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The successive collision method for calculating resonance absorption 

solves numerically the neutron slowing down problem in reactor lattices. 

A discrete energy mesh is used with cross sections taken from a Monte 

Carlo library. The major physical approximations used are isotropic 

scattering in both the laboratory and center-of-mass systems. This 

procedure is intended for day-to-day analys i s  ca lculat ions  and has been 

incorporated into the current version of MUFT. The calculat~onal model 

used for the analysis of the nuclear'performance of LWBR includes this 

resonance absorption procedure. Test comparisons of results with RCPOl 

give very good agreement. 



FOREWORD 

The Shippingport Atomic Power Station located in Shippingport, Pennsylvania 
w a s  the first large-scale, central-station nuclear power plant in the United 
States  and the  first plant of such size i n  the world operated solely t o  pm- 
duce e lec t r i c  power. This program was star ted i n  1953 t o  confirm the pract ical  
application of nuclear power f o r  large-scale e lec t r ic  power generation. It haa 
provided much of the technology being used f o r  design and operation of the 
commercial, central-station nuclear power plants now in  use. 

Subsequent t o  development and successftil operation of the Pressurized Water 
Reactor in the Atomic Energy Commission (now Department of Energy, DOE) owned 
reactor plant at the Shippingport Atomic Parer Station, the Atomic Energy 
Commission i n  1965 undertook a research and development program t o  design and 
build a Light Water Breeder'Reactor core for  operation in the ShippikIgpolPt 
Station. 

The objective of the Light Water Breeder Reactor (UJBR) program has been t o  
develop a technology tha t  would significantly improve the  u t i l iza t ion  of the 
nation's nuclear fuel resources employing the well-established ttater reactor 
technology. To achieve this objective, work has been directed toward anaJysis, 
design, component t e s t s ,  and fabrication of a water-cooled, thorium oxide- 
uranium oxide fue l  cycle breeder reactor fo r  instal lat ion and operation a t  
the  Shippingport Station. The WBR core s tar ted operation i n  the  Shi pingport 
Station in the Fall of 197'7 and is cxpected t o  be operated fo r  about t o  5 
years. A t  the end of this period, the core w i l l  be remaved and the  spent fuel 
shipped t o  the Naval Reactors Ekpended Core Faci l i ty  fo r  a detailed a a d n a t l o n  
t o  verify core performance including an evaluation of breeding characteristics. 

In 1976, w i t h  fabrication of the Shippingport IklBR core nearing. completion, 
the Ehergy Research and Development Administration, now DOE, established the  
Advanced Water Breeder Applications (AWBA) program t o  develop and disseminate 
technical information which would ass i s t  U. S. industry in  evaluating the 
LWBR concept f o r  commercial-scale applications. The proeram i s  exploring some 
of the problems that would be faced by industry i n  adapting technology confirmed 
i n  t h e  UJBR program. Information being developed includes concepts for, 
commercial-scale prebreeder cores which would produce uranium-233 for l igh t  
water breeder cores while producing e lec t r ic  power, imprwements for  breeder 
cores based on the technology developed t o  fabricate and operate the Shippingport 
IWBR core, and other infoxmation and technology t o  aid i n  evaluating commercial- 
scale application of the IWBR concept, 

A l l  three development programs (Pressurized Water Reactor, Light Water Breeder 
Reactor, and Advanced Water Breeder Applications) are under the technical 
direction of the  Division of Naval Reactors of DOE. They have the goal of 
developing practical improvements i n  the u t i l iza t ion  of nuclear f'uel resources 
fo r  generation of e lec t r ica l  energy using water-cooled nuclear reactors. 

Technical information developed under the Shippingport, LWBR, and AWBA programs 
has been and w i l l  continue t o  be published i n  technical memoranda, one of which 
i s  t h i s  present report. 

Revised 1-17-80 



A SUCCESSIVE COLLISION CALCULATION OF RESONANCE ABSORPTION 

' E. Schmidt 
L. D. Eisenhart  

INTRODUCTION AND MOTIVATION 

Determinis t ic  procedures t o  es t imate  epithermal neutron resonance 

absorption i n  day t o  day nuclear  analysis calculations evolved during the 

1954-1960 period. Ihe  l imi ta t io r l s  of computer speed and a r ch i t ec tu re  of 

t h a t  period c e r t a i n l y  inf luenced what was reasonable t o  coinpute. These 

(lt12) , . which i s  a mu1 tigrbbp slowing procedures were incorporated'  i n t o  MUFT 

down spectrum program. 

. Resonance absorption i n  MUFT is  based on a resonance escape model with 

m-1  
the  resonance absorption r a t e  i n  MUFT multigroup m being given by q ( l -pm) 

m-1 where q is the  slowing down dens i ty  a t  the  top of group m and pm the  

resonance escape probabi l i ty  f o r  group m. pm is  i n  tu rn  given by e 
-'%om 

where ~ 1 : ~ ~  is the  resonance i n t e g r a l  i n  group m with subsc r ip t  hom r e f e r r i n g  

t o  the  homogeneous value. F ina l ly  ~ 1 : ~ ~  can be constructed from microscopic 

da t a  i n  t he  MUFT l i b r a r y  which lists resonance i n t e g r a l s  f o r  each resonance 

i n  .group m. 

 his is  c e r t a i n l y  a simple model' f o r  computational purposes. However 

many s implifying assumptions a r e  contained i n  t h i s  model. Some of t he  more 

s i g n i f i c a n t  s impl i f ica t ions  a r e :  no resonance overlap,  no heterogeneous 

e f f e c t s ,  the  l i b r a r y  data  i s  not Doppler broadened, and only hydrogen moderation 

i s  permitted. I n  recognition of the  e f f e c t  of these s implifying assumptions, the 



MUFT program provides  f o r  c o r r e c t i o n  i n  the  form of an  L f a c t o r  which can. be 

a p p l i e d  as a m u l k i p l i e r  on.t.he R I h o m  f o r  each nuc l ide .  . F o r  most a p p l i c a t i o n s  

t h e  use 'fulness of  MUFT .depended on t h e  a n a l y s t  ' s  a b i l i t y  t o  determine the.se 

m-1 L  f a c t o r s  such t h a t  pm a c c u r a t e l y  gave t h e  d e s i r e d  r e l a t i o n  t o  q  ., ..Both 

a n a l y t i c  ( ) and i a t e r  Monte Car lo  (I3) programs were used t o  determine 

e f f e c t i v e  L f a c t o r s .  

