.

. The corrections for I—ﬁ to 2«D, diffusion to transport and for
heterogeneity have beéu calculated for these @ssemblies by Hardie et al,
which have been édopted as such and have been used to obtain the keff's
of these assemblies. - »

The resonance self-shielded cross-sections for each composition
zone of .a reécto’r were generated by the usual method of iteration on
the potential scattering cross-sections. The elastic slcwing down

cross-;s_ections are very sensitive to the neutron energy spectrum with-
in 8 group &nd hence iﬁerations were further made tc get the converged

values of elastic slovdng-down cross-sections., 411 these iterations

are incorporated in the code QVEDX.

Central Reécg’.vity Werths and Reaction Rate Ratios

The small sample central reactivity worths of _dil:ferent maéterials
have been calculated using the first order perturbation theory code
PERT-S(B) in one dimensional option.. The 27-group self-shielded cross-

sections for different isotopes in the core spectrum, real fluxes and

OOOh
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ad joints calculated in l;D diffusion theory were used as i_n_put_ for- these
pr;edict;ions. I |

The reactivity worths calculated as % AK/K have not been conver-
ted to inhours valdes'(as usuall:} qﬁoted) to avoid the additional uncer-

tainties in the worths of these materials due to the cLiscrepént delayed

-

-

neutron data resulting in discrepant conversion factors for —A_% to

inhours, We were mainly interested in a2nalysing the effect of our

cross-section set and the computationa2l model on the predictions of

these integral p@rameters. _ .
The small sample central reactivity worths for the isotopes 235[!,

2 239 B :
38U: 9Pu, Na, Fc, Cr and Ni heve been calmmlated for these assemblies

in the units of %-f;—K per kg. The central reaction rate ratios for

238U nomelised to the:

fissions in 238U, .239Pu, 2h0py ang captures in
fissions in 23%y have also been calculated in these sssemblies based
on one dimensional homogeneous model,

Neutron Generstion Time end Lffective Delayed Neutron Fractions

The neutron gf_eneration time and effective delayed neutron fractions
for these assamblies were calculsted using the first order perturbs-
tion theory code PERT-5 and the 27-group 1-D diffusion theory fluxes
and adjoints. The'. delayed neutfon .data requi.rcd for these é:alcula— '
tions were taken fr'om‘ the p;per of Hardie et 8}.‘ (who’hé’.ire used‘thé
ENDF/B-IV data) except the delayed neutron energy spectrum. We have

derived the 27wgroup delayed neutron energy spectra based on the com-
bined data(9> of Batchelor and. Boﬁner for the compoéite Spec:tnm of de~

235

layed neutrons from U fission. Thé same ‘delayed' neutron spectrum has

been used for ell the fissimable isotopes.
...5
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DISCUSSION OF RESULTS

Multiplication Factors

'I'he multiplication fectors calculated for these assemblies using

the 27-group cross-section set are given in Table 3. ‘The’ Kegp

7 values of these éssemblies obtained by Hardie 'ei al('5 ) using the basic

ﬁl\IDF/B Version. III library and those by Shama et al(lo) of RRC using
the Freﬁch' CrmgS;S&:Cfim set are also given in the same Teble, * -

It can be seeni from this Taeble that the 27-group cross-section set
aﬁd the calculationadl model is quite satisfactory in predicting the
criticalities of @ wide range of plutonium and uranium fuellea assemblies
with an average discrepancy of about 0.1% in kepp. The meocimum dis-

crepancy occurs in ZEBRA-2 which is underpredicted by about 1.2%. This

might be because it contains a small quantity of hydrogen which hes been

igndred in our calculations. It can be seen from this Table that the
average discrepancies in the prediction of Keps for these ossemblies
bj‘r Hafdie et @l and Sharma et al are of the similar order with the
maximum discrepancy of about 1% and 0.8% respectively. The cfiticality
predictions using this set and the calculstion2l model &@ppear to be
satisfactory in general. The two assemblies ZPR-6-6& and ZPR-6-7 which
represent large fast uranium and ﬁlutoniun fuelled fast assemblies are
predicted within 0,58 using this cross-section set,

Central Reactivity Worth

235, 238, 239

The central reactivity worths of U, sy ‘Pu, Na, Cr, Fe and
Ni calculated in these assemblies using the 27-group cross-section set

are given in Tebles 4 to 10. The experimentdl values of these worths

ceod
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given in the paper of Hardie et al in the anits of'inh'ours/ké 'hﬁave been
converted to % _[}—{_’_f_{ per kg.. using the conversion factors given in the
same paper. We have canpared the calculated to experiment2l worth ratios
of these materials in different assemblies obteined by us with those

obtained by Hardie et al in 1-D model in the same Table, It may be men-

tioned that we have used Version III of ENDF/B for actinides and Version IV

for structural and coolant materials and hénce the corresponding compari-
sons have been made with those obtzined by Hardi et al.

It is seen from Tables 4 and 5 that the centrel reactivity worths
39 |

of fissile isotopes 235y and 2 Pu are overeSti_méted using this cross-
section set with a discrepancy of about 8.5 and 7.9% respéctively aver-
aged ovér'all the assemblies. The same worths have been overestimated
by Hardie et el by about lk.4 and 10,3% respectively. The intercranpari-
son of these worths for individual assemblies alsc indicates that the
27-group set is satisfactory for these predictions. The overestimation
of about 8% in the fissile material worth appesrs to be quite satisfac-
tory with the first order perturbation theory approximstion. |

238y given in Table 6 is also over-

The centrel reactivity worth of
predicted 'in general using .thvis cross—section set. The 'avefége discre-
pancy of about 11.2% observed with this set ccompares fevourabiy with
15.5 predicted bty Hardie et al., Even the intercamparison of individual

assemblies indicates a satisfactory trend for this set.

' The reactivity worths of fissile and fertile elements are in general

overestimited by all the evaluators. The reasons could be meny apart
from the basic cross-section set. The discrepant delayed neutron date

...7
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lead t. erroneous conversion frctors for ..:E_I.‘- values from inhcurs obser-
ved experimentally. The main contributions to fissile and fertile re-
actiity worths come from their copture and fission ¢ ross-sections which
are not accountel adequétely in the first order parturbation theory in
homogeneous model. The atomic concentration of the isotope under con-
sideration is always higher in- the sample than in the homogenised
surroundings which results in the overestimation of the effective fission
and capture cross-sectiocns of the sampls. This affects the estimation
of the actual reactivity worth of the 'sample.m

The reactivity worths of the structurzl elements are given in
‘Tables 7 to 9. Here again we see the over-predictions, almost consis-
tently in 2ll the assemblies. The a&verasge discrepancies for Cr, Fe and
Ni are 45.5, 32.0 and 30.6% respectively. These discrepencies in the
case of Hardie's predictions are 55.5, 32;1 and 24.1% respectively.
..The material worths of these elements are meinly contributed by their
. capture (negative) &anl slowing down cross-sections (negative or positive).
Since these worths are consistently overestimated it appeers that their
capture cross-sections need some reduction. The worth of sodium is e
difficult parameter to predict as can be bseen from Table 10. This is
because the slowing down effects become relatively very important for
the central worth predictions of sodium. Tl?is component depends on the
differences in the adjoint fluxes in the source and sink group's apart
from the group slowing down cross-sections and the real fluxes. Small
errors in the adjoint fluxes would, thereforc, lead to large Jdiscrepan-
cies in the worth predictions of sodoium. Moreover, the €lastic cross-

sections of Na are sensitive to energy right upto 10 MeV and hence its
...8
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slowing down cross-sections a2re not adeguately repreéented in a few
gmﬁp model. Because of a very wide variation J.n the caiculated-to
@q:eril;rxer_ltal vorth ratios in different assemblies, it.l is meaninglesé
to find ‘the a*;rerage of the discrepancies over all the assemblies and,
apparently, no definite conclusion can be drawn except thaﬁ the sodium
worths 'would have large uncertainties in their predictions in the pre-

sent model,

~Central Reaction Rate Ratios

The central reaction rates of fissions in 238U, 239Pu and 2l*OPu
normalised to those in 235.! are given in Tables 11 to 13. It is seen
that all these reaction rstes are, in general, overestimated. The
average discrepancy using the 27-group set is found to be 7.3, 3 and

: .. . 238, 239 240 '
11.4% for the fissions in U, Pu and L Pu respectively. It may

be seen that the maximm discrepancy of about 28% occurs in the fission
rates of 238U in the assemblies VERA-1B and ZPR-3-53 which are carbide
fuelled cores of uranium and plutonium with high fissile to fertile

ratios and reflected by 238U. It clearly indicates that the neutron

spectrum in the MeV energy range has béen overestimated: This may be

due to the inadequidte representation of inelastic scattering cross-

238

sections of U in the MeV energy range or the fission cross~sections

in that energy range are given higher valués . The large discrepancy in
VERA~1B may partly be due to the inadequacy of the 1-D diffusion theory
model used for such a smill core, '

235

The capture rates in 238U normalised to fissions in U in differ-

ent assemblies 2re given in Table 1lh. They &re, on the average, 3.3%

...9
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underpredicted using 27-group cross-section set as ¢ompared to under-
prediction of about 1.4% by Hardie et al,

L.L Effective Delayed Neutron Fractions and Generstion Times

The effective delayed neutron fractions and the neutron generation
time calculated using 27’-gm.up‘vcross.section set and those by Hardie et al
are given in Table 15. It can be seen thet the neutron generstion times

'match-ver'y well in the two calculations for the urénjum fuelled assem-
blies but differ upto @bout 1% in the case of plutonium fuelled assem-

/neutron blies. The effective delayed[fractions are 2lso in egreement in the
two calculetions within about 106 except for VERA-1B end ZPR~3-53. The
different delayed neutron spectra used in the two calculations appear to
be responsible for the disagreements in the predictions of the effective
delayed neutron fractions. o : -
> CONCLUSICNS

The 27-group cross-section set derived from the INDF/B librery is
adequéte for the criticality predictions of plutonium or urénium fuelled
fast reactors as the average discrepancy in keff predictions of a wide
ranging fast assemblies hes been found to be = 0.1%.

The central worths of fissile and fertile elements calculated in
first order perturbation theory and homogeneous model are overestimated,
in tune with the usual trend, but within an average discrepancy of 8
and.11% respectively., However, there is & wide spread for the indivi-
dual assemblies., The worths for the structurel materials are overesti-
mated, on the average by about 30 to 45%.

It appears that the predictions may improve in agreement with the

...lo
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experinents if fission cross-sections in the MeV range are slightly

decreaged and the inelastic¢ cross-—sections of

238)) ape alsc suitably modie

fied in the high energy range.
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Table - 1
ATOM DENSITIES (x lez ATQM/CC) AND DIMENSIONS FOR URANIUWM BASED ASSEMBLES

——

——— ——

e e o e s e T e B e P e e ot S ey He o g S e P e s e St g P S e . s g e iy 2
3.

2?[.‘.

————

77.15

——

,  VERA-IB ! £P1}.3:11 : ZPR-3-12 ' ZDBRA- ! ZP.H,-(.>-6A'
Isotope " Core."v Reflector : Core" Ri_ﬂ_fctor_;__g?f__;fff%ifiii_;_ “(?o‘re : Riﬂector " Core Reflector
55—5; 0.7349  0.0250 :):;56.7 10,0089 ' 0.4516 0.0089 0.2526 0,0298 0.1153 0,00856
238y. 0,051 3.4400  3.4438°  L,OR5  1.699k  4.0026 1.5667  L.1269  0.58176  3.95508
0 - - - - - - 0.01544 - 1.3900  0,0023
C 5.75L0 - - - 2.6762 - 3.7992 0.0042 - -
Na - - - - - - - - 0.92904 -
Al - - - - - - 0.0019 0.0019 ~ - )
Cr 0.0689  0.0708 0.1486  0.1196 0.1419 0.1237 0.0864 0.0864 0.2842 0.1247
Fe 0.6283  0.646L  0.5681  0.4925  0.570L  0.4971 0.36485  0,3323 1.31;31'. 0.hk669 F
Ni 0.1635 0.1662  0.0718  0,0536  0.0621  0.05L1 0.0483 0.0483 0.1291 = 0,05407
Mo - - - . . - 0. 0008 0.0008 - -
Si - ~ - ~ - 0.0060 0.0054 0.0054 - -
, Radius(em) 19.138  58.59 31,61  61.61  28.7%  59.26 L5.45 95.67  129.48




Table - 2
ATCMS/CC)_AND DIMENSICNS FOR PLUTONIWM BASED ASSHMBLIES

ATCM DENSITIES ‘x lO

oo sNEak-B T _ZER:B:LE'"_"I' ‘zx?n_‘a.‘&?;"",q TZPR350 T zeR.Als3 T T T dpaéey
1 Core ' Reflec- ! Core Reflec-u Core Reflec-' Core Reéleo- 't Core ' Reflec-t Core ' Re
— g g g ""--o"t-r"' -—tgx:‘ * ™ —" : - o".-."-— ~— o= (== '—n—."-‘ - -—-"-'— " o v -" S Sl Taadl ol .—‘— hall ol gt ._t:_._ O"“ R e k) -""' =" 2!:" ~e

235y 0.02663 0,062, 0.0016 0.0083 0,0016| 0.0083  0,0016 0.0083 0,0006 0,0083 0,00126 0.00856
238y 145794 3.99401  0.7405 3.9690 0.7406 3.95% 0,740k 13,9613 0.2615 .3.9770 0.578036 B.96179
23%u  0,18312 -  0,1645 - 0,16L4 - 0.1645 - 0.1669 - C.0886R - -
2hOpy  o0.01652 - 0.01064 -  0,0106L - 0,01064 - 0,0107 ~  0,0119kk -
2hlpy  o.00uky, - 0,001 - 0,001 - 0,0011 - 0.00C8 - 0.00133 -

C 3.31936 - - - - - - - - - 1.39000  0,0CR%

C C.00631 0,00135 12,0770 - 2,0766 - L5940 - 5.5898  0.0024 - -
Na’ - - 0.6231 - ~ - - - - - 0,9290L -
Al .12112 - C. 0109 - 0.C109 - 0.C110 - C.C111 - - - ®
cr ~C.27560 0,11086  0.2531 0,1225 0.2568 O,1R42  C,1816 0,1161  C.2081 . 0.1311 0.2842  (,1295 *
Fe G.98021 C.39549 1.0160 O.4925 1.0083 0.4626 0,730C 0,4671 Co713L  0.4496  1.3431  0.4637
Ni O0.14594  C.98L5  0.1119 0,0536  0.1121 0,0611 0,079 0.0508 C.C970 0,611 0,1291  C.05635
Mo 0.0U184 0.00100  0.0R06 - 0. R0b - C. 0205 - 0.0208 - 040235 00
oi U. 011 3 o b - 7 O.UW}S

0.01174 0,C0453  0.01RL 0.0060 - - - - -

Radius ' . ' - - - -

0. > |
cm) KO.6L 0.6k L5.2L5  75.245 4753 83.96 43,43 83.77 37.546 74,876 88,16 121,97
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Table - 3
Calculated k pp Values of Critical Assemblies
(kg = 1.000)

eff -
e e S e
Assembly : Fuel i vol, {liter), -27-Group ' Hardie et al + Shama et al
memim e i o i e e e e m e g e m e e e e e i e e e
VER-IB 0 U 30 0 0,990 1086 1,0063
ZPR-3-11 v wo 1.0011 0,992k " 1,0020
ZPR-312 U 10 10065 1.0017 0.9960
ZEBRUm2 v 130 0.9876 - 0.5902 0.9520
ZPR-6-64 v LOOO 1,0010 - 0:9988 0,9995
SNEAK-B Pu 310 1,000% - 0.9893 -
ZPR-3-18 Pu L0 1, 0033 0.5997 1.0067
ZPRe3-49 Pu k50 10035 - 0.9985 1.0071
ZPR-3-50 Pu 340 | 0.9938 0.5940 1.0012
ZPR-3-53 Py 220 . 0.,5903 - 1, 0008 1.0018

ZrR-6-"7 Pu 3100 , oo - 049926 1.0010
Average. . ... 0.998¢ -7 "0.9564 ) 1.0014

-G L LD M MR R gEm R G o e M T gEn gEm T, TR M g m R g TR gab g gan g TR e gem g am e gem g g T g N g
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Table = 4

- oK
Central Reactivity Worth of <27y (% < Pper ke)

-.-.-.—.-!-.-'—.—'-.—.-.—.—.-—._,-.f—,- ........ G g gm gum g gem g T TR ST g P = m= et -

1 Calculated Calculated / Experiment

Assembly ; mel.;, Experimentel | “op qowp T 2iGroup | Herdie ot &l
e e i T e o ol ol il ol ol kel kel et L e R Py
VER4-IB U 1.037 ook ‘0.928' 0.927
ZPR-311 U 0.5%2 0.5 1,080 1.0% .

T ZPRe3-12 u ) "0_.16665‘ . 0.6333 . - 0,950 - 0,967

U mmre2 U 0.3165 . 0.35%6 - - 1,127 1.156
ZR6-64 U 0.9 ¢ 0.1026 © 1,055 1.8y’
SNEAK-B  Pu  0.515% 0.5583 1.083 117
Z-34g  Pu 0.3562 0,462 1.167 1222 -
ZPR-3-L9 Pu . 03018 0.3415 . 1,131 1194
ZR3-50 Pu 04989 O.53hl Lo 1%
ZPR-3-53  Pu 0.542 . 0.6692 1.223 S 1.28%
re7 P 0% 0153 Ll 113

T T e e g g g e T (T P €™ o g g g e S v P p— P 4 By o o= e o= e e g pm < s e s o

_Average 1.085 1,14k

e e e e e e e b e e g e o P b= o= 8 5= o o= 6 = e o o o o ke s e 1o
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Table = 5

2
Central Reactivity Worth of 39?;1

(8. 2K per ke) |

—o-c-o—.-o-r--o-o-d-!—o-o--—.—-- l-r—l"".- Lad l'-f—I"'.-‘l-_.-.-b-0-;0-'_0—0-"_-—" Ll il

. Calculated ' Calculated / Experiment

Assembly : Fuel : Experimental 27-Group ! —T .
S SO SO SRS St f?fi?ff.-alr- -
) VER“'JB v “ides | L.688 0.5k 0.9kk

ZPR3-11 U o888 0.915 1.0%0 1.037
ZPR-3-12 U ©1.0196 | 1.0000 0.961 0.556
ZEBRA-2 U " 0.4409 0.1860 L1 1.122
SNELB P 0.6922  0.7563 1,093 1110
ZPR-3-48  Pu 0.LTT 10,5650 1.184 1.226
ZPR-3-19  Pu Ouldi 0.4697 1,058 L8l
ZPR-3-50  Fu 0.6064 0.6501 1.085 1.120
ZPR-3-53  Pu 0.7166 0.6254 1052 1:198
ZPR-6-7  Pu 0.1652 0.1924 1.165 1.232

T B T o 8 T G P T T T AT T T P S ST P T B P T T T T 4T T P P T P e g 9 g g 0 a— = e
Average .07 1103 |

s g g hm g m e M LR g gma G G T g g g O T T g e g g g P g g P = T ¢ gum e g gem = g o

0y
™
)

(
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"V "Caleulated. !

