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FOREWORD 

3he present Workshop on Nuclear Data Evaluation, processing 

and Testing has been pr imar i ly organised vri-tb the objective of enabling 

the s c i e n t i s t s working i n tttis area of Nuclear Data from var ious 

l abora tor ies to cone together, review the present s ta tus of work i n the 

respect ive groups, d i scuss the future requirements of our programme and 

i d e n t i f y spec i f i c areas where a coordinated e f f o r t can be e f fec t i ve ly 

implemented. The response hasbeen f a i r l y good with the pa r t i c i pa t i on 

of s c i e n t i s t s from Bhabha Atomic Research Centre, Bombay, 1.1. T., Ivanpur 

and from the Reactor Research Centre, Kalpakkam, tho i n s t i t u t i o n s 

ac t i ve l y persuing the nuclear science and technology- programmes, as 

expected. 

I t i s c lear from the papers presented i n the Workshop that z. 

s i g n i f i c a n t amount of work on Nuclear Data Evaluat ion i s i n progress i n the 

groups working on bas i c nuclear phys ics whereas the areas of processing 

and te s t i ng nuclear data have been persued by reactor phys ics groups 

concerned with the reactor design. This i s tbe f i r s t time that such a 
/ 

workshop on Nuclear Data has been organised on a nat ional leve l and we-

hopethe d iscuss ions generated in the workshop have provided the impetus 

required f o r close co l l aborat ive work between the var ious groups working 

on Nuclear Data, in the future. 

I t i s a pleasure t o thank Sh r i N.Sr inivasan, D i rector , RRC 

f o r inaugurat ing the workshop and for having provided a l l the required 

support and Dr. M.X.Mehta, Head, Nuclear Physics D i v i s i o n f a r g i v i ng -the 

Key Note address and generating the l i v e l y d i scuss ions among the p a r t i -

c ipants. The active co-operat ion received from the nember3 of the 

organizing committee and other colleagues i s g r a te fu l l y acknowledged. 

a. Shankar Singh 
Convenor 

Organising Committee 



PREFACE 

The papers presented at the Workshop on Nuclear Data 

Evaluation, Processing and Testing have been compiled and presented 

i n t h i s volume. Where f u l l paper was not avai lable due to unavoidable 

reasons, the abstract or summary has been included. Hie workshop gave 

the opportunity to the Indian Nuclear D a t i Comnuni-ty to d iscuss i n 

depth the current needs «®d future course of act ion i n thi3 important 

f i e l d . 

I t i s hoped that -this volume w i l l help to disseminate the 

contents of the ?/orkshyp among wider sec t ion of the Indian Nuclear 

Data Comnunity. 

I take th i s opportunity to express ny sincere thanks to 

S /Shr i R.Shankar Singh, V. Gopalakrishnan, A.X.Jena and M.M.Raraanadhan 

fo r their valuable co-operation i n and contr ibut ion to organization 

of th i s Workshop. 

Thanks are due to Shr i N.Srinivaaan and S h r i S.R.Paranjpe 

feor their support and encouragement. 

S.Ganesan 
(SECRETARY) 
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IITTRODUCT ION 

This paper "briefly discusses the nuclear data require-
ments for the Indian Fast Reactor Programme. Plans to construct a 
500 M e Fast Breeder Reactor (FBR) by the middle of next decade 
followed by a series of FBRs by the year 2 010 are underway. In 
this context, the scope of this paper is limited by the discussion 
on the nuclear data requirements 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 progra-
mme in India as pointed out. Suggestions are made regarding how 
we should handle the nuclear data needs in future. 

II STATUS AT RRC. 

II.1. AVAILABLE NUCLEAR. DATA FILE3 . 

At RRC and ax BARC, evaluated nuclear data libraries have 
l 4 \ 

been procured ^ through IAEA and have been processed in 
the recent past to obtain multigroup sets. For example 
KEDAK-3 (1976) and MF-B/lV (1975) are available at RRC. 
Some of the elements in 3TDF/B-IV have been processed by 

(2 ^ 

the fast reactor nuclear data processing code RAMBHA / 

developed at RRC. The various nuclear data files for 
core design and shielding and other aspects of complete 
fuel cycle of FBR available as on today at RRC are- given 
below. 
A. General Evaluations 

(i) ETDF/3-III, seven standard nuclides 
(ii)' ZTDF/3-IV, General files 
(iii) TJXNDI-402 
(iv) KZDAK2 and KEDAK3 
(v) The Livermore Library 3TDL 

2 
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B. Dosimetry reactions 

(i) UXNDL, dosimetry file 
(ii) SAND II and DjJTA^-74 

C . Fission Product Libraries 

(i) The Australian library' of evaluated neutron cross 
sections for fission product nuclei - point data. 

(ii) The Bologna Library of evaluated neutron cross 
sections for fission product nuclei. 

(iii) The 3L7DF/B Library for fission product cross 
sections (and decay data). 

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

(v) Th.e Japanese Library for fission product cross 
sections^ 

L. Multigrou? Gross section Libraries 

(i) 25 Group Cadarache Cross Section Library. 
(ii) n-:- coupled cross section library DLC-37 
(iii) 100 Group Cross Section Library DLC-2E 
(iv) Modified ANL-22 group set 
(v) 605-Group Legendre Coefficient ELMOE Library 
(vi) n-v coupled Cross Section Library LLC-23D (Oi.SK) 
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11.2 CREATION 0? INDIAN E/ALUATED NUCL-SiR DATA FILE. 

For an indigenous nuclear data programme, we must 
aim to develop our own evaluated nuclear data file. Con-
sidering the lirriitations'bf available man power and experi-
mental facilities such as accelerators, to start with, we 
can have as base the ENDF/B data :hat we already have for 

o x q p 7q 
the various nuclides which are relevant for Pu- U 

2^2 233 
and " Th- U fuel cycles. The aim should be to deve-
lop our own file by improving specific nuclear data as 
and where improved evaluations and / or differential 
nuclear data maasurcments are made in India cr reported 
in the open literature. Such an approach is a must for 
India in the long run since we are 

- unable to- procure improved and latest versions of 
ENDF/B as and when they are released. 

- in a better position to understand and recognize 
readily the defects and omissions in the available 
data files. (For instance in END?/B-IV there is 

232 
no unresolved resonance data for 233^; For Th, 
the data of FIND?/B-IV and ENDF/B-III are same below 
50 KeV etc.) 

11.3 CRSMION 0? AN IITDIaSNCFJS PRX^SSING- CODE SYSTEM 

The creation cf a multi group cross section set is best 
done by an indigenously developed processing code. This 
helps to clearly understand and improve on a continuing 
basis the methods followed by the various individual 
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modules of the processing code. The development of 
(2 ) 

RAMBHA at RRC is such an effort. It is expected 
that from the point of view of reducing the comput-
ing time without sacrificing the accuracy, efforts 
will "be made to improve the individual nodules based 
on the published experiences and our own numerical 
experinen cat ions . Phe details of the first version 
of fast reactor nuclear data processing code RAMBHA 
will he di3cu?°ed in a sep?\rrte paper in this Workshop. 

III. TARGET ACCURACIES (3-13) 

At this point, we examine the details of accu-
racy required in nuclear data evaluations and the co-
rresponding uncertainties in the neutronic parameters 
of FBRs . The general requirement on the predictional 
capability of integral parameters for FBRs in various 
countries is centred around the follsv*ing values: 

Keff 
Breeding Ratio 
Maximum sodium 
void effect '• 
Control Rod Worth 
Dcppler effect 
Power Distribution 
(both for local/average 
and peak/average) : 

0 . Ho 
+6i> 

+2 QFjo 
±6$> 

+ 4 73 

5 



Table - I 
Estimated Uncertain ties 

( 2 level ) 

Prototype Commercial 
Causes/Sources Reactors* _ _ Past Reactors** 
of Uncertainty S e e d l ^ F " S e e d l ^ 

x Gain " Gain 

Prom the experience 
obtained fn critical 0.4 - 0,7$ 5 - 6$ 0.7 - 0.9% 5 - 6 
assemblies 

Extrapolation to power 
reactor 0.7$ 

Burnup related effects 
( End of cycle) 

Fuel? spec ificaticns 

Total (fresh fuel) 1,3$ 

Total (Eurnt up fuel s 1 - n~/o 

5 - 6$ 0.9$ 4j: 

7$ 1.5% 77= 

7$ - 1.9$ 

* Prototype Past xeactors in the range of 250-300 Mtfe 
** Commercial Past P. sac tors are expected to produce power 

in the range oi i200-1300 MWe 
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It is also accepted that the requirement for any of the 
neutronic parameters nentioned above is not met without 
a critical assembly. Table I gives the estimated uncer-
tainties in Keff and breeding galir. as arrived at by la-
boratories that have supporting critical experiments 
program.' The uncertainties for us will be larger than 
these values at least- for the first few core loadings. 

According to Hafele et.al.P^ "the prediction of Keff 
is within 3$ to 4$ (crit^pal mass 15$ to 20$) 3>f a par-
ticular reactor case is calculated and the group c«on-
stant set is chosen from among the sets in use. If one 
instead chooses or prepares the group constant set with 
care but without special experimental assistance, the pre-
diction of Keff is within 1.5 to 2.5$ (critical mass 8$ 
to 10$). If in addition to the latter case the results 
of a similar critical experiment are available it should 
be possible to predict Keff within 0.5$ to 1$ (critical 
mass less than 5$). 

Thus considering the fact that we do not have a critical 
facility our uncertainty for Keff may be higher than 1$ 
from nuclear data consideration along The differences 
in fabrication uncertainties in Indian conditions as 
compared to those in advanced nations will have to be 
appropriately added to the uncertainty assigned tc Keff 
obtained by analyse® of selected fast critical assemblies of 
other nations. For cores involving Th- U fuel, addi-
tional uncertainties arise as the fast critical assemblies 

2 'SR o "̂ Q 
constructed in other nations either have U - Pu fuel 
or do not have relation t» our requirements of composition 
and size. 

7 
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IV. RKTJIR5MS-TIS OF NUCLEAR DATA. 

IV. 1 CORE DESIGN 

As mentioned already th'e requirements of accuracy of 
nuclear' data are more stringent in India as the critical 
experiments program is absent. Table II givosthe required 
accuracy cf the cross section corresponding to target accu-
racies of +1 io in Keff and + in breeding ratio as -iivon 

~ (15*) ~ 2 39 • 2 33 by Bobkov et .al ., These numbers for ?u and U 
closely agree with those reported by Weisblfl et.al inde-
pendently ) 

The generation of our own multigroup data set using RAMBHA 
code system and 2TCDF/3-IV (or RRC LF^16^) will lead to a 
'non-adjusted' multigroup data set. Extensive analyst 
of fast critical assemblies should be performed to validate 
this new data set. At present, in view of limited man power 
and computation time, it has only been possible to generate 
multigroup cross sections for specific elements such as 
2 32 2 38 Th, Fe, U etc -ind add them to the Cadarache set. 
It has been recognized that there is need to obtain 

241 better group constants for the higher isotopes ^ Pu and 
242 Pu and for Ni, Fe and Cr, as the ftadarache set is not 

(17) satisfactory for these elements * . It is also known 
that the ©adarache set will not work satisfactorily for 
2 32 2 33 

Th- U fuel systems. Thus evaluations of the relevant 
isotopes of this fuel cycle are to be completed and vali-
dated. Thus in parallel, the indigenous programme of gene-
ration and testing of multigroup CBOSS sections for all 
fissile, fertile and structural isotopes by processing the 
latest fcasic neutron nuclear interaction data should continue. 
Some of the assemblies proposed to be analysed ha V2 been listed 
already 
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lABL-i II 

DI77MSMTIAL CROSS SECTION ACCURACY REQUIREMENTS (PER C M ) . 

(After Ref. 15) 

0,8 < E < 10 MeY 0,1 < E< 0,8 MeY 0< E< 0,1 MeY 

I II III IV I II III IV I II III IV 
239 Pu 
v - 50* 50* 41 41 9,5 10 6,5 6,7 3,7 5,0 2,5 3,6 
6f 2,6 4,0 6,0 10* -1,3 2,3 4,0 6,0 1,1 2,0 4,0 
Nf 1,2 1,2 1,5 1,9 0,4 0,7 0,5 0,9 ' 

° ' 5 

0,8 0,7 1,2 

cc9,3 10 19 19 2,8 6,0 4,3 4,7 2,2 4,0 2,6 4,4 

1,8 
"f 1 ,0 ' 

3,4 2,1 2,6 1,8 
"f 1 ,0 ' 2,5 1,3 1,7 
Steel 
^ 20 20 25 25 15 18 17 •18 11 15 12 13 

2 4 0Pu 
c 45 45 50* '50 14 15 17 17 6,5 7,1 9 9 

3,5 5,0 4,4 6,5 5,3 7,C* 6,6 6,6 7,0* 7,0* 7,0* 7,0* 

% 2,0 2,1 2,4 2,5 3,0* 3,0* 3,0* 3,0* 3,0* 3,0* 3,0* 3,0* 

241Pu 

°f 10* 10* 1 0* • 1C- 5 5,4 6,2 6,2 3,7 3,8 4,5 5,0 
4,0* 4,0* 4,0* 4,0* 2,3 2,3 2,9 3,0* 1,2 1,3 1,5 1,6 

Elux < 

1,3 1,7 2,0 ^ "7 ^ ,7 1,1 1,8 2',5 2,7 2,0 3,0 2,1 2,5 
50* 50* 50* 50* 

• 
•'14' 16 17 17 7,0 8,0 • 9,3 10 

Required accuracy Cf - 0,3^ 
I and II Requirements for prediction of both keff and 3R 
III 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 account 



Fast reactor benchmarks could be analysed by both Pol-
and BARC teaas independently using same multigr ̂ np structure a 
diffusion and transport codes. This exercise when conpl^ted 
*.Till bring out the spread in the calculated values of neutroni 
parameters calculated using 

(1) Cadarache cross section set 
(2) RRC set generated by .^Ai^HA 
(3) BARC set gen-rated using and E2TDF/B-I7 

The uncort a int ie s in safety related reactivity co-
efficients in ?.3Rs due to nuclear data considerations can be 
reduced b<r following considerations; 
- More accurate data on resonance parameters are desirable 

in resolved anc unresolved resonance region and better 
processing: methods of these data. This is for Doppler 
effect predictions 
The energy cross section gradients must be known accurately 
to + to determine sodium voiding reactivity accurately. 
The elastic and inelastic cross sections and transfer 
matrices which determine the spectrum and spectral gradient 
should be evaluated to high accuracy, as it is believed 
that the underprediction of Ion energy component in fact 
spectrum has led., to underestimation of Doppler effect. 

For determination of control rod worths to + 5?° accuracy, the 
typical requirements for the absorber material (such as 3, Od, 
Ta etc.) are that the capture cross sections should be 'rnonn 
to +• and scattering cross sections to 10r=. 

T . 2 07 VJTTCLEAB DATA ?C3 OTIITR TTiiACTOR PARAMETERS 

The tvoical fast reactor requirements for orooerties 
11 p \ ether than maior neutronic narameters are as follows- ' 
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Parameter percentage accuracy 

Decay Heat 
Activity of components 
Pluence 
Displacement damage cross sections 

2 to 5 
10 
5 

Do-;e Gradients 
Tielii'>rn and H"drogen Productior_ 

cross sections 

10 
20 to -1-50 

The various data requirements are given in Table III. Dosimetry 
measurements are used to give information about the total fl-": 
and flux spectrum. The cross section requirements from this 
angle are also given in Table III. Activation reactions in 
structural materials and coolant are required to determine the 
induced activity satisfactorily. The standard cross section;" 
given in Table III should be 'mown to the highest accuracy 
possible as other cross sections are obtained relative to the 
cross section used as a standard. .Presently." the accuracy 
required for helium producing reactions is not So stringent as 
the mechanism;; of radiation da.ma.ge has higher nor. neutronic 
uncertainties in interpretations. 

III. 3 NUCLEAR DATA REQUIRETUITTS POP SHIELDING CALCULATIONS^1 

constants, the generation of -which do not generally tape's into 
account the strong spatial variation of neutron spectrum in 
the shield. Thus for example the use of a simplified sloping 
do"Tn model in the generation of group constants is a main source 
of error in calculating the neutron penetration in fast reactors. 
To ensure + 50$ accuracy in the flux at the outer boundary of the 
shield the total interaction crosr.- section must be kno'\m for all 
the isotopes comprising the shield (such as steel, so^iu^, nâ bor..' 
vithin + 1$ accuracy in the range TleV - 1eV. The radiative 
capture cross section should be !cnovm within + 10> for those 

In shielding calculation. use is made of the group 



ble TTI 
TiIoT OF 0ROS-") SFCTiOIHJ k^D . A 0 n 0 7 7 . 1 5 3 

F a s t R e a c t o r _0oro JDesitgi 

J^sjotjopes 233, nsoi Le 
Fertile 
Structural s Fe. Or, Ni 

U, '" : ; 9Pu 
232 Th, • U 

Pg.rainqter 

*t 

<T. or 

/ 

Fissi le _i s O t ojoes 

0 . 3 % 

2/o 

4 fo 

2% 
1 0% 

Structural isotooes Fertile Isotope: 

10? 

Resonance Parameters 10% 
v delayed 3% 

5-10% 

(<5TS ) 

* 5 % 

20°/o 

HI 

2/o 

3/- (1 . 5% i n r a t i o 
to <S|p of 2 - ^ P u ) 

5/'" 

10?.-

240, The above requirements for ' Pu and Pu are less stringent (by a factor of two) 



Tci'Vle [IJ'jont/i„ 

10 11 

ISO topes; B, B, Ta, C<\, Eu, ilr, Hf 

: + 596 ) ! 0 1 1 )for B and B <5S : +10 fb ) 

For tlio other isotopes which are proposed to be control rod materials the 
yamo require men <:.s arise in future. 

III ;FISSioiJj'iipj^ 

Bullc Reactivity Effects + to 10$ 

Thin leads to <5C : + 10"/ 

and 6? : + 30$ 

Bnmup Monitoring, Integral decay heat andAelayec/neutron emission 

to be known to + 10^ for the following 
97»lo, " T O , U)1

 iu> " 1 0 V , 0 5Pd, , 0 7 M , 1 2 9 I , 1 5 1
 S O f 

1 5 V 1 5 5 c s , 1 ' l 4 c , , ' " m . U 5 ? M , ' ' " p , , i 4 9 S m j 1 5 1 ^ , 



'able LIT conlyT. 

IV ACTIVATION REACTIONS 

The requested accuracy is + 10io 

58Ni(n , P) 58Co; 50Cr(KT ) 51Cr; - ^ p ) 55Mn; 58j0(v,v) 59 F e. 

59co(»vr) 60Co; 60N1(V,P) 6 0Co ; 
75As(*.)T ) 7 6AS ; 98Mo(«,ir)99Mo ; 

181Ta(v»^) , 8 2Ta ; 23lla(^lf) 2 4
Na; 23Na(vO^) 

i 

2 4»a 5 
4 0 A ( y / ) A , 

DOSIMETRY CROSS S3CTI0ITS 
Standards 24 N a ; 2 3 7 N p ( ^ f p) 56Mn; 5 8 N i ( ^ 5 7Ni 

63Cu(Vs 2m) 62Cu, 197Au(v*Y) 1 9 8Au, 23?j(»,J ) F.P. 239Pu(*,f) F 

VI STANDARDS 
3He(v*p) 6Li(*,i* ), ^ B ^ o O 12C: 1 9 7 A u ( ^ r ) ; 

£ ) 9 and fission spectrum 

VII HELIUM PRO QUO T ION CRQ-3S SECTIONS 

All isotopes and impurities present in stainless steel ; 

-̂ ili (v*^ ) j9Ni( ) ; Such two step reactions also need this cross 

soctionSto be known 
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elements especially below 1OfceV for a good (+10$) prediction of 
heat generation and capture gamma radiation fluxes. In the shielding 
of ?3Rs the capture gamma yield-'is (iue mainly to the absorption 
of neutrons. Vie neeel to oerform a few more sensitivity studies 

• •J 

to assess our complete requirements. 

III. 4 NUCLEAR LATA REQUIREMENTS FOR OUT-OP-PILE PART OP FUEL CYCLE^ ̂  ̂  
The importance of actinides in fuel cycle is well known. 

a) In the core itself the build up of acxinides ehanges reactivity. 
The errors in the cross sections of and Am 
isotopes lead, to 500 pem error in criticality of FBR fuelled with 
plutonium. The minor actinides other than Pu isotopes contri-
butes 1 1$ to the generation of power and 2 4 1Am isotope may have 
an effect on the internal breeding gain by about 0.02 at the one 
of fuel life-, '.'hen Pu from PHWR is fed into LMFBR, the higher 
isotopes 24OPu/""^''Pu/2^"2Pu contribute 6/3/1$ to reactor power. 

b) The prediction cf radiation and heat generation depends on 
ncutron7 , and sources of spent fuel and this has to bt-
knovm for shielding and cooling purposes, during transport, 
reprocessing and'-rofabricatior. The o< and Y\ activity mainly 
due to ^ ^ C n and "^"Cm pose problems in fabrication and foqvnd-
ling of fuel. The inadequate knowledge of effective cross 
sections used in the calculations of isotopic composition leads 
at present to 50$ error. The study of actinide depletion is 
important as the actinide waste would represent a hazard risk 
for 100,000 years and longer while the risk from fission 
products decreases to acceptable levels within decay periods 
of 1 ,000 years. 

A study of sensitivity analysis of the actinide 
production and buruup in fast reactors should bo taken up in 
'order to arrive at the information on the required accuracy 
of nuclear data for actinides. 
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V RECOMMENDATIONS AND CONCLUDING REMARKS 

Proa the broad overview of nuclear data requirements 
presented above we reco'atnend the following for satisfying the-
require taents of our fast reactor programme. 
1. The absence of fast critical experiments programme leads to 

the requirement of a Tore careful evaluation and watching of 
the developments in international efforts in the field of 
neutron induced nuclear data evaluation. The analyses of 
selected critical experiments could be" performed by two 
independent selected groups in India to enable healthy 
criticism and cross-checking. 

2. Efforts to obtain the detailed information on critical assoab 
lies must be initiated through international bodies like IAEA 
or ENEA/OECD. 

A co-ordinated all-India effort in the long run and RRC-3AHC 
collaboration in the immediate future will be very helpful 
for successful implementation of ind%eneous evaluation 
processing and validation of nuclear data for applications 
to fast reactors. 

'4. Sensitivity studies are required to be performed to assess 
the nuclear data requirements ir, Indian context for some of 
the shielding, out-ci-oile and in-pile cases. 
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USE OP THEORETICAL MODELS IN NUCLEAR DATA 
EVALUATION 

S.K. Gupta 

Nuclear Physics,Division, Bhabha Atomic Research Centre, 

Bombay 400085. 

Abstracti 

A brief overview of nuclear models for neutron 
nuclear cross section predictions is presented starting with 
basic concepts. Resonance reactions, optical model, stati-
stical model and level statistical parameters, preequilibrium 
model, gamma emission and fission theory are reviewed. 



1. Introduction 
Nuclear Bata1^ find numerous applications such as in 
a thermal and fast fission reactors 
b plants for nuclear fuel fabrication end reprocessing 
c fusion reactors 

d shielding of reactors and accelerators 
e nonenergy applications such (i) nuclear activation 

analysis (ii) radioisotopes as tracers (iii) production of 
radioisotopes (iv) nuclear particle irradiation such as in 
cancer therapy. 

f nuclear physics to enhance an understanding of the 
nuclear phenomena. 

Due to immense importance of nuclear date, every 

possible effort to obtain these data is rigorously persued. 

The primary effort is in directly measuring them but the experi-

mental generation of nuclear data in its entirely is inadequate 

obviously on grounds of feasibility and economics. It is here 

that the nuclear models and systematica play a crucial role in 

providing a unified or concepts-economic understanding of the 

measured data. This understanding finally promotes confidence 

in using experimental data by removing discrepant data. It 

further fills gaps by interpolation of the data as a function 

of energy and 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 experimentalist 
believee that only the experiments can lead to reality while 
e theorist insists that he can tell all about the reality by 
a fabric of logical structures. An evaluator of nuclear data 
believes in using the best of both the worlds and provides a 
balanced objective view-point to the user of nuclear data. 

The nucleus consists of neutrons and protons. In 
cross sections for neutron nuclear reactions which comprise a 
large segment of data-needs, an incident neutron Interacts with 
the target nucleus and may produce one of the several end-
products, To exemplify, a neutron interacting with a target 
nucleus undergoes interactions with its consituent nucleons and 
comes out without any change in the internal state of the 
target giving rise to elastic scattering. Other possible modes 
are inelastic scattering, radiative capture, fission, (n,p), 
(n,oC), (n,2n) reactions and eo on. The interaction probability 
is represented by cross section which varies with energy. In a 
naive picture of a nucleus interacting with a neutron, the 
neutron undergoes en interaction with the average potential 
produced by the whole nucleus. This potential depends on the 
distance between the neutron and the centre of the nucleus. 
The remaining part of the interaction between the neutron and 
the centre of the nucleus. The remaining part of the inter-



action between the neutron and the constituent nucleonfj 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 the nucleus gains energy leaving a hole behind. If 

the doorway state does not decay by disintegration another 

collision will give rise to three excited particles and two 

holes. Every further collision increases the number of 

particles and holes by two units. If at any stage theT'e are 

n excited particles and holes collectively called as excitons 

each has an average 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 a state where the energy 

is shared between several excitons each having much less than 

the energy of the incident nucleon. This state is the compound 

Btate which does not have any memory about its formation. 

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

that of a fully equilibrlzed system. As the excitation energy 

increases the system sometimes decavs before reaching the equi-

librium and this gives rise to the preequilibrium component. 

The equilibrium emission is characterized by low-energy and 

almost isotropically emitted particles while the preequilibrium 

emission is characteristic of high energy particles emitted 

in the forward peak. 
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The interrelationships between various model is 

best illustrated in the Fig.1 where the model applicability 

18 shown for various energy regions. 
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2. Resonance Reactions 
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 isolated resonances are observed as a 
function of energy in the cross-section excitation function. 
A resonance represents a positive energy near-eigenstate of 
the compound system and is further characterized by a 
definite angular momentum and parity, itB total end various 
partial decay widths. Resonance theories ' aim at describing 
the cross sections in terms of these parameters rather than 
aim at predicting the parameters. A detsiled prediction of 
the resonance parameters is not possible. The advantage of 
using resonance parameters to generate cross-sections leads 
to an economy in description. Resonance-region cross-sections 
are doppler-broadenSd for use in reactor physics calculations. 
This can determine preference in using one approximation over 
another. The R-matrix theory separates out explicitly the 
energy dependence of the resonance-parameters but sometimes 
it i8 computationally tedious as the inversion of large 
matrices may be involved. The unitarity of the scattering 
matrix is guaranteed in this theory. The Kapur-Peierls* 
theory has an implicit energy-dependence in the resonance 
parameters and the unitarity of the scattering matrix may not 
be guaranteed. However it may be computationally advantageous 
to use the Kapur-Peierls' theory. 
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3. Optical Model 

The average potential felt by a 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 
the 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 
predicts total, elastic, differential elastic, reaction 
cross sections and generates transmission coefficients and 
wave functions. The latter form an input to other cross-
eection calculations such as the statistical model and the 
distorted wave Born Approximation calculations. Recently 
Chatterjee, Murthy and Gupta3^ have published am analytic 
parameterization of the optical reaction cross sections 
for light projectiles. Optical model predicts polarization 
cross eeotions as well when the spin-orbit potential is 
also included. 

In phenomenological analyses^ 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 inparison 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 which 
aim to predict the optical potential" starting from the 
nucleon-nucleon potential. The calculations are reasonably 
successful and predict the total optical potential reaso-
nably well. 

When the low-lying excited states of a nucleus are 
similar in their nuclear structure differing only in defor-
mation or vibration degree of freedom, the generalized 
optical model employing coupled Schrxodinger equations is 
used. 

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. When the ratio of the mean 
level width to the mean level spacing is larger than unity, 
the statistical model description results. This ie usually 
known as the Hauser-Feehbach model^ . Moldauer's level-
width fluctuation correction should also be applied to 
the H-F model. 
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When the number of levels In the residual nucleus 
alBO becomes large, the discrete ensemble Is replaced by 
a discrete plus a continuum or by a continuum ensemble. To 
obtain the continuum of the levels i.e. the level density, 
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 Interoomparison exercise has begun.8^ Eataria, 
Ramamurthy and Kapoor^ have also proposed a new level-
density formula. 

In the cases where levels in the residual nucleus 
are replaced by the continuum and if angular momentum 
effects can also be ignored the Weisskapf-Evting evaporation 
nodel results. This model is attractive due to its simpli-
city and finds an application in several calculations as 
for in,/), (n,n), (n,2n), (n,3n), (n,p)t (n,«), (n,f) 
reactions etc. 



5* Preequilibrium model 

The s t a t i s t i c a l model assumes a decay from a ful ly 

equilibrized system, however as the energy increase , the com-

posite system decays even while the system i s equi l ibr ia t ing . 

This decay i s described by the preequilibrium model which 

t r e a t s an equilibrating system in a s t a t i s t i c a l manner. In 

one version of the preequilibrium m o d e l s ^ \ the ezciton model 

the n exciton s t a t e e i t h e r makes a t r a n s i t i o n into neighbouring 

n + 2 s t a t e or decays by emitting a p a r t i c l e . The preequil i -

brium phenomenon i s found to be a necessary ingradient in 

' explaining the incre&Be or decrease in several cross sec t ions . 

In the master-equation approach the s t a t i s t i c a l 

(equilibrium) model and the preequilibrium models get (unif ied. 

The master equations describe the equilibrating system as a 

function of time. However the t ime-integrated master equations'*^ 

are adequate to obtain the cross sections by calculat ing mean 

l i v e s of each exciton s t a t e . The mean l i v e s as a function of 

exci ton number represent both the preequilibrium and the equi-

librium p a r t s . The one-oomponent equations without dis t ingui -

shing between neutrons and protons are described by three term 

master equations. The t ime-integrated version of these equa-

tions give r i s e to a t r idiagonal system of l i n e a r simultaneous 

equations. Chatterjee and I have obtained a continued f rac t ion 

solution of these equations. 
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The angle-dependent master equations in the frame-
work of exciton Dodel have also been proposed and now their 
solution can be obtained**^ in a similar manner. 