L a t e r ,  a s p a t i a l l y  dependent s l a b  c e l l  capab iL i ty  was incorpora ted  i n t o  

MUFT. Th i s  model, provided by Candelore and   as tti' , was designed t d  cal- 

c u l a t e  L f a c t o r s  which accounted f o r  resonance over lap ,  Doppler Broadening, 

arid s l a b  l a t t i c e  h e t e r o g e n e i t y .  T h i s c o r r e c t s  many of t h e  asslimpt$ons i n  t h e  

MUFT c a l c u l a t i o n  t h a t  r e s u l t  from the  use of the  R I  hom ' The p r i n c i p a l  remain- 

- / i n p  d i f f i c u l t i e s  were then : r e s t r i c t i o n  t o  hydrogenous moderation on ly  and 

i 
a n  o v e r l y  r e s t r i c t e d  heterogeneous c a p a b i l i t y  which excluded rod l a t t i c e s .  The 

/ 

computed L f a c t o r s  were averaged over  energy ranges  i n c l u d i n g  many MUFT multigroups.  

Methods t h a t  r e l y  on u s i n g  t h i s  L f a c t o r  type  o f  c o r r e c t i o n  can become 

q u i t e  complex. If c o r r e c t  resonance absorp t ion  r a t e s  a r e  t o  be preserved 

f o r  each mul t igroup u s i n g  t h e  r e l a t i o n ,  

H I h e t  f R 1 h ~ ~ ~ ~  (1 

then  each i s o t o p e  r e q u i r e s  an  L f a c t o r  f o r  each ~ u l t i @ o u g .  In addi.t.inn t . h ~  

homogeneous resonance i n t e g r a l s  must be subdivided among the  mul t igroups  t o  

p r o p e r l y  l o c a l i z e  t h e  absorp t ion .  Current  p r a c t i c e  i s o l a t e s  t h e  homogeneous 

i n t e g r a l  t o  t h e  mul t igroup c o n t a i n i n g  t h e  resonance peak energy E. 

The method desc r ibed  i n  t h i s  r e p o r t  d e p a r t s  from previous  procedures s i n c e  

the  use of L - f a c t o r s  is  abandoned e n t i r e l y  f o r  r e p e a t i n g  l a t t i c e  a r r a y s .  

I n s t e a d  a  d i r e c t  computation i s  made of a  proper resonance escape p r o b a b i l i t y  



per nuc l ide  per MUFT group by us ing  a space-energy sh ie lded  f l u x  shape computed 

over the  e n t i r e  resonance energy range (5.531 keV down t o  0.625 eV by MUFT 

convention) and, a s  i n p u t ,  a  t r u e  Doppler broadened l i n e  shape p r o f i l e  

genera ted by whatever formalism i s  a p p r o p r i a t e  t o  the, p a r t i c u l a r  resonance . 

nuc l ides  of i n t e r e s t .  An e x c e l l e n t  source  f o r  such p r o f i l e s  i s  ,a Monte Car lo  

l i b r a r y ,  such a s  genera ted by R c P L ~ " ~ ) .  The s p a t i a l  h e t e r o g e n e i t i e s  a r e  

t r e a t e d  w i t h i n  the  conf ines  of i n t e g r a l  t r a n s p o r t  theory  assuming i n f i n i t e  

l a t t i c e  a r r a y s .  This method o f f e r s  va r ious  ref inements  over s i m i l a r  e a r l i e r  

genera t ion  methods used i n  the computer programs ZUT and T U Z ' ~ )  a s  w e l l  a s  

WIMS'~) and  RABBLE'^). The major modell ing assumptions a r e  : . 3  

(a )  s c a t t e r i n g  i s  i s o t r o p i c  i n  both  t h e  l a b o r a t o r y  and c e n t e r  

of mass systems,  

(b) a l l  s c a t t e r i n g  and slowing down sources  a r e  s p a t i a l l y  f l a t  

w i t h i n  d i s t i n c t  l a t t i c e  zones,  and 

( c )  a l l  elements c o n t r i b u t e  t o  neutron moderation. 

The programs r e f e r r e d  t o  above a r e  p r i m a r i l y  a n a l y s i s  t o o l s  t o  be used 

f o r  s p e c i a l  c a l c u l a t i o n s  a s  the  l i m i t a t i o n s  of t h e i r  computation systems 

permit .  The method presented here i s  intended f o r  use i n  day t o  day 

c a l c u l a t i o n s  on c u r r e n t  computers. 

Assumption b ,  commonly r e f e r r e d  t o  a s  the  f l a t  f l u x  approximation i s  the 

most s i g n i f i c a n t  assumption remaining f o r  systems i n  which the  s p a t i a l  f l u x  

undergoes l a r g e  v a r i a t i o n .  The f l a t  f l u x  approximation causes a r e -  

d i s t r i b u t i o n  of neutrons  i n  a s t r o n g l y  space-shie lded zone away from the  



s u r f a c e  areas where most o f  t h e  a c t u a l  s c a t t e r i n g  o c c u r s .  T h i s  r e s u l t s  

i n  .an o v e r e s t i m a t e  o f  t h e  r e a c t i o n  r a t e s  f o r  such  a b s o r b e r s .  I n  p r i n c i p l e  

t h i s  e r r o r  can  be made a s  small a s  d e s i r e d  by s u b d i v i d i n g  such  zones .  

I n i t i a l  e x p e r i e n c e  w i t h  t h i s  model i n d i c a t e s  t h a t  i t  g e n e r a t e s  q u i t e  

a c c u r a t e  r e s u l t s .  T y p i c a l  e r r o r s  i n  p r a c t i c a l  l a t t i c e  d e s i g n  problems 

are less t h a n  1% i n  r e sonance  r e a c t i o n  rate f o r  s a t u r a t e d  a b s o r b e r s  and 

s u b s t a n t i a l l y  less f o r  t h e  o t h e r s . ,  The method i s  c u r r e n t l y  i n c l u d e d  i n  

t h e  LWBR c a l c u l a t i o n a l  model: Ex tens ive  compar isons  o f  r e sonance  re- 

a c t i o n  rates c a l c u l a t e d  forLWBR l a t t i c e s  w i t h  Monte, C a r l o ,  R C P O ~ ' ~ ~ )  and 

PAX, a program c o n t a i n i n g  an  updated  v e r s i o n  o f  MUFT a l o n g  w i t h  t h i s  

r e s o n a n c e  model ,  are p r e s e n t e d  i n  a n  LWBR r e p o r t  (Re f .  1 4 ) .  

THE DISCRETE METHOD FOR THE SUCCESSIVE COLLISION CALCULATION 

B r i e f l y ,  t h e  s u c c e s s i v e  c o l l i s i o n  c a l c u l a t i o n  s o l v e s  f o r  t h e  space -  

e n e r g y  f l u x e s  i n  a r e a c t o r  l a t t i c e  t h roughou t  t h e  ene rgy  range  o f  i n t e r e s t .  