Assembly 27-Group

¢ 16

entral Heactivity Wo;ﬁ'h of U

Table - 6

(% %l( per kg) .

1 Fuel t- -E}&;éfimentall

238

e gt g g g e g = g g ™= § e o g @

Calculated/Experimental

t 27-Group -

! ‘Hardie et al

SN NN SHEPURPUPU U U ARy SUSPIL I S AP

0,077

VER4-1B .. -

ZPR~-3-11
ZPR-3-12
ZEBRA~2 -
s
SNEAK-B
ZPR; 3-48

ZPR~3-49 -
ZPR~3-50 -

Zrr-3-53
ZPE~6=7

— e e == e— ==

U

U-

ru

Pu

Pu

00,0348
_-0.R81
0.®81

0.0242

0.0081

0.287
0.€253
0. 0196
0.0453
0,0750
0.0112

0.C216

0,264

0.0=50

0.0087

0.0340
0.CR59
0.R06
0.0358

0,0626

0,0110

o Log .o

1,033
1.073

1,185

1: 024
1,040
0.678
0,795
0,582

1.602

1,082

lc O5h
1.09Y

1,156

1.351

1.164

1,158

1.3
1.062
l. %8

. e g TR pem T T G GG Er jme pme g P TR T L TEm g R e R TR g T P T gem ¢ g T gem g =

Average.

’ l.'nz ‘

1,155

D g RS gme gEm g g T gEr T TR QR R QD R QM TR, TR L Gm g T R s QAR gEm T e T T T g G g gem gEm gEm g y e gEm g g g g

...l7
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Table - 7

Central Reactivity Worth of Cr

(% 25 per ke)

L)
-n_o-o‘-o-r-c-.- L ol ."'".‘ 0" e g g g = - e e T e ™ e e ™™ _."0-0-0-0".-‘6- —eT e e ¢

. | ‘Calculated ;_ _Caiculated/Experimenfal
- Experimental 1+ 27-Group , 27-Group , Hardie et al

Assembly |,  Fuel

wo e -

i am o am m mm b v m am b i mem b v am i am e m e e
VERA-IB - U - 0.3 - -
ZPR-3-11 U - 0.0333 ~ 0.0381 1,143 1.242
ZPR-3-12 U . - 0.0329 - -
ZFBRA-2 U - 0.0124 _ 0.0175 111 L.k
ZPR-6-64 U - = 0.0039 - -
SNEAK- B Pu o ~ 0.0298 - -
ZPR-3-L8 - Pu - 0.0132 - 0.0195 1477 L.5k6
 ZPR-3-49 Pu - 0.0126 < 0.0170 136 1.429
CZPR350 - P - 0.0l - 0.2, 1.591 1.728
ZPR-3-53 - Pu - 0.0106 - 0.0190 1.792 2,01
. ZPR-6-7 Pu - 0.0 < 0.0066 121 1.483

T T T TR W MR g W (T GE gmw gEm T G G e g G Gm R g m g e N M T g g g e e ghm g g T gum gam gWm g

Average 1.455 1.555

- m e L e QR G L Mm gmm g T LR g TR G mm gYE T QAR L Em G TR gem (U GUR R GED T QN g g L Em = e gun gEw g g™ gem g

...18
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Table - 8

* " Central Reactivity Worth of Ircm
. ,AK . N L -
(5 % per kg)

P S S 'C;l;u;a;e;f T Galeulated/Experimental
,Assean_Ly.: Fuel _:_Expem.mental : - 27.Growp | Z7-Group | Herdic et al
g s
VERABB U - 0.0469 - -
ZPR-311 U - 00309 . -0,0356 Co1as Lem
ZPR-3-12 U - 0.0269 . -0.0294 1.092 1.108
ZBRA-2 U - 00117 -0.0153 1.307 1300
ZPRbebd U - ~0,0029 - -
SVEAK-7B  Pu - 0251 . -0.0264 1,050 Coaan
ZPR-3-18  Pu | - 0.031  -0.016k 1,25 1.260
ZR319  Pu - 0.0151 .  -0.0L5 . 0,90 0.9
ZPR-350 Pu - 0.0l . .-0.0185 1.303 1306
RS Fu - 0.047  -0,0123 2595 2.333
WR-6-7  Pu - 0.00kL o ;9.60519 1.17% 12k
Aw{erag‘e ) 1.320 1.321
veo19

&
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 Talle - 9
Central Reactivity Worth of Nickel

B EE per ke)

e i R R R el S e I g .--r.-.— = = '—.-.T.-._ il e e e el L Ll e Lok Lo P e g g gun g g

! ! 1 Calculated Calculated/Experimen tal

t
{ 1 o1 1

-'o—b- ET AT 0N 4T e 0T T 4T ST TR T e g T T O T g 1T G T e 8 T g T 4 e e o‘-u"l""- .'-"-"" LA}

 VERADB U - - - 0.225 - -
PR3 U - 0,015 - 0.0535 °  1.289 1.339
i .
U

" ZPR-2.12

- 0.0468 - 0,0553 1.182 1.095
ZEBRA-2 D 0.0221 - 0.2 1.095 0.965
ZPR-6-64 U : - . 0.0051 ' - -
NEAK-7B  Fu - - 0,083, - -
ZPR3-A8  Pu . - 0.0195 - 0.0290 1,486 1.403
ZPR-3-49  Pu - 0,22 .- 0. 0262 1.180 1.158°
ZPR-3-50  Pu - 0.0R32 + 0,0321 1.384 1.309
ZPR-3-53  Pu - 0.0216 - 0.0330 1.528 1.381
ZPR-6-7  Pu -~ 0.0067 - 0.0087  1.30k 1.27

Average 1.306 1.241

—— e e gm gWE M g Tm Em R R T L L e g T g g e G TR e e, TE T G g mm v gmm M g T AR U S GRS gEmgem g

...20
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Table - 10
Central Reactivity Worth of Sodium

(% %(5 per kg)

t - : I :' C;l;uj..“ted : ) Calculated/Experimental
dssembly | Fuel  Experimental , “on7g rzup . 2% Group ., Hardie & al
et e e T e AT 2™ e l--d"v- " - l—.-'.-I-l-._."—l-1—'-.-l-’-‘-.-.-.-.-‘-.-..—.-F.

VERA-1B = U 0.6235 0.2198 0.352 | 0.35L

ZPR-3-11 U ~ 0.0303 - 0.0398 1,313 L.72k
ZEBRA-2 U 0.0066 0.0152 2312 =030
ZPR-6-64 U 0,00037 - 0.00008 0.228 0.170
ZPR-3-48  Pu ~ 0.0068 _oous 1707 | 2,07
ZPR-3-43  Pu - 0.0 - 0.0019 0.126 Lom
ZPR-350  Pu - 0.0121 + 0.0252 - 2,083 0,344
ZPR-~3-53 Pu 0. 0609 0.QL77 0.783 0.436
ZPR-6-7 Pu - 0.0070 ~ 0.0074 1.066 l.lLO

e e T T T T P LT Lt g TN AT T g g Y T G P g TR QR g gt e g pEm T Gm g T NN e g RS T sam R gam gt

.l'zl

=
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Table = 11
235

Central Fission in 238U Normalised to Fissions in U

S B O 6 T W P T N B P P N L T T I T I T T T I T T T AT AT T T T T YT I T AT I T T T e ™ ™ e e ™™

yk : ; . Calculated ' Celculat ed/Experimental

4ssembly ' Experimental ' Tpo Gioup 7-Group , Hardie et al

Joo ro

TR AT R R em D e LT L M g TR LR G g T g TN TP N TR ok Mm TR L e Em W mm e L e e g g

VERA-1B T 000860 - - 0.08M6 . l.2g2 1.190
ZPR-3-11 0.0380 0.0382 L.D05 0.952
ZPR-3-12 10,0470 0,048 - L.038 0.982
ZEBHiv-2 10,0320 0.0328 L.024 0.971
ZPR~6-64 0. 0245 0.3 097 0.926
SNEAK-B ~ 0.0330 0.0810 0.939 0,902
ZFR-3-L48 . 0.0326 0. 3Lk 1.054 - 0.977
Zrn-3-49 0. C345 - G.O366 1.061 0,998
ZPR-3-50 . 0.0251 0,99 1193 1.091
ZPR~3-53 C. G251 V c.om22 1268 " 1.128
| .962 - C.886

(]

ZPR-6-7 C. 0230 o221
e g g g e gl g g g = g ol S -~ — e T T T T N Y P T P T T P T N T I YT P ey ™ g~
Average 1.C73 o 1,000

T e e T e e N T T T e N T P P P ST P T T T N T P T e T T T I T e T e T I T s T e e =™ s e~

I'.2
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"Table - 12

Central Fission Rate in 227Pu Normalised to <>°U Fission Rate

L LI i e el el bl el el R ol Rk el ik el Rl bl et Bk e b ol Rt T el et R e ek d T e Rl b

1
Calculsted ,  Calculated/Experimental
27-Group . - 27-Group + Hardie et al

t

O T B o T T T 0T AT AT TN T T T et T e ™ o--"----.‘l LRl Do Sl Ll S R Rl A X At il Sndl S ol L)

Assembly

Experimental
. | -

- e e s

!
!
f

VEAAIB - 1.07C L5 1,389 1.062
ZPR-3-11 1.190 1.166 C.982 .97
ZPR-312 - - -. 11200 . 118 C.999 0.985
ZEBRA-2 0.987. 1.021 1.C34 0.994
SNEAK-TB 1.012. 1,023 1.C10 0.973
ZPR-3-18 C.976 1.C17 1,041 0,985
ZPR-3-49 C.986 1.c28 1,02 0,996
ZPA-3-50 C.5C3. C.957 1,060 C.962
ZPh-3-53 €.928 0.947 1,020 0,933
ZPEn6-7 2,553 0,97k 1.022 0.955

AveIege lo 030 (-'098)#

e g T T e T M g R G (W GER T GEm T G g TV T P R T P g T G T R g, T e qam g g gewges

...23
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Table - 13

j : 2
Central Fission Rate in 240 alised to 35U Fission Rate

L Tl R L TP Rl Ll S R e Tl R Sl R il ol L P gl Bl bl £ i Rl Tl el Bl 2 2 nd el Bl Rl S L
dssembly ' Experimental ' Calculated ' Calculated[Exper.:'metal_ .
1 4 27_Grou_p et 2'7-Gnoup 1t Hardie et al
- t

T S SRR SN S

VERA-1B_ .. -~  C.399 Cub5 . 7 166 1.114
ZPR-3-11 o T £ T 0985 T 0,951
ZEBRA-2 0.237 JCR-TI . 1.013 0,982
| ;.:‘ZPR.Z'3;L8 Cu2L3 0248 1,015 0942
. "ZPR-3-L9 - | 0,265 - -

ZPRe3-50 0.159 0.2C7 1.303 1.192

ZPR-3-53 o174 C.208 1.198 1.066

A T T T T e e T N e T LT T T e T T e T YT e T I T N e T e M T T ST T T T T e e ™

Average 1.114 Lo

e 8 P T e AT e T (T M T e I T e AT e T e ™ ™ -—-.-.".".‘.-.—o AT AT ™ T T e T T e™ o~

ool



Table - 14

. Central Capture Hate in 238U Normalised t023§U Fission Rate

ey | dpenma s Saiedea
R e e e e L e e e b e o g s e e = s e— o 4= am s o om0 =g o= 4 e g = o e e
VERA-1B 0.131 0.117 C.896 C.927
ZPR-3-11 0.112 0.8 C.965 0.9%
ZPR-3-12 0.123 U117 0,951 G.971
278 3an2 C.136 013 C.965 0.982
ZPi-6-64 C.139 0.138 C.993 S 1.022
ZPR-3-18 0.138 0,13k c.970 0.976
ZPR-3-53 - 0.9 - -
ZPR-6-7 36 0O - LG9 T L
e e e o e e 1 e e m e e e o i e s
Average - C.967 0.986
-1

—3

)
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Table - 15

Effective Delayed Neutron Fraoctions and Geperation Time

Assembly

i it Rl o T I TR T L P PP P T P L R P ol kT
Sors (wits of 1°3) |  Generation Time (S ) °

27-Group ' Hardie et a1 ' 27-Group ' Hardie et al
!

-"'o"-d-o-o‘.—o—t---o-'-'-t"&*u---.—--ui.o‘o-o-o-d—‘—o-

|

L e e Ll ek e el el 2 e e

VERA-1B 6.354 8.056 C4(996 0. 0988
ZPr~3-11 7.321 7451 L.(655 .06
ZPh-3-12 7.156 7.727 C.L955 (.C961
ZIBRi-2 7.263 7.522 C.1857 C.1856
ZPR~6-64 7.247 7.317 C.L4671 C.L728
SNEAK-7B 3.564 L.106 0.1487 ¢.1551
ZPR-3-48 3.261 3.588 C.2302 C.2529
ZPR-3-149 3.283 3.612 C.213C Je2267
ZPR-3-5C 3.2L9 3.550 C.2967 0.3340
ZPR~3-53 2.592 3.175 C.3851 Co 429
ZPR-6-7 3.3C4 3.373 C.4297 C.478L

N G L TR LR L e g  E T T ghm e g G g T TV TR AR L me T n L me L fm o  mm gm g L, Em e TR g U TS gae g g
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REVARKS (I THE VALIDATION OF KUCLEsSR DATA SETS
TorCOGHE CRITICALITY PARAMETEKS

z ’ By
Anil Kumer and M. Srinivasan
Neutron Physics Division
‘Bhabha atomic Kesesrch Centre

Trombay, Bomtw.y 400 085, India.’

- - o, T~ T
e  luvislJudul IOl\'

It is an established pradtice to validate the multigroup

nuclear deta sets ofrxeactor materials by ibmparing calculated
“ -

integral parameters such as critical nmass, keff,imean neutron

life time, reactivity coefficients etc. to theixr experimentally

1-4

measured values .- Of.these integrel paraméterﬁs‘cfitical mass

-(Me :
(Mt ) contained in core of a reactor assembly is crucizlly dependant

- b d 3 3
) has been €¢hosen more often for comparison. Critical mass

~on a number of geometrical and physical parameters of the system like
shape, density, diluent fraction of the core, réflector thickness..
It is shown in the Supseﬁﬂent—sectipn (Sec.II) that critical surface
mass Qensitm@éwhich is defined as mass to surface area ratio of the
c;itical core, constitutes to be & better integral parameter in that

- 1t is relativél& less sensitive to the errors irn density, shape
description, diluent fraction, reflector thickmess etc. Section III

describes the dependence of cz‘on basic nuclear. parameters like

infiaite multiplication facior 'k* *, mean ébsorption probability zalz
/ weighted total mean free pat%*?s derived from Trombey Criticality
5,6 B -

Formuila .
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I1. CRITICAL SUEFaCE MASS DENSITY T AS IFTECHAL PalwlETER

- 1I. 4. Dependence of Critical Surface Mass Density on dSystem Paramete

same core composition. as that of under consideration; a;'

It is quite convenient to brezk up eritical surface mass density

5,6

as the producé of four factors as follows’' i

ot |
g, = E% Y _ ..“...(1)
d v Spc o
Where% s d;lutlon e€qrracticn factor and is given by(%;'d F3,;F

is volume fracticn of the fissile component of the core-fuel and p

is diluent exponenfT; ool . é 1.€)shape correction factor; is defined
as the ratio of surface mass density of a bare critical core under
consideration to that of the 'corresponding! (having same core '
composition) bare suherical critical core; ( o 1. c?“b is
surface mass density of the critical bare spherical core “'1uch the

b

in Kg fissile muterizl perm . Y , degree of reflection parameter,

is sceciilice

is defined as the ratio of surface mass density of oritical reflectzd

core to that of the 'corresponding' critical bare core; Y s 13 for
12 -

good reflectors like 9Be and C Y can be as low as 10 4 in 'infirits!

slab geometry configuration.

The hlghllght of relation (1) is the separetion ci the effect
of ;ecactricdel wud physicud .;,,..te..x purwmeters on 0" into broadly twc

categories: (i) spectram—domnated componert 2’, and (11) leakage-

‘domincted comporients CZ/ O"" and Y,

Table I shows o—b ’?d end Y values for bare corss of some
elementary herd fast and thermal assemblies. It is to be noted thrzt

' C7"b is independent of core density unlike 'corresponding' bare

criﬁcal mass which varies inversely as the square of the core density

for bounded systems. We can write down the effect of likely errors in

%,%, G"b and Y on OZ by

<

 Lon 60 _ 844 DY 8% Y crne(2)
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It is to be pointed out here that out of the four error components

in the rlght hand side of Eg.(2) that (1)-125

?g = 0 except for errcr
% d
in diluent fractlon, (11) =0 exgept for ~rong descrintion of
shape, (iii) £% = 0 except for error in eore (rei‘lector/ density

and shape-de scrlptlon.

II. B. Critical Mass'MC_ Versus .'Critical Surface Mass Density Oz_'

Criticel mass Mc is related to ch~ for spherical assemblies
by the following relation: o ' o
moed
M = .16———_—.2c X -.»-rflvov (z)

c
.ecom T : '
where Q@ﬂﬂ.is core density. It can be seen i‘rom Bq. ($) that a2 small

change 'in O""' y S8y AG' s enounts to the follow1ng change in M s Say
Am , as glven by =

A BT %o
oM, = “ﬁ% =3 — &Q?co-u. 4
' Seore

It is obvious from Eq.(3) that limiting relative error on Mc is

P

at least equal to three times the limiting relative error on 1™ .,
‘e

The same is true of othsr geometries as well.

III. RELATIONSHIP BETEEN CRITICAL SURFACE DENSITY Se.  AKD-BASIS
NUCLE. ;i PAX:MST2; > FROM THO'BAY CEITIC LITY FORMOL: (TCF )

Trombay Criticality Formila (TCF) consists in expressing k oy
the effective multiplication factor, throigh net leakage probability
(py)» that is derived from 'Modified Wigmer Rational (M7R) ' form of

' 546,

collision escape probability, as follows
= * _r ) L.

K pe k (11PL) L (5)

where pp . e s+ (6)

: A+ 435 5 (riis omfo AN
‘@?com'\(s E O G

nerels is reflector albedo. ﬁl and§2 are purely geometr:.cal
parameters. For example, for cube,P‘ = 0,699 and'e,2 + 0,193,

k * is akin to ka’ and is defined for the spectrum close to critical.
@0 . .