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

12} 
in Feshbach-Kerman-Koonin version. ' A clear distinction 
is maintained between multi-step direct and multi-step com-
pound processes in this approach. 
6. Gamma Emission 

It is adequate to treat only the electric dipole 
transitions in the radiative transitions. In gamma-ray trans-
mission coefficients the Veisskopf profile or the Brink-
Axel profile is used. At lower energies apart from statis-
tical capture*^, the direct capture and valence mechanisms 
alBo dominate in certain mass-energy region. At higher 
energies ( 10-15 KeV) the direct and collective mechanisms**^ 
dominate. 

7. Fission theory 

F i s s i o n i s q u i t e a complex phenomenon though i t s 

understanding i s based on r a t h e r a simple concept . An e x c i t e d 

equilibrissed nuoleus p r e f e r s to break i n t o two almost s i m i l a r 

p a r t s was r a t h e r unexpected. I f such a nucleus I s assumed 

t o be a l i q u i d drop which i s undergoing deformation and i t B 
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energy passes through a maximum as a consequence of compe-
tition between the surface energy and the Coulomb energy, 
the problem of understanding fission1^^ becomes an exercise 
in barrier penetration. Though a fissioning nucleus under-
going continuous deformation develops a neclc after travers-
ing the barrier and breaks into one of the several possible 
pairs of fission fragments, the barrier region has only a 
few transition states determining the fisBion 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 of 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 fission barrier parameter 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 BO 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 
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statistical theory. A semi-empirical formula was proposed 
for calculating the second and third chance fission by 
Jhingan et al.17) 

8. Conclusions 

Presently nuclear theory is quite powerful and is 
undergoing further development to prediot nuclear oross 
seotions and related quantities more precisely* In this 
brief over-vieir we have presented some facets of nuclear 
model useful in predicting nuclear data. Optimal results 
will be obtained in using the existing modelB and the experi-
mental results in a complementary manner. 
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Calculation of Displacement Cross Sections in Stainless Steel ^sin? 
SSTR Cross Section Set 

C .P.Reddy and 

Re act ox Biysics Section 

1.. Introduction 

Any component Miich resides in a neutron field undergoes 
radiation damage. There ^re different uays to quantify the amount of 
neutron exposure, m e "units usually used to measure the exposure of 
materials to fast neutrons is the number of displacements per atom. 
( afb ) and fluence above 0.1 (nvt). In most of the studies vhere 
effects of radiation damage are studied usin? accelerators, ccorrelations 
are obtained between the number of times the atom is displaced and the 
effects of radiation damage like swelling, radiation embrittlement etc. 
3o it is required of a core desist! engineer to specify the displacements 
per atom in all the components durin? their life time, vfoich requires 
knowledrfe of displacement cross sections. In the present paper die-

(4) 
placement cross sections are o-iven, calculated us in? T8N raouelx and 
SBTR cross sections, 3he authors discuss the reasons for choosin.? 
Tcciv model, breifly describe the model. Also ^e discuss mode adapted 
for calculating displacement cross sections and compare the results 
with the other published results. 

2 . Basis fee the selection of the model 

There are many models discussed in the literature fcr 
calculating displacement cross sections. To name some important ones 
are Kinchin and Jfease mod el Half nelson model^, Torrena-
Robinson and nor^ett simulation mocel^^ and Torrens, Robinson .and 

(4) (5) 
lMorcrrette standard model . In table 1 ise compare the aultifrcup 
displacement cross sections o-iven by the different noaeis. Half 
nelson model .-rives approximately half the values of Kinchin 3nd 
lease model whereas Hd>j simulation and TRL standard model compare 



well with each other ana also with the Kinchin-pea se model at higher 
energies. Experiaental results snor that siociel is a better apcroxi 

(6) 
niation . also liEi is now recommend in* HUN model as a standard of 
datnao-t doge. 

The Torrens-KobinaCii-iN1 s-ro-ett mode 1 

jiccin* to m* "..-.-del number ,-f <iisplr.oenents "n^^fy) 
produced by prinnry knock en atom of recoil ener.-yy is o-iven by 

T) d (£_) - -E^tfamcj 
^ - — O J z 

For low energies 

- 0 * » 

for < f'C _r = 1 

uhere is the displacement threshold energy for stainless st^el 
= 36 ev and £ = 0.9 

E , , is the energy lost by the primary knock on ate- cue to inel" inelastic 

scattering and it is o-iven by 

viiere 
<£(£)=> £ + 0.40244 £ ^ + 3'.4008 ^ y 6 



£ (fcp i n 

^ , 2 = atoaic v-eight and atonic number of the recoiling 
heavy ion:--

= lii:e i o r matrix a teas 

for any alloy 

/L ^ £ ^ . Ar A * 

/7 

2 in 7 £ m 

>). = nnub-r density of itn element in the alloy and 

A - 2* 53 are at cede weiofct and atomic number of ith element in 
* > t 

tho alloy. 

To calculate ciisplacenent rate capture reactions inelastic 
scattering ana axxiŝ -tropy are ignored. Only elastic scattering is taken 
into account. These approximations art valid l'or last reactors. 
naxiiTiavi fraction of energy taken "by the primary knock on ato.a of ith 



type is 

u » ± 1 < (3) 
C' + fli) 

So the range of energy of the primary knock on aton is 0 t o t f i e r e 
E. is the energy of the neutron. Then the nuaber of displacements 

per a scattering incident of a neutron of eneroy ^ is »iven by 

A t e 
'Hrf.Ce) - i - J - n ^ C e ^ tr,. -»(«,) 

o 
Then the displacement jyroup cross section is 

f i 
•j- -xX. < e ) vitiej <P CcJ d e 

J C f j A E 

{.£) elastic scattering cross section 

aicde of Calculations 

V#e have taken elastic scattering cross sections froa 25 srroup 
StiTE cross section set. Instead of evaluating integral in the equation 
we have assumed O ^ as constant ovet the o-ruip arc energy of the neut.r 
as the oiddle ener-»y of the <?roup. 

Integral ia the equation 4 is done by reducing it to a aisw-
©ation by dividing the energy rarn?e fron 0 to ,M,£ into sjall regions 
and asaiiaiJUir the ^hfX (-CpJ as constant in each of these sraall regions 

tie also have 574 <rraup cross sections in SLUi cross section 



library covering a ran?e upto 2.2J . v»e also calculated displace-
ment cross sections for 574 groups, •'•or the sake of couparison we have 
collapsoo these cross sections into 25 ^roups^ tf'sinn- the standard 
spectrum -riven in the Table 2 . 

Results 

In tabl--' 3 ^ present results of 25 n»roup displacement cross 

section for iron, 574 'Troup cross sectijons collapsed in to 25 croups (.0 
aloncr with J.I.iSran^an et a l . results . Results ao-ree veil. Snail 
differences seen are due to approximations used and difference in the 
cross section set . In table 4 ê present the displacement cross sections 
,?en<=ratea usincr 25 or0153 SLIR version II cross section and 574 fine croup 
<3LTri version II cross sections collapsed into tne 25 cra^p fornat. Both 
the results acree well. The differences are due to the approximations 
while calculating br^ad croup cross sections. 
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V.e acknowledge 1(Jr. ^-.L.Sharna for his Kind help in retreivinc 
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Table 1 

i.iu.ltigrcup displacement cross sections 
. 

weutrcti Lower group Cross Sections bams 
energy energy of Kinchin ie Half-Js<--lson Tol. Simu- TitN 
s-roup sproup in R-ase lation Standard 

key 

1 5680 2278 1433 2789 2120 

2 2230 2246 1241 1309 1381 

1350 • 1376 882.1 1112 836 

4 821 "1479 649.9 727.7 534.3 

5 498 1249 577.8 607 .1 442.8 

6 302 911.6 454.8 468 .5 338.3 

7 111 444.6 235.0 2M.2 175.3 

8 40.9 262 .4 144.1 156.9 105.0 

Table 2 

Stai.dard Spectrum 

Energy Ranoe 

14.5 Mev to 2.23 MeV 
2.23 tie? to 321 keV 
821 htfv to 67 .4 kev 
67.4 kev to 2.04 
2.04 kev to 275 ev 
275 ev to 0.414 
Thermal srroup 

3iape of the flux 

fission source spectrum 

l/E 

l/rrr 'vlT 
constant 

E 
m xwe 11 i an spec trura 
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Table 5 

Comparison of displacement cross sections lor Iron 

Loiser 
energy of 
the <?roup 

Bramian et a l ^ 
cross sections 

25 wroup 
cross section 

574 collapsed 
into 25 
groups 

5 «.o3 w=V 2120 2632 -

2.23 " 1391 1422 -

1.35 " 93b 914.0 715 
821 fceV 554.3 497 .4 492.0 
498 " 442.9 396.3 434.0 
302 '» 333.3 296.7 35:-.0 
111 " 175.5 209.0 139 
40.9 " 105.3 159.0 206 
24.S " - 141.0 143 
15.0 " - 66.5 ' 95.0 
9.12 " - 143.0 71.6 

5.53 " - 14.7 - 131.6 



Table 4 

Displacement cross sections of Stainless ̂ teel 

Lower energy 25 sfroup cross 574 <?rcup cross sections 
of the o-roup sections collapsec into 25 groups 

5.60 ulev 2731 - • 

2.25 « 1495 -

1.35 " 393 312 
321 .ev 531 538 
490 " f— 

C\J •J- 469 
502 512 575 
135 " 221 215 
111 " 139 235 
67.4 " 149.1 155 
40.9 " 76.1 192 
24.3 " 117 63 .0 
15.0 « 42.7 1C9 
9.12 « 35.7 40.7 
5.53 " 53.5 34.5 
5.36 " 15.1 23.0 
2.04 " 6.17 9.22 
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Abstract 

RAT/BHA is a FORTRAN IV computer code system that generates 

complete set of multigroup constants including self-shielding factors 

and transfer cross sections, using the differential neutron nuclear 

cross^ection data set available in the ENDF/B-IV format for applica-

tions ±o fast reactor calculations. The code averages the.point dat.-

in the 3rd file (including^contributions from the floor corrections for 

the resonance region) into the given 25 groups. Resonance parameter 

data are retrieved from the second file; the infinite dilution cross 

sections as well as self shielded cross sections are computed and tie 

self shielding factors are obtained at given temperatures and back-

ground dilution cross sections. The code gets V from the first file 

ani takes the transfer probabilities from the 5th file. Interpolations, 

wherever necessary, are carried out respecting the schemes specified in 

the ^ata file. Standard spectra appropriate to a large fast reactor 

are used for flux weighting required for averaging. Tne code has options 

to include or exclude different modules. The methods or algorithms used 

in -the various modules of the co^e are explained in brief in the 

following sections. Typical preliminary results are presented and 

compared with available multigroup constant set. ^elf shielding 

factors computed by RANBHA code system are compared with available 
d t f r 



I N T R O D U C T I O N 

Since five years the different modules of the fast reactor 

processing code RAMBHA^were written and individually commissioned. 

Recently integrated one shot generation of the complete set of nulti-

group cross sections has been successfully completed for typical 

fissile, fertile and structural isotopes. This paper briefly documents 

the functions of various modules with typical results obtained. The 

primary aim of developing -this code system is to enable us generate 

ourselves the required nultigroup data sets for isotopes for which 
(2) data is not available in -fee presently available CadaTache multi-

group cross section set. The code system can also be used to update 
240 233 the cross sections of sontt isotopes such as Pu or Fe or U f or 

which it is known that the recent differential evaluations of cross 

sections have undergone much improvements. It is also hoped that the 

availability of our own nuclear d=ta processing code system will enable 

us to have better basic understanding of the effect of certain specific 

changes in f^st neutron cross sections on neutronic parameters of fast 

reactor system by enabling us to perform detailed sensitivity studies 

directly starting from the differential cross sections. 

R E S O N A N C E D A T A P R O C E S S I N G O F D A T A GIVEN IN E N D F / B - I V F C R M A T ^ 

The code takes the resonance parameters ifor resolved and 

unresolved resonance region, given isctopwise for any material, in the 

2nd file and conpjtes the infinitely diluted as well as self shielded 

group cross sections. Presently for the resolved resonance region only 



SLBw formalism will be accepted in full but MLB¥ formalism will also 

be treated ignoring the level interference in scattering. 

The SLBY.' formalism gives the following expressions for an 

isotope for the capture, fission and scattering Doppler broadened 

cross sections. 
- . 0 ) 

r 

a»A r ) 

where ^ S ^ V c j f C ^ * ^ 

E being the Energy, 

T the temperature, 

f̂  Capture width at K ^ resonance 

f m th ffc fission width at K resonance 
r th neutron width at K resonance 

r f k + 6 k f k 

peak cross section for K resonance 

(2) 

(3) 

(4) 

S t phase shift, 



angular momentum, indiaating the partial wave 

vy^'X' Doppler broadened line shape functions to be 

evaluated for given temp. 

The method of evaluation of any of the above parameters is the same 
(4) as that followed in the code DOPSEL . . . 

Unresolved Resonance Region 

In this region since tbe resonance parameters are not 

specifically known, the statistics of the resolved resonance parameters 

are made use of. The cross sections are then obtained by averaging 

the quantities on the r.h. s. of eqns. (1) through (4) over appropriate 

distribution functions for the partial widths and tbe level spacings. 

For describing the statistics of the partial widths, the Porter-Thomas 

distribution functions *ire used. 

ENDF/fe-IV gives energy dependent or independent parameters 

for the unresolved resonance region. All 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 
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•where 2 stands for summation over the resonance region belonging 
U ^ th to the energy group Cy , is the peak cross section of K resonance, sj • 

t>>i< is the energy at" which K ^ resonance occurs and is the 

lethargy width of group . denotes the partial width of K 

resonance for the process x« 

In the unresolved resri GO. the infinite dilution cross section 

i3 given by 

the symbols having usual meaning and the averaging done over Porter,/' 

Thomas distribution. 

/ 

Self shielded cross section ,/ 

Resolved resonance region The self shielded or effective cross section 

(temp. and dilution dependent) using the 1IR approximation is given by 
Al ^ 

^ . ̂ ZL : (7) 

X 

T * (51 
J ^ is known as generalised resonance integral . The evaluation 

of -this function including the' overlap correction is done exactly 

in the same manner as in ref.4. 
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Unresolved resonance region 

Kt = x 
N 

where N stands for a particular ( ̂  JT ) sequence and v for the 

process. 

t? 

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

which closely follows Ref.5-. 

Floods corrections 

Since the.resonance parameters do hot adequately »epresant 

the cross sections in the resonance region ENDF B/IV gives the floor 

corrections that one to be added to the cross sections obtained using 

resonance parameters-resolved or unresolved. The floor corrections 

are given as point data in the 3rd file, 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 averaging is 

explained under 'point data averaging'. The corrections are nade for 

both self shielded and infinite dilution cross sections. 



Point data averaging 

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

which are averaged as follows; 

> 
The weighting spectrum used in different energy regions are as follows 

region spectrum 
5 

14.5 MeV - 2 .23 MeV E.e ~E/l-4z1° 
- 2 

2 . 2 3 MeV - 4 . 9 8 KeV E 

4 . 9 6 KeV - 4 0 . 9 K5V : E~"1 

4 0 . 9 KeV - 1 . 2 3 K B V E ~ 0 ' 5 

1 . 2 3 KeV - 2 2 . 6 eV 1.0 

2 2 . 6 eV - 0 . 4 1 4 eV E 

.414 eV 0 fc-«A>.0253 

The integration is performed using Ganss- Quadrature and any interpola-

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

All the cross sections outside the resonance region are averaged from 

the point data in this method. 
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^•^Y^TCransP0I"t cross sections 

This is obtained using the formula 

~ K ** 

^V / ^S a r e stained at same energy points by proper interpolation 

from the point data given and computed at those points. Then they 

are averaged to get using flux weightings as explained earlier. 

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

t̂tf" is obtained using 

tj s tftf _ j ^ ? ' C D 

in which £>^^ and d^T are actual group cross sections including 

floor corrections. 

In the resonance region, self shielded and c/O dilution 

would be obtained by using self shielded ( and 

dilution correspondingly. 

V values are represented in file 1 of ENDF B either in a 

tabular form or in a polynomial form. If tabular representation is 

given, is obtained by energy weighting^ 

V . = J " / f (12) 
fcq+i « 

If a polynomial representation is found V^ i3 got by analycic-~l 

integration. Her* V W i* ft* 

v ( E ) = ^ w W ^ e ^C i * " ^ 



Then i s stained using 
C 

<i><5-jp>^ • y^ (15) 

where is -foe actual group cross section including floor 

corrections. 

v7e may get self shielded or C& dilution ^ ^ by • using 

self shielded or OO dilution c orre spondingly. 

Self Shielding factors 

lbe self shielded as well as diluted cross sections 

•are thus obtained for the capture, scattering, fission, total, transpo: 

cross sections and O-^^f^ values and the self shielding factors for 6 
anygroup is obtained as 

t l _ V x ^ ̂  ' (14) 

where represents any reaction process. 

Transfer matrices 

Inelastic : 7nis is made to include the contributions from the 

) reactions exciting continuum en^gy levels, ( ) reactions 

exciting discrete energy levels, (f\2rs ) reaction* and ( 3v\ ) 

reactions. The methods adopted in computing the respective contributions 

follow those of M 1 6 R D S - 3 

ENDF/B gives the pointwise cross sections for different discrete 
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excitation levels for the ( Vv* ) reactions. The transfer cross 

0 
section from 3 to ̂  group is obtained as 

j , < % " ( « ) O * 
t L 

• a-

• n (15) 

where E^ = ( 5 * ~~A^" ̂  ) 

is the threshold for the level 

ENDF/B gives, for tne (v\ ) reaction Kciting continuum levels, 

(^2*) ard ) reactions, the pointwise cross section in file 3 

and the transfer probabilities in file 5'. The transfer probabilities 

may be given in o.ne of so many ways of which the code presently can 

handle tabulated probabilitiesagainst incident and final energies 

arri tabulated nuclear temperature (t ) against incident energy 

(evaporation model). The transfer crc ss section from group ^ to 

is obtained by ( 

• f 6 * 
cr * — - — 

X ' (»,*') , (w, 2vv ) or (^3*) 

The integration is carried out first and ^ij is 
/ 

®bt~iiced. f- ^ 
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If • is given in-the file 

if 0(e) are given the sink integration becomes analytic. 

= X , ^ 
9 -^a-Vi 

'H - e'/BO) , , 
(18) 

where, I- , the normalization constant is given by 
, r -(f-un/efe) , 

X s e ( s ) ]_i- e ( l + (.9) 

{ ' 0 ' < E - W ) 

U being the threshold. 

Transfer Matrices : 
Elastic 

Isotropic scattering is assumed for the present and 3ucholz's 

method is used. The transfer cross section from group ^ to ' for 

any moment is given by 

e* - ' (20) V1 \ 
- ^ C O i ^ M ^ H c (2D 

era 



using the relation 

Kt- C ^ + K 2 ) ' 1 ] 

it can be shown -that ijV 
e " ' ' ' 1 

\ ?0(k) 6 = £ £ £ ) [ * L 
za 

(22) 

V 
a 

(23) 

• * O (24) % ** fV 

[ i r 
3-A K 

where f r (ci + ) 

and the sink integration is purely analytic. 

K . - i 

ind U correspond to the lower and upper energy limits of 
t— I w. 

the sink group subject to the condition that 

£ £ E' ̂  C*r E 
i . x 

where (X ~ (A"*} /(*+») 

•(25) 

Tables 1-3 give the preliminary results obtained using HAMBHA code 

system. In these tables values from SETR set are also given to 
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enable detailed comparison v?ith the results'-of RAMBHA code system; 

CONCLUSION AND REMARKS 

Results of analysis of fast critical experiments will be 

performed using -the new multigroup cross section set obtained using 

RAMBHA code system, 

Ihe experience has considerably increased our confidence in 

the development of a large nuclear data processing code system. 

Several improvements are planned to be incorporated in th~ 

second version. These will greatly increase the versatility of li'G'i'. 

code system and attempt to remove many of the approximations used in 

the first version reported in this paper. 
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ITTi1' INIT"J DILUTION CSQS5 SSCTION 3 FOR . Pu 

GRP. No. SCATTERING CAPTURE FISSION __ TOTAL 
RAMBHA SSTR RAMBHA SSTR RAMBHA 3F.TR HAMBHA 3BTR 

t .42686+1 .42867+1 .14618-2 . 1 3000-2 .18244+1 .18210+1 .75573+1 .76850+1 
2 .42768+1 .49053+1 .38404-2 .28000-2 • 1 3797+1 .17560+1 . 77941 +1 .79180+1 
3 .37747+1 -.43926+1 .10657-1 .83000-2 .19179+1 .18520+1 .71345+1 . 73830 +1 
4 .41548+1 .44559+1 .25233-1 .32000-1 .1 7390+1 .17500+1 .70 9 52+1 .73270+1 

5 • 53211+1 .53197+1 .73716-1 .10100 .16268+1 .17000+1 .78336t1 .81750+1 

6. .65658+1 .66837+1 .14042 .19400 .15527+1 .16600+1 .88316+1 .94200+1 

7 .76871+1 .82468+1 .18980 .24100 .14921+1 .15960+1 .98420+1 .10 770+2 

8 .87031+1 .95173*1 .21761 .28000 .15331+1 .15400+1 .10021*2 .11880+2 

9 .95480+1 .99410+1 .29609 .30200 .15090+1 .14200+1 .11712+2 .12150+2 

10 .10229+2 .10912+2 .41307 .34800 .16037+1 .14020+1 . 12487+2 .13030+2 

11 .10 572+2 .11882+2 .47973 .52100 . 1 5956*1 .14680+1 .12874+2 .14220+2 

12 .11416+2 .12149+2 .94528 .73900 .18708+1 .15730+1 .14430+2 .14770+2 

13. ,11814+2 .12086+2 .13076+1 .98100 .20453+1 .18000+1 . 15295+2 .15080+2 

/ -



T-iblo 1 eon id. 

G R P SCATTERING CAPTURE F I S S I O N TOTAL 

R/U® HA S E T R RAMBHA S E T S RAMBHA S E T R RAMBHA 3 E T R 
fig . - _ - _ 

1 4 . 1 2 3 2 9 + 2 . 1 1 7 5 3 + 2 . 1 8 6 6 0 + 1 . 1 4 9 2 0 + 1 . 2 3 8 1 9 + 1 . 2 5 5 0 0 + 1 . 1 6 5 8 7 ) 2 . 1 5 8 0 0 + 2 

1 5 . 1 2 8 8 5 + 2 . 1 2 0 6 6 + 2 . 2 6 3 6 2 + 1 . 2 3 2 9 0 + 1 . 2 8 8 8 1 + 1 . 3 1 0 5 0 + 1 . 1 8 4 0 9 + 2 . 1 7 5 0 0 + 2 

1 5 . 1 3 4 8 7 + 2 . 1 1 1 1 1 + 2 . 3 7 2 4 5 + 1 . 3 7 7 9 +1 . 3 6 2 1 7 + 1 . 4 0 2 0 0 + 1 . 2 0 8 3 3 + 2 . 1 8 9 1 0 + 2 

1 7 . 1 1 1 2 1 + 2 . 1 1 1 1 4 + 2 . 5 2 3 8 3 + 1 . 4 7 0 2 0 + 1 . 4 6 3 8 1 + 1 . 5 2 2 4 0 + 1 . 2 3 9 9 7 + 2 . 2 1 0 4 0 + 2 

1 8 . 1 4 7 7 2 + 2 . 1 1 1 1 4 + 2 . 7 3 2 6 5 + 1 . 5 8 8 0 0 + 1 . 6 0 1 6 6 + 1 . 7 9 4 6 0 + 1 . 2 8 1 1 6 + 2 . 2 4 9 4 0 + 2 

1 9 . 1 5 4 2 6 9 + 2 . 6 7 5 1 0 + 1 . 1 0 1 8 0 + 2 . 1 2 2 4 1 + 2 . 7 8 6 0 4 + 1 . 1 1 6 5 8 + $ . 3 3 4 6 7 + 2 . 3 0 6 5 0 + 2 

20 . 2 4 5 5 8 + 2 . 8 0 9 3 0 + 1 . 1 3 6 6 4 * 2 . 1 2 5 6 3 + 2 . 1 0 7 9 . 1 + 2 . 1 3 2 2 4 + 2 . 4 9 0 1 6 + 2 . 3 3 8 8 0 + 2 

2 1 . 1 4 9 8 2 + 2 . 1 4 7 3 0 + 2 . 1 8 2 9 7 + 2 . 1 4 1 7 0 + 2 . 1 7 8 8 9 + 2 . 1 7 6 4 0 + 2 . 5 1 1 6 8 + 2 . 4 6 5 4 0 + 2 

2 2 . 1 4 2 3 7 + 2 . 1 6 0 2 0 + 2 . 3 2 5 1 5 + 2 . 3 3 6 0 0 + 2 . 3 4 5 6 6 + 2 . 3 8 3 7 0 + 2 . 8 1 3 4 8 + 2 . 8 7 9 9 0 + 2 

2 3 . 1 0 5 4 5 + 2 . 1 6 0 2 0 + 2 . 3 9 0 6 3 + 2 . 5 4 7 7 0 + 2 . 5 7 6 3 9 + 2 . 8 1 2 7 0 + 2 . 1 0 7 2 5 + 3 . 1 5 2 0 6 + 3 

2 4 
• 

. 1 1 5 5 3 + 2 . 1 1 1 4 0 + 2 . 5 7 3 4 2 + 1 . 6 9 7 0 0 + 1 . 1 9 0 0 7 + 2 . 2 8 8 4 0 + 2 . 3 6 2 9 4 + 2 . < 1 6 9 5 0 + 2 

2 5 " . 7 7 3 1 6 + 1 . 9 4 0 0 0 + 1 . 2 3 9 8 5 + 3 . 2 7 4 0 0 + 3 . 5 6 5 9 8 + 3 . 7 4 0 6 0 + 3 . 8 1 3 5 6 + 3 . 1 0 2 4 0 + 4 



Table - 2 
239,. ELASTIC SCATTERING TRANSFER -MAiTRICSS FOR . 

.. ^ U tc G) ' G <5 g Removal GRP No. 
(G) RAMBHA SETR R4MBH1 SSTR 

1 .41887 + 1 .42604 + 1 .0799 .26270 -

2 .41977 + 1 .48720 + 1 .0791 .33240 -

3 .36944 + 1 .43490 * 1 .0803 .43540 -

4 .40666 + 1 .44001 + 1 .0882 .55840 -

5 .52078 + 1 .52354 + 1 .1133 .84290 -

6 .64443 •+ 1 .65854 + 1 .1358 .98300 -

7 .75563 + 1 .81666 + 1 .1308 .13020 
8 .85526 + 1 -.93709 + 1 .1505 .14640 
o .93873 + 1 .98353 + 1 .1607 . 15880 
10 .10054 + 2 .10736 + 2 .179 17610 
11 .10395 + 2 .11709 + 2 .177 . 1 7360 
12 .11205 + 2 .11971 + 2 .211 .17740 
13 .11653 + 2 .11901 + 2 .161 . 16040 

14 .12096 , + 2 . 11569 + 2 .233 . 18440 
15 .12641 + 2 .11883 + 2 .244 .18290 
16 .13231 + 2 .10321 f 2 .256 .19000 
17 .13852 + 2 .10916 + 2 .269 .19800 
18 • 14575 + 2 .10936 + 2 .197 .1 7800 
19 .15170 • 2 .65700 + 1 .257 .18100 
20 .24231 + 2 .79070 + 1 .327 . 1 8600 
21 .143082 + 2 .14659 + 2 .0738 .71000 -

22 .14200 + 2 .15979 + 2 .037 .41000 -

23 .10499 + 2 .16015 + 2 .046 .50000 -

24 .11549 + 2 .11136 + 2 .004 .35000 -

25 .76994 + 1 .94000 + 1 — — 



Table - 3 

239 SELF SHIELDING FACTORS FOR Bx T = 300°K, = 100b 

CAPTURE SCATTERING FISSION TOTAL 
RAMBHA SETR RAMBHA SETR RAMBHA SETR RAMBHA SETR 

12 1.01 1.0 .932 1.0 1.001 1.0 .948 1.0 

13 1 .OC .984 .948 .99* .997 .983 .960 .993 

14 .991 .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 .783 .890 .864 • 957 .884 .901 .847 .886 

19 .685 .749 .813 .903 .835 .772 .779 .826 

20 .592 .670 .851 .875 .776 .700 .762 .75 6 

2U .458 .585 .726 .858 .584 .611 .581 .693 

22 .295 .362 .715 .738 .505 .451 .458 .473 

•23. .238 .262 .901 .685 .296 .327 .334 .342 

24. 1.00 .747 1.00 .989 1.00 .857 1.00 .872 
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I. InTRu/JCTIUtt 

In the dssiwri of nuclear reactors, it is common to us© the 

various multir?rcup transport codes. Hie msthod used in thase codes 

is to divide the neutron energy into .?. number o 1 foments or o-roupe, 

and assign an av^ra^e cross sections for oil energies within each of 

these 3-roups. Tnouoh the results from these approximations ore close 

enough to experimental results in certain energy groups, it has been 

proved that, mere the actual cross section varies sie?niiicantly within 

a <rroup, there is a loss of accuracy and the existing multi^roup.codes 

fail. !Ihe conventional approach to improving this multij?rcup approxi-

mation is to divide the energy ranr*; into narrower segments so that tru. 

average- cross sections will more closely approximate the true cross 

sections. Significantly increasin-r the number 01 energy groups ruaices 

the computation far more time consuming and expensive. . 

It is claimed that the raultib-nd method greatly improves thf. 

accuracy in such typ--- of cases. 
(1-6) 

The mu.1 tiba:.a ra/tiiOdv ' is an upTradin? or improvement 

ever the existing cnitic-roup codus vathcut actually replacing- then, 

thus avoiding the tirje an:? xp^nso of aevtlopinT ? canpletely new 

formulation. The olUer codes renain largely intact vdth only a 

chance in the i^thod of dttferiuinin? the cross section to b<- applied to 

particular interactions. 