The ene rgy  dependent  i n t e g r a l  Boltzmann e q u a t i o n  is  s o l v e d  f o r  t h i s  purpose  

unde r  t h e  s i m p l i f y i n g  p h y s i c a l  a s sumpt ions  a-c mentioned above.  A d i s c r e t e  

n u m e r i c a l  f l u x  s o l u t i o n  i s  o b t a i n e d  a t  d i s c r e t e  ene rgy  and s p a t i a l  mesh 

p o i n t s .  The s p a t i a l  mesh c o n s i s t s  o f  zones  i n  t h e  l a t t i c e .  The r e a c t i o n  

r a t e s  f o r  e a c h  i s o t o p e  a r e  de t e rmined  from t h e s e  space-energy  f l u x e s .  A 

u s e f u l  f e a t u r e  of t h i s  method is t h a t  i t  d i v i d e s  n a t u r a l l y  i n t o  t h r e e  

i n d e p e n d e n t  s u b d i v i s i o n s .  These are t h e  l i b r a r y  and ene rgy  mesh, t h e  

s l o w i n g  down model ,  and t h e  f irst  c o l l i s i o n  t r a n s f e r  p r o b a b i l i t y  model.  

Each o f  t h e s e  s u b d i v i s i o n s  c a n  be improved e i t h e r  i n  p h y s i c s  m o d e l l i n g  

o r  n u m e r i c a l l y  w i t h o u t  h a v i n g  t o  change t h e  o t h e r  two. A more d e t a i l e d  

d e s c r i p t i o n  of t h e s e  s u b d i v i s i o n s  w i l l  now be g lven .  



THE ENERGY MESH 

The ener@;y mesh t o  be used is derived from the  energy mesh i n  t he  

'Monte Carlo l i b ra ry .  It i s  assumed imp l i c i t l y  t h a t  the Monte Carlo mesh i s  

adequate f o r  our purposes i n  both represent ing resonance l i n e  shapes and 

f o r  slowing do& i n t e g r a l  ca lcu la t ions .  The obvious choice of mesh f o r  t h i s  

d i s c r e t e  ca lcu la t ion  is t o  use t h e  f u l l  Monte Carlo mesh. However, i f  t n i s  

r e s u l t s  i n  excessive computing times, some reduct ion of mesh is des i rab le .  

A uniform reduction would not be sd t i s f ac to ry  s ince  e s s e n t i a l  d e t a i l  i n  l i n e  

shapes could be l o s t .  An algorithm has been devised tha t  evaluates  the 

r e l a t i v e  importance of each mesh poin t  and r e t a i n s  o r  r e j e c t s  t h a t  point  

accordingly. Such a reduced mesh i s  thus t a i l o r e d  t o  the  s p e c i f i c  isotopes 

present i n  t he  l i b r a r y  and i n  t h i s  sense would be pa r t  of the  l i b r a r y  s ince 

i ts  use might no t  extend t o  o the r  isotopes not  i n  the l i b r a r y .  

The se l ec t ion  process proceeds by s e l e c t i n g  some isotope i n  t h e  l i b r a r y  

and construct ing i t s  accumulative resonance i n t e g r a l  t o  each point  En i n  

the Monte Carlo energy mesh 

using in t h i s  case trapezoidal ru l e  with the s t a r t i n g  point E The 
1 

Lntegral due t o  omitting points  s t a r t i n g  with E i s  now determined. When the 2 

r e l a t i v e  d i f fe rence  between the  f i n e  and coarse i n t e g r a l  exceeds some 

accuracy c r i t e r i o n  the  l a s t  point  Ek omitted is se l ec t ed  f o r  the reduced 



mesh. This  procedure i s  now repea ted  by o m i t t i n g  E and measuring the  
k+l 

i n t e g r a l s  from E Such a  process  can be seen t o  c o n t r o l  the  l o c a l  t r u n c a t i o n  
k ' 

e r r o r  i n  the  resonance i n t e g r a l  over the reduced mesh f o r  the  p a r t i c u l a r  

i s o t o p e .  The accuracy c r i t e r i o n  i s  f u r t h e r  modified t o  r e f l e c t  the  r e l a t i v e  

c o n t r i b u t i o n  of the  coarse  mesh i n t e r v a l  t o  the  t o t a l  resonance i n t e g r a l .  I n  

t h i s  way t h e  mesh i s  more concentra ted  where s i g n i f i c a n t  absorp t ion  occurs .  

So a s  no t  t o  s k i p  minor resonances completely,  a l l  maximum and minimum p o i n t s  

from the  o r i g i n a l  mesh a r e  r e t a i n e d .  Af te r  the  mesh is  determined f o r  a  g iven 

i s o t o p e  the  next i s o t o p e  i s  examined i n  a  s i m i l a r  manner except  t h a t  a l l  p o i n t s  

a l r e a d y  accepted a r e  now a u t o m a t i c a l l y  r e t a i n e d .  This r e s u l t s  i n  f i l l i n g  i n  

on ly  the  gaps a s  necessa ry  t o  adequate ly  r e p r e s e n t  t h i s  i so tope .  This process  

i s  cont inued u n t i l  a l l  i s o t o p e s  have been processed.  The f i n a l  mesh i s  

a c t u a l l y  a  f u n c t i o n  of the  o rde r  i n  which the  i s o t o p e s  a r e  processed and n o t  

t h e  union of the  meshes from each i s o t o p e  determined independent ly .  F i n a l l y ,  

p o i n t s  a r e  added t h a t  a r e  convenient  f o r  e d i t i n g  purposes and f o r  f i l l i n g  any 

gaps l e f t  t h a t  would be too  l a r g e  t o  p roper ly  r e p r e s e n t  s c a t t e r i n g  i n t e g r a l s  

f o r  t h e  h e a v i e s t  i s o t o p e  i n  the  l i b r a r y .  

I f  the  Monte Car lo  l i b r a r y  con ta ins  a  r e p r e s e n t a t i o n  f o r  unresolved 

resonances  a  corresponding method f o r  reducing the  mesh must be determined.  The 

Monte Car lo  l i b r a r y  con ta ins  a  c ross  s e c t i o n  value  a t  each p o i n t  t h a t  i s  randomly 

s e l e c t e d  from the  unresolved d i s t r i b u t i o n s .  There a r e  no continuous p r o f i l e s  

f o r  such a  d i s t r i b u t i o n  a 1  though t r apezo ida l  i n t e g r a l s  are s t i l l  meaningful .  