[

The normalisation of k of Eq.(5) to Critical, namely,

eff

A3



at- O—' :32. . -, keff =1 ' PP (7)

leads to the following z;elatjt_an between o and kw* ., %ﬁt , A't" .'

L s o=\ ¥ 1B
(2,+48, = /\). = .(§)
For b 11 gcom_h 4:ch tgcoiu- M 0?00-‘)22 ’it‘ (8)
' are small cores, suc a . s BQe
or bare L cores, su ‘ 4&2_05 ./,(51 Peong AL h’q
can bc used to get the following relation betwern the relative errcr

on g=” and the relative errors on k:n*~ ’ ggox’e , )'t and Ea/ﬁt :

QA

. A - :
a =2 __S o ' NN
87202 = fé) - (e ) S5 A ) (W
As gcore /\t is proportional to o;jt'ne weighted total microscdpic

cross section in the core, &q. (92) can be rewritten as:

e
0% = - %fﬁr;_)_— §(fafz,) + S0p v @b

Relation (9b) can be helpful for adjusting microscopic nucleer dzte

like ZI)’G; 16}: , oa-"a-_-t , O'; étc. so as to predict correct

surface mass density az-

IV. CONCLUSION

\Cz_'itica_l Surface Mass. density OE' is a more dependable integral
parameter than critical mass for validating the multigroup nuclear
date sets as it is less sensitive to discrepancies (erors) in various
geometrical and physical parameters of the system. For example, for
bare critical coresoc‘ is independent of core density whereas Mc veries
. inversely as the.square -of the core density. ,Trombay Criticality
Formulea (TCP') leads to-a uséeful re]fation, betwe?n O&" and basic nuclear
parameters like kg *.,'Eé/tt, g;  that can be of help in adjusting
the mltigroup nuclear data sets to meke them compatible with the

'+ “experimental measurements of ag (or Mc)"
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 Critical Surface Mass Density (gl b: ,),,_%d_,__k g andsY
- + ~

for some Elementary issemblies

- -— — — — o -

— -
mai;iial Diluent ?Eé?ﬁz) ﬁag 23e heflector(0:6 m)  E,0 eflector(0.2 m)
- ' | kbéf oy o kao* Y
25%py - 321,63 1 2,573 0.572 2,621 - 0.77¢€
ABSpyc ¢ 296,26 0.921 2.528 - .56 . 2,560 0.776
239402 0 275.86 0.851 +2.473  0.545 2.541 . .77
2355 . P 1 2.152 0.530 2.19% 0.764
235, ¥ 482.11 0.925 2,062 0.491  2.085 0.752
233, - - 357.98 1 2.402 0.570 2433 0.776
235500 L0 ' 295.20 0.825 2.329 0.496 2.%73 C.742
233U-H20 - 4.362- 1 1.939 0.526 1.938 0,779
(8/°°%5 = 300)
253,-H,0 - 2.949 1 1.782 0.554 1,781 c.e0F

(8/233; = 500)

-_—— — . ————— == — e - _ o — —

+ The results presented in the table have been computed using one-
dimensional transport theory code DTF-IV with angular quadrature of

84 and 16 group Hansen-Roach c¢ross section sets.
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analysis of selected Fast Zero Power Agsembli€s and Calculational Benchmarks

s,LsSharma, M.M.Ramanadhari, V,.n0palakrishnan, S,Ganesan, R.Venkatesan and
R.Shankar Singh

Introduction

*In the present state of reactar design, theorists are resiened to

the need for supplementing their calculations with experimental informa-
tion! This introductory remark has been taken from the review of
Kaplanz‘) dealing with measurements of reactor parameters in subcritical

and critical assemblies, mainly for thermal neutrons. The requirement for
supplementary experimental informatim, stafed in 1964 for thermai reactors,
may have beeu met to a lars€ extent in the past, but now the situation fo€2)
fast reactars is similar to that encountered in 1964 for thermal reactors ' .

we had eawlier analysed a set of benchmarks,._as these asgsemblies
are usually called, the data for which was available in the open literature.
They were chosen a the basis of system simplicity, extent of experiments
carried but, au ad judged precisian of experimental results, and coverine a
wide spectrum rance. dHowever, most of the assemﬁlies analysed were of

comparatively smaller size.

As the reactor size is increased the spectrum becomes softer and
the uncertainties in the prediction of integral parameters may not remain
same. This canclusien was also broucht out by a recent international
comparison calculation“) of a laroe sodium cooled fast breeder reactor.
It was pointed out by Le Sace et al. that 'participants whose solutidns
disagree on the 1250 line size comparison calculatian have each obfained

700d aereement on 300 uge size critical experiments!'.

In order to assess our predictional capability of inte.efal
parameters for larce LMFERQ (Liquid ietal Fast Breeder keactors) we have
analyzed four fast zero power critical assemblies and two LuFBRs b;anch-
nark models for data testine,

Data Testing

The term data testine demoteg an activity of cbmpariscn of

important intesral parameters, such as Keff, spectral indices, central

e
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reactivity worths etc. measured in reactor environment with calculated
valués isine the reference miltisoraupcross sectidw: library, To
demonstrate how well the reference data set tosether with the proce-
ssine codes and computational methads pr~dicts the important reactor
" parameters, one usually congidersg the correlation of calculated quan-
tities asainst measured values. jlthouoh résults of such a testing
proeram will seldom demonstrate an exactine relation between specific
mici:OSCOpic data arnd inteoral valueg, a systematic selection of test
cases cau show which material data consistently give poor correlatian of
computed and measured inteoral valueés. Analysis of such correlatians
can ~ - identify nuciides in need of reevaluation perhaps with soue
indications of reactiw type and ererey ranee(4). Thus testine plays

a vital role in the validatiom of cross sectian lipraries,

Description of Bencaimarks

The assemblies discussed below were chosen such that they
mrovided diaenostic informatiozf’t’che suitability of our cross sectian

library in the desion of reactors with softer spectra.
3.1 ZER~6-" assembly T

Asseably T is a larce (3100 liter) fast critical assembly with a

goit spectrum and other characteristics representative of current

. lwFEk desions. It has a sinele fuel zone with a lenecth to diameter (L)
ratib ot approidmately unity; it has 3 simple one draw unit cell; ard
it is blanketed both axially and radially with depleted uranium. The
assembly's spectral characteristics, simple seometric confisuration aud
simple unit cell make it well suited for a benchmark assembly., The
fuel used is Ru/U/uo (28 w/o, pl-tanium, 69.5 /o Uranium and 2,5%;0
molybdemnum). he plutanium is 11.5 &/o 24091. a 'one dimensional model

. with stherical oeometry has been uséd in the analysis 0f the measure=-

ments made in the assembly. The belchiark specifications of the

spherical model and the correspandine atom d ensities have been taken

from Cross Section Evaluation workine nroup (CSsWwi) Benchmark

()

Specifications



3.2 4Ptk asscubly 5 thase 3

this 2ssembly foraed a part of tac series of experiuaents efforaud
in phase 1 of tue CRER awcineerine .aocckup Critical Proera. (BuC) to
provide data bist 1ealust which reactivity prediction techniques uscd

inn accicent sialysis could be evaluated.

he oPh-5 proery . was broke:. into t#0 phises, 4 « B to simulnate
an initial cor€ at ena-of-cycle ard bésinnine-oi-cycle, ruespectiv-ly.
The diase 4 corficuration simulates tue Clinch kiver Leactor at ¢t end
of the first cycle. vontrol rocs are vitadrsvu from the core a.d paric:d
in tae upper 3xial Planket. 4sscably 5 Mnise o4 confisuration convaius
19 sodius fillec control rod positions and reguire<d 100 fuvl spikes i the
core toestnblis. criticalit . 'Me ueasured excess reactivity was
(1.24 + 0,01) x 10'5 &K/, Lt has 2 core volume of about 2500 liti.sg
fuelled with EuUE- "J02 .
Two dimensional Y-z model has been uszd in the anal;sis o1 tic

measuremcits mid€ in tae assembly. The specifications of this cylinerical

maiel and the correspondine aton aeusities have bren taken 1rom kei.(6,7).

3.3 SudK 9C-2/C and 9C-2/P%

Thcre is 2 pussibility oi usine mixed carbice fa¢l in the FFBR in
Tidiz so we waLted to assess tiw vifect of sucn 31 fucl on the uncer-
tainties in tine procictian of differcnt inteersl pirzasters. 4s taerd
are only - fe+ critical experiments  with mixed carbide fucl in the
opei. literature 1or tae sizes of interest rC sclectél 3 asscably

from tie Gban-g siries merntioed below.

The Sewar (Scaivlle sull inereie jnlaee aarlsruh€ meanine zero
power reaCtor at warlsruhe) 9 series of critical experiments was
basically desi~.ca t0 inprove the predictio. of neutronic, eneine-rile
and¢ gaisty paraeters for tuae Germa‘, Bz se wux fast brueder prdtoty‘o‘é

am-300'%/

ro study tac influence 0f nichcr plutonium isdotopes on tac
proaiction of fast brevdeyr cOre pariacters, validity of tac scetor

substitutio. method ¢tc. ecometrically simple critical confisur-tions
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0PI desionwd. The referauc. core, Siwas 9C-2 vas 2 0,8 zone RJ.OZ—

-~
P A

Uo2 sadiun asseably. It was built by a 360® sector substitutian ocut A
Oonic zowe uranium core, Jdda 9C-1, that had aporoximately the same
goemetrical and neutronicfharacteristics.

une of tat taree different central gonés with 'dirty' plutonium
(plutonium witn about 20, of 240?@ in its isotz opic vector, substituted ir
ta the reference Corc 90=2 was a 'Cezane' ., -, 80 liter zoww wita doboa
plutordun Qnablcu the construction oi =~ zone siimulztine A carbide lucl

reactor envirouiént, The subgtitutian assembly was called Siadil 9C-2/C.

. second centr:l zone called ’Fli-zone' =43 also substituted io toe
reference core 9C-2, This zone of 80 1tr. size contzined dir;;y platoaiun
metal of JmBRA stock, ccabired with Ft’rQO5 to sirulate oxide fucl. Liic
assembly was called Sibui 9C-2, G, keactor dimersions ard atom.

densitics for tae v mxdel wre taken irom &Lci, (9.

3.4 Paker wodel

IMnis is a calculational wodel for = 'standzrd' Tosctor in one
dimension which was developee at the suercstion of the Igo, for
commarine calculgtions of parametirs detzrainin~ the criticality anc
couversion z-atioUO/. Tae mublicstio. of this coapsrison in 1971 servea
acs 1 stimulus to int-riatianal co-opirastion in the fi=1d of fast
r&actory physics. W& nave arnly.sﬁd oly Qe of the taree variante in
=59 2385, 1. 1975

the Institute of Faysics and Pover En~ineerins at Ubrinsk, USSR, apiroi-

which the fu=l in the core cousists of only s and
ched 13 muiber of laboratorirs with the proposel taat tiasse calculations
be repeatea,usii.~ the specifications proposee in nef.(11). Tae
conpJisitian aid ulmensions of tne mcuel, for our analysis, have been

takern from tne muw reicrence,

3,5 NeaCRE/Iaka Benchmark

'lhe purpose of the Intermatianal comparigon calculation of this
. - e - . . .-
bernchmark was to {focus/the variatiou in parameter valucs, the desres

of consistency amone the various parameters ana sclutians, ang the
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icentification of unexnected rcsults(”.

‘This intcrritional compirison.. <oxerxcist mms the tirst one siuce
the sv called '"Baker .,0del' coaparisas of 1970 which focussed on bre-alie
ant neutroi bﬁlaxléc. It als> was the first comparison for 7 laraw
'comuercial sized! Ll BR systed, the first coaprencnsive c tapirison
between the current acjustea data sets (eq. ¥ALS aud Cabvavai~III « IV)
Wi the unaejusted svis (€.oe LoDF/B-IV) anc his bedrn the ..0st
couprehersive of suca goxnm‘risons includine~ ~ nu~bsr of paramcters not
inclucea in previous coripirisons (€.e. cutrol rwds awnd certtin safety
parazaeters). The bencardizk reactor specification vas basce on 2 3260 it
coventional riixed oxide dusienn vith 2 0.30C i.ch pin size developid at
asLl in 1975, 1% :ay be noted that the reactor aesien 1xuel for ta-s:
benchmark calculaxtions has sienificantly lowr cunrichuceris ((~ 10% :.d
13% fissile R in the tvo core zoucs)thar prosiht couaercizl conver.zioual ¢ore
desions (~14% and 18% for Susth-rdw X I) «hica arc bas=d on snller fuel
pius and lower fuel pin iuwventorics and {uel voluse fr-ctions. Inteeral
experiments in a hicher enrichment ranee (irom 12% to 304) have becn
useC to create and validate the current ad justed libraries. In tais
respect, inteeral experiments correspondin~- t> this 1ower enrichment
ranve ( < 12,) could provide uscful complementnry inioraation. pDae
bencihmark model ‘ms set up fa &, o odRlin~ vivn specified. homoeun: ous
COmpOSitiOnsI\B) {or exch reeian -:f;..thc‘ resctor. The care height wg
40 inciacs (101.6 cm) -nd *ae radii of the inner aud outvl COTE Te~ionLs
wers 13€.35 c.. aud 176.53 cm, respectively. Tac core volume fractious

vere 471, for fuel, 33w for totai sowium md 215 for total stractural.

Wiltioroup Cross Section Preper-tion and Calculation Procedure

In the present awnalysis - have adownted the saicldine factor
1pproach primarily cue o its socewu wid wasc of application. Tiis
metndd suffeis Qowever fro. one cisability; the cross section intesr:tion
for 2 mirticular iswutonc uoes not reflect tne cuereoy deoerdence of tae

12
other crose sectious in tne mixture( ).

S . : (13
Me cospater code LFECRUSS gSc-.-‘Eh-51d( D)) ms-used tO oeerate

nomoe:NwOus 218 composition d¢uwident €cxoss sectiols for core and

RV
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blanket reeiops. ‘Mii codé takws Cadarche Urosc Section Library
(Version II) asz inmt and ovuerates cross sections in 25 oroups tauii~
accow.t 0f the resorace sclf shieldin~ of heavy eluients approxiL.ate1;
at wide scatterine resouances of the liesht materials., This clisrey
oroup structurc has sufficient detail a2t low enereies to =fford

accurate coaputntions of aatérial worths and Doppler vffect.

sThe crogs gection orocessine cade RbCimu,.‘(M) has been used
for neterosencusly shieldcd cross séctious., This code hias two paots.
In the first part the heteroeen.ously shielded cross sections :re
calculated for the lottice employlir Touc's m;tnodmﬁ), in which but u-
growmd cross stction, used in swlf chieldine factor metnod, is moaified
usiue collisia: probebility equatia., for cach isotope arc re-itu of the
Iattice cell. . subsequert calculation based 2n tne solf shiclcii~ Z-Czor
@ethov rill eive hetoroseneausly shiclded cross sections for all the

isdtok s present in tae lattice cell.

In the second psrt of eChduw, usine the crosg sections
prepared by the first part, cell eisenvalue czlculation is otrforied
to obtain tne flux distribution for spatial homoeenization of crosc
sectiong for the lattice. Same flux distributian is also used for

(16

‘metnoc, The directiounl collision probabilitices are ceolculated usine

computin~ the anisotropic c¢iftusia: coefficicits usii:e the Benodist

periodic boundary conditia for plate lattices for use in the Binoist
formula, Ihe calculation for the cylindrical celle is basec o thc

(17).

recent formulatian of Bzroist

Usin.» theése cross sectione irn the B -~ diffud o-cusi-
perturbation theory coce mi(ﬂ's’ 19) eigarvalues and fluxes etc.,
were calculated for the srherical models of critical isseubly 4H=6-7.
Both homoeenaoxs znd heterosene ous Cross sections were oenerated and
used. The spherical model is expected to iutroduce approximately a
0.1% uncertainty in kefi accordine to the CSEun benchmeIk speciii-
cations.

baker wodel calculatins were 31s0 pérformed usine 1b-diffusion

code L DE. The cell averared crogs sections and anisotrocic diffusion
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~

coefficients were used in conjunction with 2 U diffusion theory code
(20,21).
ALLand S

dowever for SBak 9C-2/C, althouch we used the same D ccode but e

- 7. option) for the cylindricel nodel of 4FEK=:.

employed ouLly tne homoo€neous cioss seéctiong  Swee is the case ith

Subdn 9C-2/R04 assembly.

Soue of tiv L.portant features of the asseablivs alalyzea are
presented in Table 1. %encrally 1 and 2 cuis meshes have been used in the
core . aud blanket ree~iong. The exact.'nu-:nber cf .1esh points used for tae
different -assenblies are eiven in Table 2. Llor the saherical niddels

used there is g blrnk fa the meshes in the 2 direction.

Soie isctopes like sulmiur and phosphorus were neglected
or weroea with other isotopes to maxe up for the noan availabiliity of
maltioeroup data. .sli;c;o ‘s cacentrations rere sdcec into those of
copper t0 obtain the comparison with sRf& valueg. e was sirzlatec
vith U and Ti with Cr after checkine their oroup cross sections fron

ABBI sxa't(22 / .

Results of Benchmark Calculations

e values of calcula ted k,jﬂs for the six kepchmarks ~nal: ssd
. <

are suanuzrized in Table 3. Comparison of calculasted ard experinental

values of reaction rite ratios at the core centre for SMEAK 9C-z/C

assenbly is prescutea in Table 4.

bvaluatix of calculated kesults

2.1 Lnzlysis of .aultiplication Constants

(23)

The earlier diftusion calculations and the present resaltco

~»iven ir Table 3 s10v that tiae cross sections and compatine n2thods

used here are satisfactory in computine keﬁ for core sizes upto
3500 litres havine noxmal Pu02 - U02 fuel and the naxiaaa uncertsainty

is atout 1%. Ths mean value of k calcalated by us 1.004. 3Since

effs .
= . 2
there is » lare= scatter in ke s simple cnan~e in of 5931 ~ould

ffs
ot remove the dscrepancy.
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Tor hich ‘40;% core SMLLK 9C-2/P(Z the discrepancy is abaut
. . . 240
2%. This may atleast partially orieinate in crogs sections of A

and higsher plutoniun isotopes. This #ives an indicztion for tne nced
to update tae hicher plutonius isctopes cross seéctions inm our library.
This observatiau, howsver, Goes not sguare vithalrost neeligible ((.25)
discrepancy in the K p- for SNaK 9C-2/C asserdly which also contains

the 'dirty' olutonium.. The reason for this contradiction ic not known

Yela

is ramrdg the larger discropancy in the keff for LaCRF
benchoark it may be attributed to the cross sections of structural
materizls bcécauss the wain characteristics of this assemnbly are nigher
structurszl fraction and a very laree corc of zbout 10,000 litres. It
is 2180 possible that wur adjusied st necds uplating for the cross
gections in the ilower energy rigioun, There is a clear need for farther

analysis to obtain tne definitive conclugions,
6.2 snalysis of tne Cei:tral Keaction Rate Ratios in ShEdK 9C-2/C

Resulis in Table & ghow that the reaction rate ratios 2re unioi-

ful

predicted in gcnmeral. This Observation holds for the correspuncine iy

valnesg also.