In the rultilMnd method, instead of assî nin.-? a single average 

cross section for each broad Troup, it provides mathematical interpre-

tations or rules for allotvirw a multiple choice of cross section in 

11-, 



- 2 -

each fl<roup, with a list of probabilities for TWeirinr these choices. 

It differs from the probability table raethcd in that, the l.itter -ietĥ ' 

preassiq-ns ranges of total cross sections and explicitly determines 

the probability of each range, vhere-is in raultiband method it attenpts 

to ainifaiŝ  the number of 'crogs section bands one at the saioe ti.je 

provides exact solutions to certain limitin~ transport- cases. 'Ihe 

number of bands is dictated by the -jxtent of variations of cr )3S 

sections with energy groups. 

The ifiL)lti?raip calculations is sufficient to perforn ̂ uiti-

band calculations since, the infor/iatiai netdeci for determining the 

proper cross section choices and probability values are jlreaov 

available and inbuilt in tie -iiltio-xoup data . Thus this method peroits 

rapid implementation vdth a "Xiiniauc oi developmental effort. 

Starting fro:a q. energy groups nd u.?inrr 3 bams in each 

i?roup results in a coupled set of nT x 3 multi-rr̂ up uultiband equations. 

These can be solved for the neutron flux by the existing transport 

codes, once the ioultiband cross sections are determined a uultio-roup 

processor r.rust pr.jvide only the source and transfer matrices to 

describe tne ..raltibarid equati 31s completely. 

Ihe sL-li shielded cross section in 3ny energy oroup nT 
is defined as 
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^ G T - H . 

Î+J S L E 

G - <?roup index 
f a ( ^ c ^ i - f c , ; 

(E » E ,,) = the energy ran**; of btoud rr 

' (E) = Cr^ss action fcr reaction e at e-ner-ry E 

S(E) = the energy dependent neutron spectrum 

(E) - Total cross section for the particular case cf (E) 

(E) = Background cross section (combined effect of all other 

materials and .-reometry) 

IN - an integer that differs for each lencndre moment of 

tne flux (iJ=1 for seal or flux , r,=2 for senior 

current p etc.) 

T-J define uulfciband weights aid cross sections, the definitives 

of g-rcup avera^d cr^ss section (Lqn.(l)) is transformed from a inte-

gral over energy to a integral uar cross section. 
Hie transformed eqn. is written as 

L-

3 i z - ' 

i 



r e ^ T I t ~ £-7 is p.'^c. delta function 

is the entire ran^e of total cross section in the c?roup. 

If the integration over > _ is performed first eqn(1) is recovered. 

d-'wever if/the integration over energy £ is performed first, the 

equivalent eqn. is 

( 2c M/ » M 
I 

pes*; 
Zr (zt^o) 

- J 2 ? 

via ere 

and 

2- (V) ̂  s ^ 
Bqns .(4) and (5) defines the total cross section probability density 

p* ( arjd cross section for each reaction as a function of 

the total c ross sections ^ ^ ^ * 

It can be realised..that since the deiiniticn of the or cup 

averaged cross section as an integral over total cross section (eqn.3) 

has been derived from the normal definition an integral ever 

energy (eqn.1) merely by introducing definitions, but no apprcxinations, 
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the two forms are exactly equivalent. 

Eqn.(3) can be revsritten compactly in tie form 

III— \ 

By assuming that the probability density P i s .gdven by a series 

of H)iV«.c delta function ^ L PL S (1T\~jZt ) is re.uiced tJ 
•fs-t C 

a coupled set of non linear algebraic eqn^. 

6 Z.V U \ 

Hie abwe procedure is analooru&s to that used in the aultio-roup method, 

in vhich the continuous energy is replaced by a number of discrete 

energy values. quantities jp̂ . ana a r e ss 

KiultjJband parameters idiere j?^ is the band v&iciit, /.ft- i s t>aRCl 

average cross section f jv react!on t ior each of the B bands into 

viiich the raa-ne of total cross section is uivided,"^_ is the band 

averao^ total cr-ss section. 

If the band cross sections and and -the baud 

weicrfits fy. are known by eci. .(7) the sell-shielded cross section 

corresponding to any N) c aabination^can be deteriiinrd. Conversiy 

if the values of the self shielded cross sections ere kno-n, e-qn.(7) 

represents a systwra of coupled, non lintar algebraic eqns. that must be 
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solve a for the band cross s; c t; i s 
3 a n d Zr-tanc f 

eights fc 
t 

I III SOLUTia. at' Tii- ^U.iTXuwS 

m It has teen •iiosai "by Cullen that very few isotopes require 

. o t h a n t\.ro banas oor «roup (one band ̂  per <?roup is just tbe aulti<?roup 

method). Further f.̂ r t\,o bands th- solutions will bt analytical, and 

extremely economical. • 

Law solution of the nultiband equations for the c o f two 

bands is -riven bclov for the sake' of illustration. 

i'ror.i cqn.(7) with -1 • Total, for two bands. Ihe total o u s 

section eqn. have four unknowns and 

The first tnr^c equations are 

if) 

vhich is equivalent to 3 normalised probability distribution 

equivalent to conservation of the unshielded flux •seiontea cross 

s£c ti -n and 

vhicn is equivalent to c servati on of the distance to collision or 
% 

totally siiieldad flux weigh tec. cross section 

i or the fourth eqn. two methods could be used 
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which is equivalent to conservation of totally shielded current yc-i ihted 

cross section. 

tfethcd ii s <f _J > - -Ji + (iX- j 
x S r / * 

vi\ich is equivalent to partially shielded, flux weighted cr^ss section. 

IV U & Ub' idJLTIB.iii' Euu^li^rtS L< 'iiib SUjJTIU, 01' LLuLaR imuUT̂ Uli 'iluk-SKLr 

The- Timo independent linear Bol'zmnn equation can be Tritttsn 

iii the folloid.no- fora 

*[ i a , 0 (y*, r ) a £ 

inhere 
iv' (r> jl . Ê i 

' = angular flux 
J ( y'JT-, fe ̂ = angular source jjT-p̂ s;̂  = total cross section (usually a function of 

position by Zone) 
£ £ J l j £j = transfer function per unit flux from 

. f ) to {Ji , B ) (usually a 
function of position by zone) 

Ihe transfer function. contains the contributions frcci all pnysical 
processes and is written as follows 

J (Ji ' , f ' V i , t ) = h(A'> ^ 
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vftere the summation is over various physical reaction processes. 

J - tfcv^'C f <*r-<) 
0 

and 

= multiplicity for process I 

mJ. = 1 for elastic; (n^'n1) 

= 2 for O , * * ) 

) = cross section for process I 

e^ c. ) 

(Ji')E r > = normalized (vhere integrated over nil (-fl^ 

transfer law viiich defines the kinematics 

for process I (e.^. exact correlation for 

elastic, fission spectrum for fissiot., 

temperature model etc.) 

A fully aefinui problem of ccurst' indludes boundary conditions trnt 

specify the incident soarc-.; on all exterior nar. vz, surfaces 

and the continuity of tilt- annular flux across all interior bounuarit-s 

(indeed ' in the: abs-'iict- of concentrated sources, at all interior .points) 

In the usual railtiwcrcup approach the continuous entr-iy ranoc 

is a into ?. number oi adjacent intervals: E"| C < ^ 
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equation (11%) is integrated over each ê trj.; internal to define j coupled 

set of equations 

£ L ^ OS) 

There the a-roup integral annular flux arid scarce and p»roup averaged 

cross section and transfer matrix are defixjed by 

fEk+1 

$>K ^ A ] = 

E K 

A 

oo 

0 7 ) 

X w i 

A r * = Z j ( e ) » ( n d E. 

(fl'VltA-C it-C.J 
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aiia 

« ] j $ ( J & f i t (f 

In principle the rnultî roup equations are oxaot but to actually use the 

equation it is necessary to calculate the »roup aver?^td cross sections 

arid thw transfer matrix d.i,s_ advance. Tnis requires as.Tuain" functional 

form for the flux Ni (̂ "f} J^ within each .?rcup. 

It my readily be seen from Lqs.(throu^h(lg) that since 

(^YjJtj 5 ^ is a function of energy, direction and position the 

actual ?roup avura-red cross sections and transfer rrg trix - ill also be- ® 

function of position (<. ,e», spatial self shielding aid direction. 

However the normal procedure in defiriinT the o-roup averaged data is to 

use a single, spatially averaged '^eiohtin» function' in each spatial 

zone of the problem in an attempt to compensate for spatial effects. 

This procedure has the advantage of allonLrirr pseudocopposition ir.dt 

aent ;..alti^row libraries to be fcneratec: lor a r.'ica variety ol .nte-iials 

and yet the libraries -are kept to a reasonable size. The T/eiwht in tr-

iune tion used to define the Troup aver,adata is usually nade u; of 

two couponents •. slo"ly varying ener-y spectru. sr.-'. a rapialy varying 

self-shield in* factor. 

rf ( n - a . ^ 6 ) - M ( < 0 < W > * > S - f ^ J ( l o ) 



'Ihe energy spectrum, M(c ) is usually /̂c- at low energies a fission 

spectrum at intermediate energies and a fusion spectrum at hi~h ener?i; — 

.The self shielding f actor> ^ ̂ r ( ^ ̂  :nay b° c i t h o r a 

single Bonderenl^-type factor, | ! or separate factors 

far each leo-emre moment of the flux, ftith these '.-.eir-htin? factors, the 

definitions of tie ruultifTaup cross section and transfer matrix become 
FtoH 

* f K ( X ) =• \ * ( 5 ) w [ A , 2 r ( f f ) ] el £ , 

£ Yl 0 -rvn <* Ki'i C*̂  
E K M " ( ' 

J E K 

tot'jJ1 
(2.1 ') 

f t 3 - * S L , * ) J ) 

£ K 

X CO [ X ' , E r v ^ ) ] di e ' < U ^ 

or explicitly in terms of individual reaction (sv. e ljq.(1̂ )). 

^ J 2 j J ( -5'j J ̂  N ; 

a 
( i ; f>)aj&k j fjY&len. ) 



probability Table method 

The probability table nvth:d was developed to alloy: the cvoss 

sections to be treated statistically in the unresolved resonance region, 

^ere the amount of structure it: the cross section imkcs it impossible 

or uneconomical to store discrete data for use in ̂ onto Carlo calculations 

The basic assumption in the probability table method, as 

applied to the unresolved energy ran«?e is that the region contains a 

great aeal of structure tint is statistically distributed so that any 

energy avera^d property (e.c. n-roup integral flux) is a function of 

the distribution of cross section values rather than the exact cross 

section. 

In the probability table method the neutrons it each energy 

within the unresolved resonance rep-ion are allowed to interact ?ir.h all 

possible values of the total and partial reaction accord in?. to the 

probability of each value occurring. This model is consistent mth 

the distribution of width and spacing ĥich ' defines the cross 

section probability density at each energy. The probability table for 

the total cross section and conditional probability tables for indi-

vidual reactions (elastic, capture, etc.) as constructed normalized and 

sampleo just as one would construct a probability distribution for an 

angular distribution to rano only sample scattering angles. 

use £ probability table method has been <?reatly simplified 

by the introduction of two assumptiii. First the unresolved resonance 

region cai tains so much cross section structure that the probability 

of a neutron t>ein<r bom or scattered to an eneroy vftere it encounters 



a total cross section depend s only upon the probability of 

occurim?. Diis assumption allows the probability table to be sampled 

after each scattering vithout considoration of the history of the 

particle through earlier events. The second assumption is that instead 

of caapilinT the conditional probability taHes -M'^ - : p - i" ̂  V I — • / 
fdiich specify the distributions of cross section £ L for any fixed 

ana 1- it is DOSSibIt to avera-e over the distribution of 

y r to define a single, avera.-*-1 value jf for egch 

which will be uniquely ae fined vithout further saiaplin-r oi.ee 

is sampled from the cross section probability table. 

If the cross sections within the unresolved region are 

interpreted as specify in- a distribution of cross section at each oncr̂ -v 

'.'-v-.ocof a unique energy dependent cross section the above. .-;sso-;ipcio. 

for the -.robabili ty table method allow the flux at c-ach energy to bo 

within independently as a function of both LI and in wnich 

case the Bolzuan., equation can be written ir. the fern 

J L V r5 { r ^ ^ j l ^ + Z r V C ^ ^ ^ w ) 

, E V 

P A V ' J & . T E 

x t i £ ' £ r > 1 ' ^r J d 

t S ( T , J M ) W 

H 
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Thc- . expression V1 T ̂  j ^ P \ i3 the t :tal number of neutron 

boiii or co.v'iirii? out of colli si OXi at each ener--- E. According to tho 

first assumption for the pr ooabili ty taolo A thu: ^ -SL,E") is 

in̂ ep̂ 'enac.iit of £ -.n.o should be redistributed to Xier ^ET* 

accordin-r tu the probability' of uccurixî  miich is si; :ply 

ivote thatth« iirst -rssu.-jotion is consistent v.itn the coiitimously 

distributee interpretation of x-socs since ^ T c'Jus not appear in 

E.q.(2£). Tne i..plic«-t'sof the second 3 ssuiia tion for ti probability 

table ^ethoc can b - int-rprefceo by exaniinix.r Eq.(24'). if the multi-

plicity ttij/f') the nornalis«id transfer fo(&,JL<tBt4L) 

3 no the flux f\J £ fL
f Jz £ ' , ^Jt ) ",r0 n J t functions of 

the partial cross sect!-us then the integration over 

can be per fear.-ice irr,edia t̂ ly to define 

( _ U ) f 2 k ( 3 , Z+, c) <*z; 
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viiich is ifcdcntical to the pr jcodure ustu in the nr obabilty table 
_ t 

nethoo i fixed ^ _ ani Jt-p a unifor/j average even discridution 01 

£ r) then bee -/at s 

Lquation can be intc erateo over the distribution A to obtain 

the normal Boltznann equation (cq.|£) wiicn in turn can be inte-rratea 

over an energy interval to uijtain the aul tier cup equati an. 

HOBfcver if the integration is performed jver energy before 

the inte -ri'ation ovei XT' re-suiting equation will uef ino the eroup 

averâ ec: ilux as a func ti on of 5 the self ^lieldin* factor. Tp.e 

solution of the resulting equation by rethod a * ~ £ '- to tie 

aulti?r^up approach can be simplifies tv -x change of variables iron 

the flux in each t .tal cr ̂ss section interval as in Ea to the 

flux density p«---r unit total cross section. 

N • P ( f e O ^ ^ S r . 

'Ihe BoltziaaiJXi equiti^ to be solved then becones 

J L - l N f r , + T T L O C ^ ^ R ) - * 9 ) 

- c 



t 
-v 

Hie multiband equations id.ll be developed by integrating Lq.(2i?) 

over an energy mrcup £ 5 £ 11 ) . Iĥ . r^sultin^^ 

equation veill then be inteo-rat--d over the total cross section ban" . 

equation analog to the iailti.-»roup equations 

Fk r / 



/ I nir^ri^B) \ 
/ £t*l I \ 
/ / \ 
/ * ^ f f ^ , ^ ) ^ V V C ^ 

totajljjdajfrt 

i J . ^ J L ^ a W . S Cf>J*) 

The in *roup soiree ^ ( 7> A ) i s 'che nori-al ^lti^roup source. 
Since (2fe) can be aadc identical to the usual nulti.~rou;: 

equations, we observe that the aultiTroup, nultiband 'equations can 

be solved by existing transport codes. 

I.FJLTI'LK O J P WULTUB^ID) OUBE G&UJEET-

Uiis coce calculates self shielded cross sections arid nulti-

band paraiX't-rs by regainT the evaluated data in the EKDE/B fornat. 

It uses arbitrary tner-iy groups arid arbitrary energy dependent neutron 

spectrum and performs the integrals analytically. The program 

preconditions that., tint all cr_>ss sections drould be wiven in tabular 
/ 

lorn with linear interpretations between tabulated values. For this 
L'E ( 9 ) ( 9 ) 

it would ae necessary to use two other codes LIuEAR , BLCEImT ' before 

usin-r the code N E U J F L E . ftie code LIJ&AFI. reads tabulated cross sections 

iron tne Liii'/B format, converts thei.i to linearly interpolablc- form. 

The ccue BECEftT caubines the output obtained fx on 1JJ..UAB. *dtn 

the resonaricepHrarrjeters and produces linearly interpolable tabulated 



cross sections.'. 

In addition if data 3re required at a temperature other than 

0 kelvin, the code SI^iAl^1^ may be necessary to use. This code reads 

the linearly interpolable cross sections, Doppler broadens them to 

any user specified temperature ana outputs them in one BWF/B format. 

The flow Qhart is ?iven in Pio>.1. 

The output from Trcxipie includes the following: 

1. Listings of self shielded cross sections and - factors for total, 

elastic, capture and fission. 

2. Unshielded, -rroup averaged cross sections for all reactions, in 

linearly interpolable form in the EWDI'/B format. This representation 

can be used to evaluate the effect of multi?roupin? cross sections in 

transport calculation. 

$ . Calculated multiband parameters for total, elastic, capture and 

fission lor - use with a Monte '-'arlo transport code. 

'Hit follovir.'" res-Its analysed at the Lawrence Liveraiore 
(11 ̂  

Laboratory, Us,! usim- two bands per ?roup is herewith reported J. 

These siow the i.- -vcvua accuracy of the multib .nd method ever the 

previous calculational methods. 
1. K of 9 nickel reflected fast system, eff 

Accord in? to Culien, the importance of self shielding up into 

the m£V neutron energy ran?e for nickel can be understood by conparin? 

the K values calculated by the usual multi?roup method -i.th that 



calculated usint? mltibana method . Experiment ally -v = 1.00 ior r. 

last critical assembly with a preaominant nicKOl reflector. The 

TART 175-orroup calculations have alt-ays over predicted reactivity, ior 

a typical system the TART-ca Leu la tc-d K vas 1 .018. A multiband 

calculation ol the same system yielded a lower arid acceptable answer 

for k of 1 .004* 'ihis decrease may be understood by examining the ££ X 
nickel total cross section. Nickel has resonance- etruoture well into 

the j«ieV raxisfc. <>-11 shieIdii-T of these resonances loiters the effective 

cross sections and increases the depth the neutrons vill penetrate into 

the nickel reflector, which thereby has reduced reflectivity. rihe 

net effect is a decrease in the K - of the system. on 

2. Critic=lity calculationsJ 

In this process, calculations were carried out for tne 

reactivity and neutron inducing fission energy of a homo<?c-neous, 

spherical mixture of enriched uranium anc. water as a function :d t've 

hydrogen to uranium atom fraction. The results ta bull ted bclor anal.'̂ e 

t-.'fi . values obtained usin<? tnre- different codes for various valu- s 

of the hydroD-en-to-ur.onium fractions. 

Csde Hyorocrcn/TT-̂ 35 ratio 
3/1" 10/1 30/1 

ê lcul-vet- reactivity" 
T;acT-175 groups 0.901 
'IAli,rwii-202v croups 0.950 

ALICE 175 o-r ou ps, 2 n-ncs 0.957 

0.959 
0.979 

0.989 

0.566 
0.993 

Cr. 
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\ 
Snitldirn? Calculations* 

\s an illustration of a shielding problem, a number of 

computer coce* v.t.-re used to calculate the uncollided transmission of 

neutrals ranrrinrr in enerrry from 1 i>.e/ to 20 ̂ V tnrouch 30.4 cms of 

thici: iron slab. 

Code Transmission b.atio tj Analytic 

analytic 0.486 1 .00 

(c^ntinous energy .iiante ,n U .4 (t> 1 . Uf Carlo code) 

ALKiJ 175 "?r. 2 bands O.463 1 .05 

T;uiT 175 rrr. 0.065 7.48 

T.iHTiuk 2020r?r. O.43O 1.13 

In the above table the analytic soluticn is the uncollided, 

exponentially attenuated flux usinall the uetaiis of the energy 

depenetnt cross sections. B^th the ̂ ICU code and the ALICE c oie are in 

excellent a<?rê ment with the analytic solution, dowver tCK code 

requires enoracus stornoe space in the computer and lot of computer 

ti;ae to ruij. Ui^ T.'mT 175 -rroup ansv.tr is a factor of 7 1 jv.er than tht 

analytic solution. Even inen the number of LiRT croups are increased 

tu 2020 one atreenent is still not as eood as uitn the multibanc 

me true,., 

4. 'fusion Reactor Blanket ; 

This is designed to convert fusion-neutron energy into use-

ful form. The fusion r.'.teo were calculated per 14.1 "EV source neutroi 
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usiiicr both multi<?roup and multiband methods. The table below compares 

the calculations at three detector positions a, B and C. 

hetector positions and Code a1i±C.&/TAKT 
distance from source ALICE TART ratios 

A 309 cm 0.465 0.452 1.05 

B 324 cm 0.727 O.565 1.29 

C 334 cm 0.'355 O.246 1.43 

It is seen that for detectors successfully fatther from the source, 

the TART 175 ?roup result -evintes more' and ;jore from the ALICE aulti-

band result upto a difference of 43^ at the detector position libelee C. 

In tiiis case self îieltiin<? has two cffects. It increases the neutron's 

penetration depth andalso tne mod era tin* properties of the liofct materials. 

The net result is more fissions at rreater distances iron the source trian 
1 

are predicted by the multifercup .~cth00 . 

VII c&.cnJsicfc 

It is clarified that the nnltiband method vhile solving a v-iue 

variet-y of neutron and photon transport problems accurately and econo-

mically, is very appropriate for oroblems in which tneeffects of the 

cross sections are not wsll characterized by a single average cross section 

value for eacn naroup. Further in several applications the two band 

calculations were foourid to be ivore accurate than niulticroup calculation 

usin<r More' than ten tines as many r*rCUDS. It is planned to test theyo 

c la ins at RRC when the inhouse computer facility will become available. 
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.it pro-sent the LIi'«i-ai-t-BLCLi«T-SIFWI 1 -tROUEIL code system has been 

successfully commissioned on IB4/37 0/155 system at «3dras, 

ilC KIN OWniii qLitj&n T5 

Hie authors thank Dr. Dermott E. Culien for supplying us 
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correspondence, Hae articles mentioned in the references were 
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TESTING m VALIDATION OF A; MULTIGROUP CROSS-SECTICN 

SET AGAINST INTEGRAL EXPERIMENTS 

by ' 

V.K. Shukla and S.B. Garg 
Experimental Reactor Physics Section 

Bhabha Atonic Research Centre 
Bombay - 400 085 

INTRODUCTION 

The accuracies in the predictions of various physics parameters 

are of vital importance for the safety and economics of any reactor. 

The approxinfitions made in representing the complicated neutron 

cross-section behaviour to account for the various competing reactions 

over a wide energy range as seen in fast reactors and the simplifica-

tions in the calculational model to carry out the neutronics of the 

complicated reactor desigis introduce some uncertainties in the pre-

dictions of various physics parameters. It is, therefore, imperative 

to assess the efficacy and the range of applicability of a given nu-

dlear data set and the calculational model before using than for any 

desigi calculation. 

A 27-group pross-section s e t ^ and the resonance self-shielding 
(2) 

factors^ ' 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 identical to that of the 26-group 

<ABBN but for an additional group in the energy range 10.5 to 

15.0 MeflT mainly to account for the (n, 2n), (n, p) and ) reac-

tions which assume significance in veiy hard spectra .fast reactors or 

fission-fusion systems.. The present paper discusses the analysis of 

central reactivity worths and reaction rate measuranents carried out ...2 

i v 



in 11 'ranium and plutonium fuelled fast critical assemblies 

covering a wide range of neutron energy spectrum using this cross-

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

lysis. 

2. DESCRIPTION OF CRITICAL ASSEMBLIES 

Most of the assonblies selected for the present analysis are 

frcm those recommends! by the Cross-Section Evaluation forking Group 

of BNL as benchmarks^) for the fast reactor nuclear data testing. 

The assembly ZPR-3-49 has a composition identical to that of ZPR-3-48 

with the exception that the sodium was removed. Similarly, ZPR-3-50 

has composition identical to that of ZPR-3-49 but with additional car-

bon to soften the spectrum. These asssnblies provide the examination 

of a single iten and hence they are also included. 

The isotopic compositions and the zone dimensions in one dimen-

sional spherical model for these assemblies were taken from the pajjer 

of Hardie^ et al and are given in Tables 1 and 2 for ready reference. 

The ana 11 quantities of and U present in some of the assemblies 
23ft 

have been included with ^ U. It can be seen that these cores cover a 

wide range of neutron energy spectrum and hence provide a good testing 

bed for a cross-section set and the calculetional model for the pre-

dictions of various reactor physics parameters. 

3. CALCULATION DETAILS 
3.1 Multigroup Constants 

The 27-group cross-section set̂ " and the resonance self-shielding 
2 factor" were derived from the basic ENDF/B libraries. Version III 

. . . 3 
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of ENDF/B was used for the actinide isotopes vhereas Version IV was 

used for the coolant and structural elements. 

3.2 Multiplication Factors 

The multiplication factors for all the assanblies have been cal-

culated by 1 dimensional diffusion theory in spherical model using the 

code CNEDX^. The analysis of these assemblies limited to criticality 

predictions^^ was carried out earlier vtaere we had ignored the ausll 

quantities of Si, Al and Mo present in some of these assgnblies. In the 

present analysis we have accounted for these isotopes also. 

The corrections for 1-D to diffusion to transport and for 

heterogeneity have been calculated for these assemblies by Hardie et al, 

which have been adopted as such and have been used to obtain the kg^i 

of these assemblies. 

The resonance self-shielded cross-sections for each composition 

zone of a reactor were generated tjy the usual method of iteration on 

the potential scattering cross-sections. The elastic slowing down 

cross-sections are very sensitive to the neutron energy spectrum with-

in a group and hence iterations were further made to get the converged 

values of elastic slowing down cross-sections. All these iterations 

are incorporated in the code CNEDX. 

3.3 Central Reactivity Worths and Reaction Rate Ratios 

The small sample central reactivity worths of different materials 

have been calculated using the first order perturbation theory code 

P E R T - i n one dimensional option.. The 27-group self-shieHed cross-

sections for differait isotopes in the-core spectrum, real fluxes and 

• • • k 
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ad joints calculated in 1-D diffusion theory were used as injout for these 

predi ctions. 

The reactivity worths calculated as % AK/K have not been conver-

ted to inhours values (as usually quoted) to avoid the additional uncer-

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

neutron data resulting in discrepant conversion factors for K to 

inhours. We were mainly interested in analysing the effect of our 

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

these integral paraneters. 
235 

The small sample central reactivity worths for the isotopes U, 
238 239 U, Pu, Na, Fc, Cr and Ni have been calaalated for these assanblies 
in the units of % ̂  ^ per kg. The central reaction rate ratios for K 
fissions in 238U, 239Pu, 2^°Pu and captures in 2 3 6U normalised to the 

fissions in have also been calculated in these assemblies based 

on one dimensional homogeneous model. 

3.4 Neutron Generation Time and Effective Delayed Neutron Fractions. 

The neutron generation time and effective delayed neutron fractions 

for these assenblies were calculated using the first order perturba-

tion theory code PERT-5 and the 27_group 1-D diffusion theory fluxes 

and adjoints. The delayed neutron data required for these calcula-

tions were taken from the paper of Hardie et al (who have used'the 

ENDF/B-IV data) except the delayed neutron energy spectrum. We have 

derived the 27»group delayed neutron energy spectra based on the cara-
(9) ' binei dataw/ of Batchelor and Bonner for the composite spectrum of de-

235 

layed neutrons from U fission. The same delayed neutron spectrum has 

been used for all the fissionable isotopes. . . . 5 



DISCUSSION OF RESULTS 

1 Multiplication Factors 

The multiplication factors calculated for these assonhlies using 

the 27-group cross-section set are given in'Table 3. 'The 

values of these assemblies obtained by Hardie et a l ^ using the basic 

ENDF/B Version III library and those by Shama et al^10^ 0f RRC using 

the French cross-stction set are also given in the same Tahle. 

It can be seen from this Table that the 27-group cross-section set 

and the calculational model is quite satisfactory in predicting the 

criticalities of a wide range of plutonium and uranium fuelled assemblies 

with an average discrepancy of about 0.1$ in kgff- The maximum dis-

crepancy occurs in ZEBRi»-2 vtoich is- underpredicted by about 1.2%. This 

might be because it contains a small quantity of hydrogen v*hich has been 

ignored in our calculations. It can be seen from this Table that the 

average discrepancies in the prediction of for these assemblies 

by Hardie et al and Sharma et al are of the similar order with the 

maximum discrepancy of about and 0.8% respectively. The criticality 

predictions using this set and the calculational model appear to be 

satisfactory in general. The two assemblies ZPR-6-6A and ZPR-6-7 vtoich 

represent large fast uraniun and plutonium fuelled fast assemblies are 

predicted within 0.5$ using this cross-section set. 

2 Central Reactivity Worth 

The central reactivity worths of 2^U, Na, Cr, Fe and 

Ni calculated in these assemblies using the 27-group cross-section set 

are givai in Tables 4 to 10. The experimental values of these worths 

.. .6 
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given in the paper of Hardie et al in the units of inhours/kg have been 

converted to % per kg. . using the conversion factors given in the 
K 

same paper. We have compared the calculated to experimental worth ratios 

of these materials in different assemblies obtained by us with those 

obtained by Hariie 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 hance the corresponding compari-

sons have been made with those obtained bj Hardi et al. 

It is seen from Tables 4 and 5 that the central reactivity worths 
poc ?39 

of fissile isotopes -^U and Pu are overestinted using this cross-

section set with a discrepancy of about 8.5 and 7.{$ respectively aver-

aged over all the assemblies. The same worths have been overestimated 

by Hardie et al by about 14.4 and 10.3$ respectively. The interccmpari-

son of these worths for individual assonb'lies also indicates that the 

27-group set is satisfactory for these predictions. The overestimation 

of about 8% in the fissile material worth appears to be quite satisfac-

tory with the first order perturbation theory approximation. 
238 

The central reactivity worth of J U given in Table 6 is also over-

predicted in general using this cross-section set. The average discre-

pancy of about 11.2% observed with this set compares favourably with 

15.5® predicted by Hardie et al. Even the interccmparison of individual 

assanblies indicates a satisfactory trend for this set. 