Any s u b s e t  of t h i s  d i s t r i b u t i o n  i s  accep tab le  i f  the reduced.  s e t  i s  

renormal ized s o  a s  t o  r e t a i n  the resonance i n t e g r a l  of t h e  f i n e  mesh va lues .  



In pract ice a'uniform subset 'is selected and, when more than. one isotope . . . 

is t rea ted  a s  unresolved, the  same subset is  used f o r  a l l .  A more formal 

descript ion of t h i s  .algorithm . . is given i n  the  appendix. The RCPLl program . 

(15) 
generates t h i s  f i l e  f o r  PAX which is used i n  conjunction with the  XAP . 

l i b ra ry  f o r  smooth cross sect ions.  

. ' While the' f i n a l  mesh is  t a i l o r e d  t o  t h e  RCPLl l i b r a r y ,  i t  is  n o t  

e q u i v a l e n t l y  t a i l o r e d  t o  the  a c t u a l  problem. Th i s  is s o  because the  

e f f e c t i v e  resonance p r o f i l e ,  averaged over  a l a t t i c e  . r e f l e c t s  s a t u r a t i o n  

e f f e c t s ,  which f l a t t e n s  ' the  s t r o n g  a 'bsorpt ion peaks.    his has  the  e f f e c t  

of accen tua t ing  t h e  resonance,  wings where a broader  mesh was , . se lec ted .  

When saturaLiorl  e f f e c t s  a r e  a n t i c i p a t e d  i t  is  a d v i s a b l e . t o  c a l c u l a t e  at, 

l e a s t  once wi th  t h e  f u l l  Monte Car lo  mesh f o r  t h e  purpose o f  e v a l u a t i n g  
d 

any e f f e c t s  due t o  mesh reduc t ion .  

' r; 
THE .SLOWING DOWN CALCULATION . . 

The method f o r  t rea t ing .neut ron moderation is based on t h e  i n i t i a l  

assumption of i so t ropic  sca t t e r ing  in the  center  of mass system. The 

. ' normalized kernel f o r  t h i s  type of sca t t e r ing  'is 
. . 

. . 

with o 2 ( )2 where M is  t h e  target mass ?nd n  t h e  neu t ron  mass. A useful  

Property ,of t h i s '  kernel  is  t h a t  t h e  outscat ter ing probability per u n i t  energy 

ie constant over the  range allowed. o his permits the source l eve l s  due t o  

neutron s c a t t e r i n g  t o  be s t o r e d  i n  an accumulative manner l o r  each s p a t i a l  
. . 



zone i n  the  l a t t i c e .  I n  order  t o  f u r t h e r  descr ibe t h i s  technique it is  

4 i r s t  necessary t o  descr ibe the  method adopted f o r  energy in tegra t ions .  
- .  

Reaction r a t e  ca lcu la t ions  a r e  ca r r i ed  out a t  t he  d i s c r e t e  points  of the  

energy mesh. However, t he  source l e v e l s  f o r  these ca lcu la t ions  a r e  i n t eg ra l s  

over p rec i se ly  defined energy ranges *ose end poin ts  w i l l  not correspond 

exac t ly  with t h i s  d i s c r e t e  mesh. Since the final r e s u l t c  of t h in  c a l e u l a t i g ~  

a r e  t h e  in tegra ted  absorpt ion r a t e s  f o r  a l l  isotopes,  the  in t eg ra t ion  scheme f o r  

s c a t t e r i n g  i n t e g r a l s  is  e f f e c t i v e l y  defined by the  absorption r a t e  in tegra t ions .  

The t rapezoida l  r u l e  was chosen fo r  t h i s  purpose. This i s  equivalent  

t o  adopting a  group scheme with c u t  po in ts  t h a t  l i e  between t h e  e n t r i e s  of 

t he  d i s c r e t e  mesh. The cont r ibu t ion  t o  a s c a t t e r i n g  i n t e g r a l  from a given mesh 

po in t  thus  becomes proport ional  t o  the  f r ac t ion  of the group t h a t  l i e s  within 

the  energy range of in tegra t ion .  The ou t sca t t e r  d , i s t r ibu t ion  from the 

i n i t i a l  energy point  is  defined i n  t h i s  manner using the normalized 

i n t e g r a l .  The source l e v e l s  a r e  constant f o r  those energy "point groups" 

. below the  i n i t i a l  energy poin t  t h a t  l i e  e n t i r e l y  within the  allowed range 

from Ei t o  N E ~ .  The point  group i n  which aE f a l l s  i s  reduced f r a c t i o n a l l y . ,  i 

A160 t h a t  f r a c t i o n  of the  i n i t i a l  group below Ei is accounted f o r  by t r e a t i n g  

it as in-group sca t t e r ing .  This numerical kerne l  is neutron conservativ@ 

which is a necessary cons t r a in t  t o  t h i s  method. 
I .  



The accumulative source is detiei-mined by the  ensuing prescr ip t ion .  

Let Si be the  s c a t t e r i n g  c o l l i s i o n  dens i ty  due t o  some given element a t  Ei. 

A s  p a r t  of t h i s  ca lcu la t ion  t h e  "in-group" s c a t t e r i n g  cross  sec t ion  

is  used f o r  t h i s  element. The source a t  E is incremented by 
i+l 

This cont r ibu t ion  is l e f t  i n  t h e  source u n t i l  group point  k is reached where 

k IS t h e  group containing usi. The kth point  source is incremented by the 

negative value 

F ina l ly  t he  kc1 source is incremented negatively by Aqk+l where 

and the source a t  Ek+l has no cont r ibu t ion  l e f t  from i n i t i a l  energy Ei. This 

procedure requires  an addi t ion  t o  the l i b r a r y  of uS,(Ei), k, and C qk/si which 

can be e i t h e r  precomputed or  determined as needed. While t h i s  method is used 



i n  ac tua l  calculat ions it should be noted t h a t  the  in-group sca t t e r ing  

and the  end point correct ions have no great  physical significance. They 

are merely functions of the  energy mesh and quadrature scheme used. An 

i n t e res t ing  a l t e rna t ive  would be t o  use both degrees of freedom available 

here t o  r e t a i n  an addi t ional  physical property; t h a t  o f  neu t ron  con- 

servat ion.  An obvious choice would be t o  maintain the  correc t  aayruptwtic flu 

solut ion  f o r  the given elemental sca t t e r ing  kernel. Under the  i.niti.al. 

i so t rop ic  sca t t e r ing  assumpt'ion the  asymptotic flux is 1 / ~  x ~ ( E ) .  The in- 

group sca t t e r ing  and end point f rac t ion  a r e  determined simultaneously t o  

preserve both neutron balance and the  correc t  asymptotic f l u x  f o r  an in fh i t e  

medium containing only the  speci f ied  sca t t e re r .  This method was found t o  be 

f e a s i b l e  but was not  incorporated i n t o  these ca lcula t ions  since the simpler 

and f a s t e r  t rapezoidal  method proved adequate. 