. ) P » . 238 . 235
The averzec fission crogg s=ctions ratic of U oxelative Lo T
gives valuable iwnformgtior concérnine the fraztion of the tital neuvtron

~

. , 238 s .
flux havine cuereoy grenter than the U toreshcld. The diser-pars:
of 14% in this r2ti0 sicscgts that part of the discrepancy .ay deé

caustC by incorrectly cziculzted spectra.

65 all the ratioe are uncerpredicted we may doubt the

cregs sectiong waich might eive betier resulis 1f decreassd. The 24tiv

238, cr 2 ,
the capture rzte in U to the figsion rote in 3SU uerEsts tnat
: 23 .
captur. cross gectimms of U if increassG may eive better rusults but

may l-ac to mors discrepancy in the k(ﬁ

is underpredictel by 10,..

of

=~

Uia

i8

Ca 1cu1:\ti ons. The rz ti”‘é’c"i/'csf
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The ratio of sgg/él S is underpredicted by 6% which tay inuicate for
TS 239

increase in fission crioss sections of Ri. This in conjui.ctizi =itn

233 .
increased capture of U may still keep the keﬁ ir. balance., Her:
algo there is a need for furtner cclculations for differcnt assewblii e

in urder to get the pirspective,

T B T ey
T« Conclugions
Qur results are in reéasonable asreement, for k calculnti .ng,

: ef:
with the results obtained by indepencdent datz and cote systom by tn2
. . 240 : :
French, german and U.S. teams, except for hisqh ' Ri cures rhere tae

discrepancies upto abwat 2% are noticed, The aiscrepancy in reaction

1/

- A . - Yy . . . [<
rate ratios uptc 15% is Observed with our-cross section llbrar:,'\ .

B i, - . R
The present study has nichliited the need {or further anzli;sia
in more detail includinz reaction rste ratios, central reactivity wmerthe

in 211 the criticzl assemblies studisd for which these data are avoiladl..
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Table 1

Criticsl gssembly Charactéristics

Assenbly Tisdile Fertile t¢ gppro-
fucl Tissile xirate core Cuinents
ratic v.olune
o uwres) L L. -
SiwedK 9c-2/C P 3,78 240 For gimulsastine carbifs‘e
S fuel
SiwAK 90-2/F® R 3,29 270 Hiodh Pu 240 (20%)
BAFRR wodel B - 6.53 2500 Zero structural
fraction
42E-54 £ €.52 2500 CRER Eil Prograa
LH-6-T7 © R T 645 3100 L/D ~: 0.9
Lab /NEACHE R 8.74 9943 Hign structural
fraction
Table 2

a8sCubly o, of sivgh Peinte in tne
R X o @irsction

Siwak 90-2,C 52 x 45
Swdil 9C-2/ P8 50 x 45
BaslbH wadicl 100 X -
arda54 36 x 52
LB =T 96 X -
Labi /neaChiid 25 x 58
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Table 3

Comparison of Calculated Values of k\ﬁ of Critical

Assemblies

Agseubly siodel of k Suarce

__________ calculation eff

SmdK 9C-2/C 2L-Diffusion 1.0039 Present Calculations
1.001 Jeasured Value

SMEAK 9C-2/ PG 2D-Diffusian 10,9877 Prescnt Calculati.ns
1,005 1 Karlsrune set (Refe9)

Bagh wmodel 1D~ Diffusion 0.9994 fresunt Calculaticns
069992 CamdavVal IV (Ref.24)

4GPH54 - - 2D-Diffusion 0.9968 Iresent Calculations
0.9876 EWDY/B-IV (hef,25)

LGR-6-7 1o-Diffusion 0.9979 Pregent Calculationes

' 0.9917 ENDF/B-IV (hef,26)

TABA /NEACR P 2p-Diffusion 1,03216 fresert Calculations
1.0212 French set (Ref.3,
1.0223% U.K. S¢t (Refo3)

- e e wm wm 4m e e e e e e e e e @ e e e W W e W e W e = m W e e e = e -
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' Dable 4

Comparison of Calculated and Experiacntal Valuvs of Keaction sate

Hativs at the "Core Centre for S:udK 9C-2/C asseubly

Cross Szction hLiatio }preriment' ¢/t c/e
at the Core Centre Frosent KIE calculationg
calculatias ref. ()
’T"i's/ .C‘T‘fsl 0.04445 0.8648 0.9%72 (049154 )
Try/0L 5 T.114 0.9433 0.9472 (049592 )%
“ts /o5 0.1333 0.9073 0.9715 (09640 %

- e e s B = e e = e

+ In brackects are v



Shieldine Benchmark experiments and analyses
R.Indira, A.X.Jena, [, P.l;i1rthy, R.Shankar Sineh and R.Vaiéyanathah

Introductian

we present in this paper, our analyseé of faur shieldine
benchuark experiscuts. The analyses have been -done with the computa-

tional techniques and cross section data available with us.

The beénchmark experirents studied are relevant to fast reactor
shield gtudies. The first bemchrark studied is that of fgsion source
neutron transport throush orathite. Tae measurerents and our eomputie

tions with one oiumensional transport code are presented in sectian ¢,

The second benchsiark studied is the fast neutran transpory.

L . ) ) Y
" throueh sadium. The experimental set-up and conputations usine .ohde Caglo co!

1.0

are pres=nted in section 2.

’ seétion 3 details the eicperimexlts_arzd our computations for
neutrou transport thraueh iron shields. Experinental details and
conputation usiue albedo ionte Carlr'o ﬁiest-hoci, tor neatroaus streamins

thraach multilewred ducts are presented iu section 4.

weutron transport taroush erathite,

_ neutron transport through a S0 cm sthere of uvram-itel, with a
ceuntral sphere of 4.45 cri raaius, havine arn external neutron source
orieiva tin» fro. borbarduent o deplétéé 'ura“niurrz by fast electra.s, -
co.stitutes the bénch_ ark -problcf-..;. Tne neatrou soectrum was ue_a'su:ced_.
at 20.3 and 35.6 cm.. In addi tio. to measurerent s, carlier f;:alculatiqns
using soments method, aonte Carlo (GBR ) and 5 me._tvh'dd‘ were a_Y_a}lable(1).

Calculations were. made by us usine VTF.IV ad DLC'-_ZV'_'c_ross sectian

with P, - expansiou for scatterin~ cross sectia:. To ascertaln mmerical

3.
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calculation with 1 cmand 2 ¢m

accuracy, 516 calculations and s(3

spatial uesh wid tas were uade,

A4S tne u€asureseuts are not i a readiiy coriparable form,
comparison is «ade with Bk caleculations, vhich agre:z vell with mecasure-
ments. The OBE calculated spectr.n and the spectruii calculated by us
aré presented in Table 1. The a~rceément is oenerally godd, except in
the region of 10 to 14 .eV, wich céuld be attributed to discrepancy

ir. crogs section data.

[

ieutroh. transport throush bulk sodiun

© This exoerincnt was Carried out at the tower snieldin~ facility
o UL, with “the the collimated neutron bean from the reactor, asthe
source. The incident neutron spectrum peaks i the €.vToy Yanee 2 10
3 ueVe Tne beam is incident normally au the flat circular face of au
M cylinder. of eleven feet dianeter, camtainine solid sodiuw., surrowd-d
by a concrete collar. The reasurements were rade usine Bornerball detec-
tors, mhic';x ére sherical BF3 proportional counters surroundec by polye-
thylene with a: outer chell of Cd. The boruierballs have responses p-akine
in different eneroy recions andhence proviade oood gpectral indices of the
transpitted neutrons.hef .2 ~ives details of the experi.euntal set up,
weasuresents, BJxlzlerbaf_Ll detector resnonseés and uncertainties in the

measuremnernts.

Tae berconark experirent was slimilated by a Jmte Carlo code
developed for tiais purpose variaticc reductia: dewices such as kussian
koullet, wei-htine by na.-absorption probability wereused. e inter
COlli‘ssim’di.s‘-tahce was sanpled froun a biassed exponential density
function. hext event estinatou was used 10r scorine the transuission - —-
at detector points.. Lul-2 hundred oroup crosssections with P’3 - leoez_dré
expansion for gatterine cross sectiwn, was uged. Samplitie of the scatterine
anele wms don€ usine the equiprobabllity -roup method, Transmissions throush
2.5 fect thick sodium and 10 ft. thick sodiun were simulated. Count rites for
€ie.t bonnerball detectors werc obtajncd. Letails of the simulation and

extengive results are eiven in kef.3
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The Bonnerball count rates at the detector point 24" behind
ten, fewt sodiuy, on centerline are given in Table 2., The :weasurec couwt
rates and tne count rates obtaiued by others with calculation by
kSt and DYT are also.preseuted for conmparisay, It is found that-the
deviation of the simulated cowtf§rates from the nieasureneuts are well withic

the quoted uncertainties of + 40k in the rieasured values.

neutron transport throueh iron giields

This benchmark experirment vas performed in the vertical
experiuental colugn of the fast nsutron source reactor ‘x‘A;uIM). A
70 ca thick, 94 cm2 iron shield was ussd. The shield was rlaced an
the auter lead reflec for and. ms surraunded by heavy concrcte wall of
the vertical colu.n, The neutron and ~amma distribution in the shield
were measared usine threshold activatian detectors In, .1, 4l, ‘.irr,' Fe aid

YATH sardes WM resorance foils A s W, ana Co aud TLU.s.

The analysis of the experiments were perforaed usin~ one aud
two dimensiaqnal discrete ordinate transport code Anls. and Twolndw, The
bUnLIB (100 + 24 energy oroup structureé was used, in the 1-D caleulatix

with P. approxiration for tne scatterine cross section,

5

WwrI analysis was done with DIC-37 100 »roup cross sectian library
arnd DTF code. The one-dimensional calculations mouel used is showm: in
table 3. 60 cm bucukline was usedthrousnout the calculations. Reaction
rates measured and calculatec¢ at the inner surface the shield are wiven in
Table 4. The wmeasured aud calculateu reaction rates for Inﬂs(n ;1‘)
aud 4 197(\’1, V ) reactions irn the iron sielc are presented in Table 5,

It is geen irou table 5 that In reactix rates . are predicted
better thau that of 4as . Tiis may be due to the fact that vhile the
&iwes are predicted well i1 the iast reei.n, thetherial rneutronsg have a
scattered contributiau that éeviates from the caitributian ~iven by the
buckline, $50 two dimensional calaulations are expected to predict thegse

reaction rates better. e o
. N LT - [
T
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Theral neutron streaxinethrouen multilessea ducts

The exmrimernt consists of weasurenent of streazmine neulron
flux, in a stizieit, tvo-lesmeud andtinrec-lee~ed s uare coucrete dact,
The neutron s-urce was the collimatcs reactorneutron beam froz the dhww
tower saielain~ fz3cility. Tie details of the experimental set-u. 2.0

the measuresierts: 1r€ ~iven in kei .5,

‘the rncutron stroaudnie thraish square coucrete ducts was
sirulatec by us usi~ albedo ,oute Jarlo method. The thernal ncutron
suffer reflection 2t the duct walls, with the laws 0f reflection ~iven
by the differential 1lb-do data(e) for the thernal neutrons. Lejectiun
tecnnique vwis usdd i saipline ta¢ reflectec peutran direction. Variaince
recuction devices sacn 3s iiussian Roaullet, Splittine, and {orward tiasgssd
ciensity functixn for tne reflectec polar were employed, Detalls of the
onte Carlon coue anc the simulation can. be found i hef.7.

the strez-in~ neutron fluxes were coapated at various poiunts

-2dou~ - the duct centerline in the case of straisht, two lcescuarc warec

lepred quets. The simulatedneutron fluxes are coapared witn the efiguzel
1luxes in Table 6, Jomparison is faund to be c0dd in emenexral. Calculscion
are found to undernrecict tne fluxes at aose points close to the exit < T
duct, 'Tae hieaner flux iu the case of measurenents could be aue to the

ueutros enterii~ irom the e€xit fice of the duct.

¢onclusions

e benc.iiark experiments on neutrun trarsport throu- soc iu..

cilron and eripnite id neutron streanin~ tarou-sh concrete cucts have deen

analyseds. In tn€ cise of trawnsportthrou~h sodiu.:, the corparison is f aunu
to be ~necrally o00C;, tius validatine the variance reduction sche.oes
cuployea in tne .onte {arlo code and the cross section data. In the c.se

of triausnort throu-n ~rgphite, the com arison is ~ood, inn the €.erey re~ion
below 1 .eV, whicn is tne re~io. of i.terest tous. I tile crse of neutron
triLsport tarluch steecl, the disciepancies fomd have beern attriputed to °
cnolce of bucklin~ aughence two=timensional calc@lqtious aTrf TeCOw1Eni=Q.
The 2lbeuo .onte Larlo .cthod and the albeao aata have bee. foure to be

safficiencly evod it < sti.cstine the streazine~ ther.al neutron {luxes,
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Table 1

Comparison of necutron Spectrum in srathite

Lneray Listance R S3 P3 S8 P3 S1 3P3
Int:rfral T 2cn acgh. 1 cm mesh 1 cm mesh
in LCV
24T = 408 20,3 2.799(=10) 2.961(-10)  3.0.7(-10) 3.056(-10)
5.6 2.52(=11) 2.643(-11) 2.776(-11) 2.314(=11)
W08 - W43 2003 1..59(=10) 1.5245(-10)  1.569(-10)  1.575(-10)
35.6  1.G43(=11) 1.454(=11)  1.52 (=11)  1.543(-11)
43 - 1B 2003 6.583(=11) 7.089(-11) 7 .263(-11)  T.277(=11)
B.6  8.202(-12) Tadb (=12) T7.77 (=12)  7.901(-12)
1.3 - 2.02 20,3 3.115(=11) 3.3T1(=11)  3.444(=11)  3.246(-11)
35.6  3.086(-12) 3.688(-12) 3.818(-12)  3.893(-12)
2,02 = 2,73 20,3 1.534(=11) 1.609(-11) 1.65 (=11)  1.652(-11)
5.6  1.993%3(=12) 1.695(-12) 1.767(-=12)  1.903(-12)
2.73 - 3.01 20.5 7.321(-12)"7.239(-i2) T.489(=-12)  7.552(-12)
%.6 6.7 (~13) T.064(-13) 7.336(-13) 7.579(=13)
3.01 - 3.68 20.3  5.352(-12) ..734(-12) ..927(-12)  4.95 (-12)
35.6 5.653(-13) 4.867(=13) 5.018(-13)  5.21 (-13)
3.63 = 4.07 20.3  4.056(-12) 3.779(-12)  3.873(=12)  3.891(-12)
35.6  5.909(=13) .182(=13)  5.3.3(-13)  j.4u6(=13)
4,07 = 4.97 20.3 3.022(=12) 3.197(-12) 3.261(-12) 3,262(~12)
3546 3.993(~13) 4.029(=13)  4.12 (-13)

3.995(-1,)

it S
(0

(o Y



Tavle 2

Borrierball Count iates at 24" behind ter feet sodium (Cuwparison

with exoceriricnts and other calculations)

Detector Code Couu:t rate Devistios iroo o xot.
cd weasured 196
Present czlculation c.ed (+ 13.2%) + 14.3%
LUl 1,33 - 16.9%
LS 1.66 - 15.3%
3u weasured - 17.3 . -
Present 15.4 (+ 21.6p) - - 11.0p
I 15.5 - 10.4;
wdh S - . 16.4 - . - 5-2‘/;
4 «€asured 25.3
Present caleculation ° 20.8 (+ 33.95% -0 1/.8%
uJP ‘ 21.4 - 15.45%
sl Oty 23,0 ) - 9.1‘/01
5n w€a sured . 22.3
Present calculation 135 (+ 11.5%) - 12.60
TUD A 19.8 ' -11.295
wlh Sb . 21.0 : - 5.8‘/;
6" «asured 16.7
Present calculation 14.5 ( +10.3%) - 13.2%
Dur 145 - 13.2%
uﬂhsﬂ ) 15.5 ) - 7.25’\:
3" leasured O 7.61 . A
Present czlculation 6.39 (+ 9.4:) - 16,0
LT €.51 - 14.5%



Detector gode  Count rate Deviation fxron vxnt.

0o .i€asured 3.01

Present caleulation 2,59 ( #8.2%) - 14.0p

LT 2,44 - 18.9%

B 2.53 - 15.9%
12n wi€asared 1.09

‘ Prescat calculation C.86 (+ 8.3%) - 21.1%

DoT 0.89 - 18.%%

wlUR S 0.89 - 18.3%%



SS
Iron+void
lead
Iron
void
keflector
Void
Blanket

Truel

whaterial

Table 3
ne dincnsional Oalculational .iodel

11
11
a1
1

10

4one no.

120.45
109.75
05.15
69 .75
50-45-
48.45

36.T5

32.95

270

26.0

. 18 046 ,.

16.66
6.27
0.0 -

Distance
(cms)

0973

1.0
1.0
0.965 |
1.0
0.35
9.995
0.875
0.85
9-9425

0.9

- 0.944

0595

Jesh ultmal



Table 4

sicasurcd and Calculat.d reac tion rvtes at the inner

surface of the shield ( at 2KW)

™ e e wr ew @ W mr e e @ e e m mm M o s s e W mm mr e e e e e o e M e Em e = m @ W W m e e = e o w w

Fenetion  knened sco AnISN=" 'Cgl%‘l&%qgjgi"SSC:DTE‘- T 7 AuIske” T T 7 TWUEE?M*" I v 51U
541"0("’\%') 2.36 4 0.295:-18  1.58-18  6.83.-19  1.42b-18 0,67 0.291 0.60
Pii(u)  3.32 £ 0.2250-13  3.6%E-18  1.565-19 3.5513-13 1.00 . 0u4] 1.07
24,.,;¢( n')') - 3.04 4 0.108£-20 4.86E-20' 2.095_26 4.666-20 1.59 0.637 153
Winn) ) it + 0.288 E-17 4400k~ 17 1.78L=17  4.24e-17  0.907 | 0..103 0,96
Z1(mp). 10651 0,042-20  2.q0E-20  1.055-20  1.845-20 1.63 0,709 1,26
Tal(n =) 7.76 & 1.369E-20 B8.44L-20  3.65E-20  8.5/E-20 1.09 0.1 1410
64&n(..,‘,) 1,18 5 0.259E-18  9.908-19  4.31E-19 1.0 L-13  .839 365, 0.5

COTgu(w V) 4212001 1=13 459E-13 1.09E-13  4.008-13 3.79 .393 343
Ylhu(ea)y(wA)1.214 0,1 E=13  4.58E-13  1.096-13  4.008-13 3.79 0.893 3.3

* Japanese calculations
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Table 6

Tr-raa]l ncutron fluxes alour the duct centirline

e e e w oe ® m W m E @ W W E wm W e w e s ™ B em w W am W > & W™ e = = = -

ieasured.

distauce
alone aguct
centerline

1lux

our

calculation

Leviation
irou ¢ .Xpt .