The reactivity worths of fissile and fertile elements are in general 

overestimated by all the evaluators. The reasons could be many apart 

from the basic cross-section set. The discrepant delayed neutron data 
. . . 7 
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lead t- erroneous conversion factors for ^ ft values from inhcurs obser-

ved experimentally. The main contributions to fissile and fertile re-

activity worths come from their capture and fission c ross-sections which 

aire not accounts! adequately in the first order perturbation 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-sections of the sample. This affects the estimation 

of the actual reactivity worth of the sample. 

The reactivity worths of the structural elements, are given in 

Tables 7 to 9. Here again we see the over^-predictions, almost consis-

tently in all the assemblies. The average discrepancies for Cr, Fe and 

Ni are 45.5, 32.0 and 30.6% respectively. These discrepancies in the 

case of Hardie's predictions are 55.5, 32.1 and 24.1% respectively. 

..The material worths of these elanents are mainly contributed ty their 

capture (negative) and slowing down cross-sections (negative or positive). 

Since these worths are consistently overestimated it appears that their 

capture cross-sections need some reduction. The v£>rth of sodium is a 

difficult parameter to predict as can be seen from Table 10. This is 

because the slowing down effects become relatively very important for 

the central worth predictions of sodium. This component depends on the 

differences in the adjoint fluxes in the source and sinlj groups apart 

from the group slowing down cross-sections and the real fluxes. Small 

errors in the adjoint fluxes would, therefore, lead to large discrepan-

cies in the worth predictions of sodoium. Moreover, the elastic cross-

sections of Na are sensitive to energy right upto 10 MeV and hence its 
• . »B 

a T 



slowing dowi cross-sections are.not adequately represented in a few 

group model. Because of a very wide variation in the calculated to 

experimental v*c>rth ratios in different assemblies, it is meaningless 

to find the average of the discrepancies over all the assemblies and, 

apparently, no definite conclusion can be drawn except that the sodium 

worths wuld have large uncertainties in their predictions in the pre-

sent model. 

Central Reaction Rate Ratios 

The central reaction rates of fissions in and 

normalised to those in are given in Tables U to 13. It is seen 

that all these reaction rates are, in general, overestimated. The 

average discrepancy using the 27-group set is found to be 7.3, 3 and 
,, f .. .. . . 238 239 240 11.4$ for the fissions in U, pu and p u respectively. It may 

be seen that the maximum discrepancy of about 28% occurs in the fission 
238 rates of U in the assanblies VERA-IB and ZPR-3-53 vfoich are carbide 

fuelled cores of uranium and plutonium with high fissile to fertile 
238 

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

spectrum in the MeV energy range has been overestimated* This .may be 
due to the inadequate 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 values . The large discrepancy in 

VERA-IB may partly be due to the inadequacy of the 1-D diffusion theory 

model used for such a small core. 

The capture rates in 23SU 

normalised to fissions in ^^U in differ-

ent assonbli® are given in Table 14. They are, on the average, 3.3% 
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underpredicted using 27-group cross-section set as c ompared. to under-

prediction of about 1 by Hardie et al. 

4.4 Effective Delayed Neutron Fractions and Generation Times 

The effective delayed neutron fractions and the neutron, generation 

time calculated using 27-group cross-section set and those by Hardie et al 

are given in Table 15. It can be seen that the neutron generation times 

match very well in the two calculations for the uranium fuelled assem-

blies but differ upto about 1C& in the case of plutonium fuelled asson-

/neut ron blies. The effective delayed^fractions are also in sgreonent in the 

two calculations within about lCfc except for VERA-IB and 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. • -

5. CONCLUSIONS 

The 27-group cross-section set derived from the ENDF/B library is 

adequate for the criticality predictions of plutonium or uranium fuelled 

fast reactors as the average discrepancy in kgff predictions of a wide 

ranging fast assemblies has been found to be jx O.lifc. 

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 & 

and 11% respectively. However, there is a wide spread for the indivi-

dual assanblies. The worths for the structural materials are overesti-

mated, on the average by about 30 to k%. 

It appears that the predictions may improve in agreement with the 

...10 



; ID t 

experiments if fission cross-sections in the MeV range are slightly 
238 

decreased and the inelastic cross-sections of U are alsc suitably modi-

fied in the high energy range. 
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Table - 1 
ATCM DENSITIES (x 1Q22 ATCM/CC) AND DIMENSIONS FOR URANIUM BASED ASSEMBLIES 

] VERiui" T V i T l ' I I ZPR-3-12 | . ZEBRA-2 J ZPR-6-6A 
Isotope 

1 Core 1 ' i Reflector 1 Core 1 i i Reflector ' Core i 'Reflector ' t i Core ' i Reflector 
1 Core i 

1 Reflector i 
235 u 0.7349 0.0250 0.4567 0.0089 ' 0.4516 0.0089 0.2526 0.0298 0.1153 0.00856 
238u. 0.0561 3.4400 3.4438 4.0C25 1.6994 4.0026 1.5667 4.1269 0.58176 3.95508 
0 — - - - - - 0.01544 - 1.3900 0.0023 
c 5.7540 - - - 2.6762 - 3.7992 0.0042 - -

Na - - - - - - - - 0.92904 -

Al - - - - - - 0.0019 0.0019 - — 

Cr 0.0689 0.0706 0.1486 ,0.1196 0.1419 0.1237 0.0864 0.0864 0.2842 0.1247 
Fe 0.6283 0.6464 0.5681 0.4925 0.5704 0.4971 0.36485 0.3323 1.3431 0.44669 £ 
Ni 0.1635 0.1682 0.0718 0.0536 ,0.0621 0.0541 0.0483 0.0433 0.1291 . 0.05407 
Mo — - - - - 0.0008 0.0008 
Si - - - - - 0.0060 0.0054 0.0054 Radius(cm) 19.138 58.59 31.61 61.61 28.76 59.26 45.45 77.15 95.67 129.43 



Table - 2 

ATCM DENSITIES (x 102 ATCMS/CC) AND DIMENSIONS. FOR PHJTCNIIM BASED ASSEMBLIES 
. . . 

T qnf r\ nP 1 SNEAK-IB ZPR-3-48 1 
t . » ZPR-3-49 ZPR-3-50 ' ZPR-3-53 

1 ZPR-6-7 
X 3U wupc 

1 Core 1 
i Reflec- ' Core' Re flee- 1 tor Core lReflec-» > tor 1 Core' 1 Refle°-tor 1 Core Re fie 0- • tor t 

Core 1 
t Reflec-tor 

Z35u 0.C2663 0.01624 0.0016 0.0083 0,0016 0.0083 0.0016 0.0083 0.0006 0.0083 0.00126 0.00856 
23QU 1.45794 3.99401 0.7405 3.9690 0.7406 3.9556 0.7404 3.9613 0.2615 3.9770 0.578036 S).96l79 
239Pu 0,10312 - 0.1645 - 0.1644 - 0.1645 - 0.1669 - 0.0886 -

24Cfc>u 0.01652 - 0.01064 - 0.01064 - 0.01064 - 0.0107 - 0.011944 -

0.00149. — . 0.0011 - 0.0011 - 0.0011 - 0.0008 - 0.00133 — 

0 3.31936 - • - - - - - - - - 1.39000 0,0024 
c 0.00631 0.00135 2.0770 - 2.0766 - 4.5940 - 5.5898 0.0024 - -

Na' - - 0.6231 - •a* - — - — — 0.92904 — 

Al 0.12112 - 0.0109 • - 0.C109 - 0.0110 - 0.0111 — — _ 
Cr •0.27560 0.11080 0.2531 0.1225 0.2508 0.1242 0.1B16 0.1161 .0.2081 .. 0.1311 0.2842 0.1295 
Fe 0.98021 0.39549 1.0180 0.4925 1.0C83 0.4626 0.7300 0.4671 0.7134 0.4496 1.3431 0.4637 
Ni 0.14594 0.09845 0.1119 0.0536 0.1121 O.C6U 0.0796 0.0508 C.0970 0.0611 0.1291 C.05635 
Mo 
Si 

0.00184 
0.01174 

0.00100 
0.00453 

0.0206 
0.0124 

««• 

0.0C60 
0.0206 0.0205 0.0208 0.02357 0.00038 

Radius 
(cm) 40.64 70.64 45.245 75.245 47.53 83.96 43.43 83.77 37.546 74.876 88.16 121.97 
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Table - 3 

Calculated k ^ f Values of Critical Assemblies 
; (kgg = 1.000) 

- .- .- - f- •- — '~fT'~ — - • - • - • - — " 
Approx. Core t eff 

Assembly ^ Fuel » vol. (liter), 27-Group i Hardie" et al « Sharma et al 
>~ t- t~ i- iJ «"— »— .— .— J— r- »- p r- i- ̂  • — i- .— »— .J »- •- •— • — »-

VEHA-3B U 30 - 0.9950 1.0026 1.0063 

ZPft-3-11 U 140 1.0011 0.9924 1.0020 

ZPR-3-12 U 100 1.0065 . 1.0017 0.9960 

ZZBRA-2 u 430 0.9876 • 0.9902 0.9920 

ZPR-6-6A u 4000 1.0010 • 0.9988 0.9995 

SNEAK-*/B Pu 310 1.0004 0.9893 -

ZPR-3-43 Pu 410 1.0033 0.9997 1.0067 

ZFii-3-49 Pu 450 1.0035 0.9985 1.0071 

ZPR-3-50 Pu 340 0.9938 0.9940 1.0012 

ZPit-3-53 Pu 220 0.9903 • 1.0008 1.0018 

ZPR-6-7 Pu 3100 1.0046 0.9926 1.0010 

Average. . • .--. 0.9986" - ' '0.'9964 1.0014 

. .14 
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Table - 4 
oor K 

Central R e a c t i v i t y Worth of U (% per kg) 

! r Trairuia+fid ! Calculated / Experimental 
4 . M U , ; R.01 ; B x p e r i a e a t a l ; ; 2 ^ G r o a p , Har i ie et 5] 

VERA-IB 

".— .—.—.— 

u 1.037 0.9642 0.92G 0.927 

ZPR-3-11 u 0.532 0.5747 ; 1.080 1-096.. 

ZPft-3-12 u 0.6665 ..... 0.6333 • 0.950 " 0.967 

ZEBRA-2 u 0.3165 0.3566 1.127 1.156 

ZPR-6-6A u 0.0972 0.1026 1.055 1.089 

SNEAK-7B Pu 0.5156 . 0.5583 1.033 i.rs 

ZPR-3-48 Pu 0.3582 0.4182 1.167 r . 2 3 2 

ZPR-3-49 Pu 0.3018 ... 0.3415 1.131 1.194 

ZPii-3-50 Pu 0.4989 . 0.5344 1.071 1.135 

ZPR-3-53 Pu 0.5472 0.6692 1.223 1.25,'i 
ZPR-6-7 Pu . 0.1368 0.1533 1.121 1.213 

Average 1 .065 1 . 1 4 4 

.15 
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Table - 5 
239 Central Reactivity Worth of ? u 

(% per kg) 
K 

— •' »» #» • • r» • " •"" i* ̂  •• i*" » 
. . , t t • r Calculated Assembly j Fuel t Experimental, 27-Group 

t 

Calculated / Experimental 
i 

27 - Group T Hardie et al 
••• W r - •• i-•-•->- .—.— •— J— 

VERAp-IB . . • u "' 1.788 1.688 • 0.944 0.944 

ZPR-3-11 u ' 0.888 0.915 1.030 1.037 

ZPR-3-12 u ' 1.0196 1.0000 0.981 0.956 

ZEBRA-2 u " 0.4409 0.4860 1.102 1.122 

SNE4K-B Pu 0.6922 0.7563 1.093 1.110 

ZPR-3-48 Pu 0.4772 0.5650 1.184 1.216 

ZPR-3-49 Pu 0.444-1 0.4697 1.058 1.084 

ZPR-3-50 Pu 0.6064 0.6581 1.085 1.128 

ZPRr-3-53 ?u 0.7166 0.8254 1.152 1.198 

ZPR-6-7 Pu 0.1652 0.1924 1.165 1.232 

• " J4** • • •• 

Average 1.079 • ' i.io3 

. . .16 
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Table - 6 
238 Central Reactivity Worth of U 

^ per kg) 
K 

i .'..*. ' ' ' ' i' Calculated ,i * 'cZ^ted/^erimental*' 
Assembly i Fuel t Experimental i 27~Group x 27-Group « Hardie et al 

T t I __T t '• • ' • • — i— • — • "*" • ~~ i — • — • ~~ • — r « f - .— i<- t — " • • .— • — r « • • — • 

VERA-1B ... - u • • 0.0348 0.0787 2.261 1.602 

ZPR-3-11 - u- 0.0281 - 0.0286 1.018 .. • ' 1.052 

ZPR-3-12 . u • mm o.ceai - 0.0264 0.939 1.054 

ZEBRAr-2- u - 0.0242 - 0.0250 1.033 1.097 

ZPR-6-6A u - 0.0081 - 0.0087 1.073 1.158 

SNEAK-'® Pu - 0.0287 - 0.0340 1.185 . 1.251 

ZPR-3-48 Pu - 0.0253 - 0.0259 1^024 1.164 

ZPR-3-49 Pu - 0.0198 - 0.0206 1.040 1.158 

ZPR-3-50 Pu - 0.0453 - 0.0398 0.878 1.023 

ZFR-3-53 Pu - 0..0790 - 0,0626 0.795 1.062 

ZPR-6-7 Pu 0.0112 0.0110 0.982 1.088 

Average. 1.112 1.155 

. .17 
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Table - 7 
Central Reactivity Worth of Cr 

per kg) 

' * ' .[' [ ' ' ' [ 'calculated \ * felculatS/Experlirtental 
Assembly , Fuel t Experimental t 27-Group , 27-Group , Hardie et al 

i _ 1 i t i 

VERA-IB • U - 0.0435 
ZPR-3-11 u - o;o333 - 0.0381 1 . U 3 1 .242 

ZPR-3-12 U - ' - 0.0329 

ZEBRA-2 U - 0.0124 - 0.0175 1.411 1.446 

ZPR-6-6A U - - 0.0039 

SNEAKY Pu - " - 0.0298 - -

ZPR-3-48 Pu - 0.0132 - 0.0195 1.477 1.546 

ZPR-3-49 Pu - 0.0126 - 0.0170 1.349 1.429 

ZPR-3-50 Pu " - 0.0141 - 0.0224 1.591 1.728 

ZPR-3-53 Pu - 0.0106 " - 0.0190 1.792 2.014 

ZPR-6-7 Pu - 0.0046 - 0.0066 1.421 1.433 

Average 1.455 1.555 

. . . 1 8 
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Table - 8 
Central Reactivity Worth of Irott 

• • ^ . 

(% -Jf- per kg) 

•• • • »•• »™ ^ •• » * i " 
1 1 ' Calculated j Calculated/Experimental 

Assenbly | .Fuel | Experimental | 27-Group , 27-Group • Hardie et al 

VERA-B U - 0.0469 

ZPR-3-11 U - 0.0309 . -0*0356 1.151 1.278 

ZPR-3-12 U - 0.0269 -0.0294 1.092 1.108 

ZEBRA-2 u - 0.0117 . -0.0153 1.307 1.300 

ZFR-6-6A U - -0.0029 

SNEAK-7B Pu - 0.0251 . -0.0264 1.050 1.111 

ZPR-3-48 Pu - 0.0131 -0.0164 1.253 1.260 

ZPR-3-49 Pu - 0.0151 . -0.0145 0.960 0.992 

ZPR-3-50 Pu - 0.0142 . -0.0185 1.303 1.306 

ZPR-3-53 ?u - 0.0047 . -0.0123 2.595 • 2.333 

ZPR-6-7 Pu - 0.0044 «0.00519 1.174 1.202 

Average 1.320 1.321 

. . . 19 
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Table - 9 

Central Reactivity Worth of_Nlckel 

" (% ̂  per kg) it 
.— p_._ ._ .̂-.-.T.-.-.- .-r 

t t Calculated i 
Assonbly , Fuel , Experimental, 27-Group 1 27-Group J Hardie et al 

i i i 

TERiWlB 

ZPR-3-11 

ZPR-3-12 

ZEBRA-2 

ZPR-6-6A 

SNEAK-7B 

ZPR-3-48 

ZPR-3-49 

ZPR-3-50 

ZPR-3-53 

Calculated/Experimai tal 
T 
t 

U . 
u 

u 

u 

u 

Pu 

Pu 

Pu 

Pu 

Pu 

Pu 

0.0415 

0.0468 

0.0221 

0.0195 

0.0222 
0.C232 

0.0216 

0.0067 

0.0225 

0.0535 

0.0553 

0.0242 

0.0051 

0.0434 

0.0290 

0.0262 

0.0321 

0.0330 

0.0087 

1.289 

1.182 

1.095 

1.486 

1.180 
1.384 

1.528 

1.304 

1.339 

1.095 

0.965 

1.403 

1.158 

1.309 

1.381 

1.279 

Average 1.306 1.241 

. . . 2 0 
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Table - 10 

Central Reactivity Worth of Sodiun 

{% per kg) 

Calculated/Experimental 
' ' ' ' - .a1 ' Calculated « .,. [, , assembly r Fuel , Experimental , ^n Gro n » <£V-<iroup\ HaraXeetal 

VERA. IB ' U 0.6235 0.2198 0.352 0.354 

ZPR-3-H u - 0.0303 - 0.0398 1.313 1.724 

ZEBRA-2 u .. 0.0066 0.0152 2.312 -0*379 

ZPR-6-6A u 0.00037 - 0.00008 0.228 0.170 

ZPR-3-48 Pu - 0.0C68 - 0.0115 1.707 2.078 

ZPR-3-49 Pu - 0.0148 - 0.0019 0.126 1.078 

ZPR-3-50 Pu - 0.0121 + 0.0252 - 2.083 0.344 

ZPR-3-53 Pu 0.0609 0.0477 0.783 0.436 

ZPIt-k-7 Pu - 0.0070 - 0.0074 1.066 1.140 

. . 21 
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Table - 11 

238 235 Central Fission in U Normalised to Fissions in U 

T 1 ! Calculated/Experimental 
Assembly t Experimental ; ^ f ^ f | ^ ^ • Hartie et al 

0.0660 ' • 0.0846 . 1.282 1.190 

ZPR-3-11 0.0380 0.0382 1.D05 0.952 

ZPR-3-12 0.0470 0.0488 1.038 0.982 

ZIBHA-2 0.0320 0.0328 1.024 0.971 

ZPR-6-6A 0.0245 0.0238 0.974 0.926 

SNEAK-1® . 0.0330 0.0310 0.939 0.902 

ZFR-3-48 0.0326 0.0344 1.054 0.977 

Zrrt-3-49 0.0345 0.0366 1.061 0.998 

ZPR-3-50 • 0.C251 0.0299 1.193 1.091 

ZPR-3-53 C.C254 0.C322 1.268 1.128 

ZPR-6-7 0.0230 0.0221 0.962 0.886 

Average 1.C73 1.000 

22 • • < fa*" 
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Table - 12 

poc Central Fission Hate in Pu Normalised to U Fission Rate 

t _ ^ , , Calculated Calculated/ExperLm®tal Assembly Experimental orj " " u » „ . . — — — — i ^ i 27-Group - , 27-Group t Hardie et al 
.J 

VERA-IB 1.07C 1.165 1.089 1.062 

ZPR-3-11 1.190 1.168 0.982 0.976 

ZPR-3-12 •-• 1.120 . 1.118 0.999 0.985 

ZEBRA-2 0.987. 1.021 1.034 0.994 

SNEAK-7B 1.012 • 1.023 1.010 0.973 

ZPR-3-48 C.976 1.017 1.041 0.985 

ZPR-3-49 0.986 1.028 1.042 0.996 

ZPR-3-50 C.9C3. 0.957 1.060 0.982 

ZPh-3-53 C.928 0.947 1.020 0.933 

ZPB-6-7 C.95.3 0.974 1.022 0.955 

Average 1.030 C.984 
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Table - 13 
235 

Central Fission Rate in Pu Normalised to U Fission Rate 

Assembly 1 Experimental ' Calculated t Calculated/Experimeital 
i r 27-Group t 27-Group t Hardie et al 
t _ i _ _L 

VER*-3B_ .. • --- C.399 0.465 1.166 1.1U 

ZPR-3-11 0.340 . C.335 0.985 ' ' 0.951 

ZEBRA-2 0.237 0.240 1.C13 0.982 

— ZPR13-48 .0.243 0.246 1.019 0.942 

ZPR-3-49 - 0.265 - -

ZPH-3-50 0.159 0.207 1.303 1.192 

ZPR-3-53 0.174 0.206 1.198 1.066 

Average 1.214 1.041 

. . . 2 4 
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Table - 14 

. Central Capture Hate in Normalised t o ^ U Fission Rate 

assembly Experimental Calculated 
27-Group-

Ca lc ulat ed/Exp erimen tal 
27-Group ' Hardie «t al • • «•• •• »» ̂  • • 

VERA-IB 0.131 0.117 0.896 0.927 

ZPR-3-11 '0.112 0.108 0.965 0.976 

ZPR-3-12 0.123 0.117 0.951 0.971 
ZJBRiU2 0.136 0.131 0.965 0.982 

ZPiU6-6A 0.139 0.138 0.993 1.022 

ZPR-3-48 0.138 0.134 0.970 0.976 

ZPR-3-53 ' - 0.149 - -

ZPR-6>-7 0.136 . o.uo. • 1.029 1.046 

Average 0.967 ' 0.986 

. . . 25 
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Table - 15 

Effective Delayed Neutron Fractions and Generation Time 

Assembly ,' p g £ (units of j c r 3 ) ' Generation Time ( ̂  ) 
1 27-Group ' Haidie et al 1 27-Group ' Hardie et al 

VERA-IB 6.354 8.056 0*0996 0.0988 

ZPR-3-11 7.321 7.451 U0655 C.C671 

ZPh-3-12 7.156 7.727 0.C955 C.C961 

ZEBRA-2 7.263 7.522 0.1857 c.1856 

25PR-6-6A 7.247 7-317 0.4671 C.4728 

SNEAK-'/B 3.564 4.106 0.1487 0.1551 

ZPR-3-48 3.261 3.588 0.2302 0.2529 

ZPR-3-49 3.283 3.612 0.2130 0.2267 

ZPR-3-50 3.249 3.550 0.2967 0.3340 

ZPR-3-53 2.592 3.175 0.3851 0.4429 

ZPR-6-7 3.304 3.373 0.4297 0.4781 

\(0 



REs'IARKS CK THE VALUATION OF FJCLEAK DATA S3TS 
THRODGH CRITICALITY PARAMETERS 

By 

Anil Kumar and M. Srinivasan 
Neutron Physics Division 

Bhabha Atomic Research Centre 
Trombay, Bombay 400 085, India*' 

• J.J,'. J.'J.IVJJJ-'O vi 'ION' 

It is an established practice to validate the multigroup 
nuclear data sets of reactor materials by •tampering calculated 
integral parameters such as critical mass, mean neutron 
life time, reactivity coefficients etc. to their'experimentally 
measured values'* Of. these integral parameters*,' -critical mass 

) has been «*hosen. more often for comparison. Critical-mass 
(Mc. ) contained in core of a .reactor assembly is crucially dependent 
on a number of geometrical and physical parameters of the system like 
shape, density, diluent fraction of the core, reflector thickness. 
It is shown in the subsequent-section (Sec.II) that critical surface 
mass density^jwhich is defined as mass to surface area ratio of the 
critical core, constitutes to be a better integral parameter in that 
it is relatively less sensitive to the errors in density, shape 
description, diluent fraction, reflector thickness etc.- Section III 
describes the dependence of CJT on basic nucl ear-, parameters like 
infinite multiplication factor fa mean absorption probability / ;r 

O® . T? j * ' weighted total mean free path^as derived from Trombay Criticality 
n 1 5,6 i Formula . 

AAA 
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II. CRITICAL sUERaCE MASS DENSITY AS INTEGRAL PaRbIVIETEE 

II. A. Dependence of Critical Surface Mass Density on System Parameters 

It is quite convenient to break up tritical surface mass density 
5 6 as the product of four factors as follows s 

where is,dpLlution cq^racticn factor and is given ̂ y^Cg = P 3 » F 
is volume fracti.cn of the fissile component of the core-fuel and p 
is diluent exponent"^; ^ ^ 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' (hiv,irig same core 
composition) bare soherical critical core; Q CT~ ̂  is 

r ' spc 

surface mass density of the critical bare spherical core ̂ rith the 
same core composition as that of under consideration: sy^ is soecifioc 2 w ^ 
in Kg fissile material per m . { degree of reflection parameter, 
is defined as the ratio of surface mass density of oritical reflected 
core to that of the 'corresponding' critical bare core; Y < 1; for 9 12 -4 good reflectors like Be and C Y can be as low as 10 in 'infinite' slab geometry configuration. 

The highlight of relation (1) the separation ci the effect 
of t;e&jetriCt.l physici-l syotea p̂ Xtjaeters on (J^ into broadly two 
categories: (i) spectrum-dominated component and (ii) leakage-
dominated components Q and Y. 

>> Sf>c 
Table I shows r-r-b and Y values for bare cores of some 

elementary hard fast and thermal assemblies. It is to be noted that 
is independent of core density unlike 'corresponding' bare 

critical mass which varies inversely as the square of the core density 
for bounded systems. We can write down the effect of likely errors in 
^ , a n d Y o n by: 

*EL = .... 

T & 1 . Y 



It is to be pointed out here that out of the four error components 
in the right hand side of Eq.(2) that (i>i/Hd - „ 

rj <QT~- = 0 except for error 

in diluent fraction, (ii) (IT = 0 except for Tong-descriptior of 
£ Y * 

shape, (iii) - 0 except for error in.core (reflector) density 
and shape-description. 
II. B.. Critical Mass Mq Versus Critical Surface Mass Density 

Critical mass M is related to o~ for spherical assemblies c c » 
by the following relation: 

H - . Cf) 
C {? 

where V is core density. It can be seen from Eq.(S) that a small 
• 

change in q— , say ̂ .Cu » amounts to the following change in M , say c ^ c 
A M , as given by 

>cone 
It is obvious from Eq.(3) that limiting relative error on M is o 
at least equal to three times the limiting relative error on c77 • 
The same is true of other geometries as well. 

III. RELATION jHIP BET'/SEN CRITICAL SURFACE DENSITY <5<l AND - BASIS 
NUCLEI PAKiMaTE; a FROM TR0:r:BAY CRITIC.. LITY FORMULA (TCF } 

T.rombay Criticality Formula (TCF) consists in expressing 
the effective multiplication factor, through net leakage probability 
(pT), that is derived from 'Modified Wigner Rational (MTJTi)' form of 
collision escape probability, as follows : 

keff " V , ;
 ( 5 ) 

where p^ = — — — •• < * •• '"' • »'(6) 

J " P H<sHL\ 

Here fh is reflector albedo. jS^ and-Jf2 a r e Pure^y geometrical 
parameters. For example, for cube,j^ = 0.699 a n d ^ * 0.193. 
k * is akin to k and is defined for the spectrum close to critical. oO C» 
The normalisation of k of Eq.(5) to Critical, namely, elf 

A ''3 
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A T " O R - CR^- V . . K E F F - 1 ( 7 ) 

leads to the following relation between <j— and k * , , A • ' 
C (jo t -j-

(Z. + ̂ S - ) ^ = « ] 

\ (1? -1 ) lu 
For bare small cores, such that /(£ ^ *** )<<!' ^ 
can be used to get the following relation between the relative error 
on rf—* and the relative errors on k * , score . X. and £ /E. VC oo * ' t a' t 

( 

As ̂ core A^ is proportional to Q^?the weighted total microscopic 
cross section in -the core, Eq. (9a) can be rewritten as: 

— 

S t = - i j ^ V - - * + Sqi W b ) 

Relation (9b) can be helpfu^for adjusting microscopic nuclear data 
like / oj: etc. so as to predict correct 
surface mass density q— 

IV. CONCLUSION 

Critical Surface Mass density CJ~* is a more dependable integral 
parameter than critical mass for validating the multigroup nuclear 
data sets as it is less sensitive to discrepancies (erors) in various 
geometrical and physical parameters of the system. For example, for 
bare critical cores Q- is independent of core density whereas M varies 

C c 

inversely, as the-square--of the core density. .Trombay Criticality 
Formula (TCf) leads to a useful" relation, between and basic nuclear 
parameters like k , that can be of help in adjusting to a t x 
the multigroup nuclear data sets to make them compatible with the 
"experimental' measurements of CT" (or M ). 

C c 
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table - i 

a ce_Ma s s_ Sen si ty_ 
for some Elementary Assemblies"1". 

C«re 
material Diluent ^d 

9 Be Reflector(0.6 m) 
k ' * 1 ' Y oO 1 

E20 Reflector(0.2 m) 
k * y <?o 

2 3 9 P U - 321.63 1 2.573 0.572 2 . 6 2 1 • 0.772 

239PuC . C 0.921 2.528 * •' s 
2 , 5 6 0 . 

ts 

0.77& 

259Pu02 0 27-3.86 • .851 '2.473 0 . 5 4 5 

-i 

2 . 5 4 1 "71 • • I ! 1 

235u - - ' • 521.24 1 2 . 1 5 2 0 . 5 3 0 2 . 1 9 3 0.764 

255UK 
N 482.11 0.925 2.062 0 . 4 9 1 2.085 ' 0.752 

255U - 357.98 " 1 2.402 0 . 5 7 0 2.433 0.778 

2 5 ̂ 02 . 0 1 295.20 0.825 2.329 0 . 4 9 6 2.373 C.742 

2 5 5 U - H 0 O 

( H / 2 5 3 U . 300) 

4.362 1 1.939 0 . 5 2 6 1.938 c . 7 7 9 

2 . 3 ^ 0 
( H / 2 3 ^ = 500) 

2.949 1 1 .782 0 . 5 5 4 1.7 81 c.ecn-

+ The results presented in the table have been computed using one-
dimensional transport theory code DTF-IV with angular quadrature of 
S^ and 16 group Hansen-Roach cross section sets. 