The e n t i r e  epithermal energy range is not i n  f a c t  a t r u e  slowing down 

range. A t  ,the lower energies some upscattering due t o  thermal molecular motton 

and molecular binding is observed. Many resonance absorbers have e f fec t ive  cross 

sec t ions  t h a t  a re  high enough in energy t o  ignore upscatterhrlf e f fec ts .  Hommr, 

important l /v  cross sections, such as hydrogen and Boron as well RR f u e l  materiels  

with low energy resonances,are more sens i t ive .  In order t o  include t h i s  e f fec t ,  

a modification t o  t h e  slowing down equations was made f o r  hydrogenous moderators 

only. This modification is approximated a s  follows. A t  epithermal energies the  

bound hydrogen outsca t ter ing  approximates a d i s t r ibu t ion  exhibi t ing a sharp 

e l a s t i c  peak plus a slowing down shape of the  fofm Erf (g)  where !W is  

a known kernel  parameter ca l led  the  e f fec t ive  temgerat~lrp, For H 2 -0 ,  T* is ahnllt. 



0.12, eV and t h e  e r r o r  funct ion is e s s e n t i a l l y  un i ty  f o r  epithermal energies .  

The approximation is t o  regard t he  e l a s t i c  peak as a d e l t a  funct ion ( o r  i n  this 

approximation a s  in-group sca t t e r ing )  and the remainder a s  regular  slowing down. 

The i n f i n i t e  medium flux from such a kernel  can be found from the  balance 

equation with cr = 0 ( s ince  M = n). 

Here USA (E )  is  the  slowing down p a r t  of the  cross  sec.tion 

where 0 is  the f r e e  p a r t i c l e  c ross  sec t ion  which i s  energy independent. The 
f P 

approximation i n  equation 9 assumes W << E. I f  one uses the  approximate 
7 

Qsl (E)  and l e t s  Erf (,/ $ ) equal  un i ty  t h e  balance equation becomes 

1 p \ -2 This has f o r  a so lu t ion  v-(E) = - 
E 1 - ) . Using typ ica l  values f o r  

an 50 ke rne l , . t h i s  so lu t ion  is  accurate t o  about 1% a t  0.625 eV when , 

compared t o  the co r r ec t  so lu t ion  f o r  the o r i g i n a l  kernel(7).  The a c t u a l  

computation uses a l i b r a r y  value f o r  hydrogen s c a t t e r i n g  and the  above 

ana lys is  requi res  t h a t  the l i b r a r y  values have been modified t o  account f o r  

upscattering. A corresponding modification of the  t o t a l  s c a t t e r i n g  c ross  

f p 
T + .  sec t ion  is o ( 1  c m )  
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The same i so t rop ic  slowing down kernel  a l s o  is used t o  determine the  

i n i t i a l  source l e v e l s  and d i s t r i b u t i o n s .  The i n i t i a l  source is from neutrons 

sca t t e r ed  l a s t  a t  energies  above the top resonance energy considered. 

Asymptotic conditions a r e  assumed t o  hold a t  these energies and 

t h e  absorpt ion f r e e  f l u x  is proport ional  t o  1 / ~  and f l a t  s p a t i a l l y .  The 

r e s u l t i n g  slowing down neutron sources a t  resonance energies  a r e  computed and used 

t o  i n i t i a t e  the accwnulative source ca l cu la t ion  process. 

THE F I R S T  COLLISION TRANSFER MATRIX CALCULATION 

The methods f o r  determining the  f i rs t  c o l l i s i o n  t r a n s f e r  probabi l i ty  

matrices over t he  l a t t i c e  s p a t i a l  zones a r e  based on the  i n i t i a l  assumptions 

t h a t  a l l  neutron sources a r e  i so t rop ic  i n  t h e  laboratory system and uniform 

s p a t i a l l y  i n  the  o r ig ina t ing  zone. The t r a n s f e r  probabi l i ty  from one of t h e  

type  I zones t o  a l l  of t he  type J zones can be wr i t t en  symbolically. 

where ~ ( r "  r )  is the  i so t rop ic  f i r s t  c o l l i s i o n  t ranspor t  kernel.  This kernel 

could be very complex even i n  a simple rod l a t t i c e .  If a periodic l a t t i c e  

o r  i n f i n i t e  a r r ay  of c e l l s . c a n  be defined, then by using c e l l  o r  per iodic  boundary 

condit ions through the  use of per iodic  boundary conditions,  the  sum.in,PIJ 

can be eliminated. This w i l l  always be the  case f o r  these c~mput~tioras~ 
n( n-1) 

If the  l a t t i c e  element contains  n zones,then the re  are .- independent P IS 

values.  This follows fram neutron r ec ip roc i ty  and balance conditions.  



where C i s  t h e . t o t a 1  c ross  sec t ion  and V the zone volume. 

P,, has been evaluated f o r  four d i s t i n c t  types of l a t t i c e s .  Three 

of. these a r e  rod l a t t i c e s  and the  four th  a s l a b  l a t t i c e .  The f i r s t  two rod 

l a t h i c e s  a r e  made up of 4 zones cons is t ing  of a c e n t r a l  rod; a possible  void gap, 

a c lad  zone, and a moderator zone. Although rod, c lad,  and moderator a re .  re fe r red  

t o  f o r  convenience, t h i s  does not r e s . t r i c t  the mater ial  content of these zones as  

the procedure t r e a t s  all zones equivalent ly.  The zone boundaries are  c i r cu l a r  cyl inders  

except f o r  the  l a t t i c e  boundary which is e i t h e r  a symmetric hexagon o r  a square. 

The t h i r d  rod l a t t i c e  is ac tua l ly  a wlgner-se1r;z cell w i t h  up eo 8 concentric 

c y l i n d r i c a l  zones. The Wigner-Seitz c e l l  method replaces a geometrically com- 

p l i ca t ed  c e l l  with a much simpler one preserving volumes. In  t h i s  case the 

outer  hexagonal o r  square c e l l  boundary is replaced with a cy l ind r i ca l  one with 

the  same.volume. A white boundary condit ion is assumed which can be visual ized 

as a one-for-one neutron exchange with an ex t e rna l  i so t rop ic  i n f i n i t e  neutron 

bath. The s l a b  l a t t i c e  is  s t r a i g h t  forward with up t o  8 zones. 