- e m e wm A o e @ ®m m m e ® e W e W W M W w o Em Em wm W e W ™ w m wm = "=

TwO luemed
cuct

Three 1< encé

auct

151
21!
271
335!
41

ded
55
1.09
2.9
8.7

2.22

Gect
5. 15
1.05
2.85

€.25
3.01
1.25
€.23
374

o4 Zs!
05135

1.975
(i
2.13,

5.6:%

0.23%
0.9 1%
3,675
1.72%
5 .36

3,095
e
15 .5¢.
16.7%
15,05

QJ“?L



FISSION PRODUCT DATA REQUIREMENT FOR BURN UP MEASUREMENT IN A FAST
REACTOR, -

B.Saha, R.Saikumar, N.Ravi, D.Darwin Albert Raj and-C.K.Mathews
RCL, RIC, Kalpakkam 603 102

Abstract

Burn~up can be determined most accurately by monitoring a
suitable fission product isotope or a group of isotopes. In FBTR
burn=up h:s to be measured in a driver fuel, test fuel and blankets.
In other words, this means suitable monitors hsve to be identified
for fissile gystems of different nature and composition. For thermal
reactors 148Nd is the best available burn=-up monitor. For fast
Treactors 2 combination of rare eartn isotopes is under consideration.
Tac cerrors in burmp measurement on account of fission product data

uncertainties are brought out in the paper.

In sddition to total burn-up, onc needs to kmow the ccntri-
buticn from individual fissicning nuclides towards total fission. For
a2 fast reactor, this can be determined most accurately by monitoring the
ratio of two fission product isctopes, which change significantly from
one fissioning system tc the other. At present the fast fissicn yields
are available with considerable uncertainties waoich hardly permit -ne
to have a suitable combination of two isctopes that can be used to
monitor individual contributions within ¥5% for a bi-fissioning system.
In 2ddition, there co.ld be an additional error in using the reported
Aats because the ratio which would be appreciably different for different

figsioning nuclidcs might also be neutrun encrgy sensitive,

T™¢ paper ocutlines how some of the problems cculd be overcome
by irradiating sure fissile isotopes under identical situations for
meaguring the yields of momitor isotopes for 311 fissioning muclides

240 241

in general and for Pu 2nd Pu in particular, for which the

reported uncertainties are quite high.

L
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EVALUATION OF THRESHOLD REACTION INTERFERENCES IN
REACTOR NEUTRON ACTIVATION ANALYSIS USING (n,y) REACTIONS.

S.Yegnasubramanian and S.Gangadharan
Analytical Chemistry Division

Bhabha Atomic Research Centre
Trombay, Bombay 400 085,

I. INTRODUCTION

The estimation of impurities by (n,y) reactions in Reactor
Neutron Activation Analysis can suffer from the presence of the
high energy component in the reactor neutron spectrum, which can
produce the same product nuclide through (threshold)-nuclear reace
tions with the other elements constituting the matrix. Theoritical
evaluation of such interferences requires knowledge of the excita-
tion functions and the neutron spectrum in such details that it
6till remains not "quantitative" for analytical applications. The
ultimate interest in analytical estimations is the "yield" which
is a convoluted prdduct of o (E) and ®(E), integrated over the
entire neutron energy spectrum of the irradiation position.
However, characterising the irradiation positions of the reactor
enables the activation analyst to have an awareness of the extent
of hard component present. The experimental measurement of the
fast neutron reaction yield improves the accuracy in the analy-
tical determination by the (n,Y) reaction, However, this fast
neutron component itself can be used with great advantage in
analytical estimationé, as in the case of titanium through scan-

(l)and ite application to the esti-

dium by the (n,p) reaction
mation of titanium in steels(Z). The primary objective of the
work reported here is to characterise the irradiation positions

and evaluate the extent of interferences from fast neutron reac-
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tions to reactor neutron activation analysis using (n,¥) reactions.
II, CHARACTERISATION OF THE IRRADIATION POSITIONS
II.l.Thermal (sub-cadmium) neutron flux :

The configuration of the APSARA reactor core at the time
of these measurements is given in Fig.l. The positions that are
characterised are those that are most commonly used for irradia-
tions. The sub=-cadmium flux was determined using the thin-foil

technique(3)

. Most of the measurements were performed with highe
purity foils of cobalt/aluminium alloy containing 0.1% and 1.0%
of cobalt, cut into discs of 8 mm diameter (thickness: 2 mil).
The gamma rays from the irradiated thin foiﬁwere measured on a
large volume (50 cc) Ge(Li) (and/or 7.6 cm X 7.6 cm NaI(Tl)) detec=-
tor at reproducible geometriés. The detector was coupled to a
ND 2200 pulse height analyser. The detection systems were cali-
brated for the absolute full-energy peak efficiencies using NBS/
IAEA reference sources. The neutron flux was then calculated from
the nuclear data given in Table l. In all cases the sub-cadmium
(thermal) fluxes were obtained after correcting for the epi-cad-
mium contribution to the foil activity. Using the data from
Table 1 for cobalt, the flux values for two in-core and three
out-of=-core positions of the APSARA reactor , measured , are
given in Table 2.

(9)
II.2, Fast neutron flux :

Preliminary investigations regarding the hard components
of the reactor neutron spectrum were provided by values of the
cadmium ratios defined as,

Cd ratio : (sub - Cd + epi = Cd)/epi ~ Cd neutrons

+ bare foil activity at zero=time
Cd covered activity at zero-time
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TABLE I.
(4-8) —_—

Nuclear Data and Target Descriptions for the Reactions Studied.

Reaction "Q" <o) E L T Ey $ abun- Full Tar
: . . get
(MeV)  (mp) (:‘fg) g':]ff 12 (MeV) dance of energy and its
i e (mb; Ey peak effi=- purity.
~clency,Ge(Li) ,
%
59¢o(n,1)6%o0 th., th., 37500 5.27 y 1.173 100 0.727 Co/Al alloy
1.332 100 '0.626 foil, 99,9
¥67i(n,p)*%sc -1.6 8 5.5 230_ 83.9 4 0.889 100 1.536 Ti fojl
' 1.120 100 V 99,9
4871 (n,p)*8Sc =3.2 0.21 7.2 50 1.83 4 1,312 100 0.633 Ti foil, ™
S4Pe(n,p)Stun 01 53 4.2 610 303 d 0.835 100 1,570 gg ggil,
58Ni(n,p)58Co 0.4 100 2.9 420 71.3 4 0.810 99 1.582  Ni foil,
. 99.9
83cutn,<)%%o0 1.7 0.73 9.2 5.27y  1.173 100 0. 727 cu foil,
1.332 100 0. 626 99.9
TABLE 2
Thermal (sub=cadmium) flux measurements (in units of 101?25, cm~2, sec"1)
Reaction Irradiation position
Al A7 cs ES D9
$3¢o(n, ¥ 2.6 2.7 2.1 1.3 0.2

)SOCo
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All cadmium ratiom were calculated using lmm thick interlocking
cadmium covers. As an example, one of the in-core positions, Al,
offered a value of 17 as supposed to a valud of 30 for a D9 pd-
sition.

Five different nuclear reactions have been used to deter-
mine the integrated fast flux with effective threshold energies
from 2.9 MeV to 9.2 MeV¥. The metallic foils (8 mm dia, 2 mil thick)
of the elements were irradiated in the corresponding positions
simultaneously for a period of 24 hours.

The nuclear reactions and sample materials used for the
measurements as well as the nuclear data used for calculations
are given in Table 1. After each irradiation, the gamma rays of
interest were measured on the same calibrated detector and the
fast flux calculated using the nuclear constants. Cobalt/aluminium
alloy foils were used to monitor all the irradiations. Several
codes are available in the literature(lo)for the unfolding of the
foil activation data; however, the procedure adopted is the one
similar to that described in ref.(11)

Table 3 summarises the results of these measurements,

TABLE 3

Hard component of the neutron spectrum measured through
' threshold monitors.

(in units of 101%n.em~2,sec=1)

Reaction Eesg G;fg
(Me (mb Al A7 ce E8 D9
“8pi(n,p)*8Sc 72 50 0.07% 0,084 0,071 0.046 0,014
461i(n,p)*6Sc - 5.5 230 0.480 0.417 0.362 0.230 0.066
S¥Fe(n,p)S%Mn .2 610 1.96 1,95 1.22 1,19 0,130

58Ni(n,p)58Co 2.9 1820 3.06 2,83 2,45 1.57 0,357




-5 -
The values based on SsMn(n,Zn)S“Mn and 115In(n,n')llsmIn reactions,
with E ¢e 10.3 and 1.05 respectively could not be provided as the
samples got &amaged in the packing. | a2
III, EVALUATION OF THRESHOLD REACTION INTERFERENCES :

Table 4 gives some typical reactions Qf analytical interest,
the interfering reactions to those estimations and the relevent nu-
clear data. | |

TABLE u

Typical Nuclear Reagtions Studied

s - e v e v o . - - - up - -

(n,¥) reaction interfering Product Ey/P Sample material .
of interest reaction Ty/2 (MeV) and .
yielding the used for its purity
same product measure- S
(Q:MeV) - ment
31p(n,y)32p 35¢1(n,«)32p %.3d 1.7 (B) XCl, GR grade
(0.935) T
45Seln,Y)46sec  46Ti(n,p)46sc 83.9 d 0.889 Ti foil, 99.9°
- , (~1,58) 1,120
SSMn(n,v)55Mn  S6Fe(n,p)°®Mn  2.58 h  0.8u7 Fe foil, 99,9
(2.92) 1.811 -
58¢co(n,¥)6%0 ®ONi(n,p)B0co 5,27 y 1,173 Ni foil, 99,9
L (2.0u) - 1.332
59¢o(n,¥)80co  €3cu(n,x)8%Co 5,27 y 1.173 Cu foi), 98,8'
(1.71) | 1.332
85Rb(n,¥)86Rb Bﬁsﬂ(n.p§85Rb 18.7d  1.077 SrC0,, GR grac
1,13

All measurements, Qxcept on 32P, were done by gamma spectro-
metry. In the case of 32P, which is a pure P\emitter‘, ‘a chemical sepa-
ration procedure was adopted. Phosphorous was precipitated as ammonium
phospho molybdate and counted in a GM counter. To check for (n,))
impurities in these targets, these samples were enclosed in lmm thick
cadmium (interlocking) covers and irradiated. The foils of Ti, Fe, Ni
and Cu yielded no significant contribution from the (n,¥) reactions
while KCl and SrCO3 contributed as much as 10% to the total measured

~activity. All samples were irradiated for a duration of 24 hours



-5 =
except iron, used to evaluate the °%Fe(n,p)S6Mn reaction; in this
case the irradiation was done for 1 hour. The activities of the
irradiated samples were compared with hte activities of known amounts
of standards, all activities being normalised to zero-time (end of
irradiation). The tkreshold reaction interferences are then expressed
as the quantity, in mg, of the element, which through the fast neu-
tron reaction ‘would' produce the activity of the product nuclide
equivalent to that from 1 ug of the impurity element by (n,r) reace
tion. Table 5 summarises these observationg, for one in-core (A7)

- TABLE 5

Few of the Evaluated Threshold Reaction Interferences

(n,¥) equivalents,m

Reaction ' Po:%tion Poggtion
35¢1(nmy32p 0.06 0.13
4614 (n,p)*Bsc | 99 212
56Fe(n,p)S6Mn 6.5 ND
60Ni(n,p)8%0 120 180
83cu(n, ) %%co 500 450

88 5r(n,p)¥RD 26 97

and one out-of-core position (C8). The observations are in
accordance with the expectations that the in-core position (A7)
with a higher fast component, requires much less amount of the
interfering element compared to C8 to yield the same activity

as would be produced by 1l ug of the (n,y) element, except in the

case of 63Cu(n,<=c)60Co reaction, which has a high positive 'Q'value.



IV, SUMMARY :

This type of characterisation has proved to be much useful

in our 'routine' analysis of varieties of samples; for example,

estimation of cobalt in copper matrix at sub-ppm levels , esti-

mation of manganese in matrixes with iron as a major/minor compo=-

nent, estimation of scandium in geological samples with high con-

centration of titanium ete,, This exercise of characterisation

has to be revised to reflect significant core (fuel) changes.
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Abstrects
As & part of the IAEA sponsored Co-ordinated Research

Progremme on the Actinide Neutron Data, evaluetion of § (n,2n)

232Th and 233Th was underteken.

232

end & (n,3n) cross-sections for
All the aveilable experimentel data for Th were compiled,
exsmined snd renormelized wherever possible. A computer code
"SPLINE" was used to fit & smooth curve to the accepted experi-
mentel points, The "SPLINE" code fits to the data points with a
set of cubic polynomiels such that the vslue of the function, its
first end second derivatives are continuous. The present evelua-
tion compares well with those by Meedows J. et el (1978) end vy
Vesiliu et 8l. (1979). As there exists only one inferred velue

for 3 (n,3n) on 232
233Th,

Th and no measured dete for § (n,2n) =nd
6’ {n,3n) on these cross-sections were cesloulated theoreti-
cally teking into account etatisticei a8 well as pre-equilibrium
emission, Experimental evelustion agrees quite well with the
theoretical celculations for § (n,2n) of 252pp,  A11 the eveluated

cross-gections are given in graphs as ﬁell as in tables,



1. Introductiont

A programme hes been initiated to cerry cut date
evaluation for the isotopes of importance for Th-U fuel
cycle a3 a pert of the IAEA/NDS eponsored fo-ordinated
Reséaroh Programme on the Intercompsrison of Evaluation of
Actinide Neutron Nuclesr Data. To start with an eveluation
of thorium isotopes has been carried out. Thelpresent report
describes the eveluation of (n,2n) and (n,3n) cross sections

233

on 22%tn end 227Th.

The dete for the (n,2n) end (n,3n) reaction cross-
sections were compiled from all the sources referred to in
'CINDA' ti111 June 1979 end the data tspes supplied by the
Nuclear Data Section of IAEA. Eech ds*n-s2t wae criticelly
examined and cross-sections were renormalized whereever
necessary and possible, The new standard cross-sections were
teken from ENDF/B-IV file., Each data-set wes essigned with
an appropriate error, decided by the experimental details and
evaluetors judgement. Some of the date measurements are reje-
cted completely. A computer xcode "SPLINE" wes used to fit &
smooth curve to the accepted experimentel date points which s
were weighted in inverse proporticn to the errors quoted or
reessigned in the present work. Thie code fits the data y
points with a set 0f cubic polynomiels, such thet the value

of the function &nd its first and second derivetives sare



continuous throughout the whole range, while only the third
derivatives are discontinuous at £11 the joining points of
polynomials, which are called knots. ZEven the discontinuities
in the third derivetives are not allowed to have abrupt
changes through the use of & smoothing-term in the 'SPLINE'
code, If there are more than one deta point at the ssme
energy, their weighted average was taken es this code does

not 2llow more then one data point at the same energy.

2 !n,Zn} crose section. evaluations

The-(n,2n) data from the following references were
scrutinized:s Batchler et al (1965), Butler et al (1961);
Cochren et a1l (1958); Halperin et &1 (1958); Karius et al
(1976)3 Perkin et 21 (1961); Phillips et 21 (1956); Prestwood
et 21 (1961); Tewes et al (1958) and Zisin et al (1960). It
can be seen that ell of the data svellsble are quite o0ld

except that of Keriue et al (1976).

The data of Halperin et al (1958), Tewes et 2l (1959)
and Zysin et 81 (1960) have been fejected for oné or more of
the following reasonss 1) The data are preliminary, 2) The
dete points are descrepant with other measurements by several
times the quoted errors, 3) The date-set contains unexpleinsable

large fluctuatione not corroborated by other measurements.

The recent 9-point measurement of Kerius et al (1976)

from 13-18 MeV is the only new set which has not been consi-
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dered so far by earlier evaluators. For this date the cross-
sections were measured with the activation techniaue using a

high resolution Ge(Li) detector to count \) -rays. The

errors quoted are about +9%.

The data set of Butler et 2l (1961) is the only one
which covers en energy range from threshold to 20.4 MeV,
Although the quoted errors are 5% (except at low energies
where it 18 24 10%), they do not include the errors in the
stendard 32S(n,p) cross-section. The dats were renormslized
with ENDF/B-IV velues for the stsndard cross section which is

uncertain to ean extent of 10%. PFurther these dezte ere auite

.

0ld and hence to reduce thelr weightege, 120% error was 8ssigned

for them. The measurements &t 12,53, 18.52 and 20.4 MeV were

performed with a2 T(d,n) neutrons and & different technique for
the flux meassurements, Thus they would have to be renormalised

differently for which sufficient information is not evailable.

These points disagree very much with Karius (1976) data at

similar energies and hence are not included in the evaluation.

The measurements of Prestwood et 81 (1961) from 13.33

to 14.93 MeV are absolute, hence are not renormelized, Accor- .

ding to suthors, é&bsolute errors are difficult to calculate.

Quoted errors of +10% are obteined only from estimates obtained

by compafing the date to statistical model predictions. Hence,

s



considering verious factors we have gssigned an error of

+20% to these data. The point at 12,13 MeV was rejected as
it wes measured with 2 different technique relstive to 238U
fission cross section and was not possible %o renormelize as

the value used {8 not given.

The meesurement of Perkin et al (1961) at 14.1 MeV is
g good mesasurement but for us it wns not possible to renorme-
lize it &8s the velue of the cross section for 2(Al (n,x)
reaction, used as his staendard, wes not given. %e essigned en

error of +25% to this point.

The measurements of Cochren et al (1958) end Phillips
(1956) are o0ld and none of their experimental details are
evaileble, our eussigned errors to them were 1251. One deta
point of Batchelor et #l (1965) at 7 MeV hoas also been reiected
as it not & measurement but § (n,2n) has been deduced from

measured T\, .