Analysis of selected I'ast Zero Poy.er Assemblies and Calculational Benchmarks 

i>mL.3iarma, M.M.Ramanadhan, V.^opalakrishnan, S.Ganesan, R.Venkatesan and 
R.Shankar Sin^h 

Introduction 

'In the present state of reactor design, theorists are resigned to 
the need for supplementing their calculations with experimental informa-
tion1 - Ihis introductory remark has been taken from the review of 
KaplanO) dealing with measurements of reactor parameters in subcritical 
and critical assemblies, mainly for thermal neutrons. The requirement for 
supplementary experimental information, stated in 1964 for thermal reactors, 
mav have been met to a lar^e extent in the past, but now the situation for 

, (2) iast reactors is similar to that encountered in 1964 for thermal reactors 

\,e had ea»lier analysed a set of benchmarks, as these assemblies 
are usually called, the data for which was available in the open literature. 
They were chosen cn the basis of system simplicity, extent of experiments 
carried out, an adjud«>ed precision of experimental results, and covering- a 
wide spectrum range. However, most of the assemblies analysed were of 
comparatively smaller size. 

is the reactor size is increased the spectrum becomes softer and 
the uncertainties in the prediction of integral parameters may not remain 
same. This conclusion was also brought out by a recent international 

(3) 
comparison calculation of a larg-e sodium cooled fast breeder reactor. 
It was pointed out by Le Sage et al. that 'participants whose solutions 
disagree an the 1250 iawe size comparison calculation have each obtained 
frood agreement on 300 iW®e size critical experiments' . 

In order to assess'our predictional capability of integral 
parameters for large iMFBRs (Liquid iidetal Fast Breeder Reactors/' we have 
analyzed fair fast zero power critical assemblies and two LttjFHle bench-
mark models for data testing-. 
I>ata Testing 

The term data testing denotes an activity of comparison of 
important integral parameters, such as Keff, spectral indices, central 

/ J-



r e a c t i v i t y worths e t c . measured in reactor environment with calculated 

values ~;sin<7 the reference multirrr cup cross s e c t i t o l i b r a r y . To 

demonstrate how well the reference data set together with the proce-

ssing codes and computational methods predicts the important reactor 

parameters, one usually considers the c o r r e l a t i o n of calculated quan-

t i t i e s aeairist measured values . Although r e s u l t s of such a testing 

program will seldom demonstrate an exacting relation between specific 

microscopic data arid integral values, a systematic select ion of tes t 

cases can show vhich material data consistently give poor correlation of 

computed and measured integral values. Analysis of such correlat ions 

can ' ' identify nuclides in need of reevaluation perhaps with some 

indications of reaction type arid energy r a n e e ^ . Thus testing- plays 

a v i t a l ro le in the val idat ion of c ross section l i b r a r i e s . 

Description of Benchmarks 

Ihe assemblies discussed below were chosen such that they 

provided diagnostic information\he guitabil i ty of our cross section 

l ibrary in the desi«ti oi r e a c t o r s with softer spectra . 

3.1 2ffi~6-" Assembly 7 

^sse.ably 7 i s a large (3100 l i t e r i f a s t c r i t i c a l assembly with a 

soft spectrum and other characteristics representative of current 
LwiFIB desiwns. It has a single fuel zone with a leno-th to diameter (L/D) 

r a t i o oi approximately unity; i t has 3 simple one draw unit c e l l ; and 

i t i s blanketed both axia l ly and radial ly with depleted uranium, Bie 

assembly's spectral c h a r a c t e r i s t i c s , simple geometric configuration axid 

simple uni t c e l l make i t v e i l suited for a benchmark assembly. The 

fuel used is ftt/u/^o (28 «/o; pl^tcnium, 69.5 w/o Uranium and 2.5wo 
/ 240 

molybdenum;, die plutcmiura i s 11.5 W° Hi. A one dimensional model 

with spherical geometry has been used in the analysis of the measure-

ments made in the assembly, lfae beifchqark specif ica t ions of the 

spherical model and the corresponding atom d ensit ies have been taken 
from Cross Section Evaluation Working- fproup (CSbW}) Benchmark 

(5) Specifications 
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3.2 assembly 5 ihase A 

Ihis assembly forced a part of tne series of experiments peffor.iu.d 
in pĥ .se 1 of tne CRBR ^^ineerincr -lockuo Critical procrra.i (EwC ) to 
provide data base ao-aiiist nhich reactivity prediction techniques used 
in acciaeiit analysis could bt evaluated. 

Die protfr 1 . v.>as broken into t??o phases, A u. B to simulate 
an initial core at ena-of-cycle axjd be^inninr— ol-cycle, respectively. 
The jiiase .'i conf ijuration simulates tae Clinch River Reactor at t end 
of the first cycle. Control roas are ritndrar-u from the core and pari:;d 
in tie upper axial blanket". assembly 5 jhise ̂  confiourition contains 
19 sodium filled control rod positions and required 100 fuel spikes in the 
core totstablis. cri ticalit, . 'Ihe measured excess reactivity v.as 
(1.24 + 0.01) x 10"5 O-K/K. It has 1 core volume of about 25OO li-tieE 
fuelled with xli0o- UÔ  . 

Two dimensional V - z model has been used in the analysis 01 t u 
measurements made in tnfc assembly. The specifications of this cylinorio ai 
model and tue corresponding atom a ensities have been taken iroru Rei .(6,7 ). 

3.3 Si^AK 9C-2/C and 9C-2/H2 

There is a possibility of usino- mixed caibioe fael in the in 
India so ran tec to assess tne effect of sucn i fuel on the uncer-
tainties in tne preoictiai of differ ent inte r-r-,1 para-jetds. as tae re-
are only - fe-r critical experiments --ita mixed carbide futl in tne 
open literature for t.ie sizes of iiitei^-st vC selectee an assembly 
fr^m tie series nentiaied below. 

The- (Scnm-lle ivull Ent-rq-it jnlawe Karlsruhe _ meaning zero 
power reactor at xLarlsruhe) 9 series of critical experiments pas 
basically de siTuoa io improve the prediction of neutronic, enrrine-rino-
and sale ty para: .fetors for tue êrna.- Be r.e JJUX fart breeder prototype 
SwR-JOO^ 

i-o study tae influenct of higher plutonium isotopes on tne 
pr .oiction of fast breeder core para >~ters, validity of tne sector 
substitution method e t c . geometrically simple critical configurations 
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<J}Qr̂  designed. The r^rci,c.. core, Sî uiv. 9C-2 '-as a one zone pao^-
UO2 sodium assembly. It was built by a 360* sector substitution out A 
oris. zone uranium ccrt, SiJixUv 9C-1, that had a noroximately the samt. 
<yOemetrical and neutroniq6haracteristics. 

une of tae t.aree difftr^nt central zones with 'dirty' plutoniuia 
(Plutonium witn about 20,... ol ̂ ^Pu in its isotiopic vector; substituted ir. 
ta the -reference, core 90-2 tas a 'C-zan«' ; SO liter zon*-* ritn abBaa 
plut.on±ua enabltu the construction 01 a zone simulating- a carbide Xu>-I 
reactor environment. The substitution assembly was called SLMÎÛI 9C-2/C. 

„ seccnd central zone called >PUu-zone' ras also substituted i:. th-
reference core gC-2. This zone of 90 ltr . size contained dirty plat 0.1 iuc 
metal of iEStU stock, c cubix ed v.ith Pe^Oj to simulate oxide fuel. Hue 
assembly ras called SftUiii. 90-2/iX2 Reactor dimensions and atom-, 
densities for the model i«.r<- taken irom ̂ ci.(9). 

3.4 -̂ aker ̂ odel 

This is a calculational model iox a 'standard' reactor in on<.-
dimension which ras developec at tht sucrrC:stior:. of the ÎiL,, for 
com oar in? calculations of parameters determining tne criticality and 
conversion ratio^1^. 'Hie rublicatio« of this' comparison in 1971 served 
as n stimulus to int-;rm ticnal co-opcration in the field of fast 
reactor physics. We m/e analysed oxily cii<- of the taree variants in 

2 39 _ 238 

which the fuel in the core consists of only JrU and "J. Ii, 1975 
tiie Institute of ihysics and Pova?r Engineering at ubninsk, JSSEt, apjarca-
ched a number of laboratory s vith the proposal that the se calculations 
be r e pea tea, us iii t the specifications proposes in I\ef.(l1). The 
composition ai-d aim^nsions of tae i.jcutlt 1 or our analysis, have been 
taken from tne sat.- reference. 

3.5 i^CRP/Lit^i Benchmark 

The purpose of the International comparison calculation of this 
,on 

benchmark vas to iocas/_the variation in parameter values, the ueo-ree 
of consistency anon? the various parameters ana solutions, and the 

v* ̂  



identification of unexpected results 

This inttrr-'-itional comparison exercist nns the f i r s t one since 
tiie so called 'Biker .lOdel* comparison of 1970 ^hich focussed on !:re. c_. -

and neutron balance. I t also was the f i r s t comparison for a lar?v_-

'c 01a-.1t rci a 1 siz»-:d ' Lwi-BEi sy ste-.u, the f i r s t coaprc;aensive comparison 

between the current aa juste a da ta sets (eq. 1TL5 and Caiuwv/.»I<-III * ) 

ma tne unaajust-D se ts ^e.* . LL.DI'/B-IV) anc has been toe ,iOst 

comprehensive of cuca comparisons including 1 nunber of parameters not 

incluaea in previous comparisons control rods and cert "in safety 

p-ir3:aeters). The bencaFraii: reactor specification m s b a ŝ  < • on a 3260 
conventional nix^d oxide d»-sioti r.dth a 0.300 L.ch pin. riz- develop-at 

iU-L iii 1975 . I t b<- noted that the reactor aesio-n louel for tn.po 

benchmark calculations has significantly lov.tr enrichments { ~ 10̂ > =.nu 

13'/° fissile 3i in the t r o core zones) thai, pr-s^nt commercial conventional core 

dc-si<ms (~»14>o <*nd 1Q?0 for SjiUx-£±unlX I) «hic,i are bas -̂d on stalls r fuel 

pins and lower fuel pin inventories and fuel volume f r a c t i o n s . Int-«rral 

experiments in a hioher enrichment range (.from to 30yb) have been 

usee to create and val idate the current adjusted l i b r a r i e s . In this 

rospect , integral experiments correspond in-r to this lower enrichment 

ran ere ( < 12 could provide useful complementary iniaria-ition. Tae 
benchmark model ^ s set up fa it, i -vodislin- r i t n specified.ho;aoger.t<.-ous 

compositions^ for each region of;.the r e a c t o r . ?ne core neight vvis 

40 inches (101.6 cm) -.nd t-ie radii of the inner ana out«>i core regions 

TJt-re 136.35 c,.. gnd 176.53 cm, respectively. TiK coit volume fract ions 

Fere 41^ for fuel, 33^ for to ta l socium and 21)0 for t o t a l s t r u c t u r a l . 

ujultjg-roup Cross Section fire Deration and C alculation firoce dare 

In the present analysis "fc have adooted the shit-la in <>• factor 
-.pproach primarily cue to its sceeci u;d easv of application. Bus 
metnoti sufftis however fro 1 one disability; the cross section iutegr ition 
for a o-.rticular isotoao uot-s not reflect tar- cneio-v dependence of tae 

(12) 

other cross sections n. tne mixture 
Z!he conputer code LiiOiiuSS ^ScjTh.-512^^s-used to ercnente 

Homogeneous and composition a e pendent cross sections for core and 

f 



blanket rep-ions. !jliie code taK-3 Cadarche Oross Section Library 
Version II) as inuit and generates cross sections in 25 groups ta.dLi-~ 
accoui-t oi the resonance self shielding of heavy elements approximate 1; 
and vide scattering resonances of the lio-nt materials. 'This ener?y . 
o-raip structure has sufficient detail at lo\- energies to -fiord 
accurate computations of material norths and lioppler effect. 

.'•Hie cross section processing- code RDC1uiu..A has "b̂ en used 
for hetero^enecusly shielde-d cross sections. This coa<- has two pa_ts. 
In the first part the hetcrr Do-en. ousl;> shielded cross sections 

(1C, ) 
calculated for the lattice enplpyii.jr Tone's nethod ' , in viiich bae^-
o-ro aid cross section, used in self shielding- factor metnod, is modified 
usiii-7- collision probability equatia., for each isotope' and r^ion oi th-
iattice cell. subsequent calculation based on tne self shield in- -'vc-or 
aetho-j. r.-in o-ive het̂ rog-enecusly shielded cross sections for all the 
isotopes present in tie lattice cell. 

In the second part of HLChd'Uiw, using- the c ross sections 
prepared by the first part, cell eigenvalue calculation is per for, it o 
to obtain tne flux distribution for spatial homogeniz'ation of cross 
sections for tne lattice, same flux distribution is also used for 

( 16 ; 
computing the anisot ropic c i f i u s i o n c o e f f i c i e n t s us in» tne Benoist 

'metnoc. The directional collision probabilities are calculated usii.<r 
periodic boundary conditio! for plate lattices for use in the 3enois't 
formula. The calculation for the cylindrical cells is b.asec on the (17) recent formulation of Benoist 

Using- these cross sections in the 1D. - diffu si an-cum-
(1B 19) 

perturbation theory coce jjfflDi. ' eigenvalues and fluxes etc.. 
ivere calculated for the spherical models of critical assembly iifii-6-7. 
Both homogeneous and heterogeneous cross sections î ere generated and 
used. Tne. spherical model is expected to introduce approximately a 
0.1 >a uncertainty in kefi according- to the CSEUT benchmark specifi-
cations. 

Baker ^odel calculations were also performed using- 1L-diffusicn 
code iuDE. The cell averaged cross sections and anisotropic diffusion 



c o e f f i c i e n t s t-er^ usee in conjunction with 2 y diffusion theory code 

AUCLkiittil^2^'2 { i - '•' o p t i o n ) f o r the c y l i n d r i c a l nod e l of ^PB.t-5 > • 

±iowever for SwÊ iiJ. 9C-2/C, although Tre used the sane 2L) code but 

employed only trie homogeneous c iess section!; Same is the case i.ith 

SUEAA. 9C-2/B06 assembly. 

Some of th- important features of tne assemblies analyzed are 

presented in 'fable 1 . ^ n o i a H y 1 and 2 c.is meshes have been used in the 

core - and blanket regions. Ihe exact number of mesh points used for t.ie 

different 'assemblies are o-iven in Table 2 . l o r the s : i ier ical models 

used there i s a blank far the me dies in the Z direct ion. 

Some isotopes like sulpiur and phosfhorus T^re neglected 

or merged v/ith other isotopes to make up for the noi availabili ty of 

multig-roup data , .ilso c concentrations rerc addeo into those of 

copper to obtain the comparison with Kffi. values. iig- was simulated 

v i t h 0 and Ti 'with C r a f t e r c h e c k i n g t h e i r group c r o s s s e c t i o n s f r o : . 
(22 ) abbim setv . 

R e s u l t s of Benchmark C a l c u l a t i o n s 

The v a l u e s of c a l c u l a t e d k , for t h e s i x kejjchmarks anal', sed 
e f f s 

a r e summarized i n Table 5 . Comparison ca c a l c u l a t e d and e x p e r i m e n t a l 

v a l u e s of r e a c t i o n n t e r a t i o s a t the c o r e c e n t r e f o r S-WEUK 9C-2 /U 

assembly i s p r e s e n t e d in Table 4 . 

Evaluation of calculated Results 

6 . 1 a n a l y s i s of i d i l t i p l i c a t i o n C o n s t a n t s 

(27>) 
Ihe ear l ie r diffusion calculations and the present resul ts 

wiven in Table- 3 aior; that tne cross sections and computing- methods 

used here are sat isfactory in computing k , , for core si^es upto ef f 3500 l i t r e s havinn- normal JrUCU - UÔ  fuel and the maximum uncertainty 

i s about 1>-. Hi-.:', mean value of k calculated b\- us I.OO4. Since 
e f f s • 2 SQ 

t h e r e i p 2 l a r g e s c a t t e r i n k , , -J simple ciwii^e i n o f -u -ould 
e f f s 

n o t remove the .discrepancy. 
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240 
For nioh 2a c o r e 9C-2/PCE the d i s c r e p a n c y i s a t oat 

240 
2%. This may atleast partially originate in cross sections oi ju 
and h i g h e r plutonium isotopes. B i i s g i v e s an indication for tne need 
to update tne higher plutaniu.7; isotopes cross sections in our l i b r a r y . 

•Ihis observation̂  hov?e\ e r , does not square vd.thaIiOst n e g l i g i b l e 

discrepancy in the fc^. for SKFvaK 9C-2/C assembly viiich also contains 
the 'dirty' plutonium.. The reason for this contradiction is not known 
yet. 

i s ro-rrards the- l a r g e r d i s c r e p a n c y in the k ^ f o r i&^CRF 

bencftiiark i t may be a t t r i b u t e d to the c r o s s s e c t i o n s of s t r u c t u r a l 

m a t e r i a l s because the a a i n c h a r a c t e r i s t i c s of t h i s assembly are higher 

s t r u c t u r a l f r a c t i o n and a v e r y l a r g e c o r e of about 1 0 , 0 0 0 l i t r e s * I t 

i s a l s o p o s s i b l e that cur adjusted se t needs u p d a t i n g f o r the c r o s s 

s e c t i o n s in the lower energy r e g i o n . There i s a c l e a r need f o r f u r t h e r 

a n a l y s i s t o o b t a i n tne d e f i n i t i v e c o n c l u s i o n s . 

6.2 analysis of tne Central Reaction Rate Ratios in S i 9 C - 2 / C 

R e s u l t s in Table 4 sho^ t h a t the r e a c t i o n r a t e r a t i o s are u n i ; . i -

p r e d i c t e d in g e n e r a l . I h i s o b s e r v a t i o n h o l d s f o r the correspond inn- Kfi. 

v a l u e s a l s o . 

2 38 2 35 
The average f i s s i o n c r o s s s e c t i o n s r a t i o of U r e l a t i v . - t o ' U 

g i v e s v a l u a b l e i n f o r m a t i o n c o n c e r n i n g the f r a c t i o n of the t o t a l n e u t r o n 
2 

f l u x having e n e r g y g r e a t e r than t h e u t h r e s h o l d . The dis;r- . .pane; 

of 14^6 i n t h i s r a t i o suggests t h a t p a r t of tne d i s c r e p a n c y .uay be 

caused by i n c o r r e c t l y c a l c u l a t e d s p e c t r a . 

2 
As a l l the r a t i o s a r e u n a e r p r e d i c t e d ^ may doubt the J ' J f i s . - i c n 

c r o s s s e c t i o n s wi ich n i g h t give b e t t e r r e s u l t s i f d e c r e a s e d , i h e u t i o of 
238 2 35 the capture rate- in U to the fission rc.te in U suw->ejt3 that 

238 
capture c r o s s s e c t i o n s of U i f i n c r e a s e d nay give b e t t e r r e s u l t s but t h i s 

may lead t o mort d i s c r e p a n c y in Hie c a l c u l a t i o n s . The r a t i 

i s u n d e r p r e d i c t e a by 1 0 A . 



The ratio of underpredicted by 6<p which may indicate for 
2 39 increase in fission cross sections of Ri. This in conjuncti on r?itr 

233 
increased capture of U may still ko-ep the in balance . Her*, 
also there is a need for further calculations for different assembli*; 
in order to mit the perspective. • • v i:'j? j - * -j 

Conclusions 

Oat r e s u l t s are in reasonable agreement, for c a l c u l i t i 

with the r e s u l t s obtained by independent data and code system by t.ae 
240 

French, German and U.S. teams, except for high . Fu cores "here tne 

discrepancies upto about 2% are noticed. Ihe discrepsncy in reaction 

ra te r a t i o s upto 15^ i s observed with our• cross section l ibrary 

The present study has highlighted the need for further ami;, si 

in more d e t a i l including r e a c t i o n rate ra t ios , central r e a c t i v i t y x-viiit 

in a l l the c r i t i c a l assemblies studied for rtiich these data are avaiiabl 
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Table 1 

Crit i ca l Assembly Charaoteris tics 

Assembly Pisiiile 
fuel 

F e r t i l e t o 
P i s s i l e 
r a t i o 

<5ppro-
xir.a te c ore 
v 0 luce 
( l i t r e 3) 

Comments 

SNixiK 9C-2/C Bi 3.78 240 por simulating carbide 
fuel 

Sî iAK 9C-2 /HE Bi 3.29 270 High Bi 240 (.20§S) 

BAKhiK uooJei Pa • 6.53 2500 Zero structural 
f rac t ion 

ru £ . 5 2 2300 CR3t Ei»E Prog-ram 

a s - 6 - 7 • Bl • 6.5 3100 L/D 0 .9 

IALu/IEACKP Pu 8 .74 9943 High s tructural 
fraction 

Table 2 

eh Let-.il for jjiffu si a-- Theory Calculations 

ŝsc.ubiy iio. of points in the 
H x u direction 

ai'̂ Aii 9C-2/C 52 X 45 
S i W i . 9C-2/PC2 50 X 45 
i i i itB. iu.auel -IX X -

36 X 54 
ZRl-6-1 96 X -

T riT-: . /wLdCiiP 25 X 58 
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Table 3 

Comparison of Calculated Values of k ^ of Critical —efi —•— 

Assemblies 

Assembly 

SitwU: 9C-2/C 

idodei of 
calculation eff Source . 

2L-Dif fusion 

SNHUK 9C-2/PCB 2D-Dif iusion 

1.0039 
1.001 

0.9877 

1.0051 

present Calculations 
insured Value 

itesont Calculati,ns 
Karlsruhe set (Ref.9) 

BAiSbh Model 1D- Diffusion 0.9994 Present Calculations 
0.9992 CjR&tf&li 17 (Ref .24) 

2D-Diffusion O.9968 Present Calculations 
0 .987 6 . LitDI'/B- IV (Rt f. 25 ) 

& E U 6-7 ID-Diffusion 

lAB^/iiLACRP 2D-DiffUsion 

0.9979 present Calculations 
0.9917 EM>P/B-I/ (Kef.26j 

1.03216 present Calculations 
1.0212 iTench set (Ref.3; 
1.0223 U.K. Set (Ref.3) 

1 ' r> 



Tabic- 4 

Comparison of Calculated and Experimental Values of Reaction -ate 

Ratios at the "Core Centre for 9C-2/C Assembly 

Cross Section Ratio Experiment c/E C/E 
at the Core Centre it-sent Kf'K calculations 

calculations Ref. (9) 

0.04445 0.8643 0.937? (0.9154)* 

1 .114 0.9433 0.9472 (0.9592> 

- c fc /<S-j_ 5 0.133? 0.9 >37 3 0.9715 (O.964O;* 

* In brackets are value s from c e l l calculations 

o 



Shielding Benctimark experiments a'nd analyses 

R.Indira , A.K.Jena, K. Fa^iAirthy, R.Shankar Singh and R.V a id y ana than 

Introduction 

'«e present in th is paper, oar analyses of four shielding 

benchmark experiments. The analyses have been-done witn the computa-

t ional techniques and cross section data available with us. 

Ihe bencrmarK experiments studied are relevant, to f a s t r e a c t o r 

shield studies. The f i r s t benchmark studied i s that of f«fcian source 

neutron transport through graphite . Tne measurements and our •omputa. 

t ions with one aimensional transport code are presented in secticn 1, 

The. second benchsiark studied i s the f a s t neutron transport 

' tiirouph sodium.. The experimental s e t - u p and computations usin« ^oti%e Carlo coa: 

are presented in sect ion 2 . 

Section 3 d e t a i l s the experiments .and our computations for 

neutron transport through iron shields. Experimental d e t a i l s and 

computation using albedo .aonte Carlo Method, for neutrons streaming 

thrcueh nultileored ducts are presented in section 4 . 

1 . 0 neutron transport through graphite . 

neutron traiisport through a 90 cm sphere of graphite, with a 

c e n t r a l sphere of 4 .45 radius, having an external neutron source 

originating fro... bombardment of depleted uranium by f a s t e l e c t r a . s , 

c o n s t i t u t e s the bench. iark probler,. The neutron soectrum was measured 

at 2 0 . 3 â id 35*6 cm. In addi tion to measurements, e a r l i e r "calculat ions 

using Moments method, jionte Carlo (C5R ) arid s method were a v a i l a b l e ^ % 

Calculations were made by u s using liTF-17 and LLC-2 cross "section 

with P, - expansion for scat ter ing cross s e c t i a . . To ascertain numerical 

S3I 
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accuracy, S ^ c a l c u l a t i o n s and s^ ca lculat ion with .1 cm and 2 cm 

spat ia l mesh widths mere made. 

•As tne measurements are not ii. a r e a d i l y comparable form, 

comparison i s <.ade with C5R c a l c u l a t i o n s , vhicn ag-ree well with measure-

ments. Hie 05E c a l c u l a t e d spectrum arid the spectrum calculated by us 

are presented in Table 1 . The ao-reeraent i s <?enerally ^oad, except in 

the region of 10 to 14 ^ev, which could be a t t r ibuted t o discrepancy 

iii c r o s s section d a t a . 

2 . 0 j-eutron-transpoi t through bulk sodium 

• This experiment was c a r r i e d out a t the tower shielding f a c i l i t y 

of with t h e the • collimated neutron beam from the r e a c t o r , asthe 

source . The- incident neutron spectrum peaks it. the energy ranwe 2 t o 

3 iVJeV. The beam i s incident normally an the f l a t c i r c u l a r face of an 

cylinder of eleven fee t diameter, containing solid sodiu. , surround-JQ 

by a concrete c o l l a r . The measurements were rade usin? Bonnerball detec -

t o r s , which are s ) h e r i c a l BF^ proportional counters surrounded by polye-

thylene with an outer shell of Co. The bonnerballs have responses p-akirjo-

in d i f f e r e n t energy regions andhence provide i?ood spectral indices of the 

transmitted neutr ons.Ref .2 *ives d e t a i l s of the experimental set up, 

measurements, Bonnerball detector responses and u n c e r t a i n t i e s in the 

measurements. 

Tne bercnmark experiment W3S simulated by a j,'ioite Carlo code 

developed for this purpose variance reductiOj de-vices such as Russian 

R o u l l e t , weighting- by non-absorption probability wereused. Hie i n t e r « 
c o l i i s s i o n distance was sampled from a biassed exponential density 

funct ion , ivext event estimatoj w a s used for scoring- toe transmission •• 

at detec tor points* L.LC-2 hundred g-roup c r o s s s e c t i o n s with p - legend re 8 
expansion for s : a t t e r i n g - c r o s s sect ion, was used. Sampling of the s c a t t e r i n g 

anode was done using- the equipr obability g-roup method. Transmissions through 

2 . 5 feet thick sodium and 10 f t . thick sodium were simulated. Count r i t e s for 

ei<r,t bonnerball d e t e c t o r s were obtained. D e t a i l s of the simulation and 

extensive r e s u l t s arc (riven in Ref . 3 



The Bonnerball count r a t e s at the detector point 24" behind 

ten ie\.t sodium, on center line are g-iven in Table 2 . The ..easurea cornet 

r a t e s and tne count ra tes obtained by others with calculat ion by 

oĵ ESb and liji01 are also presented for comparison. I t i s found that the 

deviation of the simulated count^rates from tne .-..iensurements are well within 

the quoted uncer tain t i e s of + 40yo in the measured values . 

3 .0 neutron transport through .iron shields 

This benchmark experiment was performed in the v e r t i c a l 
(4) 

experimental column of the l a s t neutron source reactor Y-Ai'oIv ' . a 
2 

70 cm thick, 94 cm iron shield was used. The diield mas placed on 

tne cuter lead r e f l e c t o r and vns surrounded by heavy concrete rail of 

the v e r t i c a l column. The neutron and -jamma distribution in the shield 

were measured using- threshold activation detectors In, i.i, A I, pe and 

An, sandwiVA resonance f o i l s A , ano CO and TLL> .S . 

The analysis of the experiments were performed usin^ one and 

tvo dimensional discrete ordinate transport code Ai.ISi. and TWOTR^ . The 

•bUaiilB (100 + 243̂  energy g-roup structure vas used, in the 1-]J calculation 

with P^ approximation for tne scattering- c r o s s section. 

Our analysis was done with UIC-37 1 00 g-roup cross section library 

and LTF code. The one-dimensional calculat ions mooel used i s sho*ai iii 

table 3. 60 cm buciilino- vas used throughout the calculat ions . Reaction 

r a t e s measured arid calculatec at the inner surface the shield are iriven in 
115 ' 

Table 4 . The measured and calculated reaction r a t e s for In ( n i\) 
197 

aiid A , ^ ) reactions in the iron ^lielc are presented in Table 5 . 

I t i s seen iro.u table 5 that In reaction rates are predicted 

bet ter thaii that of a* . This may be due to the fact that while the 

are predicted well in the last reo-i^n, tnethermal neutrons have a 

scattered contribution that deviates from the cai tr ibution -riven by the 

buckling-, so two dimensional calculat ions are expected to predict these 

reaction r a t e s b e t t e r . . .. 



Therrjal neutron streaiainwthrouoh rnulti lecr-rea ducts 

The experimexit consists of measurement of streaming neutr jn 
flux, in a stiair.it, tvo-ieo-rred andtmet-ler-red square concrete duct. 
'Die neutron s-urce 'was the colliraatca reac torneutran beam frcu the 
tower shieldiriT facility. Tne details of the experimental set-u;. ana 
the measurements-are T-ivtri in h«l .5. 

The neutron streaming through sauare concrete ducts ras 
siLUlatec by us usint albedo ..jonte .jarl0 method. The thernal neutron 
suffer reflection at th& duct walls, with the lairs of reflection -riven 

(6) 

by tie differential albedo data ' for the thermal neutrons. Rejection 
tec unique .̂is used ix. sa iplin~ cat' reflected neutron direction, /aziance 
reduction aevices sucn as iiussian Koullet, split tin tr, and forrara biassed 
density functioi for t'ie reflected polar Fere employed. Details of the 
x..Qnte Carlo coae and the simulation can be found in kef .7. 

rhe streaniriT neutron fluxes were cccaputed at various points 
aiOiiT •• the auct ce^terline in the cise of straight, tr;o 1 ecrTtcai.c: three 
leered uucts. Ihe siraulatedneutron fluxes are compared with the o.eisu-iel 
fluxes in Table 6., Comparison is found to be wood in reneial. Calculation 
are found to underpredict tne fluxes at aose p^ixits close to the exit A ti 
duct. Tne hi^ier flux in the case of xeasurenents could be out to tne 
neutrons tnteiii." fro.--, tne exit face of the duct. 