The hexagonal and square rod l a t t i c e s  a r e  too.complex t o  attempt t o  

evaluate the PIJ i n t e g r a l s  d i r e c t l y .  A common approach here  is t o  use Monte 
' 

Carlo f o r  t h i s  purpose., The Monte Carlo method i s  used but with 

systematic instead of random sampling. This is s i m i l a r . t o  %he method used i n  

the IWERMOS(~)  program. ' The Monte Carlo approach f o r  such a problem would be 

t o  s e l e c t  ' s t a r t e r s  randomly on the surface of the. source zone and a random 
. - 



ex i t ing  d i rec t ion  n drawn from an i so t ropic  n dis t r ibut ion .  An i n i t i a l  weight 

is  ca lcula ted  based on the  chord length i n  the  source zone i n  the  -R direct ion.  

This i s  ca l led  a surface source technique which can be used~whenever the in-  

t e r n a l  source s p a t i a l  and angular d i s t r ibu t ions  are  known which of course is 

the  case here. The p a r t i c l e  is  tracked through the l a t t i c e  and the  weights 

deposited i n  each zone contributed t o  the desired PIJ values. The tracking 

i s  terminated when the  p a r t i c l e  weight has f a l l e n  below some specif ied small 

value. This can eas i ly  be sampled systematically by using a uniformly d is t r ibuted  

s e t  of ni and a uniform set of surface points. The l a t t e r  distribution is  rG 

qllired sinCe these l a z t i c e s  do not  tiave c y l l ~ l a ~ : l c a l  s y l l u u e ~ t y .   his uet110.1 ~ 1 3 8  

incorporated i n t o  the system by using modified t , & c k + ~ ~  routinee &om the  
. . 

Monte Carlo pro- RE922") which t rea t*  simii.af georzietries. However t h i s  

method is too  laborious t o  execute f o r  each point in the  energy mesh. Instead, 

t ab les  were prepared over a d i sc re te  set of input cross ect ions in  each zone 

which m u s t  span t h e  range of cross sect ion values encountered i n  the  specific 

. problem. .Thus t h e  ca lcula t ion  is carr ied  out a few hundred times t o  prepare 

: t ab les  r a the r  than a f e w  thousand times which would be required f o r  each energy 

point.  The tracking routines i n  Rl39&2 were l imited t o  three  nonvoid zones. This, 

p l u s  potent ia l ly  la rge  computer storage requirements, is the reason f o r  l imi t ing  

: the number of zones i n  these l a t t i c e s .  

The Wigner-Seitz c e l l  can be calculated more d i r e c t l y  using techniques 

similar t o  those i n  the  PIS (lo) and RAEU3d6) programs. Here the  transport  l i n e  

source kernel is used t o  determine the  first co l l i s ion  probabi l i t ies  f o r  al). 
. . 

neutrons t ravel ing  i n  a given v e r t i c a l  plane. These planar probabi l i t ies  can be 

. expressed using t h e  K function f o r  which accurate r a t iona l  polynomial approxi- 13 
mations m e  available(u) .  The plane is then integrated nlmrerieally. as it 

traverses  the  c e l l  along some radius. Th'is process a l s o  sweep out a l l  possible 



or i en ta t ions  because of the  c y l i n d r i c a l  symmetry and the  PIJ matrices follow 

d i r ec t ly .  The procedure is  ca r r i ed  out a s  if  t h e  c e l l  were i so l a t ed  and the 

probabi l i ty  of e x i t i n g  through t h e  boundary surface S is  a l s o  recorded. The 

white boundary condit ion se lec ted  admits a  sur face  t o  volume r ec ip roc i ty  r e l a t i o n  

of the form 

which determines the probabi l i ty  of neutrons en ter ing  from the  ex te rna l  

bath co l l i d ing  i n  zone I. In equation 14, S is the  surface a rea  of t he  
* 

ex te rna l  zone Be This permits the  determination of a  matrix P t h a t  in- IJ 

cludes the  e f f e c t  of t he  white boundary and e f f e c t i v e l y  converts the  PIJ 

matrix f o r  an i s o l a t e d  nes t  t o  t h a t  of an i n f i n i t e  l a t t i c e  w i t h i n ,  o f  c o u r s e ,  

t h e  Wigner-Seitz c e l l  approximation. 

The ' s l a b  l a t t i c e  c a l c u l a t i o n  can  be done d i r e c t l y  from t h e  i n t e g r a l  

de f in i t i on .  The . resu l t ing  PIJ values can be expressed i n  terms of the two 

parameter funct ion 

L e t t h e  o p t i c a l t h i c k n e s s  of s l a b  zone I = T  a e n w e d e f i n e T  
I' A 

a s  the o p t i c a l  thickness  of t he  zones between I and J and TB . t he  o p t i c a l  



shickness of t he  zones i n  the l a t t i c e  element but  ex t e rna l  t o  I and J. The 

;: i icmess of t he  e n t i r e  l a t t i c e  element ii i s  then 

= *i + T + T + T  
I J A B  (17) 

and w e  have 

. . 
.The func t ion  F( y ,x) can be expressed i n  two convenient forms 

n=l 

I n  tile l a t t e r  form Bn a r e  Bernoull i  numbers and cp ( x )  is  defined Cn 

2 
where vPn(x) ends i n  x or  x . The f i r s t  s e r i e s  i s  u se fu l  fof  la rge  y a d  

the  L a t t e r  s e r i e s  f o r  m a l l  y. If desired f o r  uore rapid computationr 

F (Y  ,x) could be tabula ted  as It i$ a 'universal. f~~nrr t . ion  t h a t  i s  problem 



MUFT USAHLE RESULTS 

 he resonance i n t e g r a l  rnethoa produces space-energy f luxes  ( 5 ,  E ) f o r  

E < E < ET using the approximations previously discussed. This statement 
B 

is t o t a l l y  independent of any W T  formalism. ~f i t  is assumed for s impl ic i ty  

t h a t  the  source of neutrons, %, slowing down pas t  energy ET is prec ise ly  

uni ty,  then a l l - r e a c t i o n  r a t e s  a r e  d i r e c t l y  i n t e rp re t ab le  a s  p robab i l i t i e s  

of i n t e r a c t  ion. 
' 

Let ( ~ 8 ) ~  and (AS)" be the  resonance and sh:3oth macroscopic absorption 

p robab i l i t i e s  for  MUF'T group m. 