These deta were fitted with the 'SPLINE' code =t
BESM-6 computer £nd the recommended values for the (n,2n)
reaction cross-sections are the finnl fit obtained usine 20
knots, The Spline fitted 2nd experimentel values sre piven in
Table I 2nd shown in Figure 1. The final evelusted errors
estimeted for the fitted velues are about + 10% except et 6.5

MeV which ie very close to the threshold where the error i= +50%,
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Por 27°Th measured data does not exist. on (n,2n)

croes-gections.

3. (n,}n! cross-sgsection evaluationd

(n,3n) reaction cross sections for 232

Th has not been

meesured 8 the half life of the rasiduel nucleus 230

Th i»s
81104 years which is too large for activation messurements.
However, there is one indirect measurement of McJaggert et al
(1963) where Cf (n,3n) has been deduced from the measured value
of 'rL for 272pp at 14 MeV only, And there i8 no measured
dete for ¢ (mn,3n) for 233Th. Hence these unmeesured cross-

sections were calculated based on a theoreticel model developed

by us.

4, Theoretical Celculationt
In our previous (Jhingan et 81 1978) cealculations of

(n,2n) and (n,3n) cross-sections all non-equilibrium effects
were presumed to be accounted by an empiricsl factor. The

. eelculaetions for 232

Th and 238U agreed well upto 15 MeV while
et higher energies it deviated significently end systematically
ffom the experimentel deta due to the insdequacy of the empiri-
cal factor. In the present work we have overcome this short-
coming by considering the pre-equilibrium effects in the emi-

ssion of first particle. Subsequent particle emissiomnsare

calculated acéording to the statisticel model only. ZEmission
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of protons is also considered but Aonly in the pre-equilibrium
part.

The general expression for (n,xn) y X = 2,3,4 cross-

section may be written as

L -
§ (hoen)= ﬁ’ce.) 1> e[ i el‘)j@ Pdederde ]

&1
where le.: En—~ EB— LZ-EL. 5 EBxis ﬁwwugzhww,
and. € i %Mﬂimm-'gn'w%mm b

For nonfissile nuclei 6;4 K(En) end for fiseile nuclei

O,-M {(R(Eh) (J((En) C\MA, ’Pl(é‘) is the probability

that the first particle is emitted with energy between 6‘ and
(€|+ OLEO end is given by

ol_fpg(éi\) . €. (W(fr) f( h” ‘)
P (€)= +(1-8)
| d“e\ f G (€)- ﬁ(En 5>J£

Here the first term is due to pre-equilibrium and is given by

L {rpete €. 6-W<é‘> |
iif) C;?‘):KTT‘!M‘Z Z ) GH‘D (“ l) QB"‘ - IK.

where ihe symbols have the usual meaning. 3,—- VAL Mev"1

- - -

G in nw Cé‘) ere taken from reaction cross-sections based

on Wilmore-Hodgson opticel potentisl, The squared Matrix
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element [P1\2 is adopted from Kalbach. C.(1978)where it 1is

given as a function of excitetion energy per exciton (E/n).

The second term in eq.(2) represents the equilibrium
part. &£ represents the totel pre-equilibrium component.
After the enission of first neutron, the second one is emitted
with an energy between €, end ( €+ 'cLG_,_) with & probabi-

11ty ‘FBJCE\jgnbciJenl end similarly for subsequent neutronms,

The level density at energy E is given es f(E)m
exp (2/a. E ) where “a’ 1is the Pearlstein level density
parameter and it is lower by a fector of esbout 2.7 for each
nucleus from that of Gilbert and Cemeron &s discussed by
Jhingen et 21 (1978). The effect of nerlecting gamma emission,
particﬁiarly near the threshold, is compenssted by using thel
apparent level density parsmeter given by Pearlstein(l965). A
computer code has been developed for (n,xn), x = 2,3,4 cross-
sections. Calculations have been performed using this code

from threshold to 28 MeV for 13 nuclel viz. 89Y, 90Zr, 93Nb,
1
103Rh’ 107Ag, 151Eu 69Tm, 175Lu, 181 191 197 203T1

’ Te,
2095, .

232

Ir, Au,

and For two fissionable nuclei Th and 238U the
cross-gections are celculated upto 20 MeV., The veluesof ]bﬂ]l
given ' in ref. were increased twofold to obtein & satisfa-
ctory agreement with the measured data., The c:lculations

sgree well with the recent meesurements within 10-15% for all
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the sbove mentioned nucléi.

Thus after testing this model for medium to heavy
nuclei successfully, it was ueed to calculate (n,3n) cross-
sections for 2>°Th end (n,2n) and (n,3n)lcrose-sectiona for
233Th. The fission cross-sections for 233Th are bssed on a
semi-empirical formula proposed by Jhingen et 21 (1979).
Pigure 1 shows the experimental eveluations es well es
theoretical calculations for & (n,2n) and § (n,3n) for
232Th and figure 2 shows the theoretical evaluatione for
S (n.2n) end & (n,3n) for 233n,. Table I gives the

experimental-evaluation velues &t equal energy interval.
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TABLE - I

232Th : Cr(n,2n) Experimental Evaluation at equsl energy interval

Sr. VNeutron-Energy &(n,2n) Sr. Neutron-Energy éf(n,2n)
Ko. MeV Barns No. MeV Barns
1. 6.50 0.002 26 12.75 1.794
2 6.75 0.064 27 13,00 1.735
3 7.00 0.252 28 13.25 1.671
4 7.25 0.535 29 13,50 1.602
5 7.50 0.831 30 13,75 1.528
6 7.75 1.095 31 14.00 1.444
7 8.00 1.304 32 14.25 1.346
8 8425 1.458 33 14.50 1,232
9 8.50 1.566 4. 14,75 1.105
10 8.75 1.650 35 15.00 0.974
" 9.00 1.722 36 15.25 0.843
12 9.25 1,788 37 15.50 0.721
13 9.50 1.847 38 15.75 0.613
1" 9.75 1.899 39 16.00 0.527
15 10.00 1.940 40 16.25 0.468
16 10.25 1.971 41 16.50 0.431
17 10.50 1.991 42 16.75 0.408
18 10.75 2.001 43 17.00 0.393
19 11.00 2.003 44 - 17.25 0.380
20 11.25 1.996 45 17.50 0.364
21 11.50 1.981 46 17.75 0.345
22 11.75 1.958 47 18.00  0.319
23 12.00 ©1.928
24 12.25 1.891
25

12,50 . 1.846
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RESOLUTION OF DISCREPANT (n,2n) AND (n,3n) EVALUATED

GROSS SECTIONS FOR 239w,
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Centre, Bombay 400085.
** Tate Institute of Fundemental Resesrch, Colabe,
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Abstracts
It 18 observed that the existing Japanese, los
Alsmos, ENDF B-IV and Russian eveluations differ by &s much

239Pu(n,2n) and

as & factor of four from each other for
239Pu(n,3n) cross sections. We have carried out a calculation
using the statistical-cum-preequilibrium model for obtaining
these cross sections. The nonelastic and fission cross
sections ere also input to our éalculation. The nonelastic
cross sections ere teken from the Jespenese eveluation while
the fiseion cross sections are trken from the experiment of
Kari end Cierjacks. Our celculetion yields velues similer to

those of the Japanese end elso asgree with the experimentel

results of Mather et al.



2) | Sukhovitskij>) and Kikuchi?)

Hunter1), Prince
have evaluated 239Pu(n,2n)-cross sections. These evaluations
differ considerably ae is clear from fig.1. For example
according to Sukhovitskij maximum (n,2n) cross section is
130 mb, acqording to Kikuchi it 18 about 600 mb which is

nearer to the measured maximum cross sectlion by MatherS).

Jbhingan et a16’7) have developed & method to calculete
(n,2n) and (n,3n) cross sections. According to this model
neutrons are emitted in succeesive steps and after emission of
e neutron if the residual nucleus is left with sufficient
energy, & further neutron is emitted and the process is (n,2n).
Similarly & third neutron is emitted if residusl nucleus is
left with sufficient energy after the emission of two neutrons
reeulting'in (n,3n) proéess. Thie i8 in contrast with the

method used by Pearlsteina)

who essumes that after emission of
first neutrsn if sufficient enérgy is availaeble for two
neutron emission, they ere emitted with a unit probability.
Thus :He overestimetes (n,3n) and underestimates (n,2n) cross
sections above the threshold of (n,3n) reactions. For the
emissioﬁ of first perticle both the pre-equilibrium and the
compound nucleus processes have been considered while subse-

quent emissions sre considered to be due to only the compoﬁnd

nublear process, Accordingly the expression for the cross



section is given as follows:
Em

DY .
‘ dee Qﬁﬁi de
TN =(=R -5, %‘;CE j:mér/’ae %
E - €S\ J Y ‘

where U = 2 stsnds for (n,2n) events end L= 3 for (n,3n)
events. Above the fhreshold competition due to (n,4n) is
elso teken into account. $2(€) is the probability thet
after emission of the first perticle with energy & only
one more neutron is emitted and there is not sufficient
energy for emitting the third neutron. Eg(é) is the proba-
bility of emitting the third neutron when the second residual
nhcleus ig left with sufficient energy. ?Q_ and ?3 are
given as follows: Eo- E®-C

jézs_‘fjozoke’-

o - EucEOE
2 - Em-COV— € C _coz-¢
J s den B
o /626'5/00\.Q2

and -
r‘\>3 = \ —_ ?’l - e EM_EG‘\’G

)

)
T3 and ©O2 ere separation energies for one and two

neutrons respectively. () is the level density and is teken
AU |
2

of the form ~o y U_ 18 the excitétion cnergy of the

residual nucleus end (Q_ 1is the level density paresmeter teken
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from Pearlsteins) which in this case comes out to be

10,750 MeV~'.

é%ﬁf is the term due to preequilibrium emission

and is given by
& m-2

e e & (95 et
—~5;;ﬂ- 20 &2 \vd\<g (; Mm=3

where symbols have the usuel meaning. The last fector S
arises due to neutron-proton distinguishability, g is
single perticle level density =nd is chosen es Q\V?)Mev'1.

The inverse cross section is calculated using the parsmetrized
form given by Chatterjee et a19). \v“?’ is the average inter-

action metrix element and is teken to be dependent on average

exciton energy ( C*W\ ) es given by Kalbach 10)
’Q .
W S (’!m\b C&?‘\ﬂ g <A™
m(«»\—_;s& \ poen £ < T Mev
WG Toen < g <\ ey
(\ »\’, ) Y
LS MaV \ =
. \g \S 'S ey <L

£ 18 the average exciton energy Ellql (:_ being the
exciton number., However Kelbach has given the velue of (_

es 135 Mev3, We used V{' = 270 MeVS-ae'detergined by en



extensive comparison of (n,xn) (n = 2,3) cross-sections in

7)

medium snd hegwy uuclel 7,

For nemefissionsble nueled G”E is zero, for fissi-
oneble nuelsi CV@ is required. A computer code has been
develoned %o calculate (n,xn) éross section including the |
competition due to (n,4n) process, Calculations have been
performed using this code from-threehéld.to 28 MeV for about
% nuclei in the &aas region 89 to 238, However in case of

232 258y iue calculation was done upto 20 MeV as fission

Th and
crose secitions for these two cases were taken from ENDF-B-IV
wnhere dzhe ere glven upto 20 MeV only. Calculetedcross sections
were fourd to 2sree well within 10-15% with the recent mea-

guremer N,

“he¢ metiod can be used to celculate (n,2n) and (n,3n)
croaas wweetlcnz in cases where messurement does not exist or is
. . | | 239,
VEery usor. ““ylnamd GF;)3W\ were cglculated for Pu.
230 .
In ease of “77Pu CTI is nuite large and is about 80% of
ok + Thus oz sccurate knowledge of < end S is

-
i

. o , 11
eggensial. Xery et al ) have meegured fission cross section
12)

239, ... ' .
for >3,y with an accuracy of 3%, Patrick has compared

_ . Q
¢ifferent mersurements on fisslon cross sections on 23‘Pu

and Touné thet Kuri's messurements agree well with other
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measurementa, < g is celculated as the difference of
the total and the elsstic cross sections listed in JAERI13).

Calculated results are compared with the evaluations

2)

of Hunter1), Prince™’, Sukhovitskijs) and Kikuch14) along-

with the measurements of MatherS) in fig.1. The results

- of firet three authors are too low as compsred to our
results. In case of Hﬁnter inelestic aéattering comes out
to be quite large. Even at 15 MeV (ebout 9 MeV above the
threshold of (n,2n) resction) inelastic scattering cross |
section is 52% of total neutron emission cross section.
Sukhovitékij's values are very low. Our reaulfs'agree
reasonably well with Kikuchi's evaluations and also with the
meesurements of Mather. Pre-equilibrium contribution is not
‘considered by other suthors. Below 15 MeV it is not very

signifiﬁant{ The present calculations are estimated to be

accurate within 20%.
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Teble 1

(n,2n) end (n,3n) cross section for 23%%,,.

B W W es S W L WS W e G G P G Gr e G W eh G) G W ow Gh GBS e Gh me WS ar

c n SR 6—(, 6—?1, 2n 6——1_1-,.3n

550 2.78 1.720 0.0

5.75 2.78 1,760 .012

6.0 2.80 1.803 .0889

6.25 - 2.82 1.840 .198

6 .50 2,82 1,906 .293

7.0 . 2,82 2,033 .418

7.5 2,82 2.135 471

8.0 2.82 2,228 469

8.5 2.83 2.219 .523

9.0 2.83 2,219 .547

9.5 2.83 2.219 " .562

10.0 2.83 2.211 .579

10.5 2.83 2.219 .578

11.0 2.83 2.219 .582

11.5 - 2.83 2.211 <593

12,0 ' 2.83 2,203 .603%

12.5 2,83 2.228 . 580

13.0 2.83 2.270 541 .0004
14.0 2.83 2.330 0459 .026
15.0 2.83 2,381 .342 ,095
16.0 2.83 2.380 . 255 .184
17.0 2.83 2.326 . 201 .291
18.0 2.83 2.250 163 404
19,0 2,83 2,222 .125 AT

20.0 2.83 2.234 .093 .490
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COMMENTS ON 9Be (n, 2n) CROSS SECTION DATA
IN THE CONTEXT OF FISSION AND FUSION SYSTEMS

~ P.K. Job, T.K. Basu, K. Subba Rao and M. Srinivasan

~ Neutron Physics Division,
Bhabha Atomic Research Centre,
Trombay, Bombay 400 085.

Introduction:

Beryllium can 'be used as an efficient neutron reflector/
blanket multiplier in fission/fusion systems. Because of its
favourable neutronic characterstics and (n, 2n) reactions,
>beryllium improves,neutron.edondmy gignificantly and thus:lowers

thé'critical mass in fission sysfems and enhances breeding of

fusile fuel in fusion blankets containing lithium.

In order to validate the available beryllium data, a
qgantity'Mcg (E) 1), defined as the net ﬁumbé; df neutrons absorbed
per neutron of energy ¥ released into an infinite beryllium system,
is calculated using the available cross section data and compared
with the corresponding experimentally deduced quantities. Mo (E)
is-a unique. constant which eliminates the leakage and spatial
dependence of neutron flux and is less sensitive to aniéotropic

‘scattering. -

Bervllium Cross Section Data for Fissior: Svstems

Ih-thé case of fission systems, My was calculated using
the DIF-IV (transport theory) code for fission neutrons in an infihite
beryllium assembly with the Hansen and Roach (ER) cross section set.
M - waé calculated as the total number of absorptions + leakage per
fission neutron introduced at the centre of a large Be (40 cm radius)
sphere. My..was also deduced for fission spectrum using the latest
ENDL-78 data(z)z. The Moo values obtained by the ENDL-78 set compared
very well with the experimental value of 1.12 +7.05 quoted by
Krasin et al(a). However, the HR set gave much higher M-» value of
1,21, The overestimation of Mo+ by HR set-is attributed to the incorrect

inelestic transfer cross sections of the first two groups,
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( > 3.0 MeV'and from 3.0 to 1.4 MeV).

Since in general HR set showed excellent agreement with experi-
mental %igf values in'the case of bare 3% uranyl nitraté solution
systems ', we decided to modify only the inelastic scattering cross
section of beryllium. The (n, 2n) inelastic scattering group cross
sections of beryllium was derived from ENDL-78 point cross section
data by collapsing over the fission spectrum between 1.4 -to 10 MéV.
Table I gives the deduced (n, 2n) cross sections of Be for the 16 group
HR set. The quantities given in the brakets are or1g1nal values of
ER set. lip Calculatlon ‘with the’ moalfled set for a 40 cm rddlus Be
sphere gave a value of 1 15 + .01 which is in very good agreement with
the experimental result. Using the modified 16 — group cross seétion
set for beryllium, M : value for BeO due to a fission source was
estimated as 1.085 + - 01 which is. lower than the M.~ value for Be.
This lower value is presumebly due to the elastic scattering'in
oxygen which brings down the .energy of some of the fission neutrons

below (n, 2n) thresholds -

Bervllium Cross Section Data for Fusion Systems

An integral measurement of the multiplication of 14-MeV neutrons
in beryllium has indicated a 25% lower value than the calculated one
using the present day cross section data(5>. This discrepancy could
be attributed either to the secondary neutron spectra being softer
than presently assumed or the (n, 2n) cross section being slightly

overestimeted.

In order to understand the influence of the secondary neutron
spectra on the overall neutron multiplication, the variation of Mca (E)
as a function of incident neutron energy E was studied. The detailed
analysis of this st;dy is reported in Ref. 6). Values of M 'fpr |

14-MeV neutrons in “Be using dlfferent_avallable cross section sets

was found to be 2. 5'+—O."

To study the upper and lower limits of Moo due to changes in-

secondary neutron spectre, hﬂoo was calculated in four different stages:
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(i) It is assumed in the first stage that the elastic
scattering and (n, 2n) reaction leaves the neutrons
at energies less than the 9Be (n, 2n) threshold so
that secondary (n, 2n) reactions are not possible.

In this case, the multiplication is simply given by,

-

- M, (E) = 14+ Tman

o;
. The M, value for a 14-MeV neutron is 1,34.

. (ii) 1In the second stege, the elastic scattering is
treated properly, i.e. the energy loss in an
elastic event is considered and the group transfers

~are calculated accordingly. The neutrons which are
emitted in (n, 2n) reactions however, are assumed

to have energies less than the reaction threshold.

(iii) 1In the third stage, the energy of the 'first neutron'
(direct neutron) from (n, 2n) reaction is considered
properly whereas tne ‘'second neutron' (from compdund
nucleus) is assumed to have energies less than the

reaction threshold ernsrgy.