0 conclusions 
Ihe benciiiark experiments on neutron trar.spoit thioun sociu.. 

lion and o-npiiite and neutron strea.~in-» throu-rh concrete ducts have been 
analysed. In tnfc c jse oi trans port throu-rh sodium, the comparison is f ounu 
to be -rent rally rroad, thus validating the variance reduction schemes 
employee in tne ...onte Carlo code and the cross section data. In the c.se 
of tr 'inspozt throuiti -rrgpnite, the coc arison is -rood, in the fci.erjjy region 
belov 1 ..Mt nhicn is tne region of interest to us. ,In the ense of neutro 
transport tnrouch stetl, the discrepancies foaid have been attributed to 1 

cttoice oi buckiinr anahence tro-airaensiom 1 calculations arf1 recO i: itnd~-a . 
Hie albtao monte carlo method ana the albeao data have b-t-n founQ to b& 
safficiencly mj<xi it. sti ; tin* the streaaii^ thermal neu tron fluxes. 
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Table 1 

Comparison of neutron spectrum in ^raohite 

Lner«y Distance QjR SgP^ SgP^ S 13 P 3 
I n t e r v a l • 2 c n r,ugh_ 1 c n ^ ^ 1 c m i n e s h 

in Uie7 

.247 - .409 20.3 2 -7B9 2.961(^10) 3.047 -10) 3.056(_10) 

35.6 2 .652 -11) 2.649(-11) 2.776 -11) 2.314(-11) 

.406 - .743 20.3 1 .-59 -10) 1 . 5 2 4 ( - 1 0 ) 1.569 -10) 1 .575(-10) 
35.6 1.443 -11) 1.454(-11) 1 . 5 2 -11) 1 «543(-i 1) 

.743 - 1.35 20 »3 - 1 1 ) 1 ) 7 -277 
35.6 9.202 -12) 7.46 (-12) 7-77 -12) 7.901 (-12) 

1.35 - 2 .02 20.3 3.114 -11 ) 3.371 (-11) 3.444 -11) 3.446(-n) 
35 .6 4 . 0 6 6 -12) 3 . 6 3 ^ ( - i 2 ) 3.913 -12) 3.993(-i2) 

2.02 - 2.73 "20.3 1.534 -11) 1.609(-n) 1.65 -11) 1.652(-11 ) 
35.6 1 -993 -12) 1.695(-1£) 1.767 -12) 1 .303(-l2) 

2.73 - 3.01 20.3 7.321 -12) 7 .2 43 ( - 1 2 ) 7 .499 -12) 7.552 (-12) 
35.6 6 . 7 -13) 7 . 0 6 4 (-13) 7.336 -13) 7.579(-i?) 

3.01 - 3.63 20.3 5 . 3 3 2 -12) -,.734(-i2) 4.927 -12) •+.95 (-12) 
35.6 5 . 6 5 3 -13) 4.367 (-13) 5.079 -13) 5.21 (-13) 

3.63 - H-07 20.3 4 . 0 5 6 -12) 3-779(-12) 3.973 -12) 3.391(-12) 
35.6 4.909 -13) • i. 132(-13) 4.3M3 -13) • i.ij.+6(-l 3) 

4.07 - 4.97 20.3 3.022 -12) 3-197(-12) 3.261 -12) 3.262(-l2) 
35.6 3.999 -13) 3«995(-l^) 4 .029 -13) 4.12 ( - 1 3 ) 



Table 2 

Bonnerball Count nrites at 24" behind tei. feet sodium (Comparisori 

vith exoerincnts ana other calculations) 

Detector code 

Cd measured 
present calculation 
LOT 

3" measured 
Present 
DuT 

4" measured 

Present calculation 
i> JT 

5" measured 

Present calculation 
LUT 

6" pleasured 
Present c?jlculation 
DuT 
•uicixSc. 

3" lita'sured 
Present calculation 
DOT 

Count rate 

1 .96 

1.33 
1.66 

17.3 
15.4 (+21.6->o) 
15.5 
16.4 

4 

25.3 
20.9 (+ J3.9./ ' 
2 1 . 4 

23.0 

22.3 

19.5 (+ 11.5^) 
19.9 
21.0 

16.7 
14-5 ( +10.370) 
14.5 
15.5 

7.61 

6.39 (±9.6£) 
6.51 
6.99 

Deviation iron <-- xpt, 

+ 14.35t> 
- 16.9$ 
- 15-356-

- 1 1 . Q'jff 

• 1 0 . 4 / 0 

• 5.2> 

IY.8^' 
• • 9.1 

• 1 2 . 

• 11 .2^ 

• 5.8% 

13.256 

13.2$ 

16.05.-
14.5VS 
9.65, 



Table 2 dontd. 

Detec tor Code Count r a t e Deviation i r o i exnt . 

10" . measured 3 . 0 1 

present c a l c u l a t i o n 2 . 5 9 ( + 9 . 2 £ ) - I4.O5© 

DUT 2 . 4 4 - 19 

^ S b 2 . 5 3 - 15.9 L/o 

12" measured 1 .09 
Present c a l c u l a t i o n 0 . 9 6 ( + 9 . 3 ^ ) - 2 1 . 1 ^ 

DOT 0 .89 - 19 .3^ 

-unSD 0 .99 - 13.3c/s 

/ * 



Table 5 

Cue dimensional Oalculational ,,-ioael 

120.45 
; 11 0.973 
j - 109-75 

shield 11 1 .0 
X - 99.75 

.11 ' 1.0 

69.75 
11 O.965 

- . 50.45 
SS 10 1.0 

- 43.45 
Iron+Void 9 • 0.35 

- 46.75 
Lead 7 0.935 

' * - 32.95 
Iron 6 0.375 

- .27-7 
Void 5 0.35 

26.0 

Reflector 4 0.9425 

V-- 13.46 ; 
Void 3 0 .9 

' - 16.66 

Blanket 2 O.944 

6.27 
Fuel 1 , 0 .395 

- 0 . 0 • 

i jaterial 4 one no. Li stance »iesh interval 
(cms) 

A O 
/ ? 



T-ib]p 4 

jii' asured and Calculate d reaction rates at the inner 
surface of the shield ( at 2'iQjj) 

Re ac t i on n't.'n ŝ ned sec ̂  
Aî ISS*" 

Calcula tion 
•TWI'RAE*" 

- 1 sec 
- IrTiT - -

C/E 
TV/UiiiAn "DTP 

2.36 + 0.295î -18 1.59b-19 6.93^19 1.4.2L-18 0.67 0.291 0.60 
58»i(>. i) 3.32 ± 0.225E-19 3.61E-10 1.56E-19 3-55E-13 1.09 0.47 1.07 

24 . / \ • 3.O4 + 0.109E-20 4.86E-20 2.09E-20 4.6(E-20 1.59 0.637 1.53 
115ln(f!^) ) 4.41- + 0.299 E-17 4.001,-17 1.79L-17 4.24L-17 0.907 0.403 O.96 

27Al(-.f>. 1 .465+ 0.042E-20 •2.40E-20 1.03n-20 1.34E-• 20 1.63 0.709: 1.26 
2 7AK. --0 7.76 + 1 .369L-20 0.44L-20 3.65E-20 9 .5 /E-20 1.09 0.47 1.10 

1.10+ 0.259B-18 9.9CE-19 4.31E-19 1 .0 L-13 .939 • 365 i 0.95 
19 W O 1.21 + 0.1 L- 13 4 .59E-13 1 .09L-13 4.00E-13 3.79 .393 3.3 
197Au(cd)(kv ,/)l.2l+0.1 L-13 4.59E-13 1 .09b-13 4.00L-13 3.73 0.993 3.3 

* Japanese calculations 
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Table 6 

Th-r.-.al neutron lluxes along the duct center l ine 

i^xp. rim-nt distance measured, 
aloncr Quct l lux 
centerline 

Our 
calculation 

Devi a ti on 
lro,.i txot. 

StrairT. t 
ouct 

TV.'O lv-'gat-d 
duct 

Three 1 c gr?od 
QUC t 

5 ' 7 . 5 0 ( - 1 ) 7.51 - 1 ) 0;13>^ 
10' 1.52 ( - 1 ) 1.55 - 1 ) 1.97;-
20' 1.33 ( - 2 ) ' 1 . 3 2 - 2 ) t .5 

30' 2.3; ( - 3 ) 2.22 - 3 ) 5.1-3/ 
40' 5 .5 ( - 4 ) 5-19 - 4 ) 5.645b 

15' 4 . 4 ( - 2 ) 4.41 - 2 ) 0.235* 

2 1 1 5 . 5 ( - 3 ) 5- 45 - 3 ) 0.9 1'tc 
27' 1.09 (-3) 1.05 - 3 ) 3.67'/. 

33' • 2 .9 ( - 4 ) . 2 .95 - 4 ; 1 .72* 
411 B.7 ( - 5 ) 9 . 2 1 - 5 ) 

on 
I/N 

30' 6 .9 ( - 4 ) . 6.25 - 4 ) 3.09yc 

32' . •3.4 ( - 4 ) 3 . 0 1 11.-+V--

34' 1 .49 ( - 4 ) • 1.25 - 4 ) 15 .5e,.-
36- 7 .43 ( - 5 ) 6.23 - 5 ) 16.7^ 
33' 4 . -r ( - 5 ) 3.74 - 5 ) 15-Oji 



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

B.Saha, R. Saikumar, N.Ravi, D.Darwin Albert Raj and-C.K.Mathews 
RCL, RRC, 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 has to be measured in a driver fuel, test fuel and blankets. 
In other words, this means suitable monitors have to be identified 
for fissile systems of different nature and composition. For thermal 

1 48 

reactors Nd is the best available burn-up monitor. For fast 
reactors a combination of rare earth isotopes is under consideration. 
The errors in burnup measurement on account of fission product data 
uncertainties are brought out in the paper. 

In addition to total burn—up, one needs to know the contri-
bution from individual fissioning nuclides towards total fission. For 
a fast reactor, this can be determined most accurately by monitoring the 
ratio of two fission product isctopes, which change significantly from 
one fissioning system to the other. At present the fast fission yields 
ajre available with considerable uncertainties waich hardly permit one 
to have"1 a suitable combination of two isotopes that can be used to 
monitor individual contributions within ̂ yfo for a bi-fissioning system. 
In addition, there cc.ld be an additional error in using the reported 
data because the ratio which would be appreciably different for different 
fissioning nuclides might also be neutron energy sensitive. 

The paper outlines how sonfc of the problems could be overcome 
by irradiating pure fissile isotopes under identical situations for 
measuring the yields of monitor isotopes for all fissioning nuclides 

240 241 
in general and for Pu and Ri in particular, for which the 
reported uncertainties are quite high. 



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

S.Yegnasubramanian and S.Gangadharan 

Analytical Chemistry Division 
Bhabha Atomic Research Centre 

Trombay, Bombay «*00 085. 

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 reac-

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 6uch details that it 

still remains not "quantitative" for analytical applications. The 

ultimate interest in analytical estimations is the "yield" which 

is a convoluted product of <T(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 estimations, as in the case of titanium through Bcan-

dium by the (n,p) r e a c t i o n i t s application to the esti-
(2) 

mation of titanium in steels . The primary objective of the 

work reported here is to characterise the irradiation positions 

and evaluate the extent of interferences from fast neutron reac-



- 2 -
t i o n s t o r e a c t o r n e u t r o n a c t i v a t i o n a n a l y s i s u s i n g ( n , Y ) r e a c t i o n s . 

I I . CHARACTERISATION OF THE IRRADIATION POSITIONS 

1 1 . 1 . T h e r m a l ( s u b - c a d m i u m ) n e u t r o n f l u x : 

The c o n f i g u r a t i o n o f t h e APSARA r e a c t o r c o r e a t t h e t i m e 

o f t h e s e m e a s u r e m e n t s i s g i v e n i n F i g . l . The p o s i t i o n s t h a t a r e 

c h a r a c t e r i s e d a r e t h o s e t h a t a r e m o s t commonly u s e d f o r i r r a d i a -

t i o n s . The s u b - c a d m i u m f l u x was d e t e r m i n e d u s i n g t h e t h i n - f o i l 

t e c h n i q u e ^ ^ . Most o f t h e m e a s u r e m e n t s w e r e p e r f o r m e d w i t h h i g h -

p u r i t y f o i l s o f c o b a l t / a l u m i n i u m a l l o y c o n t a i n i n g 0 . 1 % and 1 . 0 % 

o f c o b a l t , c u t i n t o d i s c s o f 8 mm d i a m e t e r ( t h i c k n e s s : 2 m i l ) . 

The gamma r a y s f r o m t h e i r r a d i a t e d t h i n f o i l j w e r e m e a s u r e d on a 

l a r g e v o l u m e ( 5 0 c c ) G e ( L i ) ( a n d / o r 7 . 6 cm X 7 . 6 cm N a l ( T l ) ) d e t e c -

t o r a t r e p r o d u c i b l e g e o m e t r i e s . The d e t e c t o r was c o u p l e d t o a 

ND 2 2 0 0 p u l s e h e i g h t a n a l y s e r . The d e t e c t i o n s y s t e m s w e r e c a l i -

b r a t e d f o r t h e a b s o l u t e f u l l - e n e r g y p e a k e f f i c i e n c i e s u s i n g NBS/ 

IAEA r e f e r e n c e s o u r c e s . The n e u t r o n f l u x was t h e n c a l c u l a t e d f r o m 

t h e n u c l e a r d a t a g i v e n i n T a b l e 1 . I n a l l c a s e s t h e s u b - c a d m i u m 

( t h e r m a l ) f l u x e s w e r e o b t a i n e d a f t e r c o r r e c t i n g f o r t h e e p i - c a d -

mium c o n t r i b u t i o n t o t h e f o i l a c t i v i t y . U s i n g t h e d a t a f r o m 

T a b l e 1 f o r c o b a l t , t h e f l u x v a l u e s f o r t w o i n - c o r e and t h r e e 

o u t - o f - c o r e p o s i t i o n s o f t h e APSARA r e a c t o r , m e a s u r e d , a r e 

g i v e n i n T a b l e 2 . 
( 9 ) 

1 1 . 2 . F a s t n e u t r o n f l u x : 

P r e l i m i n a r y i n v e s t i g a t i o n s r e g a r d i n g t h e h a r d c o m p o n e n t s 

o f t h e r e a c t o r n e u t r o n s p e c t r u m w e r e p r o v i d e d by v a l u e s o f t h e 

cadmium r a t i o s d e f i n e d a s , 

Cd r a t i o : ( s u b - Cd + e p i - C d ) / e p i - Cd n e u t r o n s 

: b a r e f o i l a c t i v i t y a t z e r o - t i m e 
Cd c o v e r e d a c t i v i t y a t z e r o - t i m e 



CH-85 
TABLE I . 

N u c l e a r D a t a a n d T a r g e t D e s c r i p t i o n s f o r t h e R e a c t i o n s S t u d i e d * 

R e a c t i o n " Q " 
(MeV) <*"> E e f f W 

( w b ) (MeV) ^ t h . 
(mb) 

T l / 2 E * 
(MeV) 

% a b u n -
d a n c e o f 

F u l l 
e n e r g y 
p e a k e f f i -
c i e n c y , G e ( L i ) 

% 

T a r g e t 
and i t s 
p u r i t y . 

5 9 C o ( n , y ) 6 0 C o t h . t h . 

46. T i ( n , p ) l f 6 S c - 1 . 6 8 5 . 5 

t | 8 T i ( n , p ) U 8 S c - 3 . 2 0 . 2 1 7 . 2 

^ F e O i . p ^ M n O- 1 5 3 

5 ® N i ( n t p ) 5 8 C o 0.«» 1 0 0 2 . 9 

6 3 C u ( n , « C ) 6 0 C o 1 . 7 0 . 7 3 9 . 2 

3 7 5 0 0 5 . 2 7 y 1 . 1 7 3 1 0 0 
1 . 3 3 2 1 0 0 

2 3 0 _ 8 3 . 9 d 0 . 8 8 9 1 0 0 
1 . 1 2 0 1 0 0 

5 0 1 . 8 3 d 1 . 3 1 2 1 0 0 

6 1 0 3 0 3 d 0 . 8 3 5 1 0 0 

H20 7 1 . 3 d 0 . 8 1 0 99 

5.27 y 1.173 100 
1.332 100 

0 . 7 2 7 
0.626 

1 . 5 3 6 

0 . 6 3 3 

1 . 5 7 0 

1 . 5 8 2 

0. 727 
o. 6?6 

C o / A l a l l o y 
f o i l , 9 9 , 9 

T i f o i l 
9 9 . 9 

T i f o i l , « 

F e f o i l , 
9 9 . 9 * 
Ni f o i l , 

9 9 . 9 * 
Cu f o i l , 

9 9 . 9 + 

TABLE 2 

T h e r m a l ( s u b - c a d m i u m ) f l u x m e a s u r e m e n t s ( i n u n i t s o f 1 0 1 2 n . c m ~ ? . s e c " * ) 

R e a c t i o n I r r a d i a t i o n p o s i t i o n 
A l A7 C8 E8 D9 

5 9 C o ( n , y ) 6 0 C o 2 . 6 2 . 7 2 . 1 1 . 3 0 . 2 
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A l l cadmium r a t i o a w e r e c a l c u l a t e d u s i n g 1mm t h i c k i n t e r l o c k i n g 

cadmium c o v e r s . As an e x a m p l e , one o f t h e i n - c o r e p o s i t i o n s , A l , 

o f f e r e d a v a l u e o f 17 a s s u p p o s e d t o a v a l u e o f 30 f o r a D9 p o -

s i t i o n . 

F i v e d i f f e r e n t n u c l e a r r e a c t i o n s h a v e b e e n u s e d t o d e t e r -

mine t h e i n t e g r a t e d f a s t f l u x w i t h e f f e c t i v e t h r e s h o l d e n e r g i e s 

f r o m 2 . 9 MeV t o 9 . 2 MeV. The m e t a l l i c f o i l s ( 8 mm d i a , 2 m i l t h i c k ) 

o f t h e e l e m e n t s w e r e i r r a d i a t e d i n t h e c o r r e s p o n d i n g p o s i t i o n s 

s i m u l t a n e o u s l y f o r a p e r i o d o f 2 4 h o u r s . 

The n u c l e a r r e a c t i o n s and sample m a t e r i a l s u s e d f o r t h e 

m e a s u r e m e n t s as w e l l a s t h e n u c l e a r d a t a u s e d f o r c a l c u l a t i o n s 

a r e g i v e n i n T a b l e 1 . A f t e r e a c h i r r a d i a t i o n , t h e gamma r a y s o f 

i n t e r e s t w e r e m e a s u r e d on t h e same c a l i b r a t e d d e t e c t o r and t h e 

f a s t f l u x c a l c u l a t e d u s i n g t h e n u c l e a r c o n s t a n t s . C o b a l t / a l u m i n i u m 

a l l o y f o i l s were u s e d t o m o n i t o r a l l t h e i r r a d i a t i o n s . S e v e r a l 
(10) 

c o d e s a r e a v a i l a b l e i n t h e l i t e r a t u r e f o r t h e u n f o l d i n g o f t h e 

f o i l a c t i v a t i o n d a t a ; h o w e v e r , t h e p r o c e d u r e a d o p t e d i s t h e one 

s i m i l a r t o t h a t d e s c r i b e d i n r e f . ( l l ) 

T a b l e 3 s u m m a r i s e s t h e r e s u l t s o f t h e s e m e a s u r e m e n t s . 
TABLE 3 

Hard component o f t h e n e u t r o n s p e c t r u m m e a s u r e d t h r o u g h 
t h r e s h o l d m o n i t o r s . 

( i n u n i t s o f 1 0 l 0 n . c m " 2 . s e c - l ) 
R e a c t i o n _ _ _ 

(MeVl ( n b ) Al A7 C8 E8 D9 

H 8 T i ( n , p ) * 8 S c 7 ' 2 

* ® T i < n , p ) * 6 S c 5 » 5 

5 * F e ( n f p ) 5 * M n 

5 8 N i ( n , p ) 5 8 C o 2 . 9 

50 0.074 0.0 8* 
230 0.480 0.417 
610 1.96 1.95 

420 3.05 2.83 

0.071 0.046 0.014 
0.362 0.230 0.056 
1.22 1.19 0.130 
2.45 1.57 0.357 



The v a l u e s b a s e d on 5 5 M n ( n , 2 n ) 5 l + M n and 1 1 5 I n ( n , n ' ) 1 1 5 m I n r e a c t i o n s , 

w i t h E e f f 1 0 . 3 and 1 . 0 5 r e s p e c t i v e l y c o u l d n o t be p r o v i d e d as t h e 

s a m p l e s g o t damaged i n t h e p a c k i n g . 
(12^ 

I I I . EVALUATION OF THRESHOLD REACTION INTERFERENCES : 

T a b l e U g i v e s some t y p i c a l r e a c t i o n s q f a n a l y t i c a l i n t e r e s t , 

t h e i n t e r f e r i n g r e a c t i o n s t o t h o s e e s t i m a t i o n s and t h e r e l e v e n t n u -

c l e a r d a t a . 

TABLE U 

T y p i c a l N u c l e a r R e a c t i o n s S t u d i e d 

( n , v ) r e a c t i o n i n t e r f e r i n g P r o d u c t E r / P Sample m a t e r i a l 
o f i n t e r e s t r e a c t i o n T i n (MeV) and 

y i e l d i n g t h e u s e d f o r i t s p u r i t y 
same p r o d u c t m e a s u r e -

(QsMeV) ment 

3 1 P ( n , Y ) 3 2 P 3 S C l ( n , c C ) 3 2 P I t . 3 d 1 . 7 ( P ) KC1, GR g r a d e 

" s - c C n . Y j W S c 
( 0 . 9 3 5 ) 

" s - c C n . Y j W S c • » 6 T i ( n , p ) * 6 S c 8 3 . 9 d 0 . 8 8 9 T i f o i l , 9 9 . 9 H 

5 5 M n ( n , Y ) 5 6 M n 
( - 1 . 5 8 ) 1 . 1 2 0 

5 5 M n ( n , Y ) 5 6 M n 5 6 F e ( n , p ) 5 6 M n 2 . 5 8 h 0 . 8 1 7 Fe f o i l , 99.9"1 

5 9 C o ( n , Y ) 6 0 C o 
( 2 . 9 2 ) 1 . 8 1 1 

5 9 C o ( n , Y ) 6 0 C o 6 0 N i ( n , p ) 6 0 C o 5 . 2 7 y 1 , 1 7 3 Ni f o i l , 9 9 . 9 * 

5 9 C o ( n , Y ) 6 0 C o 
f 2 . 0 U > 1 . 3 3 2 

5 9 C o ( n , Y ) 6 0 C o 6 3 C u ( n , < c ) 6 0 C o 5 . 2 7 y 1 . 1 7 3 Cu f o i l , 99.9"1 

8 5 R b ( n , Y ) 8 6 R b 
( 1 . 7 1 ) 1 . 3 3 2 

8 5 R b ( n , Y ) 8 6 R b 8 6 S r ( n . p ) 8 5 R b 
( 1 . 1 3 ) 

1 8 . 7 d 1 . 0 7 7 S r C 0 3 , GR gra< 

A l l m e a s u r e m e n t s , e x c e p t on 3 2 P , w e r e . d o n e by gamma s p e c t r o -

m e t r y . I n t h e c a s e o f 3 2 P , which i s a p u r e P e m i t t e r , a c h e m i c a l s e p a -

r a t i o n p r o c e d u r e was a d o p t e d . P h o s p h o r o u s was p r e c i p i t a t e d a s ammonium 

phospho m o l y b d a t e and c o u n t e d i n a GM c o u n t e r . To c h e c k f o r ( n , 1 0 

i m p u r i t i e s i n t h e s e t a r g e t s , t h e s e s a m p l e s w e r e e n c l o s e d i n 1mm t h i a k 

cadmium ( i n t e r l o c k i n g ) c o v e r s and i r r a d i a t e d . The f o i l s o f T i , F e , Ni 

and Cu y i e l d e d no s i g n i f i c a n t c o n t r i b u t i o n f rom t h e ( n , Y ) r e a c t i o n s 

w h i l e KC1 and S r C 0 3 c o n t r i b u t e d a s much a s 10% t o t h e t o t a l m e a s u r e d 

a c t i v i t y . A l l s a m p l e s w e r e i r r a d i a t e d f o r a d u r a t i o n o f 2U h o u r s 



e x c e p t i r o n , used t o e v a l u a t e t h e 5 b F e ( n , p ) 5 6 M n r e a c t i o n ; i n t h i s 

c a s e t h e i r r a d i a t i o n was done f o r 1 h o u r . The a c t i v i t i e s o f t h e 

i r r a d i a t e d s a m p l e s w e r e compared w i t h h t e a c t i v i t i e s o f known amounts 

o f s t a n d a r d s , a l l a c t i v i t i e s b e i n g n o r m a l i s e d t o z e r o - t i m e { e n d o f 

i r r a d i a t i o n ) . The t h r e s h o l d r e a c t i o n i n t e r f e r e n c e s a r e t h e n e x p r e s s e d 

a s t h e q u a n t i t y , i n mg, o f t h e e l e m e n t , which t h r o u g h t h e f a s t n e u -

t r o n r e a c t i o n ' w o u l d 1 p r o d u c e t h e a c t i v i t y o f t h e p r o d u c t n u c l i d e 

e q u i v a l e n t t o t h a t f r o m 1 ug o f t h e i m p u r i t y e l e m e n t by ( n , y ) r e a c -

t i o n . T a b l e 5 s u m m a r i s e s t h e s e o b s e r v a t i o n s , f o r one i n - c o r e ( A 7 ) 

TABLE S 

Few o f t h e E v a l u a t e d T h r e s h o l d R e a c t i o n I n t e r f e r e n c e s 

( n , y ) e q u i v a l e n t s , m g 
R e a c t i o n P o s i t i o n P o s i t i o n 

A7 C8 

3 5 C l ( n / * ) 3 2 P 0 . 0 6 0 . 1 3 

U 6 T i ( n , p ) U 6 S c 99 212 

5 6 F e ( n , p ) 5 6 M n 6 . 5 ND 

6 0 N i ( n , p ) 6 0 C o 1 2 0 1 8 0 

6 3 C u ( n , o c ) 6 0 C o 5 0 0 H50 

8 6 S r ( n , p ) 8 5 R b 26 97 

and o n e o u t - o f - c o r e p o s i t i o n ( C 8 ) . The o b s e r v a t i o n s a r e i n 

a c c o r d a n c e w i t h t h e e x p e c t a t i o n s t h a t t h e i n - c o r e p o s i t i o n ( A 7 ) 

w i t h a h i g h e r f a s t c o m p o n e n t , r e q u i r e s much l e e s amount o f t h e 

i n t e r f e r i n g e l e m e n t compared t o C8 t o y i e l d t h e same a c t i v i t y 

a s would be p r o d u c e d by 1 ug o f t h e ( n , f ) e l e m e n t , e x c e p t i n t h e 

c a s e o f 6 3 C u ( n , « c ) 6 0 C o r e a c t i o n , which h a s a h i g h p o s i t i v e 'Q 1 v a l u e . 



I V . SUMMARY : 

T h i s t y p e o f c h a r a c t e r i s a t i o n h a s p r o v e d t o be much u s e f u l 

i n o u r ' r o u t i n e ' a n a l y s i s o f v a r i e t i e s o f s a m p l e s ; f o r e x a m p l e , 

e s t i m a t i o n o f c o b a l t i n c o p p e r m a t r i x a t sub-ppm l e v e l s , e s t i -

m a t i o n o f manganese i n m a t r i x e s w i t h i r o n a s a m a j o r / m i n o r compo-

n e n t , e s t i m a t i o n o f s c a n d i u m i n g e o l o g i c a l s a m p l e s w i t h h i g h c o n -

c e n t r a t i o n o f t i t a n i u m e t c . , T h i s e x e r c i s e o f c h a r a c t e r i s a t i o n 

h a s t o be r e v i s e d t o r e f l e c t s i g n i f i c a n t c o r e ( f u e l ) c h a n g e s . 
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EVALUATION OF (n.2n) AND (n.3n) CROSS SECTIONS FOR 
THORIUM ISOTOPES 

R.P. Anand, M.L. Jhingan*, S.K. Gupta and M.K. Mehtr, 
Nuclear Physics Division, Bhabha Atomic Research Centre, 

Bombay 400 085. 
•Member of T.I.F.R., Colaba, Bombay 400085. 

Abstractt 
As a part of the IAEA sponsored Co-ordinated Research 

Programme on the Actinide Neutron Data, evaluation of 6"(n,2n) 
and 6 (n,3n) cross-sections for and was undertaken. 

All the available experimental data for Th were compiled, 
examined and renormalized wherever possible. A computer code 
"SPLINE" was used to fit a smooth curve to the accepted experi-
mental points. The "SPLINE" code fits to the data points with a 
set of cubic polynomials such that the value of the function, its 
first and second derivatives are continuous. The present evelua-
tion compares well with those by Meadows J. et al (1978) and by 
Vasiliu et al. (1979). As there exists only one inferred value 
for <5" (n,3n) on 2'2Th and no measured data for 6~(n,2n) and 
q (n,3n) on Th, these cross-sections were calculated theoreti-
cally taking into account statistical as well as pre-equilibrium 
emission. Experimental evaluation agrees quite well with the 
theoretical calculations for^'(nt2n) of 252Th. All the evaluated 
cross-sections are given in graphs as well as in tables. 



1 * Introduction* 
A programme has been initiated to carry cut data 

evaluation for the isotopes of.importance for Th-U fuel 
cycle as a part of the IAEA/NDS sponsored Co-ordinated 
Researoh Programme on the Intercomparlson of Evaluation of 
Actinide Neutron Nuclesr Data. To start with an evaluation 
of thorium isotopes has been carried out. The present report 
describes the evaluation of (n,2n) and (n,3n) cross sections 
on 232Th and 233Th. 