Thus, 

and 

Then with q = 1, T 

The resonance absorpt ion p i s  defined as 



and 

The isotopic d i s t r i b u t i o n  of the  0 ' s  o r  a l t e rna t ive ly  the RIhet8s, 

are obtained from: 

where 

However, i f  a pa r t i cu la r  l a t t i c e  is very heterogenous then there e x i s t s  

a non t r iv ia l  amount of s p a t i a l  shielding of the smooth cross sect ions also.  

This resonance i n t e g r a l  treatment computes the  tsotopes' resonance 

absorption and f i s s i o n  f o r  the ac tua l  heterogenous l a t t i c e  cells. .  This. . . .  

impl ic i t ly  contains the e f f e c t s  of the space energy shielding of the  smooth-,  . . 

8 ? 

cross  sect ions t o  within the  accuracy of the  in teg ra l  , t r a n s p r t .  used. This ' ' . 
. . . .  . . 

:. ? ' 

da ta  would then be cas t  away by MUFT s ince  it only accepts' resonance escape ', ' 

information per nuclide per multigroup. However, i f  t he  "'resonance escape" 1 

p were redefined t o  include a l l  absorption and then the  MUFT absorption 

L" s e t  t o  0.0, MUFT would then preserve the slowing;?.nwn den~ity d i ~ t s i b u t i o n  a .. . 
s m  . > <  

a s  computed by the heterogenous resonance in teg ra l  treatment . exactly. .. ~ o n s e -  ' 
. . 1 ' ; :  . . 

I ', '. quently, the  following a l t e rna t ive  treatment is  possible. '.In the  MUF'T . . . . 



ca lcu la t ion  s e t  oi'm and oijm equal  t o  0.0 f o r  a l l  multigroups and i s o t o p s  
'sm s m  

i n  the  MUFT resonance range t h a t  is being e x p l i c i t l y  computed by t h e  new 

resonance treatment (usua l ly  5.531 keV down t o  0.625 e ~ )  . I n  t he  e d i t i n g  

port ion of t he  resonance i n t e g r a l  calculat ion,  t r i g g e r  an opt ion so  t h a t  

P is  defined as the t o t a l  absorpt ion ..escape probabi l i ty  as follows: 

b u t  

a s  opposed t o  

Thus, the MUFT ca lcu la t ion  w i l l  preserve the i so t rop ic  slowing down dens i ty  

qo i n  the resonance range a s  calculated by the heterogenous resonance i n t e g r a l  

treatment.  The version of MUFT contained . in  PAX w i l l  do e i t h e r  method; however, 

one s l i g h t  d i f fe rence  w i l l  appear. The basic  MUFT method does not include the 

concept of a s c a t t e r i n g  resonance shape; a l s o ,  the  i n f i n i t e  mass s c a t t e r i n g  

has no e f f e c t  on the MUFT computed f l u x  rz. The i so t rop ic  MUFT slowing down 

equation below the i n e l a s t i c  s c a t t e r i n g  erlergy range f o r  the case of no buckling 

is  given by 



b u t  

and 

Thus 

where 

and 

-sma m 
( L  ) = 0.0 f o r  t h i s  model 

- 
Ni is the homogenized c e l l  number density and (3 )m is the isotropic 

0 i 

Grueling-Goertzel slowing down power. 



d 

A NUMERICAL EXAMPLE 

A s  a t e s t  of t he  app l i cab i l i t y  of t h i s  d i s c r e t e  method, we give the 

following numerical example i s  given using LWBR seed and blanket ,rod l z t t i c e s .  

The e s s e n t i a l  f ea tu re s  of these ca lcu la t ions  a r e  given below. The Monte 

Carlo l i b r a r y  contained s i x  isotopes with resolved resonance shape cross  s ec t ion  - 

pro f i l e s .  There were in a l l  386 resonances in the  ca l cu la t iona l  range of 

5531.0 t o  0.625 e l ec t ron  vol t s .  The Monte Car lo  mesh contained 29,000 points .  

Using an algorithm of t h e  type described i n  t n e  appendix, this mesn was reduced t o  

about 5400 points .  The LWBR rod l a t t i c e  is hexagonal and was divided i n t o  

rod, clad, and moderator zones. PIJ t a b l e s  were constructed f o r  162 points  

over t he  zone c ross  s ec t ion  s e t s .  The systematical ly  sampled Monte Carlo was 

ca r r i ed  ou t .  using 72 ..surf ace points  around the zone perimeters and an angular 

mesh with 360 ni. Resonance reac t ion  ra ' tes were d e t e k i n e d  f o r  the p r o f i l e  
. . 

. . .  . . 

p a r t  of t he  c ros s ,  sec t idn  with t h i s  d i s c r e t e  method and with Monte Carlo f o r  

comparison purposes. ;The d i s c r e t e  method took 1.7 minutes and the Monte Carlo 

'60 minutes on the, CDC 7600 computer. Table 1 gives the r a t i o s  of d i s -  
. . 

c r e t e  to .  Monte c a r l o  reac t ion  r a t e s  f o r  each isotope. m e  f igu re  ir! parentheses 

i s  the Monte Carlo 95$ confidence i n t e r v a l  i n  u n i t s  of t he  l a s t  d i g i t .  



TABLE I 

Resonance Reaction Rate Ratios i n  LWBR 
Seed and Blanket L a t t i c e s  . 

Seed Blanket 

Isotope 
Discrete  

Monte Carl% 

It is  t o  be noted t h a t  only the thorium r a t i o s  d i f f e r  from uni ty  by 

more than t h e  95$ confidence in t e rva l s .  This is due t o  the f l a t  f l u x  

approximation together  with t h e  highly sa tu ra t ed  nature of the thorium 

resonances i n  LWBR rods. The behavior of t h e  r a t i o s  i n  Table I a r e  t y p i c a l  

of the  experience with t h i s  method. The computational times f o r  t he  dis-  

' c r e t e  method a r e  s h o r t  enough t o  j u s t i f y  i ts use i n  conjunction with MUFT 

o r  MWT type cross  s ec t ion  programs without having t o  r e s o r t . t o  separa te  

resonance sh i e ld ing  ca lcu la t ions .  
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APPENDIX 

Formation of a Reduced Energy 
Mesh from a Given RCPLl Library 

I. REDUCED MESH FOR ONE ISOTOPE I N  DIE RESOLVED RESONANCE RANGE 

The resolved p ~ o f  i l e  is given by a set of pa i r s  ( E ~ , u ~ )  f o r  i = Nl, . . . , 
N2 where EN is the  highest resolved energy, and E is the  lowest. Let 

1 82 pl 
Ri be the i n f i n i t e l y  d i l u t e  resonance in teg ra l  [a(E)/E]dE, then Ri is  

Ei 
given recursively by RN = 0 

1 

and 

This is, i n  f ac t ,  the  trapezoidal  approximation t o  the  ac tua l  in tegra ls .  