(iv) 1In the last stage, the 'second (n, 2n) neutron' is
also considered to have energies as given in the

crosas section data file,

)

The values of lipg at different stages using the data set
of LLL — ENTL (1978) are shown in Fig. 1. For 14-MeV neutrons
the M-, varied from 1.9 for stage 2 to 2.5 for stage 4. Therefore,
the maximum-contributioq from secohd'and subseouenf éenerations of
(n, 2n) mltiplication to the M. (14) value is ~25%. Thus the
secondary neutroﬁ spectrum.-has a stfong influence on the M ‘
value and this in turn depends upon the various partial cross

sections of the (n, 2n) decay mode.

Conclusion

75e

cross section data is quite adequate whereas for fusion systems,

The conclusions are, for fission system the latest
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the evaluated s=condary (n, 2n) spectra is harder than the eactual
spectra. However, it is foun? that the uncertainties in the (n, 2n)
neutron spectrz alone Can'not explain the discrepancy of about 25%
between the»experimentel and calculated values of multiplication in
beryllium. It is therefore possitle thet part of the discrepanéy
9Be (n, 2n)

cross section for energies greater then 8 MeV., This calls fbr further

may be attributed to a slight overestimation of the

measurements to determine the (n, 2n) cross section and the secondary
neutron emission-spectra for a number of incident neutron energies of

interest to fusion reactor blankets,
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Nodified (n, 2n) Be Cross Sections For HR Set

Energy Range — X * *
(tieV) 8, =) S3-3 Gogr  Gghen
10 - 3,0 . 0.41 0.447 0.920 0.355
(0.35) (0.432) (0.818) (0.35)
30 - 1.4 0.037 0.898 0.469 | 0.037
(0.12) (0.924) (0.509) - (0.12)

* Includes elastic transfers also,
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Evaluation of Thermal Reactor Cross-Sections through Integral

Measurements

Abstract

Integral measurements of various types provide valuable dats
to assess the édequacy of the cross-sections used in predicting the
nuclear characteristics of reactors. In this context,measurements
of reactivity, relative reaction rates ar?® neutron balance assume fu-
ndamental importance. The lattice physics calculational model of
THRPS uses the 69=group WIMS library or its collapsed versions, for
light water and heavy water moderated systems. The library has been
generated using the fundamental nuclearvdata from UKDL and weigating
spectra typical of therm=2l reactors.

The accuracy of the physical formlatitn of the model,which uses
interface currents, has been estzblished by comparisons with results
from more sophisticated approaches, and also with Monte-Carlo calculc-
tions. 4 broad spectrum of experimental datz was selected to evaluate
the adequacy of the cross-sections used in the code. The selected
experiments include natural rranium, enriched uranium ,0233- enriched
and plutonium oxide fuelled lattices in DZO and 320 moderator, znd
they cover a wide range of parameters. The anzlyses included,not only
reactivity preciction, but also comparison of measured and calculated
reaction rate ratios. Internationelly recommended benchmarks for ther-
mal reactors have a2lso been extensively analysed. The cbserved discre-
pencies did lead to modifications in some éreas of basic nucleer deta
for fissile and fertile materials, However, the work with regard to

the suspected uncertainties in the data for modersting materizls im in

progress. ‘ 2 (.1



EVALUATION OF THERIAL REACTOR CROSS-SECTIONS THROUGH INTEGRAL

MEASURSMELTS

H.C.Huria, F.D.Krishnani, H.K. Bhatia, P.Mohanakrishnan, and

INTRODUCTION

Ffor a thoroush understonding of the behaviour of thermal

L=

reactors, under all operating conditions, a2 detailed assessment
of various physical processes has to be carried out. This esgsenticlly
calls for an accurate nuclear data together with exact czalculational
procedures. Thus, the accuracy of predicting tne nuclear charczieris-
tics of reactors is contribvted both by uncertainties in the basic
cross-sections and by the limitations of the physical formalism.

In this peper, we report on the results of the analyses of =
wide variety of intesgral experiments in thermal systems. The selected

experiments cover a broad spectrum of parameters such

48]

s fuel enrichment,
isotopic composition, lattice pitech, buckling,etec. The analysis
includes not only the recactivity predicfion, but also comparison of
calculated and meazsured relative reaction rates and spectral indices
wherever available. This study was undertzken to evaluste the miti-
group cross-sections gererated by us using nuclear data from ENDF/B-IV
and also those from WIMS library. The uncertainties fiom the calcula-
tional prfcecures were also evaluated through intercomparisons with

more sophisticated models. The emphasis in this paper is, however,

on the evaluation of uncertzinties coming from muclear dz=ta.
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CROSS-SECTTICIS ANWD METHODS OF ANAUYSIS

The methods of analysis used in the physics design aspects of.
thermal reactors make use of multigroup integral transport theory.
The spatial coupling in obtaining the spatial distribution of neu-
trons is rezlised through different means, nawmely, interface

currents (ITRLI Code) |

1}, first flight collision probobilities

r“"‘“-

(copr) ? 2] , = combination of interface currents and first flight

probabilities (CLU3) §37 » For intercompariscn of methnods,we have
L

also considsred the differentizl {ransport theory-3, method- aiso

(p2r-17) 4 1.

H
For the treztment of energy variable, we have used the 69-group
structure of WIS code 1-5] , and the associated oross-sections
library. The group structure as shown in Table-1, was desizned pri-
marily for %hermzl reactors. The fast range (defined to lie between
10 MeV and 3,118 KeV), is divided into 14 groups of equal lethargy
width; the resonance range (9.118 XeV-4 eV) is covered by 13 groups,

while the trermel ranze (below 4eV) is described by 42 groups. The

group poundaries of 13 resonance groups Were decided keeping the

locztions of important resonances of main fissile and fertile isctoues

in view, Th2 thermal range has groups clustered around the pezk of
thermal spectrum =2né zlso around the thermal energy resonances of

olutonium isotepes.

A

'
Oy

The grour constants have been derived fruwm UKEDL using appropri-
ate weighting spectra-typical of thermal systems, However, a spvecial

treatment vzs zccorded to the resonance range, wnere the cross-secticns

0003



depend on composition (geometry) and on temperature. Here, the
slowing dovn equations in an infinite homogeneous wmixture of absorber
and a moderator were solved numerically in the relevant energy range.
The tables of resonance integrals in terms of composition and tempera-

235

ture were derived from thers. The library has the tables for U 77,

U236, U238 and Pu259. Th252 and U233 cross-sections wers not avail-
able in the originzl WIMS library, These were generated using resonance
parameters from HiDF/B-IV.

With 69 group library as base, 27-group libraries were generzted
using representative spectra for light water and heavy water moderated
systems'as the weighting functions. This was done with o view to
reduce the computational time. However, for the benchmarks recoumended
by cross-section evaluation working group (CSEWG) the basic 69-group
library was used as such.

Ixtensive analyses of some typical thermal reactor lattice

6,7 code which also uses the

:
|
= 3

experiments by the sophisticated WINMS
same library had indicated some areas of cross-sections, where mpiifi=-
cations in the original U¥ datz were necessary. These were
(1) changes in 1228 resonance integral (a reduction of 4%)
(ii) reduction in the epithermsl capture to fission ratio
of T297  (0.67 to 0.5)
(iii) herdening of fission spectrum
(iv)  some minor changes in the epithermal scattering cross-
-sections of E and D,

These changes nave since been confirmed by full 3D Monte-Cerlo "8 j

[

simulations of some thermal reactor benchmarks. Cur present analyses

incorporate ali these modifications. r ey 3
. .{ 7 LR 4
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There zre of course still some areas which call for adjustments

as we will presently see,

RESULTS

ITI.1 LIG=Y ViTER MODER.TZD SYSTENS
We nave examined more than 150 lattice experiments with
enricrei U-metal or oxide rods in light water moderazor,
#zjority of these were critical oxpericents with enrich-
ment vorying from 1wth to 5.7wth U235, and 2 wide range
of other relevant parameters. 3Besides, enriched uranium
fuel, w2 have also studied critical experiments witn
nixed oxide (Pqu) fuel ani (U233-Th232)02 fuel bearing
rods ir light water moderator to examine the data for the
plutoniuz isotopes and thorium. The results of these ex-
tensive znalyses have been presented in reference 9. Here
we will be presenting results mainly for the benchmarks
recsmmendéd by Cross-5S=2ctions Evaluation Working GroupijO}
to evaluate data for thermal reactors. These include

(i) 4-TrX Lzttices-8Slightly enriched uranium metal rods in
ligtt vater (B¥l-experiments)

(i1) ~3-er:icl*_ec1 U0, fuelled lattices (BAPL-experiments)

(iii) H,0 modsrated thorium oxide exponential experiments.
The varzceters compared for TBX Lattices are

- epithermal to thermal captures in U238

(ii) 525 - erithermal to thermzl fission in 7?35

(iii) & - fissioms in U238 to those in U235

)



238

(iv) CR* - captures in U

235

to fisaiogns in ©

—4

(v) k = effective muitiplication factor
The results are indicated in Tzble-2. It will be noticed that all
the ratios are precicted correctly, the difference between the gal-
culated and measursd being within + 5ak (0.5%) of unity which is
guite satisfactory. This lsst point has also been confirmed by the
reactivity caleulations of a largs number of other experiments,

Let us now have a look at the calculations for 320 moderated
U02 criticals. XIZere also the parameters compareé, are the same as
for the TRX Lattices except the moaified conversicn ratio CR¥, The
calculated parameters are compared vwith the measured ones in Table-3,
Once again, we notice a good comparison, the differences lying
between + 5%.

These two comparisons indicate that the data being used by us
for relevont materials are gquite adeguate. We have,in fact,also
ascertained the uncertainties because of the method of calculation by
comparing the results of same lattices, by different formulations.
These discrepancies were not significant leading to the aforeszid
conclusions.

As regards the experiments with 't:horiu.m-Uz33 oxide fuel, we are
again guoting the results fur the recommeniald benchmarks.[j1] . Thasge
are three exponential experiments done at BIL. The parameters
compared are

(1) _f)oz - ratio of epithermal to thermal captures in 252

oeb

194
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- ‘) . - voe T . L - .
(i) SDy - Dysprosium-164 disadvantage factor - ratio of

.1- o
activations of 164Dy in the moderator to those
in the fuel
(iii) k - the effective multiplication factor

The results are shown in Table-4. It is observed that thz

k~values are predicited extremely well-within 0.6% of unity andé that

é;Dy is calculated correctly. However, JC'02 ig under predicted by

7-14%, Similar results on the same lattices have been reported ear-

lier also. Oné could thus cz2st some doubt on the data for Th232 pa-

rticularly, the epithermal one.

HEAVY WATER MODERATED LATTICES

IIT.2.1 SINGLE ROD LATTICE EXPERIMENTS

The benchmarks recomrended for heavy water moderated

single rod lattices are small subcritical exponentisl ex-~
periments E1d]with natural or slightly enriched uranium
metal rods. We tried to analyse these also, but the 2xact
simulation presented some difficulties in the absence of
complete geometrical and physical parameters. Iloreover,
analyscs have shown that the experimentel bucklings are
inconsistant in the sense that measured relative reaction
rates 2rc not able to repwoiuce the measured bucklings. So
we are nct presenting those‘results,till we are able to

‘resclve those inconsistencies.

@0

ool
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LI

We have however, carried out reactivity calculations for

nearly 100 single rod critical experiments |125

3 with naturzl

uranium rods in DZO moderator. The results are quite satizsfa-
ctory - the deviations lying between 5mk over most of the rangs
of moderator to fuel volumes ratios.
EXPERTMENTS WITH CLUSTER FUEL ASSEMBLIES

In view of the aforesaid observation on singles rod lettices,
we have concentrated our efforts on the analysis of exPériments
using rod cluster type fuel assemblies. Ilieasurements have been
made in Chalk River, Canada, in ZED-2 reactsr for various lattice
arrangenents, that is, diffevent lattice pitches, different sizes
of clusters and different coolant wmaterials to provide & brozd
experimental background to evalﬁate the calculational modesls, Tre
have selected 7-, 19~ 2nd 28-rod cluster experiments [j3,14,15,
16,171 with D0 and air as coolant materials. The parameters

compared are

. 28 € .23
(1) ES - ratio of fissions in U25 tc those in U 55
(i) "j' - ratio of captures in U23U 4o absorptions in

U235
(ii1) x - the effective multiplication factor

(iV)’YLerq- neutron density diszdvantage factor
The clusters are geometrically more complex and hence,
difficult to simulate. e have done these calculations by three

different approaches in increasing order of sophistication ( or

5.6

MY
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accuracy). They are

(1) Interface currents (YURLI)

(ii)Csmbinatioﬁ of interface currents and Pij method (CLUB)
(iii) Complete Pij method (COP)

This study of intercomparisorn of formlaztion was helpful in
assessing the uncertainties coming from limitations of physical
formulation.

Tables 5 throuch 10 give the results for 7-, G-, and 28-rod
cluster expériments with DZO end sir coolants. The calculated
parazmeters from both the approaches (MURLI and CLUE) are guoted
along with the experimental values. The sfudy involving the come
parison of these approaches with the most accurate onc (3rd avproach)
had shown o meximum difference of 0.2% in k while the reaction rates
natched exactly,

The calculated values of the relative regetion rates are
leakage corrected using the measured buckling. In principle, one
should use the critical buckling for this purpose. 3But since suo
calculated k's are very close to unity, it is immeterial vhich huckling
to use,

It will be seen that the predictions for the wodified conversion
ratio are very good for the majority of cases, the errors are well
within the experimental uncertainties. This shows once again the

. . U238 . . X
soundness of the resonance cross-sections of in conformity with
our earlier observations. Eowever, the fast fissions ratics are
generally cover-estimated., The deviations are ofcourse not very larae

except at the lowest ritch., It is worthwhile pointing here, that
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even the experimental values differ in tvic publications of the same
set of experiments, in particular, for the lsttices vhere the devia=
tions are largest. If we reczll that even for light water moderated

: 28 T2 2 : MDYy 4 Ty T b
lattices é; was slightly over-credicted for boti: TRX and 347PL bench-
rnarks, %this observetion is not surprising. Cne couwld thus, szy that
the hardening of t%e fission spectrum as recoareniad by WILZ group was
on a slightly higher side,

CORCLUSION:

(¢l

The most prominent observation that oplﬁ be zade fror a scrutiny

of the analyses nresented in this paper is that the creas-sections
livrary being used at present is quite adequate in rredicting the

nuclear characteristics of therwmal reactors. This is true fox all the
gystems studied in general and more so for light water modcrated cnes,

The discrerancies noticed for the heavy vater modesrated axperirents point
towards a close re-examination of thermal scattering datz for D20. The
overestimate oflfast fission ratios for all types of latticeszlso suzgests

a further check of fission spectrum for 0255. another roint tios

T t cozes
L , . 232 - -
out is that the resonance cross-sections of Th (and »ro=bliy t..csc ol

U233 as well) should be locked at more thoroughiy.
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ZNERGY BOUND/LHIES FOX 69-GROUP LIZHARY

the fixst zroup-10.0 eV

Lower

IToun  Lower

: B | Inergy Letharsy . Energy !Lethargy i
| Group  ETEy | =gy Width Tnergy | Vdth  Ticte |
! Limit C e ik ! g ' i
_- .: : , birig ‘ eV \ i
eV f pely ! sy i . l
| - , ! |
1. 6.0655 | 3.9345 0.5 28, 12430 | 0.700 l 01924
2. 3.679 | 2.3865 . 0.5 29. 2.60 1 0.700 | 0,284 |
30 24251 1..8 1 0.5 30. !2.10 {0500 C.2136 |
4o 1,353 0.378 . 0.5 31, 1 1.50 | 0,600 ‘ 043365
5e 0,821 0.532 | 0.5 32, 11.30 0,200 | 041431
6e 0.500 ! 0,321 ; 0.5 ; 33, 1.5 ' 0.150 I 0,1224
Te 0.3025 0.1975 i 0.5 | 34. 11,123 | 0.027 i 0.,0237
8.  0.183 - 0.1195 | 0.5 § 35. ,1.097 L 0,026 10,0234
9. 0.111 0,072 | 0.5 : 36. t.omt 0.026 040240
10, 0.06734  0.4366 0.5 . 37. -1.045 0,026 02,0246
11. 0.04085: 0.02649 | 0.5 ! 38. 1.020 0.0%% 02212
12, 0.02478 . 0.01607 0.5 ' 39, ,0.9% L 0,024 0.0238
13, 0.01503 : 0.00975 | 0.5 | 40. 10.972 0.024 0,0225
14, 0.00912 | 0.00591 ; 0.5 | 41. 0.9 0.022" 040228
: — : . 42, 1 0.510 L 0.040 3.2.30
; ¥ . eV 1 S 43. 10.850 | 0,060 ! 0,0652
15. 5530.0  3588.0 0.5 4%. 10.780 L 0,070 | 0,0358
16. 3519.1 1 2010.9 ., 0.452 = 45. . 0.525  0.155 02,2215
17, 2239.45 1 1279.65 | 0.452 46e  ;0.500 . 0.125 042231
18, 1425.1 | 812,35 ©  0.452 47 :0.2400 C 0.100 042231
19, 906.9 | 518,20  0.452 48, ;04330 i 0,050 ! 51335
' 20, 367.26 1 359.64 ©  0.904 49, 10.320 . G.03C L 0.0396
21, 128,731 218.53 ° 0,304 . 5Ce  0.300 [ 0,020 1 (L0315
2, 75.501 | 73.23 | 0.678 . 51. ,0.280 | 0,020 1 £.0590
|25, 48.052 , 27.45 | 0.452 | 2. 0.250 | 5.0%0 | C.1133
P24 27.70 20.35 | 0.551 . 53. {0.220 | 0.03%0 b C.1278
i 25, 15,568 11.73 | 0.551 . 54, 0,130 © 0,040 ¢ L2007
| 26. 9.877 6.00 | 0.480 :  55. ;0.140 ! 0,040 | 0.2513
(27, 4.000 5,877 . 0.904 56. 0,100 ;0,040 | 0.3365
b . 57. 0,050 P 0,020 | .2231
; 56, 0.067 L 0,013 L0173
i 59. 10,058 ; 0.09 (04152
: 60. 04050 ' 0.008 | 0145
| 61. -0.242 ' 0,008 RV S
’ 62. .0.035 : 0,007 [ 0.1223
| 63. 0.032 . 0,005 S.13511
: 6re 10025 - 0.005 0.1823
L 65.  0.020 0,005 ! D0.2231
L 66, 0,715 04005 GeZOTT
; 68. .0.005 - £.00 09,5931
r 69. 0.0 - 0.0C -
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ENNICHED U - METAL BINCSMARTS