The data for the (n,2n) and (n,3n) reaction cros~-
sections were compiled from all the sources referred to in 
'CINDA' till June 1979 and the data tapes supplied by tlia 
Nuclear Data Section of IAEA. Each datn-set. was critically 
examined and cross-sections were renormalized whereever 
necessary and possible. The new standard cross-sections were 
taken from ENDF/B-IV file. Each data-set was assigned with 
an appropriate error, decided by the experimental detailB and 
evaluators judgement. Some of the data measurements are reje-
cted completely. A computer xcode "SPLINE" was used to fit a 
smooth curve to the accepted experimental data points which 
were weighted in inverse proportion to the errors quoted or 
reassigned in the present work. This code fits the data 
points with a set of cubic polynomials, such that the value 
of the function and its first and second derivatives are 



continuous throughout the whole range, while only the third 
derivatives are discontinuous at ell the joining points of 
polynomials, which are called knots. Even the discontinuities 
in the third derivatives are not allowed to have abrupt 
changes through the use of a smoothing-term in the 'SPLINE 
code. If there are more than one data point at the same 
energy, their weighted average was taken as this code does 
not allow more than one data point at the same energy. 

2. (n.2n) c r o s B s e c t i o n / e v a l u a t i o n * 

The (n,2n) data from the following references were 
scrutinized! Batchler et al (1965), Butler et al (1961); 
Cochran et al (1958); Halperin et al (1958); Karius et al 
(1976); Perkin et al (1961); Phillips et al (1956); Prestwood 
et al (1961); Tewes et al (1958) and Zisin et al (1960). It 
can be seen that all of the data available are quite old 
except that of Karius et al (1976). 

The data of Halperin et al (1958), Tewes et al (1959) 
and Zysin et al (1960) have been rejected for one or more of 
the following reasons* 1) The data are preliminary, 2) The 
data point8 are descrepent with other measurements by several 
times the quoted errors, 2) The^data-set contains unexplainable 
large fluctuations not corroborated by other measurements. 

The recent 9-point measurement of Karius et al (1976) 
from 13-18 MeV is the only new set which has not been eonsi-
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dered so far by earlier evaluators. For this data the cross-
sections were measured with the activation technique using a 
high resolution Ge(Li) detector to count V -rays. The 
errors quoted are about +9^. 

The data set of Butler et al (1961) is the only one 
which covers an energy range from threshold to 20.4 MeV. 
Although the quoted errors are (except at low energies 
where it is ̂  10$), they do not include the errors in the 

•zn 

stRndard v S(n,p) cross-section. The data were renoramlized 
with KNDF/B-IV values for the standard cross section which is 
uncertain to an extent of 10^. Further these date ere quite 
old and hence to reduce their weightage, + 20& error was assigned 
for them. The measurements at 12.53, 18.52 and 20.4 MeV were 
performed with a T(dfn) neutrons and a different technique for 
the flux measurements. Thus they would have to be renormalised 
differently for which sufficient information is not available. 
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 al (1961) from 13.33 
to 14.93 MeV are absolute, hence are not renormelized. Accor- * 
ding to authors, absolute errors are difficult to calculate. 
Quoted errors of +KH are obtained only from estimates obtained 
by comparing the data to statistical model predictions. Hence, 



considering various factors we have assigned an error of 

+20^ to these data. The point at 12.13 MeV w^s rejected as 

it wa.s measured with a different technique relative to 

fission cross section and was not possible to renorraalize as 

the value used is not given. 

The measurement of Perkin et al (1961) at 14.1 MeV is 

a good measurement but for us it was not possible to renorme-
27 

lize it as the value of the cross section for 'Al (n,cx;) 

reaction, used as his standard, was not given. V7e assigned en 

error of +25^ to this point. 

The measurements of Cochran et al (19^8) find Phillips 

(1956) are old and none of their experimental details ore 

available, our assigned errors to them were + 25"«. One dsta 

point of Batchelor et al (1965) 

at 7 MeV has also been rr?,1ectod 

as it not a measurement but 6"(n,2n) has been deduced from 

measured , 

These data were fitted with the 'UPLINE1 code at 

BESM-6 computer and the recommended values for the (n,2n) 

reaction cross-spctions are the final fit obtained using 20 

knots. The Spline fitted and experimental values are given in 

Table I and sho'vn in Figure 1. ?he final evaluated errors 

estimated for the fitted values are about + 10^ except at 6.5 

MeV which is very close to the threshold where the error is +50^. 
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For 233Th measured data does not exist, on (n,2n) 
cross-sections. 

3. (n.3n) cross-section evaluation* 
(n,3n) reaction cross sections for 7 Th has not been 

230 measured as the half life of the rasidual nucleus ^ Th is 
4. 8x10 years which is too large for activation measurements. 

However, there is one indirect measurement of FlcJaggert et al 
(1963) where <5" (n,3n) has been deduced from the measured value 

232 of T^ for J Th at 14 MeV only. And there is no measured 
OT7 

data for <5~ (n,3n) for Th. Hence these unmeasured cross-
sections were calculated based on a theoretical model developed 
by us. 

4. Theoretical Calculation* 
In our previous (Jhingan et al 1978) calculations of 

(n,2n) and (n,3n) cross-sections all non-equilibrium effects 
were presumed to be accounted by an empirical factor. The 
calculations for 232Th and 

agreed well upto 15 MeV while 
at higher energies it deviated significantly and systematically 
from the experimental data due to the inadequacy 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 emissions are 
calculated according to the statistical model only. Emission 
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of protons 1b bIbo considered but only in the pre-equilibrium 
part. 

The general expression for (ntxn) y x « 2,3,4 cross-
section may be written as 

r L ' M f L x 

( T - ( 5 M P ^ 6 ' ) - - -
j J J J -1 

o o O o 

, fc-o 
where Lo_ ^ E B ^ - ^EjLjL. . g - f t ^ t l t W i j ^ j , 

OUuL £ i, U C ^ x e ^ trj. JL1^ K U l W j ~ aj UM^Jjxi 

For nonfissile nuolei - and for fissile nuclei 

<5tf o*vJL ?|CeO ie the probability 
that the first particle is emitted with energy between and 

and is given by 

L ^ J W t f O J K ^ j 
o 

Here the first term is due to pre-equilibrium and is given by 

" T e T m ^ H ^ . E * ^ ( T ) ^ 1 ^ ^ ' - " 1 3 1 

where the symbols have the usual meaning. ^/T MeV""\ 

C6|) a r e 'taken reaction cross-sections based 
on Wilmore-Hodgson optical potential. The squared Matrix 



760 
e l e m e n t | M \ i s a d o p t e d f r o m K a l b a c h . C . ( l 9 7 8 ) w h e r e i t i s 

g i v e n a s a f u n c t i o n o f e x c i t a t i o n e n e r g y p e r e x c l t o n ( E / n ) . 

T h e B e c o n d t e r m i n e q . ( 2 ) r e p r e s e n t s t h e e q u i l i b r i u m 

p a r t . £ r e p r e s e n t s t h e t o t a l p r e - e q u i l i b r i u m c o m p o n e n t . 

A f t e r t h e e m i s s i o n o f f i r s t n e u t r o n , t h e s e c o n d one i s e m i t t e d 

w i t h an e n e r g y b e t w e e n end ) w i t h a p r o b a b i -

l i t y T ^ C ^ i •) a n < J s i ® i l a r l y f o r s u b s e q u e n t n e u t r o n s 

The l e v e l d e n s i t y a t e n e r g y £ i s g i v e n bs J ^ f Q u ) 

e x p {2f~<x. E ) w h e r e c CL i s t h e P e a r l s t e i n l e v e l d e n s i t y 

p a r a m e t e r and i t i s l o w e r by a f a c t o r o f a b o u t 2 . t f o r e a c h 

n u c l e u s f r o m t h a t o f G i l b e r t and Cameron a s d i s c u s s e d by 

J h i n g a n e t a l ( 1 9 7 8 ) . The e f f e c t o f n e g l e c t i n g gamma e m i s s i o n , 

p a r t i c u l a r l y n e a r t h e t h r e s h o l d , i s c o m p e n s a t e d by u s i n g t h e 

a p p a r e n t l e v e l d e n s i t y p a r a m e t e r g i v e n by P e a r l s t e i n ( ^ 5 ) . A 

c o m p u t e r c o d e h a s b e e n d e v e l o p e d f o r ( n , x n ) , x « 2 , 3 , 4 c r o s s -

s e c t i o n s . C a l c u l a t i o n s h a v e b e e n p e r f o r m e d u s i n g t h i s c o d e 

f r o m t h r e s h o l d t o 2 8 MeV f o r 13 n u c l e i v i z . 8 9 T , 9 ° Z r , 9 5 N b , 

1 0 V 1 5 V 1 6 v 175lu> 181,., 191Irt 197Au> 203t1 
and 2 0 9 B i . F o r two f i s s i o n a b l e n u c l e i 2 5 2 T h and 2 5 8 U t h e 

c r o s s - s e c t i o n s a r e c a l c u l a t e d u p t o ? 0 MeV. The v a l u e s o f / M j 

g i v e n i n r e f . w e r e i n c r e a s e d t w o f o l d t o o b t a i n a s a t i s f a -

c t o r y a g r e e m e n t w i t h t h e m e a s u r e d d a t a . The c a l c u l a t i o n s 

a g r e e w e l l r i t h t h e r e c e n t m e a s u r e m e n t s w i t h i n 1 0 — 1 f o r a l l 
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the above mentioned nuclei. 

Thus after testing this model for medium to heavy 
nuclei successfully, it was used to calculate (n,3n) cross-

pip 
sections for Th and (n,2n) and (n,3n) cross-sections for 
'Th. The fission cross-sections for rPh are based on a 

8emi-empirical formula proposed by Jhingan et al (1979). 
Figure 1 shows the experimental evaluations as well as 
theoretical calculations for & (n,2n) and & (n,3n) for 
232 

Th and figure 2 shows the theoretical evaluations for 
(5~ (n,2n) and (n,3n) for 233Th. Table I gives the 
experimental-evaluation values at equal energy interval. 
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TABLE - I 

232Th t d"(n,2n) Experimental Evaluation at equal energy interval 

Sr. Heutron-Energy (^(n,2n) Sr. Feutron-Energy n, 2n) 
Fo. MeV Bams Ho. MeV Barns 

1. 6.50 0.002 
2 6.75 0.064 
3 7.00 0.252 
4 7.25 0.535 
5 7.50 0.831 
6 7.75 1.095 
7 8.00 1.304 
8 8.25 1.458 
9 8.50 1.566 
10 8.75 1.650 
11 9.00 1.722 
12 9.25 1.788 
13 9.50 1.847 
H 9.75 1.899 
15 10.00 1.940 
16 10.25 1.971 
17 10.50 1.991 
18 10.75 2.001 
19 11.00 2.003 
20 11.25 1.996 
21 11.50 1.981 
22 11.75 1.958 
23 12.00 1.928 
24 12.25 1.891 
25 12.50 , 1.846 

26 12.75 1.794 
27 13.00 1.735 
28 13.25 1.671 
29 13.50 1.602 
30 13.75 1.528 
31 14.00 1.444 
32 14.25 1.346 
33 14.50 1.232 
34 . 14.75 1.105 
35 15.00 0.974 
36 15.25 0.843 
37 15.50 0.721 
38 15.75 0.613 
39 16.00 0.527 
40 16.25 0.468 
41 16.50 0.431 
42 16.75 0.408 
43 17.00 0.393 
44 17.25 0.380 
45 17.50 0.364 
46 17.75 0.345 
47 18.00 0.319 



232 Th : <j(n,2n) and cr(n, 3n) EVALUATION 

cr (n , 2 n ) C o l -

(Tin, 2 o) Expt. • 

r-cHn, 3n) 

6 (n,2 n) 
x - Karius et. al. ( 1979 ) 
1 — Perkin et.al .( 1961 ) 
© — Butler et.al .( 1961 ) 
• — Priest wood el. al. (1961) 
V — Zisin et. at. ( 1960 ) 
* — Cochran et.all 1958 ) 

Present experimental evf. 
Present calculations 

En—* MeV FIG. 1. 
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* Nuclear Physics Division, Bhabha Atomic Research 
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AbstractJ 
It is observed that the existing Japanese, Los 

Alsmos, ENDF B-IV and Russian evaluations differ by as much 
23 Q 

as a factor of four from each other for Pu(n,2n) and 
239 

Pu(n,3n) cross sections. We have carried out a calculation 
using the statietical-cum-preequilibrium model for obtaining 
these cross sections. The nonelastic and fission cross 
sections are also input to our calculation. The nonelastic 
cross sections are taken from the Japanese evaluation while 
the fission cross sections are trken from the experiment of 
Kari and Cierjacks. Our calculation yields values similar to 
those of the Japanese end also agree with the experimental 
results of Mather et al. 



Hunter1 \ Prince2\ Sukhovitskiand Kikuchi4^ 
have evaluated 23^Pu(n,2n) cross sections. These evaluations 
differ considerably as is clear from fig.1. For example 
according to Sukhovitskij maximum (n,2n) cross section is 
130 mb, according to Kikuchi it is about 600 mb which iB 

5) nearer to the measured maximum cross section by Mather . 
6 7) 

Jhingan et al have developed a method to calculate 
(n,2n) and (n,3n) cross sections. According to this model 
neutrons are emitted in successive steps and after emission of 
a neutron if the residual nucleus is left with sufficient 
energy, a further neutron is emitted and the process is (n,2n). 
Similarly a third neutron is emitted if residual nucleus iB 
left with sufficient energy after the emission of two neutrons 
resulting in (n,3n) process. This is in contrast with the 
method used by Pearlstein who assumes that after emission of 
first neutron if sufficient energy is available for two 
neutron emission, they are emitted with a unit probability. 
Thus ;He overestimates (n,3n) and underestimates (n,2n) cross 
sections above the threshold of (n,3n) reactions. For the 
emission of first particle both the pre-equilibrium and the 
compound nucleus processes have been considered while subse-
quent emissions are considered to be due to only the compound 
nuclear process. Accordingly the expression for the cross 



oeetion is given as follows* 

_ J f ' i U e ^ 1 die 

o 
• » 

w h e r e 1 = 2 s t a n d s f o r ( n , 2 n ) e v e n t s and L » 3 f o r ( n , 3 n ) 

e v e n t s . Above t h e t h r e s h o l d c o m p e t i t i 

on due t o ( n , 4 n ) i s 

also taken into account. T ^ C O i® the probability that 
sfter emission of the first psrticle with energy <£ only 
one more neutron is emitted and there is not sufficient 
energy for emitting the third neutron. C O i 0 the proba-
bility of emitting the third neutron when the second residual 
nucleus ie left with sufficient energy. and are 
given as follows* _ .<5 

I ^ o ^ P a . A - ^ f 
o 1 J e ^ p j i t * 

J 
o 

and 'c-OQ. are separation energies for one and two 
n e u t r o n s r e s p e c t i v e l y , p i s t h e l e v e l d e n s i t y and i s t a k e n 

rJooT 
o f t h e f o r m rs^ ^ , U_ i s t h e e x c i t a t i o n e n e r g y o f t h e 

r e s i d u a l n u c l e u s and Ol. i s t h e l e v e l d e n s i t y p a r a m e t e r t a k e n 
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from Pearlstein ' which in this case comes out to be 
10.750 MeV~1. 

is the term due to preequilibrium emission 
and ia given by 

where symbols have the usual meaning. The last factor (Sjî  
arises due to neutron-proton distinguishability. ^ 
single particle level density and is chosen as ftj^MeV"1. 
The inverse cross section is calculated using the parametrized 
form given by Chatterjee et al^. is the average inter-
action matrix element and is taken to be dependant on average 
exciton energy ( eI'yi ) as given by Kalbach10^ 

w W ) - { e < 7 ^ • 

^ L70VN 1 . 

n V ^ t ) _ s e < ^ ^ "W*. ' i 

£ is the average exciton energy E. Jtl • being the 
exciton number. However Kalbacb has given the value of 

3 I 3 ae 135 MeV , We used » 270 MeV^ as determined by an 
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ex-cenaive c o m p a r i s o n o f , ( n , . x n ) ( n = 2,3) c r o s s - s e c t i o n s i n 

7 ) medium ar.r- he&vy nuclei . 

For ncn-r.issi one b l e n u c l e i i s z e r o , f o r f i s s i -

onable nuclei ^ ^ is r e q u i r e d , A c o m p u t e r c o d e h a s b e e n 

developed to calculate ( n , x n ) c r o s s s e c t i o n i n c l u d i n g t h e 

competition due to (n , 4 n ) p r o c e s s . C a l c u l a t i o n s h a v e b e e n 

p e r f o r m e d using this c o d e f r o m t h r e s h o l d t o 2 8 MeV f o r a b o u t 

15 n u c l e i in the mass r e g i o n 8 9 t o 2 3 8 , However i n c a s e o f 

2 3 2 238 

Th and U the c a l c u l a t i o n was done u p t o 2 0 MeV as f i s s i o n 

cross sections for t h e s e two c a s e s were t a k e n from ENDF-B-IV 

•where date ere given u p t o 2 0 MeV o n l y . C a l c u l a t e d c r o s s s e c t i o n s 

were four.cl co a g r e e w e l l w i t h i n 1 0 - 1 w i t h t h e r e c e n t m e a -

aursme^/o-j, " . 
Th<s method can he u s e d t o c a l c u l a t e (n , 2 n ) and (n , 3 n ) 

cro33 aoctiojoe in c a s e s w h e r e m e a s u r e m e n t d o e s n o t e x i s t o r i s 

23Q 

very poor. ctv.' ^ and w e r e c a l c u l a t e d f o r ^Pb. 

I n caaft o f ° f ' P u i s n u i t e l a r g e and i s a b o u t 8 0 ^ o f 

* Thus an accurate k n o w l e d g e o f and i s 

essential, K^ri et a l 1 h a v e measured fission cross section 

f o r • ^Pu wj. t'b. an a c c u r a c y o f P a t r i c k h a s compared 23 Q 
different rnepsi-.rements on f i s s i o n c r o s s s e c t i o n s on Pu 

and found that K u r t ' s m e a s u r e m e n t s a g r e e w e l l w i t h o t h e r 
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m e a s u r e m e n t s ® i s c a l c u l a t e d a s t h e d i f f e r e n c e o f 

t h e t o t a l and t h e e l a s t i c c r o s s s e c t i o n s l i s t e d i n JAERI J ' . 

C a l c u l a t e d r e s u l t s a r e compared w i t h t h e e v a l u a t i o n s 

o f H u n t e r 1 \ P r i n c e 2 \ S u k h o v i t s k i ^ and K i k u c h i 4 ^ a l o n g -

w i t h t h e m e a a u r e m e n t s o f M a t h e r ' i n f i g . 1 . The r e s u l t s 

o f f i r s t t h r e e a u t h o r s a r e t o o low a s compared t o o u r 

r e s u l t s . I n c a s e o f H u n t e r i n e l a s t i c s c a t t e r i n g comes o u t 

t o be q u i t e l a r g e . E v e n a t 15 MeV ( a b o u t 9 MeV a b o v e t h e 

t h r e s h o l d o f ( n , 2 n ) r e a c t i o n ) i n e l a s t i c s c a t t e r i n g c r o s s 

s e c t i o n i s 5 2 $ o f t o t a l n e u t r o n e m i s s i o n c r o s s s e c t i o n , 

S u k h o v i t s k i j ' s v a l u e s a r e v e r y l o w . Our r e s u l t s a g r e e 

r e a s o n a b l y w e l l w i t h K i k u c h i ' s e v a l u a t i o n s and a l s o w i t h t h e 

. m e a s u r e m e n t s o f M a t h e r . P r e - e q u i l i b r i u m c o n t r i b u t i o n i s n o t 

c o n s i d e r e d by o t h e r a u t h o r s . Below 15 MeV i t i s n o t v e r y 

s i g n i f i c a n t . The p r e s e n t c a l c u l a t i o n s a r e e s t i m a t e d t o be 

a c c u r a t e w i t h i n 2 0 ^ , 
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T p b l e I 

( n , 2 n ) and ( n , 3 n ) c r o s s s e c t i o n f o r 

^ « 
LLl 

1 n ^^"n, 2n 

5,50 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 
U . O 2.83 2.330 .459 .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 .471 
20.0 2.83 2.234 .093 .490 
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COMMENTS ON 9Be Cn. 2h) CROSS SECTIOIT DATA 
IN THE CONTEXT OF FISSION M P 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 economy significantly and thus lowers 

• • » 

the critical mass in fission systems arid enhances breeding of 
fusile fuel in fusion blankets containing lithium. 

In order to validate the available beryllium data, a 
(1) . . . quantity Mr-a (e) , defined as the net number of neutrons absorbed 

per neutron of energy E released into an infinite beryllium system, 
is calculated using the available cross section data and compared 
with the corresponding experimentally deduced quantities. M.^ (E) 
is a unique.constant which eliminates the leakage and spatial 
dependence of neutron flux and is less sensitive to anisotropic 
scattering. 

Beryllium Cross Section Data for Fission Systems 

In the case of fission systems, M ^ was calculated using 
the OTF-IV (transport theory) code for fission neutrons in an infinite 
beryllium assembly with the Hansen and Roach (HR) cross section set. 
M._.•> was calculated as the total number of absorptions + leakage per 
fission neutron introduced at the centre of a large Be (40 cm radius) 
sphere. .was also deduced for fission spectrum using the latest 

( 2lV 
ENDL-78 data . The Moo values obtained by the EHDL-78 set compared 
very well with the experimental value of 1.12 +".05 quoted by (3) • • 
Krasin et al . However, the HR set gave much higher M r« value of 
1.21.' The overestimation of M m by HE set: is attributed to the incorrect 
inelastic 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-
23^ 

mental k ^̂  values in the case of bare 'U urahyl nitrate 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 M6V. 
Table .I gives the deduced (n, 2n) cross sections of Be for the 16 group 
HR set. The quantities given in the brakets are original values of 
EE set. Mftj calculation with the'modified set for a 40 cm radius Be 
sphere gave a value of 1.13 + «01 which is in very good agreement with 
the experimental result. Using the modified 16 - group cross seition 
set for beryllium, M y: value for BeO due to a fission source was 
estimated as 1.085; + -.01 which is. lower than the Mc~. value for Be. 
This lower value is presumably due to the elastic scattering in 
oxygen which brings down the -energy of some of the fission neutrons 
below (n, ,2n) threshold* 
Beryllium Gross 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 

(5) 
using the present day cross section data . This discrepancy could 
be attributed either to the -secondary neutron spectra being softer 
than presently assumed or the (n, 2n) cross section being slightly 
overestima ted. 

In order to understand the influence of the secondary neutron 
spectra on the overall neutron multiplication, the variation of Moo (E) 
as a function of incident neutron energy E was studied. The detailed 
analysis of this study is reported in Ref. Values of M for 9 ' 14-MeV neutrons in Be .using different available cross .section sets 
was found to be 2.5*+-0.1.* 

To study the upper and lower limits of Moo due to changes ij} 
secondary neutron spectra, Mqo 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 

9 
at energies less than the Be (n, 2n) threshold so 
that secondary (n, 2n) reactions are not possible. 
In this case, the multiplication is simply given by, 

• Mv-. (E) = 1 + . 

The M, value for a 14-MeV neutron is 1 .34. 
• 

. (ii) In the second stage, 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) In the third stage, the energy of the 'first neutron1 

(direct neutron) from (n, 2n) reaction is considered 
properly whereas the 'second neutron' (from compound 
nucleus) is assumed to have energies less than the 
reaction threshold energy. 

(iv) In the last stage, the 'second (n, 2n) neutron' is 
also considered to have energies as given in the 
cross section data file. 

The values of Mqj> at different stages using the data set 
of LLL - ENDL (197 8) are shown in Fig. 1. For 14-MeV neutrons 
the M-y, varied from 1.9 for stage 2 to 2.5 for stage 4. Therefore, 
the maximum contribution from second and subseouent generations of 
(n, 2n) multiplication to the (14) value is r-'2J!fo. Thus the 
secondary neutron spectrum has a strong influence on the Mx, 
value and this in turn depends- upon the various partial cross 
sections of the (n, 2n) decay mode. 

Conclusion 
9 

The conclusions are, for fission system the latest Be 
cross section data is quite adequate whereas for fusion systems, 
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the evaluated secondary (n, 2n) spectra is harder than the actual 
spectra. However, it is found that the uncertainties in the (n, 2n) 
neutron spectra alone can not explain the discrepancy of about 25$ 
between the .experimental and calculated values of multiplication in 
beryllium. It is therefore possible that part of the discrepancy 

9 
may be attributed to a slight overestimation of the Be (n, 2n) 
cross section for energies greater than 6 MeY. This calls for further 
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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Modified (n. 2n) Be Cross Sections For HR Set 

Energy Range <£T" * 
(MeV) (n, 2n) 

10 - 3.0 • 0.41 0.447 0.920 0.355 

(0.35) (0.432) (0.818) (0.35) 

3 0 - 1 . 4 0.037 0.898 0.469 0.037 
(0.12) (0.934) (0.509) (0.12) 

* Includes elastic transfers also. 



NEUTRON ENERGY (MeV) 

Moo AS FUNCTION OF INCIDENT NEUTRON ENERGY FOR 
DIFFERENT STAGES USING ENDL DATA 

FIG. 
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Evaluation of Thermal Reactor Cross-Sections through Integral 

Measurements 

Abstract 

Integral measurements of various types provide valuable data 

to assess the adequacy of the cross-sections used in predicting the 

nuclear characteristics of reactors. In this context,measurements 

of reactivity, relative reaction rates an" neutron balance assume fu-

ndamental importance. The lattice physics calculational modal of 

TRPS uses the 69-group VJDIS library or its collapsed versions, for 

light water and heavy water moderated systems. The library has been 

generated using the fundamental nuclear data from UKKDL and weighting 

spectra typical of thermal reactors. 

The accuracy of the physical formulatiSn of the model,which uses 

interface currents, has been established "by comparisons with results 

from more sophisticated approaches, and also with Monte-Carlo calcula-

tions. A broad spectrum of experimental data was selected to evaluate 

the adequacy of the cross-sections used in the code. The selected 

experiments include natural cranium, enriched uranium enriched 

and plutonium oxide fuelled lattices in E^O and HgO moderator, and 

they cover a wide range of parameters. The analyses included,not only 

reactivity prediction, but also comparison of measured and calculated 

reaction rate ratios. Internationally recommended benchmarks for ther-

mal reactors have also been extensively analysed. The observed discre-

pencies did lead to modifications in some areas of basic nuclear data 

for fissile and fertile materials. However, the work with regard to 

the suspected uncertainties in the data for moderating materials is in 

progress. 



EVALUATION 0? THERMAL REACTOR CROSS-SECTIONS THROUGH INTEGRAL 

MEASUREMENTS 

H.C.Huria, P.D. Krishnani, H.K. Bhatia, P.Mohanakrishnan, and 

B.P. Rastogi 

INTRODUCTION 

For a thorou^a understanding of the behaviour of thermal 

reactors, under all operating conditions, a detailed assessment 

of various physical processes has to be carried out. This essentially 

calls for an accurate nuclear data together with exact calculations! 

procedures. Thus, the accuracy of predicting the nuclear chajMc'jeris-

tics of reactors is contributed both by uncertainties in the basic 

cross-sections and by the limitations of the physical formalism. 

In this paper, v»e report on the results of the analyses of a 

wide variety of integral experiments in thermal systems. The selected 

experiments cover a broad spectrum of parameters such as fuel enrichment 

isotopic composition, lattice pitch, buckling,etc. The analysis 

includes not only the reactivity prediction, but also comparison of 

calculated and measured relative reaction rates and spectral indices 

wherever available. This study v?as undertaken to evaluate the multi-

group cross-sections generated by us using nuclear data from EMBF/B-IY 

and also those from '//IMS library. The uncertainties from the calcula-

tional prdcedures were also evaluated through interconparisons with 

more sophisticated models. The emphasis in this paper is, however, 

on the evaluation of -uncertainties coming from nuclear data. 
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II. CROSS-SECTICIiS Ai?D METHODS OF ANALYSIS 

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 realised through different means, namely, interface 

currents (iGrJLI Code) jjl j , first flight collision probabilities 

(COP) ! , a combination of interface currents and first flight 

probabilities (CLUB) ! 3~l f For intercoaroarison of methods,we have L J 

also considered the differential transport theory-3TT method- also 

(DTF-IV) [4 j . 

For the treatment of energy variable, we have used the 69-group 

structure of uIIS code 5 j » ̂ d the associated cross-sections 

library. The group structure as shown in Table-1, was designed pri-

marily for thermal reactors. The fast range (defined to lie between 

10 MeV and 5.118 KeV), is divided into 14 groups of equal lethargy 

width; the resonance range (9 .H8 KeV-4 eV) is covered by 13 groups, 

while the thermal range (bslcw 4ev) is described by 42 groups. The 

group boundaries of 13 resonance groups were decided keeping the 

locations of important resonances of main fissile and fertile isotopes 

in view. The thermal range has groups clustered around the peak of 

thermal spectrum and. also around the thermal energy resonances of 

plutoniua isotopes. 

The group constants have been derived from TJKKDL using appropri-

ate weighting spectra-typical of thermal systems. However, a special 

treatment was accorded to the resonance range, where the- cross-sections 

n : 
\ ' U' ...3 
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depend on composition (geometry) and on temperature. Here, the 
slowing down equations in an infinite homogeneous mixture 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 there. The library has the tables for U , 
u256, u258 and Pu259. Th252 and u233 cross-sections were not avail-
able in the original vffi'.IS library. These were generated using resonance 
parameters from RTDF/B-IV. 

With 69 group library as base, 27-group libraries were generated 
using representative spectra for light water and heavy water moderated 
systems as the weighting functions. This was done with a view to 
reduce the computational time. However, for the benchmarks recommended 
by cross-section evaluation working group (CSEWG) the basic 69-group 
library was used as such. 

Extensive analyses of some typical thermal reactor lattice 

experiments by the sophisticated WIK3 i 6,7 ! code which also uses the 

same library had indicated some areas of cross-sections, where modifi-

cations in the original UK data were necessary. These were 

(i) changes in 

TJ2?8 resonance integral (a reduction of 4$) 
(ii) reduction in the epithercal capture to fission ratio 

of U255 (0.67 to 0.5) 
(iii) hardening of fission spectrum 
(iv) some minor changes in the epithermal scattering cross-

• sections of H and D. r 

These changes have since been confirmed by full JD IvIonte-C-erlo J 
simulations of some thermal reactor benchmarks. Cur present analyses 
incorporate all these modifications. , 0 • t 7 
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There are of course still some areas which call for adjustments 

as we will presently see. 