This is assumed &equate s ince RCPLl a l s o  uses t h e  t rapezoidal  ru le  f o r  

its edi ted  in tegra ls .  Also define the following two quant i t ies :  

Let. a p resc r ibed  c r i t e r i o n  E cont.ained i n  (0,l) and a const .ant  c 

contained. i n  [0,11 be input. Then the  followinq algorithm w i l l  insure 



APPENDIX 

all l o c a l  maxima and minima w i l l  be re ta ined  as -'ell a s  po in ts  where 

e i t h e r  t he  d i s t r i b u t i o n  has m ~ c h  =ur'?rature o r  .is absolu te ly  q u i t e  la rge .  

(a) s e l e c t  EN as e mesh point  
1 

( b )  l e t  i be the  last accepted mesh poin t  ar,d s e t  .j = i+2 

( c )  i f  E,j-l has a l ready  been se l ec t ed  f o r  a previously consiciered 

nuclide, then go back t o  s t e p  (b )  a f t e r  s e t t i n g  i t o  j-1 

) ( a  .-U ) C U, then s e l e c t  E and r e t u r n  t o  (4 11, (oj-1-8j-2 J-1 j -1 

Step  ( b )  

( e )  l e t  T~ = C(R -R ) + (1-c) 5 In (E /E ) J i i j 

0 0 E -E 

and T2 = 1 ( 1 + 2 ) ,( ) - ( R ~ - R ~ )  1 
*j Ei 

i f  T2 a 6T1, thcn  E i o  oclccbcd and re turn  t o  Dtep (b);  
j -1 

otherwise, 3. = j + l  and go t o  S tep  ( c )  . 
( f )  s e l e c t  EN as a mesh point. 

2 

Thus, the  "important," po in ts  of the  resolved d i s t r i b u t i o n  have been chosen. 

Here "important" means a l l  maxima and minima of the resolved d i s t r i b u t i o n  ' 

as w e l l  as s u f f i c i e n t  s t r a t e g i c a l l y  placed pa in t s  to e n s u r e  . t h a t : t h e  e r r o r  

ARI, s a t i s f i e s  

. . 
. ., . . .. 

. \ ':'. 7 .  

To see t h a t  t h e  above r e l a t i o n s h i p - i s  v a l i d  regard less  of c requi res  

,. . 
. , .  some algebra.  It can be seen tha t  T i s  the e r r o r  i n  the RI, 2 



i n t e g r a l  due t o  compacting of t h e  mesh :b.etween E and E Let the  se t  
j i ' 

J = { E ~ :  % L L EN ) be the'mesh selected by the above process. nus ,  
1 

~ m r ,  slim the $ 1 6  over the oet d , ' .  

Hoveirer, fma the d e f i n i ~ g  relst ione st the beginning of t h i s  eectlon.:, 

Combining a l l  msults, 

I 

Xarge value6 of c tend to ~ e l z e  regions of high curvahm i n  a, M l e  r a ~ e l l  1 
I 

i 
v a l u e s  of c emphasize r e g i o n s  . wh&e. . a. ,is r e l a , t i v e l y  l a r g e .  

i 



11. REDUCED PiESI! FOR THE UNRESOLWD RANGE 

A frequency K w i l l  be  used over t h e  energy ranges f i e r e  t he  nucl ides  have 

unresolved resonances. Nominally, f o r  such ranges, the  c ross  sec t ions  generated 

by RCPLl at  every K~~ energy w i l l  be  chosen. When, however, o ther  nucl ides  

have resolved d a t z  i n  such ranges, only s u f f i c i e n t  add i t i ona l  energy mesh poin ts  

w i l l  be se l ec t ed  t o  assure t h a t  no mesh gaps l a r g e r  than K o r i g i n a l  po in ts  

remain. Due t o  the.  a r b i t r a r i n e s s  of samples Pro= t he  s t a t i s t i c a l  d i s t r i b u t i o n  
- .  

computed by RCPL1, it is poss ib le  t o  per turb  s i g n i f i c a n t l y  the RI, over t he  un-' 

resolved range. In t h e  unresolved range, t he  RI, is s l i g h t l y  d i f f e r e n t l y  defined. 

Le t  N and Nq be the  endpoints  of t h e  unresolved regime within a s i n g l e  RCP group, 3 
then 

Consequently, a f t e r  t h e  s e l e c t i o n  of the  f i n a l  mesh, Rim ( f o r  each isotope 's  

unresolved. range) should be ca lcu la ted  f o r  both the new reduced mesh and a l s o  

the  o r i g i n a l  RCPLl mesh. The r a t i o s  of t h e  i n t e g r a l s  should then be used t o  

normalize t h i s  discrepancy. 

111. C0NSTRUC''ON OF THE FIIICL MESH dr 
By the  techniques given in sec t ions  I and 11, i t  i s  possible t o  piece together 

an unresolved mesh and a resolved mesh f o r  a given isotope i from the or ig ina l  

RCPLl mesh denoted by l .  Le t  t h i s  mesh be c a l l e d  hi. L e t  I be t h e  set of 

W.S. GOVERNMENT PRlNTlNO OFFICE: 19 80/60 3- 1  13/868 



a l l  isotopes.  Now form 2 by the  following se t - theo re t i ca l  union 

and order t h e  elements of ?7? by decreasing eriorgy value. 

The mesh % may s t i l l  lack  s u f f i c i e n t  po in ts  f o r  an  eccumte  repmaenta t ion  

of sluwlng down of very heavy Isotopes.  In  order  to  obviate this pose lb i l l t y ,  

let  another input  constant d ( d e ~ s u l t  wlue d - 0.01) be given. Then check tbe 

4, elements EJ and E a ?n f o r  a l l  J. If ( E ~ - E ~ + ~ )  > d EJ, then pick an  .I +l 

: a d d i t i o n a l  e a e w  p o i n t  ( o r p o i n t s )  fxw! the. set f u n t i l  ( E ~ - E ~ + ~ )  d EJ is  . 
v 

Given t h e  point  EJ6 % f i n d  El e such that the followi* r e h t i o n  1. n l l d  

- 
Then make Ei t i e  new E and i nc r r a se  the index of a11 ensuing EJe a.  .I +l 
Also, if t h e  enelgy EJ .Is : i n  t h e  unresolved mnge f o r  a t  l e a s t  one rmcllde then 

we must a l s o  bdd su f f i c i en t  points  t o  m t o  ins- -ling a t  least each K 
t h  

3 ; . . 

energy of t h e  o r l g l m l  mesh . This is  then the f i n a l  s e t  