!
| PARAMETER 28 .25 ~28 CR¥ X
! PITCE | METHOD, J’ > & 1

i
' % o ¢
‘L epr] BET G 3.0+ 0.05 0.230 + 0.03 | 0.163 #0004 |1.255 40.011 1,000 |
PP SURLT 2.94 1.225 0.170 1.238 04998
B i ‘ #
2 e | 1.276 G.0936 040948 0.785 | 14008
[1-24; |MURLI |  0.83030.015 0.060820,0007 | 0.066740.002104646 0,009 1,000
; ! ] 0.796 0.0577 0.0670 0.634 04992
: f - T
g, ERPT f 0.46640.010 0.035240.0004 | 0.045240.0007 0.52604004] 1,000
2552 yURLI : 04465 0.0336 | 0.0466 | 04527 | 04997

|

JoRet



T

s 14

ENRICHED UO2

BENCEMARVS (BAPL - 1 %o 3)

PoRAIETER | 28 25 28 ! k

PIICH  ETHOD ( 5 A

1,557 | EXPT 1.39 + 0.01 0.084 + 3,002 0.072 + 0,004 | 1.0000

| MURLI 14433 0.0021 0.081% 049934

1.851 P EXPT 1.12.+ 0.001 0.068 + 0.001 0.070 + 0.004 1.0000

MURLI 1.151 0.06T1 0.0719 0.9937

1.805 EXPT 0.906 + 0,01 0.052 + 0.001 0,057 + 0.003 | 1.0000

LURLI 0.921 0.0516 0.058 0.9941




: 15 ¢

TABLE -4

(1292 _ #23Y  oncmaRis

PaRaETER | Sy i 302

Plég;}‘ 5, WMETZOD ] J
P |

1.,5923 t EXPT 1.219 + 0.024 | 1.380 +0.042

1,7188 | EXPT 1.257 + 0.024 ‘ 0.928 30.038
[ MU 1.247 '( 0,849

2,1697 | EXPT : 14325 + 0.024 { 0,435 40,013
%MURLI ! 1,342 0.386
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T 4 3L E-5
7 = ROD CLUSTER - D0 COOLANT
PARAMETER X 5 2% Y LY
PITCH J'ME‘I‘HJD
f ’Yy\ '
18 EXPT ‘ 1,0000 04056 0.916 1,792 -
CLUB 1.0017 0.062 0.923 1.774
oo EXPT 1.0000 0.056 0.810 1,915 !
CLUB 1.0019 0.058 0.816 1.933 l
o8 EXPT 1.0000 0.056 0.730 2,121 i
CLUB 1.0025 0.057 0.746 2,120 |
|
s | BT 1,0000 0.052 0.699 257
CLUB 1.0050 0.056 0.713 2.275 |
1




7_= ROD CLUSTER — AIR COQLANT

! 2% |
PARAVETER k S Y R [fre
PITCE _ METHOD !
Zm
A EXPT 1.0000 0.058 0.8753 1.726
CLUB 0,997 0.0637 0.897 1.754
25 EXPT | 1.0000 0.058 0479 -
CLUB ‘ 1.0016 0.0607 0.816 -
- EXPT 1.0000 - - 2.049
| CLUB 1049997 - - 2.049
56 EXPT 1.0000 - - 2.225
CLUB 1.0040 - - 2.200
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19 - ROD CLUSTERS - D,0 COOLALT

TABLE -7

s 18 :

comeden.

2

. k
PIlﬂ)JAgg\MEMR METE0D S . K { B
C 1
18" . EXPT. 1.0000 0.0564 0.967 H 1.658
MURLI 049950 0.0601 0.961 1.595
CLUB 0.9949 C.0559 C.975 1.602
EIET 1.0000 0.0543 0.858 EE
21 MURLI 1.0007 0.0559 0.863 1.714
CLUB 109993 0.0548 0.860 1.784
EXPT 1.,0000 0.0528 04306 1.856
24 MURLI 1.0030 C.0539 0.798 1.815
CLUB 1.0010 0.0531 0.797 1.888
EXPT 1.0000 0.0481 0.749 1 - 1.989
28 MURLI 1.0020 0.0529 8.750 1.926
CLUB 0.9993 0.0522 0.750 2.003
EXPT 1.0000 0.0475 0709 2.192
36 MURLI 1.0016 C+0525 0.711 1 2.097
CLUB 0.9981 | 0.0519 0.711 | 2.179
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TABLE~6&

19 — ROD CLUSTER ~ AIR COOLANT

\RAY | ) 28
,P;Eégmfg‘%;gop l - 6 ° Y "%
T=eT [ 1.0000 0.0659 04991 1.607
0 R 1,0103 0.0670 04982 1,585
CLUB 1.0088 0.0650 0.982 1.646
EXET T.0000 5.0623 0843 T.713
21 WURLI 1.0032 0.0606 0.854 1,695
CLUB 1,0022 0.052) 0,855 1.737
EXPT T.0000 0.0565 0. 768 7,820
24 MURLT 1.0023 0.0579 0.786 1791
CLUB 1.0020 0.0571 0.767 1.837 |
EXTT 1.0000 0.0549 0.754 .56,
28, | WURLI 1.,0023 0,0566 0.736 1,590 }
CLUB 1.0013 040559 0.736 1,947 |
BT T.0000 | 0.0532 5637 5 AT
36 MURLI 1.0004 0.0561 0.694 2,065 |
| cLum 0.9989 0.0555 0.696 2,110 J
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28 - ROD CLUSTERS -~ D,0 COCLANT

2

PARAMETER k 2% ~ |
FTICE TETCD O ‘ |
EXPT 1.0000 0.0580 0.9258 ‘7
24 MURLI 0.9994 0.0598 0.9068 |
CLUB 1.0002 0.0586 0. 3040
EPT 7.0000 0.0582 0.5.157
28 WURLI 0.9985 0-0575 0.8250
CLUR 0.9986 0.0569 0.8247 |
TXOT 1.0000 0.055Z T 0.305; }
32 WL | 0.9995 0.0%E7 0783 ;
CLUB | 049993 0.0562 ; 0.7830 !
EXPT 1 1.0000 0.05417 | 0.7663 3
40 WURLI { 0.9951 0.0564 I 0.7488 {
CLUB | 0.9953 6.0560 { 0.7487 |
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;Pzggggh?r?émoq N e ° \ Y e
EXPT | 1.0000 0 0631 | C.9141 1.¢93
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i CLUB 1 1.0015 \ 0.0675 0.2386 1,500
B2PT - 1.0000 ! 0.0632 C.8177 2.050

| 28 WwELL | 1.0015% ‘ 0.0653 0.3009 1.974
cLUB ; 0.9990 3 0.0646 0.8035 2,045

EXPT ‘ 1.0000 | 0.0616 0. 1663 2.175

32 MURLI ! 1.0039 ‘1 0.0642 0.7561 2.008
CLUB ;11.0013 { 0.0636 0.759C 2172

EXPT | 1.0000 |  0.0824 0.7312 2..02

40 WAL | 1.0015 | 0.06%¢ 5. 7128 2,304
CLUB 1 0.9982 |  0.0633 0.7215 2,387
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Evaluation of Gamma Production Cross Sections in Coupled

Neutron-Gamma Cross Section Sets

M. S. Kalra

Nuclear Engineering and Technology Programme
’ 1.I1.T., Kanpur - 208 016

ABSTRACT

Gamma energy deposition is a major source of heating
in the blanket of an FBR, particularly at the beginning-of-life
conditions prior to build-up of fissile isotopes. In the
reflector external to the blanket, it is always the dominant
fraction of total heating rate [1 ].

Stenstrom [2] used a multigroup transport approach,
separately for neutfons and gammas, to obtain gamma heating
rates in fést reactor environments. With the development of
coupled neutron-gamma cross section sets [3,4,5] . the two
transport calculations can be combined into one.' The coupled
cross section sets were used extensively for gamma heating

analysis of FBR by Kalra and Driscoll [1] .

It is found that there is considerable amount of
mismatching in the coupled neutron-gamma cross section sets.
The gamma energy yield in the fissionable/fertile isotopes

is found to range from 5 to 34 MeV per fission, and 2 to 13 MeVv



per capture,indifferent neutron spectra appropriate to fast
reactor environments. This is unreasonable in view of the

fact that gamma energy from fission and fission product decay
is in the range of approximately 14 to 16 MeV per fission, and.
from nonfission neutron capture, in the range of 4.8 to 6.5 MeV
per capture in iéotOpesof uranium and plutonium. Gamma energy

production per capture from sodium and iron is also observed

to vary over unrealistic ranges.

Inelestic scattering gamma energy, which should not be
more than 10 per cent of total gamma energy production in most
fast reactor spectra [1] , 1s found to be highly overpredicted
by coupled neutron—gammé cross section sets. For this purpose,
an independent evaluation of inelastic gamma energy production
was made using a 26 group Cross section set [6] . GCammas
produced from other reactions, for example (n,én), (n, charged

particle) etc, were ignored.

From the above mentioned observations, it can be
concluded that the coupled neutron-gamma cross section data
reguires further evaluation, and at its present state of
development, the calculations using this data may not be highly

reliable.



References:

[lj

[2]

[ 4]

[5]

[63

Kalra, M.S, and M.J. Driscoll, "Gamma Heating in

IMFBR Media," MITNE-179, CO0-2240-18, February 1976,

Stenstrom, D.G., "Calculation of Gamma Heating in a
Fast Reactor Environment, '"Trans. Am. Nucl. Seac.,

15, 1, 551, June 1972.

Oak Ridge National Laboratory, "40 Group Coupled Neutron

and Gamma-Ray Cross Section Data, "DLC-23,2pril 1974.

Sandmeiex,H.A., et.al., "Coupled Neutron-Gamma Multigroup=-
Multitable Cross Sections for 29 Materizls Pertinent to
Nuclear Weapons Effect Calculations Generated by LASL/TD
Division, "Los Alamos Scientific Laboratory, LA-5137,

February 1974.

Morrison, G.W, et al, " A €oupled Neutron and Gamma-Ray
Multigroup Cross Section Library for Use in Shielding

Calcuylations, " Trans. Am. Nucl. Soc., 15,1,535, June 1972.

Bondarenko, I,.I., et al, "Group Constants for Nuclear
Reactor Calculations, " Consultants Bureau, New York

(1964).



Effect of Gamma Source Spectra on Gamma

Transport near Interfaces

‘M, S. Kalra

Nuclear Engineering and Technology Programme
I.I.T., Kanpur-208 016

ABSTRACT

Data on neutron-energy-dependent gamma production
spectra from all reactions and for various mater ials of intere:
in FBR design is practically non-existent. Where it exists, the
uncertainties are likely to be large. For example, the spectrur
of gammas produced subsequert to the capture of a thermal
neutron in U-238 [1,2 ] , even when €xamined in a coarse gamma
group structure [3] ‘ Shows upto a factor-of~two uncertainty ir

partieular groups.

To see the effect of gamma source spectra on gamma
transport near interfaces/boundaries, where source and material
discontinuities are encountered, one dimensional SBPl transport
calculations_[4] with 18 gamma groups were done for typical
LMFBR core-blanket-reflector assemblies. The space dependence
of the gamma sourcé chosen was appropriate for a large LMFEBER,
and was obtained by multigroup neutronic calculations

accounting for gamme productions in fission, capture and

inelastic scattering.



Three types of gamma interactions were considered,
namely, Compton scattering, photoelectric effect and pair
production [5,6] . Gamma source spectra were arbitrarily varied,
while preserviné the gamma energy source at esch spetial point
throughout the reactor. Gamma energy range from zero to 10 MeV
was considered. Attention was focussed mainly on two hypothe-
tical spectra - one introducing most of the gammas in the

middle of the energy range, and the other at low and high

energies.

The results obtained indicate that the gamma heating
calculations in LMFBR media are insensitive to a largé extent
to gamma source spectra. The uncerteinties in the source
spectra are largely mitigated in gamma heating calculations if
the total amount of gamma energy produced in any event is
preserved. The maximum @ifference in gamma deposition rates
is found to be + 4% near the core-blanket and blanket-
reflector interfaces, where a spike of as much as 100% in

the deposition to source ratio can occur.

Thus it appears that the uncertainties in gamma socurce
spectra are not likely to be the major scurce of error in

gamma heating calculations for FBF media.
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ABSTRACT

Fusion Blanket Neutronics

(V.. Nargundkar and M, P. Navalkar, Neutron Physice Division, Bhabha

Atowic itesearch Centre, Trowbay, Bombay 400 086, India).

Monte Carlo calculutions were done using MURSE-E code
to study the neutron wultiplication for fusion neutrong in Beryllium,
Beryllium Oxide and Lead., Los-Alamos 3V group cross-section set,
with Pl scattering approximation was used, Sowe calculations were
done using Y9 group ENDF/B-L1II file with GAW~II structure for

couwpurisons,

Tritiwn production in netural lithium blanket with and
without graphite reflector has been also calculated for typical

fusion blanket systeums.



Ubject

Fusion blanket neutronics calculations are done using HMURSE
code and 99 group - ENDF B [V cross-section set., This requires a
fairly large awmount of wewory on the cowmputer and puts restrictions
ou the nwnber elewents that can Be used, [t was therefore thought
necessary to find out whether reasonably accurate neutronics calcula-
tions can bé doue with a amall grodp crogs—-gection,set. The Los-
Alamos JU group cross-section set was chosen for this purpose becausé
of its group structure being suitable for fusion blanket neutronics

studies,

Neutron Multiplication

In thermal blanket studies beryllium is considered to be
the most efficient neutron wmultiplier for fusion peutrons, It is
a very costly material and its oxide is more suitable from the
panufacturing point of view, Praétically all the intermediate and
heavy metals hav: a fairly good (n,2n) crose-section at a reasonable
threshold energy. lead is one of the common materials and had the
added advantage of being a good gauma sghield. As such neutron
wultiplication was studied for Be, beU and lead using MURSE-E code
and JU group Los-Alamos cross-section set, Unly Pl scattering
approximation was used, as it was found that it does not make
appreciable change in the accuracy using higher approxiwations.
Though, anisotropy of in-elastic scattering may be important, it
was not considered. For beryllium alone, 99 group P3 approxima-

tion calculations were made for comparison purposes. The results



are ahovn‘iﬁ Table 1, It is seen that for beryllium there is very
goyud agreement between YY group P3 and 3V group Pl calculations.
From neutron multiplication‘point of view, it is secen that Bel is a
pvor choice. For Be, which hus highest neutron multiplication,
saturation occurs at 20 cm thickness, whereas for lead neutron
saturation does not occur even at 4V cm. The ncutron spectra for
Be, Bel and lead for 20 cm radius sphere ame shown in figure 1.

1. isg seen that Be spectrwuu is superior from tritium breeding point
ol view when compared to that of lead because

1, At higher energies (T7 breeding) neutron flux is much higher

in beryllium

2. Lead has a very prominent peak in )JU0 KeV region and a sharp

cut~off around 160 eV,
J. Beryllium has a pronounc:d thermal peak,

Thus it may be inferred that even if, lead and beryllium
have comparable neutron multiplications, only beryllium has & neutron
spectrum suitable for tritium breeding. For using lead as & neutron
wultiplier, it would be necessary to tailor its spectrum for tritium
breeding, These inferences have been verified by tritium breeding
calculations in a loocm thick natural licthium blanket, using lead/

beryllium as multipliers, The results are shown in Table 2.

Tritium Breeding

Calculations were done for T6 and T7 breeding in natural
litbhium blanket for two different geometries using 99 group P3

approximation and 3v group 1 approxiwation. The results are shown



in Table 3. [t is seeu that T7 breeding is over—estimated by 12%
in 3V group set compared to 99 group set, This may be due to the
fact that for Li-7, 30 group library usﬁfs ENDF/B-11 Library based
on 1¥65 results, compared to ENDF/B-IV library of 1977 used in 99
group set, It is desirable to suitably amend 30 group lithium-7
crosa-aectiou;.

By using a suitable reflector like graphite}T-G breeding
in lithium cun be very considerably enhanced. This was studied for
natural lithium blanket with lead/beryllium multipliers. The results
are shown in Table IV. It is seen that with lead (12 cm or-20 cm)
multiplier’a maximum tritium breeding of 1,50 can be obtained which
is suwaller than 1.58 obtained without any multiplier (i.e, nat.
lithium with graphite reflector). A waximum tritium breeding of
1,78 is obtained with 12 cw thick berylliws multiplier and 4V cm
thick graphite reflector, which is on,y 12% higher than that obtained

without amy multiplier,



TABLE 1

SULTLI'LICATIUN IN SPHERES

Sphere Beryllium Be0 Lead

2:diua 9y group P3 30 group Pl 30 group Pl approx,
8 1.54 1.50 .1.19 1.41

12 1.70 1.73 o l.27 1,53

20 2.14 2.03 1. 36 1.67

40 2.14 2,03 1.25 1.79



TABLE 2

COMPARLSUN UF TRITIUM PRUDUCITUN IN NATURAL LITHIUM, FOR LEAD
AND BHRYLLIUM AS MULTIYLIERS ( SF"‘ vical ‘3“”’”‘""})

NAT., Li THICKNESS = 100 cm

Multiplier Thickness T6 T7 Total
cm

Lead 12 V.98 0,29 1.18

Berylliwm 12 1.11 V.36 1.47

Lead 20 1.03 0.13 1.16

Beryllium 20 1.36 0.19 1.55



TABLE 3

NATURAL LITHIUM CUMPARLSUN JF RESULI'S 30 GROUP AND 99 GROUP

Geometry

100 cu radiue
200 cu height
cylinder

50 cuw radius
sphere

99 group
©2

16

T7

To

17

0.48

Q.72

J, 105

U, 55

3V group
P

0,51

0.82

J.104

V.64

99/30 gr.
ratio

0.94

0.88

2,u0

v, 86



TABLE 4

TRITIUM PRODUCTIUN IN 100 CN RADIUS LITHIUM BLANKET

Multiplier Graphite T6 17 T total
Reflector
Thickness
- U cm U, 45 0, 80 1.25
- 40 cm U. 78 Oo 81 1. 59
12 cn lead 0 em 9,89 0.29 1.18
. 40 cm 1.23 0.27 1.50
12 cm beryl. 0 cm 1.11 0,36 1.47
" 40 cm 1.40 0,38 1.78
20 cm lead U cm 1.03 0.13 1. 16
" 4V cm 1.36 v.14 1.50
20 cm beryl. O cm 1. 36 v. 1y 1.53

" 40 cm 1.49 .18 1,67



NEUTRON ELUX PER SOURCE NEUTRON

20

15 MeV

10 MeV

2.2MeV 0.8MeV 18 MeV

NEUTRON ENERGY

1.2KeV 61 eV 1.1 eV 10 eV

1

[

I I

{ o 1 ]

ENERGY GROUP