III. RESULTS 

III.1 LIGHT TfJJER IvEDERilTZD SYSTEMS 

fle have examined more than 150 lattice experiments with 

enriched U-metal or oxide rods in light water moderator. 
M 

aajc-riiy of these were critical oxperiaents vrith enrich-

ment varying from 1rrt;i to U 2^, and a v:ide range 

of other relevant parameters. Besides, enriched uranium 

fuel, we have also studied critical experiments with 

mixed oxide (PuOg) fuel and (U^-Th 2^ 2^ fuel bearing 

rods in light water moderator to examine the data for the 

Plutonium isotopes and thorium. The results of these ex-

tensive analyses have been presented in reference 9. Here 

we will be presenting results mainly for the benchmarks 

reconnended by Cross-Sections Evaluation Working Group tlO J 

to evaluate data for thermal reactors. These include 

(i) 4-TEX Lattices-Slightly enriched uranium metal rods in 

light water (BlfL-experiments) 

(ii) 3-erjriched UOg fuelled lattices (BAPL-experiments) 

(iii) H2O modsrated thorium oxide exponential experiments. 

The parameters compared for TEX Lattices are 

(i) p - epitheraal to thermal captures in 

ti258 

(ii) ^ ^ - epithermal to thermal fission in 

(iii) ^ - fissions in U258 to those in t;255 r> C 
. . 5 
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/ .238 235 
(iv) CR* - captures in u to fissions in TJ 

(v) k - effective multiplication factor 

The results are indicated in Table-2. It will be noticed that all 

the ratios are predicted correctly, the difference between the cal-

culated and measured being within + 5^k (0.5$) of unity which is 

quite satisfactory. This lsst point has also been confirmed by the 

reactivity calculations of a large number of other experiments. 

Let us now have a look at the calculations for H^O moderated 

UOg criticals. Here also the parameters compared., are the same as 

for the TRX Lattices except the modified conversion ratio CR*. The 

calculated parameters are compared with the measured ones in Table-3. 

Once again, we notice a good comparison, the differences lying 

between + 

These two comparisons indicate that the data being used by us 

for relevant materials are quite adequate. 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 aforesaid 

conclusions. 

As regards the experiments with thorium- II255 oxide fuel, we are 

again quoting the results for the recommends! benchmarks.[l ij . These 

are three exponential experiments done at BITL. The parameters 

compared are 02 232 (i) JD - ratio of epithermal to thermal captures in Th 

. . 6 

ft* 



6 

(ii) Sl)y - Dysprosium-164 disadvantage factor - ratio of 
16/1 

activations of 'Dy 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 ths 

k-values are predicted extremely well-within 0.6% of unity and that 

'•̂ Dy is calculated correctly. However, ji, 02 is under predicted by 

7-14%. Similar results on the same lattices have been reported ear-232 
lier also. One could thus cast some doubt on the data for Th pa-

rticularly, the epithermal one. 

III.2 HEAVY WATER MODERATED LATTICES 

IH.2.1 SINGLE ROD LATTICE EXPERIMENTS 

The benchmarks recommended for heavy water moderated 

single rod lattices are small subcritical exponential ex-

periments ^lojwith natural or slightly enriched .uranium 

metal rods. We tried to analyse these also, but the exact 

simulation presented some difficulties in the absence of 

complete geometrical and physical parameters. Lloreover, 

analyses have shown that the experimental Ducklings are 

inconsistent in the sense that measured relative reaction 

rates arc- not able to reproduce the measured bucklings. So 

•we are net presenting those results,till we are able to 

'resolve those inconsistencies. 

(Q O 
. . 7 
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We have however, carried out reactivity calculations for 

nearly 100 single rod critical experiments | 12j with natural 

uranium rods in DgO moderator. The results are quite satisfa-

ctory - the deviations lying between +5mk over most of the range 

of moderator to fuel volumes ratios. 

[11.2.2 EXPEHIMENTS VJITH CLUSTER FUEL ASSEMBLIES 

In view of the aforesaid observation on single rod lattices, 

we have concentrated our efforts on the analysis of experiments 

using rod cluster type fuel assemblies. Measurements have been 

made in Chalk Biver, Canada, in ZED-2 reactor for various lattice 

arrangements, that is, different lattice pitches, different sizes 

of clusters and different coolant matorials to provide a broad 

experimental background to evaluate the calculations! models. 7<e 

have selected 7-» 19- and 28-rod cluster experiments F13,14»15» 

16,17^ with D^O and air as coolant materials. The parameters 

compared are 

(i) C - ratio of fissions in U to those in U 
O 

( i i ) "Y - r a t i o of captures in 

D 2 3 3 to absorptions in 

D 2 3 3 

(iii) k - the effective multiplication factor 

(iv) neutron density disadvantage factor 

The clusters are geometrically more complex and hence, 

difficult to simulate. V7e have done these calculations by three 

different approaches in increasing order of sophistication ( or 
..6 

( I f 



accuracy). They are 

(i) Interface currents (MUHLl) 

(ii)Combination of interface currents and Pij method (CLUB) 

(iii) Complete Pij method (COP) 

This study of interconparison of formulation v.'as helpful in 

assessing the uncertainties coming from limitations of physical 

formulation. 

Tables 5 through 10 give the results for 7-» 9-° snd 28-rod 

cluster experiments with DgO end Air coolants. The calculated 

parameters from both the approaches (ivIUELI and CLU3) are quoted 

along with the experimental values. The study involving the com-

parison of these approaches with the most accurate one (3rd approach) 

had shown a maximum difference of 0.2!/° in k while the reaction rates 

matched exactly. 

The calculated values of the relative reaction rates are 

leakage corrected using the measured buckling. In principle, one 

should use the critical buckling for this purpose. But since t. • 

calculated k's are very close to unity, it is immaterial which bucklin 

to use. 

It will be seen that the predictions for the modified conversion 

ratio are very good for the majority of cases, the errors are well 

within the experimental uncertainties. This shows once again the 

soundness of the resonance cross-sections of in conformity "ith 

our earlier observations. However, the fast fissions ratios are 

generally over-estimated. The deviations are ofcourse not very large 

except at the lowest pitch. It is worthwhile pointing here, that 

o 



even the experimental values differ in two publications of the same 

set of experiments, in particular, for the lattices where the devia-

tions are largest. If we recall that even for light water moderated 

s-23 

lattices >> was slightly over-predicted for botii TEX and BAPL bench-

marks* this observation is not surprising. One could thus, say that 

the hardening of the fission spectrum as recoaseniad by '-".IMS group was 

on a slightly higher side. 

CONCLUSIONS 

The most prominent observation that could be r.ade from a. scrutiny 

of the analyses presented in this paper is that the cross-sections 

library being used at present is quite adequate in predicting the 

nuclear characteristics of thermal reactors. This is true for all the 

systems studied in general and more so for light water moderated ones. 

The discrepancies noticed for the heavy water moderated experiment point 

towards a close re-examination of thermal scattering data for 1^0. The 

overestimate of fast fission ratios for all types of lattics^slso sugges 

a further check of fission spectrum for u255. Another roint that comes 232 , out is that the resonance cross-sections of Th (and probably t.-csc of 

u 2 5 5 as well) should be looked at more thoroughly. 
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T A B L E - 1 

ENERGY BOUNDARIES FOR 69-GROuP LIBRARY 

Upper energy lir.it of the fia;st group-10.0 BfeV 

i Group 
Lower ! 
Energy j 
Limit j 
l.'IeY ; 

Energy 
Yidth. : 

v i 

Lethargy 
Yidth 

'?roup ! Lo'.vcr ; 
; Energy 
, Linit 
; 1 V 

Energy ; 
Width i 
eY | 

Lethargy 
Yidth 

1. 
i 

6.0655 • 3.9545 • 0.5 28. i 5.30 0.700 0.1924 
2. 3.679 ' 2.3865 ; 0.5 29. : 2 . 60 0 .700 0.2384 

: 3. 2.231 1 .448 . 0.5 30. ! 2 . 10 0 .500 0.2136 
• 4. 1.353 : 0.378 0.5 31. 11.50 0 .600 0.3365 

5. . 0.321 0.532 i 0.5 32 . ! 1 . 30 0.200 0,1431 
' 6. 0.500 ! 0.321 ; 0.5 3 3 ' : 1.15 0.150 j 0,1226 
: 7. 0.3025 0.1975 ! 0.5 34. | 1 .123 0.027 0.0237 
6. 0.183 • 0.1195 ! 0.5 35. • 1.097 0.026 I 0.0234 
9. 0.111 0.072 j 0.5 36. ; 1.071 0 .026 0.0240 
10. 0.06734 0.4366 ; 0.5 37. • 1 .045 0.026 0.0246 
11. 0 .04085 0.02649 ! 0.5 38. .1 . 020 0.0?£ 0.3242 
12. 0.02473 0.01607 I 0.5 39. ; 0.996 0.024 0.0238 

' 13. 0.01503 0.00975 I 0.5 40. 0.972 i 0 .024 0.0244 
14. 0.00912 0.00591 ; 0.5 41. ! 0 .950 | 0.022' 0.0225 

s I 42. ; 0.910 ! 0.040 0.0430 
e7 : 43 • j0.550 | 0.060 0.0632 

15. 5530.0 35S8.0 i 0.5 44. 0.780 i 0.070 0.0359 
16. 3519.1 2010.9 i 0.452 45. • 0.625 : 0.155 0,2215 
17. 2239.45 1279.65 i 0.452 46. ;0.500 : 0 .125 0.2231 
18. 1425.1 814.35 < 0.452 47. ;0.400 ; 0 .100 0,2231 

' 19. 906.9 51s.20 ; 0.452 48. i 0.350 i D .050 O.I535 
' 20. 367.26 359.64 : 0.904 49. )0.320 ; 0.030 0.0396 
| 21. 143.73 213.53 ' 0.904 50. 0.300 | 0.020 ! C.O645 
j 22 . 75.501 73.23 | 0.678 51. ,0.230 j 0 .020 i 0.0690 
! 23 . 48.052 27.45 1 0.452 52. 0.250 i 0 .030 0.1135 
i 24. 27.70 20.35 i 0.551 53. ;0.220 j 0 .030 • Y.-i2?a 
! 25 . 15O968 11.73 J 0.551 54. ;0.1QO 1 0 .040 j C r 2007 
i 26. 9-877 6,0? ! 0.480 55. ; 0.140 ! c .040 I 0.2513 
i 27 . 4 .000 5.677 ; 0.904 56. =0.100 1 0.040 ! 0.5365 i 57. :o.oso ; 0 .020 ; 0.2231 

56. io.o67 : 0.013 ! 0.1773 
59. :0.058 \ 0.009 i 0.1 :~\2 

60. ,0.050 | O.i008 j C.I434 
6 1 . • 0.0A2 ' 0.008 ! 0.1743 
62. .0.035 ; 0 .007 ! 0.1323 
63. 0.030 . 0 .005 C.I51I 
64. ;0.025 : 0 .005 0.1523 
65. :0.020 : 0.005 ! 0.2231 
66. •0.015 . 0.005 0.2~77 
68. .0.005 :• c . 005 0.6931 
69. ;o.o • 0.0C5_ -



13 

T A 3 I E - 2 

ENHICHED U - METAL BENCHMARKS 

1 
| PARA1 
! PITCH 

ETER 28 
METHOD; 

i 
: 2 5 

0 
on 

r-
CE* k 

; w-n-. 
< 

t 1 -
i 

EXPT I 3.01 + 0.05 
MOELI ; 2.94 

0.230 + 0.03 
1.225 

0.163 -K)004 
0.170 

1.255 40.011 
1 .238 

1.000 
0 .998 

i. I 
I 2 - I 7 4 

EXPT j 1.311+ 0.02 
MDELI ! 1 .276 

0 .0901 + 0.001 
0 .0936 

0.0914+0.002 
0*0948 

0.792 40.006 
0.783 

1*000 
1,005 

: ; EXPT. ! 
1 MDELI ! 0 .83040.015 

' i | 0 .796 
0.0608-J0.0007 

0.0577 
0.0667-K3.002 

0.0670 
0*646 40.002 

0 .634 J 
1 .000 
0 ,999 

i 
' 2 - S 5 2 

EXPT j O.4664O.OIO 
MJELI j 0 .465 

0.0352 -+0.0004 
0.0336 

0.0452hK).000" 
0 .0466 

7 0.52640.004 
0 .527 

1.000 
0,997 
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T h. 3 L E - 3 

ENRICHED U0„ BENCEMiHlS (BAPL - 1 to 3) 

PARAMETER 
PITCH • METHOD P 2 B 

& 2 5 0>
 CD

 k 

1.557 | a p T 

j MURLI 
1.39 + 0.01 

1.433 
O.O84 + 0.002 

0.0021 
0 . 0 7 3 + 0.004 

0 .081? 

1.0000 
0.9934 

1.851 ^ 
MUHLI 

1 .12 .+ 0.001 

1.151 
0.068 + 0 .001 

0.0671 
0.070 + 0.004 

0.0719 
1.0000 
0.9937 

_ „ i EXPT 1.805 
| MOELI 
I 

0 .906 + 0 .01 

0 .921 

0 .052 + 0.001 

0.0516 
0.057 + 0.003 

0.058 
1.0000 

0.9941 
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T A B L E - 4 

(Th2^2 - U233 ) 55KCHIM 

PAEiU'.GTSH 
PI^CH , MEDEOD 

' I 302 
i 

k 

1.5923 ! EXPT 

MUHLI 

f 
1 .219 + 0 . 0 2 4 1.380 + 0 . 0 4 2 

1.216 ! 1.233 
I I 

1.000 
1 . 0 0 5 

1.7188 EXPT 

MUZLI 

1 . 2 5 7 + 0 . 0 2 4 

1 . 2 4 7 

0.928 40.038 
O.849 

1.000 . 

1.000 

2.1697 EXPT 

I.TuELI 
! 

1 . 3 2 5 + 0 . 0 2 4 

; 1.342 
0.435 +0.013 

0.386 
1 . 0 0 0 

0 . 9 ? B 
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T A B L E-5 
7 - ROD CLUSTER - D„Q COQLAI7T 

PARAMETER k r 2 ? 
(3 Y *Jnl 

— I 

PITCH C . ' W l 
METHOD i 

i 

r 2 ? 
(3 Y 

18 EXPI- j 1,0000 0.056 0 . 9 1 6 1 . 7 9 2 • 

CLUB 1.0017 0.062 0 . 9 2 3 1.774 

2 2 EXPT 1.0000 0 . 0 5 6 0 . 8 1 0 1 . 9 1 9 i 
I 

CLUB 1 . 0 0 1 9 0 . 0 5 8 0 . 8 1 6 1 . 9 3 3 | 
2 8 EXPT 1.0000 0 . 0 5 6 0 . 7 3 0 2 . 1 2 1 

~~—1 
i 1 

CLUB 1 .0025 0 . 0 5 7 0 . 7 4 6 2.120 1 1 ( 
I 

5 6 

EXPT 1 . 0 0 0 0 0 . 0 5 2 0 . 6 9 9 

t-tr\ . CM 

5 6 CLUB 1.CC50 0 . 0 5 6 0 . 7 1 3 2.275 
1 i 
I 
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T A E L E - 6 

/ 
7 - HQS CLUSTER - AIR COOLANT 

PARAMETER 
PITCH METHOD 

k Y I V 3 * i 
C. fr\ 
19 EXPT 

CLUB 
1 . 0 0 0 0 

0 . 9 9 7 1 

0 . 0 5 S 

0.0637 
O .873 | 1 . 7 2 8 
0 . 8 9 7 ! 1.754 i • 

22 EXPT 
CLUB 

1 . 0 0 0 0 

1 . 0 0 1 6 

0 . 0 5 8 

0.0607 
0.794 
0 . 8 1 6 -

28 EXPT 
CLUB 

1 . 0 0 0 0 

0 .9997 - -

2.049 
2,049 

36 EXPT 
CLUB 

1 . 0 0 0 0 

1.0040 

— 

-

2 . 2 2 5 

2 .200 
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T A B L E - 7 

19 - ROD CLUSTERS - D_0 COOLANT 

PARAMETER k r l ? V n x METHOD 0 0 
n x 

18 . . EXPT. 

MORLI 
1.0000 

0 . 9 9 5 0 

O.O564 

0.0601 
0 . 9 6 7 

0.961 
1 . 6 5 8 

1.595 
CLUB 0 . 9 9 4 9 0.05 0 . 9 7 5 1 . 6 0 2 

21 
EXPT 1.0000 0.0543 0 . 8 5 8 1.782 

21 MURLI 1 . 0 0 0 7 0.0559 0.863 . 1.714 
CLUB .0.9993 0.0548 0.860 1 . 7 8 4 

EXPT 1 . 0 0 0 0 0 . 0 5 2 8 0.306 1.856 
24 MURLI 1 .0030 C.0539 0.798 1.815 

CLUB 1 . 0 0 1 0 0.0531 0 . 7 9 7 1.636 
EXPT 1.0000 0.0431 0 . 7 4 9 - 1.989 

2 8 MURLI 1 .0020 0.0529 0 . 7 5 0 1.926 
CLUB 0.9993 0 . 0 5 2 2 0 . 7 5 0 2.003 
EXPT 1.0000 0.0475 0 . 7 0 9 2.192 

36 MDELI 1.0016 0.0525 0 . 7 1 1 ; 2.097 

I CLUB 0 . 9 9 8 I 0.0519 0 . 7 1 1 | 2.179 



: 1 9 : 

T A B L E - 6 

19 - ROD CLUSTER - AIR COOLANT 

I 
PARAMETER i " k .2.8 / n/n f 

: PITCH i METHOD t j O 1) 
n/n f 

| , 1 EXPT j 1.0000 0.0659 0.991 1.607 
16 1 I.IURLI 1.0103 0.0670 0.982 1-585 

CLUB 1.00B8 0.0650 0.982 1.646 
EXPT 1.0000 0.0623 0.843 1.713 

21 MURLI 1.0032 0.0606 O.854 1.695 
CLUB 1.0022 0.05?:) 0.855 1.737 
EXPT 1.0000 0.0565 0.788 1,820 

24 MORLI 1.0029 0.0579 0.786 1 .791 ' I 
CLUB 1.0020 0,0571 0.787 1.837 ! 
EXPT 1.0000 0.0549 0.734 • 1.946 | 

29. • ZJRLI •1.0023 0*0566 0.736 1.GQC | 
CLUB 1.0013 0.0559 0.738 1.947 ! 1 
EXPT 1.0000 0.0532 0.687 2.117 l 

36 ; MDRLI 1.0004 i 0.0561 0.694 2.064 | 
t CLUB j 0.9989 ; 0.0555 0.696 2.119 
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T A B L E - ? 

28 - ROD CLUSTERS - I>20 C0CLA17T 

i PARAMETER k A O Y 
i r. /v, i V - f 
1 

; PITCH ! C ^ METHOD A O Y 
i r. /v, i V - f 
1 i EXPT 1 .0000 0.0580 0 . 9 2 5 8 1 .947 

: 24 MUHLI 0.9994 0.0598 0.9063 1 . 6 6 1 
t 
i 

CLUB 1.0002 0.0588 0.9040 1 . 9 1 s 

1 EXPT 1.0000 0.0582 0.6457 2 . 1 1 5 
28 MURLI 0.99&5 Or. 0 5 75 0 . 8 2 6 0 2 . 0 1 2 

CLUB 0 . 9 9 8 6 0 . 0 5 6 9 0.8247 2 . 0 6 1 1 
32 

EXPT 
IfiJELI 

1.0000 
0.9993 

0.0554 
o.o?c7 

0.6054 
0 . 7 & 3 3 

2.215 ] 
2*142 

CLUB 0.9993 0 . 0 5 6 2 0 . 7 6 3 0 2 . 2 1 4 
EXPT 1 . 0 0 0 0 0 . 0 5 4 7 0 . 7 6 6 3 2.452 

40 I'JUPJjI 0 . 9 9 9 1 0 . 0 5 6 4 0.7488 2.352 
CLUB 0 . 9 9 3 3 0 . 0 5 6 0 0.7487 2.432 



s 21s 

28-ROD C ESTERS - AIR COOLABT 

PARAMETER k C ^ j Y ¥ PITCH ; c METHOD ' j 
Y ¥ 

EXPT j 1.0000 0 0691 I 0.9144 1.093 
24 MURLI 1.0040 0 0689 j 0.3867 1 . 3 3 2 

CLUB 1 .0315 0.0675 0.3336 1.3?o 
EXPT 1 . 0 0 0 0 0 . 0 6 3 2 0.8177 2 . 0 5 0 

28 MURLI 1 . 0 0 1 6 0 . 0 6 5 3 0.3009 1.974 
CLUB 0.9990 O.O646 0.8035 2.045 
EXPT 1.0000 0.0619 0.7663 2 . 1 7 5 

32 MORLI 1 .0039 O.O642 0.7561 2 . 0 9 3 
CLUB 

[ 
1.0013 I 0 . 0 6 3 6 0.7590 2.172 

EXPT ! 1.0000 0.0624 0.7312 2.^22 
40 IvTuRLI I 1 . 0 0 1 5 j 0.0633 0.7128 2 . 3 0 4 

CLUB j Oe 9932 I 0.0633 0.7215 2.337 

oiO. 

• 2 &C. I l-JEl 



Evaluation of Gamma Production Cross Sections in Coupled 

Neutron-Gamma Cross Section Sets 

M. S. Kalra 

Nuclear Engineering and Technology Programme 
I . I.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 neutrons and gammas, to obtain gamma heating 

rates in fast 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 fission.able/fertile isotopes 

is found to range from 5 to 34 MeV per fission, and 2 to 13 MeV 



2 

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 
m 

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 isotope§of 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] , is found to be highly overpredicted 

by coupled neutron-gamma cross section sets. For this purpose, 

an independent evaluation of inelastic gamma energy production 

was made using a 26 group cross section set [6] . Gammas 

produced from other reactions, for example (n,2n), (n, charged 

particle) etc, were ignored. 

From the above mentioned observations, it can be 

concluded that the coupled neutron-gamma cross section data 

requires further evaluation, and at its present state of 

development, the calculations using this data may not be highly* 

reliable. 
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Effect of Garnma Source Spectra on Gamma 

Transport near Interfaces 
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Nuclear Engineering and Technology Programme 
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ABSTRACT 

Data on neutron-energy-dependent gamma production 

spectra from all reactions and for various materials 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 subsequent to the capture of a thermal 

neutron in U-238 [1,2 ] , even when examined in a coarse gamma 

group structure [3] , shows upto a factor-of-two uncertainty ir 

particular groups. 

To see the effect of gamma source spectra on gamma 

transport near interfaces/boundaries, where source and material 

discontinuities are encountered, one dimensional transport 

calculations [4] with 18 gamma groups were done for typical 

LMFBR core-blanket-reflector assemblies. The space dependence 

of the gamma source chosen was appropriate for a large LMFBR, 

and was obtained by multigroup neutronic calculations 

accounting for gamma productions in fission, capture and 

inelastic scattering. 
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Three types of gamma interactions were considered, 

namely, Compton scattering, photoelectric effect and pair 

production [5,6] . Gamma source spectra were arbitrarily varied, 

while preserving the gamma energy source at each spatial 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 large extent 

to gamma source spectra. The uncertainties 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 difference 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 source 

spectra are not likely to be the tnajor source of error in 

gamma heating calculations for FBF': media. 
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Fusion Blanket Neutronics 

( V.H. Narguudkar and M,P. Naralkar, Neutron Physics i>ivision» Bhabha 

Atomic lie search Centre, Trombay, Bombay 400 085, J.udia)» 

Monte Carlo ca lcu la t ions were done using MO I I S E - E code 

to study the neutron mu l t i p l i c a t i on for fus ion neutrons in Beryl l ium, 

Bery l l ium Oxide and Lead. Los-Alamos 30 group cross - sect ion set, 

with P I scatter ing approximation was used. Some ca lcu la t ions were 

done using 9 9 group E N D F / B - i l l f i l e with G A j J - I I structure for 

compari sous. 

Tritium production in natural lithium blanket with and 

without graphite reflector has been also calculated for typical 

fusion blanket systems. 



Object 

Fusion blanket neutronics ca lcu la t ions are done using alOESE 

code and 99 group - U>J1»F b IV cross - sect ion set. This requires a 

f a i r l y large amount of memory on the computer and puts re s t r i c t i ons 

on the number elements that can be used. I t was therefore thought 

necessary to f ind out whether reasonably accurate neutronics ca l cu la -

t ions can be done with a small group cross - sect ion. set . The Los-

Alamos 30 group cross -sect ion set was chosen for t h i s purpose because 

of i t s group structure being suitable for fusion blanket neutronics 

studies. 

Neutron Mu l t i p l i c a t i on 

I n thermal blanket studies beryl l ium i s considered to be 

the most e f f i c i en t neutron mult ip l ier for fus ion neutrons. I t i s 

a very cost ly material and i t s oxide i s more suitable from tbe 

manufacturing poMit of view. P rac t i ca l l y a l l the intermediate and 

heavy metals hav a f a i r l y good (n,2n) cross -sect ion a t a reasonable 

thresboId energy. Lead i s one of the common materia ls and had tbe 

added advantage of being a good gamma shie ld. As such neutron 

mu l t ip l i ca t ion was studied for Be, beO and lead using fciO&SE-E code 

and 30 group Los-Alamos cross - sect ion set. Only P I scatter ing 

approximation was used, as i t was found that i t does not make 

appreciable change in the accuracy using higher approximations. 

Though., anisotropy of i n - e l a s t i c scatter ing may be important, i t 

was not considered. For beryl l ium alone, 99 group P3 approxima-

t i on ca lcu la t ions were made for comparison purposes. The re su l t s 



ore shown in Table 1. I t i s seen that for bery l l i ua there i s very 

goji agreement between 9y group P3 and 30 group P I ca lcu lat ions. 

From neutron mu l t ip l i ca t i on point of view, i t i s .semi that BeO i s a 

poor choice. For Be, which has highest neutron mul t ip l i ca t ion, 

saturat ion occurs at 20 cm thickness, whereas for lead neutron 

saturat ion does not occur even at 4U cm. The neutron spectra for 

Be, BeO and lead for 20 cm radius Bphere ane shown in f igure 1. 

1i ia seen that Be spectrum i s superior from t r i t ium breeding point 

of view when compared to that of lead because 

1. At higher energies (T7 breeding) neutron f lux i s much higher 

in beryll ium 

2. Lead has a very prominent peak in ^00 KeV region and a sharp 

cut-of f around l6o eV. 

3. Beryl l ium has a pronounced thermal peak. 

Thus i t may be inferred that even i f , lead and beryll ium 

have comparable neutron mu l t ip l i ca t ions , only beryll ium has a neutron 

spectrum suitable for t r i t ium breeding. For using lead as a neutron 

mu l t i p l i e r , i t would be necessary to t a i l o r i t s spectrum for t r i t ium 

breeding. These inferences have been ver i f i ed by t r i t ium breeding 

ca l cu la t ions i n a loocm thick natural l i th ium blanket, using lead/ 

beryl l ium as mu l t i p l i e r s . Ihe re su l t s are shown in Table 2. 

Tr i t ium Breeding 

Ca lcu la t ions were done for T6 and T7 breeding in natural 

l i th ium blanket for two d i f fe rent geometries using 99 group P3 

approximation and group approximation. The re su l t s are shown 



in Table 3-. I t i s seen that T7 breeding i s over-estimated by 12/6 

in 30 group set compared to 99 group set. This may be due to the 

fact that for L i - 7 , 30 group l ibrary use^s ENDF/B - I I Library based 

on re su l t s , compared to KJUF/B-IV l ibrary of 1977 used in 99 

group set. I t i s des irable to suitably amend 30 group lithium-7 

cross—sections. 

By using a suitable ref lector l ike graphite^T-ti breeding 

in l i thium cun be very considerably enhanced. This was studied for 

natural l i thium blanket with lea d/be ry I l ium mul t ip l ier s . The re su l t s 

are shown in Table IV. I t i s seen that with lead (12 cm or 20 cm) 

m u l t i p l i e r ^ maximum tr i t ium breeding of 1.50 can be obtained which 

i s smaller than 1.58 obtained without any mul t ip l ier ( i . e . nat. 

l i th ium with graphite re f lec tor ) . A maximum tr i t ium breeding of 

1.78 i s obtained with 12 cui thick beryll ium mul t ip l ie r and 40 cm 

thick graphite re f lec to r , which i s only 12jt higher than that obtained 

without any mu l t ip l ie r . 



TABLE 1 

AIULTU'LICATION IN SFHEIIES 

Sphere Bery l l ium BeO Lead 
ltadius ,,„ or, T>, 30 group P I approx. 99 group P3 30 group P I 
cm 

1.54 1.50 1.19 1.41 

12 1.70 1.73 1 . 2 7 1.53 

20 2.14 2.03 1.36 1.67 

40 2.14 2.03 1.25 1.79 



TABLE 2 

COMPARISON OF TRITIUM PUUDUCCIUN 

AND BL1HYLLIUM AS MULTIPLIERS L 

NAT. L i THICKNESS - 100 cm 

Mu l t i p l i e r Thickness 
Cm 

Lead 12 

IN NATURAL LITHIUM, FOH LEAD 

ri'co.1 g f o m e t t ^ ) 

T6 T7 Total 

0.98 0.29 1.18 

B e r y l l i u n 12 1.11 0.36 1.47 

Lead 20 1.03 0.13 1.16 

Beryl l ium 20 1.36 0.19 1.55 



TABLE 3 

MAT URAL LITHIUM CUiJPAiUSON OF RESULTS 30 GttOUP AND 99 GllOUP 

Geometry 99 group 30 group 99/30 
p £ p | ra t io 

100 cm radius T6 0.48 0.51 0.94 
200 cm height 
cyl inder T7 0.72 0.82 0.88 

50 cm radius T6 0.105 0.104 i .00 
sphere 

T7 0.55 0.64 0.86 



TABLE 4 

TJUTIIM KttODUCTIuN IN 100 CM liAULUS LLTllIUM BLANKET 

Mu l t i p l i e r Graphite T6 T7 I to ta l 
Keflector 
Thickness 

0 cm 0.45 0.80 1.25 

40 cm 0.78 0.81 1.59 

12 cm lead 0 cm 0.89 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 

2o cm lead 0 cm 1.03 0.13 1.16 

" 40 cm 1.36 0.14 1.50 

20 cm beryl. 0 cm 1.36 0. 19 1.53 

" 40 cm 1.49 0. Id 1.67 

\ 
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